
Abstract

Diverse biological responses, including adverse health effects, to non-thermal
(NT) microwaves (MW) have been described by many research groups all over
the world. The aim of this paper is to provide an overview of the complex
dependence of these effects on various physical and biological parameters, which
must be controlled in replication studies.
Besides well-known dependencies on carrier frequency and modulation,
emerging data suggest dependencies of NT MW effects on polarization, inter-
mittence and coherence time of exposure, static magnetic field, electromagnetic
stray fields, genotype, gender, physiological and individual traits, cell density
during exposure. Data also indicate that duration of exposure may be as impor-
tant as power density (PD) and specific absorption rate (SAR). Further evalua-
tion of these dependencies are needed for understanding the mechanisms by
which NT MW affect biological systems, planning in vivo and epidemiological
studies, developing medical treatments, setting safety standards, and minimizing
the adverse effects of MW from mobile communication.

Key words: non-thermal effects of microwaves, mobile (cellular) phones, safety
standards.
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ester 12-myristate 13-acetate (PMA); phosphorylated H2AX histone (γ-H2AX); power density (PD);
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regional cerebral blood flow (rCBF); Russian National Committee on Non-Ionizing Radiation Protec-
tion (RNCNIRP); specific absorption rate (SAR); static magnetic field (SMF); superoxide dismutase
(SOD); Time Division Multiple Access (TDMA); tumor suppressor p53 binding protein 1 (53BP1);
ultraviolet (UV); Universal Mobile Telecommunications System (UMTS).

Introduction

Exposures to non-ionizing electromagnetic fields vary in many parameters: power
(specific absorption rate, incident power density), wavelength/frequency, near field/far
field, polarization (linear, circular), continues wave (CW) and pulsed fields (that include
variables such as pulse repetition rate, pulse width or duty cycle, pulse shape, pulse to
average power, etc.), modulation (amplitude, frequency, phase, complex), static
magnetic field (SMF) and electromagnetic stray fields at the place of exposure, overall
duration and intermittence of exposure (continuous, interrupted), acute and chronic
exposures. With increased absorption of energy, so-called thermal effects of microwaves
(MW) are usually observed that deal with MW-induced heating. Specific absorption rate
(SAR) or power density (PD) is a main determinate for thermal MW effects. Several
other physical parameters of exposure have been reported to be of importance for so-
called non-thermal (NT) biological effects, which are induced by MW at intensities well
below any measureable heating1-11. An important question is how these physical param-
eters could be taken into account in setting safety standards.

Most often, current safety standards are based on thermal MW effects observed in
short-term (acute) exposures. On the other hand, NT MW effects, especially those
induced during prolonged (chronic) exposures, are accepted and taken into account for
setting the national safety standards in some countries such as Russia10-12. It should be
noted that, in contrast to the ICNIRP (International Commission for Non-Ionizing Radi-
ation Protection) safety standards13 which are based on the acute thermal effects of MW,
the standards adopted by the Russian National Committee on Non-Ionizing Radiation
Protection (RNCNIRP) are based on experimental data from chronic (up to 4 month)
exposures of animals to MW at various physical parameters including intensity,
frequency and modulation, obtained from research performed in the former Soviet
Union10-12.

Since setting the current safety standards, the situation with exposure of the general
population to MW has changed significantly. Nowadays, most of the human population
is chronically exposed to MW signals from various sources including mobile phones and
base stations. These exposures are characterized by low intensities, varieties and
complexities of signals, and long-term durations of exposure that are comparable with a
lifespan. So far, the “dose” (accumulated absorbed energy that is measured in radiobi-
ology as the dose rate multiplied by exposure time) is not adopted for the MW exposures
and SAR or PD is usually used for guidelines. To what degree SAR/PD can be applied
to the nowadays NT MW chronic exposures is not known and the current state of
research demands reevaluation of the safety standards12.

There are two main approaches to treat numerous data regarding NT MW effects. The
first one is based on the consideration of these effects in dependence on various physical
parameters and biological variables as has consistently been described in many experi-
mental studies and will be reviewed in this paper. The second approach is based on
neglecting or minimizing the experimentally observed NT MW effects based on the
current state of theoretical physical science that is insufficient for comprehensive expla-
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nation of the NT MW effects. As a result of such various treatments of the experimental
data, the safety standards significantly vary, up to 1000 times, among countries.

The literature on the NT MW effects is very broad. There are four lines of evidence
for the NT MW effects: (1) altered cellular responses in laboratory in vitro studies and
results of chronic exposures in vivo studies3, 11, 14; (2) results of medical application of NT
MW in the former Soviet Union countries4, 7, 15, 16; (3) hypersensitivity to electromagnetic
fields (EMF); (4) epidemiological studies suggesting increased cancer risks for mobile
phone users17-19.

This paper is not intended to be a comprehensive review of this literature. In this
review, we will focus on the studies which evaluate dependence of the NT MW effects
on physical parameters and biological variables.

Experimental studies

The first data on the NT effects of MW in so-called millimeter range (wavelength 1-10
mm in vacuum) was obtained by Vilenskaya and co-authors20 and Devyatkov21. Highly
resonant effects of ultra-weak MW (near 70 GHz) on the induction of λ-phage were first
established by Webb22, and subsequently corroborated23. In these and subsequent studies
the observed spectra of MW action were found to have the following common properties:
(1) the MW effects were strongly dependent on the frequency (frequency windows), (2)
there was an associated power (intensity) threshold below which no effect was observed,
and above which the effects of exposure depended only weakly on power over several
orders of magnitude (so-called S-shaped or sigmoid dependence), (3) the occurrence of
MW effects depended on the duration of exposure, a certain minimum duration of expo-
sure was necessary for an effect to manifest itself. These important regularities of the NT
MW effects have previously been reviewed2, 7-9, 24-27.

The first investigations of the NT MW effects at lower frequency ranges were
performed by Blackman and colleagues28-30 and Adey and colleagues31, 32. These groups
found dependence of the NT MW effects on modulation.

Since that time, other groups have confirmed and extended the main findings of these
pioneering studies as will be reviewed below.

Frequency dependence and frequency windows

The effects of NT MW on DNA repair in E. coli K12 AB1157 were studied by the
method of anomalous viscosity time dependence (AVTD)33, 34. The AVTD method is a
sensitive technique to detect changes in conformation of nucleoids/chromatin induced by
either genotoxic or stress factors35-40. Significant inhibition of DNA repair was found
when X-ray-irradiated cells were exposed to MW within the frequency ranges of 51.62-
51.84 GHz and 41.25-41.50 GHz. The effects were observed within two “frequency
windows”, both displaying a pronounced resonance character with the resonance
frequencies of 51.755 GHz and 41.32 GHz, respectively33, 34. Of note, these MW effects
were observed at PD well below any thermal effects and could not be accounted for by
heating. The frequency windows of resonance type have often been termed “resonances”
as also will be used below.

The resonance frequency of 51.755 GHz was stable within the error of measurements,
±1 MHz with decreasing the PD from 3·10-3 to 10-19 W/cm2 34, 35. At the same time, the
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half-width of the resonance decreased from 100 MHz to 3 MHz revealing an extremely
sharp dependence on frequency (Q ~ 104). This sharp narrowing of the 51.755 GHz reso-
nance with decreasing the PD from 3·10-3 to 10-7 W/cm2 followed by an emergence of new
resonances, 51.675±0.001, 51.805±0.002, and 51.835±0.005 GHz35, 41. The half-widths
of all these resonances including the main one, 51.755±0.001 GHz, were about 10 MHz
at the PD of 10-10 W/cm2. These data were interpreted in the framework of the model of
electron-conformational interactions as a splitting of the main resonance 51.755 GHz by
the MW field35.

The MW effects were studied at different PD and several frequencies around the reso-
nance frequency of 51.675 GHz41. This resonance frequency was found to be stable, +1
MHz, within the PD range of 10-18 - 10-8 W/cm2. Along with disappearance of the 51.675
GHz resonance response at the sub-thermal PD of 10-6 - 10-3 W/cm2, a new resonance
effect arose at 51.688±0.002 GHz41. This resonance frequency was also stable within the
PD range studied.

Taken together, these data34, 35, 41 suggested a sharp rearrangement of the frequency
spectra of MW action, which was induced by the sub-thermal MW. The half-widths of
all three resonances depended on PD, changing either from 2-3 MHz to 16-17 MHz
(51.675 GHz and 51.668 GHz resonances) or from 2-3 MHz to 100 MHz (51.755 GHz
resonance)35, 41. The data indicated also that dependencies of half-width on PD might vary
for different resonance frequencies.

Significant narrowing in resonance response with decreasing PD has been found
when studying the growth rate in yeast cells42 and chromatin conformation in thymocytes
of rats43. In the Gründler’s study, the half-width of the resonance (near 41 GHz)
decreased from 16 MHz to 4 MHz as PD decreased from 10-2 W/cm2 to 5 pW/cm242.

Thus, the results of studies with different cell types indicate that narrowing of the reso-
nance window upon decrease in PD is one of the general regularities in cell response to NT
MW. This regularity suggests that many coupled oscillators are involved non-linearly in
the response of living cells to NT MW as has previously been predicted by Fröhlich44.

Gapeev et al. studied effects of MW exposure (frequency range 41.75-42.1 GHz,
frequency increment 50 MHz, PD 240 µW/cm2) on the respiratory burst induced by
calcium ionophore A23187 and phorbol ester 12-myristate 13-acetate (PMA) in the peri-
toneal neutrophils of mice45, 46. MW inhibited the respiratory burst. MW effect displayed
resonance-like dependence on frequency, the resonance frequency and half-width of the
resonance being 41.95 GHz and 160 MHz, respectively (Q= 260)45, 46. In other studies,
Gapeev et al. analyzed acute zymosan-induced paw edema in mice47, 48. MW exposure of
animals at the PD of 0.1 mW/cm2 resulted in decrease of the paw edema that was
frequency-dependent in the range of 42-43 GHz.

Based on the extrapolation from the data obtained in the extremely high frequency
range (30-300 GHz), the values for half-width of resonances at the frequency range of
mobile phones (0.9–2 GHz) were estimated to be 1-10 MHz40. Effects of GSM (Global
System for Mobile Communication) MW on chromatin conformation and 53BP1 (tumor
suppressor p53 binding protein 1)/γ-H2AX (phosphorylated H2AX histone) DNA repair
foci in human lymphocytes were studied in this frequency range38-40, 49. Dependence of
these MW effects on carrier frequency was observed38, 40, 49. This dependence was repli-
cated in independent experiments with lymphocytes from twenty six healthy and hyper-
sensitive persons38, 39, 49.

Tkalec and colleagues exposed duckweed (Lemna minor L.) to MW at the frequen-
cies of 400, 900, and 1900 MHz50. The growth of plants exposed for 2 h to a 23 V/m
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electric field of 900 MHz significantly decreased in comparison with the control, while
an electric field of the same strength but at 400 MHz did not have such effect. A modu-
lated field at 900 MHz strongly inhibited the growth, while at 400 MHz modulation did
not influence the growth significantly. At both frequencies, a longer exposure mostly
decreased the growth and the highest electric field (390 V/m) strongly inhibited the
growth. Exposure of plants to lower field strength (10 V/m) for 14 h caused a signifi-
cant decrease at 400 and 1900 MHz while 900 MHz did not influence the growth.
Peroxidase activity in exposed plants varied, depending on the exposure characteristics.
Observed changes were mostly small, except in plants exposed for 2 h to 41 V/m at 900
MHz where a significant increase (41%) was found. The authors concluded that MW
might influence plant growth and, to some extent, peroxidase activity. However, the
effects of MW strongly depended on the characteristics of the field exposure such as
frequency and modulation. These dependences were confirmed in further study of the
same group51, 52.

Remondini et al. analyzed changes in gene expression in human EA.hy926 endothe-
lial cells using gene microarrays53. Cells were exposed to MW (SAR 1.8-2.5 W/kg,
1 h exposure) either at 900-MHz GSM Basic mode or 1800-MHz GSM Basic mode.
Exposure to 900 MHz resulted in up-regulation in 22 genes and down-regulation in 10
genes. No significant change in gene expression was observed after exposure to 1800
MHz.

Sigmoid intensity dependences and power windows

It was found by Devyatkov et al. that NT MW effects display sigmoid dependence on
intensity above certain intensity thresholds21. This type of PD dependence for the MW
effects was observed in other studies as previously reviewed7-9, 24, 25.

The data obtained in experiments with E coli cells and rat thymocytes provided new
evidence for sigmoid type of PD dependence and suggested that similar to ELF effects,
MW effects may be observed within specific “intensity windows”35, 41, 43, 54. The most
striking example of the sigmoid PD dependence was found at the resonance frequency
of 51.755 GHz35. When exposing E. coli cells at the cell density of 4·108 cell/ml, the
effect reached saturation at the PD of 10-18-10-17 W/cm2 and did not change up to PD of
10-3 W/cm2. In these experiments, the direct measurements of PD below 10-7 W/cm2 were
not available and lower PD was obtained using calibrated attenuators. Therefore, some
uncertainty in the evaluation of the lowest PD was possible. The background MW radi-
ation in this frequency range has been estimated to be 10-21-10-19 W/m2/Hz55. Based on the
experimentally determined half-width of the 51.755 GHz resonance, 1 MHz35, the back-
ground PD was estimated as 10-19-10-17 W/cm2 within the 51.755 GHz resonance. The
resonance MW effects on E. coli cells were observed at the PD very close to the esti-
mated background value35, 41, 56-58. These data suggested that the PD dependence of MW
effect at the specific resonance frequencies might have a threshold comparable with the
background level. Dependence of the MW effect on PD at one of the resonance frequen-
cies, 51.675 GHz, had the shape of “intensity window” in the PD range from 10-18 to
10-8 W/cm2 41. It is interesting, that no MW effect at this resonance frequency was
observed at sub-thermal and thermal PD. This type of PD dependence has supported
hypothesis about possible rearrangement of the frequency MW spectra action by the
MW field35. The position of the PD window varied between different resonance frequen-
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cies and depended on cell density during exposure of cells41. Despite some uncertainty
in the evaluation of PD at the levels below 10-7 W/cm2 in the referred studies the data
indicated that NT MW at the resonance frequencies may result in biological effects at
very low intensities comparable with intensities from base stations and other MW
sources used in mobile communication.

Gapeev et al. have studied dependence of the MW effects at the resonance frequency
of 41.95 GHz on the respiratory burst induced by calcium ionophore A23187 and PMA
in the peritoneal neutrophils of mice45, 46. Inhibitory effects of MW exposure has been
observed at the PD of 0.001 mW/cm2 and displayed sigmoid dependence on PD at higher
power densities45, 46.

In other study, Gapeev et al. analyzed acute zymosan-induced paw edema in mice48.
MW exposure of animals at the frequency of 42.2GHz and exposure duration of 20 min
decreased the paw edema. Sigmoid dependence of this effect on PD has been obtained
with a maximum reached at the PD of 0.1 mW/cm2.

In their pioneering study on blood-brain barrier (BBB) permeability, Oscar and
Hawkins exposed rats to MW at 1.3 GHz and analyzed BBB permeability by measuring
uptake of several neutral polar substances in certain areas of the brain59. A single, 20 min
exposure, to continuous wave (CW) MW increased the uptake of D-mannitol at average
power densities of less than 3 mW/cm2. Increased permeability was observed both
immediately and 4 h after exposure, but not 24 h after exposure. After an initial rise at
0.01 mW/cm2, the permeability of cerebral vessels to saccharides decreased with
increasing microwave power at 1 mW/cm2. Thus, the effects of MW were observed
within the power window of 0.01-0.4 mW/cm2. Differences in the level of uptake
occurred between effects of CW MW and pulsed MW of the same average power.
Microwaves of the same average power but different pulse characteristics also produced
different uptake levels.

These findings on “power windows” for BBB permeability have been subsequently
corroborated by the group of Persson and Salford60, 61. In their recent study, the effects of
GSM MW on the permeability of the BBB and signs of neuronal damage in rats were
investigated using a real GSM programmable mobile phone in the 900 MHz band62. The
rats were exposed for 2 h at an SAR of 0.12, 1.2, 12, or 120 mW/kg. Albumin extrava-
sation and also its uptake into neurons increased after 14 d. The occurrence of dark
neurons in the rat brains increased later, after 28 d. Both effects were seen already at 0.12
mW/kg with only slight increase, if any, at higher SAR values.

Duration of exposure and time after exposure

Bozhanova with co-authors reported that the effect of cellular synchronization
induced by NT MW depended on duration of exposure and PD63. The dependence on
duration of exposure fitted to exponential function. The important observation was that
in order to achieve the same synchronization of cells, the decrease in PD could be
compensated by the increase in the duration of exposure.

Kwee and Raskmark analyzed effects of MW at 960 MHz and various SARs, 0.021,
0.21, and 2.1 mW/kg on proliferation of human epithelial amnion cells64. These authors
reported linear correlations between exposure time to MW at 0.021 and 2.1 mW/kg and
the MW-induced changes in cell proliferation albeit no such clear correlation was seen
at 0.21 mW/kg.
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MW exposure of E. coli cells and rat thymocytes at PDs of 10-5-10-3 W/cm2 resulted in
significant changes in chromatin conformation if exposure was performed at resonance
frequencies during 5-10 min33, 43, 65. Decrease in the MW effects due to lowering the PD by
orders of magnitude down to 10-14-10-17 W/cm2 was compensated by several-fold increase
of exposure time to 20-40 min57. At the relatively longer duration of exposure, more than
1 h, the same effect at the lowest PD of 10-19 W/cm2 was observed57.

Gapeyev et al. found the frequency and power dependence of anti-inflammatory
effect of low-intensity MW exposure (0.1 mW/cm2) using the model of acute zymosan-
induced footpad edema in mice47. Single whole-body MW exposure of mice at the
frequencies of 42.2, 51.8, and 65 GHz after zymosan injection reduced both the footpad
edema and local hyperthermia. Some other frequencies from the frequency range of
37.5-70 GHz were less effective or not effective at all. At the frequency of 42.2 GHz the
effect had sigmoid dependence on exposure duration with a maximum at 20-80 min. A
linear dependence with significantly lower increment was observed at a 10-fold less
intensity (0.01 mW/cm2). However, this decrease in the effect was compensated by a
slight increase in duration of exposure from 80 min to 120 min.

The MW effects on E. coli cells depended on the post-exposure time56-58. This depend-
ence had an initial phase of increase about 100 min post-exposure followed by a phase,
which was close to a plateau, around 100 min. A trend to decrease in effect was observed
at longer times up to 300 min56, 58.

Significant MW-induced changes in chromatin conformation were observed when rat
thymocytes were analyzed in-between 30-60 min after exposure to MW43. This effect
nearly disappeared if the cells were incubated more than 80 min between exposure and
analysis.

Gapeev et al. have studied dependence of the MW effect on the function of the mouse
peritoneal neutrophils in dependence on duration of exposure at the frequency of 41.95
GHz and the PD of 240 µW/cm2 45, 46. This dependence had a bell-shaped form with the
maximal effects at 20 - 40 min of exposure.

In recent studies, human lymphocytes from peripheral blood of healthy and hypersen-
sitive to EMF persons were exposed to MW from the GSM mobile phones38, 39. MW
induced changes in chromatin conformation similar to those induced by heat shock, which
remained up to 24 h after exposure. It was found in the same and following studies that
GSM MW at the carrier frequency of 915 MHz and UMTS (Universal Mobile Telecom-
munications System) MW at 1947.4 MHz inhibited formation of 53BP1/γ-H2AX DNA
repair foci and these adverse effects remained at 72 h after an 1-h exposure38, 39, 49.

Of note is that prolonged MW exposures were associated with less prominent effects
than shorter exposures in some studies51, 66, 67. This type of dependence on exposure dura-
tion was explained by adaptation of the exposed systems to the MW exposure67.

The data indicate that there is a time window for observation of the NT MW effects,
which may be dependent on endpoint measured, cell type, duration and PD of exposure.
The data from different groups suggest also that duration of exposure may have a larger
role for some NT MW effects than PD/SAR.

Coherence time

MW exposure of L929 fibroblasts was performed by the group of Litovitz68. MW at
915 MHz modulated at 55, 60, or 65 Hz approximately doubled ornithine decarboxylase
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(ODC) activity after 8 h. Switching the modulation frequency from 55 to 65 Hz at coher-
ence times of 1.0 s or less abolished enhancement, while times of 10 s or longer provided
full enhancement. These results suggested that the microwave coherence effects are
remarkably similar to those observed previously with extremely low frequency (ELF)
magnetic fields by the same authors.

Intermittence

Diem and colleagues exposed cultured human diploid fibroblasts and cultured rat
granulosa cells to intermittent and continuous MW (1800 MHz; SAR 1.2 or 2 W/kg;
different modulations; during 4, 16 and 24 h; intermittent 5 min on/10 min off or contin-
uous exposure)69. Comet assay was applied to analyze DNA single- and double-strand
breaks. MW-induced effects occurred after 16 h exposure in both cell types and after
different mobile-phone modulations. The intermittent exposure showed a stronger effect
than continuous exposure.

Remondini et al. analyzed changes in gene expression in human HL-60 leukemia cells
using gene microarrays53. Cells were exposed to MW (SAR 1.0-1.3 W/kg, 1800 MHz
DTX mode, 24 h exposure) either continuously or intermittently, 5 min ON/5 min OFF.
Gene expression was affected by intermittent exposure but not continuous exposure.

Modulation

There is strong experimental evidence for the role of modulation in the diverse
biological effects of NT MW both in vitro and in vivo32, 60, 70-79. Examples include different
types of modulation such as amplitude-, speech and phase modulations: (i) Amplitude
modulation at 16 Hz, but not 60 Hz or 100 Hz, of a 450-MHz MW increased activity of
ODC74. (ii) Speech-modulated 835-MHz MW produced no effect on ODC as compared
to the typical signal from a TDMA (Time Division Multiple Access) digital cellular
phone71. (iii) Phase-modulated GSM-1800 MW (Gaussian Minimum Shift Keying,
GMSK) at 1.748 GHz induced micronuclei in human lymphocytes while CW MW did
not75.

Gapeev and co-authors studied production of reactive oxygen species (ROS) in
isolated peritoneal neutrophils of mice using a model of synergistic reaction of calcium
ionophore A23187 and phorbol ester PMA79, 80. MW exposure at 41.95 GHz, continuous
wave mode and 50 µW/cm2, inhibited ROS production. MW modulated with the
frequency of 1 Hz resulted in stimulation of the synergistic reaction. Modulation
frequencies of 0.5, 2, 4, and 8 Hz did not cause significant effects, and modulation
frequencies of 0.1, 16, and 50 Hz inhibited the synergistic reaction.

In other study, Gapeev et al. analyzed acute zymosan-induced paw edema in mice48.
MW exposure of animals at the PD of 0.1- 0.7 mW/cm2 and some “effective” frequen-
cies in the range of 42-43 GHz decreased the paw edema. Application of different
modulation frequencies from the range of 0.03–100 Hz to MW exposure at the effec-
tive carrier frequency of 42.2 GHz did not lead to considerable changes in the effect.
In contrast, modulation of MW at the ‘‘ineffective’’ carrier frequencies of 43.0 and
61.22 GHz by frequencies from the ranges of 0.07–0.1 and 20–30 Hz resulted in a
maximal anti-inflammatory effects. The results suggested a complex dependence of
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the anti-inflammatory action of low-intensity MW on carrier and modulation frequen-
cies.

Huber with co-authors investigated effects of MW similar to those used in mobile
communication, a “base-station-like” and a “handset-like” signal (10 g tissue-averaged
spatial peak-SAR of 1 W/kg for both conditions), on waking regional cerebral blood
flow (rCBF) in 12 healthy young men76. The effect depended on the spectral power in
the amplitude modulation of the carrier frequency such that only “handset-like” MW
exposure with its stronger low-frequency components but not the “base-station-like”
MW exposure affected rCBF. This finding supported previous observations of these
authors77 that pulse modulation of MW is of importance for changes in the waking and
sleep EEG, and substantiated the notion that pulse modulation is crucial for MW-
induced alterations in brain physiology.

Markkanen et al. exposed cdc48-mutated Saccharomyces cerevisiae yeast cells to 900
or 872 MHz MW, with or without exposure to ultraviolet (UV) radiation, and analyzed
apoptosis78. Amplitude modulated (217 pulses per second) MW significantly enhanced
UV induced apoptosis in cells, but no effect was observed in cells exposed to unmodu-
lated fields at the identical time-average SAR of 0.4 W/kg that was lower than the
ICNIRP safety standards.

Persson and colleagues studied effects of MW of 915 MHz as CW and pulse-modu-
lated with different pulse power and at various time intervals on permeability of the
blood-brain barrier (BBB) in Fischer 344 rats60. Albumin and fibrinogen were demon-
strated immunochemically and classified as normal versus pathological leakage. The
CW-pulse power varied from 0.001 W to 10 W and the exposure time from 2 min to 960
min. The frequency of pathological rats significantly increased in all exposed rats.
Grouping the exposed animals according to the level or specific absorption energy (J/kg)
gave significant difference in all levels above 1.5 J/kg. The exposure was 915 MHz MW
either pulse modulated at 217 Hz with 0.57 ms pulse width, at 50 Hz with 6.6 ms pulse
width, or CW. The frequency of pathological rats was significantly higher in MW-
exposed groups than in controls and the frequency of pathological rats after exposure to
pulsed radiation was significantly less than after exposure to CW.

In a study by Lopez-Martin et al.81, GSM-exposed picrotoxin-pretreated rats showed
differences in clinical and EEG signs, and in c-Fos expression in the brain, in compar-
ison to picrotoxin-treated rats exposed to an equivalent dose of unmodulated radiation.
Neither MW exposure caused tissue heating, so thermal effects could be ruled out. The
most marked effects of GSM MW on c-Fos expression in picrotoxin-treated rats were
observed in limbic structures, olfactory cortex areas and subcortical areas, the dentate
gyrus, and the central lateral nucleus of the thalamic intralaminar nucleus group.
Nonpicrotoxin-treated animals exposed to unmodulated radiation showed the highest
levels of neuronal c-Fos expression in cortical areas. These results suggested a specific
effect of the pulse GSM modulation on brain activity of a picrotoxin-induced seizure-
proneness rat model.

Luukkonen et al.82 investigated effects of MW at 872 MHz and relatively high SAR
value (5 W/kg) on intracellular reactive oxygen species (ROS) production and DNA
damage in human SH-SY5Y neuroblastoma cells. The experiments also involved
combined exposure to MW and menadione, a chemical inducing intracellular ROS
production and DNA damage. Both CW and a pulsed signal similar to that used in GSM
mobile phones were used. Exposure to the CW radiation increased DNA breakage in
comparison to the cells exposed only to menadione. Comparison of the same groups also
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showed that ROS level was higher in cells exposed to CW RF radiation at 30 and 60 min
after the end of exposure. No effects of the GSM-like modulated signal were seen on
either ROS production or DNA damage.

Hinrikus et al.83 evaluated the effects of MW (450 MHz) pulse-modulated at the
frequencies of 7, 14 and 21 Hz on human electroencephalographic (EEG) rhythms.
The field power density at the scalp was 0.16 m W/cm2. Modulated microwaves
caused an increase in the average EEG alpha (17%) and beta (7%) power but the theta
rhythm remained unaffected. Increases in the EEG alpha and beta power were statis-
tically significant during the first half-period of the exposure interval (30 s) at the
modulation frequencies of 14 and 21 Hz. The authors concluded that the effect of the
450-MHz MW modulated at 7, 14 and 21 Hz varies depending on the modulation
frequency.

Hoyto et al.84 exposed human SH-SY5Y neuroblastoma and mouse L929 fibroblast
cells to MW (SAR of 5 W/kg) at 872 MHz using continuous-waves (CW) or a modu-
lated GSM-like signal under isothermal conditions83. Menadione was used to induce
reactive oxygen species, and tert-butylhydroperoxide (t-BOOH) was used to induce lipid
peroxidation. Two statistically significant differences related to MW exposure were
observed: Lipid peroxidation induced by t-BOOH was increased in SH-SY5Y (but not
in L929) cells, and menadione-induced caspase 3 activity was increased in L929 (but not
in SH-SY5Y) cells. Both differences were statistically significant only for the GSM-
modulated signal.

Franzellitti et al.85 exposed human trophoblast HTR-8/SVneo cells to MW at 1.8 GHz
CW and differently modulated GSM signals (GSM-217Hz and GSM-Talk) during 4 - 24
h84. The inducible HSP70C transcript was significantly enhanced after 24 h exposure
to GSM-217 Hz signals while being reduced after 4 and 16 h exposure to GSM-Talk
signal.

Significant amount of in vivo studies under varying parameters of exposure (intensity,
frequency, exposure time, modulation, intermittence) have been performed in
Russia/Soviet Union and published in Russian. Retrospective analysis of 52
Russian/Soviet in vivo studies with animals (mice, rats, rabbits, guinea pigs) on chronic
exposure to MW has recently been published11. In these studies, various endpoints were
measured up to 4 month of chronic exposure including analysis of: weight of animal
body, histological analysis and weight of tissues, central nervous system, arterial pres-
sure, blood and hormonal status, immune system, metabolism and enzymatic activity,
reproductive system, teratogenic and genetic effects. Based on their analysis, the authors
concluded that: “exposure to modulated MW resulted in bioeffects, which can be
different from the bioeffects induced by CW MW; exposure to modulated MW at low
intensities (non-thermal levels) could result in development of unfavorable effects;
direction and amplitude of the biological response to non-thermal MW, both in vitro and
in vivo, depended on type of modulation; often, but not always, modulated MW resulted
in more pronounced bioeffects than CW MW; the role of modulation was more
pronounced at lower intensity levels”.

One review of the Russian/Soviet studies on the role of modulation on MW effects is
available in English15. The authors conclude that “a number of good-quality studies have
convincingly demonstrated significant bioeffects of pulsed MW. Modulation often was
the factor that determined the biological response to irradiation, and reactions to pulsed
and CW emissions at equal time-averaged intensities in many cases were substantially
different”.
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In conclusion, significant amount of in vitro and in vivo studies from different
research groups, although not universally reported, clearly indicated dependence of the
MW effects on modulation.

Polarization

It is believed that circular polarization might have been important in inducing chiral
asymmetry in interstellar organic molecules that could be subsequently delivered to the
early Earth and could explain the origin of the chirality of biological molecules86.

The effects of circularly polarized (CP) MW were studied in E. coli cells at the
frequencies from two frequency windows (resonances) that were identified using
linearly polarized (LP) MW, within the frequency ranges of 51.62-51.84 GHz and 41.25-
41.50 GHz34, 65. At the resonance frequency of 51.76 GHz, right-handed CP MW inhib-
ited repair of X-ray-induced DNA damages34, 65. In contrast to right-handed polarization,
left-handed CP MW had virtually no effect on the DNA repair, while the efficiency of
LP MW was in-between of two circular polarizations. Inversion in effectiveness of
circular polarizations was observed at another resonance frequency, 41.32 GHz. In
contrast to the frequency of 51.76 GHz, left-handed CP MW at 41.32 GHz significantly
inhibited DNA repair, while right polarization was almost ineffective. MW of the same
CP affected cells at several frequencies tested within each resonance, alternative CP
being almost ineffective34, 54, 65. Therefore, specific sign of effective CP, either left- or
right-, was the attribute of each resonance. Two different types of installations, based on
either spiral waveguides65 or quarter-wave mica plates34, 41, 54, 87, 88, were used to produce CP
MW. Similar results were observed regardless the way of producing the MW of different
polarizations.

Pre-irradiation of E. coli cells to X-rays inverted the sign of effective polarization34, 54.
This inversion was observed for two different resonances, 41.32 and 51.76 GHz. Neither
resonance frequencies, nor half-widths of the resonance changed during the inversions
in effective CPs. The effects of left- and right-handed CP MW become the same at 50
cGy34. At this dose, about one single stranded DNA break per haploid genome was
induced. X-ray-induced DNA breaks result in relaxation of the supercoiled DNA-
domains. It is known that the majority of DNA in living cells has a right-handed helicity
(B-form) but a minor part, in order of 1 %, may alternate from the B-form with the form
of left-handed helix (Z-form). Supercoiling is connected with transitions between right
B-form to left Z-form in these DNA sequences. Therefore, the data suggested that differ-
ence in biological effects of polarized MW might be connected with DNA helicity and
supercoiling of DNA-domains.

Supercoiling of DNA-domains is changed during cell cycle because of transcrip-
tion, replication, repair, and recombination. It can also be changed by means of DNA-
specific intercalators such as ethidium bromide (EtBr). EtBr changes supercoiling and
facilitates the transition of DNA sequences from Z-form to B-form. Preincubation of
E. coli AB1157 cells with EtBr inverted the effective polarization at the resonance
frequency of 51.755 GHz and right-handed MW became more effective than left
polarization87. EtBr changed the supercoiling of DNA-domains starting at a concen-
tration of 1 µg/ml as measured with the AVTD in different cell types including E.
coli35, 37, 89. These data provided further evidence that DNA may be a target for the NT
MW effects.
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The effects of MW on conformation of nucleoids in E. coli cells have recently been
studied at the power flux density of 100 µW/cm2 90. Linearly polarized MW resulted in
significant effects within specific frequency windows of resonance type in the range of
51-52 GHz. The distances between frequency windows were about 55-180 MHz. Only
one of the two possible circular polarizations, left-handed or right-handed, was effective
at each frequency window. The sign of effective circular polarization alternated between
frequency windows.

While most data on polarization have been obtained by the same research
group34, 41, 43, 54, 56, 65, 87, 88, 90-92, recent data of others corroborated our findings at least
partially93. These authors analyzed the condensation of chromatin in human buccal
epithelium cells by the method of vital indigo carmine staining. MW induced chromatin
condensation in dependence on polarization93.

Obviously, the difference in effects of right- and left polarizations could not be
explained by the heating or by the mechanism dealing with “hot-spots” due to unequal
SAR distribution. The data about the difference in effects of differently polarized MW,
the inversion of effective circular polarization between resonances and after irradiation
of cells with X-rays and incubation with EtBr provided strong evidence for the non-
thermal mechanisms of MW effects. These data suggested chiral asymmetry in the target
for the NT MW effects, one of which is presumably chromosomal DNA34, and selection
rules on helicity if quantum-mechanical approach is applied54.

Electromagnetic environment

Hypothetically, background EMF might be of importance for the MW effects. This
hypothesis is based on the experimental observations that SMF, ELF magnetic fields,
and MW at low intensities induced similar effects in cells under specific conditions of
exposure1, 39, 94-96. Despite very little has been achieved for mechanistic explanation of
such effects, there are attempts to consider the effects of EMF in a wide frequency range
in the frames of the same physical models97-103.

Litovitz and colleagues found that the ELF magnetic noise inhibited the effects of
MW on ODC in L929 cells72. The ODC enhancement was found to decrease exponen-
tially as a function of the noise root mean square amplitude. With 60 Hz amplitude-
modulated MW, complete inhibition was obtained with noise levels at or above 2 µT.
With the DAMPS (Digital Advanced Mobile Phone System) cellular phone MW,
complete inhibition occurred with noise levels at or above 5 µT. Further studies by the
same group revealed that the superposition of ELF noise inhibited hypoxia de-protection
caused by long term repeated exposures of chick embryos to MW104.

The effect of a magnetic noise on microwave-induced spatial learning deficit in the rat
was investigated by Lai105. Rats were exposed to MW (2450 MHz CW, PD 2 mW/cm2,
average whole-body SAR 1.2 W/kg) alone or in combination with noise exposure (60
mG). Microwave-exposed rats had significant deficit in learning. Exposure to noise alone
did not significantly affect the performance of the animals. However, simultaneous expo-
sure to noise significantly attenuated the microwave-induced spatial learning deficit. The
author concluded that simultaneous exposure to a temporally incoherent magnetic field
blocks MW-induced spatial learning and memory deficits in the rat105.

Lai and Singh studied combined effects of a temporally incoherent magnetic noise
(45 mG) and MW (CW 2450 MHz, PD 1 mW/cm2, average whole-body SAR of 0.6
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W/kg) in rat brain cells106. MW exposure induced significant DNA breakages as meas-
ured with both neutral and alkaline comet assays. Exposure to noise alone did not signif-
icantly affect cells. However, simultaneous noise exposure blocked the MW-induced
effects.

Yao and colleagues investigated the influence of the GSM-like MW at 1.8 GHz on
DNA damage and intracellular reactive oxygen species (ROS) formation in human lens
epithelial cells (hLECs)107. DNA damage examined by alkaline comet assay was signif-
icantly increased after 3 W/kg and 4 W/kg radiation, whereas the double-strand breaks
(DSB) evaluated by γ-H2AX foci were significantly increased only after 4 W/kg radia-
tion. Significantly elevated intracellular ROS levels were detected in the 3-W/kg and 4-
W/kg groups. After exposure to 4 W/kg for 24 hours, hLECs exhibited significant G0/G1

arrest. All the effects were blocked when the MW exposure was superposed with a 2 µT
electromagnetic noise. The authors concluded that superposed electromagnetic noise
blocks MW-induced DNA damage, ROS formation, and cell cycle arrest.

We have previously reported that resonance effects of MW on E. coli cell depend on
the magnitude of static magnetic field at the place of MW exposure57. This dependence
was explained by the model of electron-conformational interactions that also predicted
possible shift of resonance frequencies in dependence on SMF35. More recently,
Ushakov with co-authors exposed E. coli cells to MW at the PD of 10-10 W/cm2 and the
frequencies of 51.675, 51.755 and 51.835 GHz88. In this study, cells were exposed to
MW at various values of SMF: 22, 49, 61, or 90 µT. The authors observed that the
effects of MW exposure on the conformation of nucleoids depended on the SMF during
exposure.

Gapeev et al. analyzed effects of MW (41.85-42.1 GHz, frequency increment 50
MHz, PD 50 µВт/сm2, 20 min exposure) on synergistic reaction of calcium ionophore
A23187 and phorbol ester PMA in activation of the respiratory burst of the peritoneal
neutrophils of mice79. The MW exposure was performed at various SMF. At a SMF of
50 µT, the authors observed frequency-dependent inhibition of the synergetic reaction
with maximal effect at the frequency of 41.95 GHz. In the same frequency range,
frequency-dependent activation of the synergetic reaction with a maximal effect at
the frequency of 42.0 GHz was found at a SMF of 95 µT. The authors concluded
that increasing the SMF from 50 to 95 µT resulted in the inversion of ten MW effects
and the shift of the resonance frequency by 50 MHz79, 108. Moreover, these effects of
MW at the 41.95 GHz and 42.0 GHz were not found at the SMF of ±1, 28.3, 75.5 or
117.3 µT suggesting that the NT MMW effects may appear only at specific values of
SMF79, 108.

The observations on dependence of the NT MW effects on SMF and ELF stray field
may be of significant interest for further development of physical theory for the NT MW
effects and development of safe mobile communication.

Cell-to-cell interaction in response to NT MW

The effects of NT MW at the resonance frequency of 51.755 GHz on conformation
of nucleoids in E. coli cells were analyzed with respect to cell density during exposure57.
The per-cell-normalized effect of MW increased by a factor of 4.7±0.5 on average as cell
density increased by one order of magnitude, from 4·107 to 4·108 cell/ml. These data
suggested a co-operative nature of cell response to MW, which is based on cell-to-cell
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interaction during exposure. This suggestion was in line with the observed partial
synchronization of cells after exposure to MW.

The co-operative nature of cell response to MW at the resonance frequency of 51.755
GHz was confirmed in further studies with E. coli cells35, 41, 58. In addition, dependence of
the per-cell-normalized effect on cell density was found for two other resonances,
51.675 GHz and 51.688 GHz. These data suggested that dependence on cell density
during exposure is a general attribute of the resonance response of E. coli cells to NT
MW. At the cell density of 4·108 cells/ml, the average intercellular distance was approx-
imately 13 µm that is 10 times larger than the linear dimensions of E. coli cells57, 58.
Therefore, no direct physical contact seemed to be involved in the cell-to-cell interac-
tion. Two mechanisms, biochemical and electromagnetic, were considered to account
for the co-operative nature in the resonance response to weak EMF in wide frequency
range including ELF, MW and ionizing radiation57, 109, 110. The first one, biochemical, is
based on release of secondary chemical messengers (ions, radicals, or molecules) by
those cells, which were directly targeted. Via diffusion, these messengers can induce
response in other cells. The second mechanism, electromagnetic, is based on reemission
of secondary photons. According to this mechanism, reemitted photons can induce
response in other cells if the intercellular distance is shorter than the length of photon
absorption. Our experimental data on MW effects fitted better to the electromagnetic
mechanism but a combination of two mechanisms was also possible57, 58. In particular,
free radicals with prolonged lifetimes might be involved in the observed cell-to-cell
communication during response to EMF111.

The absorption length of photons with the frequencies of 1012-1013 Hz corresponds to
the intracellular distance at the cell density of 5·108 cell/ml, at which saturation in the
dependences of EMF effects on cell density was observed57, 58, 111, 112. Such photons may be
involved in cell-to-cell communication according to the electromagnetic mechanism and
in agreement with the prediction of Fröhlich that biosystems support coherent excita-
tions within frequency range of 1011-1012 Hz44. From this point of view, cell suspension
may respond to NT MW as a whole. In this case, the number of the exposed cells should
be large enough to facilitate cell-to-cell communication during the responses to MW at
specific parameters of exposure such as frequency, modulation, and polarization. Inter-
estingly, the cell density for saturation of both MW and ELF effects was about 5·108

cell/ml that is close to cell densities in soft tissues of eukaryotes58, 111. Such density of
cells in the tissues may be important for regulation of living systems by electromagnetic
cell-to-cell communication. Cellular membranes and DNA have been considered as
possible sources of coherent excitations and photons, which may be involved in electro-
magnetic cell-to-cell communication35, 44, 111.

PD dependences of the MW effect at the 51.755 GHz resonance frequency were
considerably different between two cell densities, 4·107 cells/ml and 4·108 cells/ml35.
However, the resonance frequency of 51.755 GHz did not shift with the changes in cell
density. The half-width of the 51.755 GHz resonance did not depend on cell density
either. Contrary to the 51.755 GHz resonance response, the half-width of the 51.675
GHz resonance depended on cell density41. The data suggested that intracellular interac-
tion during the NT MW exposures at some specific frequencies might affect sub-cellular
targets for NT MW. This target is presumably chromosomal DNA that is organized in
the DNA-domains34, 92, 97.

In all studies concerning dependence of the MW effects on cell density, the cells
occupied a negligible part of the exposed volume and could not change the absorption
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of MW even at the highest cell densities35, 41, 57, 58. Striking difference in the cell responses
at various cell densities provided further evidence for non-thermal mechanism of the
observed MW effects.

Significant MW effect on synchronization of Saccharomyces carlsbergensis yeast
cells were observed by Golant and co-authors113. Exposure to MW at 30 µW/cm2 and 46
GHz induced synchronization as measured by cell density and bud formation. The
authors assumed that MW induced cell-to-cell interaction resulting in the observed
synchronization.

Genetic background and cell type

We studied effects of MW on E. coli cells of three isogenic strains with different
length of chromosomal DNA92. Bacterial chromosomal DNA in N99 wild type cells
was lengthened by inserting DNA from λ and λimm434bio10 phages. Lysogenic strains
N99(λ) and N99(λ,λimm434bio10) obtained were used for MW exposure along with the
wild type N99 strain. The response of each strain was studied at 10-17 frequencies
within the ranges of 41.24-41.37 GHz and 51.69-51.795 GHz. Clear resonance
responses to MW at 10-10 W/cm2 were observed for each strain in both frequency ranges.
Significant shifts of both resonance frequencies were found between strains. The
shifted resonances had the same amplitude and half-width as for N99 cells92. Upon
shifting, no changes in effective circular polarization within each shifted resonance
were observed. The shifts in resonance frequencies could not be explained by activity
of additional genes inserted with the phage DNA. On the other hand, the theoretical
consideration based on oscillations of the DNA-domains regarding a whole nucleoid
provided a good correlation between the increasing in the DNA length and the shifts in
resonances92.

A detailed analysis of MW effects on E. coli AB1157 cells at 10-10 W/cm2 and various
frequencies revealed the resonance frequency of 51.755±0.001 GHz35. This value was
statistically significantly different from the resonance frequency of 51.765±0.002 in
response of E. coli N99 cells to MW in the same frequency range35. It should be noted
that both strains, AB1157 and N99, are considered as wild type strains. Nevertheless,
these strains are different in their genotypes by several specific gene markers23, 33. These
data suggested that strains of different origin, even being considered as wild type strains,
might have different resonance responses to NT MW.

Stagg with colleagues exposed tissue cultures of transformed and normal rat glial
cells to packet-modulated MW (TDMA that conforms to the North American digital
cellular telephone standard) at 836.55 MHz114. Results from DNA synthesis assays
differed for these two cell types. Sham-exposed and MW-exposed cultures of primary
rat glial cells showed no significant differences for either log-phase or serum-starved
condition. C6 glioma cells exposed to MW at 5.9 µW/g SAR (0.9 mW/cm2) exhibited
small (20-40%) but significant increases in 38 % of [3H]-thymidine incorporation exper-
iments.

Repacholi with co-authors chronically exposed wild-type mice and E mu-Pim1 trans-
genic mice, which are moderately predisposed to develop lymphoma spontaneously, to
plane-wave pulse-modulated MW at 900 MHz with a pulse repetition frequency of 217
Hz and a pulse width of 0.6 ms115. Incident power densities were 2.6-13 W/m2 and SARs
were 0.008-4.2 W/kg, averaging 0.13-1.4 W/kg. The lymphoma risk was found to be
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significantly higher in the exposed transgenic mice. No effects were seen in the wild type
mice.

Markkanen with colleagues found that MW affected the UV-induced apoptosis in
Saccharomyces cerevisiae yeast cells KFy437 (cdc48-mutant) but did not modify apop-
tosis in KFy417 (wild-type) cells78.

Czyz with colleagues exposed pluripotent embryonic stem (ES) cells of wild-type and
deficient for the tumor suppressor p53 to pulse modulated GSM MW at 1.71 GHz116.
Two dominant GSM modulation schemes (GSM-217 and GSM-Talk), which generate
temporal changes between GSM-Basic (active during talking phases) and GSM-DTX
(discontinuous transmission, which is active during listening phases thus simulating a
typical conversation), were applied to the cells at and below the ICNIRP safety stan-
dards. GSM-217 MW induced a significant upregulation of mRNA levels of the heat
shock protein hsp70 of p53-deficient ES cells differentiating in vitro, paralleled by a low
and transient increase of c-jun, c-myc, and p21 levels in p53-deficient, but not in wild-
type cells. Theses data substantiated the notion that the genetic background determines
cellular responses to GSM MW.

Human cultured fibroblasts of three different donors and three different short-term
human lymphocyte cultures were exposed to UMTS-like MW at 1950 MHz and the SAR
below safety limit of 2 W/kg by Schwarz et al.117. The alkaline comet assay and the
micronucleus assay were used to analyze genotoxic effects. UMTS exposure increased
the comet tail factor (CTF) and induced centromere-negative micronuclei in human
cultured fibroblasts in a dose and time-dependent way. No UMTS effect was obtained
with lymphocytes, either unstimulated or stimulated with phytohemagglutinin. The
authors concluded that UMTS exposure may cause genetic alterations in some but not in
all human cells in vitro.

Hoyto et al.118, analyzed the effects of MW exposure on cellular ornithine decarboxy-
lase (ODC) activity in fibroblasts, two neural cell lines and primary astrocytes. Several
exposure times and exposure levels were used, and the fields were either unmodulated
or GSM-like-modulated. Murine L929 fibroblasts, rat C6 glioblastoma cells, human SH-
SY5Y neuroblastoma cells, and rat primary astrocytes were exposed to RF radiation at
872 MHz in a waveguide exposure chamber equipped with water cooling. Cells were
exposed for 2, 8, or 24 hours to CW MW or to a GSM type signal pulse modulated at
217 Hz. ODC activity in rat primary astrocytes was decreased statistically significantly
and consistently in all experiments performed at two exposure levels (1.5 and 6.0 W/kg)
and using GSM modulated or CW radiation. In the secondary cell lines, ODC activity
was generally not affected. The authors concluded that ODC activity was affected by
MW exposure in rat primary neural cells, but the secondary cells used in this study
showed essentially no response. In further studies by the same group, the difference in
response of human SH-SY5Y neuroblastoma and mouse L929 fibroblast cells to a GSM-
modulated MW at 872 MHz was documented84.

Nylund and Leszczynski have examined cell response to MW (900 MHz GSM-like
signal, average SAR of 2.8 W/kg) using two human endothelial cell lines: EA.hy926 and
EA.hy926v1119. Gene expression changes were examined using cDNA Expression
Arrays and protein expression changes were examined using 2-DE and PDQuest soft-
ware. The same genes and proteins were differently affected by exposure in each of the
cell lines.

Remondini et al. analyzed changes in gene expression in six human cell lines by gene
microarrays53. Cells were exposed to MW at 900 MHz GSM Basic mode, SAR 1.8-2.5
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W/kg, 1 h exposure. Most cell lines responded to GSM-900 MHz, except for the
CHME5 human microglial cells.

Zhao et al. studied whether expression of genes related to cell death pathways are
dysregulated in primary cultured neurons and astrocytes by exposure to MW from GSM
cell phone at the frequency of 1900 MHz for 2 h120. Microarray analysis and real-time
RT-PCR have shown up-regulation of caspase-2, caspase-6 and Asc (apoptosis associ-
ated speck-like protein containing a card) gene expression in neurons and astrocytes. Up-
regulation occurred in both “on” and “stand-by” modes in neurons, but only in “on”
mode in astrocytes. Additionally, astrocytes showed up-regulation of the Bax gene. The
authors concluded that even relatively short-term exposure to the cell phone can up-
regulate elements of apoptotic pathways in cells derived from the brain, and that neurons
appear to be more sensitive to this effect than astrocytes.

Finally, it follows from the emerging data that MW effects are defined by the geno-
type and may be cell-type and cell-line dependent. These dependences may explain, at
least partly, the discrepancies among replication studies from different laboratories.

Gender- and age-related differences

There are studies indicating that MW may exert a gender-related influence on brain
activity121-123. Papageorgiou and co-authors investigated the gender-related influence of
MW similar to that emitted by GSM900 mobile phones on brain activity121. Baseline
EEG energy of males was greater than that of females, and exposure to MW decreased
EEG energy of males and increased that of females. Memory performance was
invariant to MW exposure and gender influences. Smythe and Costall reported the
effects of mobile phone exposure on short- and long-term memory in male and female
subjects122. The results showed that males exposed to an active phone made fewer
spatial errors than those exposed to an inactive phone condition, while females were
largely unaffected. These results further indicated that mobile phone exposure has
functional consequences for human subjects, and these effects appear to be gender-
dependent. Nam and colleagues exposed volunteers of both gender to MW emitted by
a CDMA cellular phone for half an hour123. Physiological parameters such as systolic
and diastolic blood pressures, heart rate, respiration rate, and skin resistance were
simultaneously measured. All the parameters for both groups were unaffected during
the exposure except for decreased skin resistance of the male subjects123.

Prevalence of women (usually around 70%) among subjects, which report hypersen-
sitivity to electromagnetic fields of wide frequency range including MW, may also be
considered as an indirect evidence for the gender-dependent effects of MW.

In his pioneering study concerning age in cancer risk from MW exposure, Hardell and
colleagues found that the highest risks were associated with >5-year latency period in
the 20-29-year age group for analog phones (OR = 8.17, 95% CI = 0.94-71), and cord-
less phones (OR = 4.30, 95% CI = 1.22-15)124. Of note, no participants of age less 20
years were involved on this study. In further studies from the Hardell’s group, highest
risk was found in the age group <20 years at time of first use of wireless phones125, 126.

Nam with co-authors reported that skin resistance in teenagers decreased by exposure
to CDMA MW from cellular phones whereas no effects were seen in adults123.
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Individual differences

We observed significant individual variations in effects of GSM and UMTS MW on
chromatin conformation and 53BP1/γ-H2AX DNA repair foci in studies with lympho-
cytes from hypersensitive to EMF subjects and healthy persons38-40, 49.

Shckorbatov with colleagues investigated electrokinetic properties of cell nuclei and
condensation of heterochromatin in human buccal epithelium cells in response to MW
at 42.2 GHz127. MW exposure decreased electric charge of cell nuclei and an increased
chromatin condensation in dependence on individual traits of donors127.

Hinrikus et al.83 evaluated the effects of pulse-modulated MW (450 MHz) on human
EEG rhythms. Thirteen healthy volunteers were exposed to MW; the field power density
at the scalp was 0.16 m W/cm2. Differences were found in individual sensitivity to expo-
sure. Increases in the EEG beta power appeared statistically significant in the case of
four subjects. In other study, the same authors confirmed and extended their observa-
tions on individual sensitivity to exposure with pulse-modulated MW128. The experi-
ments were carried out on four different groups of healthy volunteers. A 450-MHz MW
modulated at 7 Hz (first group), 14 and 21 Hz (second group), 40 and 70 Hz (third
group), 217 and 1000 Hz (fourth group) frequencies was applied. MW exposure, SAR
0.303 W/kg, increased the EEG energy. The proportion of subjects significantly affected
was similar in all groups except for the 1000 Hz group: in the first group 16% at 7 Hz
modulation; in the second group 31% at 14 Hz modulation and 23% at 21 Hz modula-
tion; in the third group 20% at 40 Hz and 13% at 70 Hz modulation; in the fourth group
16% at 217 Hz and 0% at 1000 Hz modulation frequency.

Zotti-Martelli with colleagues exposed peripheral blood lymphocytes from nine
different healthy donors for 60, 120 and 180 min to CW MW with a frequency of 1800
MHz and PD of 5, 10, and 20 mW/cm2 and analyzed DNA damage using micronucleus
(MN) assay129. Both spontaneous and induced MN frequencies varied in a highly signif-
icant way among donors, and a statistically significant increase of MN, although rather
low, was observed dependent on exposure time and PD. The data analysis highlighted a
wide inter-individual and reproducible variability in the response.

Sannino et al. evaluated the induction of micronuclei in response to MW (900 MHz,
average SAR of 1.25 W/kg) exposure and subsequent treatment with mitomycin C in
peripheral blood lymphocytes from five human volunteers130. MW exposure reduced the
level of mitomycin C –induced micronuclei in cells collected from four donors (i.e.,
responders). However, the effect of MW was not observed in the remaining donor (i.e.,
non-responder). The overall data indicated the existence of heterogeneity in the MW
response among individuals.

Physiological variables

The importance of physiological variables, which may include all conditions of cell
culture growth such as aeration, the composition of the growth and exposure media, on
NT MW effects has previously been reviewed8.

In our investigations, E. coli cells were exposed to CP or LP MW (100 µW/cm2) at
the resonance frequencies of 41.32 GHz and 51.76 GHz56, 57. Both value and direction of
the MW effects strongly depended on the phase of culture growth. At logarithmic phase
of growth, MW resulted in condensation of nucleoids. In contrast, MW exposure decon-
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densed nucleoids in cells if exposure was performed at the stationary phase of growth.
It is known, that the state of nucleoid condensation depends on cell activity. In stationary
cells nucleoids are more condensed compared to logarithmic cells that divide actively.
We concluded that MW are able to either stimulate or inhibit activity of the cells in
dependence on stage of growth, stationary or logarithmic, respectively. Higher vari-
ability in effects was observed for logarithmic phase and effects were more stable for the
stationary phase that is characterized by partial synchronization of cells56, 57. There was
no effect at all if cells were exposed at the end of the logarithmic phase where the MW
effects changed their direction from inhibition to stimulation57. Another peculiarity was
observed at the very beginning of the logarithmic stage, where the condensation of chro-
matin induced by MW was very weak. The AVTD data were confirmed by the elec-
trophoretic analysis of proteins bound to DNA56. The main feature of the effect in the
stationary phase was a decrease in the quantity of several unidentified DNA-bound
proteins with molecular weights of 61, 59, 56, 26, and 15 kDa. In contrast, the main trend
was an increase in some proteins, 61, 56, 51 and 43 kDa after exposure at the logarithmic
phase. The decrease or increase in the level of proteins bound to DNA correlated with
the observed changes in the state of nucleoids, decondensation or condensation, respec-
tively.

The MW effects was studied both at stationary and logarithmic phase of growth
during exposure to MW in the PD range of 10-18 to 3·10-3 W/cm2 at various cell densi-
ties58. Relatively weak response to MW was observed in exponentially growing cells.
Partially synchronized stationary cells were more sensitive, especially at the cell densi-
ties above 108 cell/ml. The data suggested that the co-operative responses of cells to MW
vary in dependence on phase of growth.

Recent data by Ushakov and colleagues indicated that the MW effects on E. coli cells
depended on concentration of oxygen in the cell suspension during exposure88. This
dependence might suggest that oxygen concentration should be indicated in order to
improve reproducibility in replication studies.

Similar to the effects of ELF95, the MW effects were reported to depend on concen-
tration of divalent ions79.

Antioxidants and radical scavengers inhibit effects of MW

Lai and Singh described effects of MW on the rat brain cells as measured using a
microgel electrophoresis assay131. These effects were significantly blocked by treatment
of rats either with the spin-trap compound N-tert-butyl-α-phenylnitrone or with mela-
tonin that is a potent free radical scavenger and antioxidant132. These data suggested that
free radicals might be involved in the effects of MW.

Oktem and colleagues exposed rats to MW from GSM900 mobile phone with and
without melatonin treatment133. Malondialdehyde (MDA), an index of lipid peroxidation,
and urine N-acetyl-beta-d-glucosaminidase (NAG), a marker of renal tubular damage,
were used as markers of oxidative stress-induced renal impairment. Superoxide dismu-
tase (SOD), catalase (CAT), and glutathione peroxidase (GSH-Px) activities were
studied to evaluate changes in antioxidant status. In the MW-exposed group, while tissue
MDA and urine NAG levels increased, SOD, CAT, and GSH-Px activities were reduced.
Melatonin treatment inhibited these effects. The authors concluded that melatonin might
exhibit a protective effect on mobile phone-induced renal impairment in rats.
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Ozguner and colleagues exposed Wistar-Albino rats to MW from GSM900 mobile
phone with and without melatonin and analyzed histopathologic changes in skin134. MW
induced increase in thickness of stratum corneum, atrophy of epidermis, papillamatosis,
basal cell proliferation, granular cell layer (hypergranulosis) in epidermis and capillary
proliferation. Impairment in collagen tissue distribution and separation of collagen
bundles in dermis were all observed in exposed animals as compared to the control
group. Most of these changes, except hypergranulosis, were prevented with melatonin
treatment. The authors concluded that exposure to GSM900 MW caused mild skin
changes and melatonin treatment could reduce these changes. In other studies of the
same group, the ability of melatonin to reduce various MW-induced effects was
confirmed and inhibitory potential of the antioxidant caffeic acid phenethyl ester
(CAPE) was reported135-138.

Ayata et al. analyzed the effects of 900 MHz MW with and without melatonin on
fibrosis, lipid peroxidation, and anti-oxidant enzymes in rat skin139. The levels of MDA
and hydroxypyroline and the activities of SOD, GSH-Px, and CAT were studied. MDA
and hydroxyproline levels and activities of CAT and GSH-Px were increased signifi-
cantly in the exposed group without melatonin and decreased significantly in the
exposed group with melatonin. SOD activity was decreased significantly in the exposed
group and this decrease was not prevented by the melatonin treatment. The authors
assumed that the rats irradiated with MW suffer from increased fibrosis and lipid perox-
idation and that melatonin can reduce the fibrosis and lipid peroxidation caused by
MW.

Ilhan with co-authors investigated oxidative damage in brain tissue of rats exposed to
GSM900 MW with and without pretreatment with Ginkgo biloba (Gb)140. MW induced
oxidative damage measured as: (i) increase in MDA and nitric oxide (NO) levels in brain
tissue, (ii) decrease in brain SOD and GSH-Px activities, and (iii) increase in brain
xanthine oxidase and adenosine deaminase activities. These MW effects were prevented
by the Gb treatment. Furthermore, Gb prevented the MW-induced cellular injury in
brain tissue revealed histopathologically. The authors concluded that reactive oxygen
species may play a role in the adverse effects of GSM900 MW and Gb prevents
the MW-induced oxidative stress by affecting antioxidant enzymes activity in brain
tissue.

Koylu et al. studied the effects of MW on the brain lipid peroxidation in rats, and the
possible protective effects of melatonin on brain degeneration induced by MW141. The
levels of lipid peroxidation in the brain cortex and hippocampus increased in the MW
group compared with the control group, although the levels in the hippocampus were
decreased by combined administration of MW and melatonin. Brain cortex lipid perox-
idation levels were unaffected by melatonin treatment. The authors concluded that mela-
tonin may prevent MW-induced oxidative stress in the hippocampus by strengthening
the antioxidant defense system.

Sokolovic et al. 142 evaluated the intensity of oxidative stress in the brain of Wistar rats
chronically exposed to MW from mobile phones (SAR = 0.043-0.135 W/kg) during 20,
40 and 60 days. A significant increase in brain tissue malondialdehyde (MDA) and
carbonyl group concentration was found. Decreased activity of catalase (CAT) and
increased activity of xanthine oxidase (XO) remained after 40 and 60 days of MW expo-
sure. Melatonin treatment significantly prevented the increases in MDA content and XO
activity in the brain tissue after 40 days of exposure while it was unable to prevent the
decrease of CAT activity and increase of carbonyl group contents. The authors
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concluded that exposure to the mobile phone MW caused oxidative damage in the brain
and that treatment with melatonin significantly prevented this oxidative damage.

To conclude this section, several studies suggest that supplementation with antioxi-
dants and radical scavengers can reduce MW effects.

Summary of experimental studies

Numerous experimental data have provided strong evidence for NT MW effects and
have also indicated several regularities in appearance of these effects: dependence on
frequency within specific frequency windows of “resonance-type”; narrowing of the
frequency windows with decreasing intensity; dependence on modulation and polariza-
tion; sigmoid dependence on intensity within specific intensity windows including
super-low PD comparable to intensities from base stations; thresholds in intensity and
exposure time (coherence time); dependence on duration of exposure and post-exposure
time; dependence on cell density that suggests cell-to-cell interaction during response to
NT MW; dependence on physiological conditions during exposure, such as stage of cell
growth, concentration of oxygen and divalent ions, activity of radicals; dependence on
genotype; cell-type and cell-line dependence; gender-, age- and individual differences;
and SMF and EMF stray field during exposure may be of importance for the effects of
NT MW.

Replication studies

Obviously, not taking into account the dependences of NT MW effects on a number
of physical parameters and biological variables may result in misleading conclusions
regarding the reproducibility of these effects. Especially important might be the obser-
vations that NT MW could inhibit or stimulate the same functions dependent on condi-
tions of exposure2. Under different conditions of exposure, MW either increased or
decreased the growth rate of yeast cells8, the radiation-induced damages in mice141, the
respiratory burst in neutrophils of mice79, the condensation of nucleoids in E coli cells56, 57

and human lymphocytes40. Potentially bi-directional effects of MW should be taken into
account in replication studies.

Despite of considerable body of studies with NT MW in biology, only a few studies
were performed to replicate the original data on the NT MW effects. It should be noted,
that these replications are usually not completely comparable with the original studies
because of either missing description of important parameters of exposure or significant
differences in these parameters between original study and replication.

One well-known attempt to replicate the results of Gründler was the study by Gos and
co-authors144. No MW effects were observed in this replication study. However, the devi-
ations from the Gründler’s protocol might be a simple reason for poor reproducibility.
For example, synchronized cells were used in studies of Gründler. Contrary to the
Gründler’s original protocol, Gos used exponentially growing cells. If the MW effects
in yeast cells are dependent on stage of growth, cell density and intercellular interactions
as it has been described for E. coli cells35, 41, 56, 57, no response should be expected in the
logarithmic phase of growth. Gos and colleagues used S. cerevisiae strain with the
auxotrophy mutations for leucine and uracil. Gründler used the wild type strain. It might
suggest another cause for the deviations between the data of Gründler and Gos. Despite
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orientation of SMF in respect to electric and magnetic components of MW was the same,
the values of SMF were different. The stray ELF field was 120 nT in the study by Gos,
that is higher than usually observed background fields, < 50 nT. The spectral character-
istics of the background fields, which were described only in the study by Gos, might be
also different. In addition, the conditions of cell cultivation might vary between studies;
for example, the data on oxygen concentration in media used in both studies are not
available.

Amount of already known physical and biological variables that are important for
reproducibility of NT MW effects seem to be far beyond the limits of usually controlled
parameters in biological experiments. The knowledge of some of these variables is based
on consistent findings following from experimental studies of different research groups.
Further evaluation of variables that are important for the NT MW effects would benefit
from the developing of the physical and molecular biological models for the MW effects.

Most reviews of the experimental studies do not include analysis of various biolog-
ical variables and physical parameters when comparing the data on NT MW effects from
different studies. As result, misleading conclusion is often made that MW at NT levels
produce no “reproducible” effects.

Possible mechanisms

Analyzing theoretically our experimental data on the MW effects at super-low inten-
sities we concluded that these effects should be considered using quantum-mechanical
approach57. Reanalysis of our data by Binhi resulted to the same conclusion97. This is in
line with the fundamental quantum-mechanical mechanism that has been suggested by
Fröhlich145. Most probably, the physical mechanisms of the NT MW effects must be
based on quantum-mechanical approach and physics of non-equilibrium and nonlinear
systems44, 98, 146-148.

Our data indicated also that chromosomal DNA is a target for interaction with
MW34, 87, 92. The length of genomic DNA is much longer than the dimension of surrounding
compartment. For example, there is about 1.8 m of DNA in a human genome that is
compacted in interaction with other compounds such as proteins, RNA and ions to fit into
a nucleus with a characteristic diameter of 5-10 µm. Importantly, concentration of DNA
in the nuclei is higher than in crystallization solutions for DNA, 50-100 mM versus 10-
30 mM, respectively. Whether DNA is organized in nuclei as a liquid crystal remains to
be investigated. However, it is clear that DNA in a living cell cannot be considered as an
aqueous solution of DNA molecules in a thermodynamic equilibrium.

The quantum-mechanical physical model for primary interaction of MW with DNA
has been proposed149. We hypothesized that genomic DNA contain two different codes109.
The first one is the well-known genetic triplet code for coding the genes. The second one
is a “physical code” that determine the spectrum of natural oscillations in chromosomal
DNA including electromagnetic, mechanical and acoustic oscillations, which are hypo-
thetically responsible for regulation of gene expression at different stages of ontogenesis
and for genomic rearrangements in evolution109. The physical model describing these
coupled oscillations in chromosomal DNA has been proposed92. This model helps to
resolve the so-called C-paradox that addresses the issue of a genome size, so-called C-
value. Only few percent of DNA encodes genes in almost all eukaryotic genomes. The
same amount of DNA is involved in regulation of gene expression by known biochem-
ical mechanisms. The function of the rest of DNA, which does not depend on complexity
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of eukaryotic species and is represented by noncoding repetitive DNA sequences, is not
understood in molecular biology providing a basement for hypotheses such as “junk
DNA”. The function of this major part of genomic DNA became clear given that the
whole genomic DNA is responsible for the creation of the natural spectrum of oscilla-
tions that is hypothetically a main characteristic of each biological species109.

The understanding of mechanisms for the NT MW effects is far from comprehensive.
Many questions remain to be addressed such as whether resonance effects of MW
depend on electromagnetic noise and SMF during exposure.

Urgent needs and further perspectives

At present, new situation arose when a significant part of the general population is
exposed chronically (much longer than previously investigated durations of exposures)
to NT MW from different types of mobile communication including GSM and
UMTS/3G phones and base stations, WLAN (Wireless Local Area Networks), WPAN
(Wireless Personal Area Networks such as Bluetooth), DECT (Digital Enhanced (former
European) Cordless Telecommunications) wireless phones. It should be anticipated that
some part of the human population, such as children, pregnant women and groups of
hypersensitive persons could be especially sensitive to the NT MW exposures.

Multiple sources of mobile communication result in chronic exposure of significant
part of general population to MW at the non-thermal levels. Therefore, the ICNIRP
safety standards, which are based on thermal effects in acute exposures, cannot protect
the general population from the chronic exposures to NT MW from mobile communi-
cation13.

Most of the real signals that are in use in mobile communication have not been tested
so far. Very little research has been done with real signals and for durations and inter-
mittences of exposure that are relevant to chronic exposures from mobile communica-
tion. In some studies, the so-called “mobile communication-like” signals were investi-
gated that in fact were different from the real exposures in such important aspects as
intensity, carrier frequency, modulation, polarization, duration and intermittence. How
relevant such studies to evaluation of adverse health effects from MW of mobile
communication is not known.

Emerging evidence suggests that the SAR concept, which has been widely adopted
for safety standards, may not be useful alone for the evaluation of health risks from MW
of mobile communication. How the role of other exposure parameters such as frequency,
modulation, polarization, duration, and intermittence of exposure should be taken into
account is an urgent question to solve. Solving this question would greatly benefit from
the knowledge of the physical mechanisms of the NT MW effects.

So far, most laboratory and epidemiological studies did not control important features
of the NT MW effects as described above and therefore, only limited conclusion
regarding health effects of MW from mobile communication can be drawn from these
studies. It should be noted that one group of epidemiologists with a long-lasting experi-
ence in studying relationship between mobile phone usage and cancer risk have consis-
tently been concerned regarding importance of various MW signals and exposure dura-
tions19, 150-152. The group of Hardell was the first epidemiologic group in attempting to
study separately the MW signals from cordless phones, analogue phones and digital
phones. As a rule, analogue phones had the highest association with the cancer risk.
Cordless phones were associated with the risk for brain tumors, acoustic neuroma, and

I. Belyaev: Non-thermal biological effects of microwaves

209

13-belyaev:13-belyaev  11-10-2010  9:04  Pagina 209



T-cell lymphoma stronger or in the same degree as digital and analogue phones despite
significantly lower SAR values were produced by cordless phones17, 19, 151, 152. It should be
also noted that epidemiological data are controversial and methodological differences
are a subject of debates between various research groups17, 153. However, the approach of
Hardell’s group is more valid from the mechanistic point of view and this should be
taken into account when comparing with results of other groups that ignore or minimize
the complex dependencies of the NT MW effects on several parameters/variables.

The data about the effects of MW at super low intensities and significant role of dura-
tion of exposure in these effects along with the data showing that adverse effects of NT
MW from GSM/UMTS mobile phones depend on carrier frequency and type of the MW
signal suggest that MW from base-stations/masts can also produce adverse effects at
prolonged durations of exposure and encourage the mechanistic in vitro studies using
real signals from base stations/masts. Further investigations with human primary cells
under well controlled conditions of exposure, including all important parameters as
described above, are urgently needed to elucidate possible adverse effects of MW signals
that are currently being used in wireless communication, especially in new technologies
such as UMTS mobile telephony.

The dependence of adverse effects of NT MW from GSM/UMTS mobile phones on
carrier frequency and type of signal should be taken into account in settings of safety
standards and in planning of in vivo and epidemiological studies. Of note, the data from
epidemiological studies should be treated with care. Indeed, it is almost impossible to
select control unexposed groups because the whole population in many countries is
exposed to wide range of MW signals from various sources such as mobile phones and
base stations/masts of various kinds, WLAN, WPAN, DECT wireless phones and given
that duration of exposure (must be at least 10 years for cancer latency period) may be
more important for the adverse health effects of NT MW than PD/SAR. From this point
of view, current epidemiological studies may be either inconclusive, if results are nega-
tive, or may underestimate the hazard of MW exposure, if results are positive.

The joined efforts of scientific groups within national or international programs are
needed for mechanistic studies of the NT MW effects. In order to take unto account all
necessary physical parameters and biological variables, these programs should involve
scientists with long-lasting experience in studying NT MW effects.

Because NT MW affect not only brain cells, but also blood cells38-40, 75, skin and fibrob-
lasts68, 69, 134, 154, stem cells67, 116, 155, reproductive organs and sperm quality156-159 the using of
hands-free cannot minimize all adverse health effects. Possibilities to minimize the
adverse effects of NT MW using various biophysical and biochemical approaches
should be studied.

Identification of those signals and frequency channels/bands for mobile communica-
tion, which do not affect human cells, is needed as a high priority task for the develop-
ment of safe mobile communication.
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Abstract

In 2002 Ramazzini Institute lunched an experimental research project to evaluate
the potential carcinogenic effects of power frequency magnetic fields in Sprague-
Dawley rats exposed from prenatal life until spontaneous death to sinusoidal 50 Hz-
magnetic fields (S-50Hz MF) at various intensity levels, or in association with other
agents. For this objective, 4 experiments were planned as an integrated experi-
mental project aiming to: 1) assess the qualitative- quantitative potential carcino-
genic effects on S-50Hz MF in various different exposure situations, with reference
to intensity and continuity/discontinuity of the electric current; 2) evaluate the
effects on reproductivity and embryo/fetus toxicity of S-50Hz MF; 3) assess the
syncarcinogenic effects of S-50Hz MF and other electromagnetic fields (γγ-radia-
tion); 4) assess the syncarcinogenic effects of S-50Hz MF and carcinogenic chemical
agents such as formaldehyde and Aflatoxin B1; 5) evaluate, by molecular biology
analysis, the possible pathogenic mechanisms at the basis of carcinogenesis. In the
research project are included the evaluation of 2,100 breeders and 7,133 offspring.
In the present report will be illustrate the design of the global project and the first
result concerning the carcinogenic effects to the mammary gland in females
exposed to S-50Hz MF from fetal life until death as well as to 10 rads γγ-radiation
delivered in one shot at 6 weeks of age.

Key words: Extremely Low Frequency Magnetic Fields (ELFMF), γ-radiation,
syncarcinogenicity, Sprague-Dawley rats, long-term bioassay, prenatal life-span
exposure, breast cancer. 

Introduction

In the seventies, Wertheimer and Leeper, epidemiologists from the Colorado Medical
Center University, were requested by the administrators of the City of Denver, to inves-
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tigate the possible causes of childhood cancers in Denver. They reviewed several possi-
ble causes of childhood cancers known at that time, such as ionizing radiation, atmos-
pheric pollution related to the density of automobile traffic, the mother’s job and the type
of drug assumption during pregnancy, etc. None of the factors or situation of carcino-
genic risk considered showed any significant difference between cases and controls. It
was when interviewing the family in the residences of children with cancers that
Wertheimer and Leeper observed the frequent presence of power lines and transformers.
Surprisingly, they found a significant difference in the incidence of leukemia among
children living near power lines compared to children living in residences not exposed
to such electromagnetic fields (EMF). They also observed that the risk increased at the
EMF intensity of >0.2 µT.

Since 1979, when the results of Wertheimer and Leeper’s epidemiological study were
published1, other epidemiological research carried out in many countries on children res-
ident in houses in the proximity of electricity power lines has confirmed the potential
carcinogenic risk from electricity-generated EMF. The epidemiology on EMF and child-
hood leukemia is summarized in a pooled analysis of measurement and calculated field
studies published by Ahlbom et al 2. The study concludes that relative risk (with a 95%
CI) was 2.0 (range 1.2 – 3.1) when the exposure is ≥ 0.4 µT.

This association between childhood leukemias and power line EMF exposure in case-
control studies and population studies was not considered sufficient to establish a cause-
correlation for two reasons: 1) absence of a plausible mechanism; and 2) lack of support
from laboratory evidence, in particular adequate long-term carcinogenicity bioassays.
These factors led the IARC to classify EMF power frequency as a possible carcinogenic
agent on the basis of limited epidemiological evidence and inadequate evidence in
experimental long-term rodent bioassays3.

Because epidemiological studies were inconclusive, in the early ‘90s long-term car-
cinogenicity bioassays on rats and mice were performed in order to evaluate the biolog-
ical effect and the potential hazard of the interaction with low frequency magnetic fields.
The reason why research on magnetic fields (MF) attracted particular attention for
potential adverse health effects was because electric fields (EF) may easily be shielded
while MF are not.

Up to now, long-term carcinogenicity bioassays on extremely low-frequency mag-
netic fields (ELFMF) have been conducted in Canada, Japan and the United States (US).
The results of the studies, summarized in Table 1, failed to show carcinogenic effects in
the experimental conditions.

Indeed, the studies performed in Canada and Japan cannot be considered adequate to
expose the carcinogenicity of the ELFMF because of the poor experimental design: only
one sex (male) and short duration of the experiments4,5; small groups of male and female
rats exposed for 104 weeks6.

The most comprehensive study to date on ELFMF as a potential carcinogen was the
one conducted in the US by the National Toxicology Program (NTP). The results of that
study have been reported in the scientific literature7,8. In the NTP study, which was con-
ducted following Good Laboratory Practices (GLP), groups of 100 Fischer 344 rats and
100 B6C3F1 mice of either sex were exposed to one of several magnetic field condi-
tions: 2; 200; or 1000 µT continuously or 1000 µT intermittently (1 h on/1 h off), 60 Hz
linearly polarized MF; one group received sham exposure. Exposure began when the
animals were 6-7 weeks of age and continued for 18.5 hr/day over a period of two years.
After two years of exposure, the animals still alive were sacrificed. The report conclud-
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ed that there was equivocal evidence for the carcinogenic activity of 60 Hz MF in
Fischer 344 rats on the basis of the increased incidence of thyroid gland C-cell neo-
plasms in males exposed to 2 or 200 µT. There was no evidence of carcinogenicity in
female rats or in male and female mice.

While on the basis of the epidemiological evidence 60 Hz ELFMF must be consid-
ered a possible low potency carcinogenic agent, the plan and conduct of the NTP study
present some limitations for the following reasons at least: 1) to expose the carcinogenic
effects of low potency carcinogens, experimental bioassays need large groups of animals
(mega-experiments) of the type which have been conducted in our laboratories in some
instances; 2) the number of animals per group in the NTP experiment may well be insuf-
ficient to expose the effects of a low potency carcinogen; 3) the limitation is aggravated
by the fact that the experiments were started at 6 weeks of age instead of fetal life and
moreover were truncated after 104 weeks, when the majority of animals were still alive
(male rats 259/500; female rats 301/500; male mice 367/500; female mice 373/500), thus
not enabling them to reach the critical age for developing their neoplastic potentialities.
Had we truncated our experiments on vinyl chloride after two years, we would never
have exposed the carcinogenic effects of the compound at low doses, and the consequent
introduction of the present regulations would not have taken place.

In this scenario the experimental project on ELFMF, planned for several years now
by the Ramazzini Institute (RI), should be considered crucial for evaluating the carcino-
genic potentiality of MF generated by electricity.

The RI experiments were planned as an integrated experimental project aiming to:
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Table 1 - Power frequency EMF: experimental evidence

Authors Animals Treatment Results Comments
Species/ No Exposure Duration

strain

Margonato Rats S.D. 256 males 0; 5 µT 32 weeks No evidence of Only 1 sex 
et al., 19954 per group (50 Hz) (22 hr/day) carcinogenic effect (male); short

duration 
(32 weeks)

Yasui et al., Rats F344 48 0; 0,5; 2 years No evidence of Only 1 sex
19975 females 5 µT (22 hr/day) carcinogenic effect (female); short

per group (50 Hz) duration
(104 weeks)

Mandeville Rats F344 50 0; 2; 20; 2 years, No evidence of Few animals;
et al., 19976 males and 200; GLP carcinogenic effect short duration 

50 females 2000 µT (20 hr/day) (104 weeks)
per group (60 Hz)

NTP, 19987, 8 Rats F344 100 0; 2; 200; 2 years, Equivocal evidence  Short 
Mice males and 1000 µT GLP of carcinogenic effect duration

B6C3F1 100 females (18.5 hr/day) for thyroid C cell  (104 weeks)
per species tumour in male treated   

and per group with 2 or 200 µT
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1) evaluate the effects of sinusoidal-50 Hz magnetic fields (S-50Hz MF) on repro-
ductivity and embryo-foetus toxicity;

2) assess the qualitative-quantitative potential carcinogenic effects of sinusoidal S-50
Hz MF in various different exposure situations, with reference to intensity and con-
tinuity/discontinuity of the electric current. Should there be a positive result, the
study aims to identify the target organs of the carcinogenic effects, the type of
tumors observed and their precursors, and other pathological effects relevant to
public health and scientific knowledge;

3) assess the syncarcinogenic risks of S-50Hz MF and other electromagnetic fields (γ-
radiation);

4) assess the syncarcinogenic risks of S-50Hz MF and carcinogenic chemical agents
such as formaldehyde and Aflatoxin B1;

5) evaluate, by molecular biology analysis, the possible pathogenic mechanisms at
the basis of the carcinogenesis.

All the animals were exposed to a MF for 19 hr/day from fetal life until spontaneous
death, and all the experiments in the project started simultaneously on July 2002. The
global plan of the project is reported in Tables 2-5. The experimental project encom-
passed 4 mega-experiments including 2,100 breeders and 7,133 offspring. 
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Table 2 - Experiment BT 1CEM: experimental plan of the research on the long-term biological effects
of sinusoidal -50 Hz magnetic fields (S-50Hz MF) administered alone or concurrently with other expo-
sures, on male (M) and female (F) Sprague-Dawley ratsa

Experiment Group Basic Other Animals Duration Effects of the S-50  
treatment exposure M F M+F of the Hz MF to verify
S-50Hz exposure 
MF(µT)b to MF

BT 1CEM I 1000 C - 253 270 523 LS Carcinogenic and toxic 
effects

(as end-point)

II 1000 O/O - 250 250 500 LS Carcinogenic and toxic 
effects

(as end-point)

III 100 C - 500 500 1000 LS Carcinogenic and toxic 
effects

(as end-point)

IV 20 C - 501 502 1003 LS Carcinogenic and toxic
effects

(as end-point)

V 2 C - 500 502 1002 LS Carcinogenic and toxic 
effects

(as end-point)

VI 0 (control)c - 500 501 1001 LS -

Total 2504 2525 5029
a Exposure of the animals of the experiment starts from the 12th day of the fetal life, by irradiation of pregnant
breeders
b The treatment with S-50 Hz MF lasts for the whole natural life (Life span = LS), for 19 hr/day, continuously
(C) or intermittently On/Off (O/O) 
c The control group is shared with experiments BT 2CEM and BT 3CEM
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The project was reviewed and validated by an international scientific committee
appointed by the Regional Agency for Prevention and the Environment in Emilia-
Romagna, Italy. 

The biophase ended in June 2005.
This report presents the first results of the experiment designed to assess the potential

syncarcinogenic risks of exposure to S-50Hz MF and to low-dose γ-radiation.

Assessment of the syncarcinogenic effects of S-50Hz MF and low dose γ-radiation
exposure (EXP. BT 3CEM): first results on mammary cancer

This bioassay was planned to reproduce experimentally a very common human sce-
nario in which life-span exposure to 50-60 Hz MF may be associated with an exposure
to a low dose of ionizing radiation such as comes from medical sources, nuclear power
production, occupational exposure, etc.

Reported here are the results in terms of the carcinogenic effects on the mammary
gland of female Sprague-Dawley rats exposed both to S-50Hz MF from fetal life until
spontaneous death and to low-dose one-off γ-radiation (10 rads) delivered at 6 weeks of
age as an initiating treatment.

Materials and methods

A) S-50Hz MF exposure system

In order to give all the experimental groups the same environment conditions (i.e. a
temperature of 22°C, a relative humidity of 40-60% and a 12 hr/day homogeneous dif-
fusion of light) the rats were located in a room of 60x15x4 m (over 900 m2) (fig. 1).
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Table 3 - Experiment BT 2CEM: experimental plan of the research on the long-term biological effects
of sinusoidal -50 Hz magnetic fields (S-50Hz MF) administered alone or concurrently with other expo-
sure, on male (M) and female (F) Sprague-Dawley ratsa

Experiment Group Basic Other Animals Duration Effects of the S-50  
treatment exposure M F M+F of the Hz MF to verify
S-50Hz exposure 
MF(µT)b to MF

BT 2 CEM I 1000 C Formaldehyde 200 203 403 LS Sinergistic
50 mg/lc carcinogenic effects 

(as end-point)

II 0 Formaldehyde 200 202 402 LS Carcinogenic effects
50 mg/lc (as end-point)

III 0 - 500 501 1001 LS -
(control)d

Total 900 906 1806
a Exposure of the animals of the experiment starts from the 12th day of the fetal life, by irradiation of pregnant
breeders
b The basic treatment with S-50Hz MF lasts for the whole natural life (Life span = LS), for 19 hr/day, con-
tinuously (C) 
c Administered with drinking water supplied ad libitum, starting from 6 weeks of age and lasting 104 weeks
d The control group is  shared with experiments BT 1CEM and BT 3CEM
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The MF exposure system was constructed so as to satisfy a number of conditions,
namely: 1) the MF must be linearly polarised; 2) the field uniformity must be better than
± 10%; 3) the field lines must be horizontal and parallel to the ground; 4) the supply cur-
rent must have a maximum harmonic distortion of 3%; 5) the field rise time at power up
must be at least 10 periods (for 50Hz, 200 ms); 6) the current generator must be noise-
less; 7) the joule effect on windings must not alter the environmental temperature, a
maximum variation of 2°C being tolerated near coils; 8) coil noise and vibration is to be
eliminated; 9) the natural field level must be no more than 0.1 µT and any mutual inter-
action of the system must be avoided, furthermore the control group should preferably
stay in the same room.

The most stringent constraint is the last one which in fact conditions the possible
choices very strongly. The other requirements can easily be complied with, using prop-
er technical selection.

The exposure system is based on independent devices. Each simple exposure device
serves at least 500 rats leaving enough space to isolate ill/moribund rats.

In order to satisfy the stray field requirements, a good solution was obtained by using
a toroidal-shaped device. Fig. 2 shows the device’s magnetic structure. All the devices
needed are identical and the different intensity of MF is obtained by properly tuning the
power supplies which are of the current- controlled type.
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Table 4 - Experiment BT 3CEM: experimental plan of the research on the long-term biological effects
of sinusoidal -50 Hz magnetic fields (S-50Hz MF) administered alone or concurrently with other expo-
sure, on male (M) and female (F) Sprague-Dawley ratsa

Experiment Group Basic Other Animals Duration Effects of the S-50  
treatment exposure M F M+F of the Hz MF to verify
S-50Hz exposure 
MF(µT)b to MF

BT 3 CEM I 1000 C γ-radiation 110 112 222 LS Sinergistic 
10 rad c carcinogenic effects

(as end-point)

II 20 C γ-radiation 105 107 212 LS Sinergistic 
10 rad c carcinogenic effects

(as end-point)

III 1000 C d – 253 270 523 LS Carcinogenic effects
(as end-point)

IV 0 γ-radiation 118 105 223 LS Carcinogenic effects 
10 rad c (as end-point)

V 0 – 500 501 1001 LS -
(control)e

Total 1086 1095 2181
a Exposure of the animals of the experiment starts from the 12th day of the fetal life, by irradiation of pregnant
breeders
b The basic treatment with S-50Hz MF lasts for the whole natural life (Life span = LS), for 19 hr/day, con-
tinuously (C)
c  As initiating treatment, treated one off (una tantum), at 6 weeks of age
d The group exposed to 1000 µT is shared with the experiment BT1CEM
e The control group is  shared with experiments BT 1CEM and BT 2CEM
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Table 5 - Experiment BT 4CEM: experimental plan of the research on the long-term biological effects
of sinusoidal -50 Hz magnetic fields (S-50Hz MF) administered alone or with other exposure, on male
(M) and female (F) Sprague-Dawley rats a

Experiment Group Basic Other Animals Duration Effects of the S-50  
treatment exposure M F M+F of the Hz MF to verify
S-50Hz exposure 
MF(µT)b to MF

BT 4 CEM I 1000 C Aflatoxin B1c 102 120 222 Depending Capacity of 
the interim enhancing the
on sacrifice formation of

schedule preneoplastic 
hepatic foci 

(as early markers
of carcinogenic risk)

II 0 Aflatoxin B1c 103 102 205

III 0 - 112 103 215
(control)d

Total 317 325 642
a Exposure of the animals of the experiments BT 1-4CEM starts from the 12th day of fetal life, by irra-
diation of pregnant breeders
b The duration of the basic treatment with S-50Hz MF depends on the interim sacrifice schedule, is
lasting for 19 hr/day, continuously (C)  
c As initiating treatment, dissolved in dimethylsulfoxide (DMSO), administered 5 times and 4 times
respectively at the 6th and the 7th week of age; 10 males and 10 females are sacrificed after 2, 6, 10, 14,
22, 32, 42, 52 weeks after the end of the treatment with AFB1, and then all animals still alive after 72
weeks
d DMSO, 1cc, by gavage

Fig. 1. Exposure system and the room where was conducted the biophase of the experiments
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The toroid was designed with 24 coils made of three turns of insulated copper cable,
mounted on a superstructure of aluminium composed of two insulated parts in order to
avoid a closed loop subject to total field. The total copper cross section is 11x28 mm2 , and
the total current used for 1 mT level is 359.6 A. The electric power is supplied by low cur-
rent density and the large amount of a good thermal-conducting prevents heating, leaving
the device at room temperature. Vibrations and noise are proven to be absent.

Mounted inside the toroidal magnete is a wooden support structure for rat cages 
(fig. 3). One of the toroids to be used was mounted and treated in order to verify the cor-
rectness of the computed parameters pertaining to the experiment. All the results were
in agreement with the computed values.

A magnetic field probe was placed at a representative animal location to monitor the
fields. 
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Fig. 2. The toroidal shaped magnetic device

Fig. 3. Wood support structure mounted inside the toroidal magnete for allocation of rat cages
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The details of the exposure system have been described elsewhere9. The apparatus
was also evaluated by a representative of the USA National Institute of Standards and
Technology (NIST).

B) Gamma radiation exposure system

The radiation source was a therapy unit supplying Co60. Dose measurement was
made using a Nuclear Enterprise dosimeter type 2571A, with a 0.6 cc graphite ioniza-
tion chamber, calibrated in terms of dose absorbed to water with a 4% uncertainty. 

Treatment at the required one off dose of 10 rads was divided into two equal irradia-
tions, performed on the ventral and dorsal side of the animals respectively. In this way
the rats were treated by 2 opposite irradiation fields, with an almost homogeneous dose
distribution.

C) Experimental animals 

The animals used are Sprague-Dawley rats from the same colony used for more than
35 years at the CMCRC of the RI. The basic expected tumorigram and its fluctuations
are based upon data derived from more than 18.000 historical controls. For the specific
purposes of this report, it must be stressed that in female Sprague-Dawley rats mamma-
ry tumors are the most frequent and an excellent example of a human equivalent animal
model10-12. All types of mammary tumors, and in particular all histotypes and subhisto-
types of mammary carcinomas, observed in human pathology, have also been found in
untreated female Sprague-Dawley rats. Among the historical controls over the last 10
years the overall incidence of mammary carcinomas in female Sprague-Dawley rats was
8.9% with a range of fluctuation of 2.9-14.1%. The equivalent age distribution of mam-
mary carcinomas is very similar to those observed in women in industrialized coun-
tries13. Like the human counterpart, mammary carcinomas in female Sprague-Dawley
rats give local and distant metastases13. 

The rats in this experiment were born from strictly out-bred matching. Since female
breeders were being treated, the animals in the experimental groups were predetermined.
At 4-5 weeks of age (after weaning) they were identified by ear punch and distributed
by sex and litter by litter, until the planned number for each group was reached. They
were housed 5 per cage in polycarbonate cages (41x25x15 cm) with covers made of non-
magnetic metal and a shallow layer of white wood shaving as bedding.

The experiment was conducted according to Italian law regulating the use and human
treatment of animals for scientific purposes14.

D) Treatment

Treatment with S-50Hz MF began during fetal life exposing the female breeders from
the 12th day of pregnancy. The breeders were sacrificed after weaning while treatment of
offsprings lasted until natural death. The daily exposure to S-50Hz MF for both breed-
ers and offsprings was 19 hours. The animals of groups I and II were also treated with
10 rads of gamma radiations one-off at 6 weeks of age. The animals in group III were
exposed to MF alone. The animals in group IV were exposed to only one shot of 10 rads
γ-radiation. The controls were kept in the same environmental conditions. The plan of
experiment BT 3CEM is reported in Table 4. 
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E) Conduct of the experiment

All animals were kept in highly standardized environmental and diet conditions, the
same as used in our laboratories. The daily feed and water consumption were measured
in a sample of 100 animals (50 males and 50 females) from each group from the age of
6 weeks, every 2 weeks, for the first 8 weeks, and then at 4 week intervals, until 110
weeks of age. Body weight was recorded from the age of 6 weeks, every 2 weeks for the
first 8 weeks, every 4 weeks until 110 weeks of age, and then every 8 weeks until the
end of the experiment. Animal health and behaviour were checked 3 times daily through-
out the experiment. Checking for pathological lesions, including mammary tumors, was
performed every 2 weeks for the first 8 weeks and every 4 weeks until the end of the
experiment.

From all dead animals, in addition to macroscopically observed pathological lesions
(with a margin of normal tissue), the following tissues and organs were taken: skin, sub-
cutaneous tissue, mammary gland (two pairs, axillaries and inguinal), brain, pituitary
gland, Zymbal gland, ear duct, salivary gland, Harderian gland, cranium (nasal and oral
cavities: 5 levels), tongue, thyroid and parathyroid glands, pharynx, larynx, thymus, tra-
chea, lung, heart, diaphragm, liver, spleen, pancreas, kidney, adrenal gland, esophagus,
stomach, intestine (4 levels), bladder, prostate, uterus, gonads, vagina, interscapular fat
pad, subcutaneous, medistinal and mesenteric lymphnodes. All specimens were fixed in
70% alcohol, except for bones and other tissues with osseous consistency which are
fixed in 10% formalin. All pathological tissues were trimmed in order to include a por-
tion of adjacent normal tissue. As far as normal tissues and organs are concerned, the
trimming was performed according to standard laboratory procedures. The trimmed
specimens were processed and embedded in paraffin blocks according to standard pro-
cedures. 3-6 µm sections were performed and routinely stained with haematoxylin eosin.
Histopatology evaluation were performed by the same group of pathologists.

Statistical analyses of the incidence of fibroadenomas and mammary cancers were
based on Logistic analysis and on the Cox proportional hazard model, respectively.

The biophase ended on June 30th 2005 with the death of the last animal at the age of
153 weeks.

First results on mammary carcinogenesis

This report gives results concerning carcinogenic effects to the mammary gland in
female Sprague-Dawley rats exposed to S-50Hz MF from fetal life until death as well as
to 10 rads γ-radiation delivered in one shot at 6 weeks of age. 

The experiment ran smoothly without unexpected setbacks. Concerning the mean
daily feed and water consumption and mean body weight, no relevant differences were
observed among the females of the various groups.

No substantial differences were observed in survival among the females of the vari-
ous groups (fig. 4).

During the biophase the development of mammary lumps was monitored by palpa-
tion, every 4 weeks until the spontaneous death of the animals. The cumulative preva-
lence of mammary lumps clinically observed at the age of insurgency is reported in 
fig. 5. It is clear that the exposure to both MF and γ-radiation increases the incidence of
mammary lumps and also accelerates the onset of such lesions when compared to ani-
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Fig. 4. Survival in female Sprague-Dawley rats (arrow indicates the start of the experiment) (Exp. BT3
CEM)

Fig. 5. Cumulative prevalence of glandular mammary lumps in female Sprague-Dawley rats clinically
observed at the age of insurgency (Exp. BT 3CEM)
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mals exposed to only 10 rads or only 1000 µT MF or not exposed (negative control
group). Not all lumps palpated are confirmed as being mammary gland lesions, and
small lesions may have been missed during clinical patrols. 

At necropsy all grossly mammary tumors and the axillary and inguinal mammary
gland tissues of each animal were collected and histopathologically evaluated. The inci-
dences of fibroadenomas and carcinomas of the mammary gland are respectively report-
ed in Tables 6, 7 and the cumulative prevalence in figs. 6 and 7. 

An increased incidence (albeit not significant) of animals bearing fibroadenomas was
observed in females exposed to 1000 µT plus 10 rads as compared to the other groups
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Table 6 - Experiment BT 3CEM: experimental study on the long-term syncarcinogenetic effects of sinu-
soidal - 50Hz magnetic fields (S-50Hz MF) and γ-radiation on male (M) and female (F) Sprague-Dawley
rats. Results: benign fibroadenomas histopathologically evaluated in females

Group Animals Treatment Mammary fibroadenomas
S-50Hz γ-radiation Bearing animals Total tumours

MF (µT)a (rad)b

Sex No. No. % No. Per 100
animals

I F 112 1000 10 51 45,5 77 68,8
II F 107 20 10 51 47,7 64 59,8
IIIc F 270 1000 - 118 43,7 164 60,7
IV F 105 0 10 43 41,0 55 52,4
Vc F 501 0 - 207 41,3 268 53,5

(control)
a The treatment 19 hr/day started at 12th day of fetal life, with the irradiation of breeders and lasted until
spontaneous death.
b γ-radiations were administered one off at 6 weeks of age.
c Group in common with the experiment BT 1 CEM.

Table 7 - Experiment BT 3CEM: experimental study on the long-term syncarcinogenetic effects of sinu-
soidal - 50Hz magnetic fields (S-50Hz MF) and γ-radiation on male (M) and female (F) Sprague-Dawley
rats. Results: mammary cancers in female

Group Animals Treatment Mammary fibroadenomas
S-50Hz γ-radiation Bearing animals Total tumours

MF (µT)a (rad)b

Sex No. No. % No. Per 100
animals

I F 112 1000 10 18 16,1 19 17,0**

II F 107 20 10 8 7,5 9 8,4
IIIc F 270 1000 - 22 8,1 23 8,5
IV F 105 0 10 8 7,6 8 7,6
Vc F 501 0 - 32 6,4 32 6,4

(control)
a The treatment 19 hr/day started at 12th day of fetal life, with the irradiation of breeders and lasted until
spontaneous death.
b γ-radiations were administered one off at 6 weeks of age.
c Group in common with the experiment BT 1 CEM.
** Significant (p≤0.001) using Cox regression model
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Fig. 6. Cumulative prevalence of glandular mammary fibroadenomas in female Sprague-Dawley rats
clinically observed at the age of insurgency and histopathologically evaluated (Exp. BT 3CEM)

Fig. 7. Cumulative prevalence of glandular mammary adenocarcinomas in female Sprague-Dawley rats
clinically observed at the age of insurgency histopathologically evaluated (Exp. BT 3CEM)

14-soffritti:14-soffritti  11-10-2010  9:07  Pagina 231



(Table 6). The cumulative prevalence (fig. 6) shows a slight anticipation of the onset of
fibroadenomas clinically observed and histopatologically evaluated among the females
exposed to 1000 µT and 10 rads, again as compared to the other groups.

Exposure to 1000 µT MF plus 10 rads caused a significant increase (p < 0.001) in ade-
nocarcinomas compared to the negative control group. The additional 10 rads exposure
in females exposed lifelong to 1000 µT MF compared to females exposed only to 10
rads, caused a significant increase (p < 0.04) in the incidence of mammary adenocarci-
nomas. This is of some interest because in another life-span experiment performed by
us, we saw no effects after exposure to 10 rads γ radiation15,16. The cumulative prevalence
(fig. 7) shows that the onset of mammary adenocarcinomas among females exposed to
1000 µT MF and 10 rads was clearly earlier than in other groups.

Discussion

To our knowledge, the early results of this experimental study show for the first time
that a life-span exposure (starting from prenatal life) to power frequency (50 Hz) MF,
combined with exposure to a well-known carcinogenic agent, as is γ radiation, induce a
significant increased risk of malignant tumors, namely mammary cancers, in female
Sprague-Dawley rats, the strain of rat used in our laboratory for decades and for which
data on mammary carcinogenesis are available on more than 18.000 historical controls.

The first data on the human risk of breast cancer related to exposure to power fre-
quency MF were reported by Matanoski et al.17 in a study conducted among telephone
company male workers in the US. 

After this early warning, other studies confirmed the association of increased risk of
breast cancers in women and men exposed to power frequency MF in the workplace or
in the general environment. However, other similar studies do not show the same effects
in both sexes.

Over the years, international agencies have reviewed the data on the relationship
between exposure to MF and risk of breast cancer in men and women, reaching the same
conclusion: the available evidence is inadequate for an evaluation of the risk3,18. Since the
IARC and NIEHS evaluations, several additional occupational studies, including a few
studies of residential exposure and electric bed-heating devices have been published in
literature, again without indicating any increased risk19.

Concurrently with epidemiological investigations, experimental studies on rodents
have been performed to evaluate the possible cancer risk to the mammary gland associ-
ated with 50-60 Hz MF exposure using specific mammary cancer models. The results of
the first study were reported by Beniashvili et al.20 suggesting that 50 Hz MF enhanced
the development of mammary cancer induced by N-methyl-N-nitrosourea (NMU). Other
authors used the 7,12 –dimethylbenz(a)antracene (DMBA) rat mammary tumor model
to evaluate the potential effects 50-60 Hz MF exposure on breast cancer. Using this
model, it was shown that 50 Hz MF enhances the mammary tumor development in
response to DMBA21-25. Other authors have failed in their attempt to replicate these find-
ings26-29.
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Conclusions

Our study may be considered representative of a situation of potential diffuse car-
cinogenic risk: exposure to a low dose of a well-known human carcinogenic risk (ioniz-
ing radiation) combined with exposure to a possible carcinogenic risk (power frequency
MF). These first results on mammary carcinogenesis is urging to continue exploring the
potential effects and mechanisms of power frequency MF in the carcinogenic process.
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Abstract

Subchronic effect of a weak combined magnetic field (MF), produced by super-
imposing a constant component, 42 µT, and an alternating MF of 0,08 µT which
was the sum of two signals of frequencies of 4.38 and 4.88Hz, was studied in
olfactory bulbectomized and transgenic B6C3-Tg(APPswe,PSEN1DeltaE9)
85DBO/J mice, which were used as animal models of sporadic and heritable
Alzheimer’s disease accordingly. Exposure to the MFs (4 hours for 10 days)
induced the decrease of Aβ level in bulbectomized mice and reduced the
number of Aβ plaques in the cortex and hippocampus of transgenic animals.
However, the memory improvement was revealed in transgenic mice only, but
not in the bulbectomized animals. We suggest that to prevent the Aβ accumu-
lation MFs could be used at early stage of neuronal degeneration in case of
Alzheimer’s disease and other diseases with amyloid protein deposition in other
tissues.

Key words: Alzheimer’s disease; amyloid-β; week combined magnetic fields;
memory; transgenic mice; bulbectomized mice

Introduction

Amyloid-β (Aβ) is a key pathogenic agent in Alzheimer’s disease (AD). The
abnormal amyloidogenesis, leading to Aβ protein deposition in the extracellular and
perivascular spaces of the brain, is one of the main causes of neuron death in AD. There-
fore, efforts of many researchers are focused on investigation of methods to prevent Aβ
deposition and to remove the senile plaques, formed by Aβ, from the brain. The effi-
ciency of this approach was demonstrated in transgenic animals carrying the inserted
human gene of Aβ precursor protein. Cleaning of their brain from amyloid plaques using
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antibodies against beta-amyloid protein was accompanied by recovery of spatial
memory1. However, this method has a number of negative side effects in patients with
AD2. Therefore, the problem of removing of Aβ aggregates from the brain remains quite
important.

In previous research, we studied the mechanisms of the effect of weak combined
magnetic fields (MF) on properties of aqueous solutions of various biologically active
ions and also proteins and peptides3-5. We used a low-frequency variable component with
strength about 10 nT and a constant component with strength comparable to the geomag-
netic field. According to our proposed algorithm, the frequencies of the variable compo-
nent of the MF formally corresponded to the cyclotron frequencies of ionic forms of a
number of amino acids at a ratio between the induction of the constant and variable
components of 500–3000. Such MF combination has an extremely high biological
activity; in particular, it was shown that it can accelerate the decomposition of the Aβ
into soluble peptide fragments with a decreased neurotoxic effect and with less capa-
bility to form the insoluble aggregates6,7. In that work we used a weak combined variable
magnetic field of 0.05 µT with frequencies 3.58–4.88 Hz and constant magnetic field of
42 µT. The region of the Aβ molecule that was most sensitive to the weak magnetic field
was located between residues Asp7 and Ser8. In this region the hydro-lysis of Aβ under
the action of the MF took place.

In this work we used the weak combined MF with parameters closed to mention
above to studied the its effect in vivo in two animal models of AD: well characterized
mice transgenic for mutant APPswe and mutant presenilin 1 (PS1dE9) that cause early
onset familial Alzheimer’s disease (AD) and olfactory bulbectomized (OBE) mice,
which showed the behavioral, morphological, immunological, and biochemical signs
similar to sporadic AD. They have the pronounced impairment of spatial memory, an
increased Aβ level in the brain, pathology in the cholinergic system, and demonstrate a
loss of neurons in the brain structures responsible for memory8-15.

Methods

The experiments were carried out on 3-month-old male NMRI mice and 8-month-old
male transgenic B6C3-Tg(APPswe,PSEN1DeltaE9)85DBO/J mice (JacksonLab, USA)
with weigh of 25 ± 0.6 g. Animals were allowed food and water ad libitum and housed
in groups of eight in standard laboratory cages under 12 :12 h light-dark conditions (light
from 8.00AM) at 21–23◦C. Olfactory bulbectomy was performed under Nembutal anes-
thesia (40 mg/kg, ip) using a 0.5% Novocain solution for local anesthesia in scalping.
The olfactory bulbs were removed bilaterally by aspiration through a rounded needle
attached to a water pump. Single burr hole of 2 mm diameter was drilled over the olfac-
tory bulbs, using the stereotaxic coordinates: AP-2; L0; H 3.5. The extent of the lesion
was assessed both visually and histological at the end of the experimental study. The
control to OBE mice was sham-operated (SO) animals, subjected to the same procedures
except the olfactory bulb ablation. The AD mouse model used in this study
(APPswe/PS1dE9-Line 85) co-expresses a chimeric mouse/human APP695 harboring
the Swedish K670M/N671L mutations (Mo/HuAPPswe) and human PS1with the exon-
9 deletion mutation (PS1dE9). This model was generated by co-injection of MoPrP.Xho
expression plasmids for each gene; the two transgenes co-integrated and segregated as a
single locus. These transgenic mice were purchased from the Jackson Laboratories
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(stock # 004462; Bar Harbor, ME). C3H mice (phenotypically non–mutant mice) from
the colony were the controls.

The OBE and SO animals were exposed to the weak combined MF at five weeks after
bulbectomy. Transgenic mice and control C3H mice were exposed to the same MF at
age of 8 months. Two groups of mice were exposed by MF at one time (OBE+MF and
SO+MF, or Tg+MF and C3H+MF), which were placed in separated cages
(367x207x140 mm). The setup for generating the MF consisted of two pairs of coaxial
Helmholtz coils oriented along the geomagnetic field (GMF) vector. The diameter of
each coil was 120 cm; the distance between the coils in the pairs was 70 cm.

The GMF partially compensated to 42±0.1 µT using one pair of Helmholtz coils
served as a DC. The alternating component collinear to the DC field was formed using
the second pair of Helmholtz coils. An alternating current signal produced by a program-
mable sinusoidal current generator was fed to other pair of coils to create a variable
component of MF with induction of amplitude of 80 nT. The current signal was the sum
of two frequencies of 4.38 and 4.88 Hz, which correspond to the cyclotron frequencies
of lysine and aspartic acid, respectively, as calculated by the standard expression

νc = qB/2π m,
where q and m are the charge and mass of an amino acid ion.
The MFs were measured with a Mag-03 MS 100 three-axial MF sensor (Bartington

Instruments Ltd, United Kingdom). The animals were exposed to MF in 4-h daily
sessions for 10 days. The experiments were carried out in the presence of the natural and
technogenic magnetic backgrounds with an induction of 50-Hz component of 20–40 nT
in the daytime between 10 and 18 h at room temperature (18-22ºC) under conditions of
natural illumination. The SO, OBE, transgenic (Tg), and C3H animals without exposure
to the weak combined MF were groups of active controls. They were under activity of
natural geomagnetic field with an induction of 40-42 µT and at the same magnetic noise
level as for the test groups. After exposure to the MF, the mice were trained in a Morris
water maze for 5 days (four trials per day) for the olfactory bulbectomy experiment and
for 18 days in the transgenic-mouse experiment. Experiments were performed in a test
room with extra-maze cues to facilitate spatial learning. A circular swimming tank (80 cm
diameter and 40 cm wall height with an escape platform of 5 cm-diameter) was filled to
depth of 30 cm with water at 23°C and rendered opaque by adding powdered milk. The
tank was mentally divided into four sectors: the escape platform was located in the middle
of the third quadrant during training. It was submerged to a depth of 0.5 cm so as to be
invisible to a swimming animal during the whole period of training. Latency to reach the
invisible platform was then determined. If the animals failed to locate the platform within
test period for 60 s, they were placed on the platform for 10 s. Spatial memory was tested
on the following day after completion of training with the hidden platform removed.
During the test period (60 s), occupancy time spent in each sector was recorded. After
termination of behavioral experiments, cerebral perfusion was carried out with cooled
physiological solution under ethyl ether narcosis.

All animal experiments were performed in accordance with the guidance of the
National Institutes of Health for Care and Use of Laboratory Animals, NIH Publications
No. 8023, revised 1978.

Brains of OBE and SO mice were removed, frozen on dry ice and stored at −80°C for
biochemical studies. The brains of Tg animals and C3H mice were immersion-fixed in
4% paraformaldehyde in phosphate-buffered saline (PBS pH 7.4). Then, the fixed
tissues were kept in sucrose solution in phosphate-buffered saline (PBS, pH 7.4; -20°C).
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The Aβ level was determined in extracts of the cortex and hippocampus of OBE and
SO mice using a modified DOT analysis described earlier11. In this method, a nitrocellu-
lose membrane was pretreated for 1min with 40% ovalbumin in phosphate buffer and
then for 10 min with 2.5% glutaraldehyde, samples were applied to the membrane, and
the membrane was kept for 1 h in 4% ovalbumin in phosphate buffer with 0.1% NaN3.

Estimation of amyloid plaque loads was performed by counting amyloid plaques,
staining with thioflavine S, in 10 fields of view (magnification x20) in the each sixth
brain sections (a slice thick 10 µm) of the next brain areas: in the CA1 and CA3 fields
of the hippocampus and temporal cortex of Tg mice. Images were captured by digital
photography. The amyloid deposits contained within fields of view were counted sepa-
rately by their sizes (magnification x40): big plaques with maximal diameter > 30 µm,
medium plaques 18 µm < maximal diameter < 30 µm, and small ones with maximal
diameter < 18 µm. The number of plaques of each size in a sample were summed and
then averaged for each group of animals. Statistical analyses (2-tailed t-test) were
performed using the average number of deposits with different sizes in the fields of the
hippocampus and cortex for group of mice exposed to the weak combined MF and
without exposition.

Statistical analysis

Differences in memory parameters were evaluated by a one-way ANOVA (statistical
package “Statistica 6.0”). The statistical significance of preference for the target sector
as compared with other indifferent sectors was evaluated using a post-hoc analysis with
the LSD criterion. The water-maze acquisition latencies, level of cerebral Aβ in OBE
mice and the difference of Aβ plaque density in Tg animals were evaluated using the
two-tailed Student’s test. All data were expressed as mean ± sem.

Results and discussion

The data in Table 1 show that the latencies to reach the escape platform were
increased significantly in OBE and OBE+MF groups in comparison to SO mice as well
as in Tg animals in comparison to Tg+MF mice in last days of training as rule. The
average latency in the SO animals was significantly lower than in the OBE mice. It indi-
cates the decreased ability to study spatial skills in the OBE animals. The exposure to
the MF decreased the average latency only in SO mice, but did not differ it in OBE,
C3H, and Tg animals (Table 1 groups OBE+MF; C3H+MF, Tg+MF). We suggest that
the MF does not affect the learning rate in OBE, C3H, and Tg mice and that the SO
animals have an increased sensitivity to the MF. It is necessary to indicate, that C3H
mice needed in more training sessions than SO animals to study the spatial skills. It is
important to make remark, that beginning from 13th day of training Tg+MF mice had
lower latency to find the escape platform than control Tg mice.

The results of the factor analysis, presented in Table 2, demonstrate that factors of the
sector preference became statistically significant for Tg, but not for OBE groups after
MFs exposure.

The SO animals exposed to the same MF demonstrated a significant increase in the
factor of sector preference. It was due to the recognition of the sector, where escape plat-
form is located during training, as the results of the Post hoc analysis revealed (fig. 1A).
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Thus, the behavioral study revealed that the OBE mice did not remember the sector,
in which the saving platform was located during training. It supports our previous data
on the impairment of the spatial memory in OBE animals11, 14. The subchronic exposure
to the weak MFs did not affect spatial memory of these animals. However, the MFs
improved the memory not only in SO mice, but in Tg animals too. We detected influ-
ence of the MFs on the brain Aβ. Table 3 presents the absolute values of Aβ level in the
extracts of the neocortex and the hippocampus in OBE and SO after exposure of MFs.
The sensitive DOT analysis revealed that the Aβ level in the extracts of the OBE animals
was more than five times higher (p < 0.001) in comparison to SO mice. The exposure to
the weak combined MFs induced the reliably decrease the Aβ level almost threefold
(p < 0.01), but it was higher than in SO mice (p < 0.05).

Similar effect of MFs on Aβ deposits was revealed in Tg mice. Fig. 2 demonstrates
that Tg+MF group showed the decreased density of plaques with small and middle sizes
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Table 1 - Effect of the weak combined MF on latency (s) to find the escape platform in BE, SO, Tg, and
C3H mice during days of training

Days of the Training
Groups of 1 2 3 4 5 Average of
animals Latency, s

Training
OBE 46.8±4.1 29.9±6.0 16.7±4.4 17.1**±2.5 17.0*±5.3 25.5**±2.3
OBE+MF 36.3±5.2 30.8±5.0 19.1**±4.1 22.5**±4.1 12.0±3.2 24.1*±2.2
SO 37.4±7.1 19.4±5.5 11.7±2.2 7.5±2.1 7.3±1.9 16.7±2.3
SO+MF 41.4±6.4 11.8±4.0 11.3±3.0 7.8±1.5 9.2±1.8 12.3*±1.8

1-3 4-6 7-9 10-12 13-15 16-18 Average of
Latency, s

Tg 48.0*±2.5 35.8±5.0 25.3±1.9 26.6±1.9 25.4±2.5 28.4±2.9 28.3±1.9
Tg+MF 45.3±2.5 37.0±2.7 27.2±2.7 24±2.5 21.3#±1.3 21#±2.5 26.1±2.9
C3H 40.3±3.1 35.0±3.0 26.5±2.7 21.2±2.3 18.6±2.5 15.7±2.9 23.4±3.4
C3H+MF 44.2±2.9 44.7±9.5 27.0±2.5 25.0±2.2 22.2±2.7 21.3±2.7 28.0±4.3

*-р<0.05; ** -p<0.01 relatively to control (SO or C3H) groups; MFs exposure
#-p<0.05 relatively to Tg group

Table 2 - The means of Factor of the recognizing of the Morris water maze sectors by time spent there
in BE, SO, Tg, and C3H mice exposed to the weak MF

Groups of animals Mean of the Factor
F P

SO F(3,12)=3.73 0.042*
SO+MF F(3,12)=30.18 0.000***
OBE F(3,12)=2.18 0.140
OBE+ MF F(3,16)=0.64 0.600
C3H F(3,12)=4.12 0.034*
C3H+MF F(3,12)=3.98 0.039*
Tg F(3,12)=2.07 0.210
Tg+MF F(3,12)=3.11 0.049*

* = p<0.05 and *** p<0.001
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Fig. 1. Effect exposure of the weak MFs on the spatial memory of OBE and SO mice (A), as well as Tg,
and C3H animals (B). The ordinate is the time spent in each sector of a Morris water maze. The hatched
bin represents the time in sector in which escape platform was located during training: the empty bins
denote time in indifferent sectors of the water maze. The significance of differences is indicated between
sector in which escape platform was located during training and other sectors
*p < 0.05, **p < 0.01 and ***p < 0.001. The other notations are as in Table 1

Table 3 - The level of the brain Aβ in OBE and SO mice exposed to the weak MFs.

Groups of animals The level of the brain beta-amyloid, ng/g

SO 5.03 ± 0.36
SO+MF 5.21 ± 0.37
OBE 34.12 ± 4.17***
OBE+MF 10.91 ± 2.17*, ##

The significance of differences from the group of SO mice: *p < 0.05 and ***p < 0.001. The significance
of differences from the group of OBE mice: ##p < 0.01.
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in the cortex and with large and middle size in the CA3, field of the hippocampus. In
CA1 field the tendency of the increase of small plaques was observed follow the
decrease of density of plaques with middle sizes.
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Fig. 2. Density of the amyloid plaques in the temporal cortex (A), in CA1 (B), and in CA3 (C) fields of
the hippocampus in transgenic mice – model of family AD after subchronic exposure of weak combined
MFs. 1- density of plaques with size >30 µk; 2- density of plaques with 18 µk < size < 30 µk; 3- densi-
ty of plaques with size < 18 µk. The empty bins denote density of plaques in Tg+MF mice. The hatched
bins represents the density of plaques in control group of Tg mice without exposure to MFs. The signif-
icance of differences is indicated between density of plaques with similar size in Tg+MF and Tg groups
of mice in different brain structures.*p < 0.05
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Thus, we revealed the reduction of the Aβ level in the brain of OBE mice and
decrease the number of large and middle amyloid plaques after exposure to the weak
combined MFs. We revealed the improving of the spatial memory in the group of trans-
genic mice, but we failed to detect the improving of such kind memory in OBE animals.
The different effects of the weak MFs on spatial memory in animals of these two models
of AD may be explained by different causes. Positive influence of MFs in Tg mice is in
accordance to the main amyloid hypothesis of AD genesis, that it is enough to destroy
of beta-amyloid plaques to improve the state of the brain and memory. It seems, that in
case of transgenic mice the reduction of the Aβ-plaques is really sufficient to improve
their memory, because it is shown, that Aβ-deposits impair the memory in transgenic
animals due to impairment of impulse transmission in axons and dendrites. It is inter-
esting, that high frequency electromagnetic field reverses cognitive impairment in AD
transgenic mice and decreases brain Aβ aggregation too16. The precise mechanisms of
MF benefit will require more extensive research in future. It is important to note, that
neurons survive in majority of transgenic models of AD including model used in our
experiments too17. However, in OBE animals, as our investigation showed earlier, there
are the death of neurons especially in the brain areas which are responsible for learning
and memory in such as the temporal cortex, the hippocampus, nuclei synthesizing the
main neurotransmitters10, 13-15. Here it is necessary to point out again why we decided to
use the OBE mice in our study. The problem regarding an adequate use of an animal
model is a principal one in any research, because it allows of drawing a correct conclu-
sion from the results. Olfactory bulbectomy in animals elicits various behavioural abnor-
malities, such as increased exploratory behaviour18, impaired learning and memory8-10

and depressive behaviour19,20. Distinctive features of OBE animals include loss of
neurons in the cortex and hippocampus as well as cholinergic system dysfunction in
basal forebrain8,10,14. They show the membrane pathology, free radical generation and
apoptosis21-23, as well as impairment of brain asymmetry24. OBE mice were shown to have
impaired hippocampal long-term potentiation25. As was mentioned in the Introduction,
OBE mice have an increased level of the brain amyloid precursor protein26 and Аβ11.
Therefore, OBE mice have some features similar to AD, including memory impairment,
depressive state, cholinergic system dysfunction, loss of neurons and an increased Аβ
level in the brain, and olfactory deficit27,28. It is important that alterations in neurotrans-
mitter and receptor functions, mediating abnormal behavioral effects of olfactory
bulbectomy, are also similar to those in AD patients. Deficit in serotonergic function was
associated with depressive behaviour in OBE rats13,29. The serotonergic system was
profoundly affected in AD: a very low or undetectable serotonin concentration was
observed in most cortical and subcortical areas in senile sporadic as well as in presenile
familial-type AD30. Moreover, olfactory bulbectomy-induced and AD-related memory
deficits were suggested to share common cellular mechanisms including dysfunction of
the cholinergic system and NMDA receptors28. Therefore, we consider that OBE mice
were suitable as model of sporadic AD to investigate the MF effect on memory and level
of Аβ in the brain.

Therefore, we suggest that exposure to MFs is a useful procedure to decrease the
level of brain Aβ in family as well as in sporadic AD. However we think, that its would
be applied prior to the loss of neurons in the brain, i.е. on earlier stage of the AD devel-
opment. In this case the weak combined MFs can be an efficient way to prevent the AD.
The decrease of Аβ in the brain of Tg and OBE mice may be consequence of Аβ
decomposition under exposure of the weak combined MF7. Less Aβ depositions may
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decrease the brain Aβ aggregation due to blocking the apoplipoprotein E/Aβ interac-
tion31. Note that there are different points of view on the effect of MF on the neurode-
generative processes. Some researchers consider the exposure to MF as a potential risk
factor for neurodegenerative diseases32-34, whereas others deny it35. Furthermore, there is
evidence of a beneficial effect of MF on the cognitive processes and the visual memory
in patients with AD, Parkinson’s disease, and multiple sclerosis36-38. However some
researchers suspect that such very low strength MFs can have much of a biological
influence. The MF using opens new possibilities of treating this severe disease.
Another way to increase the MF efficiency is the variation of its parameters. MFs have
a broad effect on biological systems. The middle of the eighties was marked with the
discovery by Blackman and Liboff39,40 of a surprising phenomenon: a low frequency
alternating (AC) MF (1-120 Hz) changed free calcium concentration in nervous tissue
only in the presence of a simultaneously acting static (DC) MF. The most prominent
effect was observed at the AC field frequency close to the cyclotron frequency of a
calcium ion. There were three unexpected qualities in this phenomenon: 1) the neces-
sity of simultaneous action of DC and AC MFs, 2) the resonance effect on cyclotron
frequency, and 3) very small values of acting MFs, measured with tens of µT, and
extremely low frequencies of AC MFs, measured with several tens of Hz. Therefore,
these results evoked a suspicion in the scientific community, but afterwards, many
confirmations for these data were obtained in works performed on different objects and
in different experimental situations41-49 which captured the interest of the scientific
community about the existence of the above effects. In the middle of the nineties a
series of experiments were made, on aqueous solutions of amino acids. At the cyclotron
frequencies measured by several Hz, which corresponded to the investigated amino
acid ions, and at superweak alteration MFs measured by tens of nT, the short-term
increase in the current caused by application of the voltage to the investigated solution
was revealed. These results were published in Russian journal “Biophysics”50. After-
wards the experiment and results described in the above article were successfully repli-
cated in Italy51,52 and in Germany53. These works confirmed the existence of such
effects. Now new effects of the weak combined MF have received. It was shown that
MF inhibits malignant tumor growth in experimental animals53. The parameters of this
MF have been found (frequency 1, 4.4, 16.5 Hz or the sum of these frequencies; inten-
sity 300, 100, 150-300 nT, respectively) at which this MF in combination with a
collinear static MF of 42 µT has this effect. Very likely it was due to stimulation of
tumor necrosis factor production55. Such kind MFs influences on the formation of reac-
tive oxygen species56 and hydrogen peroxide production57, changes the microenviron-
ment of protein macromolecules in aqueous solutions58, accelerates the spontaneous
hydrolysis of proteins and peptides to form peptide fragments5, 6, influences on the
fission and regeneration of the planarian59. Italian researchers have showed, that
extremely low-frequency electromagnetic fields (ELF-EMFs), tuned at Ca2+ ion
cyclotron energy resonance may drive cardiac-specific differentiation in adult cardiac
progenitor cells without any pharmacological or genetic manipulation of the cells that
may be used for therapeutic purposes59. A lot of researchers suggest that the nervous
system is very sensitive to weak MFs49. There is evidence that MF selectively activates
the limbic structures of the brain, which suffer in patients with AD. Therefore our
results, attained in AD transgenic and OBE mice, suggest that weak combined MF with
low frequency could be used as method for cleaning of the brain from Aβ in patients
with AD. The decrease of plaques with insoluble Aβ would increase brain soluble Aβ
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levels, and result in greater clearance of that soluble Aβ from the brain. Moreover, we
suggest that such MF can be applied for preventive purposes not only in humans with
high risk of AD, but in case of other diseases involving amyloid protein deposition in
other tissues.
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Abstract

In a previous experiment, we showed that exposure to a relatively weak ELF
magnetic field slows down developmental rate of Xenopus laevis (X. laevis) tad-
poles with respect to non-exposed controls. Here, the data of the same experi-
ment are re-processed to evaluate the sensitivity of tadpole developmental rate
to small variations of (weak) ELF magnetic flux densities.
Taking advantage of a slight anisotropy of field strength along the axis of a large
solenoid, two cohorts of X. laevis tadpoles were reared under a 50 Hz magnetic
field of two slightly different flux densities. The small (but highly significant;
p < 0.001) difference of exposure caused a significant difference of 2.5 days (p <
0.05) in tadpole’s maturation rate. Results suggest the existence of a field thresh-
old around 70 µT in controlling the animal’s developmental rate. However, con-
sidering results of similar researches, we suggest to perform further experimen-
tal researches on other laboratory animal models and to individuate the key
developmental passages affected by ELF MF before proceeding to some gener-
alization of disturbs of these fields in vivo.

Key words: ELF-MF; developmental rate; Xenopus laevis tadpoles

Introduction

After alarm that exposure to extremely low frequency (ELF) magnetic fields (MF) in
proximity of high voltage power lines increases risk of childhood leukemia1, epidemiol-
ogy failed to give a convincing scientific justification of it2. Our opinion is that, until lab-
oratory experiments on cell or animal models will not give a clear indication of a well
defined mechanism of action of electromagnetic fields (EMF) on living systems, statis-
tical approaches in bio-magnetism will not have an effect to test with success at popula-
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tion level, and their outcomes will remain questionable. We draw this conclusion after
reading the comprehensive study ‘Review of the epidemiologic literature on EMF and
health’ by Ahlbom et al.3. Then in this work, we are going to refer mainly to laboratory
studies of cell or animal exposures. By our knowledge, experimental research on bio-
logical effects of ELF-MF exposures initiated with ‘Sanguine’ project4. Afterwards, a
long series of experiments highlighted numerous (and sometimes contrasting) mecha-
nisms of action of EMF on living systems and possible window (or threshold) effects of
weak ELF-MF, but they did not give reliable dose-effect or frequency-effect relation-
ships between exposures and their biological consequences.

The hypothesis of a window effect of weak ELF-MF was first suggested by
Kaczmarek and Adey5. They observed a flux of radioactive calcium in chick brain cells
caused by exposure to a weak low frequency electric field, and showed that the flux
depended on the field frequency with a maximum at 16 Hz. Later on, Blackman et al.6

repeated the exposures of chicken brains to 16 Hz with variable weak field amplitudes
and noted sharp increases of calcium flux around 6 V/m and 40 V/m that were inter-
preted as biological threshold effects of field amplitudes. Independent replicas of the
Adey-Blackman experiment by Delgado et al.7 and Ubeda et al.8 confirmed the existence
of threshold (or window) effects of ELF MF on biological tissues but disagreed on fre-
quency and amplitude values. Later on, Blackman et al.9 explained the disagreement by
highlighting the role of two different magnetic fields: a) the local static geomagnetic
field and b) the weak magnetic field associated with the electromagnetic one.
Afterwards, magnetic fields were of main interest in studies of biological effects of weak
low frequency electromagnetic fields. Along this way, Liboff10 interpreted the
Blackman’s explanations by applying the physical theory of cyclotronic resonance to
ions of calcium in organic matter, and performed experiments to support his interpreta-
tion11, 12. Later, Zhadin et al.13 supported Liboff’s ideas by claiming to have observed
effects of cyclotronic resonance in an electrolytic solution. The Liboff-Zhadin point of
view attracted (and still attracts) many criticisms, the most serious among them being
that thermal agitation would overrule the effects of cyclotronic resonance14. In the same
time, other researchers attempted to follow other ways for explaining biological effects
of ELF MF exposures. Reiter15 considered the melatonin hormone as a possible media-
tor of low frequency magnetic fields in animals and humans. Cridland et al.16 focused on
a possible action of ELF MF exposures on cell cycle progression, Harris et al.17, and
Takashima et al.18 exhibited evidences that the action consists of a depression of the cell
cycle check points. Recently, Blank19 claimed that weak magnetic fields can alter intra-
molecular charges and influence action of growth factors.

Most of the above cited studies refer to experiments on a micro-scale in vitro. As it is
well known, each primary interaction between biological matter and radiation on a
molecular scale must pass through a chain of events before emerging on a macro-scale
(that of organisms) in vivo, Valberg et al.20. Very often, a lesion at a small scale does not
cause any observable consequence at organism’s level thanks to the intervention of
immune responses or biological repairing mechanisms. Epidemiology investigates large
scale phenomena based on statistical analysis. Statistics can pick out an effect, its sig-
nificance level and even suggest some causes of it on a population level; however, only
laboratory experiments on animal models will give the ultimate cause-effect evidence
and dose-response relationships of organisms exposure to EMF. Unfortunately, animal
studies are costly, time consuming and, in addition, ethical and legal constraints limit
their implementation21.
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The present report deals with laboratory experiments on an animal model. Most of
past research with laboratory animals under ELF MF was concerned to carcinogenic
processes and conducted mainly on rats and mice. Here, we are considering a different
problem: the influence of ELF MF on animal ontogenetic development. In the past, most
of laboratory experiments of our interest studied effects of exposures on reproductive
performances: fetal viability, number of litters, litter size, sex ratio, etc. of rodents22, 23, 24.
In the course of these studies, some researchers noted skeletal malformations in fetus of
exposed females25, 26 and (interesting for the present work) Zusman et al.27 observed a
delayed embryonic maturation in rats.

Other researchers experimented effects of ELF MF on avian eggs. Overall, these
investigations revealed an augment of field-dependent malformations in exposed chick-
en embryos. In year 1982, Delgado et al.7 published results of a laboratory research in
which exposure of chicken eggs to a weak ELF MF increased the number of malforma-
tions in chicks. Successively, Delgado’s research group and other independent groups
replicated the experiment with significant confirmations8, 28, 29, 30, 31, 32; though, some other
experiments did not confirm Delgado’s findings33, 34, 35. Contrasting results were obtained
also among a series of coordinated experiments (Henhouse Project) performed in six lab-
oratories in different countries to check Delgado’s results36. Lastly, a well conducted
series of five replicable (and replicated) experiments coordinated by Farrel et al.37 con-
cluded the controversy in favour of Delgado. In these experiments, 2500 chicken
embryos were exposed to an oscillating magnetic field of 1 µT and exhibited a signifi-
cant increase of abnormalities.

During the prolonged dispute on malformations of chicken embryos, some
researchers highlighted a ‘secondary effect’ of weak ELF MF exposures: an alteration of
ontogenetic developmental rate. Ubeda et al.8 noted in his experiments that two magnet-
ic fields of the same frequency (100 Hz) and different flux densities (1 µT and 13.9 µT)
brought about different chicken eggs developmental rates. Specifically, the strongest
field caused the slower development. In another series of experiments, it was also report-
ed that exposure to 50 Hz and 10 mT magnetic field can modify the effects of egg expo-
sures to genotoxic agents38, 39. Specifically, when ELF MF was administrated before the
genotoxic agents the number of malformed eggs diminished, while the opposite result
was obtained when they were administrated after these agents. These researches antici-
pated those already cited of Harris et al.17 and Takashima et al.18. We cannot close this
short survey of EMF-chicken experiments without citing an article by Youbicier-Simo
et al.40 that suggested our first experiment of bio-electromagnetism. In this article, the
authors described a research in which chicken embryos were exposed to the electro-
magnetic field emitted from a television cathode ray tube (CRT) and suffered significant
malformations.

Relatively few researches were published on the developmental consequences of ELF
MF exposures of non-mammalian or non-avian animal models and about all (of them)
dealt with embryonic development. Experiments with zebrafish embryos41 and
Drosophila42, 43 did not show teratogenic effects of the exposures and with medaka fish
(Oryzias latipes)44 and sea urchin eggs45 revealed developmental delays without abnor-
malities.

Few works can be found in scientific literature referring to X. laevis (Daudin) as
animal model for experiments of exposures to electric, magnetic or electromagnetic
fields46-50, yet this amphibian has become a very common laboratory animal in the last
decades. After publication of the Nieuwkoop and Faber51 ‘Normal Tables of Xenopus
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laevis’ in which animal rearing and manipulation in laboratory were described with
great detail, the amphibian was the model for a steadily increasing number of laborato-
ry experiments in embryology, histology, and cellular biology. At our knowledge, the
first experiment performed in vivo with X. laevis as target of ELF MF was that of the
first author of this report48. Although results obtained using amphibians are not useful
for predicting the effects of EMF exposures on human beings, they can be very useful
to discover biological mechanisms of action of these fields. As a matter of fact, a rela-
tively large number of tadpoles (larvae of amphibians) can be reared easily in limited
volumes to support reliable statistics and inspected without significant stress of manip-
ulation.

Following the article by Youbicier-Simo et al.40, Severini et al.48 exposed an aquari-
um holding 110 X. laevis tadpoles to an on TV screen. The exposure to the EMF emit-
ted from the TV set lasted about two months during which tadpoles developed from an
early larval stage (stage 39 according to the Nieuwkoop and Faber classification) to
metamorphosis beginning (stage 58). Results of three replicated experiments showed: a)
a significant delayed metamorphosis of about 5 days (p < 0.001) of exposed tadpoles
with respect to their controls and b) absence of teratological effects and significant mor-
tality in exposed animals.

These results were in agreement with those of Cameron et al.44 and Zimmerman et
al.45 and were confirmed later by Grimaldi et al.49. On account that the impulsive saw-
tooth shape of EMF emitted from the cathode ray tube consists of a large number of har-
monic components, it was not possible to ascertain which frequency-amplitude combi-
nation (or combinations) of the field caused the observed developmental delay. This was
the main reason why we performed new experiments by repeating the above experiment
in a large solenoid where magnetic field amplitude and frequency could be set inde-
pendently. In a group of experiments, magnetic field in the solenoid was set at 50 Hz and
70 µT (rms average value) and it caused a significant maturation delay of 2.4 days (p <
0.001) with respect to their controls52. In the present report, the experimental data of the
former experiment are considered from a different point of view and re-processed to
investigate the sensitivity of X. laevis tadpoles developmental rate to small differences
of magnetic flux density.

Materials and methods

a) Animal model

The Anuran species Xenopus laevis (Daudin) of laevis subspecies used in the present
research is familiar to a large number of geneticists, embryologists, and biological engi-
neers that have adopted it as biological model. Its management in laboratory conditions
is the argument of numerous specialized manuals51, 53, 54.

Here, we refer to the ‘Normal Tables of X. laevis’ by Nieuwkoop and Faber.
According to the ‘Tables’, the following animal’s characteristics were applied in the
present work: females are induced to mate and spawn by injections of gonadotrophic
hormones; optimum of temperature for normal tadpoles development is between 20°C
and 25°C; in aquariums, cohorts of tadpoles must be reared at a density not less than 0.5
litres per tadpole for avoiding competition among the animals; boiled nettle is a recom-
mended diet for tadpoles; 57 sub-stages can be recognized before maturation, and sub-
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stage 58 marks the metamorphosis beginning; tadpoles development is regular in dark-
ness or in soft light.

b) Experimental features

A sexually mature pair of X. laevis laevis adults (bought from NASCO Biologicals and
Educational Kits Production Facility, Fort Atkinson, Wisconsin, USA) were selected and
induced to mate and spawn through injections of gonadotrophic hormones (Gonasi,
Institute Biochimique Société Anonyme, Lugano) in the lymphatic dorsal sac. About 12
hours after the treatment, the spawn took place in two trays filled with water at 24.0±0.3
°C. The spawn day was also considered as the first day of life of the newly fertilized eggs,
it was labelled as day j = 1 and considered as first day of the experiment. After the spawn,
one tray was placed into the running solenoid (see below) and the other one, as control,
far from it. Two days after the birth (j = 3), the animals reached the sub-stage k = 39 which
was already a larval sub-stage (according to the ‘Tables’) and became enough robust to
be observed under a stereoscopic microscope (with a very soft illumination). This enabled
us to form four synchronized cohorts of 35 tadpoles in sub-stage 39. Two cohorts were
formed by tadpoles picked up from the exposed tray, transferred into two aquariums (E1,
E2) and placed again in the running solenoid. The other two cohorts were formed by tad-
poles from the control tray, transferred into two aquariums (C1, C2), placed far from the
solenoid and considered as controls (fig. 1a). Every effort was paid to guarantee compa-
rable conditions to the four cohorts according to the ‘Tables’ (including: constant water
temperature at 24.0±0.3 °C, heavy shading, equal alimentation, and absence of mechani-
cal vibrations in the exposed aquariums. The unique difference between aquariums (E1,
E2) and (C1, C2) was the exposure to the magnetic field.

Instead, there was a small difference of exposure between aquariums E1 and E2
because of a small anisotropy of magnetic field along the solenoid axis with respect to
solenoid centre (fig. 1b). This feature depended on the perturbation of solenoid border
effect caused by a small difference of current at its extremes. Frequency and magnetic

M. Severini, L. Bosco: ELF-MFs and Xenopus tadpoles developmental rate

251

Fig. 1. (a) Synthetic representation of experimental apparatus. 1.60 m long and 0.40 m diameter solenoid
and a wooden board in it. The board supported two aquariums E1 and E2 and was supported on a table.
A indicates solenoid centre, A1 and A2 indicate aquarium’s E1 and E2 walls, Z1 and Z2 the aquarium’s
centers, and C1 and C2 two control aquariums. (b) Mean values and standard deviations (error bars) of
magnetic flux density along solenoid axis B(A1), B(A), and B(A2) measured at the points A1, A, and A2

and of magnetic flux density B(Z1) and B(Z2) calculated at points Z1 and Z2, respectively
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flux density inside the solenoid and in control aquariums were checked weekly by an
EFA-3 (Wandel & Goltermann Inc. USA; now EFA 300, NARDA Safety Test Solution,
NY11788 USA) measuring device.

On day j = 5, with tadpoles at mean sub-stage k = 45, cohorts feeding was initiated
and on day j = 7, with tadpoles at mean sub-stage k = 48, inspections of tadpoles by a
stereoscopic microscope commenced. This sub-stage is characterized by the first appear-
ance of hind limb buds on tadpole’s body. From this stage on, the buds will grow and
change their shape until the formation of fully developed limbs at sub-stage k = 58.
Starting from day j = 11, the inspection of all the tadpoles in the four cohorts was per-
formed daily until the last tadpole got to sub-stage 58. After their first arrival to sub-
stage 58, tadpoles were no more inspected and attributed to this sub-stage even if they
passed to successive sub-stages.

The described experiment was replicated three times with cohorts of tadpoles
obtained from three different pairs of adults.

c) Data organization

Let us label the three replicated experiments (or ‘litters’) with the letter i (i = 1, 2, 3),
the tadpole stages with k (k = 48, 49, ..., 58), the cohorts in each experiment (or ‘treat-
ment’) with h = 1, 2, 3, 4, respectively cohorts (in) E1, E2, C1, C2, and the time (days)
of the experiment so as the tadpole’s age with j (j = 1, 2, 3, ..., Ji) where Ji is the last day
of the i-th experiment. In the course of the three experiments, we took the number

of tadpoles of the h-th cohort that, in the i-th experiment, were attributed to the k-th
stage in the j-th day and the daily maturation frequencies (or fluxes) of tadpoles in the
sub-stage 58, Fih(j).

The weighted mean of daily frequencies of cohort tadpoles in all possible sub-stages
gives the daily mean stages of the cohort itself. Then, algorithm

gives the mean stage of tadpoles in the h-th aquarium of i-th experiment as a function
of time j. To compare the developmental rate of cohorts grown under the weaker field
(in aquarium E1) to that of cohorts grown under the stronger one (in aquarium E2) -
which is the task of the present work - it is sufficient to put respectively h = 1 and h = 2
and to calculate the means
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Results

The data of magnetic flux density B(A1), B(A), and B(A2) reported in fig. 2 result
from averages of the weekly measurements made in the solenoid’s centre (A) and near
the walls A1 and A2 of the two aquariums E1 and E2 during the three experiments.
Instead, the two values of magnetic flux density in the centres of exposed aquariums
B(Z1) and B(Z2) are calculated means. According to Student’s t statistics, B(Z1) and
B(Z2) are significantly different (p < 0.001). Fig. 2 shows that the ranges of magnetic
induction in E1 and E2 were in part overlapped, however, on account that tadpoles were
in continuous movement, it is straightforward to assume that cohorts reared in aquari-
ums E1 developed under a magnetic field in the range 63.9 µT < B < 76.4 µT and cohorts
in aquariums E2 in the range 68.4 µT < B < 76.4 µT and to hypothesise that the cohorts
in E1 experienced a magnetic field slightly weaker than those in E2.

In order to verify this hypothesis (and to have a comparison with the controls), the
mean maturation times of tadpoles in the four aquariums E1, E2, C1, C2 are processed
by the two factors analysis of variance (ANOVA) applied to the observed maturation
frequencies Fih(j). Table 1 summarizes the data for the analysis; with the two factors
being: litter (i) and treatment (h). It suggests that mean maturation times and their stan-
dard deviations were very different in the three litters (i = 1, 2, 3), different in exposed
and control cohorts (h = 1, 2 vs h = 3, 4), slightly different in the exposed cohorts (h =
1, 2), quite equal in the control cohorts (h = 3, 4).

Table 2 presents the main results of the two factors ANOVA applied to the data of
Table 1. It shows that, even if there was a significant influence of the different litters on
their mean maturation times, there was also an highly significant effect of the exposures
on them.

The above ANOVA doesn’t specify if one or more treatments influenced the mean
maturation times, nor which treatment(s) caused them. To solve this problem, the statis-
tical procedure of the so called Bonferroni correction can be applied, whose results are
reported in Table 3. It compares the differences of the mean maturation times (mean
delays) corresponding to all couples of treatments and evaluates their degree of confi-
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Table 1 - Summary of the observed maturation frequencies as mean maturation times in four cohorts
(treatment h = 1,2,3,4) by three experiments (litter i = 1, 2, 3) ready for the two ways analysis of vari-
ance (ANOVA)

Litter Treatment Mean maturation Standard deviation Matured
i h time (days) (days) tadpoles

1 1 35.5 6.5 35
2 35.2 7.5 35
3 32.8 4.6 34
4 32.3 3.9 35

2 1 31.3 3.2 35
2 33.2 5.1 35
3 31.5 2.8 35
4 30.2 2.9 35

3 1 35.7 7.0 35
2 42.0 10.5 32
3 35.9 8.2 35
4 35.3 7.2 35
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dence. The results show that: a) the mean maturation delays of the cohorts exposed to
the stronger magnetic field with respect to the two controls (treatments h = 2, 3 and h =
2, 4, delays 3.2 and 4.1 days, respectively) are highly significant (p < 0.001); b) the mean
maturation delays of the cohorts exposed to the weaker magnetic field with respect to the
two controls (treatments h = 1, 3 and h = 1, 4) are not significant; c) the mean matura-
tion delay of 2.5 days of the cohorts exposed to the stronger field with respect to the
cohorts exposed to the weaker one (treatments h = 1, 2) is significant (p < 0.05); d) the
difference in mean maturation times of control cohorts is not significant.

The result that shows a significant delay of mean maturation time of cohorts exposed
to the stronger magnetic field with respect to that exposed to the weaker one solicits the
analysis of the development of cohorts grown in aquariums E1 and E2 before their
arrival to sub-stage 58 to ascertain when the observed delay was commenced. For this
purpose, the daily trends of mean cohort stages K1(j) and K2(j) are compared. Table 4
reports the values of K1(j) and K2(j) calculated by the observed data Ni1(j,k) and Ni2(j,k)
according to the above definition. It is evident that the average stages of cohorts under
the stronger field were always in retard with respect to those under the weaker one. Fig.
2 shows the plots of K1(j) and K2(j) with their regression (straight) lines and regression
equations that are accompanied by very high values of the regression coefficients. In
addition, application of Student’s t statistics for comparison of two regression lines to
the data of Table 4 guarantees that the slopes of the two lines:

γ1 = 0.4759 sub-stages/day, γ2 = 0.4576 sub-stages/day
are statistically significantly different (t = 2.106, DF = 22, p < 0.05). This result shows

that action of the two slightly different magnetic fields in slowing down the develop-
mental rate of exposed cohorts was constantly different and that it started very early in
larval sub-stages (probably in sub-stage 50).
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Table 2 - Two factors analysis of variance (ANOVA) of the observed maturation frequencies Fih(j) to
check the significance of mean tadpole’s maturation times differences caused from the two factors: lit-
ter and treatment. Last row shows that interaction between litter and treatment was not significant.

Factors Critic F value Error probability p

Litter (i = 1,2,3) 29.5 <0.001
Treatment (h = 1,2,3,4) 8.9 <0.001
Litter treatment 1.9 0.07

Table 3 - Multiple comparisons among treatments according to the Bonferroni correction

Treatment Treatment Mean delay Standard deviation Error probability
(days) (days) p

h = 1 h = 2 -2.5 0.9 <0.05
h = 1 h = 3 0.8 0.9 1.00
h = 1 h = 4 1.6 0.9 0.40
h = 2 h = 3 3.2 0.9 <0.001
h = 2 h = 4 4.1 0.9 <0.001
h = 3 h = 4 0.8 0.9 1.00
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Discussion and conclusions

First of all we want to stress the sensitivity of X. laevis tadpoles as biological model
for investigating dose-effect responses to weak ELF MF exposures. Experimental
method applied to quantify animal’s developmental rate resulted also very accurate in
revealing a minimum though statistically significant different developmental rate caused
from a minimum though significant exposures.
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Table 4 - Daily mean developmental stages of tadpoles cohorts exposed to the weaker magnetic field
K1(j) and to the stronger one K2(j) in the solenoid

Day after fertilization (j) Under weaker field Under stronger field
63.9 µT < B < 76.4 µT 68.4 µT < B < 76.4 µT
cohort mean stage K1(j) cohort mean stage K2(j)

9 49.55 49.54
10 49.96 49.90
11 50.36 50.27
12 50.80 50.69
13 51.25 51.10
14 51.85 51.65
15 52.26 52.25
16 52.92 52.63
17 53.30 53.07
18 53.87 53.60
19 54.23 54.03
20 54.60 54.41
21 55.14 54.87

Fig. 2. Linear regressions of larval mean sub-stages of exposed X. laevis tadpoles. Empty circles indicate
mean sub-stages K1(j) of tadpoles grown under the weaker magnetic field and the full circles mean sub-
stages K2(j) of tadpoles grown under the stronger one
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One of the main advantages to experiment with X. laevis tadpoles cohorts was the
possibility to rear a relatively large number of specimens in a relatively small volume,
and the other one the extremely detailed sub-division of animal’s larval stage in 24 sub-
stages according to Nieuwkoop and Faber’s51 ‘Normal Tables’. Thanks to these two fea-
tures, we got a large number of experimental data for statistical analysis, and it is this
large number of data (that can easily augmented) that justifies the sensitivity of the
applied experimental method.

It is worth noting that the present work does not deal with an usual stress-control
experiment. Comparison of developmental rates of exposed tadpoles in aquariums E1
and E2 with controls C1 and C2 were already discussed elsewhere52. Here, we are con-
fronting a more subtle question: how and if it is possible to quantify the effects of small
variations of ELF MF exposures on whole organisms in vivo. The results of this report
show that it is possible.

The analysis of variance of maturation frequencies Fih(j) shows that tadpoles that grew
in aquarium E2 under the stronger field matured with a significant mean delay of 2.5
days with respect to tadpoles that grew in aquarium E1 under the weaker one (Table 3,
first row). This delay was clearly the result of a small but constant (significant) differ-
ence in tadpole’s developmental rates (Figure 2) caused by exposures to two slightly dif-
ferent ranges of ELF magnetic flux densities (68.4 µT < B < 76.4, 63.9 µT < B < 76.4
µT). The ANOVA shows not only that in our experiments there was a maturation delay
between cohorts exposed to two different MFs, but also a maturation delay between the
exposed and unexposed cohorts (Table 3, rows 2, 3, 4, 5). It also shows that whereas the
mean maturation delays of tadpoles that were exposed to the weaker magnetic field with
respect to control tadpoles in aquariums C1 and C2 resulted small (0.8 days and 1.6 days,
respectively) and not significant (Table 3, rows 2, 3), the mean maturation delays of tad-
poles that were exposed to the stronger magnetic field with respect to the same controls
resulted large (3.2 days and 4.1 days) and highly significant (Table 3, rows 4, 5).
Evidently, it was the stronger field that brought about the major maturation delay both
with respect to controls and to cohorts under the weaker field. This result might suggest
the existence of a threshold around 70 µT magnetic flux density in promoting the
observed slow down of tadpoles developmental rate.

Scientific literature reports a plethora of different and very often contrasting results
about biological effects of ELF MF exposures on living organisms. For example, exper-
iments like ours performed on different animal models brought about: a) malformations
without developmental delays7, 32, 37, b) malformations with delays8, c) delays without
malformations44, 45, d) no malformations and no delays41-43. It is clear that different animals
reacted differently to similar electromagnetic stimuli. Moreover, even equal exposures
applied to the same animal model gave different outcomes (see the results with chicken
embryos, for example) that probably depended on particular ontogenetic stage of expo-
sure. The researches about action of electromagnetic fields on cellular cycle can be sum-
marized in three main groups that take account of: a) inhibition of formation and secre-
tion of melatonin55- 60, b) alteration of the cellular cycle and weakening of the stringency
of cell cycle checkpoints16-18, 61-70, c) modification of transport mechanisms through cell
membranes19, 71-74.

The heterogeneity of results obtained from ELF MF exposure of different organisms
is not surprising if it is considered that the most likely effect of the exposure on biolog-
ical molecules is that suggested by Blank19. According to the Blank’s hypothesis, ELF
MF exposure can bring about charge transfers in proteins that can trigger their confor-
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mational change. Such a change is able in principle to alter different inter- and intra-cel-
lular activation and/or inactivation mechanisms. These mechanisms are different in dif-
ferent animal models and they differ according to developmental degree in the same ani-
mal. At present, we’d suggest to deepen the experimental research on the main animal
models (drosophila, frog, chick, mice, etc.) and to individuate the key developmental
passages affected by ELF MF before proceeding to some generalization of disturbs of
these fields in vivo.

As to X. laevis, it is well known that thyroid hormone controls animal’s pro-meta-
morphosis and activates different pathways in different larval cell types via different
inter- and intra-cellular signaling51. According to the results of our experiment and to
Blank’s hypothesis, it is presumable that tadpoles exposure in solenoid affected the spa-
tial structure of the hormone or of some molecule controlling its release (e.g. melatonin).
Of course, this doesn’t exclude a possible action of ELF MF on the different signaling
systems that activate and drive the cell cycles (e.g. cyclins) of different larval tissues in
one (or more) larval stage(s).
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Abstract

Behavioral tasks, including the Morris water maze (MWM), radial arm maze
and object recognition task, have been extensively used to test cognitive impair-
ment following exposure of rodents to mobile phone (MP) radiation on various
frequencies and specific absorption rate (SAR) values. Exposed animals in most
of the cases revealed defects in their working memory possibly due to cholinergic
pathway distraction. The only experiment on mice at very low SAR did not show
statistically significant deficits by 8-arm maze, but our own data in mice exposed
to GSM 900 MHz radiation, revealed memory lesions on MWM task; exposed
mice had difficulties in memory consolidation and/or retrieval of the stored
information. Lastly, a number of studies have been applied to volunteers
showing variable results depending on the experimental setup, revealing
memory improvement or deficits following MP exposure.
The recorded data from the literature are generally favouring the conclusion
that EMF is affecting memory function although a more rigorous and repro-
ducible exposure system has to be adopted in relation to the recently criticized
importance of SAR.

Key words: electromagnetic fields, Morris water maze, spatial memory, cognition
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Note added in proofs:
A number of studies have appeared after the submission of the manuscript, dealing with EMFs and cogni-
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Ramos J, Mori T, et al. Journal of Alzheimer’s Disease 2010; 19: 191–210.
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Introduction

The extended use of mobile phone technology throughout all social levels and all
ages, starting from as low as 4 years old, has forced a large number of scientists to get
involved in the investigation of the effects. The major issue is that unlike other forms of
everyday radiation exposure, the use of the mobile phone and the wireless DECT phone
takes place near the user’s head and therefore direct or indirect effect on the brain func-
tion is highly possible. Thus, the elucidation of the cellular, molecular and behavioural
effects has to be explored in depth, especially since the majority of life-time users will
be the current teenagers.

The aim of this kind of research is to determine a specific absorption rate (SAR) value
threshold below which no obvious effects are detected in any organism, any cell, in order
to propose biologically based levels for exposing humans on a daily basis either through
cell phones, or base stations or DECT wireless phones or even wi-fi routers and baby
monitors.

To approach these questions, extensive research is being performed in various labo-
ratories. Due to the still unknown mode of primary action at the molecular level, many
approaches studying the effects of microwaves (MW) have been applied1.

At the population level, studies deal with the effects by statistically correlating expo-
sure conditions to health symptoms, as severe as brain tumors2, 3, or mild well being
discomforts, such as headaches or fatigue4. There is also a report on children exposed
prenatally to mobile phone radiation showing defects on behavior5. In humans, the
studies involve mainly volunteers and have investigated possible effects on sleeping
conditions and memory function6.

Studies on animal models involve every possible aspect of experimental approach
(behavioral, molecular, biochemical, biophysical, ultrastructural, physiological). Such
models used are mainly rodents and to a less degree insects. Our group has shown DNA
fragmentation and induced cell death during oogenesis, along with a decrease in the
offspring number in insects and a defect on osteogenesis following prenatal exposure in
mice7-9.

Due to the fact that mobile phone use affects mainly the brain tissues, special attention
has been given to the study of hippocampus, cerebellum and frontal brain function and
structure on rodents (mostly rats). In general there are numerous reports on the effects of
electromagnetic fields (EMF) on cognitive functions. Animal learning and memory func-
tion have been tracked using mazes, such as the Morris water maze (MWM), the radial
arm maze (RAM), as well as the object recognition task (ORT) and the object location
task (OLT). It is well documented that these mazes are related to the spatial environment
and recognition learning and memory. Extra maze spatial cues are widely applied to facil-
itate learning and testing any deficits following exposure to MW. Especially RAM is
being used to explain hippocampal formation and function10.

The MWM task is widely used since spatial navigation is a complex cognitive function
that depends on several neural and cognitive systems for successful completion6, 11.Unlike
the T-maze in which the animals have to make a binary decision (i.e. going left or right),
in the MWM successful performance requires continuous monitoring of the animal’s posi-
tion in relation to extra-maze cues: a process that involves “cognitive mapping”. Many
reports have controversially showed impairment12, 13, or improvement14, 15.

At the cell culture level, a number of studies have been performed in order to clarify
under controllable and reproducible conditions, the actual primary damage induced by
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EMFs. Thus, in cultured hippocampus neurons a decrease of excitatory synaptic activity
and a reduced number of excitatory synapses was detected after exposure to GSM 1800
radiation (15 min/day for 7 days) at a SAR value of 2.4 W/kg16.

In addition, a recent report has found that EMFs affect the endocytotic activity of
murine melanoma cells17.

Besides MW radiation effects, a limited number of studies has used extremely low
frequency (ELF) EMF (50 or 60 Hz depending on the power line) revealing memory
deficits on rats18-20, which, interestingly, become less prominent upon exposure of the
animals to MW21. A similar study but on mice showed reversible effects on cognitive
functions as revealed by 8-arm RAM22.

Given the controversial evidence existing on the occurrence or not of any effects
following MW exposure, we present herein a comparative analysis of reports on cogni-
tive effects including some of our own recently published experimental data.

Results and discussion

Several pioneer studies concerning the effects of MW on cognitive functions, that
examined the short term memory of rats, are published using a 2450-MHz circular wave-
guide exposure system and a SAR value of 0.6 W/kg23. These investigators demonstrated
significant deficits when exposed rats were performing at the RAM and the MWM and
suggested that the reported defects in the working memory of rats are possibly due to
cholinergic pathway distraction. On a later report it was shown that rats exposed to the
same conditions, pulsed 2450-MHz MW (500 pulses/s, average power density 2
mW/cm2, average whole body SAR 1.2 W/kg), for 1 hour just before each training
session in a water maze, showed a deficit in their spatial “reference” memory24.

On the other hand, Cobb and collaborators25, replicating the experiments by Lai23,
under the same conditions of exposure, i.e. 2450-MHz, circular polarized waveguide
system (CWG), SAR value 0.6 W/kg, but with minor methodological differences, did
not find any effects on memory and learning in rats. Additionally, another report that
appeared at the same year by exposing rats at similar conditions, did not observe any
effects with RAM (Table 1)26. However, it had been reported earlier that MW affect
specific cognitive aspects of behavior such as, attention, memory, learning, discrimina-
tion, time perception, which may occur even at very low SAR levels27.

Also, using RAM and ORT, no evidence was found at even higher SAR values of 1-
3.5 W/kg, by applying head only and not whole body exposure of rats for 45 minutes and
at another frequency of 900-MHz28. Cosquer and collaborators on 2005 using a 12-arm
maze apparatus, bordered by 30 cm high opaque walls, observed that exposed rats
behaved normally. Therefore they concluded that MW exposure under those conditions
(2450-MHz, circularly polarized field – Table 1) does not alter spatial working memory,
when access to spatial cues was reduced29.

In a recent report, the MWM performance of male Wistar rats was affected following
exposure to 50 missed calls/day for 4 weeks by a GSM (900/1800 MHz) mobile phone
in vibratory mode30. The phone-exposed animals had significantly (~3 times) higher
mean latency to reach the target quadrant in the MWM and spent significantly (~2 times)
less time in the target quadrant. Trying to understand the cellular basis of the observed
behavioural deficits, Leif Salford and collaborators have reported that a 2-hr exposure of
rats at GSM 915-MHz resulted in neuronal damage, 28 and 50 days later31. In addition,
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Table 1 - Comparative studies of EMF on cognitive performance
(ND=not determined, MWM=Morris Water Maze, RAM=Radial Arm Maze)

Study Experimental Exposure Frequency SAR or Duration of Task Findings
Animal source density exposure

Lai et al., 1994 Rats Circular 2450 MHz 0.6 W/kg 45' before 12-arm Deficit in
polarized each trial RAM working
generator memory

Wang B, Rats Circular 2450 MHz 1.2 W/kg 1 h before MWM Deficit
Lai H, 2000 polarized each training in spatial

generator reference
memory

Cobb et al., 2004 Rats Circular 2450 MHz 0.6 W/kg 45' before 12-arm No effect
polarized each trial RAM
generator

Dubreuil et al., Rats RF GSM 1 W/kg 45' before 12-arm No effect
2003 generator 900 MHz 3.5 W/kg each trial RAM

Head only ORT

Cassel et al., 2004 Rats Circular 2450 MHz 0.6 W/kg 45' before RAM No effect
polarized each trial
generator

Cosquer et al., Rats Circular 2450 MHz 0.6 W/kg 45' before RAM No effect
2005 polarized each trial reduced

generator access to cues

Nittby et al., 2008 Rats TEM cells GSM 0.6 mW/kg 2 hr/week ORT Effect
900 MHz 60 mW/kg for a year episodic-

like memory
test 3 weeks

after exposure

Narayanan et al., Rats Mobile GSM ND ~ 50’/day MWM Spatial
2009 phone 900/1800 (50 missed memory

MHz calls/day impairment
for 4 weeks)

Lai, 1996 Rats Sinusoidal 60Hz 1 mT 1 hr 12-arm Effect
Lai et al., 1998 magnetic RAM

fields

Jadidi et al., 2007 Rats Sinusoidal 50 Hz 8 mT 20' MWM Spatial
magnetic fields memory

impairment

Sienkiewicz Mice GTEM cells GSM 0.05 W/kg 45'/day for 8-arm No effect
et al., 2000 far field 900 MHz 10 days RAM

Fragopoulou Mice Mobile GSM 0.41-0.98 1 hr MWM Spatial
et al., 2010 phone 900 MHz W/kg before each memory

trial and impairment,
between the learning

trials lesions

(continued)
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Table 1 - continued
(ND=not determined, MWM=Morris Water Maze, RAM=Radial Arm Maze)

Study Experimental Exposure Frequency SAR or Duration of Task Findings
Animal source density exposure

Sienkiewicz Mice Sinusoidal 50 Hz 7.5 µΤ tο 45' before 8-arm Reversible
et al., 1998 magnetic 7.5 mT each trial RAM effects

fields

Preece et al., Humans Local 915 MHz 1 W power ND Working Improved
1999 brain exposure memory performance

analog phone

Koivisto et al., Humans Local brain GSM 0.25 W On and off Working Improved
2000 exposure by 902 MHz mean power memory performance

mobile phone

Edelstyn and Humans Local brain GSM 1.19 W/kg 30' Cognitive Improvement
Oldershaw, 20-22 exposure by 900 MHz neuropsycho-
2002 years old mobile phone logical tests

subtraction
and verbal

fluency

Maier et al., Humans Local brain GSM 1.0 mW/m2 50' Auditory Impairment
2004 exposure by 915 MHz discrimination

mobile phone

Besset et al., Humans Local brain GSM 900 ND 2 hr/day, Cognitive No effect
2005 exposure by 5 days/week tasks

mobile phone for 45 days

Russo et al., Humans Local brain GSM 1.4 W/kg 40' prior Cognitive No effect
2006 exposure by 888 MHz to test tasks

mobile phone Modulated
CW-un-

modulated

Krause et al., Children Local brain GSM 1.4 W/kg On and off Auditory Effects
2006 exposure by 902 MHz memory on brain

mobile phone task oscillatory
responses

Regel et al., Humans Local brain GSM 1.0 W/kg 30' prior Cognitive Increased
2007 exposure by 900 MHz to test tasks accuracy in a

mobile phone working
memory test

Haarala et al., Humans Signal GSM 1.1 W/kg On and off Cognitive No effects
2007 generator and 902 MHz tasks

dummy phone

Luria et al., Humans Local brain GSM 0.54-1.09 On and off Spatial Delay on
2009 exposure by Nokia W/kg working reaction

mobile phone 5110 memory time

(continua)
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the same group has reported that the blood brain barrier (BBB) has been disrupted in
irradiated rats32.

Concerning the long term effects, Salford’s group has shown in rats that whole body
SAR values, as low as 0.6 and 60 mW/kg, significantly alter the performance during an
episodic-like memory test after 55 weeks of 2-hr exposure once a week33.

Studies on the effects of MW radiation on mice’ cognitive functions are very limited.
In one of them the animals were exposed within GTEM (Gigahertz Transverse Electro-
magnetic) cells at GSM 900-MHz frequency but at very low SAR of just 0.05 W/kg. No
statistically significant deficits were resolved by 8-arm maze34. Expanding the explo-
ration on the effects of radiation on mice, our group has performed a series of experi-
ments to test spatial memory and learning in mice Mus musculus Balb/c using primarily
the MWM task. The exposure setup consisted of a commercially available mobile phone,
as firstly introduced by our group in insects7, 8 and applied recently as well in mice9, 35. In
these experiments free moving mice were irradiated within their home plastic cages, as
also reported by other studies in rats30, 36. The animals were exposed to a 2-hr daily dose
of pulsed GSM 900-MHz voice modulated at a SAR level of 0.41 to 0.98 W/kg, for four
consecutive days during the MWM task protocol. Extended analysis of the data revealed
that the animals exposed to the near field of a commercially available mobile phone
could not transfer the learned information across the training days. Moreover, the data
of the memory probe trial showed that the exposed animals had difficulties in memory
consolidation and/or retrieval of the stored information of the position of the hidden plat-
form, since they showed no preference for the target quadrant. Before each set of exper-
iments the mean power density of the radiation emitted by the mobile phone handset in
the RF range at 900-MHz was measured with the field meter’s probe placed inside the
cage with the animals. The measured exposure values were in general within the estab-
lished exposure limits by ICNIRP on 199837. We used commercially available digital
mobile phone handsets, in order to analyse effects of real mobile telephony exposure
conditions. Thus, instead of using simulations of digital mobile telephony signals with
constant parameters (frequency, intensity, etc.), or even “test mobile phones”
programmed to emit mobile telephony signals with controllable power or frequency, we
used real GSM signals which are never constant since there are continuous changes in
their intensity35.

The SAR was approximately calculated according to the formula37, 38:

SAR = σΕ2/ρ
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Table 1 - continued
(ND=not determined, MWM=Morris Water Maze, RAM=Radial Arm Maze)

Study Experimental Exposure Frequency SAR or Duration of Task Findings
Animal source density exposure

Wiholm Humans Headset 884 MHz 1.4 W/kg 150' prior Spatial Symptomatic
et al., 2009 with a to test memory group

fixed at 10 p.m. and improved
antenna learning their

placed on the performance
left side of
the head

Reports have been ordered according to date published, species exposed and type of radiation
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where E is the root mean square value of the electrical field, σ is the mean electrical
conductivity of the tissues and ρ is the mass density. The SAR is a parameter widely
used by many authors to compare the absorbed energy in different biological tissues.
Thus, the parameters used for mice and rats were calculated according to Peyman et al.39.

Another very promising and significant set of approaches involves experimental studies
on volunteers and have focused on human cognitive function following exposure to mobile
phone radiation (Table 1). One category of reports has shown memory improvement, i.e.
facilitation in attention following exposure to mobile phone14. In another case, 915-MHz
mobile phone exposure improved performance in a working memory task13, and in the
same direction another study found improvement in cognitive tasks, i.e. verbal memory
capacity, sustained attention and visuospatial working memory40.

Also, DeSeze’ group has studied on 2005 the outcomes from the daily use of mobile
phones GSM 900 on cognitive function41. Fifty-five subjects (27 males and 28 females)
were divided into two groups: a group with mobile phone switched on and a group with
mobile phone switched off. The two groups were matched according to age, gender, and
IQ. This double blind study lasted for 45 days and the neuropsychological test battery
composed of 22 tasks, screened four neuropsychological categories: information
processing, attention capacity, memory function, and executive function. This neuropsy-
chological battery was performed four times, on day 2, day 15, day 29, and day 43. The
results indicated that daily mobile phone use had no effect on cognitive function after a
13-hr rest period.

In a very interesting study Krause and collaborators assessed the effects of EMF
emitted by mobile phones on the 1-20 Hz range by event-related brain oscillatory elec-
troencephalogram (EEG) responses in children performing an auditory memory task
(encoding and recognition)42. What they found was that EMF emitted by mobile phones
has effects on brain oscillatory responses during cognitive processing at least in
teenagers. Also in an attempt to test MW effects on human attention Russo and collab-
orators studied on 2006 a large sample of volunteers (168) using a series of cognitive
tasks apparently sensitive to RF exposure (a simple reaction task, a vigilance task, and a
subtraction task)43. Participants performed those tasks twice, in two different sessions. In
one session they were exposed to RF, with half of subjects exposed to GSM signals and
the other half exposed to continuous waves (CW) signals, while in the other session they
were exposed to sham signals. No significant effects of RF exposure on performance for
either GSM or CW were found. On the other hand, it has been shown that in humans,
exposure at 1 W/kg, to pulse-modulated radio frequency electromagnetic field 900 MHz,
reduced reaction speed and increased accuracy in a working-memory task44. The same
study showed that exposure prior to sleep alters brain activity. For a summary of the
available literature see Table 1.

The possible effects of CW and pulse modulated (PM) EMF on human cognition in
36 healthy male subjects were studied by Haarala and collaborators on 2007. They
performed cognitive tasks while the volunteers were exposed to CW, PM, and sham
EMF. They found no differences between the different EMF conditions45.

In a just recent report, Bengt Arnetz’ group investigated the effects of a 2 hr and 30
min RF exposure (884-MHz) on spatial memory and learning, using a double-blind
repeated measures design6. The exposure was designed to mimic a real-life mobile phone
conversation, at a SAR value of 1.4 W/kg. The primary outcome measure was a
‘‘virtual’’ spatial navigation task modelled after the commonly used and validated
MWM. The distance travelled on each trial and the amount of improvement across trials
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(i.e., learning) were used as dependent variables. The participants were daily mobile
phone users, with and without symptoms attributed to regular mobile phone use. The
symptomatic group improved their performance during RF exposure while there was no
such effect in the non-symptomatic group (Table 1).

Conclusions

In the presented studies the effects of MW radiation deriving either from RF gener-
ator providing continuous or modulated mobile phone-like signal, or from conventional
mobile phone either computer controlled or under normal communication, were investi-
gated at various carrier frequencies, 900, 1800 and 2450 MHz on the spatial learning and
memory of rodents and humans. Several investigators have demonstrated the common-
ality between the performance of humans on real time spatial navigation tasks as
compared to rats, mice and most other mammals studied so far46. The role of
hippocampus, in particular, in navigation is concordant with neuronal response in rats
and we assume in mice as well.

In our experiments using the MWM, Balb/c mice were required to find a submerged
platform in the circular pool after 4 days of training by creating a “reference map” (refer-
ence memory)47. Exposed mice to the near field of a conventional mobile phone showed
difficulty in finding the position of the hidden platform during training and could not
transfer the learned information across the days. The recorded data from the probe trial
indicated that exposed mice had difficulty in memory consolidation and/or retrieval of
the stored information35.

A number of studies have used a range of SAR values, from 0.02 mW/kg up to 4 W/kg
in order to induce and detect memory deficits in rodents and especially in rats. In the vast
majority of the studies the Transversal Electromagnetic Mode (TEM) cells were used,
exposing the animals at a given power density from an RF generator. Similar learning and
memory deficits revealed with the MWM following exposure to pulsed circularly polar-
ized 2450-MHz MW at 2 mW/cm2 power density, have been also reported in rats25. Some
studies failed to reveal any effects whereas others have demonstrated that according to the
radiation set up used (frequency, power density and duration of exposure) the animals’
memory function is somehow affected by EMF (Table 1). In a very recent study
Narayanan and collaborators using similar to ours exposure setup protocol irradiated male
Wistar rats, 10-12 weeks old, which are developmentally comparable to human
teenagers30. The rats were exposed to 50 missed calls/day for 4 weeks from a GSM
(900/1800-MHz) mobile phone in vibratory mode (no ring tone). After the experimental
period, the animals were tested for spatial memory performance using the MWM test.
Both phone exposed and sham exposed animals showed a significant decrease in escape
time with training. In the probe trial phone exposed animals had significantly (~3 times)
higher mean latency to reach the target quadrant and spent significantly (~2 times) less
time in the target quadrant than age- and sex-matched controls. It is crucial to note that
this work has used similar to ours experimental protocol having the mobile phone within
the cage, but with longer exposure. It seems therefore that mice and rats respond similarly
to the radiation stress by exhibiting deficits in their spatial memory operation. Some
investigators (including our group) have chosen to perform experiments in animals
allowed to move freely in their home cages during exposure to radiation9, 30, 35, 36. Doing so,
any possible confounding effects of restraint stress are minimized, since it is well known
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that stress affects learning and memory48. Exposure conditions were carefully selected in
order to simulate as close as possible ordinary mobile phone use (duration and signal
strength). EMF with changing parameters are found to be more bioactive than fields with
constant parameters44, 49, 50. That is probably because it is more difficult for living organ-
isms to get adapted to them. Experiments with constant GSM or DCS signals can be
performed, but they do not simulate actual conditions. International guidelines limit the
local SAR to a maximum of 2 W/kg37, or 1.6 W/kg38. Since the maximum SAR value as
calculated in our experiments was at most 0.98 W/kg and since this SAR value does not
affect the mice’s body temperature37, the exposure conditions used in our experiments can
be considered nonthermal.

Furthermore, some investigators (including us) selected the age of the experimental
animals (50-day-old) to correspond approximately to that of late adolescence in humans,
a population in which mobile phone use is particularly prevalent. Similar to our exposure
conditions have been used by other investigators51; they have irradiated rats with conven-
tional mobile phone operating at a maximum power of 0.607 W. They found by mRNA
analysis an effect on injury associated proteins leading to cellular damage to the rat brain.

Since it is well known that performance in the MWM is dependent on the
hippocampus, it is plausible to assume that MW radiation exposure affected this brain
area. Such a notion may be supported by the observation that apoptotic cells have been
detected in the hippocampus of rats after a 2 hr for 50 days GSM radiation31, 32. Further-
more, the function of the hippocampus could be affected by the GSM irradiation
possibly due to disruption of the blood-brain barrier, which has been reported to occur
as a result of GSM irradiation52, 53. However, other investigators using 915-MHz at power
levels resulting in whole-body specific absorption rates of 0.0018-20 W/kg failed to
reveal such a relationship54.

Considering that memory functions are similar in mice and humans with respect to
the involvement of the hippocampus55, we may assume that upon using the mobile phone
in contact with the head, a person may experience cognitive deficits. Interestingly, it has
been reported that exposure to GSM 890-MHz radiation results in deficits of human
cognitive function56. The same research group reported recently using a spatial working
memory task that the average reaction time (RT) of the right-hand responses under left-
side exposure condition was significantly longer than those of the right-side and sham-
exposure groups57. These results confirmed the existence of an effect of exposure on RT,
as well as the fact that exposure duration (together with the responding hand and the side
of exposure) may play an important role in producing detectable radiofrequency radia-
tion (RFR) effects on performance. It is notable that right and left hemispheres did not
show similar patterns of activation. Differences in these parameters might be the reason
for the failure of certain studies to detect or replicate RFR effects. The question whether
the memory impairment is reversible is open for exploration by further experiments
which are in progress. Finally the actual molecular impact of the EMF is being studied
at the proteomics level in our lab, in an attempt to explain the molecular events under-
lying the brain cells’ malfunction after irradiation.

It has been suggested that behavioral alterations induced by EMF are thermally medi-
ated58. That is because in most studies these effects derive from SAR values beyond the
reference standard of 2 W/kg. The effects reported at very low SAR values may be
explained by free radical formation as suggested59. It could also be due to protein confor-
mation changes60. It might be possible that these changes cause alterations in cognitive
function-related proteins, such as androgen receptors and apolipoprotein A61.
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Finally, as questioned in a recent study by Philips and collaborators59: “Are studies
unable to replicate the work of others more credible than the original studies? In other
words, can negative studies cancel positive studies or may studies showing effects be
less valid because no explanation is provided?” The answer is that given the different
frequency and modulation and in general the exposure set up conditions used in different
studies, the issue remains open as to which of the parameters used in the “exposure cock-
tail”, is crucial to alter brain cells’ function. Is it the RF itself or the modulation? Or may
be the ELF component of the battery switching mode of the cell phone. This issue is
more complex than it seems when trying to compare animal studies with human clinical
or experimental findings, possibly due to the differences in exposure conditions. Till the
final elucidation of the effects, this research task is open for investigation requiring prob-
ably more sophisticated approaches and experimentation procedures.
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Abstract

Aim: The effect of pulsed (100 Hz) microwave (MW) radiation on heart rate
variability (HRV) was tested in a double blind study. Materials and Methods:
Twenty-five subjects in Colorado between the ages of 37 to 79 completed an
electrohypersensitivity (EHS) questionnaire. After recording their orthostatic
HRV, we did continuous real-time monitoring of HRV in a provocation study,
where supine subjects were exposed for 3-minute intervals to radiation gener-
ated by a cordless phone at 2.4 GHz or to sham exposure. Results: Question-
naire: Based on self-assessments, participants classified themselves as
extremely electrically sensitive (24%), moderately (16%), slightly (16%), not
sensitive (8%) or with no opinion (36%) about their sensitivity. The top 10
symptoms experienced by those claiming to be sensitive include memory prob-
lems, difficulty concentrating, eye problems, sleep disorder, feeling unwell,
headache, dizziness, tinnitus, chronic fatigue, and heart palpitations. The five
most common objects allegedly causing sensitivity were fluorescent lights,
antennas, cell phones, Wi-Fi, and cordless phones. Provocation Experiment:
Forty percent of the subjects experienced some changes in their HRV attribut-
able to digitally pulsed (100 Hz) MW radiation. For some the response was
extreme (tachycardia), for others moderate to mild (changes in sympathetic
nervous system and/or parasympathetic nervous system). and for some there
was no observable reaction either because of high adaptive capacity or because
of systemic neurovegetative exhaustion. Conclusions: Orthostatic HRV
combined with provocation testing may provide a diagnostic test for some EHS
sufferers when they are exposed to electromagnetic emitting devices. This is the
first study that documents immediate and dramatic changes in both Hearth
Rate (HR) and HR variability (HRV) associated with MW exposure at levels
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well below (0.5%) federal guidelines in Canada and the United States (1000
microW/cm2).

Key Words: heart rate variability, microwave radiation, DECT phone, auto-
nomic nervous system, provocation study, sympathetic, parasympathetic, cord-
less phone, 2.4 GHz, electrohypersensitivity

Introduction

A growing population claims to be sensitive to devices emitting electromagnetic
energy. Hallberg and Oberfeld1 report a prevalence of electrohypersensitivity (EHS)
that has increased from less than 2% prior to 1997 to approximately 10% by 2004 and
is expected to affect 50% of the population by 2017. Whether this is due to a real
increase in EHS or to greater media attention, is not known. However, to label EHS as
a psychological disorder or to attribute the symptoms to aging and/or stress does not
resolve the issue that a growing population, especially those under the age of 60, are
suffering from some combination of fatigue, sleep disturbance, chronic pain, skin, eye,
hearing, cardiovascular and balance problems, mood disorders as well as cognitive
dysfunction and that these symptoms appear to worsen when people are exposed to
electromagnetic emitting devices2-7.

The World Health Organization (WHO) organized an international seminar and
working group meeting in Prague on EMF Hypersensitivity in 2004, and at that meeting
they defined EHS as follows8:

“. . . a phenomenon where individuals experience adverse health effects while using
or being in the vicinity of devices emanating electric, magnetic, or electromagnetic
fields (EMFs) . . . Whatever its cause, EHS is a real and sometimes a debilitating
problem for the affected persons . . . Their exposures are generally several orders of
magnitude under the limits in internationally accepted standards.”

The WHO goes on to state that:

“EHS is characterized by a variety of non-specific symptoms, which afflicted indi-
viduals attribute to exposure to EMF. The symptoms most commonly experienced
include dermatological symptoms (redness, tingling, and burning sensations) as well
as neurasthenic and vegetative symptoms (fatigue, tiredness, concentration difficul-
ties, dizziness, nausea, heart palpitation and digestive disturbances). The collection
of symptoms is not part of any recognized syndrome.”

Both provocation studies (where individuals are exposed to some form of electro-
magnetic energy and their symptoms are documented) and amelioration studies (where
exposure is reduced) can shed light on the offending energy source and the type and rate
of reaction.

Several amelioration studies have documented improvements in the behavior of
students and the health and wellbeing of teachers9, among asthmatics10, and in both
diabetics and those with multiple sclerosis11,12 when their exposure to dirty electricity is
reduced. Dirty electricity refers to microsurges flowing along electrical wires in the kHz
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range that can damage sensitive electronic equipment and, it appears, affect the health of
those exposed.

In contrast to amelioration studies, provocation studies, examining the response of
people with self-diagnosed EHS, have generated mixed results.

Rea et al.13 were one of the first to show that sensitive individuals responded repeat-
edly to several frequencies between 0.1 Hz and 5 MHz but not to blank challenges. Reac-
tions were mostly neurological and included tingling, sleepiness, headache, dizziness,
and - in severe cases - unconsciousness, although other symptoms were also observed
including pain of various sorts, muscle tightness particularly in the chest, spasm, palpi-
tation, flushing, tachycardia, etc. In addition to the clinical symptoms, instrument
recordings of pupil dilation, respiration, and heart activity were also included in the
study using a double-blind approach. Results showed a 20% decrease in pulmonary
function and a 40% increase in heart rate. These objective instrumental recordings, in
combination with the clinical symptoms, demonstrate that EMF sensitive individuals
respond physiologically to certain EMF frequencies although responses were robust for
only 16 of the 100 potentially sensitive individuals tested.

In a more recent review, Rubin et al.14 concluded that there was no robust evidence to
support the existence of a biophysical hypersensitivity to EMF. This was based on 31
double-blind experiments that tested 725 EHS subjects. Twenty-four studies found no
difference between exposure and sham conditions and of the seven studies that did find
some evidence that exposure affected EHS participants, the research group failed to repli-
cate the results (two studies) or the results appeared to be statistical artifacts (three studies).

Those who live near antennas and those who suffer from EHS often complain of
cardiovascular problems such as rapid heart rate, arrhythmia, chest pain, and/or changes
in blood pressure3,7,15,16.

Indeed, the doctors who signed the Freiburger Appeal17 stated the following:

“We have observed, in recent years, a dramatic rise in severe and chronic disease
among our patients especially . . . extreme fluctuations in blood pressure, ever harder
to influence with medications; heart rhythm disorders; heart attacks and strokes
among an increasingly younger population . . .”

Based on these findings we decided to study the affect of microwave (MW) radiation
generated by a digital cordless phone on the cardiovascular system by monitoring heart
rate variability (HRV). Unlike cell phones that radiate microwaves only when they are
either transmitting or receiving information, the cordless phone we used radiates
constantly as long as the base of the phone is plugged into an electrical outlet. The phone
we used was an AT&T digitalally pulsed (100 Hz) cordless telephone that operates at
2.4 GHz or frequencies commonly used for microwave ovens and Wi-Fi. It resembles its
European version know as a Digital Enhanced Cordless Telecommunications (DECT)
phone that operates at 1.9 GHz18.

HRV is increasingly used for screening cardiovascular and neurological disorders19-24.
We wanted to determine whether HRV could be used as a tool to diagnose EHS and
whether it could be used to predict probability and/or intensity of the reaction to a MW
provocation. The HRV analysis, using NervExpress software25, 26, provides information
about the functioning of the sympathetic and parasympathetic nervous system with real
time monitoring and provides additional information including a pre-exposure fitness
score based on the orthostatic test.
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Materials and methods

Background electromagnetic environment

Testing was done in two locations, one in Golden and the other in Boulder, Colorado,
on three separate weekdays during a 6-day period (Table 1). Background levels of low
frequency magnetic fields, intermediate frequency radiation on electrical wires, and
radio frequency radiation were monitored at each location and the values are provided
in Table 1. All testing of the electromagnetic environment was done in the area where
volunteers were tested for their heart rate variability during the provocation study.

The extremely low frequency magnetic field was measured with an omni-directional
Trifield meter. This meter is calibrated at 60 Hz with a frequency-weighted response
from 30 to 500 Hz and a flat response from 500 to 1000 Hz. Accuracy is ± 20%.
Power quality was measured with a Microsurge Meter that measures high frequency

transients and harmonics between 4 and 150 kHz (intermediate frequency range). This
meter provides a digital reading from 1 to 1999 of dv/dt expressed as GS units with a +/-
5% accuracy27. Since we were trying to ensure low background exposure, we installed
GS filters to improve power quality. The results recorded are with GS filters installed.

Within at least 100 m of the testing area, all wireless devices (cell phones, cordless
phones, wireless routers) were turned off. Radio frequency radiation from outside the
testing area was measured with an Electrosmog Meter, which has an accuracy of ±2.4
dB within the frequency range of 50 MHz to 3.5 GHz. Measurements were conducted
using the omni-directional mode and were repeated during the testing. This meter was
also used to determine the exposure of test subjects during provocation with a digital
cordless phone. This cordless phone emits radio frequency radiation when the base
station is plugged into an electrical outlet. This happens even when the phone is not in
use. We used the base station of an AT&T 2.4 GHz phone (digitally pulsed at 100 Hz)
to expose subjects to MW radiation18. The emission of MWs at different distances from
the front of the base station is provided in fig. 1.

Testing of subjects

Subjects were recruited by word-of–mouth based on their availability during a short
period of testing. Of the 27 people who volunteered to be tested, two were excluded, one
based on age (less than 16 years old) and another based on a serious heart condition.

Subjects were asked to complete a wellness and EHS questionnaire. They were then
asked questions about their age, height, weight, blood type, time of last meal, and occu-
pation (in the event of occupational exposure to electromagnetic fields/radiation).
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Table 1 - Measurements of the electromagnetic environment at each testing location

Location Date Magnetic Field Power Quality Radio Frequency Radiation
30 - 1000 Hz 4 - 150 kHz 50 MHz – 3.5 GHz

Colorado mG GS units microW/cm2

Golden 10/16/08 3 – 15 140 0.8
Boulder 10/20/08 0.4 37 <0.01
Boulder 10/21/08 0.4 80 <0.01
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We measured resting heart rate and blood pressure using a Life Source UA-767 Plus
digital blood pressure monitor; saliva pH with pH ion test strips designed for urine and
saliva (pH range 4.5-9.0), and blood sugar with ACCU-CHEK Compact Plus.

In an attempt to address the question: “Is there a simple test that relates EHS with the
electrical environment of the human body?”, we measured galvanic skin response (GSR),
body voltage, and the high and low frequency electric and magnetic field of each subject.

Wrist-to-wrist galvanic skin response was measured as an indicator of stress using a
Nexxtech voltmeter (Cat. No. 2200810) set at 20 volts DC and attached to the inner wrist
with a Medi Trace 535 ECG Conducive Adhesive Electrodes Foam used for ECG moni-
toring. Capacitively coupled “body voltage” was measured with a MSI Multimeter
connected to a BV-1 body voltage adaptor. The subject’s thumb was placed on one
connector and the other connector was plugged into the electrical ground, which served
as the reference electrode. High frequency (HF) and low frequency (LF) electric and
magnetic fields were measured with a Multidetektor II Profi Meter held at approximately
30 cm from the subject’s body, while the subject was seated.

HRV testing

Two types of HRV testing were conducted. The first was an orthostatic test and the
second was continuous monitoring of heart rate variability with and without provocation
(exposure to MW frequencies from a digital cordless phone). NervExpress software was
used for HRV testing25. NervExpress has both CE and EU approval and is a Class Two
Medical Device in Canada and in the European Union. An electrode belt with transmitter
was placed on the person’s chest near the heart, against the skin. A wired HRV cable
with receiver was clipped to the clothing near the transmitter and connected to the COM
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Fig. 1. Radiation near a 2.4 GHz AT&T digital cordless phone when the base station of the phone is
plugged into an electrical outlet and the phone is not in use
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port of the computer for acoustical-wired transmission (not wireless). This provided
continuous monitoring of the interval between heartbeats (R-R interval).

For the orthostatic testing subject laid down on his/her back and remained in this
position for 192 R-R intervals or heartbeats (approximately 3 minutes), at which time a
beep from the computer indicated that the person stand up and remain standing until the
end of the testing period, which was 448 intervals (approximately 7 minutes depending
on heart rate).

For the provocation testing, subject remained in a lying down position for the dura-
tion of the testing. A digital cordless phone base station, placed approximately 30 to 50
cm from subject’s head, was then connected randomly to either a live (real exposure) or
dead (sham exposure) extension cord. It was not possible for the subject to know if the
cordless phone was on or off at any one time. Continuous real-time monitoring recorded
the interval between each heartbeat. Data were analyzed by timed stages consisting of
192 R-R intervals (heartbeats).

The sham exposures are referred to as either pre-MW exposure or post-MW exposure
to differentiate the order of testing. Since type of exposure was done randomly in some
instances either the pre-MW or the post-MW is missing. Subjects who reacted immedi-
ately to the cordless phone were retested with more real/sham exposures. When subject
was exposed multiple times, only the first exposure was used for comparison. Provoca-
tion testing took between 9 to 30 minutes per subject.

After the initial testing, treatments (deep breathing, laser acupuncture, Clean Sweep)
that might alleviate symptoms were tried on a few subjects but these results will be
reported elsewhere.

Interpretation of HRV results

The results for the orthostatic testing and provocation testing were sent to one of the
authors (JM) for interpretation. An example of the type of information send is provided
in fig. 2 (orthostatic) and fig. 3 (provocation). No information was provided about the
subject’s self-proclaimed EHS and the information about exposure was blinded. JM did
not examine the provocation results until he reviewed the orthostatic results. No attempt
was made to relate the two during this initial stage of interpretation.

Predicting response and health based on orthostatic test

For the orthostatic testing JM provided a ranking for cardiovascular tone (CVT),
which is based on the blood pressure and heart rate (sum of systolic and diastolic blood
pressure times heart rate) and provides information on whether the cardiovascular
system is hypotonic (<12,500) or hypertonic (>16,500). We used a 5-point ranking scale
as follows: Rank 1: < 12,500, hypotonic; Rank 2: 12,500 to 14,000; Rank 3: 14,000 to
15,500; Rank 4: 15,500 to 16,500; Rank 5: > 16,500, hypertonic.

Non-Adaptive Capacity (NAC)a was ranked on a 5-point scale with 1 indicating
highly adaptive and 5 indicating highly non-adaptive. This was based on a balanced
sympathetic (SNS) and parasympathetic (PSNS) nervous system (average orthostatic
response within ±1 standard deviation from center on graph) and on the overall fitness
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score. The closer to normal value of the autonomic nervous system (ANS) in a given
subject, the less likely they are to react, since their adaptive capacity is high. “Normal”
refers to the balanced SNS/PSNS and the appropriate direction of movement under
stress, in this case when person stood up. Direction of movement is shown in the
NervExpress graph (fig. 2). Appropriate direction of movement would be either up 1
standard deviation (small increase in SNS and no change in PSNS); up and to the left
1 standard deviation each (small increase in SNS and small decrease in PSNS); or to
left (no change in SNS and slight decrease in PSNS). For those who move further to the
left (greater down regulation of PSNS) or further up and to the left (greater up regula-
tion of SNS combined with a greater down regulation of PSNS), the less likely they are
to adapt and the more likely they are to react. Likewise, if the fitness score is high or
adequate, the individual would be capable of resisting the stressor. An adequate phys-
ical fitness score is between 1:1 and 10:6. The first number refers to the functioning of
the physiological system and the second is the adaptation reserve. The lower the
numbers the greater the level of fitness in each category. Note, if a subject with good
or adequate fitness was to be a reactor to MW stress, his/her reaction would be both
rapid and strong.

Probability of Reaction (POR) was ranked on a 5-point scale with “1” indicating low
probability of a reaction and “5” indicating high probability of a reaction to stress of
any kind. Criteria were similar to the NAC. However, greater consideration was given
to the Chronotropic Myocardial Reaction Index (ChMR) value and the dysautonomic
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Fig. 2. Orthostatic HRV information provided for blinded analysis of Subject 18
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status (average of orthostatic test is more than two standard deviations from center or
up to the right) of the subject, whereby individuals with compromised ANS and a poor
ChMR ranking (outside the range of 0.53 to 0.69) would be most likely to react and vice
versa.

A potential non-responding reactor is someone with low energy, average orthostatic
response in lower left quadrate, and a physical fitness score between 10:6 and 13:7.
Subject 18 in fig. 2 is a borderline non-responding reactor. Note, this does not neces-
sarily imply that this person is hypersensitive, only that he probably does not have
enough energy to mount a reaction even if he was EHS.

JM also provided his comments on the health status of the subject based on the
rhythmogram, autonomic nervous system assessment (changes in the SNS and PSNS),
Fitness Score, Vascular Compensation Reaction (VC), ChMR, Compensation Response
(CR), Ortho Test Ratio (OTR), Parameters of Optimal Variability (POV), Index of
Discrepancy (ID); and Tension Index (TI). The interpretation of the HRV parameters is
dependant to a certain degree on the integration of all the data provided as a whole with
value being given to the total ANS picture presented. Those skilled in the art and
science of HRV analysis should reach similar interpretive assessment of the data
presented here26.

Blinded analysis of provocation results

The blinded data for the continuous monitoring of heart rate variability with real and
sham exposure were sent to JM for analysis (fig. 3). JM attempted to identify the stage
during which exposure took place, stage during which the subject reacted, and then
ranked symptom probability (5-point scale) and intensity (non-reactive, mild, moderate,
intense). The assessment is provided in Appendix A.
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Fig. 3.Continuous monitoring of HRV with real and sham exposure to MW radiation from a digital cord-
less phone. Information provided for blinded analysis of Subject 18
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Wellness and EHS Questionnaire

Prior to any testing, each subject was asked to complete a wellness and EHS question-
naire. This was designed on surveymonkey (www.surveymonkey.com) and was adminis-
tered in paper format. This questionnaire was analyzed separately from the HRV data.

Results

Background electromagnetic environment

The two environments, where we conducted the testing, differed in their background
levels of EMF and electromagnetic radiation (EMR). The Golden site had high magnetic
fields (3-15 mG), high levels of dirty electricity (140 GS units) despite the GS filters
being installed, and elevated levels of radio frequency (RF) radiation (0.8 microW/cm2)
coming from 27 TV transmitters on Lookout Mountain within 4 km of our testing envi-
ronment. Despite RF reflecting film on windows the RF levels inside the home were
elevated. The Boulder environment was relatively pristine and differed only with respect
to power quality on the two days of testing (Table 1).

The cordless phone, used for provocation, produced radiation that was maximal at the
subject’s head (3 to 5 microW/cm2) and minimal at the subject’s feet (0.2 to 0.8
microW/cm2) depending on height of subject and the environment. The cordless phone
did not alter magnetic field or power quality.

Participants

A total of 25 subjects were included in this pilot study, ranging in age from 37 to 79
with most (40%) of the subjects in their 50s (Table 2). Eighty percent were females.
Approximately half of the participants had normal body mass index and the other half
were either overweight (28%) or obese (16%)28. Mean resting heart rate for this group
was 70 (beats per minute) and ranged from 53 to 81. Blood pressure fell within a
normal range for 40% of participants and fell within stage 1 of high blood pressure for
16% of the subjects29. None of the subjects had pacemakers, a prerequisite for the study.
Forty percent had mercury amalgam fillings and 28% had metal (artificial joints,
braces, etc.) in their body. This is relevant as metal implants and mercury fillings may
relate to EHS30.

Questionnaire

Self-perceived Electrosensitivity

One third of participants did not know if they were or were not electrically sensitive,
40% believed they were moderately to extremely sensitive, 16% stated that they had a little
sensitivity, and 8% claimed they were not at all sensitive. Their sensitivity was slightly
debilitating for 24% and moderately debilitating for 20% of participants (fig. 4).

Reaction time for symptoms to appear after exposure ranged from immediately (12%)
to within 2 hours (4%) and was within 10 minutes for the majority of those who believe
they react (28%) (fig. 5). Recovery time ranged from immediately to within 1 day with
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only 4% claiming to recover immediately. Several participants noted that the rate of
reaction and recovery is a function of the severity of their exposure and their state of
health. The more intense the exposure the more rapid their response and the slower their
rate of recovery. These results may have a bearing on the provocation study as we are
testing an immediate reaction/recovery response (~3 minutes) to a moderate intensity
exposure (3 to 5 µW/cm2) and the percent that claims to respond quickly is low among
this group.

Symptoms

The most common symptoms of exposure to electrosmog, as identified by this group
of participants, included poor short-term memory, difficulty concentrating, eye prob-
lems, sleep disorder, feeling unwell, headache, dizziness, tinnitus, chronic fatigue and
heart palpitations (fig. 6, upper graph). Of the symptoms commonly associated with
EHS, heart palpitations (10th), rapid heartbeat (18th), arrhythmia (21st), and slower heart-
beat (23rd) are the only ones we would be able to identify with HRV testing. For most
participants who claim to react, reactions are mild to moderate.

All of the symptoms, except high blood pressure, arrhythmia, and slower heartbeat,
were experienced several times per day (daily) or several times per week (weekly) by at
least one or more participants. The patterns for symptom severity and frequency are
similar (fig. 6, upper vs lower graph). Some of the symptoms (feeling unwell, pain,
chronic fatigue, gas/bloat, skin problems) were experienced several times each month
(monthly) may relate to menses in pre-menopausal or peri-menopausal women (16
women).
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Table 2 - Information about participants

# %

Gender Male 5 20%
Female 20 80%

Age Mean and Range 60 years 37-79 years
Age Class 20s 1 4%

30s 1 4%
40s 2 8%
50s 10 40%
60s 5 20%
70s 7 28%

BMIa obese 4 16%
overweight 7 28%
normal 13 52%
underweight 1 4%

Resting Heart Rate Mean and Range 70 bpm 53-81 bpm
Blood Pressureb Normal 10 40%

Pre-hypertension 11 44%
High Blood Pressure 4 16%

Metal in Body Pace maker 0 0%
Mercury fillings 10 40%
Other metal 7 28%

a BMI = Body Mass Index based on height and weight28

b Blood Pressure (BP) according to National Heart Lung and Blood Institute (nd)29
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A large percentage of participants had food allergies (64%), mold/pollen/dust aller-
gies (48%), pet allergies (20%), and were chemically sensitive (36%) (fig. 7).

Some also had pre-existing health/medical conditions (fig. 8). The top five were
anxiety (28%); hypo-thyroidism (24%); autoimmune disorder (20%), depression (16%)
and high blood pressure (16%). Note these may be self-diagnosed rather than medically
diagnosed conditions.

Objects contributing or associated with adverse health symptoms

Among the objects identified as contributing to adverse health symptoms, tube fluo-
rescent lights were at the top of the list with more than 40% of participants reacting often
or always (fig. 9). The next 4 items on the list (antennas, cell phones, Wi-Fi, cordless
phones) all emit microwave radiation. According to this figure 16% of subjects respond
to cordless phones often or always and their responses may include headaches, dizziness,
depression, which we are unable to monitor with HRV.

Fifty-two percent stated they are debilitated by their sensitivity, 24% slightly, 20%
moderately, and 8% severely. Some have difficult shopping, which may relate to

M. Havas, et al: Microwave radiation affects autonomic nervous system

283

Fig. 4. Self-proclaimed electrosensitivity of participants (n=25)
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lighting in stores. Others have difficulty flying or traveling by car, perhaps due to
microwave exposure on highways and in airplanes. A few subjects are unable to use
mobile phones and computers and are unable to watch television. Some are unable to
wear jewelry because it irritates the skin and/or watches because they often malfunction
(fig. 7).

EHS and person’s EMF

The body voltage, as measured by the potential difference between the subject and the
electrical ground, differed at the two sites. Subjects at Golden had much higher values
than those at Boulder. This was also the case for the high and low frequency electric field
and for the HF and LF magnetic field (Table 3). Galvanic skin response was highly vari-
able among subjects prior to testing and did not relate to either sensitivity or the envi-
ronment. There was no association between any of the EMF measurements (body
voltage, GSR, electric field or magnetic field) that we conducted prior to testing and
EHS of the subjects tested. In a follow-up study it would be useful to monitor each
person’s EMF before, during, and after exposure.

Eur. J. Oncol. Library, vol. 5
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Fig. 5. Self-proclaimed response time of participants to electro-stress and recovery (n=25)
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Blind assessment of responses: orthostatic HRV provocation HRV

The Orthostatic HRV provided us with the state of the ANS and the relative fitness
score of the individual prior to exposure, which is important for predicting the intensity
outcome of exposure.

A summary of the orthostatic HRV (blinded analysis) along with the self-assessment
and the provocation HRV (blinded and unblinded) are provide in Appendix A for each
subject. For those individuals who had either a moderate or intense response, the blinded
predictions show good agreement for stage of exposure and for intensity of exposure.

Based on the orthostatic test, those with high adaptive capacity had a lower proba-
bility of reacting to stress, but if they did react, their reaction would be moderate to
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Fig. 6. Severity and frequency of symptoms associated with electrosmog exposure (n=25)
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Fig. 7. Response to specific questions that may contribute to or be associated with electrical sensitivity
(n=25)

Fig. 8. Existing medical conditions of participants (n=25)
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intense. Conversely, those with low adaptive capacity had a higher probability of
reacting but they didn’t always have the energy to react and hence their reactions would
be mild.

Provocation HRV

Most of the subjects (15/25, 60%) did not respond appreciable to the MW radiation
generated by the cordless phone when it was plugged into a live outlet. The rhythmo-
gram was unchanged and the heart rate, parasympathetic and sympathetic tone remained
constant (figs. 3, 10, 12).

However, 10 subjects (40%) did respond to the MW challenge. Fig. 13 shows the
response for six of those 10. Response and the recovery were immediate. MW provoca-

M. Havas, et al: Microwave radiation affects autonomic nervous system

287

Fig. 9. Objects contributing to adverse health symptoms. Those marked with a dot generate microwave
frequencies (n=25)

Table 3 - Personal electromagnetic environment (mean ± standard deviation) of subjects tested includ-
ing galvanic skin response (GSR), body voltage, electric (E-field) and magnetic fields (M-field) at both
high and low frequency (HF and LF) [* P ≤0.05].

Location Date GSR Body E-field E-field M-field M-field
Voltage HF LF HF LF

mV mV mV mV mG mG

Golden 10/16/08 3.5 ± 1.8 3.4 ± 0.5* 88 ± 85* 333 ± 71* 4.6 ± 5.7* 17 ± 14*
Boulder 10/20/08 3.2 ± 2.5 0.5 ± 0.5 13 ± 33 63 ± 94 0.2 ± 0.6 2.7 ± 0.7*
Boulder 10/21/08 4.1 ± 1.3 0.2 ± 0.1 2 ± 0.8 57 ± 50 0.1 ± 0.4 1.7 ± 0.6*
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tion differed noticeably compared with sham exposure. Heart rate increased significantly
for four of the subjects, resulting in tachycardia for three. The heart rate for subject 25
jumped from 61 bpm to 154 bpm (with real provocation) and returned to 64 bpm (with
sham provocation) (fig. 11). The increase in heart rate was accompanied by up regula-
tion of the SNS and down regulation of the PSNS during cordless phone exposure for
four subjects in Table 4 (fig. 13). Response of the one subject (Subject 27) was para-
doxical in that the heart rate increased from 72 to 82 bpm during which time the
parasympathetic tone increased and the sympathetic tone remained constant.

Fig. 14 shows the range of responses of some non- or slightly reactive subjects to
provocation.
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Fig. 10. Continuous monitoring of HRV during provocation part of this study for one subject who was
non-reactive

Fig. 11. Continuous monitoring of HRV during provocation part of this study for one subject who react-
ed to the MW radiation from a digital cordless 2.4 GHz phone
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The pre- and post-MW cordless phone response (SNS & PSNS) differed significantly
for this group (fig. 15) with up regulation of the SNS and down regulation of the
PSNS with MW exposure and the reverse for post-MW exposure suggesting a recovery
phase.

The severe and moderate responders had a much higher LF/HF ratio than those who
either did not respond or had a mild reaction to the MW exposure from the cordless
phone (fig. 16B). This indicates, yet again, a stimulation of the SNS (LF) and a down-
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Table 4 - Real-time monitoring of heart rate, sympathetic and parasympathetic tone before, during, and
after exposure to a 2.4 GHz digital cordless phone radiating 3-5 microW/cm2

EHS Subject EHS Heart Rate (bpm) Sympathetic Response Parasympathetic Response
Code Ranked bgrnd pre MW post bgrnd pre MW post bgrnd pre MW post

Intense 25 1 61 61 154 64 -1 -1 4 0 0 0 -4 -1
17 2 66 68 122 66 0 0 4 0 0 -2 -3 0
26 3 59 61 106 61 -1 -1 3 0 1 2 -3 1
27 4 72 nd 82 69 0 nd 0 0 -3 nd 2 -2

Moderate 5 5 66 66 66 65 1 1 3 0 -1 -1 -3 -1
9 6 77 75 75 73 1 1 0 1 -2 0 -3 -1
3 7 48 50 53 nd 2 -2 0 nd 2 0 0 nd

16 8 61 nd 62 63 0 nd -2 0 -2 nd -2 -2
8 9 81 nd 81 80 1 nd 1 1 0 nd -2 -1

10 10 69 68 70 70 0 0 0 0 -2 -2 -3 -1

Mild 2 11 54 54 55 56 -2 -3 -2 -2 -3 -3 -3 -3
23 12 59 nd 58 60 -1 nd 0 -2 -2 nd -2 -3
12 13 71 nd 69 74 0 nd 1 0 -1 nd -1 -1
18 14 60 61 61 61 -2 -1 -2 -1 -3 -3 -3 -2
19 15 63 62 62 61 -1 0 -1 -1 -3 -3 -3 -2

6 16 65 66 66 65 0 0 0 0 -3 -3 -4 -3
4 17 61 62 61 61 -2 -1 -1 -2 -3 -2 -3 -2

24 18 71 72 71 69 0 0 0 0 -3 -2 -1 -2

None 1 19 71 70 71 71 0 0 0 1 -3 -1 -1 -1
11 20 57 nd 57 58 0 nd 0 0 3 nd 3 2
21 21 78 78 78 nd 1 1 1 nd -2 -3 -3 nd

7 22 70 71 70 69 0 0 0 0 -3 -3 -3 -3
14 23 69 68 67 66 0 0 0 0 -1 -2 -2 -1
20 24 67 nd 66 66 0 nd 0 0 -1 nd -1 -1
13 25 80 78 76 nd 1 1 1 nd -3 -2 -2 nd

Response Mean Heart Rate Mean Sympathetic Mean Parasympathetic
(bmp) Response Response

Intense 65 63 116 65 -0.5 -0.7 2.8 0.0 -0.5 0.0 -2.0 -0.5
Moderate 67 65 68 70 0.8 0.0 0.3 0.4 -0.8 -0.8 -2.2 -1.2

Mild 63 63 63 63 -1.0 -0.8 -0.6 -1.0 -2.6 -2.7 -2.5 -2.3
None 70 73 69 66 0.3 0.4 0.3 0.2 -1.4 -2.2 -1.3 -0.8
All 66 66 74 66 -0.1 -0.3 0.4 -0.2 -1.5 -1.7 -2.0 -1.4

Note:
EHS categories described in text: bgrnd = background; pre=sham exposure before real exposure;
MW=microwave exposure; post=sham exposure after real exposure; nd=no data
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regulation of the PSNS (HF). The up regulation was greater for LF2 than for LF1 (fig.
16A).

Based on self-assessment and the results from the provocation study, 2 subjects (8%)
underestimated their sensitivity and 5 subjects (20%) overestimated their sensitivity to
the cordless phone provocation. However, only two of the 5 claim to experience mild
heart palpitations and only one of those responds “sometimes” to cordless phones.

Discussion

The most intriguing result in this study is that a small group of subjects responded
immediately and dramatically to MW exposure generated by a digital cordless DECT
phone with blinded exposure. Heart rate (HR) increased significantly for 4 subjects (16%)
(10 to 93 beats per minute) and the sympathetic/parasympathetic balance changed for an
additional 6 subjects (24%) while they remained in a supine position. This is the first
study documenting such a dramatic change brought about immediately and lasting as long
as the subject was exposed and is in sharp contrast to the provocation studies reviewed by
Levallois5, Rubin et al.14, and Bergqvist et al.31. Authors of these reviews generally
conclude that they were unable to establish a relationship between low or high frequency
fields and electromagnetic hypersensitivity (EHS) or with symptoms typically occurring
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Fig. 12. Subject 7: no changes in heart rate, sympathetic, and parasympathetic tone before, during, and
after blind provocation with a 2.4 GHz cordless phone generating exposure of 3 to 5 microW/cm2
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among such afflicted individuals. Furthermore, several studies report no effect of mobile
phones (various exposure conditions) on human HRV-parameters32-39.

Our results clearly show a causal relationship between pulsed 100 Hz MW exposure
and changes in the ANS that is physiological rather than psychological and that may
explain at least some of the symptoms experienced by those sensitive to electromagnetic
frequencies. Dysfunction of the ANS can lead to heart irregularities (arrhythmia, palpi-
tations, flutter), altered blood pressure, dizziness, nausea, fatigue, sleep disturbances,
profuse sweating and fainting spells, which are some of the symptoms of EHS.

When the SNS (fight or flight response) is stimulated and the PSNS (rest and digest)
is suppressed the body is in a state of arousal and uses more energy. If this is a constant
state of affairs, the subject may become tired and may have difficulty sleeping (unable
to relax because of a down regulated PSNS and/or up regulated SNS). Interestingly,
Sandstrom40 found a disturbed pattern of circadian rhythms of HRV and the absence of
the expected HF (parasympathetic) power-spectrum component during sleep in persons
who perceived themselves as being electrically hypersensitive.

If the dysfunction of the ANS is intermittent it may be experienced as anxiety and/or
panic attacks, and if the vagus nerve is affected it may lead to dizziness and/or nausea.

Our results show that the SNS is up regulated (increase in LF) and the PSNS is down
regulated (decrease in HF) for some of the subjects during provocation. The greatest
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Fig. 13. Reactive Subjects: changes in heart rate, sympathetic, and parasympathetic tone before, during,
and after blind provocation with a 2.4 GHz cordless phone that generates exposure of 3 to 5 microW/cm2
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increase is in LF2, which is the adrenal stress response, although LF1 also increases. We
not know the degree to which this is due to the 100 Hz pulse, the MW carrier, or their
combination.

Several studies lend support to our results.
Lyskov et al.41 monitored baseline neurophysiological characteristics of 20 patients

with EHS and compared them to a group of controls. They found that the observed group
of patients had a trend to hypersympathotone, hyper-responsiveness to sensor stimula-
tion and heightened arousal. The EHS group at rest had on average lower HR and HRV
and higher LF/HF ratio than controls. We found that subjects with intense and moderate
reactions to the MW provocation also had higher LF/HF ratios than those who did not
respond.

Kolesnyk et al.42 describes an “adverse influence of mobile phone on HRV” and Rezk
et al. 43 reports an increase of fetal and neonatal HR and a decrease in cardiac output after
exposure of pregnant women to mobile phones.

Andrzejak et al.44 reports an increased parasympathetic tone and a decreased sympa-
thetic tone after a 20-minute telephone-call. While these results are contrary to our find-
ings, the effect of speaking cannot be ruled out in Andrzejak’s study. In our study the
subject remained in a supine position, silent and still during the testing.
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Fig. 14. Non or slightly reactive subjects: patterns of response for before, during, and after blind provo-
cation with a 2.4 GHz cordless phone that generates exposure of 3 to 5 microW/cm2
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Workers of radio broadcasting stations have an increased risk of disturbances in blood
pressure and heart rhythm. They have a lower daily heart rate, a decreased HR vari-
ability, higher incidences of increased blood pressure and disturbances in parameters of
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Fig. 15. Response of 25 subjects to blind provocation by a 2.4 GHz digital cordless phone that generates
exposure of 3 to 5 microW/cm2

Fig. 16. A. Mean high frequency (parasympathetic) and low frequency (sympathetic) spectral distribu-
tion as a function of response intensity of 25 subjects exposed to a 2.4 GHz cordless phone. B. Low fre-
quency (LF1 + LF2) to high frequency (HF) ratio for different exposures

A B
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diurnal rhythms of blood pressure and HR-all of no clinical significance, but showing a
certain dysregulation of autonomic cardiac control45-48.

Bortkiewicz et al.49 reported that exposure to AM radio frequency EMF within
hygienic standards affects the functions of the ANS of workers. Workers had higher
frequency of abnormalities in resting and 24-h ECG than controls and an increased
number of heart rhythm disturbances (ventricular premature beats). As in our study, RF
exposure was associated with a reduced HF power spectrum suggesting that the EMF
field reduce the influence of the PSNS on circulatory function.

Several studies report changes in blood pressure with electromagnetic exposure50, 51.
Others show an increase of oxidative stress and a decrease of antioxidative defense-
systems in heart-tissue irradiated with 2.45 GHz and 900 MHz respectively52, 53. Still
others show a stress-response reaction following exposure to radio frequency radiation
either in the form of heat shock proteins (hsp) or changes in enzymatic activity. Irradia-
tion of rats with a low-intensity-field (0.2-20 MHz) resulted in an increase of myocar-
dial hsp7054. Similarly 1.71 GHz MW exposure increased hsp70 in p53-deficient embry-
onic stem cells55. Abramov and Merkulova56 report pulsed EMFs increase the enzymatic
activity of acetylcholinesterase in the animal heart, which suppresses the parasympa-
thetic and allows the sympathetic to dominate.

Most of the studies on humans, that did not show any effects of MW radiation in some
of the studies mentioned above, were conducted with young, healthy subjects, giving
rise to the question whether the experiments would have yielded different results with
subjects with a “higher level of pathologic pre-load” and thus fewer possibilities to
acutely compensate the possible stressor of radiation.

The studies on work-exposure to MW radiation were able to show different levels of
effects on the cardiovascular system, and this could be interpreted as the necessity to
remain regularly, repeatedly, and for a longer time under the influence of a certain EMF
exposure, hence pointing out the great importance of the electromagnetic exposures in
the work and home environment. Perhaps only chronic exposure to MW-EMF can influ-
ence various rhythms (e.g. cardiovascular biorhythms) sufficiently to cause detectable
effects. Perhaps it is these individuals who become EHS and then respond to stressors if
they have sufficient energy to mount a reaction.

In our study, half of those tested claimed to be moderately to extremely sensitive to
electromagnetic energy and they ranged in age from 37 to 79 years old. The symptoms
they identified are similar to those reported elsewhere and include poor short-term
memory, difficulty concentrating, eye problems, sleep disorder, feeling unwell,
headache, dizziness, tinnitus, chronic fatigue, and heart palpitations2, 7, 57.

The common devices attributed to stress generation included fluorescent lights,
antennas, cell phones, Wi-Fi, and cordless phones. The last 4 items all emit MW radia-
tion.

Many of those claiming to have EHS also had food allergies, mold/pollen/dust aller-
gies and were chemically sensitive. With so many other sensitivities it is difficult to
determine whether the sensitivity to electromagnetic energy is a primary disorder attrib-
utable to high and/or prolonged EM exposures or a secondary disorder brought about by
an impaired immune system attributable to other stressors.

Interestingly, the younger participants (37 to 58) displayed the most intense responses
presumably because they were healthy enough to mount a response to a stressor. Those
who did not respond to the MW exposure were either not sensitive, or they had a low
adaptive capacity coupled with a poor fitness score and did not have enough energy to
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mount a reaction. Orthostatic HRV combined with provocation monitoring may help
distinguish these three types of responses (sensitive, not sensitive, non-responsive reac-
tors).

The term EHS was deemed to imply that a causal relationship has been established
between the reported symptoms and EMF exposure and for that reason the WHO8 has
labeled EHS as Idiopathic Environmental Intolerance (IEI) to indicate that it is an
acquired disorder with multiple recurrent symptoms, associated with diverse environ-
mental factors tolerated by the majority of people, and not explained by any known
medical, psychiatric or psychological disorder. We think this labeling needs to be
changed especially in light of this study.

Conclusions

The orthostatic HRV provides information about the adaptive capacity of an indi-
vidual based on fitness score and on the state of the SNS and PSNS. A person with high
adaptive capacity is unlikely to respond to a stressor (because they are highly adaptive)
but if they do respond the response is likely to be intense. Orthostatic HRV was able to
predict the intensity of the response much better than the probability of a response to a
stressor, which in this case was a 2.4 GHz digital cordless phone that generated a power
density of 3 to 5 microW/cm2.

Forty percent of those tested responded to the HRV provocation. Some experienced
tachycardia, which corresponded to an up regulation of their SNS and a down regulation
of their PSNS (increase in LF/HF ratio). This was deemed a severe response when the
HR in supine subjects increased by 10 to 93 beats per minute during blinded exposure.
HR returned to normal during sham exposure for all subjects tested. In total, 16% had a
severe response, 24% had a moderate response (changes in SNS and/or PSNS but no
change in HR); 32% had a slight response; and 28% were non-responders. Some of the
non-responders were either highly adaptive (not sensitive) or non-responding reactors
(not enough energy to mount a reaction). A few reactors had a potentiated reaction, such
that their reaction increased with repeated exposure, while others showed re-regulation
with repeated exposure.

These data show that HRV can be used to demonstrate a physiological response to a
pulsed 100 Hz MW stressor. For some the response is extreme (tachycardia), for others
moderate to mild (changes in SNS and/or PSNS), and for some there is no observable
reaction because of high adaptive capacity or because of systemic neurovegetative
exhaustion. Our results show that MW radiation affects the ANS and may put some indi-
viduals with pre-existing heart conditions at risk when exposed to electromagnetic radi-
ation to which they are sensitive.

This study provides scientific evidence that some individuals may experience
arrhythmia, heart palpitations, heart flutter, or rapid heartbeat and/or vasovagal symp-
toms such as dizziness, nausea, profuse sweating and syncope when exposed to electro-
magnetic devices. It is the first study to demonstrate such a dramatic response to pulsed
MW radiation at 0.5% of existing federal guidelines (1000 microW/cm2) in both Canada
and the US.
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APPENDIX A: Summary of data based on blind assessment.

Notes:
1 Electrohypersensitivity (EHS) response categories are based on HR = heart rate; SNS = sympathetic

nervous system; PSNS = parasympathetic nervous system.
2 EHS was ranked based on changes in HR and changes in the SNS and PSNS during exposure to

microwave (MW) radiation.
3 Self-assessment of sensitivity based on questionnaire response.
4 Cardiovascular (CV) Tone is based on the HR times the sum of the systolic and diastolic blood pres-

sure; values at 1 or lower are hypotonic and values at 5 are hypertonic.
5 Intensity of reaction (IOR); adaptive capacity (AC), which is 6 - non adaptive capacity (NAC); and

probability of reaction (POR) are based on the orthostatic heart rate variability (HRV) results and
are described in the text.

6 Subjects were exposed to MW radiation at different stages. Stages in parentheses were not used in
the study as they reflect multiple exposures with interference from other agents.

7 Blind assessment was based on the HRV during continuous monitoring with real and sham expo-
sure to MW radiation from a 2.4 GHz digital cordless phone radiating and at a power density
between 3 and 5 microW/cm2.

8 Excellent subject.
9 Symptomatic at stage 3, parasympathetic rally begins to recovery but feels anxiety, stage 3 faint or

dizziness predicted. Decent Chronotropic Myocardial Reaction Index (ChMR) and vascular
compensation reaction (VC). Middle of bell curve.

10 The healthier a subject the more likely the reaction. This person has the energy to become sympto-
matic.

11 Mildly inflamed. Mildly fatigued but highly adaptive. ChMR and VC good. Has ability to react.
12 Adaptive person. Could use Mg and/or K based on high standing HR.
13 Has plenty of energy. Moderate response due to weakening. Stage 7 body re-regulating from expo-

sure.
14 Shows a weakening reaction (down regulation of SNS). Positive reactor. Very healthy for age.

Highly adaptive geriatric.
15 Lot of adaptive capacity. If she is exposed her reaction would be a fairly strong reaction.

M. Havas, et al: Microwave radiation affects autonomic nervous system

299

18-havas:18-havas 11-10-2010  9:15  Pagina 299



16 Has diminished energy capacity (11:6). This person doesn’t have enough energy to have a robust
response.

17 Potentiated reactor, time sensitive, couldn’t tolerate re-exposure. If she reacts it will be moderately
strong because of ChMR. Needs minerals for VC factor slowed her down.

18 May be on heart medication. Cardiac rate and rhythm non-adaptive. CV tone hypertonic.
19 Any neurological insult will be met with a hard reaction since she has inverted response when she

stands up.
20 If reactor, it will be strong because of ChMR strong. Highly adaptive capability and reserve. Slow

VC could be mineral or vitamin D deficiency.
21 Don’t have a strong PSNS resistance. Reactivity is based on inability to go parasympathetic, and

then they will go more sympathetic if they have the energy to do so. No energy. Either a delayed
reaction or a weak reaction.

22 Afibrillation, palpitations of heart probable. Strong girl. 11:6 fitness is OK for a person this age.
23 May have dental problems based on S/P response. Neurologically compromised.
24 Neurologically compromised. May be overmedicated on CV drug.
25 Strong gal. Decent reserve capacity but temporary fatigue. Doesn’t feel bad but poor health for her

age.
26 Normal reaction to stress, mild non-toxic reaction. Potential for reaction: moderately high because

of the 10.4 but may tolerate an amount of exposure before they react because of the reserve capa-
bilities.

27 Ridiculously healthy. Poster boy for his age. He can take a lot based on fitness of 6:5.
28 Lower end of bell curve. Doesn’t have energy to react although may be symptomatic.
29 Either highly adaptive or non-reactive. Orthostatic response indicates that person doesn’t have

enough energy to have a robust response.
30 Normal CV tone for age, Decent Tension Index (TI). Good geriatric pattern. If she reacts it would

be moderate to mild.
31 Strong girl. Has strong adrenal capacity. If she reacts it will be strong. May have chronic fatigue.
32 Moderate inflammation. Tired and has low adaptive reserve. If stressor comes along it will produce

more stress. If reacting it would be medium.
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Abstract

Globally more than four billion phones are in use, with more than half of all
users believed to be children and young adults. Over the past two decades,
models of the human head have been devised based on imaging studies and used
to estimate the extent and rate of radiation energy absorption to the brain, the
Specific Absorption Rate (SAR). IEEE and ICNIRP SAR recommendations rest
solely on avoiding thermal effects on the adult male head under conditions of a
six minute long call and do not take into account the long-term cell phone use,
the length of calls, non-thermal biological effects, the smaller size and greater
physiological vulnerability and increased absorption to the heads of children and
females. Currently recommended approaches by the IEEE calculate peak spatial
average SAR for safety compliance testing of cell phones based on a physical
model of an adult male head with an added 10 mm plastic spacer to model the
ear (pinna). By incorporating such a spacer, the IEEE model assumes that the
RF energy absorption in the ear (or pinna) may be treated like extremities of the
body such as the legs and the arms that are not proximate to the brain. The 10
mm spacer artificially results in 2 to 4 times lower exposures to the head. Recent
epidemiologic studies of adults from those few nations where cell phone use has
been extensive for a decade or longer indicate significantly increased risk of a
variety of brain tumors. These findings, together with the limitations of
currently used head models and the growing use of phones by the young and
females, indicate a clear and compelling need for improved, biologically-based
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models of the head in order to better estimate population-wide exposures of chil-
dren and women to cell phones and provide the grounds for improved policies to
reduce those exposures.

Key Words: health effects, mobile phones, Specific Absorption Rate (SAR), chil-
dren and adults, radio frequency radiation, brain and cell phone.

Introduction

Cell phone use has grown exponentially throughout the world in less than a decade.
More than half of the world’s population uses cell phones today as telephones as well as
clocks, radio, video, and tools for exchanging information. Current technology of 2G
and 3G phones operates in the microwave range, from 800 to 2450 megahertz (MHz).
Standards for these phones rest on guidance developed by two non-governmental engi-
neering-based groups, the Institute of Electrical and Electronics Engineers (IEEE) and
International Commission on Non-Ionizing Radiation Protection (ICNIRP)1, 2. For
compliance with IEEE and ICNIRP exposure limits, the quantification of exposure to the
head, the 1 or 10 gram (g) Specific Absorption Rates (SAR), is based on a physical
model of an adult male head with a 10 mm spacer at the ear, or pinna, to estimate
radiofrequency (RF) thermal energy absorption that can take place in the course of a call
with no accounting for the duration of the call assuming that it will not result in change
in temperature of the brain. In the U.S., Canada, and most industrial nations, there is no
independent review of these standards, monitoring of the cell phone manufacturers for
compliance with these standards, or monitoring of cell phone use in real life.

A growing number of in vitro and in vivo studies have confirmed that both 2G and 3G
signals at non-thermal levels are genotoxic3, 4. Potential mechanisms of such impact
include changes in free-radical formation, alterations in electron conformation, and inhi-
bition of proteins and other factors involved in DNA repair and synthesis. While molec-
ular mechanisms for possible adverse effects have not been completely elucidated,
energy absorption of higher frequency signals emitted by recently developed 3G, or even
the new generation 4G cell phones, may result in greater biological effects. Based on
these considerations, a growing number of national governmental agencies have issued
precautionary advisories, urging that children avoid regular use cell phones next to their
heads, restricting the marketing and development of cell phones for children, and recom-
mending general methods for reducing direct exposure to the head of adults5.

To complement such general precautions, this paper briefly reviews the underlying
engineering and biology of RF signals associated with different generations of phones,
synthesizes evolving evidence on the health effects of RF, clarifies and considers the
strengths and limits of currently used models of the head used for testing phones, and
summarizes efforts to promote precaution regarding the use of phones.

The changing nature of RF cell signals

Over the past four decades, cell phone types and uses have radically changed. The
first generation, known as 1G, was a bulky cell phone introduced in the 1980s based on
analog modulation with output power typically around 2 to 3 Watts (W). Examples of
these systems are the Advanced Mobile Phone System (AMPS) in North America, Asia
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Pacific, Russia, Africa and Israel in the frequency band between 800 and 900 MHz, and
the Nordic Mobile Telephone (NMT) 900 system since 1986 in Scandinavia, Nether-
lands, Switzerland and Asia. The RF from 1G phone was presumed to produce mainly
thermal effects, with any potential risks resulting from heating of the tissues.

The advanced generations of cell phones, namely 2G and 3G, employ higher data
rates and a broader range of multimedia services and were launched in 1991 and 2001.
Unlike 1G cell phones, the maximum radiated power was now controlled by the base
station (cell tower or mast). The base station reduced the power emitted by 2G and 3G
cellphones to a level that produces a good signal to noise ratio (SNR). These phones rely
on digital modulation with mean (rms) output power typically around 250 or 125 mW
(maximum 1-2W). Typical examples of these systems are: the North American Digital
Cellular (NADC) system (824-894 MHz) since 1991 in USA; the Personal Communi-
cation Services (PCS) system (1850-1990 MHz) since 1996 in USA; the Global System
for Mobile Communications (GSM) system (880-960 MHz) since 1991 in Europe and
Asia Pacific; and the Digital Cellular System (DCS) 1800 (1710-1880 MHz) employed
since 1993 in Europe. The modulation signals used in these digital systems are complex
with the lowest rate of 217 Hz (e.g., GSM is encoded at 217 pulses/sec). This lower rate
was reported to result in greater interaction with the biological tissues, inducing non-
thermal effects and increased risks to living cells, even at low absorbed average powers6.
Current 3G and 4G phones involve modulation with even lower minimum pulse rates
and much higher data rates. As a result, 3G phones can result in greater cumulative
average exposures, a result of the higher data rates.

Most contemporary cell phones use monopole or helix type antennas, which produce
similar radiation patterns. The radiation pattern determines how the energy is distributed
in the space. This can be represented by two planes that are orthogonal to each other, one
is the electric field, the other is the magnetic field. When a monopole or helix antenna
rests in a vertical direction and is unimpeded by any RF absorbing obstacle like the
human head or body, it produces a nearly symmetrical pattern of RF around this antenna.
In actual use about one half of the RF energy radiated by a cell phone is absorbed by the
human head. The closer the cell phone is to the head the greater is the absorbed energy
in the head tissues.

Biologic effects of non-ionizing radiation

Ionizing radiation (IR) is well known to have potent biological effects that break
chemical bonds creating ions. This breakage of bonds results in diseases ranging from
cancer to developmental and reproductive impairment, to death.7 These biological
impacts arises because 15% of the IR directly breaks ionic bonds at the backbone of
DNA causing mutations that can lead to cancer; 85% of IR damage is caused by the
creation of free radicals in the cell’s cytoplasm near the DNA molecule, also resulting in
DNA mutations, or through other mechanisms that are still being elucidated.

Non-ionizing radiation (NIR), found at all frequencies with energy levels too low to
break chemical bonds from low-frequency electric power systems to microwave (MW)
frequencies used by cell phones also produces biological effects when studied in cell
cultures and in experimental animals. At low levels, equivalent to exposure from radi-
ation from mobile phones, RF has been shown to result in damage to biological tissues,
including both single and double DNA strand breaks, alterations in the permeability of
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the blood-brain barrier (BBB), oxidative stress, and damage to neural cells of the
brain8, 9.

Two mechanisms have been identified thus far to explain the variety of non-ionizing
electromagnetic fields (EMFs) interactions with biological systems: thermal effects and
non-thermal effects. Thermal effects arise directly from the increased movement of
molecules results in tissue heating as a result of the absorption of EMFs in a dissipative
medium. Absorption of energy at MW/RF frequencies is largely due to the motion of
water dipoles and dissolved ions. At high frequencies (such as for the MW/RF band),
tissues with high water content, such as occurs in the brains of young children, show
electrical conductivity increasing with frequency. Thus, the net thermal response of the
body will vary depending on SAR, ambient temperature, clothing, thermoregulatory
system and physiological condition.

Non-thermal effects can result from direct interaction of the MW/RF fields on mole-
cules or tissue components, changing electron conformation, altering stress proteins
(previously known as heat shock proteins), immune-system function and having other
impacts that remain to be clarified. Non-thermal effects are still not very well under-
stood and their exact consequences on human health are still being investigated. Some
reported non-thermal effects on tissue are biochemical and electrophysiological effects
and can result in changes in the nervous, immune and cardiovascular systems, as well as
in metabolism and hereditary factors4, 10, 11.

In a pioneering research effort that created the widely used Comet Assay, Lai and
Singh demonstrated that two hours of microwave radiation, comparable to that emitted
by a cell phone, damaged DNA of the rat brain12. A European study team of a dozen
collaborators under the aegis of REFLEX [Risk Evaluation of Potential Environmental
Hazards from Low Energy Electromagnetic Field (EMF) Exposure Using Sensitive in
vitro Methods], found evidence that low (non-thermal) energy levels of RF exposure
induced double strand breaks in DNA of cells exposed to between 0.3 and 2 W/kg13.
Although the mechanism(s) underlying such non-thermal effects of NIR remains
unclear, it seems quite plausible, as with the cancer-promoting effects of inflammatory
lesions, that mutagenic damage to DNA could be induced by generated free radicals. In
contrast, many other studies of non-thermal or thermal effects of RF issue have yielded
no evidence of DNA damage. But, the great preponderance of these negative studies
have not reflected independent research but resulted from studies directly funded by the
cell phone industry14.

Current SAR calculations rest solely on avoiding thermal impacts. In principle, as the
newer generation of digital phones radiate lower mean power in comparison to the
analogue phones, the risk associated with the heating of tissues should be correspond-
ingly reduced. However, most mobile communication systems are pulse-like in nature
and modulated at low frequencies with high data rates. As a result, these newer systems
can induce low-levels of currents in the brain tissues that have been linked with a variety
of non- or thermal effects, e.g., BBB alterations, single and double strand DNA breaks,
chromosomal aberrations, etc., at RF energy levels substantially below the thermal
threshold.

Despite the growing industry-independent evidence that NIR has a range of biolog-
ical impacts, intense controversy surrounds the interpretation of the limited available
public health investigations regarding risk for cancer or other chronic diseases. Human
studies on both cancer and non-cancer impacts of NIR are inconsistent for reasons that
have been thoroughly discussed by a number of authors15.
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Epidemiologic studies

The biology and epidemiology of the often lethal cancer of the brain is complex. It
is unreasonable to expect to be able to detect an increased risk of brain tumors in less
than a decade, because brain tumors are known to have latencies that can be between a
decade to four decades long16. Recently several authors have produced meta-analyses
that show that only when studies have followed people for a decade is there evidence of
increased risk (Table 1).

For more than a decade, Hardell and his colleagues conducted a series of studies in
Sweden, a country where proportionally more of the population has heavily used cell
phones for a longer period of time than in many other industrialized nations. Regarding
acoustic neuroma (AN), the Swedish group reported an 2.7 to 5.1 fold increased risk of
AN for those regularly using an analog cell phone for five years or more compared to
those who never or rarely used a cell phone17, 29. Hardell’s team also found long-term
analogue cell phone use significantly increased the risks of meningioma and astrocy-
toma22, 29. Recently, Hardell and Carlberg found that persons who had used cell phones
for 10 years or more also had the highest risk for astrocytoma. This study also included
persons who had begun to use cell phones before age 20. Cases with first mobile phone
use younger than 20 years age had five times more brain cancer for 1 or more years of
use (OR=5.2, 95% CI=2.2-12). For AN, the highest risk was found for greater than 10
years of ipsilateral mobile phone use (OR=3.0, 95% CI=1.4-6.2)30.

The International Agency for Research on Cancer (IARC) began an international
collaborative case-control study on cell phone use and the incidence of brain tumors in
13 countries in 1997 (the INTERPHONE study). Among six INTERPHONE reports
from different countries, which included persons who had used phones episodically for
less than a decade, none reported a relationship between cell phone use and AN18-20, 31-33.
They did not report any significant relationship between long term cell phone use and
glioma, meningioma or other brain tumors21, 24, 25, 27, 28. However, the recently published
Interphone study found that the heaviest cell phone users, cumulative call time ≥ 1640
hours have increased risk of glioma (OR=1.40, 95% CI=1.03-1.89) and meningioma
(OR=1.15, 95% CI=0.81-1.62)34. Brain tumor risk was not found to be higher among
those who use cell phone less frequently.

The lack of an observed association between published studies of cell phone use and
risk for malignant or benign tumors in other published studies could reflect a number of
methodological limits of study design. Most of these negative studies involved rela-
tively short time periods of cell phone use, infrequent use of cell phones, or a small
number of cases. In an effort to refine evaluation of the issue, studies have been carried
out that separate out extent and type of cell phone use, including side of the head on
which phones are typically used. The Hardell group found a consistent pattern of an
association between ipsilateral AN and cell phone use providing that there was a 10-year
latency period or longer (OR=2.4, 95% CI = 1.1-5.3)23. Two additional studies from
other investigators in the Nordic region19, 20 produced similar results. A study used inter-
phone protocol that poold data from 5 North European countries similarly found an
increased glioma risk after a decade of use for ipsilateral cell phone exposure (OR=1.4,
95% CI=1.0-1.9)35. A significant excess risk for reported ipsilateral phone use to the
tumor was also found for glioma regardless of the duration of cell phone use26.

A recent meta-analysis of studies produced by a team from California and Korea has
corroborated this analysis, noting that the Hardell’s work consistently reflects high
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quality methods and design. The researchers examined 465 articles published in major
journals and focused on 23 studies involving 37,916 participants. In eight of the studies
– those that were conducted with the most scientific rigor – cell phone users were shown
to have a 10% to 30% increased risk of all types of tumors studied compared with people
who rarely or never used cell phones (OR=1.2, 95% CI=1.0-1.3). The risk was highest
among those who had used cell phones for 10 years or more36.

The results of the entire literature on epidemiology and cell phone use remain contro-
versial, because most studies suffer from a number of methodological shortcomings
including: insufficient statistical power to detect an excess risk of brain tumors; reliance
on small populations; short-term exposure periods; problems in recollection of past prac-
tices and difficulty in characterizing changing exposures throughout a lifetime in large
populations. As a number of researchers have suggested, retrieving billing records from
cell phone network providers to obtain cumulative duration and frequency of cell phone
use and corroborating personal interview would provide the capability to validate self-
reported cell phone exposure in future studies37. Assuring independent funding for future
research will also be critical, given the widely reported biases associated with the design
and interpretation of industry-funded studies to date.

Regarding short-term health impacts from RF exposure such as insomnia, impairment
of short-term memory, headache, alteration of EEG and other behavioral problems,
evidence has been fairly consistent that such effects are worsened in longer term cell
phone users38, 39. Whether these relatively benign perturbations signal the likelihood that
more serious health impacts will occur after longer-term RF exposure is a matter of crit-
ical importance for future studies.

Models of the head used to evaluate compliance with safety standards

Given the concerns that have been raised from the biological and epidemiological
studies, it is important to establish standards for RF exposures from cell phones that
incorporate the best scientific information regarding differences in the heads of people
of various sizes, genders and ages. Children’s skulls are thinner and their brains are less
dense and more fluid, making them more vulnerable than adults to RF signals. Size alone
affects absorption. In addition, other physiological properties such as permittivity, elec-
trical conductivity and density also affect transmission and absorption of RF signals, as
does myelination of the nerves of the brain, which is not complete until the early to mid-
twenties40.

The relative permittivity of a material under given conditions is measuring the extent
to which it concentrates lines of flux. The relative permittivity of any material is
expressed as the ratio of the amount of stored electrical energy when a potential is
applied, relative to the permittivity of the vacuum. The relative permittivity or dielectric
constant of the air is 1, while that of an adult brain is around 40 and that of a young
child’s brain is higher closer to 60 to 8041. This means that peak SAR in a child’s head
may be 50% to 100% higher than that for an adult42.

Conductivity and absorption of RF signals are a function of the dimensions and
dielectric properties of the tissues that are directly exposed, as well as their neural
density, with nerve cells being much more active than bone, hair, or skin. Conductivity
is a parameter relating the electric field to the current density. For the same intensity of
electric field, the increase in the conductivity will increase the current density and the

Eur. J. Oncol. Library, vol. 5
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SAR. The absorption of RF energy will then increase, resulting in greater electromag-
netic dissipation. Based on the measurements described by Peyman et al, the permittivity
and the conductivity in the children’s head tissues are estimated to be around 20%
greater than in adults41, 43, 44.

The combination of both effects, the increase in the concentration of the electric field
due to the increase in the electrical permittivity together with the increase of dissipation
of RF/MW energy due to the increase in the conductivity, can result in a substantial SAR
increase in the children’s head in comparison to the adults.42, 43

The weight and size of the tissue being used for estimating the SAR will also affect
assessments, with exposures averaged over 1 gram of the head being more stringent than
those averaged over 10 grams of the whole body, as the latter involves bone and tissue
of more varying electrical conductivities and mass densities than the former. The process
of myelination of the brain protects nerves from damage by surrounding them with
myelin sheaths, with myelination incomplete until the MID-205 could be yet another
factor of concern for children and young adults using cellphones.

Recently, the use of cell phones by young and children has been modeled through a
variety of simulations; some based on magnetic resonance imaging (MRI) others based on
computerized tomography (CT) scans. Some studies have produced SAR simulations for
the heads of adults 45, 46, while others took children into consideration42-44. A range of results
was obtained (Table 2). In the Utah Model47, the children’s head was based on a scaled
adult model and a SAR increase (compared with adult) of up to 153% was obtained.

In Schonborn‘s study, the head model was based on MRI using similar electromag-
netic parameters as those for adults, and no significant differences between adult and
children SAR results were observed54. In another study, the head model was approxi-
mated by spheres considering some variation of the electromagnetic parameters, and an
increase of around 20% in the calculated SAR was shown55.

Using a scaled model for the children’s head with adult electromagnetic parameters,
no significant variation for the average SAR in the whole head was observed, and when
considering the brain, an increase of around 35% in the SAR was calculated51. In De
Salles’s study, a 10 year old child head was developed based on CTI from a healthy
boy43. The physical and the electromagnetic parameters, such as the permittivity, the
equivalent conductivity and the density were fitted to this age. SAR results around 60%
higher than those simulated for the adults were observed for the children with fitted
parameters.

Wiart and his colleagues developed child head models based on MRI. The combined
results of these studies indicate that the maximum SAR in 1 g of peripheral brain tissues
of the child models aged between 5 and 8 years is about two times higher than in adult
models52. More recently in an internal IT’IS Foundation Report, Kuster et al.53 report that
spatial peak SAR of the CNS tissues of children is “significantly larger (~2x) because
the RF source is closer and skin and bone layers are thinner”.

In all models used, it is readily apparent that smaller heads will absorb proportionally
more RF than larger heads, but size is not the only property of interest in estimating
differential SAR absorption of younger and older brains. Neuro-development of the
brain is an exquisitely complex process that occurs at a more rapid pace in young chil-
dren than in adults. As a result, even if exposures were equal in persons of all ages, the
brains of children are more vulnerable than those of adults. In 1996, Gandhi published a
report modeling the greater absorption of RF into the brain of a child compared to that
of an adult47. Subsequent work refined this analysis, taking into account a range of

Y-Y Han et al.: Comparative assessment of models of electromagnetic absorption
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anatomic differences between adults and children, including conductivity, density and
dielectric constants. Gandhi and Kang reported that models with a head that was only
about 10% smaller in size could have more than 50% greater SAR with two different
antenna lengths, with proportionally deeper penetration of SAR42. This work also
showed that incorporating a plastic ear model or pinna with a 10 mm spacer gave artifi-
cially lowered SAR-values, which are up to two or more times smaller than for realistic
anatomic models, as a result of the larger distance to the absorptive tissues. The higher
dielectric constant and conductivities likely for younger subjects will result in still higher
SAR (up to 80% more) for children.

The peak 1-g body tissue SAR for the smaller head sizes calculated using the widely
accepted Finite-Difference Time-Domain (FDTD) computational EMFs method can be
up to 56% higher at 1900 MHz and up to 20% higher at 835 MHz compared to the larger
models. For brain tissue, the proportionality was even higher where the peak 1-g SAR
for the smaller model was up to 220% higher at 1900 MHz and up to 144% higher at 835
MHz of the SARs of the larger models. Similar to the results reported in the earlier 1996
paper for head models of adult and children, these latter results confirmed that there is a
deeper penetration of absorbed energy for the smaller head models e.g. the children
compared to that for the larger head models representative of adults.

In 2004, a IEEE Standards Coordinating Committee introduced a standard anthropo-
morphic mannequin (SAM) Model, with a 6-10 mm thick plastic spacer instead of
“pinna” for determination of SAR of mobile phones for compliance testing against IEEE
and ICNIRP Safety Guidelines (IEEE, 2003). That same year, Gandhi and Kang demon-
strated that the “SAM model” with plastic spacer used for compliance testing (preferred
by industry) gives SARs that grossly underestimate exposures50. In two different
published studies, the use of plastic spacers results in an underestimation of the SAR by
up to 15% for every additional millimeter of thickness of such spacers48, 50. Thus, the SAR
obtained for SAM is up to two or more times smaller than for the anatomic models of
the adult head. When other developmental variables are taken into account, this under-
estimation is even higher for exposure to the smaller heads of the children.

A modified SAM model with a lossy pinna similar to living tissue for which 1- and
10-g SARs are relatively close to those for anatomic models, could remedy this system-
atic underestimation of exposure of the children by using a fluid of higher conductivity
than that currently used for compliance testing42. Without this correction, current IEEE
limits56 effectively allow RF that may be 8-16 times higher50 than those permitted by
previous IEEE guidelines56, 57. This is also due to increasing the SAR limit in the pinna
from 1.6 W/kg for any 1-g of tissue to 4.0 W/kg for a larger 10-g of tissue that was orig-
inally suggested to apply only to the extremity tissues for the arms and the legs57, 58.

In fact, multiple studies have reported that the brains of young children absorb more
radiation compared to those of adults43, 47-49, 51-53. As the brains of children lack neural inte-
gration and are not fully myelinated until the twenties, the impact of such greater absorp-
tion may be considerable. In addition, this differential absorption of the brain may well
render children more vulnerable to the development of both benign and malignant brain
tumors, a point indicated in the review of this subject by the National Research
Council59. Studies by Wiart for French Telecom published last year52 and other work by
Kuster60 confirmed that a given signal is absorbed about twice as deeply into the bone
marrow of the head and cortex of a child in contrast with that of an adult, even though
systemic absorption may not differ substantially. A series of papers by De Salles also
offers important modeling information regarding the increased vulnerability of a child’s
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head43. Based on CT images of a 10 year old boy, these models confirm the greater
absorption of the child and add further support regarding the need to eliminate the plastic
spacer at the ear or pinna in estimating exposures to children. A summary of the results
confirming that children (and smaller heads typical of women) absorb more radiated
energy of cell phones resulting in higher SAR is given in Table 3.

Implications of modeling limitations for current standards

Both the IEEE and ICNIRP guidelines are based only on short-term EMFs exposure
and long-term EMFs exposures are not considered. Please refer to page 4962:

“Induction of cancer from long-term EMFs exposure was not considered to be estab-
lished, and so these guidelines are based on short-term, immediate health effects such as
stimulation of peripheral nerves and muscles, shocks and burns caused by touching
conducting objects, and elevated tissue temperatures resulting from absorption of energy
during exposure to EMFs. In the case of potential long-term effects of exposure, such as
an increased risk of cancer, ICNIRP concluded that available data are insufficient to
provide a basis for setting exposure restrictions, although epidemiological research has
provided suggestive, but unconvincing, evidence of an association between possible
carcinogenic effects and exposure at levels of 50/60 Hz magnetic flux densities substan-
tially lower than those recommended in these guidelines”.

Y-Y Han et al.: Comparative assessment of models of electromagnetic absorption
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Table 3 - Summary of the results confirming that children absorb more radiated electromagnetic energy
of the cell phones resulting in higher specific absorption rate (SAR) as compared to adults

Author, Year Highlights of results

Gandhi et al., 1996 47 Deeper penetration of absorbed energy for models of 10- and 5-year
old children; peak 1-g SAR for children up to 53% higher than adults.

Gandhi and Kang, 2002 42 Deeper penetration of absorbed energy for smaller heads typical of
women and children; peak 1-g SAR for smaller heads up to 56%
higher than for larger heads.

Wang and Fujiwara, 2003 49 Compared to peak local SAR in the adult head, we found “a
considerable increase in the children’s heads” when we fixed the
output power of radiation.

Martinez-Burdalo et al., 2004 51 As head size decreases, the percentage of energy absorbed in the brain
increases; so higher SAR in children’s brains can be expected.

DeSalles et al., 2006 43 The 1-g SAR for children is about 60% higher than for the adults.

Wiart et al., 2008 52 1-g SAR of brain tissues of children is about two times higher than
adults.

Kuster et al., 2009 53 Spatial peak SAR of the CNS of children is “ significantly larger (~2x)
because the RF source is closer and skin and bone layers are thinner”;
“ bone marrow exposure strongly varies with age and is significantly
larger for children(~10x)”
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The increase in the SAR in the whole head, between the adult and the child, is
expected due to the reduced dimensions in the child head, as well as the higher values
of the permittivity and of the electrical conductivity of the child brain tissues. Also,
children’s skulls are thinner than those of adults, and therefore less resistant to radia-
tion.

Another concern is that only thermal effects of RF are considered when estimating the
SAR. However, since most mobile communication systems now are pulse-like in nature,
modulated at low frequencies, such as in 2G and 3G (e.g., the GSM, UMTS, CDMA,
TDMA systems), they are able to induce pulses of currents in the brain tissues and this
can result in some low level non-thermal effects, e.g., BBB alterations, single and double
strand DNA breaks, chromosomal aberrations, etc., at RF energy levels substantially
below the thermal threshold. Several papers and reports have already shown adverse
health effects at exposure levels well below the thermal limits4, 6, 12, 13, 61. Further epidemi-
ological studies have shown a many-fold increase in risk for malignant brain tumors,
with a larger than 10 years latency period for long-term mobile phone and cordless
phone users23. As a substantial percentage of the population now uses mobile phones for
a long time during each day and for several years, operating the antenna very close to
their head, then this exposure can not be classified as short term and effectively may
represent a serious risk for their health.

Future research needs

There is a need for exposure assessment of juveniles, children, pregnant women and
fetuses from personal wireless devices (the wireless devices considered here are the cell
phones, wireless PCs and text messaging devices), waist and pocket-mounted devices
since mostly adult male models have been considered to date. These studies will focus
on development and exposure quantification of anatomic models of several heights and
weights of men, women and children of various ages as well as pregnant women and
fetuses.

There is an urgent need for characterization of microwave radiated fields from the
currently used multi-frequency, multi-element base station antennas; identification of
exposed individuals and their locations e.g. school children, building maintenance
personnel, etc. There is a paucity of data in regard to radiated electromagnetic fields and
the daily variation in time for the newer 4-6 element or more collocated base station
antennas and the exposures these antennas entail for the school children and the civilian
population living close to such antennas.

An updated survey is needed of the civilian exposure to microwave electromagnetic
fields strengths in the U.S. due to the rapidly expanding wireless infrastructure in the last
10-15 years. The last survey involving selected 15 metropolitan areas and mostly
focused on VHF and UHF TV stations was reported back in 1980.62 This data is totally
out of date at the present time.

An expert (non-industry dominated) evaluation of the current IEEE and ICNIRP
RF/microwave safety standards in the light of more recent biological experiments is also
critical. All of the current safety standards are based on extrapolation from acute short-
term exposures and do not account for the modulated signals used in cell phones and
other personal wireless devices.

Eur. J. Oncol. Library, vol. 5
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Discussion

The summary of modeling research presented here indicates three major shortcom-
ings of the current IEEE and ICNIRP approaches: 1) the assumption that only thermal
effects can occur is not valid. There is growing evidence from in vitro and in vivo studies
indicating that RF exposures at levels not known to induce thermal effects commonly
encountered today have a range of biological effects, affecting production of free radi-
cals, permeability of the BBB, expression of in heat shock proteins, and direct damage
to DNA, as indicated by the comet assay and a variety of in vitro measures of genotox-
icity; 2) properties of the head models currently used fail to take into account differences
in dielectric constant and conductivity and improper modeling of the pediatric brain, as
well as developmental differences such as myelination between the young and older
brains; 3) the assumptions as to typical use patterns used in setting these standards, with
a six minute average call time, do not reflect current patterns, according to reports from
the cell phone industry, where monthly use can easily top 2000 minutes with many calls
well in excess of 6 minutes.

Excepting the occasional advertisement, there is no publicly accessible, independ-
ently confirmable, information on the details of rapidly expanding markets and uses of
cell phones, which makes the development of standards especially challenging. Cell
phones are used by many people for much of their waking hours, having replaced tradi-
tional phones, alarm clocks, newspapers, radios, global positioning devices, video-
cameras and televisions.

Regarding young children, we do not know the typical practice of the young at this
point, because those behaviors are changing rapidly. However, we do know school
districts are being urged to adopt cell phones for all middle school students as learning
tools. This may well be an excellent idea for the purposes of learning, providing that
phones are not used and held directly to the developing brain. Whether the use of cell
phones as phones proves a potential hazard to the long-term health of the pediatric brain
is an issue that merits serious attention. Radiation compliance standards for operation of
cell phones are based exclusively on adult male models of the head. Emerging research
indicates that long-term heavy users of cell phones face a doubled risk of several forms
of brain tumors and risks may well be greater for those who begin regularly using phones
before age 20. In light of these facts, the European Environment Agency and several
other national advisory groups have adopted a precautionary approach to keep cell phone
exposure to a minimum through use of ear-pieces and speaker phones, wired headsets,
and to urge that children generally not use cell phones.

To enhance the ability to protect public health and foster better design of this widely
used technology, we advise a three-pronged approach: major studies should be under-
taken to construct and validate gender and age-appropriate head models further. More
research is needed to identify and evaluate the mechanisms through which non- or
thermal effects of RF arise and to determine more definitively the extent of health risks
from long term use of cell phones, particularly by children. While that work is
proceeding, precautionary policies should be advanced to limit potential harm to the
developing brain. This should include consideration of directional antennas designed to
send signals away from the head since the tissues absorb almost all of the energy radi-
ated in the direction of the head anyway. Responsible public health authorities around
the world should disseminate warnings for cell phone users such as those advocated
recently in France, Finland and Israel. This involves advising children and their parents
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along with the young to make only short and essential calls, to use text messaging when
possible, to use always hands free kits and wired headsets, and maintain the antenna far
away from their body during the calls. Given the prevalence of this revolutionary tech-
nology, some evidence of its chronic toxicity, and the lack of solid information regarding
its potential hazards to humans, it is important that major independent, multi-disciplinary
research programs be carried out to study and monitor the long-term impact of RF expo-
sures.
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Abstract

The effects of Radiofrequency Radiation (RFR) in the frequencies of mobile
phones (835, 900, 1800 MHz) on the permeability of blood-brain barrier and
hydroxyproline formation along with the modeling studies performed at the
Gazi Biophysics Laboratory are reviewed in this paper. The close proximity of a
mobile phone to a user’s head leads to absorption of part of the mobile phone
emitted energy by the head and the brain of the phone user. Permeability of the
blood-brain barrier (BBB) of female and male rat brain tissues was examined
under 900 MHz and 1800 MHz continuous-wave radiofrequency radiation (CW-
RFR) exposure. Increase in BBB permeability was found to be statistically
significant in all male rats exposed, whereas no significant difference was
observed in female rats. Investigations of the mobile phone radiation effects on
biomolecules were also carried out with guinea pigs. Alterations in protein
synthesis were quantified by measuring hydroxyproline level in exposed and
non-exposed liver tissues by using three different biochemical methods. There
was no significant difference on hepatic hydroxyproline levels of RFR exposed
guinea pig. In a simulation study, the effects of 835 MHz and 900 MHz RFR
exposures on human head while using cellular phone (CP) were investigated.
The effects of CP usage on specific absorption rate (SAR) were calculated by
SEMCAD X software which uses FDTD method in details. Some parameters as
the different head dimensions and dielectric properties of the head (adult and
child), positions of the mobile phone (cheek and tilt), and rectangular metal
frame spectacles as a widely used metallic accessory were considered. With this
aim, dose values in the tissue for 10 g peak spatial-average SAR value were
calculated. At both of the frequencies of 835 MHz and 900 MHz, higher SAR
values were obtained in the cheek positions than the tilt positions for conditions
of with or without metal frame spectacles.

Key words: Radio Frequency Radiation (RFR), Blood-Brain Barrier (BBB),
Collagen Synthesis (CS), Specific Absorption Rate (SAR), FDTD
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Introduction

During recent years, mobile communication systems have experienced wide and
rapidly growing use all over the world. Many studies have investigated whether mobile
phone use and radiofrequency (RF) fields in general could have biological effects. The
close proximity of the antenna of a mobile phone to the human body and especially the
head has raised concerns about the biological interactions of electromagnetic radiation
(EMR). Conflicting results were reported on whether low levels of radiofrequency fields
increase the permeability of the barrier that keeps harmful substances from entering the
brain (blood-brain barrier). In 2008, there was a review on the blood-brain barrier (BBB)
which includes a complex picture indicating that some studies showed effects on the
blood-brain barrier, whereas others did not. Possible mechanisms for the interactions
between electromagnetic fields and living organisms were also discussed in that paper1.
One of the important aims of the present study was to investigate the effects of 900 MHz
and 1800 MHz continuous wave (CW) RFR on the permeability of BBB of young adult
male and female rats.

Effects of static and ELF electric and magnetic fields on collagen have been studied
at the Gazi Biophysics Department and hydroxyproline levels of skin, liver, kidney and
lung tissues were found to change after exposure to these fields2-8. There is very limited
number of studies on the effect of RFR at mobile phone range on the tissue level of
collagen9-10. In this paper, we report our investigation on the effects of mobile phone radi-
ation on collagen synthesis. Collagen was examined by using three different hydrox-
yproline detection methods such that we could repeat and cross-check our biochemical
work and results by these three methods 11.

Dosimetry is an important issue on monitoring the biological effects of RFR expo-
sure12. In a Specific Absorption Rate (SAR) simulation study, the aim was to investigate
how SAR changes with various anatomical human head models13, 14. Generic Mobile
Phone model which is accepted by the Mobile Manufacturers Forum (MMF) were used
in this study15. Frequencies were selected as 835 MHz and 900 MHz to compare the dose
rates of cellular phones (CP) which have been used in the United States and Europe,
respectively. Dielectric properties and sizes of phantoms studied were according to the
standards of IEEE 1528-2003 and IEC 62209-1 for adult SAM phantom. Children are
more affected by RFR with respect to adults16-18 because of the dimensions and the dielec-
tric properties of their head. Furthermore, SAR simulations of children head models were
done for the same frequencies by applying the data from the studies of Peyman and
Gabriel’s according to the standards of IEEE 1528-2003 and IEC 62209-1 200519,20.

Materials and methods

Blood brain barrier study

Twenty five male (268.13 ± 41.92 g) and twenty seven female (216.85 ± 24.72 g)
young adult Wistar albino rats were used in the study. Four exposure and two control
groups were used in the experiment: Group I (n=8)- control males, Group II (n=9)-
control females, Group III (n=8)- 900 MHz exposed males, Group IV (n=9)- 900 MHz
exposed females, Group V (n=9)- 1800 MHz exposed males, Group VI (n=9)-1800 MHz
exposed females. Animals in the control groups were sham-exposed. The animals were
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anesthetized with ketamine (45 mg/kg) and xylazine (5 mg/kg) by intramuscular injec-
tion prior to the experiments21.

Exposed groups were kept at 10 cm away from a horn antenna to satisfy the near field
condition. Control (sham) groups were kept in the same setting without any RFR expo-
sure. Synthesized signal generator was used for propagating the RF signal. Field
strengths were monitored with a Narda EMR 300 and its appropriate probe (8.3) during
the exposures. Background E-field level to which controls were exposed, was measured
to be 0.265 ± 0.02 V/m. E-field levels at 900 MHz and 1800 MHz were 13.51 ± 0.41
V/m and 12.62 ± 0.22 V/m, respectively22, 23. RFR or sham exposure duration was 20
minutes for all animals. The experiments were performed with the anesthetized rats in a
quiet laboratory with little noise to limit stress. ICNIRP general public E-field limits for
these frequencies are 41.25 V/m and 58.34 V/m24. Since the E-field levels in this study
are well below currently accepted limits, the exposure level used in this study can be
considered non-thermal.

We investigated permeability of BBB using Evans Blue (EB) dye as a tracer which is
known to bind to serum albumin after intravenous injection. Quantative method was
used for measuring the amount of dye in the brain25, 26. EB dye (2% in saline, 4 ml/kg)
was injected into the tail vein of a rat and was allowed to circulate for 20 min. An animal
was then exposed to RFR or sham fields for 20 min period. At the end of each exposure,
its chest was opened under anesthesia. Brains were perfused with saline through the left
ventricle for approximately 15 min until fluid exiting from the right atrium became
colorless. Brain was then removed and dissected into four regions: left and right cere-
brum, left and right cerebellum. Each brain region was weighted for quantative estima-
tion of EB dye - albumin extravasations. The samples were then homogenized in 2.5 ml
phosphate buffered saline-PBS and mixed with a vortex after the addition of 2.5 ml of
60% trichloroacetic acid to precipitate the protein molecules, then centrifuged for 30 min
in 3000 rpm (at 1000xg). The supernatant was measured at 620 nm for absorbance of EB
dye using a spectrophotometer. The concentration of EB per gram of brain was deter-
mined from the absorption measurements using a standard curve. E-field levels and EB
contents are presented as the mean ± SD for each group. Mann-Whitney U-Test was
used to assess significance and p<0.01 was considered statistically significant.

Radio frequency radiation effect on collagen

In this investigation, 30 three-month-old male Guinea pigs (250-300 g) were used.
They were divided into three groups: sham exposed, 10 minutes mobile phone-exposed,
and 20 minutes mobile phone-exposed. Animals that had their own private cage were
placed inside the cage just at the beginning of the experiment in order to reduce stress.
Cages, made of transparent plastic with the dimensions of 8 cm x 10 cm x 18 cm, have
efficient holes for ventilation. RF source was a Nokia 3210 mobile phone with 0.81
W/kg digital SAR value was positioned on the cage where the antenna of the mobile
phone is maximum 5 cm above the head of the guinea pig. While mobile phone is at off
mode for the sham exposure condition, it was in talking position during the exposure
conditions. Measurements were taken instantaneously during the experiment by
NARDA EMR 300 and a type 8.3 probe and the data saved to the computer connected
to device via fiber optic cable. Guinea pigs were exposed to RFR averaged as 11.2 ± 0.5
V/m for 10 minutes27 and 20 minutes a day during 7 days and analyzed for the effects on
liver tissue hydroxyproline level.
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After the last day of mobile phone exposure, liver tissues were removed from animals
after decapitation. They were immediately frozen in liquid nitrogen and stored at -80ºC
until analysis. Changes of hydroxyproline level were analyzed biochemically by three
different hydroxyproline determination methods: “H. Stegemann-K. Stalder”28-31, “I.S.
Jamall-V.N. Finell”32 and “ISO 3496”33.

Principle of the first method, named “H. Stegemann-K. Stalder”, is to get the hydrox-
yproline of the hydrolysis of the tissue sample after homogenization and measuring the
optical density of the color formed by adding p-dimethylaminobenzaldehyde, perchloric
acid and propan-2-ol at pH 8 and at λ (wavelength) = 560 nm.

The “I.S. Jamall-V.N. Finell” method is based on oxidation of hydroxyproline after
the hydrolysis of the tissue sample by kloramin-T and formation of chomofor compos-
ites via the reaction with Ehrlich reactive including p-dimethylaminobenzaldehyde and
perchloric acid. Optical density of the solution at pH 6 was measured with respect to
water at λ =560 nm.

The third one known as “ISO 3496” is to get the hydroxyproline of the hydrolysis of
the sample after homogenization and measuring the optical density of the color formed
by adding sulphuric acid at pH 6.6 at λ = 558 nm.

For each method, hydroxyproline contents of the tissue samples were determined
using standard curves for samples containing known concentrations of hydroxyproline
(Sigma H-1637). Two samples were taken from each homogenized tissue, and the
concentrations measured by spectrometry were averaged. For each group, hydroxypro-
line contents of tissues from groups exposed to RF radiation and their controls were
compared with ANOVA, Welch ANOVA tests.

SAR simulations of adult and child head

SAR levels resulted from CP exposures were determined by the SEMCAD-X soft-
ware. SAM phantom and generic CP model were used to assess peak SAR values aver-
aged over 10 g of tissue. The effects of some parameters such as metallic accessories like
spectacles, different positioning of CP, different head dimensions and different dielec-
tric properties on SAR were determined at 835 MHz and 900 MHz frequencies13, 14.
Selected general cell phone model which is approved by the Mobile Manufacturers
Forum has three parts: a monopole antenna, a plastic chassis and a printed circuit board
made by perfect electric conducting material inside this plastic chassis. SAR values were
obtained by normalizing antenna input power to 1 Watt. It was assumed that phone
model sizes are 102 mm x 42 mm x 21 mm (height x width x thickness) and it consists
of a hard plastic chassis. Antenna was mounted on the top part of the chassis at the
center. Antenna height was modeled as 20% shorter than quarter wave (λ/4) height to
obtain reasonable input impedance near different head models 15,34.

Adult head phantom’s circumference was scaled with 0.9 factors in order to obtain a
child phantom for a 7-year-old child 35. Dielectric properties of SAM phantom for adult
and child are given in Table 119, 20, 36, 37.

In the study, a spectacles frame was modeled presuming that it was 37 mm width and
63 mm height and made of Perfect Electric Conducting metal. The length of spectacles’
arm is 140 mm and Perspex lens was selected.
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Results

Blood brain barrier study

In the study, we investigated the effects of exposure to continuous-wave (CW) RFR
at 900 MHz and 1800 MHz for 20 min on the permeability of BBB of rats. Male and
female rats (Groups III and IV, respectively) were exposed to 900 MHz at an electric (E)
field of 13.51 ± 0.41 V/m and rats in 1800 MHz groups (Groups V and VI) were exposed
to an E field of 12.62 ± 0.22 V/m. In all exposed and sham-exposed groups, albumin
extravasations occurred largely from leptomeningeal blood vessels which, together with
those in the choroid plexus and circumventricular organs, have no recognizable blood-
brain barrier.

In the male groups Evans Blue dye content in the whole brain was found to be 0.072
± 0.01 mg % in the controls, 0.1325 ± 0.02 mg % in 900-MHz exposed group and 0.1123
± 0.02 mg % in the 1800-MHz exposed group (fig. 1). Difference between the exposed
groups and controls was found to be significant (p<0.01). No statistically significant
difference was found between the two RFR-exposed groups.
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Table 1 - Dielectric properties of adult and child SAM phantoms

Adult* Child**
Frequency εr σ (S/m) εr 109,85 % σ (S/m) 116 %

835 MHz 41,5 0,90 45,59 1,0440
900 MHz 41,5 0,97 45,59 1,1252

* Dielectric properties of adult SAM phantom taken from IEEE 1528 and IEC 62209–1
** Dielectric properties of child SAM phantom which was extrapolated from IEEE 1528 and IEC 62209-1
by using Gabriel and Peyman studies 19-20

Fig. 1. Brain EB content of male rats. Data is shown as mean ± standard deviation of the mean (SD)
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In the female groups, dye content in the whole brain was found to be 0.14 ± 0.01 mg
% in controls, 0.13 ± 0.03 mg % in the 900-MHz exposed and 0.11 ± 0.02 mg % in the
1800-MHz exposed groups (fig. 2). No statistically significant difference was found
between two RFR-exposed groups (p>0.01). There was also no statistically significant
difference between the exposed females and the controls (p>0.01).

Our results showed that a 20-min exposure to 900-MHz and 1800-MHz RFR induced
an increase in permeability of BBB of young adult male rats. However, similar exposure
to RFR did not induce an effect on the permeability of BBB in young adult female rats.

Radiofrequency radiation effect on collagen

Results are shown in Table 2 and fig. 3. The outcome of the biochemical analysis
indicated that hydroxyproline level increased with respect to control but this increase
was not statistically significant for all three methods of analysis (p>0.05). The results
showed no significant effect of RFR exposure on liver hydroxyproline in the guinea pig.
However, difference in hydroxyproline determination accuracy of ISO 3496 method
with respect to the other two methods was found to be statistically significant (p<0.05)
(Table 2 - fig. 4).

SAR simulations of adult and child head

Variations of 10-g averaged SAR values for 835- and 900-MHz exposure in SAM
phantom for adult and child with or without metal frame spectacles, for cheek and tilt
positions of CP are given in fig. 513, 14.
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Fig. 2. Brain EB content of female rats

Table 2 - Comparison of liver tissue hydroxyproline levels (µg/g tissue) in groups exposed to RFR for
10 and 20 minutes with controls measured by three different methods. The values in the table represent
the least squares means ± standard deviation (mean ± Sd)

H. Stegemann-K. Stalder I.S. Jamall-V.N. Finell ISO 3496

Sham exposed group 0.2716 ± 0.0289 0.2897±0.0622 0.3054 ± 0.0125
10 min. Exposure group 0.2773 ± 0.0251 0.2907±0.0185 0.3058 ± 0.0186
20 min. Exposure group 0.2794±0.0282 0.2907±0.0240 0.3075±0.0124
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It was found that usage positions of CP were the most significant parameter affecting
SAR values. The obtained 10-g SAR values from the cheek positions were significantly
more those that of tilt positions. Higher SAR values were determined on cheek position
at both frequencies.
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Fig. 3. Liver tissue hydroxyproline level determined by using three different biochemical methods. I: H.
Stegemann-K. Stalder’s method, II: I.S. Jamall-V.N. Finell’s method and III: Method of ISO 3496

Fig. 4. Liver tissue hydroxyproline level determined by using three different biochemical methods for
controls and exposure groups. I: H. Stegemann-K. Stalder’s method, II: I.S. Jamall-V.N. Finell’s method
and III: Method of ISO 3496. *: p< 0.05 as compared to the hydroxyproline levels of controls determin-
ing by methods of I and II; #: p< 0.05 as compared to the hydroxyproline levels of 10 min. exposure
determining by methods of I and II; ¥ : p< 0.05 as compared to the hydroxyproline levels of 20 min.
exposure determining by methods of I and II
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With the SAM phantom modeled for the child’s dielectric characteristics and head
size, increased SAR values were determined compared to adults. The reason why this
increase occurred may be the change in head sizes, but the main reason is the difference
in dielectric characteristics between the child and the adult. In the condition of usage of
metal frame spectacles, higher SAR values were determined both at the cheek and tilt
positions at both 835 MHz and 900 MHz compared to having no spectacles. It was also
observed that local SAR values were higher at the head model near to the spectacles. It
might be resulted from the currents induced at the metal frame of the spectacles.

Discussion

Blood brain barrier study

Our results indicate that RFR at non-thermal levels can induce disruption of the BBB.
Disturbances to the integrity of BBB and external influences on its functions are critical
to central nervous function and could influence and accelerate neurodegenerative
processes. One of the possible mechanisms for tumor development is increase in the
permeability of BBB, which may result in the entry of carcinogenic substances into the
brain.

Our results suggest that 20 minutes of acute exposure of young adult male rats to CW
RFR cause disruption to BBB integrity, whereas no significant change was found for the
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Fig. 5. Variations of peak SAR values for 835-MHz and 900-MHz RFR absorption in SAM phantoms
for adult and child with or without metal frame spectacles, for cheek and tilt positions of CP
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female rats. Gender differences have been reported for many structures and functions of
central nervous system38. Lin et al. 39 argued that EB dye in the rat brains is closely related
to intense RFR hyperthermia. Wijsman and Shivers 40 demonstrated that BBB perme-
ability to Horse Radish Peroxidase (HRP) was increased in response to heat stress. We
present here evidence for BBB disruption caused by non-thermal RFR exposure. Our
observation finds support in the work of Salford et al. 41 which showed the short-term
exposure effects of CW RFR on the BBB at non-thermal levels. It is unlikely that this
increase of permeability in male exposed groups could be due to immobilization stress42,
since animals were exposed to 900-MHz and 1800-MHz RFR under anesthesia. Prato et
al.43 shown a temporarily increase in BBB permeability to HRP under MRI procedure.
Fritze et al. 44 investigated the effects of 900-MHz RFR exposure on the permeability of
BBB for duration of 4 h at SAR ranging from 0.3, 1.5 and 7.5 W/kg. The increase in
serum albumin extravasations after RFR exposure reached significance only in the group
exposed to the highest SAR of 7.5 W/kg. Gruenau et al.45 evaluated the effects of CW or
pulsed RFR at a frequency of 2.8 GHz on the permeability of BBB of unanesthetized rats
and the findings indicated that RFR radiation under the given experimental conditions
did not damage BBB.

Possible mechanisms of disruption of BBB by RFR are still under discussion. Some
authors suggest pinocytotic transport across the endothelial cells46. Neubauer et al.47

described that permeability increase of BBB to rhodamine-ferritin at whole body aver-
aged SAR of 2 W/kg was almost blocked when rats were pretreated with colchicine.
These results also suggest that pinocytotic mechanisms may be involved. Some authors
argued that an increase of heat shock proteins (HSP) results in oxidative stress and this
stress gives rise to brain tumors or the increase in the permeability of BBB48, 49. RFR
exposure might produce an increase in HSP level. Researchers are also discussing the
link between RFR exposure and the changes of BBB permeability and headaches and the
dopamine opiate systems of brain50. An alternative explanation could be an opening of
tight junctions or an increase of ornithine decarboxylase (ODC) activity which correlates
with BBB disturbances51.

We conclude that our data support the hypothesis that 900-MHz and 1800-MHz CW
RFR at non-thermal RFR levels is related to an increase in the permeability of BBB in
young adult male rats.

Radio frequency radiation effect on collagen

Since 1960, collagen draws the scientists’ interests because it has piezoelectric char-
acteristics and could be affected by external and/or internal natural electromagnetic
fields because of its electrical charge. There are researches that focused on effects of
electromagnetic radiation on collagen in several tissues but most are related with elec-
tric current, static, and ELF electromagnetic fields2-8, 52-61. In addition to these studies,
some studies also investigated RFR effect on collagen. For instance, Masuda et al.9

studied on hairless female rats exposed or sham-exposed for 2 h to GSM 900 or GSM
1800 signals, using a loop-antenna located on the right part of the rats’ back. The local
Specific Absorption Rate (SAR) at skin level was approximately 5 W/kg. Results on
filaggrin, collagen and elastin levels showed an insignificant influence of RFR. Ozguner
et al. 10 investigated the effects of 900-MHz RFR on the induction of histopathologic
changes in skin and they found increased thickness of stratum corneum, atrophy of
epidermis, papillamatosis, basal cell proliferation, increased granular cell layer (hyper-
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granulosis) in epidermis and capillary proliferation, impairment in collagen tissue distri-
bution and separation of collagen bundles in dermis.

In the present study, effects of RFR generated by GSM 1800 mobile phones on liver
tissue collagen were examined by using three different hydroxyproline detection
methods. The outcome of the biochemical analysis pointed out that RFR did not signif-
icantly affect hydroxyproline level.

Since this is a pioneer study on the effect of mobile phone radiation on hydroxypro-
line level, using three different methods was needed to ensure validity. In addition to
this, collagen composed of the amino acids: glycine (33.5 %), proline (12%) and hydrox-
yproline (10%), so especially liver hydroxyproline level determination is a difficult
procedure because of low level of tissue collagen (4%). In the light of our evidences,
hydroxyproline levels obtained by using ISO 3496 method is statistically more signifi-
cant than the other two methods (p<0.05). In this study, “H. Stegemann-K. Stalder”,
“I.S. Jamall-V.N. Finell” and “ISO 3496” were chosen as biochemical methods of liver
tissue hydroxyproline level determination after literature search. In each of these three
methods, tissue hydrolysis of hydroxyproline was measured by spectrometry after
adding Chloramin-T reactive which stains the solution. “ISO 3496” is a method which
is nowadays used for determining the absolute value of hydroxyproline in the meat and
meat product industry which should be very little collagen content in order to be fine
product.

Even though our findings of hydroxyproline levels in liver tissue of RFR-exposed
guinea pigs were statistically insignificant with respect to controls. A question to be
asked is what would be the consequence of longer duration or prolonged exposure. It
would be interesting to study prolonged exposure in further research.

SAR simulations of adult and child head

There is a rapid increase in the usage of wireless communication. While the working
frequency of the cellular phone increases, the value of the SAR increases15. In this study,
SAR values resulted by CP operating in 835-MHz and 900-MHz frequency bands were
calculated in human head models for both adult and child. Moreover, the feature of this
study gives a chance to compare the SAR levels resulted by the frequencies of 835 MHz
and 900 MHz which are the CP operating frequencies of Europe and USA.

CPs were positioned near the head models in two positions according to IEEE 1528-
2003, IEC 62209-1 2005 standards. In the first condition, CP was located near the cheek,
and at the second one, CP was in tilt position. Consequently, SAR level was found to be
less in the tilt position than the condition that CP was near the cheek. Our results are
consistent with the results of other studies in the literature15. SAR level in the tilt posi-
tion of CP was 40% less than the cheek position of CP for 835 MHz. Furthermore, this
decrease was 55% for 10 g SAR value for 900 MHz frequency. This may be caused by
the location of the current density in phone chassis being closer to the head phantom in
the cheek position of CP.

Children of the growing age are more vulnerable to influence of environmental
factors. Because of the size of children’s head and their dielectric properties, their RF
radiation dose rates caused by CP usage are higher than adults. For this reason, scaled
head models are usually used for children head simulation. Gandhi et al18 studied with
scaled head models for the 5-year-old and the 10-year-old children for simulating the
effect of CP with λ/4 monopole antenna operating both at 835-MHz and 1900-MHz
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frequency bands. They reported that 1 g peak spatial average SAR at 835 MHz
frequency was 50% increased in the scaled model of the 5-year-old child head18.

De Salles et al. found that 1 g peak spatial average SAR increased by 60% in the
scaled model of 10-year-old child head exposed to CP with patch antenna and λ/4 mono-
pole antenna at the operation frequencies of 835 MHz and 1850 MHz62.

In this study, a significant increase was found in the child SAM phantom, modeled
according to the dielectric properties of the children with respect to the adult model. 10
g peak spatial average SAR increases for 835 MHz and 900 MHz were calculated as
10% in the cheek position. It was determined that increasing ratios were 10% for 835
MHz and 6% for 900 MHz in the tilt position of CP.

It should be considered that children will be affected from CP more than adults and
they should have precaution in using this technology.

According to the SAR calculated in this study, it is observed that the positioning of
CP is the most effective parameter affecting SAR level. The spectacles, one of the most
widely used accessories in daily life may be one of the important parameters that affect
SAR values. Furthermore, sensitive organs like the eye can be exposed to high SAR
because of the induced current at the spectacles. The rectangular metal frame spectacles
used in this modeling study have a perfect electrical conductivity. Simulation revealed
that metal frame spectacles increased the spatial peak SAR for 835-MHz and 900-MHz
frequencies as 2-3% in cheek position, but this increase was 7-11.5% in CP’s tilt posi-
tion. In addition to this, it was observed that local SAR levels in the head model near
spectacles were high.

SAR calculations for the studies of BBB and collagen synthesis is planned to be eval-
uated in our further study.
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Abstract

Our research group has studied the effects of electromagnetic fields (EMF) upon
the mammalian brain (rats) since 1988. Our major field of interest during the
period has been the effects upon the blood-brain barrier (BBB) of the rat. The
mammalian brain is protected by the BBB from potentially harmful compounds
circulating in the blood. In the normal brain, the passage of compounds over the
BBB is highly restricted. Our studies have revealed that the EMF radiation of
the kind emitted by mobile phones leads to increased permeability of the BBB
both immediately after 2 hours of exposure, but also after 7 days, 14 days and 50
days, all at non-thermal exposure levels. Also, damaging effects from radiofre-
quency EMF upon neurons has been shown after 28 days and 50 days. Of what
is known today, the human BBB is very similar to the rodent BBB. With our
research into the field, and comparison to other studies of BBB permeability in
connection to EMF exposure, it is our sincere belief, that it is more probable than
unlikely, that non-thermal EMF from mobile phones and base stations do have
effects upon the human brain.

Key words: blood-brain barrier, dark neurons, electromagnetic fields, mobile
phone, rats

Introduction

The environment for life on Earth has changed dramatically during the last decades.
During the billions of years when life was formed, it was shaped to function in harmony
with the naturally occurring physical forces such as gravitation, cosmic irradiation, heat
and cold, mechanical forces and the terrestrial magnetism.

The power density of the microware (MW) background in space is about 0.4 µW/m2,
as obtained by integration of recorded spectral data. This results in a power density of
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an extremely low natural MW background on earth, estimated to be in the order of
10-15 to 10-8 µW/m2.

Artificial MWs were not produced by humans until 1886. At that point, the German
physicist Heinrich Hertz was the first to broadcast and receive radio waves. From then
on, MWs have been the carriers of telegraphic data between stations on Earth and also
between ground-based stations and satellites. In the 1950’s, the high frequency Radio
Frequency (RFs) became increasingly used as FM and television. Then the use of MWs
in the mobile phone communications society has expanded drastically. Today about half
of the world’s population is owners of mobile phones, and an even larger number are
exposed to the MW fields through the passive mobile phoning and MW-emitting base
stations placed everywhere around us. All this results in an artificially produced general
MW background in our environment in the order of 1011 to 1018 times the levels gener-
ated by the MW background radiation from space. The important question is, whether
the exposure to these omnipresent MWs is only of good. The generation of today is the
first to be exposed during a whole lifetime. Possibly, this may result in harmful effects.
If so, these must be studied, revealed and reduced or avoided.

Our research group has studied the effects of EMF upon the mammalian brain (rats)
since 1988. In later years we have included studies on cognition and gene expression
where we have demonstrated significant effects of exposure to RF-EMF from mobile
phones. However, our major field of interest during the period has been the effects upon
the blood-brain barrier (BBB) of the rat. These studies have also revealed damaging
effects from RF-EMF upon neurons. We report here our results on BBB effects and to a
lesser extent on neuronal damage.

Review of the literature

The blood-brain barrier

The existence of the BBB was discovered in the late 19th century by the German
bacteriologist Paul Ehrlich and his student, Edwin Goldman. Paul Ehrlich found, that
when he injected dyes into the systemic blood circulation, the brain tissue did not take
up any of the staining. However, Goldman described in 1909 that the brain tissue was
stained after direct injection of trypan blue into the brain ventricular systems. A barrier
surrounding the brain tissue at the site of the brain micro vessels seemed to be a logic
explanation to these findings.

Today, it is well known that the mammalian brain is protected from potentially
harmful compounds circulating in the blood by the BBB. In the normal brain, the
passage of compounds over the BBB is highly restricted. Other barriers in the
mammalian body include the eye (a protrusion of the brain), the blood-testis-barrier, the
ovarian blood-follicle barrier and the less restrictive placental barrier.

A BBB exists not only in vertebrates, but also in insects1, crustaceans and cephalopod
molluscs (such as the cuttlefish)2 and in elasmobranchs (cartilaginous fishes such as
sharks)3 and helices (landsnails)4, maintaining ionic integrity of the neuronal bathing
fluid. Several studies describe well developed blood-barrier functions in these inverte-
brates where the similarities with the vertebrate BBB are striking.
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Anatomy of the mammalian blood-brain barrier

The BBB is formed by the vascular endothelial cells in the capillaries of the brain
with glial cells wrapped around. The endothelial cells are sealed together with tight junc-
tions, composed of the tight junction proteins occludin, claudin and zonula occludens5.
No fenestrations are left between the endothelial cells (fig. 1).

The ablumenal membrane of the capillary surface is covered to 25% by pericytes6.
The pericytes are a type of macrophages, with macrophage markers and capacity for
phagocytosis and antigen presentation and seemingly, they are in a position to signifi-
cantly contribute to central nervous system (CNS) immune mechanisms. They help
maintain the stability of blood vessels by regulating the endothelial cells and the vascular
permeability7.

Surrounding the endothelial cells and the pericytes, there is a bilayer basal membrane.
This basement membrane (basal lamina) supports the ablumenal surface of the endothe-
lium and may act as a barrier to the passage of macromolecules.

The outer surface of the basal membrane is surrounded by protoplasmic astrocytes.
These are implicated in the maintenance, functional regulation and repair of the BBB.
Their protrusions, called end feet, cover the basal membrane and form a second barrier
to hydrophilic molecules, but also connect the endothelium to the neurons.

The BBB is not only a physical barrier, but is also an enzymatic barrier with the capa-
bility of metabolizing certain solutes, such as drugs and nutrients8. Many of these
enzymes reside selectively in the cerebral endothelial cells. For instance, enzymes like
monoamine oxidase A and B, catechol O-methyltransferase, or pseudocholinesterase are
involved in the degradation of neurotransmitters present in the CNS9.

Differences between the human and the rodent BBB

The mammalian brain at large seems to have a uniform anatomy of its BBB
constituents preserved through the evolution, and very little information about differ-
ences between mammalian species has been available. However, recently very inter-

L.G. Salford: Effects of microwave radiation upon the mammalian blood-brain barrier

335

Fig. 1. The mammalian BBB

21-salford:21-salford  11-10-2010  9:21  Pagina 335



esting observations have been published. Humans have evolved protoplasmic astrocytes
that are both larger (27-fold greater volume) and far more elaborate than their rodent
counterparts. These astrocytes reside near blood vessels, and their processes contribute
to the BBB10. When the end feet of human and rodent protoplasmic astrocytes are
compared, it is shown that nearly all astrocytes in both species contact the vasculature,
but in the human brain, the end feet completely encompass the vessels while the rodent
astrocytes form rosettes of end feet around the vasculature. The number of mithochon-
dria is however equally abundant in human and rodent end feet11. Even if the endothelial
cells are considered as the major component of the BBB, it cannot be excluded that the
observed astrocytic differences may be of importance for how the EMFs affect the BBB
in rodents vs humans.

Comparisons between mammalian species concerning enzymatic functions in the
BBB are few in number. Similarities are described: mouse vs human12 and rat vs human13,
while differences are demonstrated between rodent and dog BBB leading to the conclu-
sion that the canine BBB may be preferable to that of the rat as a model for studies of
glucose transport relevant to human brain14.

Transport across the blood-brain barrier

The microvasculature of the CNS differs physiologically from that of peripheral
organs. The endothelial cells are characterised by the low number of pinocytic vesicles
for nutrient transport through the cytoplasm and they have a five-fold higher number of
mitochondria as compared to the muscular endothelium15.

The size and hydrophobic or hydrophilic characteristics of substances affect whether
or not they can pass the BBB:

• water, most lipid-soluble molecules, oxygen and carbon dioxide can diffuse from
blood to the nerve cells;

• the BBB is slightly permeable to ions such as Na+, K+, Cl-;
• proteins and most water-soluble chemicals pass poorly.
The flux of solutes into the brain parenchyma can be controlled by at least four mech-

anisms. First, the tight junctions and low number of pinocytic vesicles guarantee that
proteins cannot pass freely into the brain parenchyma. Second, solutes which are not
highly lipid soluble, or which do not bind to selective transporters with high affinity, are
excluded from free exchange. Thus, the passage of sugars and many aminoacids depends
on other, active mechanisms. Third, the BBB has a capacity to metabolize certain
solutes, such as drugs and nutrients8. Fourth, active transporters maintain the levels of
certain solutes at specific values within the brain interstitial fluid. This is made possible
by active transport against the concentration gradients. These enzyme systems are differ-
ently distributed between the luminal and the ablumenal membranes of the endothelial
cells, thus gaining the BBB polarity properties.

For the substances, which cannot diffuse over the BBB, certain mechanisms could be
used to pass the BBB. These include:

• paracellular routes;
• transcellular routes, with pinocytosis or transcytosis, transendothelial channels, or

disruption of endothelial cell membrane.
During certain pathological conditions, the selective permeability of the BBB is

disturbed, resulting in a temporary increased BBB permeability. Such conditions include
tumours, infarcts, infections or traumas. The BBB itself might play an active role in the
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mediation of the neuroimmune response seen in different conditions, by production of
inflammatory mediators or by the expression of adhesion molecules9. The selective
permeability of the BBB is altered also in cases of epileptic seizures16, 17 and severe
hypertension18. The result of this can be cerebral oedema, increased intracranial pressure
and irreversible brain damage. Also, toxic substances from the blood circulation now
reach the neurons.

In the study by Sokrab et al.18, hypertensive opening of the BBB was induced by
clamping the upper abdominal aorta in rats for 8-10 minutes. BBB leakage was demon-
strated in all 3 rats surviving 2 hours after the clamping and in 5/12 rats sacrificed 7 days
after the clamping, although the intensity in the BBB leakage had been reduced in the
animals with a 7-day recovery time. The BBB leakage could be visualised in cortex,
basal ganglia, hippocampus, cerebellum and the brain stem. Also, importantly, it was
concluded that even transient openings of the BBB can lead to permanent tissue
damage18.

There is a time-dependence regarding insults leading to BBB opening. Hardebo eval-
uated the scale for opening and closure of the BBB after a reversible opening, achieved
by a hypertensive or hyperosmolar insult19. The degree of Evans blue-albumin complex
was estimated by gross inspection of the brain surface, and extravasation of inulin and
noradrenaline was expressed as tissue radioactivity quotient. The absolute values for
extravasation of inuline and noradrenaline were very similar, and all three test
substances had an identical time profile. Thirty minutes after the hypertensive insult and
60 minutes after the hypertonic insult, the barrier was reclosed. With electron micro-
graphs of the microvessels of the cortex, micro-pinocytotic vesicles within endothelial
cells were seen. Also, vesicles were being formed and disintegrated in the luminal
membranes of the endothelial cells. This increased transendothelial pinocytosis was
observed as long as the barrier was open.

Hardebo and Nilsson also found that intracarotid infusions of hyperosmolar solutions
induced cerebral vasodilatation and flow increase20. It was proposed that BBB opening
caused by the acute hypertension could be related to a pressure-forced over-distension
of the vessels along the vascular tree, and that increased transendothelial pinocytosis
under these experimental conditions might be due to the dilatation and/or distension of
the brain vessels.

The importance of the BBB is also revealed by its presence not only in vertebrates,
but also in invertebrates. For instance, a glial vertebrate-like BBB has been found in
scorpions21. Using radio-labelled polyethylene glycol and EDTA it was shown that the
cuttlefish Sepia has a BBB as tight as the endothelial barrier of mammals2. Furthermore,
it was concluded that the Sepia BBB is formed by perivascular glial processes in the
microvessels and venous vessels, but by pericytes in the arterial vessels. Possibly, the
glial BBB could be the primitive condition and a barrier associated with vascular
elements such as endothelium or pericytes could be a later development22.

Importantly, the BBB seems to be present very early in the foetal development. Also,
at an early stage, there seems to be a cerebrospinal fluid barrier, which excludes cere-
brospinal fluid (CST) protein from the brain extracellular space23. By measuring the
protein composition and concentrations in the CSF and plasma of Mondelphis domes-
tica, a small rodent-like marsupial, from birth until adulthood, it was found that protein
content increased during day 5 and 10 after birth, and later on decreased and reached
very low levels. Notably, these marsupials are born at a very early stage of their devel-
opment, when almost all organ systems are at an embryonic level of development. This
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is different from many other animals, in which the development has reached a much
more mature stage at the time of birth; for example, in rats the peak concentrations of
proteins within the CSF are reached at birth or just before/after this, the protein content
is kept low.

Electromagnetic fields

EMFs are produced by the mutual interaction of electric and magnetic fields; by the
movement of a charge generating a magnetic field or a changing magnetic field gener-
ating an electric field. An Electromagnetic (EM) wave is characterised by its intensity
(the amplitude), the frequency of the time variations of the electric and magnetic fields,
the pulse width and the number of pulses per second. The different frequencies of EMFs
result in a spectrum ranging from 1,000 MHz (109 cycles per second) to 300,000 MHz
(3x1011 cycles per second) and with wavelengths between 1 mm and 1 m.

An EMF spreads indefinitely in the empty space. Any charged object in the vicinity
of this field is affected by the electromagnetic interactions. The result of this interaction
depends on the amplitude of the field, but also seemingly weak amounts of electromag-
netism can mediate significant effects through resonance interactions with sensitive
systems.

The rate of EM energy absorbed in tissue per unit mass is called specific absorption
rate (SAR). The maximally allowed SAR-value for occupational exposure is 10 W/kg,
and 2 W/kg is the maximally allowed SAR-value for public exposure (localized SAR,
head and trunk) according to limit values from the International Commission of Non-
Ionizing Radiation Protection24. These values are set in order to avoid thermal effects of
the EMF radiation, such as whole-body heat stress and excessive localized tissue
heating.

In our laboratory, in order to generate uniform EMFs for standard measurements, we
have used transverse electromagnetic transmission line chambers (TEM-cells) in the
majority of our experiments on rats25-32. In each TEM-cell, two animals can be placed,
one in an upper compartment and one in a lower compartment (fig. 2). It is important to
point out that the position of the animals in upper or lower compartments does not effect
the magnitude of observed albumin leakage. Also, we have concluded, with our total
series of more than 2000 exposed animals, that there is no difference in the sensitivity to
EMF exposure between male and female animals as far as albumin leakage is concerned.

The TEM-cells have mainly been used for exposure in the 900 MHz range. For gener-
ation of 1800 MHz-fields, an anechoic chamber has been used33. The EMFs are gener-
ated by means of a directional antenna placed in the top part of the anechoic chamber.

The experimental models used in our studies allow the animals, which are un-anaes-
thetized during the whole exposure, to move and turn around in the exposure chambers,
thus minimising the effects of stress induced immobilization34.

Early studies of electromagnetic field induced blood-brain barrier permeability

Already in 1968, Frey, a pioneer in the field, noted that “in recent years it has been
recognized that low-power-density modulated RF energy can affect the functioning of
higher living organisms”. In the 1970’s, he discussed possible mechanisms by which RF
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energy could affect biological systems, and it was concluded that: “The question is not
whether there is a possible mechanism, but rather which of numerous possible mecha-
nisms”35. In order to try to find an answer to that question, the relationship between
neural function and behaviour was investigated by Frey et al. in 1975. They demon-
strated an increased leakage of fluorescein after 30 minutes of pulsed and Continuous
Waves (CW) exposure at 1200 MHz35. In general, the fluorescence was seen at the dien-
cephalon level of the brain. Fluorescence was particularly conspicuous in the vicinity of
the lateral ventricles and often near the third ventricle. There was a significant difference
between the pulsed and continuous waves, and both of these conditions were signifi-
cantly different from the control condition.

Similar findings were made by Oscar and Hawkins, with 10 minutes of RF exposure
at 1300 MHz leading to an increased uptake of D-mannitol in the brains of exposed rats36.
The increased permeability was seen both immediately and 4 hours after the exposure,
however, not after 24 hours. Notably, MWs of the same average power but with different
pulse characteristics produced different uptake levels. Regarding CWs, the uptake of
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mannitol increased with increasing power up to 1.0 mW/cm2 (corresponding to SAR of
0.4 W/kg), but at higher power densities it started to decrease. For pulsed MWs, a similar
phenomenon was seen, but at different power densities. A power window was suggested
to explain the fact that increase in the power above certain levels did not result in a corre-
sponding increase of the BBB permeability. Comparing the CWs and pulsed MWs, there
were differences in the permeability changes at the same average power. Also, different
pulse characteristics of pulsed MWs resulted in different mannitol uptake, although the
power density was the same. However, in later studies, Oscar et al.37 emphasised that
changes of BBB permeability after MW exposure partly could be explained by an
increase of local cerebral blood flow. In accordance with this, they concluded that their
initial findings36 might be of less magnitude than originally thought37.

Merritt et al.38 tried to replicate the findings both by Frey et al.35 from 1975 and Oscar
and Hawkins36 from 1977. Regarding the findings by Frey et al.35, Merritt et al.38 could
not replicate them in rats exposed to a similar dose of RF radiation at 1,200 MHz, both
CW and pulsed. However, Frey commented upon this in an article in 1998, where he
pointed out that, in fact, statistical analysis by the editor and reviewer of the data from
the study by Merritt et al.38 provided a confirmation of the findings of Frey et al.35 from
197539. Regarding the findings by Oscar and Hawkins36, the same lack of replication was
reported, as Merritt et al.38 found no significant change in the permeability of neither
mannitol nor inulin after RF exposure similar to that of Oscar and Hawkins36 from 1977.
Similar attempts to replicate the Oscar and Hawkins36 study from 1977 were made by
Preston et al., but no increase in the uptake of C-mannitol was found after 30 minutes of
exposure to CW MWs at 2450 MHz40.

Further lack of EMF induced BBB permeability was reported by Ward et al.41 and by
Ward and Ali42 for C-sucrose and inulin (CWs exposure during 30 minutes at power
densities of 0, 10, 20 and 30 mW/cm2), or by Gruenau et al.43 for sucrose (CW and pulsed
exposure at 2.8 GHz at power densities between 0 and 40 mW/cm2).

Ward et al.41 found no increased permeation if inulin or sucrose after 2450 MHz irra-
diation (0-30 mW/cm2 for 30 minutes), and with exposure concentrated to the head of
the rat42 (at 1700 MHz and the same power densities), similar lack of effects were
reported. Absence of EMF induced BBB permeability was also reported by Gruenau et
al.43 (C-sucrose, 30 minutes pulsed or CW radiation at 2.8 GHz between 0-40 mW/cm2).

With horseradish peroxidase (HRP) as and indicator of the BBB permeability, Albert
and Kerns44 found increases of the tracer in the brains of Chinese hamsters after RF expo-
sure (2 hours CWs at 2450 MHz at 10 mW/cm2). An increased number of pinocytotic
vesicles were seen in the endothelial cells of the irradiated animals, but in animals recov-
ering 1 or 2 hours after the RF exposure, almost no horseradish peroxidase permeation
could be detected.

Effects of thermal irradiation

With more research into the area of EMF-induced BBB permeability, it became
evident that with high-intensity EMF exposure resulting in tissue heating, the BBB
permeability is temperature dependent45. Thus, the importance of differentiating between
thermal and non thermal effects on the integrity of the BBB was realized.

In a series of studies, Williams et al.45-48 investigated parameters affecting the BBB
passage. Fluorescein was significantly elevated in the brains when rats had been
subjected to thermal heating (> 41° C.), corresponding to CW exposure at SAR-levels of
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approximately 13.0 W/kg for 30 or 90 minutes. However, the authors believed that these
findings were rather due to technical artefacts and not a breakdown of the BBB.
Regarding HRP, no HRP leakage could be attributed to MW or thermally-induced
breakdown of the BBB (2450 MHz CWs at 0, 20 or 65 mW/cm2 for 30, 90 or 180 min)47.
Regarding sucrose, MW exposure at 2450 MHz for 30 minutes at SAR approximately at
13 W/kg resulted in a decrease of the sucrose uptake, but this decrease was not apparent
after 90 minutes48.

It was speculated that thermal MW effects could be used to facilitate drug delivery
over the BBB. Quock et al.49 noted that 10 minutes of exposure to 2.45 GHz at 23.7 W/kg
facilitated the transport methylatropine, a derivate of atropine. Under non-thermal condi-
tions, the methylatropine does not normally cross the BBB, but after the single thermal
MW exposure, anticholinergic effects of methylatropine could be identified (as a shift in
the dose-response curves for both pilocarpine and oxotremorine).

Magnetic Resonance Imaging

With the introduction of the magnetic resonance imaging (MRI) technique, combined
exposure to RF, pulsed and static magnetic fields was increasingly investigated.

Shivers et al. observed that the EMF exposure of the type emitted during a MRI
procedure resulted in a temporarily increased permeability in the brains of rats50. HRP
was used as an exogenous tracer. After 30 minutes of MRI exposure of rats, an ampli-
fied vesicle mediated transport could be detected. The vesicles were often attached to the
luminal or abluminal cell membrane. These vesicular structures appeared to extend from
the luminal to the abluminal cell membrane in some cases, thereby creating
transendothelial passageways. Fifteen-thirty minutes after the exposure, the exclusion of
protein tracer from subendothelial basal lamina and neuropil was completed. The distri-
bution of the vesicles of the MRI exposed animals was compared to that of sham
exposed rats, in which the tracer could be found only in the vascular lumen and luminal
sides of the vessels. In neither the MRI or sham exposed rats, the tight junctions of the
BBB were permeated with the tracer. This lead to the question, whether the RF radiation
might modify the physiochemical membrane properties, thereby leading to the increase
of vesicle mediated transport. This study was replicated by Garber et al.51, whereas
Adzamli et al.52 and Preston et al.53 could not repeat the findings. The Shivers group later
produced quantitative support of their initial findings54, 55. In rats exposed to MRI, the
BBB permeability to diethylenetriameninepentaacetic acid (DTPA) increased. A
suggested mechanism explaining the increased permeability was a stimulation of endo-
cytosis, made possible through the time-varying magnetic fields.

Research from our laboratory

Stimulated by the work of the London Ontario group, two from our group visited
professor Shivers and his colleagues in 1988. LGS in the hope to find an elegant way to
open the BBB by the use of controlled EMFs in order to facilitate passage of cytotoxins
into the brain, surrounding the tumours of patients with malignant gliomas, BP with the
goal to learn more about possible risks of the MRI technology. Thus, our group started
work on effects of MRI on rat brain in 1988 and found, by the use of Evans Blue, the
same increased permeability over BBB for albumin27.
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Our work was continued by separating the constituents of the MRI field: RF, time
varying magnetic field and static magnetic field. Since RF turned out to be the most effi-
cient component of the MRI in this aspect, the following studies focused mainly on the RF
effects. In order to simulate the actual real-life situation, endogenous substances, which
naturally circulate in the vessels of the animals, were used. Albumin and leakage over the
BBB was identified with IgG fraction of rabbit anti-rat. All brains were examined
histopathologically by our neuropathologist. Regarding albumin extravasation, the number
of immunopositive extravasates (foci) were recorded under a microscope. None or occa-
sional minor leakage was rated as normal, whereas one larger or several leakages were
regarded as pathological. Immunopositive sites were, however, disregarded when localized
in the hypothalamus, above the median eminence and laterally including the lateral hypo-
thalamic nuclei, in the immediate vicinity of the third ventricle and just beneath the pial
membrane. These structures are well known for their insufficient BBB. Also the presence
and distribution of albumin uptake into neurons was judged semiquantitatively.

We started our RF experiments with the frequency modulation 16 Hz and its
harmonics 4, 8, 16 and also 50 Hz, which was felt relevant as it is the standard line
frequency of the European power system, with a carrier wave of 915 MHz. At an early
stage also 217 Hz modulation was added as this was the frequency of the then planned
GSM system. This work was published in 199429 and 199726 and comprised sham or 915
MHz exposure for in most cases 2 h but in a minority of the experiments lasting between
2 and 960 min (both continuous and pulsed modulated waves). These results based on
246 rats (1994) and more than 1,000 rats (1997) (the majority EMF exposed and about
1/3 sham-exposed) concluded that there was a significant difference between the
albumin extravasation from brain capillaries into the brain tissue between the differently
exposed groups and the controls.

It is important to point out that even though all animals in the 1997 series (and basi-
cally all of our experiments) are performed in inbred Fischer 344 rats, only at the most
50% of the identically exposed animals display albumin extravasation in CW animals
and somewhat less in the other exposed animals. Also the sham-exposed animals have
some albumin leakage though only in 17% as a mean of all controls (fig. 3). The leakage
observed in unexposed animals presumably is due to our very sensitive immunohisto-
logical methods. The peculiar fact that at the most only every second exposed inbred
animal displays leakage, is difficult to explain.
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Fig. 3. A) Sham-exposed animal no albumin leakage Notify normal albumin extravasation in
Hypothalamus (inbuilt control). B) RF-exposed animal, albumin leakage, Albumin score 3 (on a semi-
quantitative score with 3 defined as pronounced albumin leakage and 0 as no albumin leakage)
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In a statistical re-evaluation of our material published in 199726 where only exposed
rats with a matched unexposed control rat are included, we found for the most interesting
modulation frequency 217 Hz, i.e. that of GSM, that at SAR-values of 0.2 to 4 mW/kg
48 exposed rats had a significantly increased albumin leakage (p < 0.001) as compared
their 48 matched controls. On the other hand, SAR-values of 25-50 mW/kg, gave no
significant difference between 22 exposed rats vs their matched controls (Wilcoxon´s
Rank Test, 2-sided p-value).

Thus, the most remarkable observation was that exposure with whole-body average
power densities below 10 mW/kg gave rise to a more pronounced albumin leakage than
higher power densities, all at non-thermal levels. If the reversed situation were at hand,
we feel that the risk of cellular telephones, base-stations and other RF emitting sources
could be managed by reduction of their emitted energy. The SAR value of around 1
mW/kg exists at a distance of more than 1 m away from the mobile phone antenna and
at a distance of about 150–200 m from a base station (figs. 4 and 5).

In all our earlier studies we showed albumin extravasation immediately after expo-
sure as described above. In later years we have performed a series of experiments where
the animals were allowed to survive for 7 days56, 14 days, 28 days57 or 50 days31 after one
single 2-hour exposure to the radiation from a GSM mobile phone. All were exposed in
TEM-cells to a 915 MHz carrier wave as described above. The peak power output from
the GSM mobile phone fed into the TEM-cells was 1, 10, 100 and 1000 mW per cell
respectively for the 7-14-28-days survival animals, resulting in average whole-body
SAR of 0.12, 1.2, 12 and 120 mW/kg for four different exposure groups. The 50-days
survival animals were exposed to SAR-values of 1.2, 12 and 120 mW/kg, corresponding
to 10, 100 and 1000 mW fed into the TEM-cells.
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Albumin extravasation over the BBB after GSM exposure seemed to be time-
dependent, with significantly increased albumin in the brain parenchyma of the rats,
which had survived for 7 and 14 days, but not for those surviving 28 days. After 50
days, albumin extravasation was significantly increased again, with albumin-positive
foci around the finer blood vessels in white and gray matter of the exposed animals
(fig. 6).

In connection to the albumin passage over the BBB, albumin also spread in the
surrounding brain tissue. A significantly increased uptake of albumin in the cytoplasm
of neurons could be seen in the GSM exposed animals surviving 7 and 14 days after
exposure, but not in those surviving 28 or 50 days.

Neuronal uptake

Extravasated albumin rapidly diffused down to, and beyond, concentrations possible
to demonstrate accurately immunohistologically. However, the initial albumin leakage
into the brain tissue (seen within hours in ~40% of exposed animals in our previous
studies) most likely started a vicious circle of further BBB opening.

It has been postulated that albumin is the most likely neurotoxin in serum58. Hassel et
al.59 have demonstrated that injection of albumin into the brain parenchyma of rats gives
rise to neuronal damage. When 25 µl of rat albumin is infused into rat neostriatum, 10
and 30, but not 3 mg/ml albumin causes neuronal cell death and axonal severe damage.
It also causes leakage of endogenous albumin in and around the area of neuronal
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damage. Albumin in the dose 10 mg/ml is approximately equivalent to 25% of the serum
concentration. However, it is less likely that the albumin leakage demonstrated in our
experiments locally reaches such concentrations. However, we have seen that in the
animals surviving 28 and 50 days after 2 hours of GSM exposure, there was a signifi-
cantly increased incidence of neuronal damage as compared to the sham controls. In the
7-days and 14-days survival animals, on the other hand, no such increase of neuronal
damage was seen.

The damaged neurons took the shape of so-called dark neurons. Three main charac-
teristics of the damaged dark neurons have been proposed60: 1) irregular cellular outlines,
2) increased chromatin density in the nucleus and cytoplasm and 3) intensely and
homogenously stained nucleus. The damaged dark neurons found in the 50 days-survival
animals were investigated regarding signs of apoptotic markers, but we found no posi-
tive staining for Caspase-3, a marker for apoptosis61. However, the albumin leakage out
in the neuropil in connection to EMF exposure might start other deleterious processes,
leading to the formation of the dark neurons.

In a recent long-term study from our laboratory, rats were exposed to GSM radiation
2 hours weekly during 55 weeks (two different exposure groups with 0.6 mW/kg and 60
mW/kg at the initiation of the exposure period). After this protracted exposure, behav-
iour and memory of the exposed animals were tested. Whereas the behaviour of the
animals was not affected, the GSM exposed rats had significantly impaired episodic
memory as compared to the sham controls62. After the finalization of these tests, that is
5-7 weeks after the last exposure, the animals were sacrificed by perfusion fixation.
Albumin extravasation, an indicator of BBB leakage, was increased in about 1 animal in
each group of low GSM exposed, high GSM exposed, sham exposed and cage control
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rats. About 40% of the animals had neuronal damage. GFAP staining, as an indicator of
glial reaction, revealed positive results in 31-69% of the animals for different groups and
the aggregation product lipofuscin was increased in 44-71% of the animals for different
groups. With the Gallyas staining (aiming at cytoskeletal structures), no changes were
seen. When comparing the results between the different groups, it turned out that there
was no statistically significant difference for any of these parameters due to GSM expo-
sure63. When comparing these findings to those from animals which had been exposed
only once for 2 hours, it seems likely that during the 55 weeks of repeated exposure,
albumin leakage at an initial stage of the experimental period could have been absorbed
after some time. At a certain but unknown time point during this protracted, more than
1 year long-exposure period, some adaptation process might have been activated.
However, this could not compensate for cognitive alterations.

Other studies of blood-brain barrier permeability including the effects of GSM
mobile phones

Since the 1990’s, mobile phones have been increasingly used. The RF radiation
emitted from these devices was initially of the CW type in NMT mobile phones, but were
later almost replaced by the GSM mobile phones with pulsed fields, at frequency levels
of 900 MHz (GSM-900) or 1, 800 MHz (GSM-1800), with pulse modulations of 217 Hz.

As mentioned above, in the Lund studies, it has been found that the pulsed fields of
the GSM mobile phones increase the permeability of the BBB in exposed rats as
compared to sham controls. In order to repeat these findings, studies have been
performed by Fritze et al.64 and Töre et al.65, 66. Töre et al. (Bordeaux) found that 2 hours
of GSM-exposure at SAR-values at 0.5 and 2 W/kg increased the BBB permeability,
with more pronounced effects seen for exposure at 2 W/kg as compared to 0.5 W/kg. An
interesting aspect of this study is the measurement of the blood pressure of the exposed
animals, since it is known that the BBB is prone to hypertensive opening. Töre et al.
found that during the EMF exposure, there was no increase of the blood pressure; it
remained within the 100-130 mmHg range. In order to open the BBB through hyperten-
sive mechanisms, it would have been necessary to increase the blood pressure up to 170
mmHg. Another finding in the studies by Töre et al. was sympathectomised rats were
more sensitive to GSM radiation with a more pronounced increase of the BBB perme-
ability as compared to the non-sympathectomised rats.

In the study by Fritze et al.64, rats were exposed during 4 hours to GSM-900 MHz
radiation with SAR of 0.3, 1.3 and 7.5 W/kg. In the paper published in 1997, Fritze et
al. reported that there was a significant difference between exposed and sham controls
only for the power level of 7.5 W/kg. However, when the Fisher exact probability test
was used on the original data, there was a significant difference between the GSM and
sham exposed rats also when the 10 animals in each of the power level groups of 0.3 and
1.3 W/kg were pooled (p=0.01 Fisher exact probability test)30.

A major concentration of the involved research groups took place at Schloss Reisens-
burg in Germany in 2003, where the technical approaches in the studies of BBB effects
especially were discussed. Two world-renowned researchers in the BBB field, Dr. David
Begley of Kings College, London, and Prof. Olaf Poulsen of Copenhagen, Denmark,
chaired the FGF/COST 281 Reisensburg, November 2–6 meeting. They made the final
statement as a summary of the meeting: ‘‘It seems clear that RF fields can have some
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effects on tissues’’. The statement was made to a large extent on the basis of the concor-
dant findings of the Bordeaux group, represented by Prof. Aubineau, and the Lund
group, represented by Prof. Salford and Prof. Persson.

The permeability of the BBB was investigated after exposure to pulsed RF radiation
at 2450 MHz for 15, 30, 60 or 120 minutes67. Immediately after the exposure, capillary
endothelial cells from the cerebral cortex were isolated and with a fluorescien technique,
the amount of rhodamine-ferritin complex within these cells was determined. The uptake
of rhodamine-ferritin was increased after exposure at an average power density of 10
mW/cm2 (corresponding to a SAR-value of 2 W/kg), but not at the power density of 0.5
mW/cm2. Also, the duration of exposure influenced the uptake of the substance; with
increased uptake after 30, 60 and 120 minutes, but not after 15 minutes. A pinocytotic-
like mechanism was proposed to explain the increased uptake after RF exposure50. A
very interesting finding in this study was that the RF induced rhodamine-ferritin uptake
could be blocked by pre-treatment with colchicine. Colchicine inhibits the microtubule
function. Thus, it could be seen that RF induced uptake of the systemically administered
rhodamine-ferritin by capillary endothelial cells of the cerebral cortex depended both on
the power and the duration of the RF exposure, as well as well-functioning microtubules.

In other studies, no EMF induced BBB permeability has been reported68-71. Finnie et
al.68 exposed mice to GSM-900 radiation at the SAR-level of 4 W/kg. Albumin immuno-
histochemistry was used for evaluation. In a second study of BBB permeability, Finnie
et al.69 reported the same lack of GSM EMF induced BBB permeability, in this case after
long-term exposure of mice for 104 weeks at SAR-levels of 0.25, 1.0, 2.0 and 4.0 W/kg.
Tsurita et al.71 exposed rats to RFs at 1, 439 MHz at SAR-values of 0.25 W/kg.
Immunostaining was used to detect albumin extravasation, which however was not
increased in this small group of totally 12 EMF exposed animals. Kuribayashi et al.70

investigated EMF induced BBB permeability in immature and young rats after exposure
to 1439 MHz at SAR-levels of 0.2 and 6 W/kg. A dextran tracer was used to evaluate
BBB permeability, which was not changed after the exposure. The same group also
reported that the immature BBB was insensitive to mobile phone exposure, seen after
GSM-900 irradiation of pregnant mice from day 1 to day 19 of gestation (SAR of 4
W/kg, exposure for 60 minutes daily). No increased albumin extravasation was seen in
the new-born mice immediately after parturition72. Further lack of BBB disruption in
young rats, as seen using the Evans blue tracer, was reported by Kumlin et al.73 (GSM-
900 EMF exposure of young male Wistar rats for 2 hours daily, 5 days weekly for totally
5 weeks at average whole-body SAR of 0.3 and 3 W/kg). However, of the 48 exposed
rats, only 12 were examined histopathologically. The remaining animals were included
in behavioural tests, where an improvement of learning and memory was seen in a water
maze test when comparing the EMF exposed animals to the sham controls. Notably, in
all these above mentioned studies with lack of observable EMF induced BBB effects, the
SAR-values for exposure are relatively high; never including the low SAR-values in the
range of < 10 mW/kg.

Recently, in vitro models of the BBB have been used in order to evaluate the EMF
induced permeability alterations. Schirmacher et al.74 used a co-culture consisting of rat
astrocytes and porcine brain capillary endothelial cells as a BBB model, including zona
occludens proteins, the markers for tight junctions, and with no intercellular clefts.
Exposure to GSM-1800 EMFs was found to increase the permeability for sucrose. In a
second model, with an improved BBB tightness, the BBB was less sensitive to the EMF
exposure, with no increased sucrose passage after GSM-1800 exposure75. In a third study
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by the same group, the BBB permeability in connection to EMF exposure of the kind
emitted by a UMTS mobile phone (3G) was investigated, however, with no findings of
increased permeability in connection to the exposure76.

Opinions and implications

Mechanisms

Taken together, a large number of studies have been performed within the field of
EMF effects upon the mammalian brain. What can be concluded is that the picture of
response is highly complex. Whereas some studies show clear effects of increased brain
tumour incidence, genetic alterations, EEG changes, altered memory functions and
changed neurotransmitter levels; other studies show no significant changes at all. A
problem within the field is that the underlying mechanisms are not yet understood. If
these had been clearly defined, the possibilities of replicating previous positive findings
would have increased significantly. Therefore, the need to define these mechanisms
should be obvious. Ways of doing this include both genetic investigations and studies of
cell signalling pathways, but also physical and mathematical models are needed in order
to clearly define the relationships between EMF radiation and biology.

As described above, in our studies of BBB permeability, we have seen significant
biological response at very low SAR levels. This could possibly represent the “inverse
U-curve response”, which has also been reported in connection with other kinds of MW
exposure previously36, 77, 78. Along these lines, we have specifically studied a Quantum-
mechanical model for interaction with protein-bound ions involving Ca2+-transport with
resonances at certain frequencies79. Appropriate combinations of frequency and ampli-
tude affected the Ca2+-ion transport systems at various degrees and directions. At fixed
values of the static and time varying magnetic fields, resonances were found at certain
frequencies (7, 21, 24 and 31 Hz). The interaction of ELF magnetic fields with calcium
bound proteins fitted extremely well with the quantum mechanical interaction model
described by Blanchard and Blackman80 and it was concluded that the resonance could
be attributed to 45 Ca2+.

In this connection it might be of interest to mention the recent statement that “astro-
cytic complexity may be the basis for the superior functional competence of the human
brain”11. Human protoplasmic astrocytes propagate Ca2+ waves with a speed of 35 µm/s,
which is fourfold faster than rodent astrocytes. Human astrocytes are larger and struc-
turally more complex than those of rodents11. If EMFs excert their effects, at least to
some extent, upon the astrocytes, our experimental findings in spinach vesicles are
clearly interesting. It may also give rise to different effects upon the human and the
rodent brain.

Other approaches for explaining these effects have been suggested.
The EMF interaction with free ions, where external oscillating fields induce forced

vibrations of the ions, leading to increase of intra cellular ion concentration and an
osmotically driven entrance of water. This in turn would lead to disruption of plasma
membranes81.

Auto-oxidative processes induced by externally applied MWs. For example, GSM
exposure increased the levels of malondialdehyde (MDA), an index for lipid peroxida-
tion, nitric oxide (NO), xanthine oxidase (XO) and adenosine deaminase (ADA) in rats.
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These increased were prevented by treatment with anti-oxidant (Ginko Biloba)82. Reac-
tive oxygen species also mediated a rapid activation of ERK/MAPKs (mitogenactivated
protein kinase) after EMF exposure83. The resulting signalling cascade could ultimately
affect transcription, by the central key role of ERKs in signalling pathways. Another
signalling pathway activated by MW exposure includes the hsp27/p38MAPK stress
signalling pathway, which might lead to stabilisation of endothelial stress fibres84.

Alterations of protein conformation of serum albumin, where it has been shown that
EMFs can affect the conformation of proteins and thus their biological function. For
example, the aggregation of bovine serum albumin is enhanced in vitro after exposure to
MW radiation at 1.0 GHz and 0.5 W85. Both exposure duration and the surrounding
temperature influenced the aggregation process. At 60ºC amyloid fibril formation of
bovine insulin was promoted. Importantly, the alterations of protein conformation were
not accompanied by measurable temperature changes. The possibility of protein confor-
mation changes in connection to EMF exposure raises the questions of links to human
diseases such as the amyloidopathies (including Creutzfeldt-Jakob disease, Alzheimer’s
and Parkinson’s diseases).

Recently, we described a soliton model, which could be the link between mathemat-
ical explanations of EMF interactions and the biological response86. A soliton is a non-
linear wave. It has been shown that solitons are generated and propagated along the
microtubule protofilaments in neurons of the brain87. The propagation of solitons in the
lipids of biological membranes could play a vital role in the action potential propagation
along nerve membranes88. Interestingly, the trancription bubble could correspond to a
soliton travelling along the DNA chain89. The diverse actions of the solitons could be the
explanation for the vast number of biological responses, which have been seen
throughout the years of studies of EMF effects.

Translation to the human situation

Very few studies on the effects of EMF upon biology include the very low whole-
body average power densities that our group works with, e.g. below 10 mW/kg. Our
observation that it is SAR values at this level that give rise to the most pronounced
albumin leakage, whilst higher power densities, still at non-thermal levels, give less
leakage. This is complicated! If the reverse situation were at hand, we feel that the risk
of radiation from cellular telephones, base-stations and other RF emitting sources could
be managed by reduction of their emitted energy. The SAR value of around 1 mW/kg
exists at a distance of more than 1 m away from the mobile phone antenna and at a
distance of about 150-200 m from a base station. This also means that when the mobile
phone is held next to the ear, the SAR value of about 1 mW/kg exists in the most central
portion of the brain (fig. 7), and when a hands-free is used and the phone is e.g. in the
pocket, there will still be microwaves reaching the brain, though the value of around 1
mW/kg will exist in more superficial portions of the brain.

A new tool to directly study the human BBB has recently been presented90. It provides
a non-radioactive methodology for in vivo non-invasive, real-time imaging of BBB
permeability for conventional drugs, using nitroxyl radicals as spin-labels and MRI. This
technology should have a chance to substantially advance our direct knowledge of the
human BBB permeability.
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Non-thermal vs thermal effects

These non-thermal effects are very important to clarify, considering that the exposure
limits set up today mainly focus on preventing thermal effects. In many safety standard
documents, a SAR-limit of 4 W/kg is referred to localized SAR of limbs and 2 W/kg for
localized SAR of head and trunk24. The reason for choosing this SAR-value is a series of
studies performed by deLorge and co-workers in the 1970’s and early 1980’s. In these
studies, the trained behavioural performance of rats, squirrel monkeys and rhesus
monkeys was tested after MW exposure. It was found that body temperature increases
of 1°C or more above the baseline body temperature resulted in changes of this kind of
behaviour in the animals. Notably, a SAR of near 4 W/kg was needed to produce this
1°C increase of body temperature91, 92.

These safety limits for thermal exposure are inadequate for all the described non-
thermal effects! New standards are required for the non-thermal effects.

Positive vs negative effects

In a situation where series of studies show significant effects of radiation and other
studies have failed to show effects, it is important to remember, that the demonstrated
effects cannot be disregarded because other studies have shown no effects. According to
the Rio declaration, the precautionary principle has to be followed. Where there are
threats of serious or irreversible damage, lack of full scientific certainty shall not be used
as a reason for postponing effective measures to prevent damage. Thus precautionary
measures are needed, including, not least, extensive future research within this field.
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Fig. 7.Mobile phone antenna 1.4 cm from the human head, operating at 915 MHz. The very low SAR-
levels of 10 mW/kg exist in deep-lying parts of the human brain such as the basal ganglia, and the power
density of 1 mW/kg is absorbed in thalamus
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Conclusion

Having personally demonstrated a long series of significant effects of RF-EMF in our
animal models, it is our sincere belief, that it is more probable than unlikely, that non-
thermal electromagnetic fields from mobile phones and base stations do have effects
upon the human brain.

In this context it should, however, be remembered that recently, observations on
differences between astrocytic endfeet in the human and the rodent BBB have been
published11. More research in this field is important for the translation of results from
animal studies to the human situation.

If mobile communication, even at extremely low SAR values, causes the users’ own
albumin to pass the BBB, which is meant to protect the brain, also other unwanted and
toxic molecules in the blood, may pass into the brain tissue and concentrate in and
damage the neurons and glial cells of the brain.

The intense use of mobile phones, not least by youngsters, is a serious memento. A
neuronal damage may not have immediately demonstrable consequences, even if
repeated. It may, however, in the long run, result in reduced brain reserve capacity that
might be unveiled by other later neuronal disease or even the wear and tear of ageing.
We can not exclude that after some decades of (often), daily use, a whole generation of
users, may suffer negative effects such as autoimmune and neuro-degenerative diseases
maybe already in their middle age.

We conclude that the suppliers of mobile communication - and our politicians - have
an extensive responsibility to support the exploration of these possible risks for the users
and the society.
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Abstract

Microwave (MW) radiation, part of the electromagnetic spectrum at wave
frequencies of 300 MHz – 300 GHz, can penetrate human tissues and exert
various bioeffects at relatively low field power densities. Experimental investi-
gations revealed the possibility of epigenetic activity of certain MW exposures
(frequently limited to particular frequencies and/or modulations of the carrier
wave), but there exists no satisfactory support from epidemiological studies for
the increased cancer risk in MW-exposed subjects. Use of mobile phones (MP)
considerably increased local exposure to 900 or 1800 MHz and raised concerns
of the risk of brain tumors and other neoplasms of the head. At present the
experimental and epidemiological bulk of evidence is too limited for valid assess-
ment of the risks. Two available epidemiological studies of brain cancer
morbidity in MP users did not confirm an increased risk for all types of
neoplasms, but unexplained excesses of particular types and/or locations of the
tumors has been reported. However, there exist single epidemiological studies
which indicate increased mortality of certain types of neoplasms in workers
exposed to microwave radiation. As an example, the multiyear study of cancer
morbidity in Polish military personnel exposed to 2-10 W/m2 will be presented.
Despite of the reported increased morbidity of haematopoietic and lymphatic
neoplasms, it was not possible to confirm the causal link of themorbidity with expo-
sure toMW radiation. Therefore, it is concluded that the epidemiologic evidences
still falls short of their strength and consistency required to come to a reasonable
conclusion that MW can cause human cancer and thus, this radiation should be
classified in group 3 (unclassifiable as to carcinogenicity in humans) of the IARC
classification of human carcinogens.

Key words: microwave radiation, carcinogenic risk, haematopoietic neoplasms,
brain tumours, workers exposed, epidemiological study

Introduction

Electromagnetic fields have been linked with increased risk of neoplastic diseases for
a long time, but the available experimental and medical data still did not allow for valid
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conclusions. There exists a fragmentaric and scarce support from experimental studies
which indicates a possibility of epigenetic (non-genotoxic) potency of microwave
energy in the multistep process of carcinogenesis1, although possible mechanisms under-
lying these phenomena still remain hypothetic. A detail analysis of this problem is
presented in the IEGMP-2000 Report2.
Our knowledge on cancer morbidity in workers and lay people exposed to

microwaves (MWs) is based mostly on results of retrospective epidemiological studies,
as experiments on cells and animals did not provide confirming data on increased risks
of cancer2 .
Fortunately, a comprehensive evaluation of residential exposure to RF and MW indi-

cates that, in general, the exposure levels are relatively low2. Measurements performed in
15 large cities in the USA revealed that the median exposure level ranged about 0.05W/m2,
with 90% of residents being exposed to fields not exceeding 0.1 W/m2. Only approximatly
1% of the population studied was potentially exposed to levels greater than 0.1 W/m2.
These higher exposures occur at limited areas located close to strong MW sources. Such
situations can exist e.g. in proximity to very powerful, ground-level transmitters. or to low-
power, in-town repeaters, which are typically mounted on the top of tall buildings.
Introduction of cellular phone (CP) systems and a fast increase of number of users of

hand-held phones in the last decade has changed the MF exposure levels of the popula-
tion quite considerably. With CPs, a MW transmitter has been for the first time ever in
history put right up against the side of anyone’s head, and switched on. Analysis of
distribution and absorption of the radiation revealed that about 40% of the MW energy
emitted from CP antenna goes into the user’s head and hands2. Such situation raised
immediately concerns about possible health risks of the exposures, including risk of
developing cancer, both among the bioelectromagnetic community and the public.
Cancer risks related to exposure to radiation from base stations and terminals (cell
phones) are described in another chapter of this monograph. Therefore, this problem will
not be discussed here.
The epidemiological studies on environmental exposures completed so far have

mostly looked at cancer incidence in residents living close to radio and television trans-
mitters and gave controversial results, although in summary did not found a sufficient
evidence for an increased risk. Following a study of residents living around one TV and
radio broadcasting tower in UK in which a significant increase in morbidity from adult
leukaemia was reported in people residing within 2 km of the transmitter3, a more
comprehensive study, performed by the same authors around 20 transmission towers in
UK, did not confirm this finding4. The study, based on 79 cases of adult leukemia
revealed that for persons residing within 2 km from the transmitters the morbidity ratio
was not increased (observed/expected O/E = 0.97), however a small, but significant,
decline in risk of adult leukemia with distance from transmitters in the 2-10 km. was
found3,4 . Similar observations were made in Australia. A study of cancer incidence among
residents living in the “inner” (close to TV towers) and “outer” (more distant) munici-
palities in Northern Sydney reported an increased morbidity and mortality of childhood
leukaemia5 in the “inner” municipalities. However, when these data were reanalyzed and
other “inner” municipalities were added6, it appeared that the excess of childhood
leukaemia was restricted only to one (of six) “inner” municipalities and there exist no
evidences for linking it with the low-level MW exposures. In more recent publications7,8,9
data supporting increased risk of cancer in children and adults living close to radio and/or
TV transmitters were reported, but in other studies10,11 no such phenomena have been
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found. In view of the above publications it may be concluded that the problem of
increased cancer risks from environmental RF/MW exposures still remains open but the
bulk of evidence supporting such hypothesis is large enough to call for further studies.
Epidemiological observations of occupational groups which are exposed to MWs at

work 12,13,14,15 also do not provide sufficient evidence for a causal links between exposure
and increased risk of neoplastic diseases, although in some studies a considerably higher
morbidity rates were reported (for reviews, see14,16,17 ). It should be also pointed that each
work environment has an individual combination of physical, chemical and psychoso-
cial factors which may influence human physiology, including development of
neoplastic diseases, in a very specific and unique way13,16 . Therefore, the results of occu-
pational studies of MW-exposed workers cannot be directly extrapolated as health risks
for the general public, the more that intensities and time sequences of MW exposures in
workers and in the environment are different16. A typical MW intensities at work range
from 2 - 10 W/m2 with incidental exposures at 10 - 30 W/m2 and a period of exposure
being limited to 1-2 hr during a working shift14, while in the environment and homes
MW fields normally do not exceed 0.1 W/m2, but the exposure tends to be continous.

Overwiev of own studies

There exist single reports, published in peer-reviewed scientific journals, which indi-
cate that occupational exposures to radiofrequency (RF) and microwave (MW) radia-
tions may be associated with significantly increased risks for cancer, notably hema-
tolymphatic and brain, in electronic, radar and radio communication workers13,14,15,17.
Some time ago the results of our retrospective analysis of cancer morbidity for the

whole population of career military personnel in Poland during the decade of 1970 -
1979 was published14, although at that time the exact size of the population could not be
revealed. Therefore, the results and their discussion were limited to mortality rates
(number of newly diagnosed cancer cases per 100,000 of subjects per year). Neverthe-
less, a significantly higher rate of particular types of neoplasms (hematologic, lymphatic
system, skin tumours, alimentary tract cancers) in personnel exposed occupartionally to
RFs and MWs14 encouraged us to continue the prospective analysis of morbidity and
extend the observation period for the years 1980 - 1985. In 1996 the joint analysis
covering the 15- year period of 1971 - 1985 has been published14. It has been found that
the subpopulation of about 3-4% which had a documented occupational exposure to
RF/MW radiation developed about 9% of all malignancies, giving the OER
(Observed/Exposed Ratio) of 2.1 - 3.1, depending on year of analysis. This difference in
cancer morbidity related only to particular types of malignancies and still more, the
retrospective analysis did not allow for precise assessment of past RF/MW exposure
intensity (doses). Therefore, at that time the search for possible relations between cancer
morbity (risks) and levels of the RF/MW exposure was not possible. Additionally, we
were aware that the analysis was based on generally low number of registered cases of
neoplasms and both increasing size of the RF/MW-exposed population and longer
period of observation has been postulated, before final conclusions can be obtained.
In 1985 a prospective analysis of cancer morbidity in Polish military career personnel

has been started and additionally, the exposure levels of the personnel were measured. It
has been found that RF/MW exposure of the investigated population (about 4000 of the
career servicemen) is variable, depending on type of work; the majority of workers
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(about 85%) were exposed to mean power densities not exceeding at work posts the
value of 6 W/m2, whereas only about 15% of servicemen were exposed to power densi-
ties above 6 W/m2 (Table 1).
In the later published study of cancer morbidity in Polish military personnel exposed

to RF/MW radiation15 we reported a coherent mean exposure levels (expressed in W/m2)
(Table 2).
On base of these data we conclude that workers exposed to mean power densities

exceeding 6 W/m2may be considered as those being at higher risk of developing certain

Eur. J. Oncol. Library, vol. 5

360

Table 1 - Cancer morbidity in Polish career military personnel exposed occupationally to RF and MW
radiation - a 5- year analysis (1985 - 1990). Exposure levels and morbidity rate in prospective study
(1985 - 1990)

Year of Percent of career personnel Average exposure levels (W/m2)
analysis considered as exposed for 2 – 4 hours during working shift

to RF/MW (% of personnel with exposure)
1 - 2 2 - 6 6 - 10 > 10

Occupational exposure to RF/MW radiation
1985 3.18% 48.2 36.6 7.9 7.3
1990 3.94% 47.3 38.1 8.3 6.3
MEAN 3.6% = 3 860 ± 770 47.8 37.3 8.0 7.1

Cancer morbidity 1985 - 1990
Total number of personnel 1900 1320 350 280
Number of neoplasms (N = 36) 14 (38.9%) 9 (25.0%) 7 (19.4%) 6 (16.7%)

Morbidity rate 146.9 135.8 401.4 427.0
(per 100 000 per year)

Table 2 - Cancer cases in personnel exposed to strong rf/mw fields
Population size: N = 630; Cancer cases: N = 13; Morbidity rate: 412.7 per 100 000/year.

No. Type of cancer Age at Exp. Average exposure Calculated
diagn. period levels during exposure
(years) (years) shift (W/m2) doses (W x h/m2)

Range Mean Annual Life

1 Lymphoblastoma 54 12.5 6 - 8 7 4620 57 750
2 Larynx cancer 48 14 4 - 10 7 3850 53 900
3 Lymphoma 42 11 4 - 12 8 5280 58 080
4 Lymphosarcoma 51 21 6 - 12 9 5400 113 400
5 Chronic lymphatic laeukemia 59 24.5 6 - 20 13 3900 95 550
6 Brain (astocytoma) 39 8 6 - 10 8 3520 28 160
7 Pancreatic cancer 46 13 4 - 10 7 4620 60 060
8 Chronic myelocytic laeukemia 48 16 2 - 12 6 6160 98 560
9 Eye melanoma 55 22.5 6 - 40 23 5060 113 850
10 Acute myeloblastic laeukemia 49 19 10 - 50 30 6600 125 400
11 Brain (glioma) 43 12 6 - 30 18 3960 47 520
12 Osteosarcoma 38 11 4 - 40 22 4840 53 240
13 Skin melanoma 41 14 10 - 40 23 5500 77 000

MEAN VALUE 47.15 15.26 2 - 50 13.92 4870 75 570.8
Standard deviation 6.46 5.01 8.20 926.32 30 515.1
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forms of neoplasms (OR > 4.0). Workers exposed at lower power densities (1-2 and 2-
6 W/m2, respectively), showed a non-significant increase of cancer morbidity (OR 1.35
– 1.47), which requires confirmation on larger material. Monitoring of the RF/MW
exposure during whole work shift revealed that the exposures appear to be transient,
lasting few-several minutes, followed by long periods with low or very low exposures.
However, the transient exposure periods, which count for a total of 2 – 4 hr during a 12-
hr shift, are composed of variable intensities with incidental exposures at high levels (80
– 150 W/m2, depending on type of work). Therefore, for evaluation of possible cancer
risks, the exposure of workers should be expressed as a daily and cumulative (e.g. life)
dose and not the average exposure level during the shift. E.g., for the average exposure
level of 6 W/m2, the individual daily dose was calculated for 15 - 20 Wxh/m2 and the
individual life exposure doses (which include type and period of occupation at the
RF/MW environment) ranged 30000 – 60000 Wxh/m2. In workers (e.g. radar techni-
cians, RF/MW metrologists) who are exposed to RF/MW intensities exceeding the
above thresholds we noted recently few cases of neoplasms, similar reports are available
from other research centers. E.g. Richter ED13 described six young patients with different
cancers which developed following high-level exposure to radar radiation (mean expo-
sure 75 W/m2, life exposure dosis 470 000 Wxh/m2.

Discussion and conclusions

Recently Degrave et al.12 analysed causes of death among Belgian professional mili-
tary radar operators in a 37-year retrospective cohort study. The authors conclude that
exposure of professional military personnel to anti-aircraft radars that existed in Western
Europe from the 1960s until the 1990s may have resulted in an increase in the incidence
of hemolymphatic cancers (RR = 7.22). Similar results were reported earlier by Richter
et al.13. The authors concluded that their findings suggest that young persons exposed to
high levels of RF/MW radiation for long periods in settings where preventive measures
were lax lived at increased risk for cancer. Very short latency periods suggest high risks
from high-level exposures. Calculations derived from a linear model of dose-response
suggest the need to prevent exposures in the range of 0.1-1 W/m2.
In two meta-analyses of causes of death and cancer mortality in flight personnel,

including civil and military pilots18,19, it was documented that these groups remain at
increased risk of various cancers, including hematolymphatic neoplasms. However, the
authors point that both occupational exposures and well-established non-occupational
risk factors may contribute to this increased risks. To better control for confounding
factors and to identify exposures potentially amenable to preventive measures, future
studies should compare risks within cohorts by flight routes, work history, and exposure
to cosmic and UV radiation, electromagnetic fields, and chemical substances.
On the base of our epidemiologic study and review of the literature on possible cancer

risks in workers exposed to RF/MW radiation, we conclude that the existing case reports
of various neoplasms in radar personnel do not provide enough evidence for final
conclusions on the risks and/or on thresholds for such risks. Nevertheless, a coherent
pattern of data on development of various types of neoplasms, notably hematopoietic, in
small groups of workers who are exposed to high intensities of RF/MW fields (e.g. radar
technicians who tune and repair generators, metrologists who measure strong fields
close to antennas, mobile phone technicians, etc.) strongly indicates a need for cumula-
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tion of the existing data from various countries, as well as for extension of the studies.
Reevaluation of our data from 1985-1990 epidemiologic study of Polish military
personnel indicates that the thresholds for increased risk of cancer in RF/MW-exposed
workers may be anticipated at exposures exceeding average power densities of 6 W/m2

and life exposure doses of 30000-0000 Wxh/m2. It remains still an open question
whether or not the reported cases of neoplasms in workers and residents exposed to
RF/MW field intensities which were below the above postulated thresholds can be
linked to the influence of the EMF environment.
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Abstract

The Hardell-group conducted during 1997-2003 two case-control studies on
brain tumours including assessment of use of mobile phones and cordless
phones. The questionnaire was answered by 905 (90%) cases with malignant
brain tumours, 1,254 (88%) cases with benign tumours and 2,162 (89%) popu-
lation-based controls. Regarding astrocytoma highest risk was found for ipsilat-
eral mobile phone use in the > 10 year latency group, OR = 3.3, 95% CI = 2.0-
5.4, and for cordless phone use OR =5.0, 95% CI = 2.3-11. Also for acoustic
neuroma, the highest OR was found for ipsilateral use and > 10 year latency
yielding for mobile phone OR = 3.0, 95% CI = 1.4-6.2 and cordless phone OR =
2.3, 95% CI = 0.6-8.8. Overall highest OR for mobile phone use was found in
subjects with first use < 20 years age. The annual age adjusted incidence of astro-
cytoma for the age group >19 years old increased statistically significantly by
+2.16%, 95% CI +0.25 to +4.10 during 2000-2007 in Sweden in spite of seem-
ingly underreporting of cases to the Swedish Cancer Registry. The Interphone
studies are conducted under the auspice of the International Agency for
Research on Cancer (IARC). The study design and epidemiological methods are
compared with those in the Hardell group. It is concluded that while the Hardell
group results appear to be sound and reliable, several of the Interphone findings
display differential misclassification of exposure due to observational and recall
bias, for example, following low participation rates in both cases and controls
and bed-side computer guided interviews of cases rather than blinded interviews
of cases and controls. However, a meta-analysis showed a consistent pattern of
an association between mobile phone use and ipsilateral glioma and acoustic
neuroma using ≥ 10 years latency period.

Key words: glioma, astrocytoma, mobile phone, cordless phone, age, incidence

Introduction

We are all exposed to extremely low frequency electromagnetic fields (ELF) from
electrical and electronic appliances and power lines, and to radiofrequency/microwave
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radiation emissions (RF) from wireless devices such as cell phones and cordless phones,
cellular antennas and towers, and broadcast transmission towers1. They constitute two
types of electromagnetic fields (EMFs).

During the last decade there has been a rapid development of wireless technology and
along with that an increased use of wireless telephone communication in the world. Most
persons use mobile phones and cordless phones2,3. Concerns of health risks have been
raised, especially an increased risk for brain tumours since the brain is close to the radi-
ation antenna both in mobile and cordless phones. The ipsilateral brain (same side as the
mobile phone has been used) is most exposed, whereas the contralateral side (opposite
side to the mobile phone) is much less exposed4. In the evaluation of the risk of brain
tumours it is thus of vital importance to have information on the localisation of the
tumour in the brain and which side of the head that has predominantly been used during
phone calls.

Sweden was one of the first countries in the world to adopt this new technology. In
the early 1980´s analogue phones (NMT; Nordic Mobile Telephone System) were intro-
duced on the market. During 1981 until December 31, 2007 NMT 450 (450 Megahertz;
MHz) phones were used. NMT 900 (900 MHz) operated during 1986-2000.

The digital system (GSM; Global System for Mobile Communication) started in 1991
operating with dual band, 900 and 1,800 MHz. The third generation of mobile phones,
3G or UMTS (Universal Mobile Telecommunication System), using 1,900 MHz RF
fields has been introduced worldwide since a few years, in Sweden in 2003. The fourth
generation mobile phone system (4G) is now in the planning stage.

The desktop cordless phones (Digital Enhanced Cordless Telecommunication;
DECT) have been used in Sweden since 1988, first analogue 800-900 MHz RF fields,
but since early 1990’s the digital 1,900 MHz system is used.

Most studies on the association between use of wireless phones and brain tumours are
hampered by too short tumour-induction (latency) period. Since Sweden was one of the
first countries to use this technology studies in our country would be possible for early
findings on an association. So far results on long-term use come mainly from our
research group (the Hardell group) and from the so-called Interphone study group. This
is an international collaborative research group under the auspice of International
Agency for Research on Cancer (IARC) in Lyon. Thirteen countries constitute the Inter-
phone group. Inclusion period for cases varied between 1999-2004 depending on
country. Eight countries have published their results and now six years after ending of
the inclusion period results for glioma and meningioma have been published5.

In the following results from the Hardell group will be presented in some detail and
a meta-analysis of all published results with at least 10 years latency period. Finally a
comparison will be made between materials and methods in the Hardell group studies
and Interphone studies.

Materials and methods

Our three studies on this topic were of the case-control type. Exposures were assessed
by mailed questionnaires, as described in more detail in the different publications.

Our first case-control study on use of mobile phones and the association with brain
tumours covered the study period 1994-1996. It included 209 (90%) cases and 425
(91%) controls that answered the mailed questionnaire6,7.
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This initial study was followed by two larger studies by us on the same topic. The
same study methods were used and included in total the time period 1997-2003. All
cases were reported to a cancer registry and had histopathological verification of tumour
diagnosis. Controls were obtained from the National Population Registry. We included
now also use of cordless phones, as well as more questions on e.g. occupational expo-
sures. Use of wireless phones was carefully assessed by a self-administered question-
naire. The information was if necessary supplemented over the phone. The ear that had
mostly been used during calls with mobile phone and/or cordless phone was assessed by
separate questions; >50% of the time for one side, or equally both sides. This informa-
tion was checked during the supplementary phone call and an additional letter to verify
the accuracy of that information.

Tumour localisation was based on information in medical records and all tumour
types were defined by using histopathology reports. The use of the wireless phone was
defined in the present presentation as ipsilateral (≥ 50% of the time) and contralateral (<
50%) in relation to tumour side. By information on the time period for use of the wire-
less phone and average number of minutes per day during that period we calculated
latency time and cumulative use in hours over the years. Use in a car with external
antenna was disregarded as well as use of a handsfree device. We adopted a minimum
latency period of one year.

Only living subjects were included in our studies and in the second case-control study
1 429 (88%) cases that fulfilled the inclusion criteria and 1 470 (91%) controls partici-
pated during the study period (January 1, 1997 until June 30, 2000). The results
regarding use of wireless phones have been published previously8-11.

This study was followed by our third case-control study on the same topic. The
methods were the same as in the second study using an identical questionnaire. The
study period was from July 1, 2000 until December 31, 2003. In total 729 (89%) cases
and 692 (91%) controls participated, as previously published12,13.

We made pooled analysis of the two case-control studies on brain tumour cases diag-
nosed 1997-2003, both malignant14 and benign15. This was possible since the same
methods with an identical questionnaire were used in both studies. For more details
about the study design, see our previous publications.

Regarding tumour induction period it seems reasonable to analyse data from studies
with at least 10 years latency period. It turned out that besides our studies14,15 only some
publications from the Interphone group have such results16-24.

Statistical methods

All analyses were done using StataSE 10.1 (Stata/SE 10.1 for Windows; StataCorp.,
College Station TX). Odds ratio (OR) and 95% confidence interval (CI) were calcu-
lated using unconditional logistic regression analysis. The unexposed category in the
Hardell group studies consisted of subjects that reported no use of cellular or cordless
phones. Adjustment was made for sex, age (as a continuous variable), socio-economic
index (SEI) and year of diagnosis. The same year as for the case was used for the
corresponding control. Random effects model was used for all meta-analysis, based on
test for heterogeneity. The analyses were based on the adjusted ORs in the different
studies.

L. Hardell: Wireless phone use and brain tumour risk
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Results

Different tumour types in the Hardell group studies

For astrocytoma grade I-IV mobile phone use yielded OR = 1.4, 95% CI = 1.1-1.7
increasing to OR 2.0, 95% CI = 1.5-2.5 for ipsilateral use, whereas no increased risk was
found for contralateral use, Table 114. OR increased further using > 10-year latency
period for all use to OR 2.7, 95% CI = 1.8-3.9 and for ipsilateral use to OR = 3.3, 95%
CI = 2.0-5.4. Also cordless phones yielded statistically significantly increased risk for
astrocytoma. For ‘other’ types of malignant brain tumours the risk was statistically
significantly increased for mobile phone use in the > 10 year latency group, highest in
the ipsilateral group with OR = 2.6, 95% CI = 1.2-5.8.
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Table 1 - Odds ratio (OR) and 95% confidence interval (CI) for malignant brain tumours. Numbers of
exposed cases (Ca) and controls (Co) are given. Adjustment was made for age, sex, SEI, and year of
diagnosis, c.f. Hardell et al.14

Type of tumour/ All Ipsilateral Contralateral
Type of telephone Ca/Co Ca/Co Ca/Co

OR (CI) OR (CI) OR (CI)

Astrocytoma, grade I-IV (n=663)
Mobile phone, 346/900 229/374 98/308
> 1 year latency 1.4 2.0 1.0

1.1-1.7 1.5-2.5 0.7-1.4

>10 year latency 78/99 50/45 26/29
2.7 3.3 2.8
1.8-3.9 2.0-5.4 1.5-5.1

Cordless phone, 261/701 167/309 81/235
> 1 year latency 1.4 1.8 1.2

1.1-1.8 1.4-2.4 0.8-1.6

>10 year latency 28/45 19/15 8/20
2.5 5.0 1.4
1.4-4.4 2.3-11 0.6-3.5

Other malignant (n=242)
Mobile phone, 122/900 65/374 39/308
> 1 year latency 1.2 1.4 1.0

0.9-1.7 0.9-2.1 0.6-1.5

>10 year latency 18/99 11/45 4/29
2.2 2.6 1.6
1.1-4.1 1.2-5.8 0.5-5.2

Cordless phone, 89/701 40/309 35/235
> 1 year latency 1.2 1.0 1.2

0.8-1.7 0.6-1.6 0.7-1.8

>10 year latency 5/45 1/15 4/20
1.3 0.7 2.3
0.4-3.7 0.1-5.9 0.7-7.8
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In Table 2 results are presented for acoustic neuroma15. For use of mobile phone OR
= 1.7, 95% CI = 1.2-2.3 was calculated, and for cordless phone OR = 1.5, 95% CI =
1.04-2.0. Higher ORs were calculated for ipsilateral use, whereas no statistically signif-
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Table 2 - Odds ratio (OR) and 95% confidence interval (CI) for benign brain tumours. Numbers of
exposed cases (Ca) and controls (Co) are given. Adjustment was made for age, sex, SEI, and year of
diagnosis, c.f. Hardell et al.15

Type of tumour/ All Ipsilateral Contralateral
Type of telephone Ca/Co Ca/Co Ca/Co

OR (CI) OR (CI) OR (CI)

Acoustic neuroma (n=243)
Mobile phone, 130/900 80/374 48/308
> 1 year latency 1.7 1.8 1.4

1.2-2.3 1.2-2.6 0.9-2.1

>10 year latency 20/99 13/45 6/29
2.9 3.0 2.4
1.6-5.5 1.4-6.2 0.9-6.3

Cordless phone, 96/701 67/309 28/235
> 1 year latency 1.5 1.7 1.1

1.04-2.0 1.2-2.5 0.7-1.7

>10 year latency 4/45 3/15 1/20
1.3 2.3 0.5
0.4-3.8 0.6-8.8 0.1-4.0

Meningioma (n=916)
Mobile phone, 347/900 167/374 125/308
> 1 year latency 1.1 1.3 1.1

0.9-1.3 1.01-1.7 0.8-1.4

>10 year latency 38/99 18/45 12/29
1.5 1.6 1.6
0.98-2.4 0.9-2.9 0.7-3.3

Cordless phone, 294/701 134/309 101/235
> 1 year latency 1.1 1.2 1.1

0.9-1.4 0.9-1.6 0.8-1.5

>10 year latency 23/45 11/15 7/20
1.8 3.0 1.1
1.01-3.2 1.3-7.2 0.5-2.9

Other benign brain tumours (n=96)
Mobile phone, 49/900 11/374 12/308
> 1 year latency 1.5 1.4 2.1

0.9-2.5 0.5-3.8 0.8-5.3

>10 year latency 7/99 4/45 1/29
1.8 4.7 2.6
0.7-4.9 1.1-21 0.2-30

Cordless phone, 34/701 8/309 9/235
> 1 year latency 1.5 1.5 2.0

0.8-2.5 0.5-4.3 0.7-5.5

>10 year latency 1/45 1/15 0/20
1.3 9.2 -
0.1-12 0.4-197
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icantly increased ORs were found for contralateral use. Ipsilateral use in the > 10 year
latency period yielded for mobile phone OR = 3.0, 95% CI = 1.4-6.2, and for cordless
phone OR = 2.3, 95% CI = 0.6-8.8, based on only 3 exposed cases.

Regarding meningioma ipsilateral mobile phone use gave OR = 1.3, 95% CI = 1.01-
1.7 increasing to OR = 1.6, 95% CI = 0.9-2.9 in the > 10 year latency group, Table 2.
For cordless phones highest OR was calculated using > 10 year latency period, OR = 3.0,
95% CI = 1.3-7.2 in the ipsilateral group. For other types of benign brain tumours no
clear pattern of an association was found, although > 10 year latency use of mobile
phone yielded OR = 4.7, 95% CI = 1.1-21 in the ipsilateral group. These results were
however based on only 4 exposed cases, Table 2.

Age at first use of wireless phones

Subjects with first use of mobile phone < 20 years of age had highest risk for astro-
cytoma, OR = 5.2, 95% CI= 2.2-12, Table 3. Also for cordless phones highest OR was
found in that age group, OR = 4.4, 95% CI = 1.9-10. Lower ORs were calculated for first
use of a wireless phone at higher age. Similar results were found for acoustic neuroma;
for mobile phone OR = 5.0, 95% CI = 1.5-16 in the youngest age group, Table 314, 15, 25.
Regarding cordless phone only one case had first use < 20 years age, so no conclusions
could be drawn. The same calculations for meningioma gave no statistically signifi-
cantly increased ORs in the different age groups (data not in Table).

Meta-analysis of all published case-control studies

As has been discussed elsewhere most results in early studies on this topic were based
on short latency periods26. To evaluate true brain tumour risk, a longer latency period of
perhaps decades may be necessary27. Only the Hardell group and some of the Interphone
studies have presented risk for latency period of at least 10 years. In contrast to the
Hardell group almost all of the Interphone studies included use of cordless phones in the
“unexposed” group; in two of these studies only briefly mentioned without proper result
presentation, see Hardell et al.28. A Danish cohort study on persons who were registered
for the use of mobile phones sometimes during 1982-1995 was not included due to
several methodological shortcomings as discussed in detail elsewhere28. Thus, for
example more than 200 000 corporate subscribers were excluded, i.e. the heaviest users,
and no data on laterality of tumour and in relation to mobile phone use were presented.
Such omission could dilute any observable risks.

Table 4 presents a summary of the results for latency period of 10 years or more26, 29.
For glioma a statistically significantly increased risk was found for ipsilateral mobile
use, OR = 1.9, 95% CI = 1.4-2.414,17,19,21-23, and for acoustic neuroma OR = 1.6, 95% CI =
1.1-2.415,16,18,20. However, the risk was not statistically significantly increased for menin-
gioma15,17,19,22,24.

The Interphone studies

In Table 5 methodological aspects on the Hardell et al. and Interphone studies are
presented. Several issues may be discussed, especially regarding the Swedish part since
the author is very well aware of the Swedish medical system. The Interphone studies
have also been discussed elsewhere, e.g. Hardell et al.28.
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Table 3 - Odds ratio (OR) and 95% confidence interval (CI) for astrocytoma and acoustic neuroma in
different age groups, c.f. Hardell et al.14,15,25. Numbers of exposed cases (Ca) and controls (Co) are given.
Adjustment was made for age, sex, SEI, and year of diagnosis.

Age at first exposure/ Astrocytoma Acoustic neuroma
Type of telephone Ca/Co Ca/Co

OR (CI) OR (CI)

All ages, > 1 year latency
Mobile phone 346/900 130/900

1.4 1.7
1.1-1.7 1.2-2.3

Cordless phone 261/701 96/701
1.4 1.5
1.1-1.8 1.04-2.0

<20, > 1 year latency
Mobile phone 15/14 5/14

5.2 5.0
2.2-12 1.5-16

Cordless phone 14/16 1/16
4.4 0.7
1.9-10 0.1-5.9

20-49, > 1 year latency
Mobile phone 208/555 86/555

1.5 2.0
1.1-2.0 1.3-2.9

Cordless phone 138/416 65/416
1.3 1.7
0.98-1.8 1.1-2.5

50-80, > 1 year latency
Mobile phone 123/331 39/331

1.3 1.4
0.97-1.7 0.9-2.2

Cordless phone 109/269 30/269
1.5 1.3
1.1-2.0 0.8-2.1

Table 4 - Odds ratios (ORs) and 95% confidence intervals (CIs) for meta-analysis of six case-control
studies on glioma, four on acoustic neuroma and five on meningioma using ≥ 10 year latency period.
Numbers of exposed cases (Ca) and controls (Co) are given. For references, see text. Further details may
be found in Hardell et al.26 and Khurana et al.29

Total Ipsilateral Contralateral
No. of OR 95% CI No. of OR 95% CI No. of OR 95% CI
Ca/Co Ca/Co Ca/Co

Glioma 233/330 1.3 1.1 – 1.6 118/145 1.9 1.4 – 2.4 93/150 1.2 0.9 – 1.7
Acoustic neuroma 67/311 1.3 0.97 – 1.9 41/152 1.6 1.1 – 2.4 26/134 1.2 0.8 – 1.9
Meningioma 116/320 1.1 0.8 – 1.4 48/141 1.3 0.9 – 1.8 36/146 0.8 0.5 – 1.3
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Both sets of studies had the case-control design, included both women and men and
were performed during a similar time period, except for the first Hardell group study that
included cases and controls for the time period 1994-19966,7. Our studies included cases
and controls aged 20-80 years, whereas the Interphone studies included various age
groups, mostly the age groups 20-69 years or 30-69 years28,30,31.
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Table 5 - Methodological aspects on the Hardell et al and Interphone studies

Study design, methods Hardell et al Interphone

Type of study Case/control Case/control

Study period 1994-19966,7 Varying 1999-2004
1997-20038,9

Cases Cancer registry Hospitals (some checks with
cancer registry)

Controls Population registry Populating registry/Practioners list/
Random digit dialling

Status Only living cases/controls Also deceased cases included with
proxy interviews
Only living controls

Assessment of exposure Questionnaire Computer guided personal interview

Type and time for Cases: about 2 months after Cases: Bedside face-to-face by
interview diagnosis. nurses or medical students

Mailed questionnaire. Controls: Face-to-face interviews
Controls: usually in their home
Mailed questionnaire

Interview Blinded as case or control Not blinded as to case or control

Mobile phone use Assessed Assessed

Cordless phone use Assessed Not assessed (except for two studies)

Exposure, latency Start ≤ 1 year before diagnosis < 1 year before diagnosis disregarded
disregarded for cases. for cases. Referent date for controls =
Same year for the matched date of identification or mean of
control diagnosis date for cases

Exposure, time Yes = any use; starting > 1 year Yes = Regular mobile phone use on
before diagnosis average once per week during at least

6 months; starting ≥ 1 year before
diagnosis (see above).

Unexposed No use of mobile or cordless No or not regular mobile phone use or
phones or use starting ≤ 1 year use < 1 year before diagnosis (see
before diagnosis above).

Note: use of cordless phone included
in the unexposed group

Blinded coding Yes No. Computer based interviews with
knowledge if it was a case or control

Data processing Blinded as to case or control Not stated (not blinded?)

Data used in presentation Anytime (DECT or mobile phone) Regular user
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The diagnosis of tumour type as well as grading is based on histopathology. X-ray
investigation or MR alone is insufficient. Thus, all cases in the studies from the Hardell
group had histopathological confirmation of the tumour type. Of the 371 cases with
glioma in the Swedish Interphone study17 histopathology examination of the tumour was
available for 328 (88%) and for 225 (82%) of meningioma. Thus, it is possible that cases
without histology confirmation of the diagnosis may have had another type of brain
tumour or even brain metastases. Such misclassifications inevitably bias the result
towards unity. It is remarkable that 345 glioma cases were stratified according to grade
I-IV, although histopathology was available only for 328 cases. In our studies on brain
tumours we have histopathology verification of all of the diagnoses.

There are some discrepancies concerning number of cases identified in the Lönn et al.16,17

studies and data in the Swedish Cancer Registry. We used the Interphone criteria for case
recruitment from the Swedish Cancer Registry. For example the Cancer Registry contained
469 cases with intracranial glioma cases compared with the 499 in the Interphone study,
337 meningioma cases versus 320, and 122 acoustic neuroma cases compared with 160 in
the Interphone study16,17. The Interphone study included cases from neurosurgery, oncology
and neurology clinics as well as regional cancer registries in the study areas, and there
seems thus to be inconsistency with the numbers in the Cancer Registry.

It should be pointed out that another weakness in the Swedish Interphone glioma and
meningioma study was that for 33 glioma and 8 meningioma cases information on expo-
sure was obtained from relatives, whereas no relatives of the controls were interviewed17.
This might have introduced recall bias since it is probably difficult for relatives to know
mobile phone habits, ear used during phone calls, type of phone etc. In our studies only
living cases and controls were included. It is unlikely that excluding deceased cases
would have biased the results unless use of wireless phones gives decreased OR for
deceased cases; that is to balance an increased OR among living cases. In fact, we
performed a case-control study on deceased cases with malignant brain tumour that were
excluded from our studies14 using deceased controls. Results on the association of use of
wireless phones confirmed our previous findings of an increased risk for malignant brain
tumour among mobile phone users32.

Use of cellular telephones was mostly assessed by personal interviews in the Inter-
phone studies. In contrast to our procedure, the interviewer was aware whether the inter-
viewed person was a case (patient) or a control, thereby potentially introducing obser-
vational bias. It is not described how these personal interviews were organized, a
tremendous task considering that vast parts of Sweden from north to south that had to be
covered. In the sparsely populated and extended area in northern Sweden personal inter-
views must have meant lots of long distance travelling and imposed additional stress on
the interviewers. No information was given in the articles on how or if this method-
ological problem was solved.

According to the provisions of the Interphone study the interviews were extensive and
computer aided. It is likely that such an interview creates a stressful situation for a
patient with a recent brain tumour diagnosis and operation. Mostly bedside interviews
were performed during the patients’ stay at the hospital, some even newly operated
upon. These patients, especially under pressure, often have difficulties remembering past
exposures and inevitably have problems with concentration and may have problems with
other cognitive shortcomings. According to our experience a better option would have
been to start with a mailed questionnaire, as we used for both cases and controls.
Regarding cases the questions can be answered during a period of more well-being, and
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if necessary supplemented by a telephone interview. This procedure has the additional
advantage that it can be accomplished without disclosure whether a person is a case or
a control during the data collection.

Observational bias might have been introduced in the Interphone studies since the
interviewer knew if it was a case or a control that was being interviewed. In contrast,
assessment of exposure and all further data processing until statistical analysis was
blinded as to being a case or a control in our studies. Thus, we used the same method for
assessment of exposure for cases and controls.

In one of the Interphone studies Mini-Mental State Examination was completed by
80% of the cases and 90% of the controls19. It was concluded that patients scored signif-
icantly lower than controls due to recalling words (aphasia), problems with writing and
drawing due to paralysis. Certainly these cognitive defects would not be expected to the
same extent for patients with acoustic neuroma and clearly in the Swedish Interphone
studies the results for acoustic neuroma16 seem to be more sound and reliable than for
glioma and meningioma17.

We included use of mobile or cordless phone ‘any time’ in the exposed group and
made dose-response calculations based on number of hours of cumulative use. The
unexposed group included also subjects with use of wireless phones with ≤ 1 year
latency period.

On the contrary, mobile phone use in the Interphone studies was defined as ‘regular
use’ on average once per week during at least 6 months, less than that was regarded as
unexposed including also all use within < 1 year before diagnosis. This definition of
‘regular use’ seems to have been arbitrary chosen and might have created both observa-
tional and recall bias in the interpretation of such a vague definition.

Use of cordless phones was not assessed or not clearly presented in the Interphone
studies, e.g.16,22. We found a consistent pattern of an association between cordless
phones and glioma and acoustic neuroma14,15. It has been shown that the GSM phones
have a median power in the same order of magnitude as cordless phones33. Moreover,
cordless phones are usually used for longer calls than mobile phones14,15. Including
subjects using cordless phones in the “unexposed” group in studies on this issue, as for
example in the Interphone investigations, would thus underestimate the risk and bias
OR against unity.

Regarding glioma the Swedish Interphone study17 reported 23 ORs in Table 2 and 22
of these were < 1.0 and one OR = 1.0. For meningioma all 23 ORs were < 1.0, six even
statistically significantly so. These results indicate a systematic bias in the study unless
use of mobile phones prevents glioma and meningioma, which is biologically unlikely.
It should be noted that several of the overall ORs also in other Interphone studies were
< 1.0, some even statistically significantly so. As an example, in the Danish Interphone
study on glioma19 all 17 ORs for high-grade glioma were < 1.0, four even statistically
significantly decreased.

In Table 614-18,20-24,34-38 response rates for cases and controls in the various studies are
presented. The case participation was good in our studies, 88% for cases with benign
brain tumours, 90% for malignant brain tumour cases and 89% for the controls. On the
contrary case participation varied from 37% to 93% and control participation from 42%
to 75% in the Interphone studies. Obviously low participation rates for cases and
controls might give selection bias and influence the results in the Interphone studies.

Among the controls in the glioma and meningioma study 282 (29%) refused to
participate17. Among some of these non-responders a short interview was made and
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Table 6 - Response rates (percent) in the Hardell et al and the Interphone studies. Numbers of inter-
viewed cases are given. Note that for the Hardell et al pooled results are given from previously published
original results.

Study Response (number and percent)
Cases Controls

Hardell et al. (Sweden) 200614,15

- Benign brain tumours 1 254 (88%) 2 162 (89%)
- Malignant brain tumours 905 (90%)

Lönn et al. (Sweden) 200416

- Acoustic neuroma 148 (93%) 604 (72% )

Lönn et al. (Sweden) 200517

- Glioma 371 (74%) 674 (71%)
- Meningioma 273 (85%)

Christensen et al. (Denmark) 200418

- Acoustic neuroma 106 (82% ) 212 (64%)

Christensen et al. (Denmark) 200519

- Glioma 252 (71%) 822 (64%)
- Meningioma 175 (74%)

Schoemaker et al. (Five North European countries) 200520

- Acoustic neuroma 678 (82%) 3 553 (42%)

Hepworth et al. (England) 200621

- Glioma 966 (51%) 1 716 (45%)

Schüz et al. (Germany) 200622

- Glioma 366 (80%) 1 494 (61%)
- Meningioma 381 (88%)

Takebayashi et al. (Japan) 200634

- Acoustic neuroma 101 (84%) 339 (52%)

Klaeboe et al. (Norway) 200735

- Glioma 289 (77%) 358 (69%)
- Meningioma 207 (71%)
- Acoustic neuroma 45 (68%)

Lahkola et al. (Five North European countries) 200723

- Glioma 1 521 3 301
(60%; range 37-81%) (50%; range 42-69%)

Hours et al. (France) 200736

- Glioma 96 (60%) 455 (75%)
- Meningioma 145 (78%)
- Acoustic neuroma 109 (81%)

Schlehofer et al. (Germany (2007)37

-Acoustic neuroma 97 (89%) 194 (53%)

Takebayashi et al. (Japan) 200838

- Glioma 88 (59%) 196 (53%)
- Meningioma 132 (78%) 279 (52%)
- Pituitary adenoma 102 (76%) 208 (49%)

Lahkola et al. (Five North European countries) 200924

- Meningioma 1 209 3 299
(74%; range 55-90%) (50%; range 42-69%)
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only 34% reported regular use of a cellular telephone compared with 59% of the
responders. If this discrepancy extends to the total group of non-responders the true
percentage of mobile phone users in controls would be approximately 52%. Hence this
figure would be lower than in glioma (58% exposed) and acoustic neuroma cases
(60%). Only for meningioma with 43% exposed cases a lower percentage was reported,
however, considering the sex ratio (women: men) for meningioma of about 2:1, a lower
percentage of mobile phone users has to be expected due to the previously lower rate
of users among women. It should be noted that a similar procedure in another Inter-
phone study yielded similar results regarding mobile phone use among responders and
non-responders38.

Methodological issues in the Interphone studies have been discussed elsewhere39,40. It
was concluded that the actual use of mobile phones was underestimated in light users
and overestimated in heavy users. Random recall bias could lead to large underestima-
tion in the risk of brain tumours associated with mobile phone use. It was further
suggested that selection bias in the Interphone study resulted in underselection of unex-
posed controls with decreasing risk at low to moderate exposure levels. Refusal to partic-
ipate seemed to be related to less prevalent use of mobile phone41.

Discussion

A consistent pattern of an association between use of mobile or cordless phones and
ipsilateral astrocytoma and acoustic neuroma was found in the studies from the Hardell
group. The risk increased for both tumour types with time since first use and was highest
in the group with > 10 year latency. For biological reasons this is what one would expect
for a carcinogenic effect for use of wireless phones. The brain is a near-field organ for
such exposure and highest risk in the > 10 year latency period would be expected.
Aspects on the used methods, interpretation of results and discussion of other studies in
this area may be found in our different studies in this area as have previously been
published25, 28, 31.

No other studies than from the Hardell group have published comprehensive results
for use of cordless phones. As we have discussed in our publications it is pertinent to
include also such use in this type of studies. Cordless phones are an important source of
exposure to microwaves and they are usually used for a longer time period on daily basis
as compared to mobile phones. Thus, to exclude such use, as was done in e.g. the Inter-
phone studies, could lead to an underestimation of the risk for brain tumours from use
of wireless phones.

Of special concern is the five-times higher risk for both astrocytoma and acoustic
neuroma among cases that started mobile phone use before the age of 20. Similar results
were found for astrocytoma and cordless phone use25. The results were based on low
numbers of exposed cases and controls, but are still statistically significant. Regarding
acoustic neuroma and cordless phones the results were inconclusive, since only one case
had used a cordless phone before the age of 20. A much lower risk was found in older
age groups. From a biological point of view these results are credible since the devel-
oping brain would be more sensitive to carcinogens. These results are worrying
regarding children since the brain is more exposed to microwaves during mobile phone
calls in young persons due to smaller head and thinner bone, as has been discussed else-
where4,27.
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The meta-analysis on use of mobile phones and the association with brain tumours
included all case-control studies that we have identified in the peer-reviewed literature.
Most studies have published data with rather short latency period and limited informa-
tion on long-term users, and the results using 10-year latency period are based on rather
low numbers. In spite of that, also the meta-analysis yielded a consistent pattern of an
increased risk for acoustic neuroma and glioma after ≥ 10 years mobile phone use, thus
confirming the results from the Hardell group.

It should be mentioned that another meta-analysis that did not include our studies
found a statistically significant association between mobile phone use and all brain
tumours using ≥ 10 years latency period with OR = 1.25, 95% CI = 1.01-1.5442.

During 1970-2007 the annual age adjusted incidence increased statistically signifi-
cantly for all brain tumours with +0.28%, 95% CI = +0.04 to +0.52 in Sweden
(http://www.socialstyrelsen.se/Statistik/statistikdatabas/index.htm). The age-adjusted
incidence of astrocytoma increased during 2000-2007 yearly with +1.55%, 95% CI = -
0.15 to +3.27, statistically significantly so among women. In the age group > 19 years
the annual change was statistically significant for astrocytoma, +2.16%, 95% CI = +0.25
to +4.1025. These results are remarkable not the least since there seems to be a large
underreporting of brain tumour cases to the Swedish Cancer Registry43.

It should be pointed out that in the Swedish part of the Interphone studies, one of the
authors (Ahlbom) had stated, even before the study started, that an asserted association
between cellular telephones and brain tumours is ‘biologically bizarre’ in an ‘opinion’
letter44. This statement might preclude him from objectivity in his own investigation and
has been rebutted45. The so-called REFLEX-study indicates that there are in fact biolog-
ical mechanisms that could link exposure to the development of diseases such as brain
tumours46.

Interestingly, one of the authors of the ‘opinion’ letter, Professor Adami together with
Professor Trichopoulus stated in an Editorial47 in the same issue of New England Journal
of Medicine as the US study on mobile phone use and brain tumours by Inskip et al.48

was published that …’the use of cellular telephones does not detectably increase the risk
of brain tumours’ and that ‘This study allays fears raised by alarmist reports that the use
of cellular telephones causes cancer’. This statement goes far beyond what is scientifi-
cally defensible, e.g. longest duration for use was only ≥ 5 years and no data with 10
years latency were presented. Maybe this editorial was biased by not reported conflicts
of interest by the authors as exemplified elsewhere45,49.

Also another person who participated in the Swedish part of the Interphone studies,
Professor Feychting, has made a most remarkable comment on our studies when she
“wonders if the questions really were placed in the same way to cases and controls”50.
For methodological reasons this comment is of course not true. On the contrary, different
methods seem to have been used for interviews of cases and controls in the Interphone
study, see above, where Professor Feychting participated. Certainly these circumstances
show how economical and other not disclosed interests might influence this research
area and preclude objective risk evaluation. Still these attacks on our research are few in
an international perspective and almost exclusively made by a few Swedish researchers
with their own not disclosed research agenda45. This type of unfounded critique needs to
be rebutted and is quite in contrast to some recent international publications51-53.

In summary there is consistent evidence of an increased risk for glioma and acoustic
neuroma after ≥ 10 years latency for use of mobile or cordless phones. Especially
worrying is the finding of highest risk in persons with first use of a mobile phone before
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the age of 20 in the study from the Hardell group. The current guideline for exposure to
microwaves from wireless phones is not safe and needs to be revised.

Epilogue

The overall results from the Interphone study group were recently published for
glioma and meningioma5. The response rate was for meningioma cases 78% (range 56-
92%), for glioma cases 64% (range 36-92%), and for controls 53% (range 42-74%). No
association was found for meningioma. For glioma OR = 1.40, 95% CI = 1.03-1.89, was
calculated in the group with highest cumulative use of mobile phone, ≥ 1640 h. For ipsi-
lateral use the risk increased further to OR = 1.96, 95% CI = 1.22-3.16. Highest risk was
found in the temporal lobe, the anatomical area with highest exposure. Overall statisti-
cally significantly decreased risk was found both for meningioma and glioma indicating
bias in the study as also discussed by the authors. Consequently OR was biased towards
unity in the highest exposure group. Using the lowest exposure group as reference entity
yielded for glioma and latency ≥ 10 years OR = 2.18, 95% CI = 1.43-3.31 and for cumu-
lative use ≥ 1640 h OR = 1.82, 95% CI = 1.15-2.89. These results are thus consistent
with our findings and give further evidence of an association between mobile phone use
and glioma.
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Abstract

Electromagnetic field exposures vary substantially between industries, occupa-
tions and individuals. In factories and large commercial buildings with huge
number of office equipments like computers, photocopies, fax machines, and
video display units, the occupants are exposed to 50-Hz magnetic fields (MF) and
radiofrequency (RF) fields. The objective of this EMF occupational exposure
measurement study was to characterize occupational MF personal exposure
among operators using office equipments and/or industrial workstations at least
8 hours per day. Measurements were performed in two national banks, one gaso-
line injection factory and one international satellite and cable operator. This
survey was designed to measure the mean and maximum MF magnitudes at
extremely-low frequency (ELF) with a Narda EFA-300 meter and its isotropic
probes. Based on our findings, it is strongly recommended that periodic EMF
exposure measurements should be done to obtain more detailed understanding
of workplace exposures and their sources. And the results should be considered
in the evaluation of risk assessment that would help to minimize the possibility
of workers being harmed by work-related exposure to nonionizing electromag-
netic sources. Occupational exposure standards considering the precautionary
principle approach relating to adverse health effects should promptly be legis-
lated in Turkey and throughout the world.

Key words: ELF MFs, EMF measurements, EMF exposure, risk assessment,
EFA-300, occupational EMF exposure

Introduction

Electromagnetic fields (EMF) occur in nature and thus have always existed on earth.
However, during the twentieth century, environmental exposure to man-made sources of

379

Occupational EMF exposure measurements in different
work environments
Nesrin Seyhan*, **, Arzu Firlarer*, ***, Ayse G. Canseven*, **, Semih Özden*,
Semra Tepe Çam**

* Gazi Non-Ionizing Radiation Protection Center (GNRK), Gazi University Faculty of Medicine
06500 Besevler, Ankara, Turkey

** Gazi University Faculty of Medicine Biophysics Department, 06500 Besevler, Ankara, Turkey
*** Gazi University Health Sciences Institute Occupational Health and Safety Department, 06500

Besevler, Ankara, Turkey

Address: Arzu Firlarer, Gazi Üniversitesi Tıp Fakültesi Biyofizik Abd., Dekanlık Binası 5. Kat, 06500
Besevler Ankara/Turkey - Tel: +(90)312-202 46 79 - Fax: +90 312 212 90 23
E-mail: afirlarer@gmail.com

24-seyhan-firlarer:24-seyhan-firlarer  11-10-2010  9:26  Pagina 379



EMF continually increased due to electricity demand, ever advancing wireless tech-
nologies and changes in work practices and social behavior. Everyone is exposed to elec-
tric and magnetic fields at many different frequencies, at home and at work. Magnetic
and electric fields are complex entities that can be characterized by their frequency,
waveform, polarization, and amplitude. As a result, there are potentially several different
parameters that can be used to define exposure1.

Interest in electromagnetic fields as a possible cause of cancer was first noted by
Wertheimer and Leeper2 when they observed an association between electromagnetic
fields from overhead power lines and childhood leukemia. During an investigation of
occupational mortality, Milham3 similarly reported that leukemia mortality of adults occu-
pationally exposed to electric or magnetic was increased. Possible associations between
leukemia and electromagnetic fields are still being investigated in epidemiological studies;
the most detailed ones are constructed from exposure measurements of the present day
workforce4,5. Analyses of data from a number of well-conducted studies showed a clearly
twofold increase in risk associated between power-frequency magnetic field exposure
above 4 mG (milliGauss) and childhood leukemia6. This paper presents the exposure levels
of work-related electromagnetic fields measured by GNRK from four different occupa-
tional sites in which industrial and office equipments were used during working period.

Occupational EMF exposure

Since outside power lines are only predictive of magnetic fields and no known long-
term electric field indicators are available, residential studies of childhood cancer have
all been explicitly or implicitly focused on magnetic fields. Occupational studies are less
clear in terms of which field types are present; for many electrical occupations, both
electric and magnetic fields are likely to be present. In the environment of electric utility
industry, the most extensively studied sector, both field types are raised4.

Occupational settings can be expected to show more varieties than residential expo-
sure. There is more opportunity for intermittent very high exposures to electric and
magnetic fields rarely encountered in the home. The diversity of field frequencies can be
much greater, not limited to relatively pure 50 or 60 Hz fields. Varying work practices
can give rise to markedly different exposure patterns over the workday. Among electric
utility workers, for example, linemen would often spend several hours at near zero expo-
sure while driving to the work site and then spend an hour in a magnetic field of 20 or
30 mG, then drive back to the base with zero exposure again. In contrast, power station
operators are more likely to be exposed to a steady magnetic field of perhaps 5 to 10 mG
for the entire work shift. Most work occurs during the daytime, but a sizable proportion
of the workforce is engaged in shift work and receives exposures at night. The biolog-
ical significance, if any, of these differing patterns of exposure is presently unknown, but
the workplace offers more diversity to study than the residential environment 4-9.

The notion of “electrical worker” has probably been too narrowly conceived to
adequately reflect the diversity of settings in which elevated EMF is encountered.
Milham’s original list was based on intuitive perceptions of which electrical workers are,
with real questions about whether such occupations as “electrical engineer” are truly
exposed to elevated field levels and omitting the broad array of workers who spend
extensive periods of time near electrical equipment such as photocopiers, video display
terminals, or sewing machines 4-9.
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Surveys of additional groups of potentially exposed workers are needed, initially
including all whose jobs involve close proximity to electrical equipment for extended
periods of time. Advances in meters for assessing EMF allow for surveys of workplaces
and personal monitoring with relatively modest expense and inconvenience. By broad-
ening the research to include workers in more diverse settings, there is a greater oppor-
tunity to evaluate the biological significance of varying exposure patterns. Perhaps,
unexpected result among the candidate populations is one that is exposed to the true
“magnetotoxin” that will show dramatic elevations in cancer 4-9.

EMF guidelines and limits

A number of national and international organizations have formulated guidelines
establishing limits for occupational and residential EMF exposure. These organizations
include the International Radiation Protection Association/International Non-Ionizing
Radiation Committee (IRPA/INIRC, 1990), the Comité Européen de Normalization
Electrotechnique (CENELEC, 1995), the National Radiological Protection Board in the
United Kingdom (NRPB, 1993), Deutsches Institut für Normung-Verband Deutscher
Elektrotechniker (DIN/VDE, 1995), the American Conference of Governmental Indus-
trial Hygienists (ACGIH, 1996), and the International Commission on Non-Ionizing
Radiation Protection (ICNIRP, 1998). Guidelines focus on prevention of acute neural
and cardiac effects. Evidence of potential long-term effects such as cancer is considered
insufficient for guideline formulation.

Earlier guidelines specified limits for the ‘whole working day’, with relaxed values
for shorter exposures. Later guidelines10 (ACGIH, 1998; ICNIRP, 1998) specified
momentary or ceiling limits and eliminated short-term exposure limits, which had
permitted considerably higher field exposures for limited, but not insignificant, periods
of time (hours). Overall, magnetic field guidelines have become progressively more
stringent, culminating with the latest ICNIRP (1998) guidelines 10-12.

For occupational groups, the ICNIRP guidelines specify reference levels (defined as
levels at which action should be taken) for electric and magnetic fields of 10 kV/m and
5 G for 50-Hz and 8.3 kV/m and 4.2 G for 60-Hz fields. For the general public, electric
and magnetic field reference levels are 5 kV/m and 1 G for 50-Hz and 4.2 kV/m and 0.83
G for 60-Hz fields 10-12.

Based in part on ICNIRP standards, the German federal government published the
first national EMF regulation for residential exposure in 1996 (Federal Government of
Germany, 1996). As a result of public pressure in several countries, the European Union
has adopted a recommendation based on a modified version of ICNIRP guidelines for
residential exposure. Much stricter limits (2–10 mG) have been adopted in Switzerland
(Swiss Federal Council, 1999) and proposed in Italy 10-12.

In the US, several state and local governments have adopted electric and magnetic
field limits for transmission lines. These limits, established by regulations in some states
(e.g. Florida) and by informal guidelines in others (e.g. Minnesota), are on the order of
10 kV/m within rights-of-way and 2 kV/m at the edge of rights-of-way for electric fields
and around 200 mG for magnetic fields. Much more stringent limits for magnetic field
exposure (on the order of 2–4 mG at the edge of rights-of-way) have been adopted in
some local ordinances 10-12.
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Studies of GNRK

The scientific world has focused on the biological effects of electromagnetic fields
(EMF) from base stations, mobile phones, TV and radio transmitters, Dect telephones,
MRI and diathermy units, transformers, microwave ovens, radar systems, security
systems and high intensity power lines for more than 40 years. These sources are all
belong to the non-ionizing radiation (NIR) part of the electromagnetic spectrum.

All EU countries have their own Non-Ionizing Radiation Centers and/or Laboratories.
NIR’s include electric and magnetic fields and radiations, optical radiations (UV, visible
and infrared) and ultrasound. These centers have important mission in order to take
precaution from electromagnetic fields in the range of 0-300 GHz radiation. In our
country, the only NIR center is GNRK – Gazi Non-Ionizing Radiation Protection Center
(www.gnrk.gazi.edu.tr). GNRK and related measurement laboratory is established in
July 2005 by the Biophysics Department of Gazi University in Ankara, having primarily
working on area of health and biological effects of NIR along with measurement of radi-
ation from NIR sources between 5 Hz and 60 GHz frequency.

ELF and RF radiation measurement for personal or institutional orders in/near/under;
house, office, school, hospital (MRI, diathermy units), industrial sites, base stations,
radar units, TV and radio transmitters, high voltage power lines are being carried out.
GNRK interprets the measurement results in health perspective with respect to the
national and international standards.

GNRK investigates the effects of EM fields on human health, provides consulting to
people who are interested in working or living in the similar area of the GNRK Center
(not clear what this means), provides expertise reports for lawsuits of the effects of ELF
and RF radiation health effects, provides counselling and gives educational briefs to
ministries for the preparation of acts to protect people and workers from EMF.

GNRK provides public and occupational training for the measurement of EMF,
prepares brochures for people, workers and students on protection from EMF exposure,
maintains a web site of the center while providing written and oral information resource
which consists of EMF and biological effects, environmental radiation sources and field
strength to inform people.

The Biophysics Department has worked on Biological Effects of Non-Ionizing Elec-
tromagnetic Fields for more than 25 years. For this aim the Bioelectromagnetics Labo-
ratory, the Tissue Analysis Laboratory and the Gazi Non-Ionizing Radiation Protection
Center were established. In these laboratories, application of RF fields, ELF magnetic
and electric fields to biological systems, dosimetry of ELF and RF fields and modeling,
biological and health effects of ELF and RF radiation, methods of measurement of EMF
are being investigated 13-19.

Subjects and methods

The study subjects had worked 8 hr/day for 1-5 years in administrative units, admin-
istrative information technologies departments of two National Banks, one Industrial
Company and satellite control rooms of an international operator having more than 500
employees, where the offices are equipped fully with electronic devices.

Measurements of exposures were obtained directly from employees under usual
working conditions in 2007 and 2008, during a workday (between 9:00 to 17:00). Meas-
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urement of magnetic field intensity was performed with a Narda EFA-300 meter (Narda;
Pfulingen, Germany) and an isotropic magnetic field probe with a bandwidth of 5 Hz -
32 kHz.

The measured MFs in the office environment varied from 1.33 mG (mean) to 424.32
mG (maximum) and in the factory environment values from industrialized equipments
varied from 15.72 mG (mean) to 6.15 Gauss (maximum).

Measurements in the national bank-1 (NB-1)

Measurements were done in four different floors where uninterruptible power sources
(UPS), electric enclosures were placed in Cellar-1; administration units, telephone
central and energy monitoring unit were placed in Cellar-2; electric enclosures and tech-
nician room were placed in Cellar-3 and communication service was placed in Ground
Floor. Communication service was placed above the electric enclosures and behind a
diesel generator. Office equipments were densely used in the administrative unit and
communication service. Measurements were performed totally in 97 points considering
the electromagnetic fields emitted from office equipments, electric enclosures and
UPS20.

Measurements in the national bank-2 (NB-2)

In the data processing center of NB-2, it was aimed to determine the occupational EM
radiation level and the effect of possible health effects on the office workers (using
computers at least 6 h/day), system operators (printing machines, automated teller
machines-ATM) and technicians.

The data processing center was composed of 5 floors. In the cellar, there were elec-
tric enclosures and UPS; on the Ground Floor, there were system rooms, printing center
and offices. Servers and data processing machines, office rooms and some project
managers’ rooms were placed on the first floor. Technical and project rooms where
mostly office equipments were used are on the second floor. The call center was on the
last floor. Besides, there was a high voltage line situated 30 meters away.

Measurements were performed where EM sources were many and workers mostly
spent their time using isotropic probes at 5 Hz – 32 kHz frequency range. The total meas-
urement points were 140 and the results were given in RMS21.

Measurements in gasoline injection factory (GIF)

Electromagnetic field sources in the gasoline factory were computer numerical
control (CNC) workbenches in production lines, transformers, electric enclosures, hard-
ening furnaces and melting furnaces. Measurements were performed in 237 points
considering the near field of the sources and the locations of the workers/operators22.

Measurements in the international satellite and cable operator (ISCO)

EMF sources inside the ISCO campus were cable TV satellites, outside broadcast
vehicle, infrastructure equipments, administrative buildings, transformers and lodging
buildings. Power system of antennas named “shelter” that provided communication
between antenna and received/transmitted signals were located apart from the antenna.
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Besides, control systems and engines that can move the antenna and make the connec-
tion between signals were inside the shelter. Outside broadcast vehicle was consisted of
control equipments and an antenna which transmitted the image from the cameras to the
satellite. Measurements were performed in 223 points considering the near field of the
sources, the locations and the working time intervals of the workers/operators23.

Results and conclusion

In four different companies having totally 5,632 workers/operators, measurements
were performed in 697 points. According to these results, about 72% of the staff is under
the risk according to IARC and WHO 2001 classifications. As presented in Tables 1-4,
the highest mean and maximum MF values were seen in the gasoline injection factory
where hardening and melting furnaces are being used. The common problem of these
companies is offices located either near the electric enclosures or close to high-power
electrical appliances.
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Table 1 - NB-1 measurement results

Location Mean (mG) S.D. (mG) Maximum (mG)

UPS technician room 47.25 22.50 84.80
Administration Department 8.06 3.06 55.30
Office equipped fully with CRT monitors 12.37 5.35 33.80
Communication Service 34.50 8.56 165.00
Office above electric enclosure, equipped 20.48 8.86 38.90
with CRT monitors

Table 2 - NB-2 measurement results

Location Mean (mG) S.D. (mG) Maximum (mG)

Bank card printing center 7.01 1.86 46.34
Office equipped fully with LCD monitors 1.33 0.44 11.45
Office above electric enclosure, equipped 16.69 3.94 67.94
with LCD monitors

Table 3 - GIF measurement results

Location Mean (mG) S.D. (mG) Maximum (mG)

Near Hardening and melting furnaces 952.75 186.19 6,149.30
Office inside the factory equipped fully 12.37 2.13 45.17
with LCD monitors
Office behind electric enclosure inside 111.61 21.85 424.32
the factory
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Data collected in this study indicate that while doing the EMF risk evaluation in
offices; some points should be considered.

The seating plan should be made by taking into consideration not only the technical
specifications of the equipments used in the departments, but also the location of equip-
ments like electric enclosures, high power lines. Staffs are generally not aware of the
potential hazard unless the MFs produce an electromagnetic interference in sensitive
electronic equipment (monitors, computers, audio/video equipment, etc.).

Although, the measured MF strengths of CRT (cathode ray tube) are higher than the
LCD (Liquid Crystal Display) monitors, it is found that the exposure levels of a LCD
monitor can be higher when an office is located near/above the electric enclosure.

Offices fully equipped with high-power electrical appliances should be shielded to
reduce the MF exposure level.

For workers in telecommunication sector, risk evaluation should be done by consid-
ering both ELF and RF fields.

Due to the measurement conditions and results, it is strongly recommended that peri-
odic EMF exposure measurements should be done to obtain more detailed understanding
of workplace exposures and their sources, and workers/operators should be aware of
EMF field-levels to protect their health. Training programmes about protection of
workers from adverse health effects due to electromagnetic fields in view of scientific
uncertainties are being carried out by GNRK due to the demand.

Results should be considered in the evaluation of risk assessment that would help to
minimize the possibility of workers being harmed due to work-related electromagnetic
sources. Thus, occupational exposure standards considering the precautionary principle
relating to adverse health effects should promptly be legislated in Turkey and throughout
the world.
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Abstract

Several studies have examined the reproductive effects of occupational and envi-
ronmental exposures to electromagnetic fields (EMF) using in vitro, in vivo and
epidemiologic methods. The present paper reviews the main results of the
epidemiologic literature on the effects of exposure to EMF on male and female
reproduction, indexed in the PubMed data bank after 1990. Studies on male
reproductive effects have mainly focused on the possible association between
occupational exposure to EMF and infertility or congenital defects in the
offspring. Studies on possible female reproductive effects have examined the
association between exposures during pregnancy to EMF (VDTs, residential
exposure to ELF magnetic fields, electric blankets, heated water beds, mobile
phones) and spontaneous abortion and congenital defects in the offspring. For
each study, the authors paid particular attention to the study design (cohort,
correlational, case-control, prospective follow-up, experimental), the population
and outcomes studied, the method of exposure assessment to EMF and the
results obtained. Overall, the results obtained to date through the epidemiolog-
ical approach, do not raise strong concern for human reproductive health from
the usual occupational and environmental EMF exposure levels. However there
is also some evidence that subjects with unusually high exposures, show some
increase in reproductive risk. In discussing the evidence the authors point out to
numerous limitations of most epidemiologic studies: confounding factors such as
age, smoking, occupational exposures to male and female reproductive chemical
toxicants, sedentary life stile etc. are often not taken into account. In addition,
exposure of the subjects to EMF has been frequently determined only on the
basis of interviews and self reports on the part of the subjects involved. These
limitations are also discussed, together with the possible mechanisms of action of
hypothesized/suspected reproductive effects of EMF on male and female repro-
duction as suggested by the literature of animal studies.

Key words: Electromagnetic fields, human reproduction, epidemiology
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Introduction

Until relatively recent times, physical and chemical environmental pollutants were
not considered a risk for the human reproductive health. Research in this area was
prompted beginning with the decade of the 1970’s and 80’s, as a result of the massive
entrance of women in the workforce, and the introduction of new technologies involving
new risks for both the occupationally exposed and the general population.

Among the physical environmental risk factors, the non-ionizing radiations and in
particular the electromagnetic fields (EMF), are the ones which have drawn the attention
of most researchers. Early studies focused on male reproductive effects, finding possible
effects on spermatogenesis and fertility, especially for workers exposed to microwaves
and radar operators, where thermal effects are also possible. Among women, possible
reproductive effects were examined in both occupational and environmental settings, by
evaluating pregnancy outcomes (e.g. low birth weight of the newborn, foetal loss,
congenital defects, etc.), in relation to work with video terminals (VDTs), to the use of
electric blankets and bed heaters or to other domestic exposures during the gestational
period.

Although several of the early studies have shown some increases in risk for human
reproduction (both male and female), most studies were either negative or inconclusive,
because of serious methodological limitations. The main problem in most studies has
been the determination of the real exposure of the subjects to EMF. This is especially
true of early studies, where exposure to EMF was determined only on the basis of self
reports on the part of the subjects involved.

This is why, many researchers undertook experimental studies, where it is possible to
evaluate with precision the type and doses of EMF administered to the animal, and the
reproductive outcome expected, in predetermined gestational time windows.

The scientific literature on these topics has already been reviewed several times in the
past1,2,3. The present review offers an update in respect to previous reviews, and is based
on studies selected on the basis of the following criteria: (1) studies published in journals
indexed in the PubMed data bank after 1990; (2) studies where exposure to EMF was
assessed by either a direct measurement in the living and work environment, or indirectly
by an estimate based on predetermined parameters (e.g. vicinity to the emitting source,
frequency and duration of contact etc.); (3) the hypotheses of the study were tested with
appropriate statistical methods. The review also includes the studies on the possible role
of EMF exposures through cellular phones, which have not been reviewed previously.

Epidemiologic studies on the effects of exposure to EMF on male reproduction

Exposure to EMF and male infertility

The possible role of EMF on male fertility was first suggested by Buiatti et al.4, who
found an increased risk for infertility among radio and electricity workers compared to
other occupations.

A study of welders, who are often exposed to EMF, also found poor semen quality,
but this could also be attributed to exposures to metal fumes inhaled during welding5.

To identify the specific role of EMF, Lundsberg et al.6 undertook a case control study
among 1,309 men attending the Yale New Haven Hospital Infertility Clinic. Exposure to
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EMF, was ascertained by job title, classifying occupations in three groups (high, medium
and low levels of exposure). The study found no difference in occupational exposures to
EMF, among cases and controls in sperm morphology, concentration and motility (Table 1).

Military personnel is particularly exposed to radiofrequency EMF because of work in
the vicinity of high frequency aerials, communication equipment and radar. These
groups were studied recently in Norway among 10,497 currently and formally employed
military men7. Levels of exposure to EMF and male reproductive health (infertility, and
involuntary childlessness), were ascertained by mailed questionnaires. Infertility (unsuc-
cessful attempt to conceive for 12 months), was more common among the men working
closer than 10 meters from high frequency aerials, or to communication and radar equip-
ment. The data showed a dose-response relationship, and the effect was statistically
significant, and particularly evident for the men reporting “very high” exposures to radio
frequencies. Similar results were obtained with the variable “involuntary childlessness”.
In addition, in the highly exposed military men, the study found a statistically significant
alteration of the sex ratio. The authors suggest that this may be due to a lowered ratio of
testosterone/gonadotropin among men exposed to radiofrequency radiation.

In recent times, the concern about possible negative effects of EMF on health has
shifted to the fast growing diffusion of mobile phones. Although most research deals
with neurological and carcinogenic effects, there is also some evidence from studies of
possible reproductive effects.

The first epidemiologic study on the possible relationship between cell phone use and
semen quality was conducted in 2002-2004, among 372 men attending an infertility clinic
in Hungary8. Exposure to cellular phones was examined in terms of duration of posses-
sion, duration of standby position closer than 50 cm to body (in hours), and duration of
daily transmission (in minutes). The results showed no change in overall motility but a
significant decrease in the proportion of rapid progressive motile sperm with increasing
daily transmission time (r=-0.19; p<0.01). No change in overall motility was found in
relationship to duration of possession, or to duration of standby position near the subject.

A subsequent study in Poland, conducted between 2004-06 among 304 men attending
two infertility clinics 9, found an association between frequent use of GSM phones and
several poor semen quality parameters including percent viable and progressively motile
sperm, and percent sperm with abnormal morphology.

A third similar study conducted in an infertility clinic of Cleveland Ohio, confirmed
the same findings: men who never used cell phones had consistently better sperm param-
eter (in particular sperm count, motility, viability and morphology) than users of cell
phones. The reduction in sperm quality followed a dose-response curve proportional to
the duration of daily use 10.

Unfortunately in most of these studies confounding factors such as age, smoking,
occupational exposures to male reproductive toxicants, sedentary life stile etc. are not
taken into account, making these results questionable. Nevertheless the consistency of
these observations and evidence from experimental studies, raise a serious concern and
call for further research to clarify this important question.

Paternal occupational exposures to EMF and congenital defects in the offspring

The exploratory large scale case-control study of Schnitzer et al. 11, examined the role
of paternal occupation and the risk of congenital defects. The study was based on the
Birth Defects Registry of Atlanta (USA) and the occupations of the fathers of both cases
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Table 1 - Selected studies on male exposure to EMF and fertility

Type of
study

Nested
case-
Control

Case
control

Corre-
lational

Corre-
lational

Corre-
lational

Place /
Time

New
Haven
USA
1984-1987

Norway
2002-2004

Hungary
2002-2004

Poland
2004-2006

Cleveland
Ohio
2004-2005

Population and
outcomes studied

Cases: Males of
couples attending
infertility clinic
(n=1,309) presenting
altered sperm
morphology/concen-
tration/motility.
Controls: Males
with normal sperm
parameters

10,497 military men
studied for infertility

A total of 372 men
attending an
infertility clinic for
the evaluation of
semen parameters.

A total of 304 males
attending two
infertility clinics for
semen quality
evaluation. Divided
into 4 groups
according to their
sperm motility and
morphology.

A total of 361 males
attending an
infertility clinic for
semen quality
evaluation, divided
into 4 groups
according to the
intensity of use of
cell phones.

Exposure
Assessment to EMF

Occupational
exposures to EMF
on the basis of job
titles and use of a
job-exposure matrix.

Mailed
questionnaires on
exposures to EMF
by working in the
vicinity of:
(1) High frequency
aerials
(2) communic.
equipment
(3) radar.

Interview on
duration of
cellphone
possession
(months), of standby
(hours) of
transmission
(minutes)

Interview on the
frequency of use of
GSM cellular
phones

Exposure to EMF
through self
reported daily
duration of cell
phone use

Results

Occupational exposures
to EMF not associated
with altered sperm
morphology: OR= 0.7
(95% CI 0.2-1.8)
Low sperm count:
OR=1.0 (95% CI 0.4-
2.5)
Low motility : OR=1.3
(95% CI 0.6-2.9)

Statistically increased
ORs for infertility in all
groups and in all age
groups, with a dose-
response relationship.

Reduction of %
spermatozoa reduced
motility was associated
with longer daily
transmission time. No
effect was observed in
association with length
of possession and daily
standby.

An association was
found between
frequency of use of
GSM phones and
reduced sperm viability
and motility (p<0.001),
and altered morphology
(p<0.001)

Increased risk for
reduction in sperm
count (p<0.05),
reduction in percent
motile sperm (p<0.05),
reduction in percent
viable sperm (p<0.05),
reduction in percent
normal sperm (p<0.05)
for the more exposed
groups.

Ref.
N.

6

7

8

9

10
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(n= 3,905) and controls (n=2,388) were ascertained by telephone interview. The data
showed an increased risk for several congenital defects among the offspring of electri-
cians and electrical workers, (coartation of the aorta) and among electronic equipment
operators (reduction defects of upper limbs). The occupations in this last category,
included air traffic controllers, broadcast equipment and telephone operators, all poten-
tially exposed to EMF. Although only “exploratory”, these observations prompted
further research among males professionally exposed to EMF in relation to birth defects
in the offspring, as well as other reproductive outcomes.

The Norwegian Birth Registry for example, containing data on birth defects, linked
to the census data, containing information on the occupation of the father, was used to
test the hypothesis further. An expert panel classified occupations according to their
potential exposures to EMF. The analysis involved 541,593 births, and included 24,885
fathers with “probable” exposure to EMF. With a case-control design, the authors
compared the risk of having an exposed father of the 15,132 cases of congenital defects
with the healthy controls. No association was found, with the exception of the cases of
“other defects” showing an increase in risk among fathers with “possible” exposure to
radiofrequencies. This group comprised only 16 heterogeneous cases of birth defects,
and the result is not considered noteworthy. This study also found an association
between paternal exposure to EMF and preterm delivery but no association with low
birth weight (LBW), or stillbirth12 (Table 2).

Overall, the data available to date on the possible reproductive effects of EMF on
males do not provide evidence of a causative association between paternal exposure and
effects on the offspring. On the contrary, the emerging evidence on the possible role of
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Table 2 - Selected Studies on Male Exposures to EMF and Effects on the Offspring

Type of
study

Case-
control

Case
control

Place /
Time

Atlanta
USA
1968-1980

Norway
1967-1998

Population and
outcomes studied

Cases: Birth defects
from Registry
(n=3,905)
Controls: Matched
from Birth Registry
(n=2,388)

Cases: congenital
defects, preterm
deliveries, cases of
LBW and stillbirths
obtained in the
Medical Birth
Registry
Controls: all normal
newborns in the
same period of time.

Exposure
Assessment to EMF

Paternal job titles
obtained by
telephone interviews

Classification of
Paternal
Occupations as
“probable ”,
“possible” and
“none ” for
exposures to
Radiofrequencies by
a blind expert panel.

Results

Increased risk for
coartation in the
offspring for electrical
workers (OR 3.0=(95%
CI 1.2-7.5
Increased risk for
reduction of upper
limbs OR 4.2 (95% CI
1.3-13.7)in the
offspring of electronic
equipment operators.

No increase in risk of
congenital defects,
Increased risk of
preterm delivery
OR=1.08 (95%CI 1.03-
1.15)
No increase in risk of
LBW and still birth.

Ref.
N.

11

12
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EMF and infertility is of interest, particularly for what concerns the use of cellular
phones. As shown above (Table 1), three different studies with similar methodologies
showed similar results: a statistically significant inverse correlation between intensity of
cell phone use and altered spermatic parameters.

Epidemiologic studies on the effects of exposure to EMF on female reproduction

The issue of the possible role of VDTs on pregnancy exploded 20 years ago, with the
wide use of terminals by working women. Early reports by North American mass media
on the possible role of VDTs in several clusters of miscarriages and birth defects13 stim-
ulated a large number of studies. Most of these studies examined spontaneous abortion
and birth defects in occupational settings with heavy use of VDTs and in connection
with the use of domestic and residential exposures.

Studies of the role of EMF in spontaneous abortion

The evidence up to the year 2000, concerning spontaneous abortion, has thoroughly
reviewed by Shaw14. Of the 13 different studies conducted since 1982, only one found
a statistically significant increase in the risk of spontaneous abortion among exposed
women (RR= 1.8). In others, the increase in risk was modest (ranging from 1.1 to
1.2) and not statistically significant. Table 3 summarizes the studies published after
1990.

In the study by Schnorr et al.15, a cohort of 4246 women working with VDTs was
compared to cohort of women who never used VDTs. The exposure to EMF was meas-
ured in a sample of workstations, while data on pregnancy outcomes were collected by
telephone interviews. No association was found between the exposure to EMF through
use of VDTs and the risk of spontaneous abortion.

Another series of studies examined the risk of early pregnancy loss (EPL) with resi-
dential exposure to ELF magnetic fields. Juutilainen et al.16 undertook a case control
study among 89 cases of women with miscarriage of the first pregnancy and 102 controls
among women with normal first pregnancies. The cases and controls were obtained from
the data of the Work and Fertility project, and the exposure of each case and control was
ascertained by measurements of ELF magnetic fields in various locations of their home.
The results show no association between spontaneous abortion and EMF exposure
except for women exposed to high-intensity residential magnetic fields ( over 50 Hz) (8
cases and 2 controls). For this group the OR was 5.9 (95% CI 1.0-26).

A prospective study of Belanger et al.17 also considered the possible risk of sponta-
neous abortion in the use of electric blankets, heated water beds and home wire codes.
About 3000 pregnant women attending prenatal care clinics were interviewed on the use
of electric blankets and electric heaters during pregnancy. In the follow up, 135 of them
reported a miscarriage. Exposure was estimated on the basis of use (duration, frequency,
temperature set etc.) of electric blankets and heaters water beds. This study did not
support the hypothesis that use of electric heated beds increases the risk of spontaneous
abortion. Electric blanket use at the time of conception and in early pregnancy may be
associated with a slight increase risk of pregnancy loss, but this association was not
confirmed after adjustment for confounding variables. Home electric wire codes also
showed no association with spontaneous abortion.

Eur. J. Oncol. Library, vol. 5
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Table 3 - Studies of the role of EMF in spontaneous abortion

Type of
study

Cohort
study

Case-
control
study

Cohort
study

Cohort
study

Cohort
study

Place /
Time

USA
(1983-1986)

Finland
(1984-1986)

Connecticut
(1988-1991)

California
(1990-1991)

San
Francisco
(California)
1996-1998)

Population and
outcomes studied

4246 women aged
18-33 years who
used VDTs at
work was
compared to cohort
study of non-VDTs
uses for incidence
of spontaneous
abortions.

89 cases of
women with
miscarriage; 102
controls of women
with term births

2967 pregnant
women attending
prenatal care
clinics with 135
miscarriages

A cohort of 5342
pregnant women
with 499
spontaneous
abortion
autocomes.

969 pregnant
women attending
a prenatal clinic,
Followed for
pregnancy
outcome.

Exposure
Assessment to EMF

A telephone interview
was used to collect
lifetime reproductive
histories and the
exposure to
electromagnetic fields
was measured at
VDTs workstation.

Residential exposure
to EMF of 50 Hz:
Professional exposure
based on the type of
work and
measurements of
EMF of 50 Hz.

Home interview on
use of electric
blankets and electric
bed heaters during
pregnancy.
Evaluation of home
wire codes.

Exposures to EMF
during the first
trimester of
pregnancy estimated
by use of electric
blankets and bed
heaters as reported by
subject.

Measured through a
personal measuring
device for 24 hrs of a
“typical day”.

Results

No increase in risk of
spontaneous abortion among
women who used VDTs: OR
0.93 (95% CI 0.63-1.38)

No association found except
for residential exposure
(front door measurements of
0.5 A/m and over) OR: 5.09
(95% CI 1.06-26)
No association found for
professional exposures.

No increase in risk for
women using electric
blankets at conception OR:
1.74 (95% CI 0.96-3.15) or at
interview OR: 1.61 (95% CI
0.81-3.19).
No increase in risk for
women using daily electric
bed at conception: OR 0.90
(95% CI 0.56-1.46)
At interview: OR: 1.54 (95%
CI 0.68-3.46)
No increase in relation to
type of wire codes.

No increase in risk for women
using electric blanket OR: 0.8
(95% CI 0.6-1.2).
No increase in risk for women
using electric bed heaters OR:
0.9 (95% CI 0.7-1.1)

Increase in risk observed only
for women exposed to a
maximum daily dose of ≥ 16
mG: RR 1.8 (95% CI 1.2-2.7)
The increased risk concerned
particularly those exposed in
the early period of gestation
(0-9 weeks): RR: 2.2 (95%
CI 1.2-4.0) and the women
with previous miscarriages:
RR: 3.1 (95% CI 1.3-7.7)

Ref.
N.

15

16

17

18

19

25-figa?-talamanca:25-figà-talamanca  11-10-2010  9:28  Pagina 393



Lee and collaborators18 also conducted a prospective cohort study to evaluated the
relation of spontaneous abortion and electric blankets and bed heater use during the first
trimester of pregnancy. A cohort of about 5342 pregnant women were interviewed by
telephone between 4 and 13 weeks of gestation. Exposure to EMF was estimated by
measuring the emissions in four types of conventional blankets used by the majority of
the women, taking into account duration and frequency of use. This study was negative
too. No association was found between use of electric blankets and electric bed heaters
use and spontaneous abortion.

The only study showing an increased risk for spontaneous abortion in association
with exposure to relatively elevated doses of EMF during pregnancy is a cohort study by
Li et al.19. This is also the only study in which exposure was measured on the individual
level among pregnant women by a personal dosimeter in a “typical day”. The results
show an increase in risk for miscarriage for the pregnant women with a total sum expo-
sure or a maximum exposure higher than 16 mG. The effect was more pronounced for
the women whose exposure occurred in the first nine weeks of gestation (OR 5.7, 95%
CI 2.1-15.7).

In general, it might be concluded that, with few exceptions, the evidence on a possible
cause-effect association between exposures of pregnant women to EMF emissions from
the usual electrical appliances (VDTs, electric bed heaters and blankets, usual wire codes
etc.) is either absent in weak. At the same time it should be noted that the majority of
studies did not succeed in determining the true exposure of the pregnant women, and
none obtained objective exposure measurements during the critical gestational periods.
This is a particularly difficult task in epidemiology and it probably explains the absence
of new recent studies on this issue.

Exposure to EMF in pregnancy and congenital defects in the offspring

The studies on this topic are summarized in Table 4.
A prospective follow-up study of Milunsky et al.20 was designed to determine if expo-

sure to hot tub, sauna or electric blankets during pregnancy was associated with an
increased risk for neural tube defects (NTDs). This study is part of large investigation of
pregnancy outcomes in a cohort of 23491 women receiving prenatal care, identified
through 100 participating obstetricians. Data were collected by personal interview or by
telephone and included questions regarding family, medical and genetic history, infor-
mation about diet and on exposure to different risk factors. No association was found
between the exposure to electric blanket use and the risk of congenital defects; however
the heat in the form of hot tub or sauna in the first trimester of pregnancy was associated
with an increased risk for NTDs; indeed the OR for hot tubs is 2,8 (CI 95% 1,2-6,5).

A similar result was reached by a study of Dlugosz et al.21 that also considered the
possible risk of congenital defects in the use of electric blanket and heated waterbeds.
Cases of newborns with cleft palate, cleft lip, (with or without cleft palate) and
anecephalus and spina bifida were identified from the New York State congenital malfor-
mation Registry. Controls were selected at random from the birth registry. Information on
periconceptional electric blanket and heated waterbed use, as well as known and
suspected risk factors for these defects, was obtained from questionnaires mailed to the
mothers. The results suggest that EFMs do not cause neural tube and oral cleft defects.

Another study examined the risk of congenital urinary tract anomalies among
offspring of women with a history of subfertility and the use of electric blanket during
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pregnancy22. For this study 118 cases of congenital urinary tract anomalies (CUTA) born
in Washington in 1990-1991 were recruited. Healthy controls (369) were randomly
selected in the same place and time. Exposure to electric blankets, water beds and VDTs
in pregnancy was obtained with structured interviews with the mother within the third
year of life of the child. The data show that exposure to electric blankets does not
increase risk for CUTA (OR: 1.1- 95% CI 0.5-2.3). However the results show an
increased risk for CUTA for subfertile women exposed to electric blankets during the
first trimester of pregnancy (n= 6 cases): OR 10.0 (95% CI 1.2-85.5).

Robert et al.23 also conducted a case-control study to determine whether living closer
to high voltage power lines (HPLV) increased the risk of congenital anomalies. This
study recruited 151 cases of children with various congenital defects living in munici-
palities with high voltage power lines (HPLV) and 302 healthy children from the same
municipality. The distances of cases and controls from the HPLV were used to classify
exposed and non exposed. These data indicated no association between distance from
HPLV and the total number of congenital anomalies.

Another case-control study, also based on the distance from power lines, was
conducted by Blaasaas24. Two controls matched for sex, year of birth, and municipality
were selected randomly for children with various birth defects. The distances between
maternal addresses during pregnancy and power lines were obtained from maps. The
magnetic fields in the residences were estimated based on distance, current, voltage, and
wire configuration. Also this study does not support the hypothesis that residential expo-
sure to EMF from power lines causes any of the investigated outcomes.

Two population-based case-control studies of Shaw et al.25 considered the possible
risk of congenital malformations (neural tube defects and orofacial cleft) and the use of
electric bed-heating devices. Information on bed-heating was obtained from 538 NTD
cases and their 539 controls in one study, and 265 NTD cases and 481 controls and 652
orofacial cleft cases and their 734 controls from another study. The exposure of each
case and controls was ascertained by interview with mothers within 3-8 years after birth
on frequency of use of electric blankets and waterbeds during pregnancy. The results
revealed a few modestly elevated risks associated with maternal use of bed-heating
devices; indeed the OR for cleft lip with or without cleft palate associated with maternal
periconceptional use of electrically heated bed devices is 1.8 (95% CI 1.0-3.2).

In a study of Blaasaas et al.26 the risk of birth defects with parental occupational
exposure to 50 Hz EMF was examined. This study shows that there is no association
between the total risk of birth defects and parental exposure; however maternal expo-
sure was associated with increased risks of spina bifida (p= 0.04) and clubfoot
(p=0.04). Paternal exposure was associated with increased risk of anecephaly (p=0.01)
(Table 4).

Use of mobile phones during pregnancy

Three epidemiological studies examined the effects of maternal exposure to cell
phones on prenatal, neonatal and child health (Table 5). A Swedish cohort study 27 exam-
ined the association between prenatal and postnatal exposure to cell phones and behav-
ioural problems in young children. A total of 101032 pregnancies were enrolled in the
cohort. The protocol included four telephone interviews: two were conducted during
pregnancy and the last two when the newborn children reached six and eighteen months
of age. The highest odds ratios for behavioural problems were observed for children who
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Table 4 - Exposure to EMF and congenital defects

Type of
study

Prospec-
tive
follow-
up study

Case-
control
study

Case-
control
study

Case-
control
study

Place /
Time

New
England
(1990)

New York
(1988-1989)

Washington
State
(1990-1991)

France
(1988-1991)

Population and
outcomes studied

A cohort of 23491
newborns of women
recruited through 100
participating
obstetricians. A total
of 49 pregnancies
ended with an NTD.

663 cases of newborns
with cleft palate, cleft
lip, neural tube defects
born in New York
state in 1988-1989 and
685 randomly selected
controls born in the
same state and time.

118 cases of
congenital urinary
tract anomalies
(CUTA) born in
Washington in 1990-
1991 and 369 healthy
controls randomly
selected in the same
place and time.

151 cases of children
with various
congenital defects
living in municipalites
with high voltage
power lines (HPLV)
and 302 healthy
children from the
same municipality.

Exposure
Assessment to EMF

Trained nurse
interviewers contacted
the women by
telephone and asked
questions regarding
family, medical and
genetic history, and
exposures to EMF, hot
tubs and saunas.

Mail questionnaires on
use of electric blankets
and heated waterbeds
in periconceptional
period.

Exposure to electric
blankets, water beds,
and VDTs in
pregnancy obtained
with structured
interview with the
mother within the 3°
year of life of the
child.

Distances of residence
of cases and controls
from the HPLV (less
than and more then
100 metres) were used
to classify exposed
and non exposed cases
and controls.

Results

No increased risk for
infant with NTD for
women exposed to
electric blankets
during pregnancy OR:
1.2 (95% CI 0.5-2.6)
Exposure to hot tub, in
the first trimester of
pregnancy, was
associated with a
increased risk for
NTDs: OR 2.8 (95%
CI 1.2-6.5)

No increased in risk
for all the examined
congenital defects and
exposure to electric
blankets use: OR 0.99
(95% CI 0.49-1.57)
Exposure to heated
waterbed use: OR 1.08
(95% CI 0.63-1.86).

No increased risk for
CUTA for exposure to
electric blankets: OR
1.1 (95% CI 0.5-2.3);
waterbed: OR 1.2
(95% CI 0.6-2.2).
Increased risk for
CUTA for subfertile
women exposed to
electric blanket during
the first trimester of
pregnancy (n=6) OR:
10.0 (95% CI 1.2-
85.5).

No increase in risk of
congenital defects and
distance of ≤ 100 m
from HPLV OR: 0.95
(95% CI 0.45-2.03)
≥ 50 m from HPLV
OR: 1.25 (95% CI
0.49-3.22). 23

Ref.
N.

20

21

22

23

(continued)
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had both prenatal and postnatal exposure to cell phones compared with those who were
not exposed during either time period. For these children the adjusted OR for the overall
behavioural score was 1.80 (95% CI = 1.45–2.23). For prenatal or postnatal exposure
only, the adjusted OR were 1.54 (1.32–1.81) and 1.18 (1.01–1.38), respectively. For the
combined prenatal and postnatal exposure, the ORs were higher for prenatal exposure
than for postnatal exposure, for each of the behavioural problems.
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Table 4 - Exposure to EMF and congenital defects

Type of
study

Nested
case-
control
study

Case-
control
study

Study of
linkage
of
records

Place /
Time

Norway
(1986-1997)

California
(1989-1991)
(1987-1988)

Norway
(1967-1995)

Population and
outcomes studied

Children born with
various birth defects
obtained from the birth
defects registry of
Norway.
465 cases and 930
controls.

Study 1: 538 cases
newborns with NTDs
identified in the
California Birth registry
and 539 randomly
selected controls.
Study 2: 265 NTD
cases and 481 controls,
and 652 orofacial cleft
cases and 734 healthy
controls randomly
selected from the same
birth registry.

About 240000 children
born with various birth
defects obtained from
the birth defects
registry of Norway
(period 1967-1993)

Exposure
Assessment to EMF

Two controls matched
for sex, year of birth,
and municipality were
selected randomly for
children with birth
defects. The distances
between maternal
addresses, during
pregnancy, and power
lines were obtained
from maps mainly. The
magnetic fields in the
residences were
estimated based on
distance, current ,
voltage, and wire
configuration.

Interview with mothers
of cases and controls
within 3-8 years after
birth on frequency use
of electric blankets,
waterbeds during
pregnancy.

The medical birth
registry of Norway was
linked with census data
on parental occupation.
An expert panel
constructed a job
exposure matrix of
parental occupational
exposure to 50 Hz
magnetic fields.

Results

No increase in risk:
hydrocephalus OR 1.73
(95% CI 0.26-11.64)
Cardiac defects OR
1.54 (95% CI 0.89-
2.68)

No increased risk
among daily users of
electric blankets OR:
1.3 (95% CI 0.5-3.4)
Increased in risk of
orofacial clefts among
users of heated
waterbed OR: 1.8 (95%
CI 1.0-3.2)
No increased risk for
NTDs associated with
users of electric
blankets.

Maternal exposure was
associated with
increased risks of spina
bifida (p= 0.04) and
clubfoot (p=0.04)
Paternal exposure was
associated with
increased risk of
anencephaly (p= 0.01)

Ref.
N.

24

25

26
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Another study28 investigated foetal and neonatal heart rate (HR) and cardiac output
(COP), following maternal exposure to EMF emitted by mobile phones. Ninety women
with uncomplicated pregnancies aged 18-33 years, and 30 full term healthy newborn
infants were included. The pregnant mothers were exposed to EMF emitted by mobile
telephones while on telephone-dialing mode for 10 minutes several times during preg-
nancy and after their parturition. A statistically significant increase in foetal HR (p-value
<0.011), and statistically significant decrease in stroke volume and COP (p-value
<0.025) before and after use of mobile phone were noted. All these changes were atten-
uated with increasing gestational age.
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Table 5 - Studies on the effects of the exposure to cellular phones during pregnancy

Type of
study

Cohort
study

Experi-
mental
study

Experi-
mental
study

Place /
Time

Sweden
(2005-2006)

Cairo-
Egypt
(2003-2004)

Turkey

Population and
outcomes studied

A total of 101032
pregnancies were
enrolled in the cohort.
Mothers and live born
children constitute two
fixed cohorts to be
followed for decades
in a life-course
perspective.

90 women with
uncomplicated
pregnancies aged 18-
33 years, and 30 full
term healthy newborn
infants were included.
The main outcome
measurements were
neonatal HR (neonatal
heart rate) and cardiac
output (COP).

40 volunteers with
uncomplicated
pregnancies recruited
to study the effects of
cellular phone use in
foetal heart rate

Exposure
Assessment to EMF

4 telephone
interviews: 2 were
conducted during
pregnancy and 2 when
the newborn child
reached 6 and 18
months of age. A new
round of mail
questionnaire were
conducted when the
children reached the
age of 7 years.

The pregnant mothers
were exposed to EMF
emitted by mobile
telephones while on
telephone dialing
mode for 10 minutes
during pregnancy and
after birth.

All patients were
exposed to EMF for
10 minutes. The FHR-
analysis was based on
the description of
heart patterns.

Results

The highest OR for
behavioural problems
were observed for
children who had both
prenatal and postnatal
exposure to cell
phones. For these
children the OR for
prenatal exposure was
1.54 (95% CI 1.32-
1.81) and the OR for
postnatal exposure
was 1.18 (95% CI
1.01-1.38).

A statistically
significant increase in
foetal and neonatal
HR, and statistically
significant decrease in
stroke volume and
COP before and after
use of mobile phone
were noted. All these
changes are attenuated
with increasing
gestational age.
COP: p-value <0.025
HR: p-value < 0.011

Results indicate that
EMF emitted by
cellular phone do not
cause any
demonstrable effects
on baseline FHR. p-
value: 0.394

Ref.
N.

27

28

29
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A previous experimental study planned to determine the effects of EMF produced by
cellular phones on baseline foetal heart rate (FHR), acceleration and deceleration
however did not show such effects. Fourty volunteers with uncomplicated pregnancies
were exposed once to EMF for 10 min. The results show that EMF emitted by the
cellular phones do not cause any demonstrable effects on baseline FHR, acceleration or
deceleration 29. The question of the effects of intensive use of cell phones on foetal phys-
iology is therefore not settled.

Possible mechanisms of action of EMF on male and female reproduction

From the above review, it appears that most epidemiologic studies do not raise strong
concern for human reproductive health from present day occupational and environ-
mental EMF exposure levels. However there is also some evidence that subjects with
unusually high exposures, do show some increase in reproductive risk. What are the
mechanisms of action hypothesized/suspected that could explain the reproductive
effects?

The voluminous literature of animal studies is certainly a source of information and
hypothesis generation in this sense.

The mechanisms of action would of course be different for males and females,
although the effect could be manifested in the outcome of the pregnancy of unexposed
females mated with exposed males. Most experimental studies however have focused on
the reproductive effects on either male or pregnant female animals although some
reports concern the effects on the male progeny exposed during the intrauterine life.

Studies on the effects of 50 Hz fields on the fertility of male mice, have not shown
consistent results3. One study for example showed that early life exposure of mice resulted
in a significant increase of testis size, but no effect was detected in their spermatogenesis30,
while another study found a slight spermatic morphological effect31. However germ cell
apoptosis in the testis and decreased spermatogenesis was observed of mice after an eight
week 24/h a day exposure to 60 EMF of 0.1 mT or 0.5 mT32. In addition, a recent report
indicates that exposure of rats to EMF (50 Hz) in utero as well as in postnatal period has
a deleterious effect in their prostate gland33. There is also some suggestive experimental
evidence about the possible male effects of radiofrequency electromagnetic fields. Adult
rats exposed to 900 MHz showed a decrease in their germinal epithelium34.

The animal studies therefore provide evidence of possible damage of the male repro-
ductive system at doses similar to those encountered in our environment. These studies
also allow to generate hypotheses about the possible mechanism of action of EMF on the
endocrine and reproductive system. There are several such hypotheses.

One hypothesis is based in the observation that EMF effect the state of polarisation
of cell membranes. Membrane polarisation is a critical determinant both in spermatoge-
nesis and in sperm cell enabling to penetrate into the egg cell. Secondly, electromagnetic
radiation has both thermal and non thermal effects on living cells. Prolonged exposure
to high temperatures in some male occupational groups for example, has been shown to
damage sperm quality35, 36. However the thermal effect is unlikely to be the case of expo-
sure to RF (as in the case of cell phones), which have a specific absoption rate (SAR)
ranging between 0.1-2 W/kg, and use a radiofrequencies below the safety levels. In addi-
tion, at least one experimental study did not find a thermal effect of cell phones on the
testis of laboratory animals37.
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The alternative hypothesis proposed by most authors attributes the effect to alter-
ations in the hormonal equilibrium. This effect, which might be relevant for both males
and females exposed to EMF, is hypothesised to be mediated through the suppression of
melatonin with consequent rise in estrogen levels and disruption of the hormonal
balance14.

The possible role of hormonal interference is confirmed by the study of Farkhad38

which showed that exposure of male Guinea Pigs to Extremely Low Frequencies
Magnetic Fields (ELF MFs) resulted in a significant reduction in testosterone levels
accompanied by histological alterations of the testis such as atrophy of the seminiferous
tubes and reduction of Leydig cells.

Animal studies on pregnant females exposed to ELF MFs have also repeatedly shown
negative effects on the foetus, including increase in mortality, reduced litter size and
LBW39. Several studies administering doses similar to those created by standard VDTs
(of the order of 20 and 50 kHz and intensities of 10 mG) also found an increased risk of
congenital defects (especially skeletal variations and malformations)40,41.

Studies on non mammalian species too show negative reproductive outcomes of
treated animals. Exposing chick embryos to VTDs during embryonic and postembryonic
phase has been shown in several studies to increase mortality and to effect the normal
development but these effects have not been confirmed in all studies 42.

About the induction of effects of radiofrequency (RF 100 kHz-300 GHz) on prenatal
development, experimental studies indicate that teratogenic effects can occur only from
exposure levels that cause biologically detrimental increases in maternal body tempera-
ture43.

There are therefore still uncertainties about the possible mechanism of action of ELF
MFs on the mammalian female reproductive function even in experimental studies. One
hypothesis, tested in mouse cultured developing follicles exposed to 33 Hz in vitro,
suggests interference with follicular maturation44. Another hypothesis, based on the
treatment of the ultrastucture observation of the ovaries and uterus of rats exposed to 50
Hz 1mT ELF MFs, suggests that the reproductive damage may be attributed to cytolog-
ical alterations in the germinal epithelial cells and in reduction in the cell organelles of
the ovaries and the uterus45.

As concluded by Saunders46 at present there is no accepted mechanism for biological
effects of EMF on reproduction. In general, the development of mammallian species
through the prenatal period is characterized by a highly ordered sequence of processes
as cell proliferation, differentiation, migration and programmed cell death (apoptosis),
that could be susceptible to a variety of environmental agents. Theory suggests that cells
contain their own weak electric signals, by which cells communicate with each other,
that is the way by which the body is able to function, maintaining normal health47. In
addition, there is growing evidence that the endogenous currents have a role in guiding
developmental processes, including cell orientation and migration, by establishing elec-
trical potential gradients. These voltage gradients can possibly be affected by any expo-
sure to EFMs, disrupting the communication sequences between the cells, that could
adversely influence the prenatal development. Studies show that this effect occurs for the
development of more susceptible species (ex. birds, and some laboratory animals), but,
as discussed in the preceding paragraph, may well do so also in some mammalian
embryos46.

The lack of consistency of the experimental studies contributes to increase the diffi-
culties in interpreting the epidemiologic literature.

Eur. J. Oncol. Library, vol. 5
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On the whole, it might be said that most epidemiologic studies todate have provided
reassuring results on the issue of the risks of EMF and human reproduction. In studies
where such an association was found, the result is often limited to a particular subgroup
of the individuals examined, and in general the increase in risk is low and could be attrib-
uted to some methodological limitation or bias.

What is still missing from both the epidemiologic and experimental literature, is
humans evidence about long term effects on human (and animals) with early (prenatal
and postnatal) exposures to ELFs and RF MFs.

The ever increasing exposure of human populations to the new sources of ELFs and
RF emissions in early life, is an on going massive experiment, the results of which will
be known in future years.
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