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Fig. 1 Double layer cell model with cell radius 10 µm and membrane thickness 10 nm. 

 
 
2.1 Quasi-static analysis by solving Laplace’s equation 
 
The wavelength at the studying frequency band (100MHz ~ 100GHz) is much larger than the cell dimension, so 
the quasi-static approximation applies in this study. Therefore, Laplace’s equation together with the boundary 
conditions on the interfaces is sufficient to define the problem. 
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The analytical solutions of the Laplace’s equation in a spherical cell model can be solved as follows. 
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In addition to the analytical solution, the Laplace’s equation (Equation 1) can also be solved numerically. The 
numerical solution was performed in the trial version v3.2b of Comsol Multiphysics (FEMLAB) based on FEM 
(Finite Element Method). Meshing scheme of a quarter of the cell model and the zoom-in view of mesh on the 
membrane are shown in figure 2. 

                        
(a)                                                                              (b) 

Figure 2 Meshing schemes of the cell model: (a) mesh on a quarter of a cell; (b) the zoom-in view of mesh on the membrane 
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2.2 Full-wave analysis by solving Maxwell’s equations 
 
On the other hand, the full wave equation, i.e. Maxwell’s equations is a complete description of the problem. 
The theoretical solution of Maxwell’s equations is obtained based on the Mie theory, which solves the 
Helmholtz’s equations in the studying regions. Boundary conditions at the interfaces Γ1 and Γ2 are involved with 
the electric and magnetic fields of the incident wave. 
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The calculated electric and magnetic fields are expressed by the vector harmonics Mo1n, Me1n, No1n, Ne1n 
(products of cosine, Legendre and Bessel functions of corresponding parameters in spherical coordinate system) 
in equation 4. The coefficients an, bn, cn, dn, fn, gn, vn and wn are solved by the wave expressions together with 
the boundary conditions. The summation of infinite elements in the following equations provides the accurate 
result, which is not applicable in practical calculation, so the element-summation truncation number N is 
selected as 12 to balance the accuracy and computation overheads. 
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The Maxwell’s equations are also solved by FEM in the Comsol Multiphysics (FEMLAB) as the full-wave 
analysis, using the same meshing scheme as the quasi-static method, as shown in figure 2. The scattering 
boundary conditions are used assuming the boundary is transparent for the scattered wave.  
 
 
2.3 Results 
 
Figure 3 shows the calculated E-fields by using Mie theory (red dotted line) and the Laplace’s solution (red 
solid line), compared with the numerical calculated results of full-wave (blue dotted line) and quasi-static FEM 
(blue solid line). It is observed that the two dotted lines (Mie theory and FEM with full-wave) agree with each 
other quite well, presenting a more accurate evaluation than the other two methods based on the quasi-static 
approximation (Laplace’s solution and FEM with quasi-static). However, the largest discrepancy between them 
is no more than 5%, which is acceptable in the estimation of the field distribution in cell modelling. 
 
The left part of the separator symbol (‘//’) on figure 3 shown the electric field distribution near the membrane of 
the cell. The field inside the cell is slightly higher than the external field strength (1V/m), and the field outside 
the cell is lower than the external field. The right part (right of ‘//’) showed that the electric field increases while 
leaving the edge of the cell, and approaches the external field strength gradually. 
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Figure 3 Electric field distributions along the axis parallel to the external field (analytical and numerical) 

 
Solving the 2D cell model with quasi-static approximation took 2 minutes 27 seconds in the simulation software 
FEMLAB, whereas the full-wave analysis of the same cell model and meshing scheme took 26 hours 48 
minutes, both on a 2.80GHz PC with 512M memory. Therefore, the fast microdosimetry based on quasi-static 
approximation is much more efficient than the traditional full-wave analysis while maintaining acceptable 
accuracy (<5% error). All the simulations in next two sections use the models based on the quasi-static 
approximation. 
 
 
III. Analyses 
 
3.1 Influences of dielectric properties 
 
The cytoplasm was modelled as physiological saline (0.07N) containing a protein volume fraction of 0.262, so 
the relative permittivity and the conductivity were obtained in literature [3]. As a protein solution, the major 
dispersion at microwave frequencies is dominated by the water relaxation near 20GHz, and diminished a little 
due to the proteins’ displacement of a corresponding volume of water. The membrane, as a phospholipid bilayer, 
has a frequency-independent relative permittivity of 11.3 (membrane capacity 1.0µF/cm2) and conductivity of 0 
[4]. The external medium is assumed to have the frequency-dependent dielectric properties of physiological 
saline (0.15N) [4] with a static and infinite frequency permittivity values of 76 and 5, respectively. There is no 
apparent difference between the relaxation frequency of the medium and that of the pure water, which is 20GHz 
at room temperature. The characteristic values of the dielectric properties on the three sub-domains are listed in 
table 2. 

 Cytoplasm (Ω1) Membrane (Ω2) External (Ω3) 
εs 57 11.3 76 
εin 5 0 5 

fc (Hz) 15e9 - 20e9 
σs (S/m) 0.3 0 1.1 

Table 2 Dielectric properties of double layer cell model 
 
The parameters illustrated in table 2 are static relative permittivity, infinite frequency relative permittivity, 
relaxation frequency and static conductivity, respectively. The frequency dependent permittivities are plotted in 
figure 4. The electric fields inside and outside the cell are almost uniform, whereas the field concentrated on the 
membrane varies according to the theta angle in the polar coordinate. The maximum value of the field intensity 
happens at the zenith angle (900), and depends on the frequency, as plotted in figure 5. 
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Figure 4 Debye 1st order relaxation properties of cell 

model (Relative permittivity) 
Figure 5 Maximum E fields on the membrane of the 

spherical cell model 
 
Figure 5 displays the electric field simulated by FEM with quasi-static approximation and calculated by directly 
solving Laplace’s equation. The two curves agree with each other very well. With the logarithm scaled axes, 
figure 5 illustrates that at the lower frequency band, the E-fields are not significantly dependent on the dielectric 
model. While at the higher frequency range the maximum electric field is strongly dependent on the frequency, 
which agrees well with the trends shown in figure 4 of the dielectric properties.  
 
 
3.2 Elliptical cells 
 
One of the most common cells shapes is ellipsoid, which has one more dimensional variable than the spherical 
model, axial ratio (the ratio between major and minor axes). When the cell is exposed to the plane wave 
illumination, the electric field also concentrates on the membrane and the maximum electric field appears at the 
zenith angle of the cell. The dielectric properties used in the simulations in this section are the same values as 
listed in table 1. Amplitudes of the maximum electric fields of the cell model with different axial ratios are 
plotted in figure 6. 

 
Figure 6 Maximum E fields on the membrane of the ellipsoidal cell (according to different axial ratio) 

 
Figure 6 presents that the maximum electric field is higher when the major axis of the ellipsoidal cell is 
perpendicular to the external field, and the value decreases while the minor axis increasing. When the major axis 
is parallel to the external field, the E field value increases with the increasing of the minor axis. Plotting the E 
field amplitude according to the axial ratio in logarithm scale, this relationship is approximately linear. 
 
The ellipsoid exposed to external electric fields with different polarisations as illustrated in Figure 7 has also 
been investigated. The maximum value of electric field presents at the frontier of the structure. Figure 8 shows 
the maximum electric field on the membrane decreasing when the external electric field polarisation changing 
from 0 degree to 90 degree. 
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Figure 7 Ellipsoidal cell exposed to electric field 

with different polarisation 

Figure 8 Maximum eelectric fields on the membrane of the 
ellipsoidal cell (according to different polarisation of external 

electric field) 
 
 
3.3 Other shapes of models 
 
The geometric shape of the structure also influences the maximum electric field on the membrane. For a cell 
model with length 10 microns and width 5 micros, the maximum E fields of the ellipsoids, rods and erythrocytes 

are compared in Table 3. The “vertical (↑0o)” and “horizontal (→90o)” in Table 3 indicates the directions of 
external electric field as shown in Figure 4. The location of maximum electric field  is labelled by the red circles 
in Table 3.  

 E field (external E0: horizontal → 90o) E field (external E0: vertical ↑0o) 

Ellipsoid 
 

4.776 
 

5.415 
 

Rod 
 

4.762 
 

5.492 
 

Erythrocyte 
 

4.779 
 

5.780 
 

Table 3 E fields on the membrane (according to different cell shapes) 
 
 
IV. Summaries 
 
In this paper, a fast microdosimetry technique based on the quasi-static approximation has been studied. It is 
demonstrated that the fast microdosimetry technique runs much faster than the one working with full-wave 
analysis, while maintaining acceptable accuracy. The following analyses of frequency-dependent dielectric 
properties of the simple cell model have revealed their influences on the electric field concentration on the 
membrane. In addition, the effects of the various shapes of cell models have been also been investigated. In the 
future, the fast microdosimetry can be performed on more realistic cell models, in order to study the field 
distribution and transmembrane potential of the cell. 
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Abstract 
The effect of the spatial magnetic gradient in static magnetic field (SMF) exposure on the velocity of chemical 
wave in Belousov-Zhabotinsky (BZ) reaction was examined. The BZ medium was exposed to SMF of maximum 
magnetic flux density 210 mT and maximum spatial gradient 37 mT/mm for a period of up to 20 min at room 
temperature. The SMF was generated by a parallel pair of attracting rectangular NdFeB magnets positioned 
opposite to each other. The results suggested three characteristics for the alternation of BZ chemical wave 
formation: (1) the magnetic gradient could be the dominant factor for the alternation of the chemical wave; (2) 
the direction of accelerated velocity of chemical wave was vertical to the direction of magnetic gradient; (3) the 
effect was symmetry to the gradient direction and our experiments demonstrate clearly that The effect of SMF on 
the chemical wave propagation was affected by the thickness of the BZ medium. 
 
 
1. Introduction 

It has been reported that static magnetic field (SMF) can influence physicochemical reactions [Boga et al., 
1990; He et al., 1994] and biochemical reactions [Harkins and Grissom, 1994], and therefore it has been 
predicted that SMF might affect auto-oscillations in the nonequilibrium system. We used the Belousov-
Zhabotinsky (BZ) reaction known as nonequiriblium system and one of the simplest chemical oscillators in order 
to test this hypothesis. The steady oscillations of BZ reaction can be easily observed for a long period. The 
present study shows that the spatial magnetic gradient in the SMF exposure affects the velocity of chemical wave 
propagation. This phenomenon could be attributed primarily to the magnetic force acting the iron ion complexes 
in the BZ solution. 
 
 
2. Experiment 

The BZ medium of 20 ml contains the following solutions: (1) 7 ml H2O, (2) 3 ml NaBrO3 (1 M), (3) 2 ml 
H2SO4 (3 M), (4) 2 ml CH2(COOH)2 (1 M), (5) 2 ml NaBr (3 M), and (6) 4 ml Fe[(phen)3]

2+ (20 mM). Every 
solution from (1) to (5) was added in number order. After these 5 solutions were mixed in a glass vessel, the 
solution turned yellowish, started to fade and became colorless in some minutes. In the end, solution (6) ferroin 
was added into the previous solution. 

The magnetic device is constructed using a pair of rectangular neodymium magnets (Fig.1). The opposite 
magnets attracting each other through a 26 mm air gap are fixed parallel to both sides of the stainless frame. The 
maximum magnetic flux density was measured to be approximately 210 mT at the bottom center of the Petri dish 
by using a gaussmeter (Model 4048, Hall probe A-4048-002; Bell Technologies, Orlando, FL, USA). 

(1) The BZ medium was put into a petri dish with a diameter 140 mm (3030-150; Iwaki Glass Co, Japan), 
which was put on a magnetic device (Fig.1). BZ reaction was initiated at the center of the Petri dish using a 
silver wire. The images were taken by a digital video camera (DIGICAM, NV-GS250-S, Panasonic, Japan) from 
above. The pictures were quantified by using Scion software (Scion Image; Scion, Frederick, MD, USA). All the 
experiments were carried out at a room temperature. Four independent experiments were averaged per data 
point. All values are expressed as mean ± SD. 

(2) To examine the effect of the thickness of BZ medium on the chemical wave propagation, the thickness 
of BZ medium was controlled from 0.5 to 0.9 mm at 0.2 mm intervals by slipping some cover glasses with a 
thickness 0.1 mm in between two square plates. These plates were put on one side of the magnetic device with 
the edges of the plates parallel to the inner line of the magnet. The BZ medium was poured in between two 
plates. BZ reaction was initiated from the edge of plates using a silver wire to observe chemical wave 
propagation from the center of the device. The images were taken by a digital video camera in the same way as 
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the previous experiment. 
 
 

 
 

 
 

                           
 
 
3. Results and discussions 

The concentric propagation of chemical wave was observed in the BZ medium when sham exposure was 
performed without magnet (the background geomagnetic field intensity at our laboratory is ~50 µT) (Fig.2A). 
On the other hand, the different propagation from concentric pattern of chemical wave was observed when the 
BZ medium was exposed to SMF (Fig.2B). The thickness of BZ medium in the petri dish was 1.3 mm. 

These results suggested three characteristics for the alternation of BZ chemical wave formation: (1) the 
magnetic gradient could be the dominant factor for the alternation of the chemical wave; (2) the direction of 
accelerated velocity of chemical wave was vertical to the direction of magnetic gradient; (3) the effect was 
symmetry to the gradient direction. 

The velocity of chemical wave of BZ reaction to Y direction was accelerated on the inner line of the magnet 
where the magnetic gradient to X direction was maximum (Fig.2). This result indicates that the BZ chemical 
reaction was accelerated to one direction by the magnetic gradient, and that the direction was perpendicular to 
the gradient. The chemical wave can be visualized by the oxidation-reduction reaction of ferroin. However, BZ 
reaction is induced by the complicated combination of several chemical reaction steps. Ions produced in the 
chemical reaction could be affected by the inhomogeneous magnetic field. The alternation of the chemical wave 
propagation in BZ reaction could be caused by the different orientation of iron ions under SMF exposure from 
that of sham exposure (no magnet). 

In order to quantify the alternation of chemical wave, the angles θ of tangent line of the chemical wave 
front to the inner line of the magnet defined in Fig.3 were measured under the both conditions of sham exposure 
(no magnet) and SMF exposure (Fig.4). The deformation rates of chemical wave in SMF exposure were 
significantly larger and reached their maximum levels earlier than those in sham exposure. 
 
 
 

   
 
 
 
 
 
 
 

Fig.1. Experimental device 
A Petri dish with a diameter 140 mm was put on the 

magnetic table where, two parallel rectangular magnets 
(NdFeB, L. 80 × W. 18 × H. 55 mm, TDK Corporation, 
Japan) attract each other. 

A B 

Fig.2. (A) Chemical wave not exposed to magnets (sham exposure) (B) Chemical wave 
exposed to magnets (SMF exposure; white dashed lines correspond to the position of 
magnets) 

2 cm 

X 

Y 



Akai et al. 
 

 1258 

            

0

0.5

1

1.5

2

0 5 10 15
Time (min)

A
ng

le
 (

ra
d)

 
 
 
 

0.0

0.5

1.0

1.5

2.0

0 2 4 6 8

Time (min)

A
ng

le
 (

ra
d)

0.5 mm 0.7 mm 0.9 mm

 
The effect of SMF on the chemical wave propagation was affected by the thickness of the BZ medium as 

shown in Fig.5. When the thickness of BZ medium was different, the velocity of reaction front varied. Therefore, 
the forms of chemical wave propagation were different among three conditions. The thicker the BZ medium was, 
the larger the deformation rate of chemical wave was. However, there was no significant difference per data 
point between the thickness 0.7 and 0.9 mm. It is conceivable that the degree of the chemical wave propagation 
would not change in the case of both more than constant thickness and less than the threshold of thinner 
thickness. This means that there is a window effect of SMF on the deformation rate of chemical wave depending 
on the thickness of the BZ medium. The result given in Fig.5 includes the factor of the velocity of the reaction 
front on the inner line of the magnet. The elements of the distance of reaction front should be taken into account 
in order to quantify the anomalous propagation in detail. 
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Fig.3. Angle θ of tangent line of the chemical-wave 
front to an inner line of the magnet (dashed line 
corresponds to the position of magnet) 

▲No magnet   ●SMF exposure 

θθθθ 

Fig.4. Angles defined in Fig.3 measured per 
data point in the case of no magnet and SMF 
exposure 

Fig.5. Angles defined in the same way as Fig.3 
per data point of BZ reaction of several 
thickness 0.5, 0.7, 0.9 mm of BZ medium  
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Abstract 
The hydrogen peroxide (H2O2) which is formed in cell bathing aqueous solution upon Electromagnetic 

Fields (EMF) exposure is very often considered as the most reliable messenger through which the biological 
effect of EMF is realized. To check this hypothesis the comparative study of the effects of 4Hz EMF-treated and 
H2O2 - containing physiological solutions (PS) on Ach sensitivity of snail neuron as well as on the nerve tissue 
hydration were studied. The 4 Hz EMF-treated and H2O2-containing PS at room temperature (230C) had 
depressing effects on Ach-induced current, while in cold medium (120C) these effects disappeared. The EMF-
treated ouabain-containing and K-free PS elevated the amplitude of Ach-induced current, while the H2O2 – 
containing PS has inhibitory effect on it. The both, EMF-treated and H2O2 -containing PS have dehydration 
effects on cell hydration in nerve ganglia. It is suggested that the ELF EMF-induced H2O2 formation could serve 
as one of the metabolic pathways through which the depressing effect of ELF EMF on membrane 
chemosensitivity is realized.   

  
Key words: EMF, H2O2,, neuron, acetylcholin -sensitivity, membrane, cell volume. 

 
 
  

Introduction 
Although, the abundance of experimental data on the biological effect of magnetized water and water 

solutions on different cells and organisms are available (Klassen, 1982; Ayrapetyan et al., 1994a; Ayrapetyan, 
2006), the nature of the messenger transferring the signal of magnetic and electromagnetic fields-induced water 
structural changes to cell metabolic cascade is not clear yet. As the water molecule dissociation is the most 
variable water property, it is suggested that the EMF-induced vibration of water dipoles could change water 
dissociation and its products could serve as possible messengers through which the biological effect of EMF is 
realized (Ayrapetyan 1994). By privies our work the depressing effect of extremely low frequency (ELF) EMF 
on specific electrical conductivity (SEC) of water and water solutions (which is marker for its dissociation) was 
documented (Ayrapetyan et al., 1994). It was also shown that the depressing effect of LF EMF on water SEC as 
well as its biological effects on various cells are most pronounced at frequency of 4 Hz (Stepanian et al. 1999; 
Ayrapetyan 2006).   

The fact that the vibration of water dipoles in presence of oxygen could generate the H2O2, which could 
initiate the modulation of a number of metabolic pathways in the cell, makes it as one of the most reliable 
candidates for the messenger able to transfer the ELF EMF-induced water structure changes to cell metabolic 
cascades (Klassen, 1982). As the acetylcholine (Ach) sensitivity of neuronal membrane is sensitive to the effect 
of magnetized physiological solutions (MPS) (Ayrapetyan et al., 1994a; Ayrapetyan et al., 2004), it was chosen 
as an experimental model for testing the above-mentioned hypothesis.  

The overall aim  of the present review is to present the results of the comparative study of 4 Hz EMF-treated 
and H2O2 –containing PS on snail neuromembrane chemosensitivity, as well as on the nerve tissue hydration 
which has a crucial role in metabolic regulation of membrane chemosensitivity (Ayrapetyan & Arvanov, 1979).    

 
Method 
The experiments were carried out on non-selected giant neurons of the right parietal ganglion of Helix 

pomatia. The standard Voltage-Clamp method was used to record the Ach-induced current through the neuronal 
membrane (Ayrapetyan and Arvanov, 1988). The normal physiological solution contains (in mM): NaCl-80, 
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KCl-4, CaCl2-7, MgCl2-13, Tris-HCl (pH 7.8)-10, glucose-10.   In K-free solution 4mM KCI was replaced by 
4mM NaCI. Different concentrations of acetylcholine (10-4-10-6 M) and H2O2 (10-4-10-11 M)  were prepared from 
Ach and H2O2 stock solution (10-2 M) before the experiments. The transient application (less than 30 sec) of Ach 
was performed by thin (diameter ~1mm) polyethylene tube placed near the investigated neuron. The H2O2 was 
added to the perfusion solution to a final concentration from 10-4 to 10-11 M and applied to the cells at a rate of 2-
3 ml/min.    The time of pre-incubation of neurons in tested physiological solution before the Ach application 
was 3 min.   

The tested physiological solution was preliminary exposed to 4Hz EMF with the intensity of 2,5 mT for 30 
minutes. The experimental setup consisted of a glass test tube with diameter of 10 mm and volume of 10 ml., 
EMF generator with low-noise amplifier and a coil. The coil has the cylindrical form with diameter of 154 mm. 
and height of 106 mm. The coil consists of Helmholtz rings that generate the homogeneous magnetic field. 
Rings of Helmholtz are formed by two equal ring coils located coaxially and in a parallel way. The distance 
between ring coils is equal to their radius of 77 mm. The magnetic field created by these rings has high 
homogeneity. For example, on distance of 0.25R from the center of an axis strength differs from computed by 

formula only on 0.5 %
R

I
H ⋅⋅= ω6.71 . Herewith, the intensity of generated EMF is equal to 2.5 mT and 4 Hz 

frequencies. The instrument used for measurement of magnetic field intensity was a Teslometer W1-8 (Armenian 
Radiophysical Institute). This instrument measures magnetic fields in the range 10-3 to 1.6 T (±5%). The magnetic 
induction converter was a crystal, type X511-1, 1.5 X 0.2 mm2 and was fixed on non-magnetized material (PX13-
1).  During the experiment the neurons were perfused with normal and 4Hz EMF treated solutions. The 
physiological solution treated by 4Hz EMF for 30min. and immediately (interval from the end of the treatment 
and till the beginning of perfusion was no longer than 1-2 min.) used for perfusion of neuronal ganglia. The 
control (unexposed) PS taken from the same reservoir of PS (Vol: 1-2 l) also was placed in the same test tube for 
30min in an inactive coil system, i.e. the background field was the same for the control (sham exposed) and 
tested PS. The background of magnetic field in the area of experimental setup in the laboratory, supplied by 60 
Hz electricity, was less than 0,001 mT. The holder of the exposure tube and the coil holder were placed in two 
neighboring tables to excluded the  vibration during the exposure.  

For determination of tissue hydration, the wet samples of the nerve ganglia were weighted and dried in 
thermostat at 1050C, during 24 hours. After determination of dry weight the quantity of water on 1 g. of dry 
weight was determined by the equation: (A - B) / B , where A- wet weight of the tissue, B- weight of the tissue 
after drying.  

The procedure of measuring a single cell volume has been previously described in Ayrapetyan et al., 1994a. 
Briefly, single neurons were dissected and isolated from the ganglion under a dissecting microscope (Lomo, B-
14, Russian production) on which was mounted a digital video camera (WPI, USA) connected to PC. The system 
had the sensitivity such that changes of ±0.1 µm could be detected. These neurons had diameters of 50-100 µm. 

The mean value, standard deviations, and the statistical probability, determined by Student Test were 
calculated with the help of computer program Sigma Plot (Version 8.02A).    

 
Results 
It is known that three types of neurons can be distinguished according their sensitivity to Ach: (a) 

insensitive, (b) depolarizing (D), and (c) hyperpolarizing (H) (Shakarov et al., 1969). The present experiments 
were carried on 22 neurons having D-responses and 20 neurons having H-responses. The membrane potential 
(MP) of neurons was clamped on the level of resting potential (-40 to -60 mV). After recording the control Ach-
induced currents in normal physiological solution (control) the cells were perfused with magnetized PS (MPS) or 
by different concentrations of hydrogen peroxide- containing PS during 7 minutes and the end of 7-th minutes 
the application of Ach was performed.         

By previous our work was shown that the normal MPS  has a reversible depressing effect on Ach-induced 
membrane current and this effect of MPS was absent in cold (12oC) medium. The typical record of such 
responses presented on Figure 1. (Ayrapetyan et al., 2004).   
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Figure 1.  The effect of magnetized physiological solution (MPS) on Ach-induced current in D type neuron in 
voltage-clump experiments, where the clumping potential (Ec) was equal to the resting membrane potential (Er = 
-50 mV). 
A- at room temperature (230C), B- in cold medium (120C).  
The rows show the transit (30 msec) application of 10-4 M Ach containing PS. The time of pre-incubation of 
neurons in tested physiological solution (PS and MPS), before the application of Ach was 3 min. The intervals 
between Ach applications was 5 min. 

 
 

 
 
Figure 2.  The typical record of dose-dependent effect of H2O2 on Ach-induced current in D-type neuron in 
voltage-clamp experiments, where the clamping potential (Ec) was equal to the resting membrane potential (Er = 
-60mV). Ach concentration was 10-4M. The time of pre-incubation of neurons in H2O2 containing physiological 
solution (PS) was 7 min. All presented data were taken from one neuron. The intervals between Ach application 
was 5 min.    

 
As shown in Figure 2, the H2O2 at concentrations of 10-11-10-4 M also has a depressing effect on Ach (10-4 

M)-induced ionic currents in D-type neurons. After removing of H2O2 from extracellular medium the amplitudes 
of Ach-induced currents were recovered to their initial level within 5 minutes. The maximum depressing effect 
of H2O2 on Ach-induced current appeared at concentration of 10-4 M (75±1.2%), while the threshold of H2O2 

concentration, unable to change the amplitude of Ach-responses of the membrane during 7 min. pre-incubation, 
was 10-12 M . The character of H2O2-induced inhibition of Ach-responses in both, H-and D- types neurons was 
the same (Figure 3, n=5), which could serve as indicator of potential independence of inhibitory effect of H2O2 

on Ach responses.  
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Figure 3.  The dose-dependent effect of H2O2 on Ach-induced current in H-type neurons in PS (A) and in K-free 
solution (B), where the clamping potential (Ec) was equal to the resting membrane potential (Er = -52mV).  
1- Ach 5 × 10-4 M; 2- Ach 10-4 M; 3- H2O2, Ach 5 × 10-4 M; 4- H2O2, Ach 10-4 M; 5- Ach 10-5 M; 6- H2O2, Ach 10-5 

M; 7- Ach 10-6 M; 8- H2O2, Ach 10-6 M. 
The data are taken from one neuron. The presented data are typical for all 10 studied neurons. The H2O2 

concentration was 10-6 M. The time of pre-incubation of neurons in H2O2 containing PS was 7 min. 
 
This suggestion was confirmed by studying the potential-dependency of inhibitory effect of H2O2 on Ach 

responses, by clamping MP at different levels (Figure 4).   
 

 
Figure 4. The Ach-responses (nA) in D-type neuron in voltage-clamp experiments in normal (circles) and 10-6 M 
H2O2- containing (triangles) PS, when the membrane potential was clamped on different levels (n=5). 

 
 
The study of the potential-dependence of Ach-induced outward currents in normal and H2O2 (10-6 M) 

containing solution showed that the Ach-induced currents in presence of H2O2 became potential independent in 
the range of MP= - 50 – - 80 mV (Figure 4, n=5). These data could serve as additional evidence that H2O2 –
induced depression of Ach-responses could not be explained by modulation of ionic channel activity, 
determining the Ach-responses. As shown in Figure 5, the depressing effect of H2O2 on Ach-responses as in case 
of MPS (Figure 1B), disappeared in cold medium (50C) (Figure 5, n=5), which could be considered as an 
evidence on the metabolic nature of H2O2-induced depression of Ach-responses of the membrane. The low 
temperature (120C) -induced slight elevation of Ach-induced current (Figure 1B) could be interpreted as the 
increase of the lifetime of agonist-activated ionic channels (Bregetovski et al., 1979).  
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Figure 5. The absence of depressing effect of H2O2 on Ach (10-4M)-induced ionic currents in cold medium (50C). 
H2O2 concentration was 10-4 M, (n=5). 

 
The data on temperature sensitivity of the EMF-treated and H2O2 –containing PS-induced depressing effects 

on Ach membrane responses allow us to speculate on their metabolic nature. As shown in our early works the 
electrogenic Na+-K+ pump serves as one of the powerful metabolic mechanism through which the metabolic 
regulation of membrane chemosensitivity is realized (Ayraperyan and Arvanov, 1988). As shown by the 
obtained data, these factors have opposite effects on Ach-induced membrane currents in K-free medium, when 
Na+-K+ pump was in inactive state (Thomas 1972): the K-free -induced pump inactivation reversed the effect of 
EMF-treated PS on Ach-induced membrane current (Figure 6), while the H2O2 had more pronounced inhibitory 
effect in K-free medium than in normal K-containing PS.  

 
 
 

Figure 6. The depressing effect of 10-11 M H2O2 in K-free solution on Ach-induced current in D-type neuron in 
voltage-clamp experiments. Neuron was clamped Ec = -55mV. The data are taken from one neuron. The 
presented data are typical for all 5 studied neurons. 

 
As shown in Figure 6, the H2O2 at 10-11 M  in K-free solution has strong (reversible) depressing effect on 

Ach-induced current amplitude (80±2.5%, n=5) in D-type neurons. No significant differences were observed 
between H2O2 –sensitivity of Ach-responses in D and H-type neurons. These data allow as to conclude that from 
one side, the both MPS and H2O2 -induced modulations of Ach-responses could not be explained by the 
activation of Na+-K+ pump, and from another side, the nature of metabolic pathways through which they 
modulate the membrane chemosensitivity in K-free medium is different. Therefore, the elucidation of the nature 
of mechanism of H2O2 effect on membrane chemosensitivity would be the subject for the next series of 
experiments. 

  It is known that the agonist-induced membrane current changes could be the result of modification of ionic 
channel properties or the process of interaction between receptors and agonists. As the above-mentioned data on 
potential independence of the H2O2 effect on membrane chemo-sensitivity excluded the role of channel 
mechanism in this process, the main reliable mechanism through which the H2O2-induced depression of Ach-
responses is realized is the process of modification of interaction between Ach and its receptors: the changes of 
the number of functionally active receptors or their affinity to agonist. Therefore, the effect of H2O2 on kinetic 
curve of doze-dependent Ach-induced membrane response was studied. 
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Figure 7. The effect of 10-6 M H2O2 on dose-dependent curve of Ach-response in K-containing (A) and K-free (B) 
mediums in H-type neuron. Circles show the control, the triangles - in the presence of H2O2, (n=10).   

 
 As shown in Figure 7A, in H2O2-containing solutions the Ach-induced responses reached of their maximum 

values at 10-4 M concentration, while in normal physiological solution the curve wasn’t saturated even at 10-3 M 
Ach concentration. Such pronounced depressing effect of H2O2 on “maximums” of the doze-dependent curves of 
Ach could serve as evidence on the decreasing effect of H2O2 on the number of functionally active Ach-receptors 
in the membrane. It is worth to note that, although, in K-free solution the H2O2 also has depressing effect on 
number of receptors involving in generation of Ach-responses, there are significant differences between the 
kinetics of dose-dependent curves of Ach-responses in K-free and K-containing solutions (Figure 7B), which 
could be the subject for more detailed investigation.  

Thus, it is important to clarify, which metabolic pathways could be responsible for H2O2 –induced decrease 
of number of functionally active receptors interacting with the agonists. It is suggested that the actinolike protein 
phosphorilation-induced contraction of cytoskeleton could serve as one of such mechanism through which the 
H2O2 could decrease the number of membrane receptors. As the citosceleton (cell) shrinkage is accompanied by 
the increase of membrane electrical resistance (Carpenter et al., 1992), for testing the above-mentioned 
suggestion the effect of H2O2 on I-V characteristics of membrane was studied (Figure 8).  

 

 
 

Figure 8. The effect of H2O2 on current-voltage (I-V) characteristic of D-type neurons. The I-V curves in normal 
and 10-4 M H2O2-containing solutions were obtained by changing the holding potential from -20 to -80mV. Pre-
incubation time in H2O2-containing solution was 7min. (n=5). 

 
As shown in Figure 8 there are significant increase of membrane resistance upon the effect of H2O2 and this 

effect has pronounced elevation tendency by increasing the cell membrane polarization. If the H2O2–induced 
increase of membrane resistance could be explained by the possible decrease of cell volume, the mechanism 
responsible for potential-dependence of such effect of H2O2 is not clear and needs more detailed investigation.   

 

 
 

Figure 9. The effect of 10-9 M H2O2 on neuronal volume. Scale bar 10µm. (n=5) 
 
For testing the above mentioned conclusion on H2O2 –induced cell volume (shrinkage), which leads to the 

decrease of membrane active surface (number of receptors in the membrane), in the next series of experiments 
the effect of H2O2 on cell volume was studied by means of  light microscopy. Figure 9 shows that H2O2 in nM 
concentrations has shrinking effect on the cell.  
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Discussion         
Although the hypothesis on the role of H2O2 as a possible messenger through which the biological effect of 

magnetized aqueous solutions is realized has long history (Klassen, 1982), its role in biological effect of SMF 
and ELF EMF is not elaborated yet. This difficulty is due to the absence of reliable theory explaining the cellular 
and molecular mechanisms of biological effects of ELF EMF from one side, and multisided metabolic effect of 
the H2O2 from the other side. Previous works of our laboratory have shown a crucial role of intracellular 
messenger-dependent Na+/Ca2+ exchanger in realization of biological effect of magnetized solution (Ayrapetyan 
et al., 1994b, 2005). As the Na+/Ca2+ exchanger serves as one of powerful mechanisms regulating the 
intracellular Ca2+ homeostasis (Dipolo and Beauge, 2006), which determines the membrane chemo-sensitivity 
(Bregestovski et al., 1979], the latter could serve as a convenient experimental model for studying the role of 
H2O2 as a potential messenger in realization of biological effect of magnetized solution on cell membrane.    

The presented data on similar inhibitory effect of MPS (Figure 1) and H2O2 (Figure 2) on Ach-induced 
current and their temperature dependence, from the first face could be considered as an evidence of their 
synergic influences on membrane chemosensitivity. In previous our works the following metabolic cascade 
through which ELF EMF-treated PS can modulate the membrane chemosensitivity was suggested: the MPS- 
induced activation of cGMP-dependant Na+/Ca2+ exchanger leads to the removal of the intracellular Ca-induced 
inhibition of Na+-K+- ATPase as a result of reactivation of Na+-K+ pump, which causes the decrease of a number 
of receptors in the membrane due to the pump-induced cell shrinkage. While the pump is in inactive state (when 
the pump-induced cell volume changes are excluded), the ELF EMF-induced elevating effect can be explained 
by the decrease of intracellular Ca concentration (Ayrapetyan et al., 2004). The fact that in K-free solution the 
H2O2 has more pronounced inhibitory effect on Ach-induced current compared to its effect in normal PS could 
not be explained from the point of the mentioned metabolic cascades and serves as evidence on different nature 
of metabolic pathways through which the inhibitory effects of MPS and H2O2 are realized.    

It is known that the agonist-induced membrane responses could be changed as a result of modification of 
ionic channel properties and (or) interaction processes between membrane receptors and agonists. The obtained 
data on potential independence of H2O2–induced inhibition of Ach-responses (Figure 4) allow us to exclude the 
role of ionic channels in this inhibition and it could be explained by the depression of the process of interaction 
between receptors and agonists. The H2O2 –induced depression of the “maximum” in Ach doze-dependent curve 
serves as evidence on the changes of number of functionally active receptors in the membrane interacting with 
the agonist molecules (Figure 7). Early our works showed that the Na+-K+ pump-induced activation caused the 
similar inhibition of membrane Ach-sensitivity in result of cell shrinkage (Ayrapetyan and Arvanov, 1979), 
however the data obtained in present experiments on elevation of H2O2–induced depression on Ach- responses in 
K-free solution (when Na+-K+ pump is inactive) (Figures 3B, 7B), excludes the role of Na+-K+ pump in this 
process. The disappearance of such inhibitory effect of H2O2 on membrane chemo-sensitivity in cold (50C) 
medium (Figure 5) indicates its metabolic nature. Therefore, it is suggested that the H2O2 leads to the decrease of 
the number of functionally active receptors in the membrane by unknown metabolic mechanisms (not by Na+-K+ 
pump). Previous our works showed the close correlation between membrane active surface (cell volume) and 
number of functioning chemo-receptors in the membrane (Ayrapetyan and Arvanov, 1979). It is predicted that 
the H2O2–induced depression of membrane Ach-sensitivity could be the result of cell shrinkage. The 
microscopic study of the H2O2 effect on cell volume (Figure 9) proved this suggestion.  

 
Summary 
The data obtained in the present work clearly showed that the H2O2 in nM concentrations depressed the 

membrane chemosensitivity by decreasing the number of functioning receptors in the membrane as a result of 
cell shrinkage (probably by cytoskeleton phosphorylation). We came to the same conclusions in previous our 
work on studying the effect of magnetized solutions on Ach-induced responses of the membrane (Ayrapetyan et 
al., 2004). It was shown that the MPS caused the depression of membrane Ach-responses at room temperature 
(23 0C), while in cold medium (5 0C) it had no effect (Ayrapetyan et al., 2004, Figure 1). These effects were 
explained by MPS-induced cell dehydration which led to the decrease the number of chemo-receptors in the 
membrane (Danielyan et al., 1999).   

Thus, the comparison of the physiological data obtained in the present work on the influences of H2O2 with 
the previous results on the effects of magnetized solution on membrane sensitivity to Ach demonstrates the close 
synergism between the effects of these two factors on Ach responses in normal PS which are the result of cell 
dehydration. However, opposite dependence of their effects on Na+-K+ pump activity allow us to suggest that 
H2O2- -dependent metabolic pathway could serve as one of the metabolic pathways through which the biological 
effect of ELF EMF is realized.  

  
 
 
 



AYRAPETYAN & HUNANYAN 
 

 1266 

 
References 
 
Ayrapetyan SN, Arvanov VL. 1979. On The Mechanism of The Electrogenic Sodium Pump Dependence of 

Membrane Chemosensitivity. Comp. Biochem. Physiol., 64A: 601-604.  
Ayrapetyan SN, Arvanov VL. 1988. The Metabolic Regulation of Membrane Chemosensitivity. In Salanki (ed): 

Neurobiology of Invertebrates, Budapest, 36:669-684.  
Ayrapetyan SN, Grigorian CV, Avanesian AS. 1994a. On a mechanism of action of magnetic field on the 

electrical conductivity of water solutions and some properties of Helix neurons. Bioelectromagnetics, 15: 
133-142.  

Ayrapetyan SN, Avanesian AS, Avetisian TH, Majinian SB. 1994b. Effects of incubation of snail ganglia in 
physiological solutions exposed to magnetics fields on levels of intracellular cyclic nucleotides. In: 
Biological effects of electric and magnetic fields (Ayrapetyan & Carpenter, eds), Academic press, INC, 
pp: 185-186. 

Ayrapetyan SN, Hunanyan ASh, Hakobyan SN. 2004. 4Hz EMF–treated   physiological solution depresses Ach-
induced neuromembrane current. Bioelectromagnetics. 25(5): 397-399. 

Ayrapetyan GS, Papanyan AV, Hayrapetyan HV, Ayrapetyan SN. 2005. Metabolic pathway of magnetized 
fluid-induced relaxation effects on heart muscle. Bioelectromagnetics. 26(8): 624-30. 

Ayrapetyan SN. 2006. Cell aqua medium as a preliminary target for the effect of electromagnetic fields. In: 
Bioelectromagnetics: Current Concepts, S. Ayrapetyan and M. Markov, eds., NATO Science Series, 
Springer Press, The Netherlands, pp: 31-64   

Bregestovski PD, Bukharaeva EA, Iljin I. 1979. Volotage clamp analysis of acetylcholine receptor 
desensitization in isolated mollusk neurons. Nature, 279: 581- 595.  

Carpenter DO, Fejtl M, Ayrapetyan SN, Szarowski DH, Turner JN. 1992. Dynamic changes in neuronal volume 
resulting from osmotic and sodium transport manipulations. Acta Biologica Hungarica, 43: 39-48.  

Danielian AA, Ayrapetyan SN. 1999. Changes of Hydration of Rats’ Tissues after in Vivo Exposure to 0.2 Tesla 
Steady Magnetic Field. Bioelectromagnetics, 20(2): 123-128.  

Dipolo R, Beauge L. 2006. Sodium/Calcium exchanger: Influence of metabolic regulation on ion carrier 
interactions. Physion. Rev. 86: 155-203 

Klassen 1982; in: Magnetized Water Systems. “Chemistry” Press, 296 p (in Russian), English translation: 
European Biology and Bioelectromagnetics, 2006, 1(2): 201-220 

Sakharov DA, Salanki J. 1969. Physiological and pharmacological identification of the neurons in the central 
nervous system of helix pomatia. Acta Sci. Hungar., 35: 19-30. 

Stepanyan R., Ayrapetyan G., Arakelyan A., Ayrapetyan S. 1999. Effect of Mechanical Oscillations on 
Electrical Conductivity of Water Biophysics, 44: 197-202.  

Thomas RC. 1972. Intracellular sodium activity and the sodium pump in snail neurons. J. Physiol. 220:55-71. 

 
 
  
 



 

1267 

 
 

Simulations of ELF Magnetic Shields 
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Abstract 
This paper describes a multi-stage algorithm for efficient calculation of magnetic flux contours, for optimizing the design of structural 
magnetic shielding. The multi-stage algorithm enables albeit medium-power computer system to calculate the effect of shielding materials 
with a given geometry, in a reasonable timeframe without compromising precision. The outcome results are a large number of electrical utility 
models and the best cost-effective shielding materials and geometries for ELF magnetic flux reduction per Authority regulations and 
requirements.  
This paper attempts to review methods and principles for calculation of an extremely low frequency (50/60 Hz) electromagnetic field 
originating from power utilities and power lines, for the purpose of constructing efficient magnetic shielding. The paper points out difficulties 
in existing methods and proposes a new algorithm for analysis and construction of magnetic shielding.  
 

Introduction 
 

Magnetic field of extremely low frequency (ELF) is produced by utility and industrial electric lines, machines and cables, and various 
electrical fixtures, devices, and apparatuses all of which are surrounding us and deployed everywhere. Often, the level of the magnetic fields 
exceed the permissible exposure limits setup by international1 and national agencies for non-ionizing radiation protection, thus need to be 
reduce at locations where people dwell. It can be achieved by several cost effective methods, such as: relocation of strong magnetic field 
emitters; reduction of electrical current; reconstruction of the electrical circuits to reduce the loop areas generating magnetic fields. If any of 
the above outlined relative simple solutions do not provide the desired results, it might be necessary to install structural magnetic shielding 
made of various metal types some of which might be very expensive such as µ-metal, co-netic and other metals with great permeability. 
 
Before the actual building of structural magnetic shielding starts, one needs to determinate the magnitude of the magnetic field exposure 
problem. It can be performed by actual field measurements, or if the electrical utilities are still unavailable or none operational it entails 
modeling the utilities and solving electro-magnetic equations3, all of which enables the prediction of magnetic flux contours with and without 
magnetic shielding buriers. 
 
To determine the best engineering solutions for structural shielding, one needs to employ very complex analysis. The analog approach is 
impractical because of the uniqueness of each problem and the associated difficult level. Also, the digital approach is still too difficult for the 
most of today’s personal computer systems. Subsequently, the calculation is less accurate and time-consuming. It can take from tens to 
hundreds of man-hours to prepare models and to solve a single problem. 
 
 

Strategies and Stages in Planning Magnetic Field Reduction 
 
To first stage in planning the shielding effectiveness required for magnetic field reduction is to obtain the overall worst-case intensity of the 
ELF magnetic flux in locations where people may reside. This can be doe using two methods – the analytical method (also good for the design 
stage), and/or field measurements when construction is completed and populated). These two strategies to determine the magnetic field is 
summarized as follows: 
1. Analytical Prediction: given the geometry of the structure and the current sources producing the ELF magnetic fields, including the 

geometry of these magnetic sources, the integrated cumulated field levels in every relevant place (places where there may be people 
residing) can be predicted. 

2. Measurements: conducting field level measurements where people work and reside could provide a general picture of the magnetic 
field including evaluation of maximal loads in maximal power consumption, hence, worst-case magnetic flux contours. 
The decision for the need for magnetic shielding is best taken based on results obtained by strategy 2 – measurements. However, the 
structural shielding design must use strategy 1 – analytical prediction. It facilitates cost-effective shielding design, placement, barrier 
dimensions, shielding materials, and installation methods. It enables theoretical examination of the shielding effectiveness elsewhere in 
the facility. If shielding is insufficient based on phase I of the analytical design effort, it is modified by reselecting of:  
� shielding materials;  
� barrier dimensions; 
� placement  
Phase II of the shielding design commences to obtain the shielding effectiveness of the modified design. Phase II might yield an 
insufficient engineering solution and go into Phase III, etc., until a best engineering solution is obtained.  

 



Simulations of ELF Magnetic Shields 
 

 1268 

Availability of Analytical Methods 
 
The analysis methods available for determining the electromagnetic field levels are many and vary in complexity, accuracy and easiness of pre 
and post processing. Some of the most known numerical methods are: 
 

• Finite Difference Methods 
• Variation Methods 
• The Methods of Moments (MoM)  
• Finite Element Method4,5 
• Transmission-line-matrix Method 
• Monte Carlo Methods 
• Method of Lines 

 
The Finite Difference Method requires the performance of the following steps: 
 
1. Divide the region of interest into a grid of nodes (common rectangular, skew, triangular or circular type of grids)  
2. Approximate the given differential equation by finite difference. (To relate the dependent variable at a point in the region of interest to 

its values at the neighboring points) 
3. Solve the difference equations subject to the boundary and initial condition. 
 
This method is very intuitive and fairly easy for numeric realization. It is not clear which grid is preferable in every case. A problem arises in 
cases where the point for which the value is calculated is not exactly on the grid. The ease or programming “balances” in extensive calculation 
time. 
For simple enough problems, when one arrives at a collection of equations (both integral and differential), the problem can be solved by 
finding functions that give the integrals a minimum value6. Problems of this type are called variational problems. 
This method is limited to theoretical problems, requires a high level of mathematics and seldom used to solve practical problems. 
 
The MoM requires the performance of the following steps: 

 
1. Derivation of the appropriate integral equation. 
2. Conversion this set of equation into a matrix equation (the process called discretization that is based on using basic functions (kernels) 

and weighting (or testing) functions. 
3. Evaluation of the matrix elements. 
4. Solving the matrix equation and obtaining the parameters of interest. 

 
This is a sturdy method that turns problems containing integral equations into matrix equations (of course, accurate calculation requires an 
extensive calculation power and a large amount of memory). Many of today’s solutions are based on this method. 
 
The Finite Element Method comes from the area of materials strengthening and has been used for calculating electromagnetic fields since the 
1970s. 
 
The Finite Element Method requires the performance of the following steps: 

 
1. Discretizing the solution region into a finite number of subregions (called elements). These elements may be one, two or three-

dimensional. 
2. Deriving governing equations for a typical element. 
3. Assembling all elements in the solution region. 
4. Solving the system of equations obtained. 
 
Among the method’s advantages, it can be used with almost no changes for different areas of problems. The most accepted areas are 
mechanics and electricity, but lately it has also been used for image processing. It is difficult to match an appropriate element for every 
problem, and the method required extensive calculation time. 
 
Other methods are more theoretical or methods suitable for solving specific problem types not related to our goals. 
 
It is customary to imagine shielding as an infinite surface or a closed sphere. Only in these cases may accurate analytic methods be obtained. 
All analysis of other models is semi- empirical. The accuracy of the results decreases as we increase the practical details of the shielding. 
The analytical solution for calculating shielding cannot take the form of a method as we must solve a different problem each time (this 
includes building a new model with range, limit conditions, sources, new geometry etc.). 
 
Solving the problem using a computer somewhat reduces the complexity of the mathematical solution, but adds the problem of a model that is 
very resource consuming for most existing computers. The problem lies in both memory size and calculation power. 
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As a result, any calculation (construction of a mathematical or digital model, inputting the problem’s data, calculation and examination of 
probability of the received results) requires hundreds of man hours and dozens of computer hours. It is clear that under these limitations it is 
impossible to perform a large number of attempts (analysis phases as described above) in order to reach an appropriate solution. The desire to 
examine a single problem for several shielding solutions, in order to select the best one, often seems as “mission impossible”. 
 

Practical Methods Combined with Analysis 
 
The problem we face is: to calculate the electromagnetic field in defined areas generated by known sources with the presence of a given 
specific shielding burrier design to reduce the EM fields. 
There are no analytical systems and algorithms that we know for writing a program that enables inputting of entry data (such as range, sources, 
shielding location, shielding materials etc.), followed by the required targeted field level in a certain area, let one or more parameters acting as 
the unknown ones and perform calculations (assuming convergence) that solve the unknown parameters. 
Presently, all we can do is as follows: place shielding (using previous practical experience) in places that seems most logical using materials 
that were suitable in similar cases, calculating the field levels in questioned areas, comparing the results to the values we aim for, and if the 
results are unsatisfactory, slightly change the shielding size, geometry, location and/or materials. 
The form of shielding accepted today is a rectangular plate, inserted between the source and the area in which field level should be reduced. 
Magnetic shielding includes 3 different effects: reflection, absorption, and fringe radiation (that usually reduces the shielding effectiveness). 
The theoretical basis for high frequency (radiofrequency) shielding for distant EM field is relatively well developed and has accelerated in 
recent years. In the case of ELF fields and for an adjacent source – these theories cannot be straightforward adopted. In the case of high 
impedance, the source if electric field is dominant; in the case of low impedance – the source is a magnetic field is dominant. In this case a 
separate approach for shielding against the magnetic part and from the electric part of the EM field is the correct approach.  
An alternating electromagnetic field, originating from 50 Hz electrical facilities is an “adjacent source” field. The characteristic impedance of 
the magnetic component is very low while the characteristic impedance of the electric component is high. Therefore, currents in low voltage 
electric facilities generate dominant magnetic field components; the associated electric field component is negligible. A source of a solely 
magnetic field does not cause electromagnetic waves. Therefore a 50Hz magnetic field is quasi- static in nature. This field is “static” because it 
acts as a static field, but is called “quasi” as it is not completely static due its source (alternating field). 
 
Two phenomena exist in magnetic shielding for a quasi- static field – static shielding and dynamic shielding. 
Static shielding is independent of the field frequency and works in the same way for both the earth’s static magnetic field and for sources of 50 
Hz or more. The shielding quality depends on the material’s relative permeability (µ) and its geometrical dimensions. The higher the 
permeability (µ) and the thicker the plate, the more effective is the shielding. 
Dynamic shielding depends on the frequency of the primary field and the shielding material’s electric conductivity. At 50 Hz the effect is well 
pronounced. The phenomenon is based on Foucault currents (eddy currents) and Lentz laws. The higher the conductivity and the higher the 
frequency – the more effective is the shielding. 
There are no materials that combine both phenomena well, and so it is customary to use two plates or more for constructing shielding to 
reduce quasi- static magnetic field. In many cases shielding construction is attempted using no analysis, based only on instinct, experience or 
luck. In many cases this might not only not decrease field levels, but even raise its intensity in undesirable locations. 
The principle of magnetic shielding is based on two phenomena of decrease of the electromagnetic field intensity in different materials: 
absorption of a magnetic field (absorption loss) and reflection of the field back to the source (reflection loss). 
 
The above discussion is highlighted with a real problem description and shielding planning demonstration. 
 
The field level in an area adjacent to a transformation substation inside a residential building is analyzed. 
 
The area of interest is only the residential area as shown in Figure 1. Analysis show that the level is higher than desirable and shielding must 
be constructed. 
A simplistic calculation with substitution of a plate of finite dimensions with an infinite surface does not give correct results. In this case 
substitution of the plate creates distortions in the plate ends, and as a result the field level would not only decrease, but may increase. It is clear 
that in this case the attempt to build magnetic shielding without proper planning might causes more damage than benefit. 
Three dimensional shielding against the magnetic field from the transformation substation could be done by covering parts of the walls, ceiling 
and floor adjacent to the location of the transformers. Walls, ceiling and floor covering is obtained by using special materials that decrease the 
magnetic flux density caused by the transformer’s secondary terminal (low voltage) phase lines and neutral line loops.  

 
Field sources are often having a complex geometry which makes it analysis difficult to solve. It is much more difficult to solve the problem of 
the shielding effect on the magnetic source flux lines as it is in our example. It is important to note that for our specific problem, the source is 
3 currents in the same frequency and different phases, and at every point the field vector is a complex vector value (as are all the matrix 
analysis). 
“Absorption” of a static magnetic field can be done using magnetic materials with a high magnetic permeability. Plates of this material are 
used for construction of static shielding. The efficiency of the static shielding depends on several factors, as follows: 
• Relative magnetic permeability (µr) of the plate material. 
• Plate width. 
• Angle between the direction of the magnetic flux vector and the plane of the plate. 
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Figure 1: Primary Magnetic Flux Analysis near an Internal Transformation Station 
 
 
There is no “reflection” phenomenon of a static magnetic field. The reflection phenomenon exists only in an alternating electromagnetic field. 
The flux of an alternating magnetic field that permeates plates made of a material with electric conductivity creates induced currents known as 
eddy currents. These currents create a secondary magnetic flux at a direction opposed to the direction of the original magnetic field flux and 
thus reduce the magnetic field flux. This is known as Lenz’s law. 
Plates made of metals with high electric conductivity are used for building dynamic shielding. The efficiency of the dynamic shielding 
depends on several factors, as follows: 
• The plate material’s electric conductivity σ. 
• Frequency of the alternating magnetic field. 
• Plate width (up to a certain width). 
• Angle between the direction of the magnetic flux vector and the plate’s perpendicular. 
 
The efficiency of static and dynamic shielding, as a rule, is a different and non linear dependence on the parameters outlined above. The main 
difference, in terms of shielding efficiency, is in the inverse effect on efficiency of the incident angle of the magnetic flux lines on the 
shielding plate: 
• When the direction of the magnetic flux vector is closer to that of the shielding plate’s normal direction, the efficiency of dynamic 

shielding increases while that of static shielding decreases. 
• When the direction of the magnetic flux vector is closer to that of the tangent to the shielding plate, the efficiency of dynamic shielding 

decreases while that of static shielding increases. 
As the magnetic flux adjacent to electric facilities is not uniform in size and direction, the highest efficiency in reducing the magnetic flux 
density in the entire shielded space is accomplished by a combination of static and dynamic shielding. 
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New Algorithm for Shielding Analysis 
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The first step is the calculation of the magnetic flux density in the entire space, especially the area we wish to protect and the apace in which 
we wish to introduce the shielding barrier. Analysis of the primary field is done using the laws of Faraday and Ampere. This analysis affords 
a comprehensive picture of the entire area, and a decision on whether shielding is in fact necessary or can be substituted by simpler less-costly 
measures, such as relocation of power utilities or personnel. 
There are many analysis methods, most popular of which is the finite elements method discussed above. Using this method, the shielding 
burrier is divided into subcomponents so that lack of uniformity can be neglected and the field is perceived as uniform. This is the second step 
of the analysis. 
In the third step, each point in the shielded area is analyzed as a sum of the effects of each shielding element. This is the secondary field 
reduced from the primary field by the shielding. 
Now, as a picture of the effect of the shielding is formed, one can decided on the continuation (or termination) of the process. 
Using this method there is no need for difficult neither complex analysis for the entire problem, only for the shielding effect on the secondary 
field intensity in the examined area. This analysis method greatly reduces analysis complexity, gives accurate results and reduces calculation 
time by an order of magnitude. The finite elements method enables to perform sufficient iterations in order to obtain the best results among 
several different shielding barriers from different materials and dimensions and compare the outcome results to select the best solution. The 
time required for the entire process is equal to the time it would have taken to calculate a single iteration using one of the old methods.  

 
The course of the analysis is presented in the algorithm flow chart. 
1. Analysis of 50 Hz magnetic field contours caused by the transformation substation – step 1 of this project is defining the problem and 

possible solution subset. 
2. Construction, verification and determination of models for simulating the magnetic field source. These models can be used to calculate 

magnetic flux densities in all areas adjacent to the field source. 
3. Analysis of the magnetic field in the areas that are examined without any shielding. Analysis is carried out using a computer program 

based on integrals of complex magnetic moment methods.  
4. Determination of the required magnetic shielding effectiveness value SErqr.  This action is taken and is presented in table 3 of step 1 of 

the project (reference 2). The SErqr value is determined by comparing the results of the analysis to the exposure threshold 
recommended by the Ministry of the Environment or other requirements of the client, using the following formula: 

SErqr  =   Bmax / Brcm 
Where: 
• Bmax – the maximal value of the magnetic flux density analyzed in the examined area based on a model of magnetic field 

source simulation at its typical current, as coordinated with the client. 
• Brcm – the value of magnetic flux density coordinated with and determined by the client based on recommendations set by the 

Ministry of the Environment for general public magnetic field exposure at 50/60 Hz. 
5. Existence of a condition SErqr > 1 (YES) causes the continuation of the project for design and magnetic shielding burrier required, 

while the (NO) response ends the analysis and the project. 
6. Selection of potential locations for installation of magnetic shielding plates. As a rule, it is accepted to cover walls and/or ceilings 

and/or floors within the area in which the magnetic field source is located. In transformation substation with two transformers, these 
areas are: the TR01 and TR02 transformer cells and/or the entire transformer room. 

The possibility to install shielding around a whole transformer cell is not feasible, as complete and continuous shielding in the cell might 
hinder the maintenance and natural ventilation of the transformers. Opening ventilation hatches and/or installation of forced ventilation might 
reduce shielding effectiveness to below requirements. 
The feasible shielding practice is to cover all or part of the walls, ceiling and floor of the transformer room. 
7. Analysis of the magnetic field in some locations of the shielding plates. As an auxiliary action for calculating shielding effectiveness, 

the complex vector of the magnetic flux density in the walls, ceiling and floor of the transformer room is analyzed, meaning – primary 
magnetic field with no shielding, similar to the primary magnetic field in the examined areas (step 3 above). 

8. Setting up variety of magnetic shielding plates. This step determines shielding parameters as follows: 
A. Amount and location of shielding plate installation, static and dynamic separately. 
B. Plate size (surface area) for static and dynamic shielding separately. 
C. Static shielding plate’s material – magnetic permeability value; dynamic shielding plate’s material – electric conductivity value. 
D. Plate width for static and dynamic shielding separately. 

9. Determination of weighted value. In this step we prepare the parameter matrix for static and dynamic shielding for the analysis 
following in step 10. 

10. Analysis of the secondary magnetic field created by the shielding plates in the examined area. The analysis is carried out by a computer 
program based on a Numerical finite element method. 

 
The starting data for analysis are the results of the primary magnetic field analysis described in step 7 above and the data of the shielding 
plates described in step 8. 
At the beginning of the analysis the shielding plate areas are divided into elements in order to reach a state wherein in most separate elements 

there is a uniform magnetic field incident the single element. The data of the complex vector of the magnetic flux density,B
�

that permeates 
through the shielding area element, we receive from the primary magnetic field analysis (7). 
The elements of the high magnetic permeability shielding material are forced to become magnetic moments under the effect of the primary 
magnetic field. The magnetic flux density Bmag in the area of these elements increases according to the formula:  

Bmag   =   µr  x  B0 
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Where: 
 B0 – primary magnetic flux density 

µr – relative magnetic permeability through the static shielding material. 
 
The main direction of the moment vectors from the static shielding plates is tangential to the plane of the plates. Magnetic moments of the 
static shielding material elements emanate a secondary magnetic field, and thus affect the overall magnetic flux density in the examined areas. 
Alternating magnetic flux creates eddy currents of elements in the dynamic shielding material with the high electric conductivity. These 
currents create a secondary magnetic field. The direction of the secondary magnetic field flux is opposed to the direction of the primary 
magnetic flux, known in physics as Lenz’s law. Eddy currents in the dynamic shielding elements are considered to be magnetic moments. The 
main direction of the moment vectors from the dynamic shielding plates are normal to the plane of the plates. These moments emanate a 
secondary magnetic field. And thus affect overall magnetic flux density in the examined areas. 
11. Analysis of overall magnetic field in the examined areas. The analysis is carried out using a computer program based on a complex 

vector superposition method. 
12. The realization of the SEclc  ≈  SErqr  (YES) condition ends the analysis, while (NO) causes the continuation of the analysis in a loop 

including stages 8 – 11. SEclc – the analyzed value of the shielding effectiveness. 
 
Back to the practical example – an analysis is performed based on this algorithm. The following results were obtained: 
Primary flux density analysis (without the shielding plates): 
 

 

 
 

Based on the results tt was decided to shield only the transformer adjacent to the residential area. 
 

 
Analysis show that the field level decreased to the following levels: 
 

 

11
Vert 4L
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Conclusions 

 
The question of potential adverse effects due to ELF magnetic fields exposure has been discussed and hypnotized in the past years. The 
potential magnetic field adverse effects on the human body are still under ongoing studies; nevertheless, the adoption of the precautionary 
principal by many countries and environmental conservation offices owes to minimize personnel exposure2.  Many countries have already 
established regulations and limitations for the maximal magnetic field allowed at the workplace and residential areas which is much lower than 
the WHO ICNIRP1 guidelines. The best situation exists when a building design (both architecture and infrastructure) considers magnetic flux 
reduction design. In reality, this does not happen often. At best, magnetic field surveys and shielding design (if needed), is the very last stage 
before construction is completed. In many cases, construction is completed; inhabited and only thereafter magnetic flux reduction is taken care 
by the building management. This paper describes a multi-stage algorithm for efficient analysis of magnetic flux contours, for optimizing the 
design of structural magnetic shielding. The multi-stage algorithm enables albeit medium-power computer system to calculate the effect of 
shielding materials with a given geometry, in a reasonable timeframe without compromising precision. The outcome results are a large number 
of electrical utility models and the best cost-effective shielding materials and geometries for ELF magnetic flux reduction per Authority 
regulations and requirements.  
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Abstract 
When large structures such as residential compounds or public buildings are under the influence of 
extremely low frequency (ELF) magnetic fields, such as the one generated by a system of railways fed by 
16 ⅔ Hz, standard methods of designing shielding structures by numerical methods usually fail. The latter 
can be explained by the difficulty posed in the computing process by the large aspect ratios involved due to 
thin layers of metal (a few millimetres or centimetres) in contrast to the large dimensions of the affected 
structure (several tens of meters). In some cases one has to utilize special approximations such as surface 
conductivity, which are not easy to handle when the designed shielding structure is clearly 3-dimensional. 
Other alternatives such as experimentation in-situ are very costly. Here, a new technique is presented of 
mitigating the field by using 3-dimensional propagation of induced currents optimizing the field reduction 
factors and minimizing the cost of shielding material. The particular designing method is a hybrid of 
numerical simulations combined with lab experimentation using scaled models of the large structure. The 
method is rather cost-effective and flexible as various designs can be easily tested. Results are presented in 
the form of magnetic field values, at various locations in the buildings, before and after this mitigation 
technique is applied. 
 
 
Introduction 
There are two major sources of extremely low frequency magnetic fields (ELF/MF) which are able to affect 
large scale areas in their extended vicinity (i.e. tens or in some cases even hundreds of metres). One of 
them is overhead power lines and the other is AC powered railway systems. Mitigation techniques for the 
first source have been extensively studied for more than two decades and there are a manifold of references 
in the literature. On the other hand, although some studies related to magnetic fields originated in rail 
systems have been published [1-6], there is a lack of literature on mitigation techniques of magnetic fields 
originated from AC railway sources. In this investigation, the magnetic field produced by a system of trains 
operating at 16 ⅔ Hz (~16.67 Hz) is analyzed and mitigated using a combined technique, i.e. designing a 
structure able to redirect induced currents improving their effectiveness and performing cost-effective 
experimental settings at reduced scale. The present study was made before starting the construction of the 
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buildings. Fig. 1 shows the location of the railway system in the central area of the city of Stockholm. The 
configuration of the buildings is also shown, which is “L”-shaped formed by two type of buildings, namely: 
“A+B” and “C” or correspondingly Frontal and Lateral the first notation is from the architectural map 
while the second notation is related to the ways the trains pass with respect to the buildings. Two reasons 
motivated this study. Firstly, there is a growing concern on suspected harmful effects of ELF/MF on human 
health. Although several epidemiological studies suggest that long-term exposure to fields in excess of 0.2-
1 µT (depending on the study) can explain some bias in the statistics of some deceases. The issue is still not 
resolved at the moment and there is no clear indication that there will be a conclusive answer in a near 
future. Some countries are adopting some policies upon limits in residential and public buildings, as low as 
1 µT, while others subscribe to ICNIRP recommendations of 100 µT for 50 Hz, limit based on effects of 
induced currents in the human body [7], [8]. Secondly, this type of field is able to produce interference on 
electronic equipment driven by electron beams such as TV and computer screens, oscilloscopes and 
electron microscopes. This interference becomes evident at field values over 0.5-1 µT, depending on the 
device. For the present study, we have chosen to aim at averaged (per floor) after-mitigation field values 
not exceeding 0.5 µT while trying to keep peak values at the sub-microtesla level. The feasibility of 
achieving these values will be explained in the next sections.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 Location of the buildings in the central part of the city of Stockholm; the pictures are virtual as the 
study was performed before the buildings were constructed. The lower picture shows the way the trains 
would pass with respect to the buildings. 
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The Sources of the Field 
Power is supplied to the train system by the overhead wires of 15 kV carrying an average current of 200A 
(rms). The current’s return path follows the rail track (Fig. 2). In fact, the amount of traction current 
depends on the power consumption of the engine needed to accelerate these trains; which reverts in a 
complex time-variability. The magnetic field rms values against time are shown in Fig. 3. The 
measurements shown were taken during 1-hour at a high traffic time. In spite of the short duration of the 
pulses, these are still rather long compared with the period corresponding to 16.67 Hz. Therefore, this study 
is concern only with the influence of the periodic signal. The number of trains considered is 10. Two of 
them, the closest to the lateral buildings, will stop before reaching the frontal buildings. The other eight 
trains will either not stop or stop for a few minutes and then continue to the next station crossing the frontal 
buildings.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Fig.3 Time variability of the magnetic field. The values were taken at the nearest floor to the rails, 
near the intersection of the lateral buildings with the frontal buildings. Although the short duration of 
the pulses; these are still rather long compared with the period of the feeding current 

Fig. 2 A simplified diagram of the source of magnetic field. The train is powered by an overhead 
wire carrying an average current of 200 A. The return path is by one of the rail tracks.  
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The Shielding Challenges 
The dimensions of the building are, for the lateral buildings: (20-30)m x 100m; and for the frontal 
buildings:18mx65m. The height of both buildings is 34 m. Traditional methods of mitigating magnetic 
fields suggest placing a metallic plate (shield) between the source of magnetic fields and the affected area. 
The most commonly used materials for the shield are steel (ferromagnetic), or aluminium (pure 
conductive). Because of the large dimensions of the building, iron would be excessively heavy, thus 
aluminium seems to be the obvious choice. However, when an aluminium shield is applied to the frontal 
buildings, some issues arise. The nearest floor (5th floor) to the railway track has an average distance of 1 
m to the upper cable of the feeding source; the extreme proximity of the cable poses a challenge to the 
shielding properties, for most of the eddy currents will be behaving as if they were induced by a homopolar 
(single cable) source. Fig. 4 shows the similarity of the eddy current pattern on a shield placed on the floor 
in close proximity to the upper cable of the railway dipole and a single cable in the same location. In the 
same figure one can also observe that eddy currents try to generate a cancellation field to the source that 
originated the effect (by Faraday and Lenz laws) with a concentration in the middle of the plate. At the 
same time they also go towards the edges as they try to reach for a return path. Thus, the result is that an 
aluminium plate alone would not be very effective shield when a train is passing through just under and in 
close proximity to the shield. The simulations were performed using 3d software Opera and its solver 
ELEKTRA [9]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A proposed solution to this issue is to redirect the induced currents in a spatial configuration such that the 
returning paths will become useful to mitigate the field inside the enclosed area. This can be achieved by 
conductive ribbons joining two plates. The upper plate is used as part of the currents’ returning path, thus it 
can be thinner than the bottom plate (Fig. 5). In some designs the upper plate or even both plates can be 
replaced by a set of ribbons providing further cost reduction. Yet, as different shielding configurations will 
yield different results, balance between material cost and mitigation factors has to be considered.   

Fig. 4 Comparison between a railway feeding-dipole and a homopolar source; both sources behave 
similarly in the proximity of an aluminium conducting plate.  
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Considering the lateral buildings we note that the sources pass alongside the buildings at different 
distances, some even under the building, such as the one shown in Fig.1. An aluminium shield alone, even 
if thick relatively to the skin depth (δ), will neither be optimal nor cost effective. The solution is a 
combination of optimally positioned system of loops and shields. Because the lateral region is 100m long 
with a cross-section area 20m(width)x34m(height), such a section can be modelled approximately 
assuming YZ symmetry (fields do not change in the X direction). Such a simplification can be considered 
accurate for the central part of the lateral buildings, but it does not model its ends, which are in fact 
interconnected. From the latter, is noticed that the total eddy current (at the cross section) must be zero. 
This condition comes from the fact that the eddy currents must find a return path when they meet the 
physical ends of the longitudinal extension. After performing numerical 2d simulations for the cross section 
(see Fig. 6), it was found that the results depend on the kind of boundary condition assumed (the total 
domain boundary is far from the region of interest).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

REDUCING ELF/MF EMISSIONS IN LARGE BUILDING STRUCTURES 
 

Fig. 6 The lateral shielding structure is shown which can be modelled using YZ symmetry (the field 
does not depend on the x coordinate). The eddy currents (dotted arrows) on the shielding structure are 
shown as well as the source (continuous arrows). This simplification can be considered accurate for the 
central part of the lateral buildings, but it does not model the endings.  

Fig. 5 extended shielding structure that redirects the induced currents creating effective current 
loops resulting in a minimization the field inside the enclosed region. In some designs, the upper 
conductive plate (or even both plates) can be replaced by ribbons resulting in further cost reduction.  

~
.. ."/ ~

,.r',.r Con

Magnetic field is ribb

minimized here
Vl~ ~ I~

l/v,.......... •. v,......

ductive
ons

Sonr t

Eddy ment on the .laieldiug tmlllCe

y



 1280 

 
It is observed that the boundary condition: Ax =0 at ∂ Ω (Ax is the x- component of the magnetic vector 
potential and Ω is the problem domain) allows a net eddy current flowing at the shielding structure. If the 
total domain boundary ∂ Ω is far from the region of interest, we can assume the magnetic field intensity H 
= 0 at ∂ Ω as the boundary condition. This boundary condition makes the net eddy current be zero because 
its circulation on ∂ Ω is zero. Figure 7 shows 2d numerical results using both boundary conditions; the 2d 
simulations were performed using the code Femlab 3.1 [10]. A line L was added for comparison reference 
between the two conditions; this will be plotted later when contrasted with experimental validation. 
 
 
 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
Scaling rules 
The computation of shielding factors for the frontal structure (which is evidently 3-dimensional) by 
numerical simulations, is rather complicated as a result of the large aspect ratios involved. Something 
similar can be said for a fully 3d numerical simulation of the lateral structure, since the 2d- simulations 
presented can only represent accurately the central region. Here an experimental technique, based on 
scaling rules, is combined with the suggested 3d structures which are the paths of the induced currents. This 
technique will make it possible to experiment in a lab with various shielding designs and to predict 
shielding factors of 3dimensional structures more accurately. 
 
Let the scaling factor between two shielding systems M and M’ be k then length, surface and volume scale 
as L’= k L; A’ = k 2 A; V’ = k 3 V respectively. A current I is scaled assuming a homogeneous scale-
invariant current density J. Then: J’ = J, I’/A’ = I/A, and I’/(k 2 A) = I/A, therefore:I’ = k 2 I. Having units 
of length, the skin depth δ scales linearly: δ’ = k δ. This expression allows the computation of the scaling 
rule for the frequency: (2µπ’σ’ f’) -1/2 = k (2σµπf) -1/2.  Assuming scale-invariance and homogeneity of the 
materials (µ = µ’, σ = σ’), then the frequency scales as: f ’ = (1/k)2 f . The application of Ampere law yields 
the scaling rule for the magnetic field: B’ = k B, i.e. it is linear with respect to scaling. Finally the shielding 
factors (SF) which are relative comparisons between the magnetic field before and after mitigation become 
invariant with respect to scaling, i.e. SF’ = SF. When applying this method [11], [12] to our study we will 
adopt a scaling factor k = 1/10. Therefore the frequency for the small system is 1667 Hz. These settings 
were implemented in a laboratory where the frontal and lateral structures were built and tested 
independently.  Figures 8, 9 and 10 show details of this structure and Fig. 11 shows values obtained, before 
and after mitigation procedures were applied, for one of the floors (level two stories above the train tracks).  
 
 
 

Fig. 7 Numerical results are shown for the two boundary conditions discussed above. In (a) the 
boundary condition is assumed Ax = 0 at ∂ Ω, while in (b) it was assumed H = 0 at ∂ Ω. The line L is 
added as comparison reference when contrasted with experimental validation. 

(a) (b) 
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Fig. 9 The shielding structure for lateral 
buildings was designed using a rather thin (0.5 
mm) aluminium shield (barely 5 mm thick for 
the actual large scale), and four attached 
conductive ribbon loops.  It manages to restrain 
the incident magnetic flux in an optimal and 
cost effective way. By adding a few more loops 
to the front of the building, the arrangement 
becomes also effective for other trains.  

Fig. 8 Scale model ten times reduced (k = 1/10) of the shielding structure for the frontal buildings. The model 
was built in an electronic laboratory and low power was used to feed the source, which represented the effect 
of the current loop and the corresponding magnetic field generated by it. Different location of the loop 
represented different trains.      

REDUCING ELF/MF EMISSIONS IN LARGE BUILDING STRUCTURES 
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Fig. 10 Cross section (left) and a 3D picture (right) are shown of the final shielding structure for the 
lateral buildings. The extra loops have been added to consider the influence of any of the 10 trains, 
namely, B1, B2, S1, S2…or S8. 

Fig. 11 Before and after mitigation field values are shown for the level located two floors above the train 
tracks.  The resulting average magnetic field levels in each floor were kept below 0.5 µT.   
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Returning to the shielding issues and numerical modelling, a comparison was made (Fig. 12) between the 
experimental results and the two results applying two different boundary conditions mentioned in the two-
dimensional modelling (see Fig. 7). The line L was taken at  z = 22.7 m . The result is that the condition H 
= 0 fits the obtained data more accurately than Ax = 0. This boundary condition is also physically more 
realistic as it makes the net eddy current be zero; which is demanded in the experiments due to the 
connecting paths of the shielding loops. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Conclusions 
The problem of shielding extremely low frequency magnetic fields of 16.67 Hz that affect large buildings 
certainly poses several challenges to standard field mitigation schemes and to modern numerical modelling 
methods too. A new technique was used based on re-directing eddy currents towards ribbon paths that 
effectively contributed to reduce the magnetic field inside the buildings. Due to the 3-dimensional character 
of the proposed models the design was elaborated using scaling rules and performing tests in a low-power 
laboratory. The scaling factor for the experiment was 1/10 and the frequency 1.67 kHz. The division of 
lateral and frontal buildings proved to be useful in the design of shielding structures. Complex but cost-
effective structures based on conductive material consisting on plates and ribbons were built. Good 
mitigation factors (up to SF=10) were achieved. After shielding averages field values were measured under 
0.5 microtesla and peak values were kept (with a few localized exceptions) under 1 microtesla. 
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Fig. 12 Comparison between numerical results and experimental data is shown.  The values taken over 
the line L at z = 22.7m (see Fig. 7). Notice that the boundary condition H = 0 agrees more with 
experimental data. The experimental data is obtained by using the scale model described in this article. 
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Abstract  

Ten minute daily PEMF inhibits hypoxia driven angiogenesis and tumor growth (Williams et al. 

2001, Cameron et al. 2005a) but does not inhibit angiogenesis that normally occurs during embryogenesis 

and tail fin regeneration in zebrafish (Short et al. 2006).  As discussed, the reason for this difference may 

be due to the hypoxic state of the tissues.  Daily pulsed electromagnetic field (PEMF) was found to retard 

angiogenesis and growth of a human breast cancer xenograft, causing the tumor to develop proportionately 

larger areas of necrosis and hypoxia and smaller areas of proliferatively active cancer cells.  It was also 

demonstrated that the daily PEMF therapy continued to inhibit tumor angiogenesis and tumor regrowth for 

two weeks following a standard course of ionizing radiation (IR) therapy (Cameron et al. 2005a).  

However, this PEMF therapy renders large areas of the tumor hypoxic and therefore is expected to lessen 

susceptibility to oxidative damage caused by further IR treatments or by oxidative dependent 

chemotherapy.  The need for a 2-4 day recovery from the anti-angiogenic effects of PEMF prior to the next 

round of oxidative IR therapy is discussed. 
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Introduction 

 There appears to be only two previously published original research reports on use of pulsating 

electromagnetic field (PEMF) to reduce tumor angiogenesis and tumor growth (Williams et al. 2001, 

Cameron et al. 2005a).  These two previous reports both indicated that a 15 mT PEMF given for 10 

minutes per day safely reduces tumor growth and tumor vascularization.  In an accompanying report in 

these proceedings the effects of the exact same PEMF exposure condition on zebrafish development and 

tail fin regeneration was reported to be ineffective in retarding fish embryonic development or fin 

regeneration or to retard the vascularization accompanying these processes (Short et al. 2006).  What factor 

or factors might be responsible for the difference in response to the same PEMF exposure conditions 

between the transplantable tumors in mice and the development and fin regeneration in the fish?  Thus, an 

aim of the current report is to briefly reexamine the results of these two prior reports on growth of a 

transplantable tumor and on fish development and tail fin regeneration and to explore possible differences 

in responsiveness to the same PEMF exposure conditions. 

 It seems likely that clinical oncologists might not be inclined to use PEMF as the sole method of 

cancer therapy.  Thus, it was decided to combine a commonly used form of cancer therapy, specifically a 

standard course of ionizing radiation (IR) with PEMF therapy in hopes of finding additive or synergistic 

benefits.  The therapeutic implications of the results of the IR and PEMF study are presented and discussed. 

 

Materials and Methods 

EMF on Tumor Growth/Angiogenesis—Green fluorescent protein transfected with MDA-MB 231 

breast cancer cells were injected into the mammary fat pad of young female athymic mice.  Six weeks later, 

mice were randomly divided into four treatment groups: untreated controls; 10 minute daily PEMF; 200 

cGy of IR every other day (total of 800 cGy); IR plus daily PEMF.  Detail of the PEMF method and the IR 

method are given in Cameron et al. (2005a).  Tumor size and body weight measurements were made  

 



 1287 

PEMF INHIBITS TUMOR ANGIOGENESIS 

 

throughout the course of treatment.  Some mice in each group were euthanized 24 hours after the end of the 

IR treatment.  PEMF treatment continued for three additional weeks.  Tumor sections were stained for: 

endothelial cells with CD31 and PAS or hypoxia inducible factor 1α (HIF).  Tumors were scored for 

angiogenesis, for metaphase index and for lung metastases. 

EMF on Zebrafish Embryonic Development—Newly fertilized zebrafish embryos were given daily 

PEMF and developmental stages were scored versus untreated control embryos based on developmental 

designations made my Kimmel et al. (1995).  Details of the methods are given in accompanying report in 

these proceedings (Short et al. 2006). 

Results 

Whole body IR and PEMF therapy suppressed tumor growth (Fig. 1), cell proliferation (Fig. 2), 

lung metastases (Fig. 3) and angiogenesis (Fig. 4).  

 

 
Figure 1. Illustrates the effect on tumor growth of: the 8-day course of gamma irradiation therapy (IR), the daily 
exposure to the TEMF therapy (TEMF), a combination of gamma irradiation and TEMF therapy (TEMF/IR), and no 
treatment (Control).  The tumors were all 35mm3 or less at the start of treatment. 
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Figure 2. Number of metaphase figures per midaxial histological section of tumor. Column height indicates mean ± 
SEM.  The columns that do not share a common letter are significantly different (p<0.01). TEMF significantly 
suppresses metaphase index in the tumor.  Data from the untreated mice (Control) and the TEMF treated mice were 
pooled from mice of the early and the late sacrifice because there were no significant time of sacrifice differences 
within these groups.  Not shown are data on number of metaphase figures per midaxial histological section of duodenal 
crypts from mice sacrificed one day after last IR exposure.  The data reveal significant decreases in IR treatment.  
Treatment with IR but not TEMF caused a significant decrease in metaphase index in the intestinal crypts. 

 

 
 

Figure 3. Metastasis of GFP-expressing human breast MDA MB231 cells from the site of inoculation in the inguinal 
mammary fat pad to lodge in the lungs of mice in each of the four treatment groups. The lungs were removed and 
smashed between microscopic slides and microcolonies of GFP cells were observed by epilumination using blue light 
and detected by presence of green fluorescence microcolonies observed using both 3.5× and 10× objective lens. The 
untreated mice had a significantly higher number of GFP positive microcolonies than the groups of mice that received 
gamma irradiation therapy or those mice that received EMF therapy. There were no other significant differences 
between groups in either mean number of microcolonies per lung or in incidence. Horizontal lines indicate mean values 
for each treatment group. 
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Figure 4. Quantification of changes in tumor vascularization between treatment groups.  The percent of area (volume 
density) of blood vessels was determined using an ocular grid intercept counting method. The mean ± SEM of each 
treatment group is graphed. Columns that do not share a common letter within a graph are significantly different (p < 
0.01). The data indicate that gamma irradiation and EMF alone or in combination decreased the total area of blood 
vessels and increased the total area of pseudopods compared to the control. Data from the untreated mice (Control) and 
the EMF treated mice (TEMF) were pooled from mice from the early and from the late sacrifice because there was no 
significant time of sacrifice difference within these groups. 
 

 

Figure 5. Mean ± SEM tumor growth rate data from day 7 to day 15 post IR therapy in each treatment group. ANOVA 
was used to determine any statistical differences in growth rates between treatment groups. Different letters 
demonstrate significant differences. Tumors in the untreated control group grew significantly faster than did tumors in 
the other three groups. Tumors in the IR/TEMF group had a growth rate significantly lower than that of the other three 
groups. 
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Continued daily PEMF therapy following IR treatment prevented angiogenesis and tumor regrowth (Fig. 4-

5).  PEMF therapy did not result in the body weight decreases nor the decreases in blood elements that IR 

did (not shown).  Embryogenesis was not inhibited by daily PEMF therapy (Fig. 6). 
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Figure 6. Temperature and 10 minute daily exposure to PEMF on development.  The time post-fertilization to reach 
each stage at 28.5oC (from Kimmel et al., 1995) is plotted on the left y-axis.  Corresponding morphological stages are 
listed along the right y-axis.  Stage abbreviations used are 8 somite (8s) and protruding mouth (pro-mouth).  Times of 
PEMF exposures are labeled on the x-axis.   

 

Discussion 

Angiogenesis in the tumor was hypoxia driven. (see Fig. 7 that summarizes a model of human 

MDA MB231 breast cancer tumor).   Continued daily PEMF therapy following IR treatment prevented 

tumor angiogenesis and regrowth.  However, it did not suppress metaphase index in intestinal crypts.  This 

suggests that PEMF works selectively on hypoxia driven angiogenesis such as that in growing tumors.  

Angiogenesis during embryogenesis in fish was not inhibited by daily PEMF treatment.  Had hypoxia 

occurred in fish development then developmental retardation or arrest has been demonstrated to occur 

(Padilla and Roth 2001).  Lack of effect of angiogenesis in the fish versus the tumor suggests the difference 

in response to PEMF is because PEMF interferes with hypoxia driven angiogenesis that occurs in tumors 

but not in normal fish embryogenesis. 
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PEMF is an effective adjunct therapy following IR therapy but the continued daily PEMF therapy 

should be stopped sometime (2-4 days) prior to a second round of IR therapy.  The temporary cessation of 

PEMF prior to the second round of IR is necessary for resumption of angiogenesis, decrease of hypoxic 

areas and increase in proliferative activity in well oxygenated areas within the tumor, all of which are 

needed for an effective second round of IR treatment. 

 

Figure 7. Model of vascularization as observed in the human MDA MB231 breast cancer cell tumor grown as a 

xenograph in a female nude mouse. The well vascularized tumor capsule overlies the tumor cortex. The cortex extends 

between 100 and 150 µm beneath the capsule. The HIF-α positive region is located in the subcortical region, at 

distances greater than 150 µm of the capsule. More endothelial pseudopods are located in this subcortical region than 

are located in the cortical region of the tumor. Even further away from the vascularized capsule is the region of tumor 

necrosis which contains no blood vessels or endothelial cell pseudopods. This model is consistent with the conclusion 

that the hypoxic regions of the tumor produce HIF leading to production of vascular endothelial growth factors and 

sprouting of endothelial cell pseudopods (Cameron et al. 2005b). 
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Abstract 

 A rectified semi-sinewave signal with an amplitude of 15mT and a frequency of 120 pulses per second 
(PEMF) given as a 10 minute daily session has proven to be a safe means for retarding tumor growth and 
angiogenesis in a transplantable tumor in mice.  The experiments reported here were designed to test the same 
PEMF exposure on embryonic development and on caudal fin (tail) regeneration in zebrafish.  The results of single 
and multiple exposures to PEMF at different times during embryonic development and tail fin regeneration 
demonstrated no significant delay in either embryo development or in tail fin regeneration.  Possible difference  
between the inhibitory effect of PEMF on tumors compared to the lack of effect of the PEMF on embryo 
development and on tail fin regeneration is discussed. 
 

Background 

It has been reported that a 10 minutes per day exposure to a 15mT pulsed electromagnetic field (PEMF) 
given at 120 pulses per second reduced tumor growth and vascularization and resulted in increased survival time in 
mice with a breast cancer xenograft [Williams et al., 2001, Cameron et al., 2005].  The study reported here was 
designed to investigate the potential effects of the same PEMF on embryonic development and tail fin regeneration 
of zebrafish (Danio rerio). 
 In the present study it was decided to exactly repeat the PEMF exposure conditions used in the previous 
breast cancer xenograph experiments.  No attempt was made to increase the dose of exposure (time or intensity).  
Thus, no claims are made to any possible effects outside the dosage range used in the present fish study. 
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Zebrafish are excellent organisms for the study of embryonic development.  A single mating pair can 
provide 200 newly fertilized eggs that progress through development in synchrony.  The zebrafish is a leading 
model for studies of vertebrate development because one can obtain a large number of transparent, externally and 
rapidly developing embryos [Kimmel et al., 1995].  Thus, even modest experimental perturbations can influence the 
rate of sequential development in a subset of these fertilized embryos.   

The caudal tail fin is an excellent model organ for studying regeneration.  It has a comparatively simple 
architecture, consisting of several segmented, bony fin rays composed of concave hemirays, which are surrounded 
by connective tissue, nerves, and blood vessels [Ferretti and Géraudie, 1998].  Hundreds of amputations per hour 
may be performed.  Regeneration is rapid and reliable, with most structures replaced within 1 to 3 weeks.  Zebrafish 
survive their amputation wound, allowing for study of formation of new blood vessels and nerve regeneration 
[Johnson and Weston, 1995].   

Because of the critical events associated with blood vessel formation and circularization between the 21 
and 26 somite stages of embryogenesis [Stainier et al., 1993] and the need for angiogenesis during tail regeneration 
as well as the past report that PEMF has anti-angiogenic action in rapidly growing mammalian tumors [Williams et  

al. 2001, Cameron et al. 2004], it was decided that exposure of fish embryos and regenerating fish fins to the PEMF 
at known times of angiogenesis might shed light on the mechanism of action the PEMF on suppression of tumor 
growth and angiogenesis. 
 

Materials and Methods 

 A pulsed electromagnetic field (PEMF) system having a proprietary signal designed by EMF Therapeutics, 
Inc. (Chattanooga, TN, USA) was used (Figure 1). The system generates a pulsating half sinewave magnetic field 
with a frequency of 120 pulses per second. An ellipsoidal coil with 21'' large diameter and 14'' small diameter is 
used to deliver the signal to the target. In the experiment reported here, the magnetic flux density measured in the 
exposure chamber was 15 mT. This value of magnetic field flux density was chosen based upon our previous dose 
response experience and data (Williams and Markov 2001 and Williams et al. 2001). A thorough 3-D mapping of 
the magnetic field was performed for the entire space covered by the coil. 

 

 

 

 

 

 

 

 

 

 

Figure 1. Photograph of the EMF device and a separately suspended exposure table that was used to avoid 
vibration of the exposure chamber (left).  An illustration of the fully rectified 60Hz signal transferred to 120 pulses 
per second pulsating magnetic field (right). 

 
The flux density of the magnetic field in the exposure chamber (25 cm long, 10 cm wide and 13 cm high) 

was consistent within the entire volume of the chamber. The same type chamber was used on sham controls. The 
temperature inside the exposure chamber before and at the end of the PEMF treatment was the same. The exposure 
chamber is suspended separately from the EMF device and no vibrations were detected in the chamber during 
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operation of the EMF device.Zebrafish (4 months old) were purchased from Ekkwill Waterlife Resources 
(Gibsonton, FL).  Zebrafish were cultured according to Westerfield [1989].  Developmental times were determined 
from the morphological features of the embryos under a dissecting microscope.  All experiments were conducted at 
21oC.  A time point for a particular stage as judged by the morphological staging of each individual embryo in the 
cohort was assessed and the corresponding time value from Kimmel et al., 1995 was then used for statistical 
analysis.  Linear regression analyses of all data obtained revealed a significant linear fit between hours post-
fertilization (hpf) from this study and hpf from Kimmel et al., 1995 when plotted against one another at various 
morphological stages.  This indicates that the method of scoring development in numerical hours, as done in this 
study, is justified. 

 
 In an attempt to determine an action of the PEMF on embryogenesis, fertilized zebrafish eggs were exposed 
to the PEMF at designated stages of development.  A first group was exposed daily to the PEMF beginning at the 64 
cell stage (2.5 hpf) for a total of 7 daily pulses.  A second group of fertilized eggs was exposed at either the 8 cell 
stage (1.6 hpf) or at the 64 cell stage (2.5 hpf), both at times during synchronous cell divisions.  The third group was 
exposed to the PEMF pulse at the sphere/blastula stage (7 hpf), shortly after the initiation of embryonic mRNA 
transcription [Zamir et al., 1997].  The fourth group was divided into four subgroups: embryos not exposed to the 
PEMF (controls), embryos exposed to the PEMF at the 4 somite stage (27 hpf), embryos exposed to the PEMF at the 
13 somite stage (31 hpf), and embryos exposed to the PEMF at the 25 somite stage (48 hpf).  The timing of exposure 
to the PEMF pulses of these four subgroups was designed to coincide with the time of cardiovascular development 
in zebrafish (between the 21 and the 26 somite stages) [Stainier et al., 1993]. 
 

For the caudal fin regeneration study, adult zebrafish were anesthetized in a 10µmol Tricaine solution and 
the distal one-half of each fish’s caudal fin was amputated.  Afterwards, the fish were returned to tanks of distilled 
water and fed brine shrimp every third day.  To assess regeneration at 2 days, 7 days and 13 days post-amputation, 
the fish were anesthetized in 10µmol solution at these times and the amputated fin regeneration areas were 
determined by assessment of the ratio of the tail fin area regeneration to the tail fin area remaining after amputation.  
Tail regeneration was observed using images captured using a Nikon CoolPix 995 CCD camera mounted on a Nikon 
Optiphot microscope using a 4x objective. 
 To further assess tail fin regeneration, the number of new bone centers per fin ray of the middle five rays 
from each fish was scored.  Finally, the number of fin rays with bifurcated bone segments at the distal end was 
scored. 
 Statistical analyses consisted of one- and two-way ANOVA followed by Student Newman Keuls multiple 
range test.  Linear regression analyses were used to assess correlations. 
 

Results 

 Figure 2 summarizes the results of daily exposure of zebrafish embryos to the 10 minute PEMF.  Both the 
PEMF and the no PEMF controls each had at least 20 embryos.  There were no significant differences at any of the 
times of scoring and the variance from the mean values was so small as not to be visible within the experimental 
points on the figure.  No significant differences were found between the two groups at any time post-fertilization.  
Linear regression analysis gives a significant linear fit of data.   

The slope of the mean rate of embryo development was 0.4983 ± 0.0142 for the control embryos and was 
0.4985 ± 0.0147 for the embryos exposed to the daily PEMF.  These slope values are not significantly different.  
The slopes of both the control and the daily PEMF groups, both at 21oC, differed significantly from the reference 
values at 28.5oC (p<0.001). 

When embryos were exposed to a single pulse of the PEMF at either the 8 cell stage (1.6 hpf), the 64 cell 
stage (2.5 hpf), or the sphere/blastula stage (7 hpf) and were followed to the 4 somite stage (26 hpf), no significant 
differences in development were detected compared to the untreated controls (data not shown).  
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Figure 2 Temperature and 10 minute daily exposure to PEMF on development.  The time post-fertilization to reach 
each stage at 28.5oC (from Kimmel et al., 1995) is plotted on the left y-axis.  Corresponding morphological stages 
are listed along the right y-axis.  Stage abbreviations used are 8 somite (8s) and protruding mouth (pro-mouth).  
Times of PEMF exposures are labeled on the x-axis.   
 

In an attempt to bracket PEMF pulse exposure to the time of cardiovascular development in the fish embryo, a 
single pulse of PEMF was given to subgroups of embryos at: the 4 somite stage (27 hpf), the 13 somite stage (31 
hpf), and the 25 somite stage (48 hpf).  The results are illustrated in Fig. 3.   
  

 

 

 

 

 

 

 

 

Figure 3 Effect of the PEMF exposure before (4 somite stage, 27 hpf) just prior to (13 somite stage, 31 hpf) and at 
the end of (25 somite stage, 48 hpf) development of a functional cardiovascular system in the zebrafish embryo (21 
to 26 somite stage) [Stainier et al., 1993] on rate of embryonic development.  The time post-fertilization to reach 
each stage at 28.5oC (from Kimmel et al., 1995) is plotted on the left y-axis.  Corresponding morphological stages 
are listed along the right y-axis.  Stage abbreviations used are 64 cell (64c), 4 somite (4s), 13 somite (13s) and 25 
somite (25s).  Linear regression analyses of the slopes of each of the four groups of embryos from the time of the 
first PEMF exposure (27 hpf) to the conclusion of the experiment (100 hpf) revealed no significant differences in the 
rate of development due to PEMF exposure compared to the untreated controls (see text for slope statistics). 
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There were no significant differences between the four groups at any time after treatment.  Variance around 
the mean values was so small as not to be visible within the points in Fig. 3.  Statistical analyses of mean rate of 
development slopes of each of the four embryo groups yielded the following linear regression slopes: 0.445 ± 
0.0075 for the control embryos, 0.4441 ± 0.0073 for the embryos exposed to TEMF 27 hpf, 0.4443 ± 0.0070 for the 
embryos exposed to the PEMF 31 hpf, and 0.4449 ± 0.0072 for the embryos exposed to the PEMF 48 hpf.  These 
mean slope values are not significantly different. 

 
Table 1 summarizes the results of zebrafish caudal fin regeneration with and without a 10 minutes per day 

exposure to the PEMF.  The ratio of the area regenerated to the area remaining after amputation is presented at 2, 7 
and 13 days post-amputation.  Statistical analysis reveals a significant increase with time post-amputation but no 
significant difference between the fish that were exposed to the PEMF and the fish that were not exposed to the 
PEMF.  Likewise, the scoring of newly forming bone centers per fin ray reveals differences with time after 
amputation but no significant differences between fish with or without the daily PEMF.  As fin rays increased in 
length, they were each observed to have a centrally located artery with veins on each side.  Capillaries with 
circulating blood cells were observed between adjacent rays, indicating return of normal blood vessel morphology 
by 19 days post-amputation.   

 
Table 1 Analysis of Zebrafish Caudal Fin Regeneration With and Without Daily PEMF Treatments Mean + SEM 

(n=5 fish per group)a 

 
Time after amputation in 

day 
Area regenerated 

Area remaining after amputation 
New bone centers/fin 

rayb 
Day 2 - PEMF 

    Day 2 + PEMF 
.042 + .008 
.045 + .010 

0 
0 

    Day 7 - PEMF 
    Day 7 + PEMF 

.739 + .140 

.536 + .087 
.600 + .167 
.320 + .136 

    Day 13 - PEMF 
    Day 13 + PEMF 

1.279 + .247 
1.258 + .168 

4.320 + .361 
4.320 + .382 

 
a Results of two-way ANOVA: Significant increases with time (p<0.001) but no significant differences between the 
group receiving daily PEMF exposure and the group not receiving daily PEMF exposure. 

 
b Five middle fin rays were scored in each fish. 

 

Another measurable indicator of fin regeneration is bifurcation of fin rays.  As time of regeneration 
increased, the number of fin rays demonstrating bifurcation increased.  The mean percentage of fin rays 
demonstrating bifurcation did not differ significantly between the control and the PEMF treated experimental 
groups.  For instance, at 13 days post-amputation the PEMF group had (21.0 ± 5.6) % of rays with bifurcation while 
the control group had (18.8 ± 7.3)% of rays with bifurcation.  At 19 days post-amputation, the PEMF group had 
(70.2 ± 9.4) % of rays with bifurcation while the control group had (68.3 ± 19.0) of rays with bifurcation.  Adults 
whose tails were not amputated and all of the fish in this study with tail amputation demonstrated 100% of the fin 
rays with bifurcation by 24 days post-amputation. 
 

Discussion 

It was shown that a single 10 minute exposure to the PEMF given at either the 8 cell stage (1.6 hpf) or at 
the 64 cell stage (2.5 hpf) did not delay development indicates that the PEMF is not acting to slow or to interfere 
with nuclear DNA synthesis, mitosis, or cytokinesis, all of which take place during these synchronous cell division 
stages.  A single 10 minute exposure to the PEMF at the sphere/blastula stage (7 hpf) did not delay development 
indicates that the PEMF did not interfere with production of zygotic mRNA synthesis known to be needed for 
continued embryonic development at this stage of development [Zamir et al., 1997]. 

 The timing of a pulse of the PEMF at the 4 somite (27 hpf), the 13 somite (31 hpf) or the 25 
somite (48 hpf) stages (at times before, just prior to and just after initiation of heart tube formation, respectively) 
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suggests that the PEMF exposure at these stages of development did not delay normal cardiovascular development 
known to occur between the 21 and 26 somite stages [Stainier et al., 1993].  Clearly, use of the PEMF did not delay 
embryonic development using any of the experimental conditions tested.   

Zebrafish continue to grow throughout life, and fin ray growth occurs by distal addition of bony segments 
[Iovine and Johnson, 2000].  The caudal fin is a usable model for studying genetics of regeneration [Poss et al., 
2002, Akinemko et al., 1995] and also as a tool for evaluation of the effects of drugs and natural products [White et 
al., 1994, Santos-Ruiz et al., 2001, Zodrow and Tanguay, 2003].  The regeneration process involves: blastema 
formation, bone formation, nerve regeneration, and formation of new blood vessels (angiogenesis).  Because of the  
 usefulness of the regenerating tail fin model for the evaluation of the action of drugs and natural products, it was 
decided to evaluate the effects of a 10 minutes per day pulse of the PEMF on tail fin regeneration.  The question was 
would a daily 10 minute pulse of PEMF treatment suppress regeneration of the caudal fin of adult zebrafish 
following partial amputation of the fin?  Based on the experimental data in this report, the answer is no. 

The failure of daily PEMF to delay development of fish embryogenesis and to delay fin regeneration 
indicates that daily exposure to the PEMF is without measurable effect.  However, the same daily PEMF exposure 
was effective at slowing growth and angiogenesis of a rapidly growing transplantable tumor in mice [Williams et al., 
2001, Cameron et al., 2005].  What might account for a lack of effect of PEMF on fish development and on wound 
repair as well as the report that the PEMF inhibits growth and angiogenesis of a transplantable breast cancer in nude 
mice.  One possible explanation may be differences in angiogenesis in the different experimental systems.  In the 
rapidly growing tumor, the cancer cells proliferate so rapidly that development of the needed vascular supply cannot 
keep pace, thus resulting in hypoxic regions within the tumor.  The hypoxic cancer cells respond by production of 
hypoxia inducible factor, leading to release of vascular endothelial growth factor, which stimulates the subsequent 
sprouting of new endothelial cell pseudopods into the hypoxic areas of the tumor [Wachsberger et al., 2003, 
Cameron et al., 2005].  This eventually leads to formation of new capillaries and blood vessels.  Clearly, the 
angiogenesis process in this tumor system is hypoxia driven.  On the other hand, angiogenesis during normal fish 
development and tail fin regeneration appears not to be hypoxia driven, perhaps because diffusion of oxygen to the 
embryo and to the regenerating tail fin is adequate enough to avoid hypoxic conditions during normal embryonic 
development and tail fin regeneration.  Thus, angiogenesis in the fish embryo and in fin regeneration may not be 
hypoxia driven whereas angiogenesis in the rapidly growing tumor is hypoxia driven.  This difference between 
systems may account for the observed differences in response to PEMF.  It seems unlikely that zebrafish embryos 
and adults experienced hypoxia under the experimental conditions based on the fact that induced oxygen deprivation 
does cause arrest of zebrafish development and heartbeat until returned to normoxia (Padilla and Roth, 2001).  A 
testing of this hypothesis is planned by the authors. 
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ABSTRACT 

There are many publications in the last years about the risk of radiofrequency (RF) exposure to the general 
population from base stations for mobile communication. Unfortunately, very few of them concern the risk to the 
personnel mounting and maintaining these systems. 
Here, we present a pilot study of the exposure to the personnel in selected objects with different types of antennae 
mounting. 
The exposure assessment is made according to the typical work positions corresponding to the operations of the 
personnel. Calculations of the energetic load are made on the basis of the Bulgarian national legislation. 
The data show that the maximal values of power density measured at distances up to 50 cm in front of the antennae 
reach to 2.5 mW/cm2. In other locations of the worker: behind, aside and under the antenna, measured values are 
logically much lower, and corresponding to the exposure limits of ICNIRP Guidelines. 
Basing on the results, we recommend future studies in this fields and a special attention to this personnel because of 
the possible risk of RF overexposure  
We propose special protective measures for this particular work group. 
 
INTRODUCTION 
There are a lot of recent publications dealing with the emission of mobile communication antennae in settlements 
affecting the population health. Unfortunately, the results are contradictory and more evidences are needed for the 
possible effect of electromagnetic fields (EMF) at frequency 900 MHz and 1800 MHz which provokes diseases like 
cancer, cardiovascular disorders and other health consequences among the population.  
 
Furthermore, little attention was paid to the risk of RF exposure on service staff of base stations and mobile 
communication antennae up to now. There is evidence that despite the special requirement of the manufacturers that 
service operations should be performed when antennae are switched off, the personnel frequently works when the 
antennae emit, i.e. without interrupting the emission, and very close to them. Mild (1) reports similar practice among 
the service staff of base stations and antennae in Sweden. 
 
AIM AND SCOPE 
This study is aimed at assessing the risk of the microwave EMF radiation for the service staff of base stations and 
mobile communication antennae.  
For this purpose typical antennae systems were investigated on routine operations of the personnel which they 
perform close proximity and around antennae. EMF values were measured and exposure assessment is made for 
each particular operation. Energetic loading of the organism and whole body SAR were calculated as well. The 
scenario, technological operations and their average duration were presented by the mobile operator. 
 
The object of investigation is personnel working on base stations antennae emitting EMF with frequencies about  
900 MHz, and UMTS systems with 2100 MHz. 
On pictures No. 1, 2 and 3 are presented various technological operations in the close proximity of a single antennae 
for which were made corresponding measurements and evaluations. 
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Pic. 1 

Operation aside and in front of 
emitting antenna 

Pic. 2 
Operation behind the antenna 

Pic. 3 
Operation close to the connectors 

(lower edge) 
 
On pictures No. 4 and 5 are presented various technological operations in the close proximity of more than one 
antennae (mounted a pole) for which were made corresponding measurements and evaluations. 
 

  
Pic. 4 

Operation between antennae 
Pic. 5 

Operation close to lower edges of 
antennae 

 
This study does not deal with the exposure close to antennae, mounted on telecommunication masts. 
 
The study covers temporary workplaces for adjustment, maintenance and repair of antennae, mounted on base 
stations. The selected sites cover all possible working conditions, under which the respective service tasks are 
performed by the staff. 
 
EXPOSURE ASSESSMENT 
The evaluation of electromagnetic effects was performed at two stages: 
1. Measurement of EMF for various procedures performed by the personnel and evaluation of the compliance with 

the respective exposure limits 
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2. Evaluation of the energetic loading (exposure assessment) for various processes, activities and shifts and its 
compliance with the respective limit values of Bulgarian and European standards. 

3. Calculation of Specific Absorption Rate, SAR W/kg. 
 
METHOD AND MATERIALS 
Measurement equipment: 
Power - meter ‘NARDA’, model EMR-21C of “NARDA Safety Test Solutions’ 
The evaluation was performed according to national [2,3], and international standards. [4,5] 
 

 
Pic. 6 

Measurement equipment 
 

Table 1. shows the limit values according to the normative documents listed above.  
Table 1 

Standard Power density 
S, µµµµW/cm2 

Average time 
t, h 

SAR 
W/kg 

Energetic loading 
W, µµµµW.h/cm2 

ICNIRP     
900 MHz 2250 0.1 0.4 - 

1800 MHz 4500 0.1 0.4 - 
2100 MHz 5000 0.1 0.4 - 

BSS 17137-90     
900 MHz 1000 1 - 200 

1800 MHz 1000 1 - 200 
2100 MHz 1000 1 - 200 

 
MEASUREMENT METHOD 
Measurements were made in wide frequency range by nonselective method. 
All measurements were made in few selected typical sites. Measuring device was chosen with probe sensitive to 
electrical component of EMF. 
To avoid human influence on the measurement process handle and optical cable connected to the device. Data were 
collected using Narda EMR-21C software, installed on laptop. In cases when the height of antenna mounting allows 
performing measurements from the rooftop level the equipment was mounted on tripod. 
Data were collected considering the typical work positions of base station service workers. The average (averaged 
over 1.5 min) and maximum power densities were measured. The average values for 1.5 min were measured in order 
to assess the compliance with the international guidelines (ICNIRP), which require determining the (measured) 
‘reference’ values for 6-minute period (0.1 h). This facilitates also the further determination of the energetic loading 
performed for 1 h. It was calculated with respect to the mean time for performing the above-mentioned work tasks.  
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In the far field zone, the values of SAR and energetic loading coincide for external exposure to radiation of a 
‘human equivalent antenna’ (receiving antennae equipment corresponding to the resonance and subresonance 
absorption of incident energy by an average human body size).  
 
Energetic loading of the organism was calculated considering average time duration for performing the described 
above operations. 
 
On pictures No. 7 to 11 are shown spots where measurements were performed according to the technological 
operations of the personnel. 

   
Pic. 7 Pic. 8 Pic. 9 

  
Pic. 10 Pic. 11 

 
 
RESULTS OF MEASUREMENTS AND CALCULATIONS 
The results of measurements are shown according to the tasks performed by the service staff of mobile 
communication antennae and base stations. The measurement points correspond to the location of the subjects at 
work with respect to the antennae.  
 
In Table 2 are shown the measured values of power density, calculated values of energetic loading of the organism, 
permissible time duration and whole body SAR values as well. 
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Table 2 

Measured values Energetic loading of the 
organism 

No 

Point of 
measurement 
according to 

working position  
Savg, 

µµµµW/cm2 
Smax, 

µµµµW/cm2 

Permissible 
time 

duration, 
tmax, 

Wavg, 
µµµµW.h/cm2 

Wmax, 
µµµµW.h/cm2 

Operation 
duration 

SAR, 
W/kg 

1 2 3 4 6 7 8 9 10 
CDMA antennae 

1 

Operation on 
changing the 
position of the 

antenna 

62.00 180.00 1h7min 31.00 90.00 30min 0.012 

2 Single Antennae        

2.1 
Operation in a 

close proximity of 
antennae 

       

2.1.1 
Operation behind 

antennae 
12.00 47.00 4h15min 24.00 94.00 2h 0.002 

2.1.2 Operation in front 
of antennae 

1240.00 2500.00 
Not 

permissible 
2480.00 5000.00 2h 0.242 

2.1.3 
Operation close to 
the lower edge of 

antennae 
227.00 403.00 30min 454.00 806.00 2h 0.044 

2.2 

Operation near 
emitting antennae 

(distance up  
to 2 m) 

390.00 820.00 15min 780.00 1640.00 2h 0.076 

2.3 
Operation along 
the feeder line 

- 6.40 >8h - 25.60 4h 0.001 

3 
Antennae mounted 

on a pole (wrist 
type) 

       

3.1 

Operation in a 
close proximity of 

more than one 
antenna 

       

3.1.1 
Operation in the 

area among 
antennae, on a pole 

20.10 27.60 7h15min 
 

120.60 
 

165.60 
 

6h 
 

0.004 

3.1.2 
Operation between 

side edges of 
antennae 

39.30 73.10 2h44min 235.80 438.60 6h 0.007 

3.1.3 
Operation close to 
the lower edge of 

antennae 
235.60 620.90 19min 1413.60 3725.40 6h 0.046 

3.1.4 
Operation on new 

near emitting 
antennae 

331.00 1223.00 
Not 

permissible  
1986.00 7338.00 6h 0.064 
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1 2 3 4 6 7 8 9 10 

UMTS antennae 
2 Single Antennae        

2.1 
Operation in a 

close proximity of 
antennae 

       

2.1.1 Operation behind 
antennae 

45.00 86.50 
Not 

permissible  
888.00 2694.00 2h 0.006 

2.1.2 
Operation in front 

of antennae 
444.00 1347.00 2h19min 90.00 173.00 2h 0.062 

2.1.3 
Operation close to 
the lower edge of 

antennae 
29.00 60.00 3h20min 58.00 120.00 2h 0..004 

2.2 
Operation on new 

near emitting 
antennae 

72.80 117.30 1h42min 145.60 234.60 2h 0.010 

2.3 Operation along 
the feeder line 

- 4.30 >8h - 17.20 4h 0.001 

 
ANALYSIS OF RESULTS AND CONCLUSIONS 
The average and maximum power density S measured at the temporary workplaces for adjustment, maintenance and 
repair works exceed the limit values of both Bulgarian and European standards. The same is true for all works 
performed close to antennae at a distance up to 1 m during radiation. Even for short-duration tasks (for up to 2 h) the 
EMF values exceed the limits. When they are below them, the calculated energetic loading is above the limit. 
The energetic loading is within the permissible limits only during works done behind the antennae or along the 
antenna-feeder lines.  
Nevertheless high measured values of power density and calculated values of energetic loading of the organism 
calculated whole body SAR values correspond to the ICNIRP guidelines basic restriction for occupational exposure. 
Our legislation is stringent and in some operations forbids stay in such conditions. Although compliance of SAR 
values to the guidelines we consider that the personnel exposure especially on particular operations is 
significant.Therefore employers should take the following measures in order to protect the workers’ health: 
- technological operations in the close proximity of antennae should be performed after switching off emitters; 
- use of personal protective equipment (clothes, glasses, etc.) when it is not possible to switch antennae off,  
- when protective equipment is not used, combinations of technological operations should be made respecting the 

following limitation of the exposure: 

1≤
Σ

н

i

W

W
, 

where Wi is the total energetic loading of the organism resulting from the “i” - technological operation; 
Wlim is the maximum permissible energetic loading of the body according to the national standards. 
 
Others not less important recommendations for the operators’ safety work are the followings: 
- permissible time duration specified in Bulgarian regulations should be kept;  
- workers should use personal dosimeters, which provide data about the cumulated dose;  
- periodical training of the staff about the risks of EMF and protection;  
 
In conclusion, a high risk for EMF exposure is found for workers mounting and maintaining base stations for 
mobile communication. Hence, measures should be taken to improve the working conditions with respect to EMF 
by decreasing radiation, carrying administrative and organizational measures, ensuring continuous monitoring and 
personal protection. The energetic loading should be regularly assessed, while the field should be currently 
monitored by personal dosimeters. Periodical medical check-ups done by neurologist, cardiologist, therapist and 
ophthalmologist should be included into the prophylaxis program. Last but not least, the qualification of the staff in 
standards, biological effect, methods of measurement and protection against microwave fields should be currently 
maintained. Special attention should be paid to workers with active implants.  
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Abstract 
In addition to bactericidal effect of “noise” electromagnetic irradiation (EMI) of extremely high 

frequencies [1-2],  the coherent EMI of such frequency (the range of frequencies from 45 to 53 GHz) 
or millimeter waves (the wavelength of 5.6 to 6.7 mm), with low intensity (the flux capacity of 0.06 
mW/sm2), upon direct irradiation (during 30 min or 1 h), affected Escherichia coli K12, wild-type, 
grown under anaerobic conditions with fermentation of sugar (glucose): it caused a decrease in 
bacterial growth rate, maximal inhibitory effect was achieved at the frequency of 51.8 or 53 GHz. This 
effect depended on medium pH, the maximal one was at pH 7.5. The noticeable changes in membrane 
proton conductance, membrane potential, proton fluxes through the membrane of whole cells and total 
and N,N’-dicyclohexylcarbodiimide (DCCD)-inhibited ATPase activity of membrane vesicles were 
determined. These membranous effects might be accounted in action of EMI. A decrease in sensitivity 
to reagents (DCCD) by cells was also determined. Moreover, EMI had mediated effects on bacteria. 
Separate irradiation (the frequency of 51.8 and 53 GHz) of doubly distilled water or some inorganic 
ions containing Tris-phosphate buffer (pH 7.5), into which grown cells were transferred, during 30 
min or 1 h, had changed further growth of these bacteria in different, opposite directions; irradiation of 
water only caused inhibitory effect. These might point out a role of water in the effects of EMI of 
extremely high frequency on bacteria. A significant action disappeared upon repeated irradiation at the 
frequency of 51.8 and 53 GHz during 1 h and with interruption for 2 h. This result indicates some 
compensatory mechanisms within bacteria. 

 
The keywords: coherent electromagnetic radiation of extremely high frequency, bacterial growth, 
membranous effects, resonant frequencies, water. 

 
INTRODUCTION 

 
The bacterial effects of the electromagnetic irradiation (EMI) of extremely high frequencies, or millimeter 

waves, with low (low-energetic) intensity and with non-thermal action, are of interest because of two reasons, at 
least. First of all, bacteria and other cells can interact with each other through EMI (for reviews, see [3-4]). It has 
been shown, for instance, that bacteria possess the ultrasonic radiation [5-7] or reemission of secondary photons in 
sub-millimeter frequency range [8]. However radiation of extremely high frequency is not clearly registered in spite 
of the fact that fine methods have been developed and enough sensitive instruments have been already constructed 
for last years [9-10]. Secondly, EMI of extremely high frequency is widely used in telecommunication technology 
and therapeutic practice [2, 11] although low-orbital systems of cosmic communication and different elements of 
mobile one, and in addition, low-energetic devices used in therapeutic practice radiate EMI of this frequency, small 
and very small doses of which (low flux capacity of 0.005 mW/sm2) might affect cells.  

The coherent and so named “noise” (with broadband frequencies and accidentally changing phases) EMI of 
extremely high frequencies with low intensity have been shown to cause different, including bactericidal effects on 
Escherichia coli and the other bacteria [10-14]. Such effects depend on phase and anaerobic or aerobic conditions of 
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the bacterial growth, composition of growth media, genetic features and peculiarities of the metabolism in bacterial 
strains. Together with these, coherent and noise EMI of extremely high frequencies can render the different bacterial 
effects depending on frequency and intensity of EMI, duration of the irradiation and the other parameters [1-2]. 
Moreover, studies on repeated and mediated action of noise EMI on E coli [2] have allowed expecting 
compensatory mechanisms and role of other factors.  

Among cellular mechanisms of bacterial effects of EMI of extremely high frequencies, the membranous 
changes connected with surface characteristics of plasma membrane, ion and other substances transport across the 
membrane and energy-conversing processes [1-2, 12-13] are of significance. Action of EMI of extremely high 
frequency is offered also on structure and properties of water [14-16] leading, for instance, to increase in chemical 
activity of water or hydration of proteins and other cellular structures. These could also relate to modifications of 
structure, properties and function of membrane, especially membrane proteins. On the other side, conformational 
changes in bacterial genome or DNA are also suggested [17]. Bactericidal effect might be determined by transition 
of bacterial pro-phages from lysogenic to lytic state [18-19].   

Finally, effects of such EMI can be a result of the resonant interaction, when in case with E coli it is shown 
that, regardless of intensities of EMI of extremely high frequency, resonance is at the frequencies of 41.5, 51.8 or 
70.6 GHz [17-19]; other resonant frequencies are not ruled out. However, effects of EMI on these and other bacteria 
and cells in generally, especially primary cellular mechanisms of these effects, require the further study.  

In the present report with fermenting E coli, grown in anaerobic conditions, it is shown that maximal 
inhibitory effect of coherent EMI of extremely high frequency on bacterial growth rate was observed at the 
frequencies in 51.8 or 53 GHz. The changes in membrane properties and functions have been determined. The 
certain effects might be mediated by the other factors and changed by repeated irradiation.   
 

MATERIALS AND METHODS 
 

E coli K12, wild type strain, was used in the study.  
The methods for bacterial growth in peptone medium (0.2 % peptone, 0.5 % NaCl and 0.2 % K2HPO4) at 

slightly alkaline (pH 7.4) or the other (specified in text) pH in anaerobic conditions upon fermentation of sugar 
(glucose, 0.2 %) [1, 20] and determination of bacterial specific growth rate (µ) [1, 21] were described elsewhere. 
The methods for preparation of whole cells for assays and isolation of membrane vesicles [21-22], for determination 
of membrane proton conductance (Gm

H+) [23], membrane potential (∆Ψ) [24] and energy-dependent proton efflux 
(JH

+) [1, 23-24] from whole cells as well as of ATPase activity of membrane vesicles [21-22], and, in addition, for 
data processing [25] did not differ from widely described.  

The pH of growth medium and assay solutions was measured by using a fine pH-potentiometer with 
selective (pH) electrode and adjusted by means of HCl and NaOH, although pH of doubly distilled water was 6.5 
and did not changed when kept during 2 days at 4 0

С in spite of its less-buffering capacity. The dry weight of 
bacteria and protein were determined by the method described by Trchounian and Vassilian [21] and Lowry et al. 
[26], correspondingly. Bacterial titer was calculated by counting colonies grown on solid media with glucose after 
plating of diluted bacterial suspension. 

The irradiation of E coli, water or the other solution was produced by means of generator G4-141 (radiating 
the coherent electromagnetic waves with frequency within the range of 45 to 53 GHz, wavelength of 5.6 to 6.7 mm, 
correspondingly; the flux capacity was of 0.6 mW/sm2). The generator was assembled in the Institute of 
Radiophysics and Electronics of the National Academy of Sciences of Armenia (Ashtarak City). For the others, the 
conditions of the irradiation of bacteria were similar to those described previously [1]. After direct irradiation of 
bacterial suspension (grown cells concentrated by centrifugation in water), cells were immediately transferred into 
the fresh growth (with glucose, 0.2 %) or assay medium.  

At determination of the mediated influence of EMI of extremely high frequency on E coli, grown cells 
were transferred into the distilled water or buffer (Tris-phosphate, pH 7.4) containing 0.4 mM MgSO4, 1 mM KCl 
and 1 mM NaCl, and then, after incubation of 10 min, growth or other assays were carried out immediately. Water 
or buffer was irradiated during 30 min or 1 h as specified in text. The repeated influence of EMI of extremely high 
frequency was conducted with interruption of 2 h.  

The data processed to be statistical with determination of the standard error and of the Student’s validity 
criteria (p) [26]. 
 

RESULTS AND DISCUSSION 
 
Inhibitory effect of coherent EMI of extremely high frequency on bacterial growth 
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Bactericidal effect of “noise” EMI with frequencies of 53.5 to 68 GHz on E coli was installed earlier [1-2]. 

If such effect is conditioned resonant interaction of EMI of extremely high frequency with bacteria, the range of 
frequencies of “noise” EMI used does not include the resonant frequencies in 41.5, 51.8 or 70.6 GHz shown for E 
coli [17-19]; the other resonant frequencies may be allowed. Therefore a study of bacterial effects of the coherent 
EMI with resonance frequency in 51.8 GHz, which is radiated by the generator used (see Materials and methods) 
was done. Together with this, effects of EMI of extremely high frequency hang from conditions of the growing 
bacteria [1-2, 11-13] and they can differ in anaerobic conditions, favorable for the majority of pathogenic and 
conditionally pathogenic bacteria, therefore studies conducted with E coli, grown in anaerobic conditions under 
fermentation of sugar. 

Irradiation of E coli K12 by coherent EMI with the coherent frequency of 45 to 53 GHz during 30 min (not 
shown) or 1 h (Fig. 1) brings a gradual decrease in the specific rate of bacterial growth for the frequency of 49 GHz, 
moreover maximal inhibitory effect was observed at the frequency of 51.8 or 53.0 GHz. Such result complies with 
those the frequency of 51.8 GHz is resonant for E coli [17-19] and, on the other side, the exposition of 1 h is 
effective to inhibit bacterial growth [11]. The resonances in which proteins and other macromolecules can be 
entered probably are the basis of membranous and the other mechanisms of the action on bacteria and define 
bactericidal effect of EMI of extremely high frequency.  
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Note that the inhibitory effect of coherent EMI of extremely high frequency on bacterial growth depends on 
duration of the irradiation: increase in time of the direct irradiation from 30 min to 1 h at the frequency of 51.8 or 
53.0 GHz brings about reinforcement of the effect in 2.2- or 1.6-fold, respectively. 

A dependence of the action of EMI of extremely high frequency on E coli from pH is of interest: under pH 
6.0 and 8.0 in contrast with pH 7.5, inhibitory effect noticeably decreased (Tabl. 1.). Since the specific growth rate 
practically does not depend on medium pH in noted range (not shown), the change in this rate after irradiation can 
be indicative of some process as in cells themselves, so and in water medium with determined reaction (pH), in 
which bacteria grow. Probably, a slightly alkaline medium (pH 7.3-7.5) is chosen not accidentally as the most 
optimal for growing E coli (neutrophilic bacteria) [27]. 
 
Table 1. The specific growth rate of E. coli K12 irradiated by EMI of extremely high frequency at different pH. 
 
pH*  Growth rate (h-1) 

Control   51.8 GHz   53.0 GHz 

 
6.0  0.86 + 0.05 (100 %) 0.63 + 0.03 (73.3 %) (p<0.05)**  0.60 + 0.03 (69.8 %) (p<0.05) 
7.5  0.82 + 0.03 (100 %) 0.52 + 0.02 (34.7 %) (p<0.01) 0.34 + 0.02 (26.7 %) (p<0.002)  
8.0  0.77 + 0.03 (100 %) 0.70 + 0.05 (91.0 %) (p<0.05) 0.50 + 0.02 (64.9 %) (p<0.05) 
 
*  irradiation time was 1 h, for the other conditions, see Materials and methods and the legends to Fig. 1. 
** p is calculated for the difference between the values in checking control and obtained ones;  percentage is 
determined in relation to checking control (100 %). 

Fig. 1. The changes in the growth rate of E coli 
K12 after direct irradiation with coherent EMI 
of extremely high frequency. The specific 
growth rate (µ) was defined as 0,693/time of 
the reduplication to absorbance (OD) in 
bacterial suspension (when logarithm of OD 
linearly increased at time) [10-11]; in checking 
control, bacteria without irradiation. For the 
others, see Materials and methods. The average 
values are from not less than three independent 
experiments with standard errors.  
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On mechanisms of bacterial effects of EMI  
 
 Determination of some properties and of activity of some key membrane-associated enzymes having a key 
role in ion and the other substances transport and energy conversation could be of much interest to reveal 
mechanisms of bacterial effects of EMI. The marked changes in Gm

H+ (Fig. 2A), ∆Ψ (Fig. 3) and energy-dependent 
proton efflux (Fig. 2B) were shown followed irradiation of E coli K12 by EMI with the resonant frequency of 51.8  
[17-19] or 53 GHz. It is possible to suggest some relationship between these properties of the membrane since the 
changes in the values of Gm

H+ and ∆Ψ were in opposite directions and moreover JH
+ decreased upon irradiation. 

Such relationship between Gm
H+ and ∆Ψ has been proposed by Akopyan et al. [23] requiring a further study. These 

changes in the properties of the bacterial membrane might be of significance and could be accounted for decrease in 
bacterial growth rate. 
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Furthermore, total and DCCD-sensitive ATPase activity was inhibited significantly by irradiation with 

coherent EMI of the frequency of 51.8 or 53 GHz although ATPase activity in the presence of DCCD (0.1 mM) has 
no changes or, in opposite, is increased a little (Fig. 4). Taken into consideration the fact that DCCD is inhibiting the 
F0F1-ATPase in E. coli under fermentation [28], the results obtained indicate that this ATPase may be a target for 
action of EMI of extremely high frequency.  
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Fig. 3. E. coli K12 membrane potential (∆Ψ) values 
after irradiation with coherent EMI of extremely 
high frequency. The irradiation time was 1 h. ∆Ψ 
was calculated from distribution of tetraphenyl-
phosphonium cation (initial external concentration 
of 1 µM) between the cytoplasm and the external 
medium determined with appropriate selective 
electrode [24]. For the others, see the legends to Fig. 
1. 

Fig. 2. Changes in membrane proton conductance 
(Gm

H+, A) and energy-dependent proton fluxes (JH
+, B) 

of of E coli K12 after direct irradiation with coherent 
EMI of extremely high frequency. The irradiation time 
was 1 h, the frequency was shown. Gm

H+ was 
determined by an acid-pulse technique used before 
[23]. Energy-dependent ion fluxes were determined by 
using selective (pH) electrode upon glucose (22 mM) 
adding; the values represented are for bacterial count 
of 1012 cells [23-24]. For the others, see Materials and 
methods and the legends to Fig. 1. 

A 

B 
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In addition, it should be noted that, in the K+-less assay medium (concomitant K+ was of 0.02 mM [21]), 
total ATPase activity was of lower values close to those in the presence of DCCD (see Fig. 4) having no any marked 
changes by irradiation with the frequency used (not shown). This is of importance since K+-sensitive and DCCD-
inhibited ATPase activity in E. coli has been shown clearly be the F0F1-ATPase activity that is associated with K+ 
uptake TrkA system [21, 29-30]. Therefore, EMI of extremely high frequency affected K+-sensitive and DCCD-
inhibited ATPase activity suggesting that the F0F1-ATPase could be a target for EMI. 

Moreover, inhibitory effect of DCCD (in different concentrations of 0.1 to 1 mM) on JH
+ markedly 

decreased after irradiation with EMI at the frequency of 51.8 or 53 GHz (Fig. 5) in sprite of different proton fluxes 
(comp. with Fig. 2B) suggesting that sensitivity of bacteria to inhibitors (DCCD) may be also affected by irradiation 
with coherent EMI of extremely high frequency. Such an effect was determined with “noise” EMI before [1]. A less 
sensitivity to DCCD could result from conformational changes in subunits of the F0F1-ATPase [31] having a key 
role in effects of EMI on bacteria. This seems to be in accordance with results reported by Bulgakova et al. [13] that 
EMI of extremely high frequency with non-thermal intensity could change the sensitivity of Staphylococcus to 
various antibiotics having membranotropic properties. The irradiation (during up to 1 h) is of importance can result 
in opposite changes inhibiting and stimulating bacterial growth [13]. In all cases, these results might be extrapolated 
to different reagents and drugs and should be accounted in therapeutic practice. Moreover, this would lead to further 
study to reveal primary cellular mechanisms for bacterial effects of EMI of extremely high frequency.  
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Mediated action of EMI on bacteria  
 

The action of EMI of extremely high frequency on bacteria studied under separate irradiation of water or 
buffers containing different ions (see Materials and methods), in which bacteria are kept under assays [2, 12].  

Fig. 5. The changes in inhibitory effect of 
DCCD on JH

+ from E. coli K12 after direct 
irradiation with coherent EMI of extremely 
high frequency. The irradiation time was 1 
h, for the others see Materials and methods 
and the legends to Fig. 1. 

Fig. 4. The ATPase activity of membrane vesicles 
isolated from E. coli K12 after irradiation with 
coherent EMI of extremely high frequency. The 
irradiation time was 1 h. ATPase activity was 
calculated by colorimetric determination of 
liberation of inorganic phosphate (Pi) per time and 
protein [21-22] upon ATP (3 mM) adding. DCCD 
was added in final concentration of 0.05 mM in 
parallel assays. For the others, see Materials and 
methods and the legends to Fig. 1. 
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Table 2. Mediated action of EMI of extremely high frequency on the following growth rate of E. coli K12. 
 

Conditions* Growth rate (h-1) 
Control   51.8 GHz   53.0 GHz 

 
Doubly distilled  
water  0.82 + 0.03 (100 %) 0.52 + 0.02 (63.4 %) (p<0.01)**  0.34 + 0.02 (41.5 %) (p<0.002)  
Assay medium 0.78 + 0.03 (100 %) 1.22 + 0.05 (156.4 %) (p<0.01) 1.41 + 0.08 (180.8 %) (p<0.01) 
 
*  irradiation time was 1 h, for the other conditions, see Materials and methods and the legends to Fig. 1. 
** see the legends to Table 1. 
 

When irradiation by the duration of 30 min (not shown) or 1 h (Table 1) and with the frequency of 51.8 or 
53.0 GHz was subjected to water, the specific growth rate for E coli K12 (after premises in such water during 10 
min and then their moving into growth medium with glucose, see Materials and methods) decreased on more than 
35 % in comparison with control (Tabl. 2.). But this mediated action was with less effects than direct irradiation of 
bacteria in the water (comp. with Fig. 1 and Tabl. 1). When irradiation was subjected to the buffer, the growth rate, 
on the contrary, increased on more than 56 % (Tabl. 2). Evidently, cells may be affected by Tris 
(hydroximethilaminomethane) or the other buffer components, but data are very poor [2, 32]. 

Note that water has acidic reaction and transferring cells from slightly acidic medium or slightly alkaline 
medium could affect growing bacteria. In addition, osmotic shock should be also taken into consideration, since 
cells are transferring into the medium with greater osmolarity. However, such procedures were shown before do not 
affect growing E coli [33].  

Thereby, mediated action of coherent EMI of extremely high frequency on E coli might be of different 
nature. This was observed earlier with “noise” EMI depending on bacterial growth phases and other factors [2]. The 
results point out a role of water and medium composition in effects of EMI of extremely high frequency on bacteria.  
 
Repeated action of EMI on bacteria  
 

If bacteria have any compensatory mechanisms [2], then these mechanisms possibly become to be 
important under the repeated irradiation with coherent or “noise” EMI of extremely high frequency. Indeed, the 
repeated action of coherent EMI with the frequencies in 51.8 or 53.0 GHz on E coli K12 (irradiation during 1 h with 
interruption of 2 h, in checking control repeated irradiation was absent but bacteria were kept with the same time) 
reduced considerably an inhibitory effect (in 1.7- or 1.9-fold for the frequency of 51.8 or 53.0 GHz, 
correspondingly; p<0.01).  

Certainly, compensatory mechanisms in bacteria have not studied, although miscellaneous defensive 
proteins like those discovered in animal cells [34] might play a role. 

Thereby, the results obtained are indicative of negative action of coherent EMI of extremely high frequency 
on bacteria, when maximal effect is observed at the frequency in 51.8 and 53.0 GHz. The frequency of 51.8 GHz in 
studied range of EMI (see Materials and methods) is probably a resonant frequency causing maximal effect. 
 
Concluding remarks 
 

The study done defines the bacterial effects of coherent EMI of extremely high frequency with low 
intensity causing changes in E. coli growth and points out some membranous aspects of the mechanisms of such an 
action. The effects of coherent EMI of the frequency of 51.8 or 53.0 GHz on bacterial growth rate and some 
properties of the  bacterial membrane (see Results and discussion) should be noted to be much stronger than 
appropriate effects of “noise” EMI of extremely high frequency reported [1-2].  

Bacterial effects of “noise” and coherent EMI of extremely high frequency with low intensity shown in the 
present paper and by different groups [1-6, 10-13, 17-19] are of significance to understand distinguishing role of 
bacteria in biosphere nowadays leading to changed metabolic pathways and, for instance, to antibiotics resistance 
(for review, see [35]). 

The present results are principal to the further study of mechanisms of biological effects of EMI, on the one 
hand, and in the same time, for determination of the allowed doses of the long irradiation of the persons and the 
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other organisms by means of EMI of extremely high frequency to manage appropriate preventive ways. Moreover, it 
should be necessary to improve using EMI of extremely high frequency in therapeutic purpose, when repeated 
action can turn out to be inefficient. It is also possible to use EMI for product protection from bacteria. In addition, 
the results are important for construction of new generators of EMI of extremely high frequency and facilities for 
telecommunications. 
 

The authors thank L. Arutyunyan and K. Akopyan for help in undertaking some experiments. This study 
was done within the framework supported by Ministry of Education and Science of the Republic Armenia (Grant # 
54). 
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Abstract  

This paper proposes and provides substantiation for a hypothesis concerning the mechanism by which 
solar and geomagnetic activity (mainly of solar flares and magnetic storms) affects the biosphere, including 
man. The hypothesis, including a physical mechanism introduced by the author and new for aeronomy, is that 
high-lying (Rydberg) states of all gases of the earth’s upper atmosphere are excited by ionospheric electrons. 
Rydberg atoms, molecules and ions of all atmospheric gases emit characteristic radio emission in the spectral 
range from decimeters to millimeters. This radiation can easily penetrate to low atmosphere and biosphere 
carrying complete information about power and duration of solar flare and geomagnetic storms to biosphere. 
The microwave radioemission have the resonances at the spectral range 109 ÷ 1012 Hz at the biological cells and 
membranes, DNA and RNA, molecules of hemoglobin, human erythrocytes, and this fact can explain the 
extremely small threshold for influence of ionospheric radioemission at the monochromatic (characteristic) 
Rydberg transitions on biological objects, including the viscosity of blood.  

The energy estimates of the flux intensity of microwave radiation of the ionosphere from Rydberg states 
are used to prove for the first time that the values of this flux agree with the experimental data. A method is 
proposed for distinguishing the contributions of microwave radiation and magnetic perturbation in the 
geobiocorrelations, taking into account the effect that the magnetic-field variations are not in phase with the flux 
of corpuscles from the radiation belts in the ionosphere during the period of a geomagnetic storm. 

There are several problems in ionospheric and atmospheric physics, biophysics and medicine concerning 
the investigations of Rydberg excitation role: 

- determination of the real spectral distributions for Rydberg ionospheric emission at all transparency 
windows; 

- determination of the perception threshold for the characteristic sharp-resonance microwave Rydberg 
emission for healthy and sick persons; 

- modelling investigations of negative influence of cell telephone. The sporadic increase for the 
microwave ionospheric Rydberg radioemissions during power solar flares and principal magnetic storms will be 
taken into account for consideration of the stochastic resonance. 

 
Introduction 

One of the fundamental problems of modern natural science is the search for biophysical mechanisms by 
which solar and geomagnetic activity, and especially solar flares and magnetic storms, affect people and the 
biosphere as a whole. The accumulated experimental material is mainly evidence, at least in indirect form, of the 
presence of heliogeobiocorrelations. It is obvious that such correlations are very complex because of their 
multifactorial nature. At the same time, they indicate that there is some physical mechanism responsible for the 
transport of the energy given off into the thickness of the lower atmosphere and biosphere when the solar and 
geomagnetic activity increases. In fact, the main energy flows that vary when there are variations of the solar 
and geomagnetic activity do not reach the lower atmosphere but are completely absorbed in the earth’s upper 
and middle atmosphere (above 20 km). The chief variations in the electromagnetic radiation flux from the sun 
actually occur in the region of far- and extreme-UV radiation and soft x rays, which is completely absorbed in 
the upper atmosphere. It is well known that the radiation flux which ionizes the earth’s upper atmosphere in the 
range from soft x rays to the vacuum UV (with wavelengths from 0.1 to 134 nm) increases most strongly (by a 
factor of several thousand and sometimes by tens of thousands) in the periods of solar flares. The energy of this 
flux is 6–7 orders of magnitude higher than that of solar rf radiation in the periods of strong flares. 

Corpuscular solar radiation (the solar wind, energetic solar protons and electrons) also do not penetrate 
into the lower atmosphere. When the geomagnetic activity increases—magnetic storms and substorms, there is a 
sporadic precipitation of electrons and protons from the earth’s radiation belts into the ionosphere, but these 
flows also completely dissipate at higher altitudes (above 40 km). 

The fluxes of charged particles, mainly electrons, as well as protons, that precipitate into the earth’s 
upper atmosphere from the overlying radiation belts also increase by several orders of magnitude during strong 
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magnetic storms. In periods of solar flares and during magnetic storms, the very first process of complete 
dissipation of the energy of particle fluxes intruding into the earth’s upper atmosphere is the ionization of all the 
atmospheric gases with the formation of photoelectrons, secondary electrons, and Auger electrons. 

The energetics of the variations during the period of geomagnetic perturbations of the geomagnetic field 
itself with respect to the mean value and even more in absolute magnitudes are insignificant. Therefore, the “kT 
problem” in magnetobiological effects1 is continually being discussed in the literature [1].  

In this connection, there is interest in discussing the arguments in favor of the hypothesis of [2, 3] on the 
importance in heliogeobiospheric correlations of the contribution of the microwave radiation of the earth’s 
ionosphere, detected as sporadic rf radiation when the solar and geomagnetic activity increases [4-6]. 

 
Microwave Rydberg radiation of the ionosphere as a factor of the action of solar and geomagnetic 
perturbations on the biosphere 

In 1994, we were the first to propose [7] that the fact that the plasma of the earth’s upper atmosphere 
(and of other planetary atmospheres) unconditionally contains highly excited Rydberg states of atoms, 
molecules, and their ions should be taken into account in aeronomy and ionospheric physics.. Rydberg states 
correspond to strong excitation of a valence electron that had been in orbit with high principal quantum number 
n>10. In practice, this is a state of an atomic-molecular particle of any gas of the upper atmosphere close to its 
ionization potential. The corresponding atomic spectra were experimentally studied for the first time by the 
Swedish physicist Johannes Robert Rydberg (1854– 1919). These Rydberg states are metastable (long-lived), 
since most radiative quantum transitions from them have low probability. Transitions from the Rydberg states 
fill virtually the entire region of the electromagnetic spectrum of the upper atmospheric emissions, beginning 
from the extreme  UV radiation. According to the selection rules for electric dipole transitions, the allowed 
transitions will be those for which the orbital-momentum quantum number change by an amount l=±1. 
Therefore, because of the high values of n and hence of l (l=n–1 and below), transitions from high l can occur 
only between adjacent Rydberg states and consequently lie in the rf region [8]. 

It should be emphasized that there has been no monitoring of the variations of the absolute magnitude of 
the fluxes of solar ionizing (soft x rays and EUV) radiation and their spectral composition. There are no 
experimental data on the spectra or increments of the fluxes in the periods of flares on the sun of various levels 
and classes. And the only experiment that carries out the tasks involving the total monitoring of solar 
shortwavelength activity is the Permanent Space Solar Patrol that we proposed. This experiment includes 
measurements in the entire spectral interval with the spectral resolution needed for solar-terrestrial physics of 
about 1 nm in the constant regime with continuous scanning of the spectrum every 72 sec, which is close to the 
duration of subflares and to the pulse phase of powerful flares [9, 10]. 

In [2, 3, 7, 8] for the physical mechanism of the generation of microwave radiation of the ionosphere, 
using the process of excitation by electron impact (by ionospheric photoelectrons, auroral and secondary 
electrons, and also Auger electrons) of the Rydberg states of the components of the upper atmosphere and 
ionosphere. Specific emissions from Rydberg levels are constantly recorded when the optical radiation of the 
upper atmosphere is observed [11] as well as in active experiments [12]. These experiments consisted of heating 
the ionosphere with powerful pulses of radio waves at frequencies of 4.7–6.8 MHz. In response, the ionosphere 
generated microwave decimeter radiation from the altitude interval from 185 to 240 km, as well as additional 
emission of the red lines of the oxygen atom. The analysis given in [12] of various ways to generate the detected 
microwave radiation includes the following: scattering of the earth’s thermal radiation at artificial 
inhomogeneities of the electron concentration, bremsstrahlung of electrons accelerated by high-frequency 
plasma turbulence to energies of the order of 10–15 eV, and transitions of the electrons between high Rydberg 
levels of the molecules of the neutral components of the ionospheric plasma excited when they collide with 
accelerated electrons, showed that the last of the three enumerated mechanisms is the most probable. It was also 
emphasized in [12] that the region of artificial generation of microwave radiation coincides in altitude (about 
200 km) with the position of the maxima of the altitude profiles of the excitation rates of the Rydberg states, 
calculated in [8] for the ionosphere under natural conditions. Thus, [12] is the first experimental proof of the 
excitation mechanism of Rydberg levels by energetic ionospheric electrons proposed in [8]. 

In this investigation the results of calibration for excitation rates of Rydberg states at the altitudes of 95 
to 360 km are presented. The main process of this excitation at ionosphere is electron impact, by photoelectrons 
at the low and middle latitudes and by precipitating from magnitosphereelectron at auroral zones. In the upper 
atmosphere and ionosphere there are three types of electrons with energies up to several tens and hundreds of 
electronvolts for which the Rydberg excitation cross sections are maximal: 

• photoelectrons, which arise when gases are ionized by the sun’s x radiation and extreme UV radiation; 
• secondary electrons, formed during ionization by corpuscles (electrons and protons from the radiation 

belts) precipiteted into the upper atmosphere during geomagnetic storms and substorms; 
• Auger electrons, formed both during photoionization and during corpuscular ionization. 
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The Auger effect in all its manifestations in the ionospheres of the planets also was considered for the 
first time in our papers [13]. All these ionization electrons in their flux intensity directly track any variations of 
the solar and geomagnetic activity – from quiet periods to the strongest solar flares and geomagnetic storms and 
substorms. The Rydberg rf radiation of the ionosphere excited by these electrons accordingly carries full 
spatiotemporal information concerning all the variations of the ionizing fluxes; i.e., it scans all forms of 
heliogeophysical activity. 

The excitation rate increases with the growth of geomagnetic and solar activities in particular during the 
solar flares (up to 10 times and more) and during the principal magnetic storms (up to 100 times and more). 
Unlike the auroral zone, where the excitation rate as a rule shows only one main maximum at the altitude about 
100 km, during the solar flare there are usually two maximuma. The first maximum, connected with EUV solar 
radiation, occurs at the altitude near 200 km and its value increases during a flare by several tens per cents. The 
second maximum at the altitude above 100 km becomes the main one the large flare. Its increase comes up to 
ten times and resulted from the X-ray solar radiation. During the quiet Sun the excitation rate of sum of the 
Rydberg states exceeds the value 10 cm−3s−1 for atoms and molecules of oxygen and 100 cm−3s−1 for molecules 
of nitrogen. During solar flare 2B the integral intensity in vertical column is 109 photons cm−2 s−1. It is important 
that the increase of excitation rates of the non-Rydberg states in the visual and UV spectral range (for example 
the LBH system of bands of nitrogen) at the same flare is smaller by factor of three. The centimeter 
radioemission results from transition with changing the orbital quantum number on 1, for example in atomic 
oxygen at n = 10 − 20, and the decimeter radioemission occurs at n = 20 − 40, if n is constant. If ∆n > 1 and n > 
10, there are the millimeter emissions of ionosphere. In the experiments, which registrated sporadic ionospheric 
radioemission in the range from 3 cm to 2 m with intensity increase of several times during solar flares, 
particularly when there were sudden ionospheric disturbances (SID), associated with X-ray flux of solar flare [5, 
6, 14-17]. 

It should thus be assumed that a direct information channel from the lowest layers of the atmosphere and 
the biosphere itself concerning variations of the solar and geomagnetic activity has been determined [2, 3, 8]. 
For the biosphere and in particular for the human organism, this information, in the form of flux variations of 
the microwave radiation, can be just the Agent X that was postulated by A.L. Tchijevsky. It should be 
emphasized that the sun itself emits in the rf region, but this radiation does not directly correlate with the main 
flare flux—the flux of geoeffective short-wavelength (extreme UV and x-ray) radiation, whose energy is seven 
orders of magnitude greater than the solar rf flux. The main thing, however, is that the rf radiation of the sun is 
not monochromatic and consists not of separate lines and bands but has a continuous spectrum. 

The latter circumstance can be decisive in demonstrating that the microwave radiation of the ionosphere 
is biologically effective. In fact, numerous experimental and theoretical papers on studies of the mechanisms by 
which millimeter and centimeter radiation acts on a living organism emphasize the resonance character of the 
response of biological cells and erythrocytes to such irradiation. So, there are several works about the theoretical 
and experimental resonance of living systems: biological cell at the f = 41.782·109 Hz (λ = 7.2 mm) and f = 
83.564 109 Hz (λ = 3.6 mm) [20]; DNA-spirale at the f = 4 1010 Hz (λ = 7.5 mm) [21]; molecule DNA at the f = 
109 Hz (λ = 3 dm) [22], molecule RNA at the f = 109 Hz (λ = 3 dm) [22], cellular membrane at the f = 1010−1011 
Hz (λ = 3 cm – 3 mm) [22], human erythrocytes at the f = 1010 Hz (λ = 3 cm) [23]. It is very important that 
experimental ∆f less than 10−3 ÷ 10−4 f [21]. Consequently, not only cells of the human organism, but also the 
blood, have resonance microwave frequencies at which the Rydberg ionosphere excited by flares and magnetic 
storms radiates. The explanation of how flares and storms act on cardiovascular patients follows from this. Thus, 
the influence of geomagnetic perturbations on the capillary circulation in patients of ischemic disease of the 
heart [24] on the day of a magnetic storm and the influence of solar flares and magnetic storms on patients with 
vascular pathology of the heart and brain [25]. are directly explained by the action of Rydberg rf radiations on 
the blood, including an increase of the viscosity and deformability of the erythrocytes. 

The influence on the blood of a hypothetical signal associated with solar activity and manifested in the 
period of a flare on the sun and during the subsequent geomagnetic storm (in terms of the statistics of 
cardiovascular diseases) was discussed in [26]. Of course, these questions were discussed earlier by A. L. 
Tchijevsky. He proposed in this case that Agent X is (among other things) ‘‘electric vibrations of a definite 
frequency’’ [27]. and later that the agent of the action of solar activity “is in particular millimeter radiation” 
[28]. Recently Russian scientists [25] have discovered that the reason that flares on the Sun and following 
geomagnetic storms have influence the cardiovascular system lies in the change to the physical attributes of the 
blood. During solar flares changes are experienced in human blood viscosity, red corpuscle proportion in the 
blood, in the concentration of fibrinogen and the aggregation of blood corpuscles and platelets. These processes 
take place differently in healthy and meteo-dependent people with cardiovascular problems. In the latter, the 
blood thickens when magnetic disturbance on the Sun reach the Earth. In the case of healthy people, the 
organism prepares for the event two days before its advent, immediately after a solar flare. The microwave 
radioemission have the resonances at the spectral range 109 – 1012 Hz at the biological cells and membranes, 
DNA and RNA, human erythrocytes, and this fact can explain the extremely small threshold for influence of 
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ionospheric radioemission at the monochromatic (characteristic) Rydberg transitions on biological objects. We 
propose the next scheme of the heliogeobiocorrelations: see Fig. During of high solar activity specially flares at 
the Sun and also large geomagnetic activity (magnetic storms) there are increased fluxes of EUV and X-rays and 
precipitating particles from geomagnetosphere, during magnetic storms, which generate the additional ionization 
of terrestrial ionosphere. This ionization results in production of photoelectrons and secondary electrons and 
especially Auger electrons. Rydberg excitation of atoms and molecules by these electrons generate microwave 
monochromatic radiation: (mm, cm, dm), which can produce the resonance reaction of living systems [20-23] 
during “unfavorable days” for sick people. It is important that microwave radiation in the system that we 
proposed is capable of acting as the carrier frequency, with modulation by infrasound and internal acoustic-
gravity waves of the upper atmosphere, as well as by vibrations of the background electromagnetic field (Alfven 
and Schuman resonances at the terrestrial ionosphere), including in the region of biorhythms. This amplifies the 
influence of low-frequency vibrations of the background electromagnetic field, with its high biological 
efficiency but low energetics of its action [29]. especially because of the surprisingly strong action on biological 
objects from the side of microwave radiation [1]. 

Fig. Biological effects of solar activity and Rydberg states. 
 
There are numerous experimental confirmations that microwave radiation has a biological effect. From 

the aggregate of such studies, it is possible to expect uniquely low levels of threshold action, all the way to 10–15 
W/cm2, which is close to the thresholds of perception of vision and hearing [1]. There are a number of 
considerations in favor of the reliability of such anomalously low threshold levels: 

• Fixed action through acupuncture points makes it possible to speak of the possibility of reducing the 
threshold in actual laboratory experiments. 

• Low-frequency modulation of microwave radiation (including in the range of biorhythms) can reduce 
the action threshold of this radiation. 

• When determining spectral resonances, a contribution of the inaccuracy of the resonance is possible 
when laboratory sources of microwaves are used. 

• The contribution of a synergetic effect when several factors are combined (for example, in the period of 
a geomagnetic storm, microwave radiation of the ionosphere and storm-induced variations of the geomagnetic 
field become active). 

• The appearance of a synergetic effect from the reaction to an external stimulus (for example, a solar 
flare or magnetic storm) simultaneously of several individuals associating with each other in this case and 
influencing each other (including via biomagnetism [30]) under the action (in the case under discussion) of 
sporadic microwave radiation of the ionosphere. 

There is an extremely nontrivial effect for the case of a geomagnetic storm, and taking this into account 
can fundamentally alter the technique and treatment of numerous experiments on magnetobiology. Actually, 
unlike the standard understanding of the changes of the geomagnetic field during a storm (with a maximum at 

SUN 

Geomagnetosphere Solar activity- Flares 

Geomagnetic activity - magnetic storms 

Increased flux of EUV and X-rays Precipitating particles 

Ionization of ionosphere 

Photoelectrons and secondary electrons + Auger electrons, 1974 

Rydberg excitation of atoms and molecules - SOI, 1994 

Microwave monochromatic radiation: mm, см, dm, 1973 

Resonance reaction of living systems – Devjatkov, 1965, Frohlich, 1968  

"Unfavorable days” for sick people 

The agent Х, Tchijevsky, 1924 



MICROWAVE IONOSPHERIC EMISSION 

 1319 

the center of the main phase), the precipitation of particles from the radiation belts that accompany these 
changes experience sharp attenuations (to the recording threshold in the course of 1.5–3 h) at the beginning and 
end of the main phase. Only at the center of the main phase at middle latitudes in 2–4 h do they actually reach 
the maximum values – to the level of auroral precipitations [31, 32]. 

Thus, the mapping of a biophysical experiment on magnetobiology to the values of the generally used 
indices of geomagnetic activity that semi-quantitatively describe the variation of the earth’s magnetic field (Kp, 
Ap, or Dst), as it is usually done, does not perfectly reflect the intensity of the corpuscular precipitation into the 
ionosphere in the period of a magnetic storm and hence does not correspond to the intensity level of sporadic 
microwave radiation of the ionosphere. This may be associated with the appearance of null results when 
modelling the conditions of a magnetic storm in laboratory experiments on biological objects. The papers [2, 3]. 
showed that it is the microwave radiation of the ionosphere that must play the main role in the biospheric effect 
of a magnetic storm. This is confirmed by the increase of the probability of phenomena detected in various 
statistical studies of the effects of a magnetic storm in medical indices among people [33-35] concurrent with 
the period of the storm and also for 24–48 h after the storm, when variations in the geomagnetic field no longer 
exist. At the same time, the experimental fact is well established that the fluxes of corpuscles that pour out in 
just this time period increase after a storm ([32], p. 290). Incidentally, it is noteworthy in a number of such 
papers on the statistics of medical cases that the maximum of the effect occurs two days before the storm. [33, 
35]. A flare occurs on the sun at just this time [2, 3, 32], and sporadic microwave radiation of the ionosphere 
also is observed [4-6, 14-17]. A direct correlation has been recorded [36] with solar x-ray flares in the statistics 
of medical events. 

We will discuss more closely at the energy aspect of the problem of how the sporadic microwave 
(Rydberg) radiation of the ionosphere affects the biosphere and the lower atmosphere. Radiant energy from the 
sun with a flux density of 1367 W/m2 reaches the earth’s surface, and about 10−2 W/m2 (all of the solar flux of 
soft x rays and UV radiation with a wavelength of λ<134 nm, including the Lα line of the hydrogen atom) is 
absorbed in the ionosphere under quiet heliogeophysical conditions. However, the ratio of the value of absorbed 
energy per unit mass of atmospheric gas is substantially different: 10−3 W/g in the ionosphere, and 7 10−5 W/g at 
the bottom of the troposphere. Thus, per unit mass of atmospheric gas or per one atomic-molecular particle of 
this gas, an order of magnitude more electromagnetic energy reaches the ionosphere from the sun than reaches 
the lower layers of the atmosphere. This ratio is still greater in periods of solar flares and geomagnetic storms. 
The greater part of the energy of the solar EUV radiation and soft x rays with wavelength λ<50 nm (capable of 
producing energetic photoelectrons) generates microwave radiation of the ionosphere from the Rydberg levels 
of all the atmospheric gases, including the minor components. This generation is supplemented by the action of 
fluxes of charged particles in the auroral zone under virtually any conditions of heliogeophysical activity. The 
fluxes of short-wavelength solar radiation double (in the spectral region λ<120 nm) during periods of flares on 
the sun, and the fluxes of precipitated electrons increase by a factor of 100 or more during geomagnetic storms, 
not only at high but at middle latitudes. The energy of the electron fluxes precipitated into the upper atmosphere 
in this case is about a factor of 50 greater than the energy of the ionizing radiation of the quiet sun. It is 
important that the energy flux of the microwave radiation of the ionosphere completely reaches the earth’s 
surface. We can estimate the energy flux of the sporadic microwave radiation of the ionosphere recorded in [5]. 
It is important that the radiation signal of the ionosphere exceeded the intensity of the rf flux from the quiet sun 
by a factor of 2–40 (at a wavelength of λ=50 cm), where the latter equals (4–6) 10−21 W cm−2 m−1 ([32], p. 13). 
The width of the surge reached 1 GHz. The flux of ionospheric microwave radiation of the ionosphere at λ=50 
cm in the period of a solar flare is then (according to the data of the measurements of [5]) (3–70) 10−16 W cm−2. 

This is orders of magnitude greater than the sensitivity threshold of biological objects to microwaves [1] 
Thus the "Porog" generator [37] for medical purposes, which works efficiently in a wide range of microwaves 
from superhigh to extremely high frequencies, provides a spectral power density level of 10−16 – 10−18 W cm−2 
Hz−1, i.e., an even smaller value. At the same time, a further decrease of the output power of devices with a 
monochromatic signal (we recall that, according to [2, 3], the microwave radiation of the ionosphere in Rydberg 
transitions has indeed a monochromatic character) all the way to 10−10 – 10−12 W, and noise to 10−18 – 10−20 W 
cm−2 Hz [1], does not reduce the efficiency of the treatment. Moreover, such radical reductions of the output 
power to the level of counted quanta even increase this efficiency. In [37] pointed out that an explanation of this 
effect can be found by using a quantum-mechanical approach. When the energy of the entire spectrum of 
sporadic rf radiation of the ionosphere is taken into account, the threshold value for biological objects (10−16 – 
10−17 W cm−2 [1] can be exceeded even by a factor of 10–100. The ratio of the energies dissipated in the 
ionosphere when there is a medium solar flare and during a geomagnetic storm shows that the flux of 
microwave radiation can be factor of 10–100 greater in intensity in the period of a magnetic storm. In this case, 
the radiation in the centimeter and decimeter ranges can now exceed 10−11 – 10−12 W cm−2.On the other hand, a 
calculation of the excitation rates of the Rydberg states of the oxygen atom [8] gave a value of about 109 
particles cm−2 sec−1 in a column of the ionosphere during the period of a medium class-2B solar flare. Then, for 
values of the quantum energy in the centimeter range of 2 10−23 (for λ=1 cm) – 2 10−24 J (for λ=10 cm) in this 
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column in ten allowed transitions, we have a flux density of microwave radiation of 2 10−13 – 2 10−14 W cm−2. 
This flux density is the lower limit for transitions with ∆n=1 (only for ∆l=1), i.e., those of the type n’, l’=n’−1 
→ n’−1, l’=n’−2, where n’=11–20 for an oxygen atom. This value increases to 10−11 – 10−12 W cm−2 during a 
magnetic storm. Because the densities of oxygen atoms and nitrogen molecules are about equal at an altitude of 
about 200 km, where, according to [8], there is a maximum of the altitude profiles of the Rydberg excitation 
rates, and recalling the identical character of the allowed radiative transitions in highly excited (hydrogen-like) 
atoms and diatomic molecules, it should be expected that the total flux of sporadic rf radiation, taking into 
account the nitrogen molecules, is approximately doubled  [38]. 

Our energy estimates, without claiming to be complete, show that the experimentally observed sporadic 
rf radiation of the ionosphere in the period of solar flares and geomagnetic storms is well explained by the 
energetics of the allowed microwave transitions from the Rydberg excited states of the main gases of the upper 
atmosphere at altitudes of about 200 km – the oxygen atom and the nitrogen molecule. Thus, the resulting 
energies of the microwave radiation flux of the ionosphere make it possible to regard this radiation as the main 
agent in heliogeobiocorrelation effects. According to [2, 39], the microwave radiation itself mainly provides the 
energy component of the effect, and its modulation by low-frequency oscillations of the electromagnetic and 
infrasound geomagnetic fields provides the information component. Laboratory experiments in which 
modulated microwave radiation acts on biological objects show that it is substantially stronger than microwaves 
with constant intensity. The effect of modulation is most pronounced at lower intensity levels of the microwave 
flux and also depends on the initial state of the biological system. 

 
Conclusion 

Ways of experimentally checking the possible role of the microwave radiation of the earth’s ionosphere 
in heliogeobiocorrelations have been considered, taking into account the variability of its intensity at the 
different phases of a geomagnetic storm. Energy estimates are presented for the density of such a flux during 
periods of a moderate solar flare and a magnetic storm, reaching values of 10−11 W cm−2. It follows from what 
has been said that it is necessary to provide constant monitoring of the intensity and spectrum of the microwave 
radiation of the earth’s ionosphere, not only in terms of a methodological improvement of biophysical 
experiments under conditions of elevated solar and especially geomagnetic activity but also possibly for 
recording the level of “unfavorability” of the heliogeophysical situation. The medical and biological 
mechanisms of this problem should be considered, taking into account the phenomenon of stochastic resonance 
[1], where the background microwave radiation of the ionosphere (before a storm and a flare) plays the role of 
the noise component. The same phenomenon can be significant in studies of the influence of the microwave 
frequencies of cellular telephones [38]. Here the role of the noise signal, which sharply increases in the period of 
solar flares and magnetic storms, will be played by the ionospheric microwave radiation. Since it is very 
variable, the possible resulting medical effect from cellular telephones and ionospheric sporadic radiations 
significantly varies in magnitude, and this creates indeterminacy when it is studied. The phenomenon of 
dissipative resonance can also be relevant to the study of these problems. 

There are also other problems in ionospheric and atmospheric physics, biophysics and medicine 
concerning the investigations of the ionospheric Rydberg excitation role: 

- determination of the real spectral distributions for Rydberg ionospheric emission at all transparency 
windows; 

- determination of the perception threshold for the characteristic sharp-resonance microwave Rydberg 
emission for healthy and sick persons. 

These problems can be solved at several Russian institutes by support of the International Science and 
Technology Center [9, 10, 39]. 
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Abstract 
Previous our works have shown that magnetized physiological solution (MPS) has dual effect on heart 

muscle contractility: from one hand it leads to muscle relaxation, from the other hand- it stimulates the frequency 
of heart contractility. If the first effect is explained by the activation of Na+/Ca2+ exchanger, then the mechanism 
of the second effect is still unclear. It is known that the magnetization of aqua solutions leads to the elevation of 
the concentration of hydrogen peroxide (H2O2) and the later is suggested as one of the possible candidates 
through which the biological effect of MPS is realized. The purpose of our work was to check this hypothesis for 
which the comparative study of the effects of MPS and H2O2 on isolated and intra-cordially perfused snail heart 
muscle contractility and intracellular messenger contents were performed.     

It was shown that MPS and H2O2 have the following synergic effects: it depresses the Na+-K+ pump-induced 
relaxation, intracellular cAMP/cGMP contents and 45Ca-uptake and leads to cell dehydration. It is suggested that 
the H2O2-induced activation of cyclic nucleotide-dependent Na+/Ca2+ exchanger has pivotal role in MPS–
induced stimulation of heart contractility; however, the nature of this mechanism could be the subject for future 
investigations.  

  
 
  

Introduction 
At present the biological effect of magnetized physiological solution (MPS) on different cells and organisms 

can be considered as proven fact (Klassen 1982; Ayrapetyan 2006). But the nature of the messenger transferring 
the signal of EMF-induced water structural changes to the metabolic cascade is not clear yet. By previous our 
works have shown that MPS has dual effect on heart muscle contractility: from one hand it leads to muscle 
relaxation, from the other hand- it stimulates the frequency of heart contractility. If the relaxing effect of MPS on 
heart muscle could be explained by the activation of cGMP-dependant Ca efflux bringing to the  deflection of 
intracellular Ca ions and reactivation  of Na+-K+ pump (Ayrapetyan et al., 2005),  the  stimulatory mechanism of 
the MPS on heart beating  is still unclear. As the water molecule dissociation is the most variable water property, 
it is suggested that the magnetization of water could change the quantity and quality of   its dissociation products 
which are potential messengers through which the biological effect of SMF and EMF on cells could be realized 
(Ayrapetyan et al. 1994). By previous our study was shown that SMF and ELF EMF has depressing effect on 
specific electrical conductivity (SEC), It was also shown that the depressing effect of LF EMF on water SEC as 
well as its biological effects on various cells are most pronounced at frequency of 4 Hz (Stepanian et al. 1999; 
Ayrapetyan 2006).   

Therefore, it is suggesting that the H2O2 could serve as one of the most reliable candidate for the messenger 
transferring EMF-induced water structure changes to cell metabolic cascades (Klassen 1982; Bistolfi 1991). For 
testing this hypothesis the comparative study of the effects of magnetized and H2O2 containing physiological 
solution (PS) on heart muscle contractility and 45Ca uptake by muscle was performed. 

The isolated and intra cordially perfused snail heart muscles, which is able to contract  in vitro state for more 
than 24 hours (Azatian et al., 1998), was chosen as an experimental model for the present study.  
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Methods  
Removed snail (Helix pomatia) hearts were cannulated and suspended in bath with physiological solution 

(PS) for snails that contains (in mM): NaCl (80), KCl (4), CaCl2 (7), Tris-HCl (5), pH 7,5. Continuously intra- 
and extra-heart perfusion with PS was applied. The intra cordial pressure was controlled by keeping the 
perfusion solution in reservoirs vessel at a constant level.   

The transducer was fixed to the bottom of the heart by a silk suture.  To monitor the heart contraction with 
the electrical signals for subsequent recording with a computer a special setup was constructed, which is 
schematically presented in Figure 1. 

 

 
 
Figure 1. The setup for the registration of heart muscle contractility. Heart contractions were recorded 

isotonically and displayed on PC through Digidata 1322A. 
 
The up and down movements of the baseline of records showed the heart contraction and relaxation, 

correspondingly. Usually, after heart isolation from the snail, its cannulation and suspension in bath with normal 
PS, its contraction stops in systole phase (which can be detected visually) or has irregular bursting with short 
amplitudes of contractions which sometimes could continue 1-2 hours, and then it is gradually relaxed and starts 
its regular contractions.     

The PS treatment by Static Magnetic Field (SMF) was performed by the method described earlier 
(Ayrapetyan et al. 1994a). PS in a 20 ml glass chamber (50x30x15 mm) was exposed to SMF at intensities of 27 
mT generated by a strong magnet for 60 minutes. The magnetic field was homogeneous within the gap in the 
centre of the magnet (the size of the gap varied from 0 to 15 cm, and at 50 mT the field varied by no more than 
5% within a sphere with a diameter of 6 cm. Thus, the size of the vessel was small relative to the size of the 
homogeneous region). The background of magnetic field in the area of experimental setup in the laboratory, due 
to the 60 Hz electricity system, was less than 0.001 mT. 

The magnetic field intensity was measured with a Teslometer W1-8 (Armenian Radiophysical Institute). 
This instrument measured magnetic fields in the range 10-3  to 1.6 T(±5%). This magnetic induction converter 
was a crystal type X511-1, 1.5 x 0,2 mm2 and was fixed on nonmagnetized material (PX13-1). 

The sham treatment of PS was performed on the same table and in a same 20 ml glass chamber located at 
same geometric place, i.e. the sham exposed PS was in the same environmental medium excluding SMF (the 
static magnet was moved away from the exposure table for ~10m). The both sham and SMF exposed solutions 
were taken from the same container of stock solution, which was preliminary kept in water bath with stable 
temperature (21±0,5o C) during no less than one hour. The temperature of the heart incubated in the chamber was 
continuously recorded by needle-type thermometer having sensitivity of ±0,1 0C. The room temperature was 
22oC. 

In physiological experiments only the reversible effect of MPS-induced changes of heart contractility 
(frequency, amplitudes and basic line) were considered as a reliable, i.e. when after replacing the MPS by sham 
exposed solutions, the initial activity of the heart muscle was restored. For each individual heart muscle the 
number of repetitions of such protocol was varied from 1 to 10 depending on the duration of stabile heart muscle 
contractility in vitro, which for some preparations could prolong until ~24 hours.  

The stock solution (10-2 M) of H2O2 was prepared each day by diluting 3% H2O2 by physiological solution 
and protected it from light to minimize its photo-degradation. H2O2 was added to the intra-cordially perfused 
solution to a final concentration from 10-4 to 10-12 M. All the experiments were carried out at 18 ± 0.5°C.   
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45Ca uptake by muscles incubated in normal and magnetized PS was measured by 45Ca isotope having 
specific activity: 0.185-1.85GBq/mg Ca, 5-50mCi/mg Ca (Amersham Life Science production). Control and 
experimental groups contained per 10 hearts each(total n=.40) Isolated hearts were incubated in four plastic 
tubes with control and magnetized  normal or K-free  solutions containing 45Ca isotopes (0,45 mCi/ml). Then 
hearts were washed three times per 5min with cold normal or K-free PS  (where 4mM KCI was replaced by 
4mM NaCl) to remove isotope from the extra cellular spaces. Radioactivity was measured using a liquid 
scintillation spectrometer (production of Packard TRI-CARB Canberra Cambridge Company) and calculated as 
pM/mg of wet weight.     .  

The mean value, standard deviations, and the statistical probability, determined by Student Test were 
calculated with the help of computer program Sigma Plot (Version 8.02A).    

 
Results 
For estimating the role of H2O2 in realization of biological effect of MPS on heart contractility the dose-

dependent effect of H2O2 on heart contractility was studied in normal and K+-free solution. As seen in Figure 2A 
the low concentrations (10-12- 10-10 M) of H2O2 had elevation effect on amplitude of heart contractility, while at 
higher concentrations (>10-7 M) this amplitude was depressed.  

In order to estimate the role of electrogenic Na+-K+ pump in H2O2-induced effect on heart contractility, 
similar experiments were repeated in K-free solutions, when Na+-K+ pump is in inactive state (Figure 2B). It was 
known that K ions removal from extra cellular medium led to the inactivation of Na+-K+ pump, and the 
restoration of K ions in the medium caused the reactivation of the pump leading to hyper polarization of the cell 
membrane (Thomas, 1972).   

 

 
Figure 2. The dose-dependent effect of H2O2 on heart muscle contractility in normal (A) and K-free (B) PS.   
 
In K-free medium the sensitivity of heart contractions to H2O2was increased compared to those in normal PS 

(Figure 2A). If the minimal concentration of H2O2 in normal PS able to modulate the heart contractility is 10-12 
M, in K-free solution it was 10-13 M. Previously it was shown that Na+-K+ pump activation leads to the inhibition 
of heart beating (Azatyan et al., 1998). At the same time it was shown that this effect disappeared after perfusion 
of heart muscle by MPS (Ayrapetyan et al., 2005). In order to find out whether this effect is due to the H2O2 

formation in MPS, the dose-dependent effect of H2O2-containing K-free PS on Na+-K+ pump-induced transit 
inhibition of heart beating was studied (Figure 3A).  
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Figure 3. The dose-dependent effect of hydrogen peroxide in K-free solution on Na-K pump-induced 

transient inhibition of heart muscle beating.   
 

It is known that the muscle incubation in K-free solution leads to the increase of intracellular Na ion 
concentration because of inactivation of Na+-K+ pump and its re-incubation in normal K-containing medium, the 
pump activation was accompanied by depression of heart contractility (Azatyan et al., 1998). As can be seen in 
Figure 3 the muscle incubation in 10-10 M H2O2 containing K-free medium in period of pump-induced inhibition 
of heart beating, the small amplitude of vibration of heart muscle appeared, while in case of 10-9 M H2O2 this 
pump-induced transit inhibition of heart beating fully disappeared. Similar effect was obtained when the Na 
enrichment of muscle was performed in normal K-free and then was re-incubated in H2O2-containing normal PS 
(Figure 4).   

 
 
Figure 4. The dose-dependent effect of hydrogen peroxide in normal PS on Na-K pump-induced transient 

inhibition of heart muscle beating.   
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Thus, the H2O2-induced stimulation of heart muscle contractility in period of pump-induced transit 
inhibition of heart beating is very similar to the effect of MPS (Figure 5).  

 

 
Figure 5. The effects of magnetized PS (upper) and 10-8 M hydrogen peroxide (lower) on Na-K pump-

induced transient inhibition of heart muscle beating.   
 
As intracellular Ca ions concentration has pivotal role in muscle contractility in the next series experiments 

the comparative study EMF –treated PS and H2O2 on 45Ca uptake by muscle was study in Na+-K+ pump active (in 
normal PS) and inactive state (in K-free medium).  

 

  
 
Figure 6. The effect of MV- and EMF-treated PS (A) and K-free PS (B) in 45Ca uptake by heart muscles 

(expressed in %, compared to their control value).   
 
As can be seen in Figure 6 the both EMF-treated and H2O2- containing solutions have activation effect on 

Ca uptake in normal PS, while in K-free solution this effect was reversed, i.d. the both factors have inhibitory 
effect on 45Ca uptake.   

    
Summary 
Previously it was shown that MPS had dual effect on heart muscle contractility: relaxation and stimulation 

of pacemaker activity (Ayrapetyan et al., 2005). If the relaxation effect of MPS on heart muscle was explained 
by Ca-deflection of muscle in result of activation of cGMP-dependent Na+/Ca2+ exchanger, the mechanism of 
MPS-induced stimulation of heart contractility in period of pump-induced inhibition of heart beating still 
remains unclear. At the same time in literature the experimental data showing the H2O2 generation in water 
medium upon the effect of magnetic fields are available (Klassen 1982). The obtained data on the synergic 
effects of H2O2 and MPS on Na+-K+ pump-induced muscle relaxation following the pre-incubation of the heart in 
K-free medium allow us to conclude that MPS-induced stimulation of heart contractility is due to the H2O2 
formation in MPS. The data that the activation effects of H2O2 and MPS on Na+-K+ pump-induced muscle 
relaxation following the pre-incubation of the heart are present in both cases: in K-free medium or in case of 
heart re-incubation in K-containing solutions treated by EMF or containing H2O2, i.e. when the pump was in 
active and inactive states, correspondingly, could serve as an evidence on the pump-independent stimulation 
effects of MPS and H2O2 on heart. It is strange that this effect does not depend on Ca metabolisms: in spite that 
the MPS and H2O2 in normal PS have activation and in K-free solution- inactivation effects on Ca uptake, in 
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both cases MPS and H2O2 have stimulation effects on heart muscle contractility. 
Thus, the main conclusion from the presented data is that H2O2 is one of important messenger through which 

the biological effect of ELF EMF on heart muscle contractility is realized. 
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Abstract 
In this paper we will concentrate on the effects of surface charge patterns of surfaces which are the substrate for 
cell adhesion and migration as well as on the effects of static direct current electric (dc EF) fields. Findings in the 
literature and own results will be discussed. 
 
Results and Discussion 
In vitro, the application of static dc EF of physiological power causes directed movement and guiding of bone 
cells and various other cell types. This phenomenon is called electrotaxis (or galvanotaxis) [Zhao et al., 2002]. In 
vitro, at field strengths of 0.1–10 V/cm, cells often migrate to the cathode (neural crest cells, fibroblasts, 
keratinocytes, chondrocytes, rat prostate cancer cells and many epithelial cell types). Only few cell types move to 
the anode (corneal endothelial cells, bovine lens epithelium, human granulocytes and human vascular endothelial 
cells). Speed and direction of the movement are voltage dependent: human vascular endothelial cells migrate 
towards the anode, whereas bovine aortic endothelial cells move to the cathode. During movement, ruffled 
membranes, lamellipodia and filopodia are formed preferentially in the direction of the anticipated electrotaxis 
migration [Sulik et al., 1992; Zhao et al., 2002]. Several cell types changed their initial direction of movement by 
180° when the current polarity was reversed [Soong et al., 1990; Brown and Loew, 1994; Chao et al., 2000; Wang 
et al., 2000b]. EF-induced cell migration can be modified by proteins of the ECM. For example, highest cathodal 
migration was noticed with keratinocytes plated on collagen and plastic, whereas lowest locomotion occurred on 
laminin. Cell response on fibronectin was in between the two. Similar results were observed for epithelial cell 
electrotaxis on laminin or fibronectin coatings. Sun et al. [2004] noticed directed movement of fibroblast 
migration at a field strength as low as 0.1 V/cm in 3-dimensional collagen gels, but not in conventional 2-
dimensional cultures. Thus, 3-dimensional conditions seem to reflect the in vivo situation, where dc EF of 0.1 – 
0.2 V/cm occur that are important for embryonic development [Nuccitelli, 2003]. Several steps are involved in 
cell migration: (1) due to their connection to several adaptor proteins, the growing of actin filaments will push the 
cell membrane in the direction of movement; (2) formation of focal contacts at the leading edge, i.e. specific 
bindings via membrane bound integrin receptors and ECM proteins, which will also influence several signaling 
pathways and structural elements of adhesion; (3) focalized proteolysis by recruitment of surface proteases to 
ECM contacts; (4) cell contraction driven by myosin II binding to actin filaments, and (5) disassembly of focal 
contacts and detachment of the trailing edge. Many of these events have also been observed in EF-induced cell 
movement.  
 

If one looks at the level of a single cell in an EF, then elongation of the cell body and alignment of its long axis 
perpendicular to the field lines are striking phenomena. This behavior was first described for Xenopus myoblasts 
and thereafter observed in many other cell types including fibroblasts, osteoblasts, chondrocytes, keratinocytes, 
endothelial and epithelial cells. As dc EF trigger migration and orientation, cells must orchestrate cytoskeletal 
elements and shape in response to this trigger. 
 
An accumulation of actin stress fibers was observed on the cathodal (leading) edge of several cell types [Sulik et 
al., 1992; Zhao et al., 2002]. Often, the total amount of filamentous actin transiently increased and became 
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selectively enriched in the leading lamellipodia. Here, focal contacts were also accumulated. Recent experiments 
showed that EF-mediated motility in fibroblasts can be halted by inhibition of microfilament dynamics, whereas 
inhibition of microtubules only reduced migration speed [Finkelstein et al., 2004]. Membrane extensions from the 
trailing edge of chondrocytes were concomitantly retracted [Chao et al., 2000]. Also osteoblasts and osteoblast-
like cells undergo processes of retraction and elongation ultimately resulting in the realignment of the long 
cellular axis perpendicular to the EF [Curtze et al., 2004]. These authors presented a theory to explain the EF-
induced perpendicular orientation of cells: cell attachment is made by the adhesive interaction of ECM proteins 
with a group of transmembrane adhesion receptors, the integrins. After binding to their specific ligands, integrins 
cluster within the membrane and recruit several adaptor and signaling proteins to form focal contacts (also called 
focal adhesions) that anchor the ends of intracellular actin filaments (stress fibers). Vinculin is one of these 
adaptor proteins and is frequently used as a marker for integrin-based focal contacts. As stated here and elsewhere 
[Jaffe, 1977; Poo, 1981], dc EF trigger the separation of charged membrane components. In order to achieve 
perpendicular elongation, a certain self-induced cytoskeletal tension is required along the axis. Assuming that all 
free integrin receptors drift towards an electrode and accumulate there, the cell is only able to connect to two focal 
adhesions and increase tension between them if they are on an axis perpendicular to the drift. Cell adhesion is a 
dynamic process, thus after some time, disassembly of focal contacts on the opposite side of the drift destination 
leads to another drift. Consequently, the cell is no longer able to maintain protrusions with the same orientation as 
the EF [Curtze et al., 2004].  
 
Our experiments using corneal endothelial cells support this hypothesis: vinculin proteins, used as a marker for 
integrin receptors, are normally randomly distributed within the cell with a preference for the cell border. 
However, after dc EF application, they concentrate on two major spots of focal contacts oriented perpendicular to 
the EF vector. Mechanical load is also discussed as a possible transducer of EF. EF-induced effects such as 
dynamic changes in intracellular calcium concentration, cell traction and orientation are similar to the cellular 
response after mechanical stimulation [Curtze et al., 2004]. Converse flexoelectricity may thereby be a way for 
cells to sense small dc EF. Charged proteins in the lipid bilayer of the cell membrane repel each other, influencing 
membrane tension. If the charge on one side of the membrane is changed by dc EF, the membrane tension also 
changes, resulting in a modified curvature of the membrane. Such flexoelectric effects have already been 
demonstrated on voltage-clamped cells. Using traction force microscopy, Curtze et al. [2004] noticed a 5–30% 
increase in average traction force magnitude 10–30 s after dc EF exposure as the first detectable reaction of 
osteoblasts. The visible retraction phase started after 5–10 min, and then, cells subsequently elongated and 
oriented perpendicular to the EF lines. Traction forces at the margins tangential to the EF decreased 2–15 min 
after the start of EF exposure below their initial values. A mean delay of 85 s between EF application and first 
observable changes in Ca 2+ levels occurred, suggesting that stretch-activated Ca 2+ channels may be responsible 
for the Ca 2+ influx. Static MF (10 T) also oriented glioblastoma cells in the presence of collagen fibers possibly 
due to the rearrangement of microtubules [Hirose et al., 2003].  
 
Studies of Erskine and McCaig [1997] and Ohgaki et al. [2001] as well as our own results showed that negatively 
charged surfaces are a sometimes better interface for cell adhesion and further cell function than positively 
charged ones. Using controlled surface charge induction on implants, it was shown that the above mentioned 
charge densities are sufficient to alter cell growth, adhesion and phenotypic. Moreover, specific effects can be 
observed when cells are plated onto substrates which have been exposed to ELF EMF before plating [McLeod and 
Rubin, 1994]. Together, these results strongly suggest that the observed effects are associated with an alteration in 
absorption of charged proteins, and change in the cellular response results from the altered ‘charge environment’.  
 
Seen ‘with the eyes of a cell’, the surface of an implant is covered with water and ions (in vivo serum, in vitro cell 
culture medium). Then, amino acids and proteins (especially albumin, fibronectin and vitronectin) are absorbed to 
the surface due to unspecific charge interactions [Vroman, 1988]. At negatively polarized (e.g., glass) and 
negatively charged surfaces, inorganic cations like calcium and cationic amino acids and proteins may bind to the 
surface, making it a suitable interface for the negatively charged surface of the cell [Ohgaki et al., 2001]. 
Additionally, Ca 2+ ions are required for the formation of focal adhesions. Thus, a higher local concentration of 
Ca 2+ will accelerate specific integrin receptor-mediated binding. In the next step of the attachment sequence, the 
cell recognizes RGD motifs (a sequence of amino acids which is important for binding processes) of surface-
bound proteins, and finally, specific binding occurs at focal adhesions via integrin receptors (early and late). As 
the ‘missing link’ between the patterns of surface charges and special adhesion proteins described above, Botti et 
al. [1998] described a class of adhesion proteins that, because of their common electrostatic and structural motif, 
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were called ‘electrotactins’. These proteins had a functional region common to cholinesterases and exhibitied a 
special pattern of electrostatical surface potentials. 
 
Responding to extracellular cues like EMF involves a cascade of events, transducing signals from the cell surface 
to the cytoskeleton. Due to the high dielectric property of the lipid bilayer membrane, externally applied dc EF 
will be considerably attenuated. For example, a dc EF of 5 V/cm will produce an intracellular field of only 0.5 
mV/cm, which is unlikely to produce significant effects [Poo, 1981].  
 
What is the sensor for EF gradients? A suggested mechanism is the electrophoretic mobility of charged molecules 
in the cell membrane in a dc EF [Jaffe, 1977; Poo, 1981]. In this respect, electroosmosis (see also above) plays a 
role: the imposition of a dc EF on the negatively charged cell membrane produces a flow of positive counter ions, 
which will result in a flow of fluid towards the cathodal site of the membrane. By this flow, a negatively charged 
receptor will be swept to the cathodal side of the membrane if its _ potential is less negative than the potential of 
the cell surface; otherwise it will accumulate on the anodal site [Poo, 1981; McCaig et al., 2005]. The potential is 
the electric potential at the interface between a solid surface or membrane and a liquid. Such lateral movements 
and enrichments of membrane components towards the cathode have been observed in several cell types. 
Examples are concanavalin A and acetylcholine receptors or positively charged membrane lipids in Xenopus 
myotomal membrane [Poo, 1981], fibronectin receptor in fibroblasts [Brown and Loew, 1994], lipids and 
epidermal growth factor (EGF) receptor in keratinocytes [Song et al., 2002], membrane lipids or EGF and 
hepatocyte growth factor receptors in corneal epithelial cells [Zhao et al., 2002; McBain et al., 2003]. Thus, one 
can imagine that redistributed membrane molecules can be sensed inside the cell by components of the 
cytoskeleton and be used as an orientation cue. Some of these mechanisms have been explored in more detail. 
Finkelstein et al. [2004] recently demonstrated that microtubules are involved in EF-induced cell migration. 
Signaling molecules such as Rho GTPases and protein kinases interact with microtubules and can effectively 
hitchhike microtubule-based transport. In this way, they pass signals from the leading edge of the cell via the 
nucleus to the trailing edge. An EF induces redistribution of hepatocyte growth factor receptors and triggers the 
mitogen-activated protein kinase pathway downstream that is involved in epithelial cell migration [McBain et al., 
2003]. Similarly, EGF receptor kinase activity and redistribution in the cell membrane are necessary for 
electrotaxis in keratinocytes. In chondrocytes, antagonists of the inositol phospholipid pathway were able to 
inhibit cathodal migration [Chao et al., 2000]. In contrast to the arising weak internal field, the externally applied 
dc EF can induce substantial alterations of the membrane potential. The resting potential of a nonexcitable cell is 
approximately –45 to –75 mV. A usual dc EF of 1–10 V/cm applied to a cell of 10 _ m in radius will 
hyperpolarize the membrane facing the anode by 1.5– 15 mV and depolarize the cathodal site by the same 
amount. This is sufficient to induce several physiological effects such as changes in the levels of calcium ions 
[Poo, 1981; Mycielska and Djamgoz, 2004; Robinson, 1985]. In many cells, dc EF-induced migration depends on 
changes in intracellular Ca 2+ concentration. Since the cytoplasm on the anode-facing site became more negative, 
the inward driving force of Ca 2+ was increased at the anode, whereas that on the cathodal site decreased (passive 
influx). Increasing [Ca 2+ ] often activates myosin light chain kinase that phosphorylates the regulatory light 
chain of myosin II. This in turn triggers the actin-activated myosin ATPase, a major regulator in cell contraction. 
In consequence, the anodal site contracts and the cell will be propelled towards the cathode. If voltage-gated Ca 
2+ channels are present, a cathode-faced membrane depolarization should open them, and the Ca 2+ influx 
following this opening will cause cell migration towards the anode. The calcium waves measured were fast (22.5– 
50 _ m/s, i.e. faster than electroosmosis) which could possibly explain the very fast cell reactions reported in other 
EMF studies. However, the net movement (and direction of cell migration) depends on the balance of passive 
influx and voltage-gated influx of Ca 2+. Calcium ions are also essential for the coupling of other forms of EMF 
to a biological system.  
 
In conclusion, the cell-guiding effects of static EF have a good explanation with the observations of the 
electrophoretic mobility of charged cell membrane molecules. However, a cascade of events must be initiated for 
this effect to be linked to classical biochemical pathways.  
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Abstract: 
The aim of the present study is to introduce an electronic experimental setting for measuring of critical time (CT) 
and corresponding critical fusion frequency (CFF) for healthy subjects at different wavelengths and different 
acuities. The work introduces a simple measuring setting that utilizes an electronic device capable of controlling 
the frequency of illuminated monochromatic light source.         
 
The investigation considered the size of the stimulus, its luminance, the distance from the eye to the fixed and 
movable light sources. Particular interest was given to scanning the retina for various CFF responses.  The 
results show  that ,  CFF has a maximum value at fovea and this value decreases nonlinearly as we move to  the 
periphery,  explanation of this results is introduced and related to cone and rod distribution at different  retinal 
visual angle as well as  the   different  response of cones to color  .    
 
Introduction: 
Critical flicker frequency (CFF) is the transition point of an intermittent light source where the flickering light 
ceases and appears as a continuous light.    Accordingly, it is the minimum frequency of a pulsating light source 
at which the light appears to be fused into continuous, rather than flickering, stimulus. There are a multitude of 
factors that determine our perception of flicker such as the intensity and size of the test stimulus1.  
 
Researches in this field are important in diagnosing by the measurements of fusion of the human eye.     
Braunstein2 was one of the first to investigate CFF in cases of optic atrophy, optic neuritis and glaucoma. Since 
then measurements have shown to be sensitive to the presence of retinal or optic nerve diseases when other 
clinical tests remain unaffected3, 4.  
    
Several factors such as the light intensity, the target size, and the luminance contrast5 are affecting on the CFF. 
Keesey6 , illustrated that the visual target size affects flicker perception at frequencies higher than 20  Hz ,  CFF 
is known to increase with increasing target stimulus size ;  under 20 Hz,  the sensitivity decrease with increasing 
target size. Delange7 demonstrated that for visual stimulus with a fixed temporal frequency; sensitivity to flicker 
increases as the amplitude of the luminance is increased.      
 
At high frequencies, flicker sensitivity curves for different size of visual stimuli have similar shapes, Kelly8. This 
indicates the visual system responds the temporal characteristics of stimuli in a consistent fashion. At frequency 
higher than 20 Hz CFF thresholds decreased as target size increases. The age plays an important role, Kim9, 
showed that young people in general have higher CFF than older ones.  In addition, women enjoy higher CFF 
than men10. 
    
CFF is significantly higher than at the fovea when the image is projected at the fovea, also the flicker depends of 
the background illumination, for dark background, the CFF is lower than that for background at 50 lux11. 
Wolfgang12, studies the effects of the CFF at the accommodation, convergence and pupil diameter of the human 
eye. Toshiyuki13, studied the effects of illumination, distance between the eye and the light source and age on   
the CFF. 
 
However, very little attention is given to the study of flickering at different point on the retina.  Most of the 
reported literature is concerned with CFF when the image is received at the fovea.  In the present work, the CFF 
at different locations in the visual field for different wavelengths is examined.     It employs a device, which 
enable the researchers to obtain accurate data concerning the effect of the both locations and wavelengths on the 
CFF value.    
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Apparatus used: 
An electronic device was designed so that light of several wavelengths can produced and jittered from different 
LEDs. The light pulses are supplied from a square wave function generator. The wave generator produces square 
pulse, which is differentiated electronically, and then the edge of the pulse was used to initial a rectangular wave 
using a monostable oscillator. This stage is necessary to control both the pulse duration (T1) and the time interval 
between the successive pulses (T2). At the end, the output of the monostable vibrator is sent to a movable LED 2 
light source. The light is filtered so that only the concerned wavelengths are obtained purely. 
 
The pulse is observed using an oscilloscope and fed to PC to record the results. The pulse duration was kept 
constant while the time interval between pulses varied electronically. The block diagram of electronic circuit can 
be shown in Figure 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The mechanical device consists of two stand and semi-circular arc of radius  49  cm , the length of the arc is 
calibrated  such that the distance from the center of fixation point to any point on the arc  (d) corresponds to an 
angle α d which is called retinal visual angle  at the center of the arc as shown in Figures 2 (a , b) .  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Experimental setting for measurement of critical time  

Figure  2-a Nasal and Temporal Vision of R.E 
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Procedure: 
Ten subjects (mean age  30  ± 5  years)  were examined  for CFF , the visual acuity , sex ,weight , occupation  
and the state of the health are recorded . The experimental setting is kept under dark conditions.  Measurements 
were taken for each eye separately for each subject.  The subject was asked to keep focusing on the center of the 
arc where a fixed light source LED 1 at the fixed wavelength is located.     As the subject is focusing on this 
source, another source LED 2 of the same wavelength was made to slide slowly on the arc at different positions.  
   
For each position, the light controlled from the second source is made to fluctuate electronically at different 
frequency, the subject was asked to tell when he sees the light continuously.  At that time, the frequency of the 
light was determined using an oscilloscope. The value of the CFF is obtained an average value for more than six 
repetitions of the CFF thresholds were obtained. 
 
The procedure was repeated for different wavelengths of  λ1 =  540  nm , λ2 =  580 nm  and  λ3  =   660  nm  at 
different locations on the retinal visual field  for each subject. In addition, the effect of the visual acuity was 
investigated on the CFF thresholds.       
 
 
Results:  
The effects of the different wavelengths on the 
Critical Time (CT) are measured as shown in 
Figures 3 and 4. CT has a minimum value at 
the fovea for all wavelengths; this is because 
the fovea is the most region of the retina, 
which contains the maximum concentration of 
the receptors of, cons (337 × 103 cones). At the 
temporal side of the eye, CT increases due to 
the decreasing of the concentration of the cons. 
CT is higher  throughout the periphery than the 
fovea CT for  λ1 = 540 nm is less than CT  for  
λ2  =  580 nm and for less than  λ3  = 660 nm . 
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Figure 2-b Nasal and Temporal Vision of L.E 
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CFF has a maximum value at fovea  (±  2.5º  from the visual axis)   and this value decreases in  the periphery, the 
reason of this return to the existing of different pathways  long (SC) & short  (LGN) CFF has a maximum value 
than in periphery.  Also , the different rates , low ( blue cone) & high (red and green  cones) of  neural signal 
causes that the CFF has a different value at different  retinal visual angle, and at different wavelengths of light 
sources , the  values of CFF at different locations of the retina for different wavelengths for right and left eyes 
respectively are shown in Tables 1,2.  
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Fig . 4 - b   Crit ical Time for L .E ( Nasal )  
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Table 1: CFF values at different locations of visual retinal angle ( )°αd   

                for different wavelengths. (R.E) 
 

 

CFF ( )Hz  Temporal Side 

Retinal angle ( )°αd  Wave 1   

1λ = 540 nm 

Wave 2 

2λ = 580 nm 

Wave 3 

3λ = 660 nm 

0º 44 40 35 
10º 40 35 30 
20º 38 32 28 
30º 32 26 24 
40º 28 20 18 
50º 24 16 14 

 
Table 1-a    Temporal side 

 
 

CFF ( )Hz  Nasal Side 

Retinal angle ( )°αd  Wave 1 

1λ = 540 nm 

Wave 2 

2λ = 580 nm 

Wave 3 

3λ = 660 nm 

0º 44 40 35 
10º 36 32 28 
20º 30 24 22 
30º 22 16 15 
40º 18 10 8 

 
 Table 1-b Nasal side 

 
 

Table 2: CFF values at different locations of visual retinal angle ( )°αd   

               for different wavelengths. (L.E) 
 

 

CFF ( )Hz  Temporal Side 

Retinal angle ( )°αd  Wave 1 

1λ = 540 nm 

Wave 2 

2λ = 580 nm 

Wave 3 

3λ = 660 nm 

0º 43 38 34 
10º 39 34 30 
20º 36 30 26 
30º 32 36 22 
40º 27 21 16 
50º 23 16 12 

 
Table 2-a Temporal side 
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CFF ( )Hz  Nasal Side 

Retinal angle ( )°αd  Wave 1 

1λ = 540 nm 

Wave 2 

2λ = 580 nm 

Wave 3 

3λ = 660 nm 

0º 43 38 34 
10º 36 32 28 
20º 28 26 24 
30º 18 17 15 
40º 14 12 8 

 
Table 2-b Nasal side 

 
 
Figure 5 shows the variation of the Critical Time (CT) with the different visual acuities at different locations of 
the retina. Critical Time has a minimum value at the fovea and this value is increasing at outside of the fovea.  
For good visual acuity (20/20), CT is minimum (CFF is maximum) than for low visual acuity (20/120). The 
values of CFF at different locations of visual angle for different visual acuities are shown in Table 3. In 
periphery, CFF values did not change almostely for different acuities. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3: CFF values at different locations of visual retinal angle ( )°αd

  

                for different acuities. (V.A) 
 
 

CFF ( )Hz   
Retinal angle ( )°αd  

VA 1 20/20 VA 2  20/30 VA 3  20/120 
0º 43 42 35 
10º 36 33 27 
20º 26 25 22 
30º 18 17 17 
40º 14 13 13 
50º 10 9 9 

 
 
Figures 6 (a , b) Show the visual field of right and left eyes at  different wavelengths respectively, the visual field 
for smallest wavelength  is largest area than for largest wavelength . 

Fig . 5   Critical Time for different visual acuities  
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Figure (6 – a) Visual field of R.E 
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The critical flicker frequency is often used as a measure of the current state of the optical nervous system. As 
such, it may be affected by several factors; internal as well as external. Internal factors concerned with the 
subject characteristics, such as stimulus, modulation, luminance (Intensity and area), and wavelength.  There are 
two possible routes for the neural signal from the receptors across the optic nerve to the brain, via the lateral 
geniculate nuclei (LGN) or via the superior colliculus (SC) as shown in Figure 7. The presence of different 
pathways {long (SC) & short (LGN)} and different rates {low (Blue cone) & high (Red and Green cones)} of 
neural signal causes that the CFF has a different value at different retinal visual angle, and its maximum value at 
fovea. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
From the pervious results, it is clear that the retina and the occipital cortex synchronize with the flicker, and then 
CFF is regarded as a function of activity of both the eye and the cerebral cortex. The highest degree of cortical 
response that is registered when a subject is exposed to flicker is found in the occipital lobe.  
 
Conclusion: 
The precedence enables as to examine the variation of CFF with location on the retina as whole. The spatial 
approach overcomes the pervious literature, which concentrate on the measurement of CFF on the fovea itself.   
The work also examines the effect of light wavelength on the CFF at different spatial location on the retina and 
shows that for away from the fovea the CFF decreases. 
Also the proposed electronic and mechanical setting have the advantage of simplicity and accuracy for the future 
work, varying wavelength may be examined and related to know diseases. 
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Fig. 7: The brain and the visual pathways 
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Abstract: 
A design of a bandpass filter is presented in this paper and tuned at 2.4 GHz. The resonating element in this design is 
an elliptical ring with a specific width. The microstrip line is directly connected to the ring. Both the ring and the 
microstrip line are placed on one side of a dielectric substrate. The slotline is connected to the substrate below the 
ring. The slotline is electromagnetically coupled to the ring resonator. 
 
A detailed parameter study has been performed for the proposed filter. The results show that both the bandwidth and 
the surface area of the filter can be controlled via controlling the width and the aspect ratio of the ring. 
 
Introduction: 
Bandpass filters play an important role in radio front-end systems. For example a bandpass filter is put immediately 
after the receiving antenna to reduce the susceptibility of the receiver to unwanted frequencies. Superheterodyne 
receivers make use of one or more intermediate frequencies with image reject bandpass filters on every intermediate 
frequency. A passive bandpass filter can be constructed by combining a number of elements 1. These elements can be 
either lumped components (such as inductors, capacitors, resistors) or distributed transmission lines 2.   For the 
bandpass filter based on distributed transmission lines, any type of lines can be used (such as microstrips, coplanar 
waveguides, slotlines …). Different topologies can be used to achieve the required frequency selection function of 
the bandpass filter. For example, parallel coupled lines 3 and hairpin resonator 4, 5.  
 
In this paper, a new design of a bandpass filter is presented. The design is based on distributed transmission lines of 
the microstrip type. The resonator used takes the shape of an elliptical ring of a specific width. Two lines are coupled 
to this ring. The first line is of microstrip type and directly connected to the ring. The second one is of slot type and 
coupled electromagnetically, through the substrate, to the ring. Hence, the proposed design is perfectly planar and 
consists of two metal layers and one dielectric layer. 
 
Section 2 introduces the proposed geometry of the filter. The method used for analysis is mentioned in Section 3. 
The steps to be followed in order to tune the proposed filter are given in Section 4. A detailed parameter study is 
performed in Section 5. The important conclusions are stated in Section 6.     
 
Filter Configuration: 
Figure 1 shows the proposed design for the bandpass filter. It consists of two planar metallic layers placed on both 
sides of a dielectric substrate. Without loss of generality, a glass substrate with dielectric constant of 6.2 and 
thickness of 0.7 mm is selected. This substrate is identical to that used in the multichip module with deposited thin 
films, MCM-D, technology 6. The first metal layer is placed on top of the substrate. It includes a microstrip line 
connected to an elliptical ring resonator. Port 1 is assigned to the microstrip line. The second metal layer is placed on 
the other side of the substrate. Within this layer, a slotline is etched and connected to port 2. Both metal layers are 
assumed made up of copper with conductivity of 58×106 1/Ωm and thickness of 5 µm. 
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PLANAR ELLIPTICAL RING BANDPASS FILTER WITH  
MICROSTRIP LINE AND OPTIMAL SIZE 

 
The proposed filter design has the advantage of allowing the antenna to be of microstrip type, and the rest of the 
transceiver circuit to be of slot type. This combination is attractive for many practical situations. Being of microstrip 
type, the integrated antenna, which will be connected to port 1, provides radiation from one side only of the 
substrate. This feature is desired in several wireless systems. On the other hand, the preferable technology for the rest 
of the system is either the slotline or the coplanar waveguide (CPW). This is due to the fact that in these technologies 
both the signal and the ground terminal(s) are brought in the same plane. 
This simplifies the integration of shunt lumped elements and active devices and avoids the necessity of drilling via 
holes through the substrate. It is clear from Fig. 1 that the proposed filter design has 6 feature dimensions. These 
dimensions are: the minor and major radii of the elliptical ring resonator (a and b, respectively), the width of the ring 
t, the distance between the edge of the slotline and the center of the ring d, the width of the microstrip line Wm, and 
the width of the slotline Ws. Practically, the last two dimensions are adjusted to achieve specific values for the 
characteristic impedances of the feeding lines. Knowing the substrate properties and the resonance frequency, 2.4 
GHz, the widths which correspond to 100 Ω for both lines are: Wm = 0.21 mm and Ws = 0.8 mm. 
 
The theory of operation of the proposed bandpass filter is that at resonance, the electrical circumference of the 
elliptical ring equals one guided wavelength λg. The width of the microstrip line forming the ring, t, defines the 
corresponding value of the guided wavelength. The satisfaction of this condition, forces the two signal components 
excited from one port to travel distances of λg/4 and 3λg/4 in the two branches of the ring to reach the other port. The 
resulting 1800 phase shift is compensated by the 1800 spatial opposition of the two arms at the other port, which 
results in an in-phase addition.   
 
Method of Analysis: 
The analysis of the proposed bandpass filter is carried out using Agilent-Momentum 7. Momentum is a 2.5D full-
wave solver based on the integral equation formulation solved using the Method of Moments. Since it is a well-
known full-wave simulator validated many times in literature, it is possible to rely on its simulation results. For 
meshing the filter under development, mixed rectangular and triangular segments are used. Twenty five cells per 
wavelength combined with a narrow edge mesh are adopted. 
 
Filter Design: 
As stated in Section 2, the remaining 4 dimensions of the filter to be determined are: a, b, t, and d. The first two 
dimensions can be combined into one parameter called the aspect ratio of the elliptical ring resonator. This new 
parameter is defined as the ratio between b and a, i.e. (b/a). Knowing b/a and t, the last dimension d is determined 
via optimization such that the best impedance matching with the slotline is obtained. This leaves only two 
independent design parameters, namely b/a and t. Consequently, the design space is a 2D space. The selected range 
for b/a starts from 1 up to 5, while the selected range for t starts from 0.25 mm up to 0.75 mm. Outside these ranges 
it has been observed that the response of the filter is unsatisfactory. 
 
The frequency response of the filter at the central point of the design space, b/a = 3 and t = 0.5 mm, is shown in 
Figure 2.   As desired, the resonance frequency of the filter is 2.4 GHz. There are several criteria for defining the 
percentage bandwidth of a bandpass filter. The selected definition in this paper is ∆f / f0, where f0 is the resonance 

frequency and ∆f  is the common frequency band which satisfies the following conditions: dB 10  11 −<S , 

dB 1  21 −>S , and dB 10  22 −<S .  

As mentioned in Section 2, once the width of the ring is defined, its circumference become available and equals to 
the guided wavelength of the microstrip line forming it. However, experimental iterations have shown that the ring 
circumference is slightly smaller than the corresponding theoretical value. This deviation is mainly due to the 
excitation of higher order modes around the feeding lines. For the selected width of the ring t = 0.5 mm and at f = 2.4 
GHz, the guided wavelength is 60.62 mm, while the circumference of the ring is found to be 55.83 mm. Since the 
circumference of the elliptical ring equals π(a + b), the specification of the aspect ratio b/a, results in determining the 
corresponding values for the minor and major radii, a and b, respectively. 
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Parameter Study: 
In this section the effect of varying the independent design parameters on the filter’s geometry and response is 
studied. As mentioned is the previous section, the proposed filter has two independent design parameters, namely the 
aspect ratio b/a and the width of the elliptical ring resonator t. Of particular interest to many modern wireless 
systems, is the surface area occupied by the filter. There is a definite trend toward specifying severe restriction on the 
surface area. For our proposed design the surface area occupied by the filter can be defined as the area of the 
rectangular which entirely contains the ring. Referring to Figure1, the surface area equals (2a + t) (2b + t). The 
response of the filter is characterized by its percentage bandwidth, which is defined in Section 4. 
 
Variation of b/a: 
In this subsection the aspect ratio of the elliptical ring is continuously varied from 1 to 5. The other independent 
parameter t, takes three discrete values: 0.25 mm, 0.5 mm, and 0.75 mm.  Figure 3 shows both the minor radius a, 
and the major radius b, versus the aspect ratio. It is clear from the figure that a decreases as b/a increases, while b 
increases. This behavior allows a and b to provide the required aspect ratio, while keeping their summation 
approximately constant. The approximately constant summation results in an approximately constant circumference 
for the ring at the corresponding value of its width. Both a and b decreases as t increases. The reason for that is the 
guided wavelength, and also the circumference, decreases as t increases. 
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Figure  2  S-parameters versus frequency of the proposed bandpass filter. 



 1347 

PLANAR ELLIPTICAL RING BANDPASS FILTER WITH  
MICROSTRIP LINE AND OPTIMAL SIZE 

 
The surface area occupied by the filter is plotted in Figure 4 versus b/a at three different values of t. The figure 
shows that increasing the aspect ratio b/a, results in decreasing the surface area. The decrease in the surface area with 
the increase of the width t is expected, because of the decrease of the guided wavelength. Figure 5 shows the 
optimized values of d versus b/a at the selected values of t. The optimization is based on obtaining the best possible 
match with the slotline of port 2. It is clear from Figure 5 that as b/a increases the edge of the slotline moves 
continuously downward.    The percentage bandwidth of the filter is plotted versus b/a, at different values of t, in 
Figure 6. The figure shows that the percentage bandwidth decreases as either b/a or t increases. However, the effect 
of varying t is more pronounced. Based on the surface area and bandwidth specifications, the designer can use 
Figures 3, 4, 5, and 6 to specify the corresponding values of a, b, t, and d. 
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Figure 4 Surface area occupied by filter versus the aspect ratio of its ring 
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Variation of t 
In order to examine the design space in the orthogonal direction, the width t of the ring is going to be varied 
continuously, from 0.25 mm to 0.75 mm, in this subsection. The aspect ratio b/a will be fixed at three discrete 
values: 1, 3, and 5. Figure 7 shows both the minor radius a and the major radius b versus t. As t increases, both a and 
b decreases. This is a result of the reduction of the guided wavelength as well as the circumference of the ring as t 
increases. It is also clear that as b/a increases a decreases, while b increases. This behavior allow a and b to preserve 
the required aspect ratio while keeping their summation approximately constant at a specific value of t. 
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Figure 6 Percentage bandwidth of the proposed filter versus the aspect ratio of its ring 

0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 
0 

2 

4 

6 

8 

10 

12 

14 

16 

18 

20 
b/a = 1 b/a = 3 b/a = 5 

t  (mm) 

a(
m

m
),

 b
(m

m
) b 

a 

Figure 7 Minor and major radii of the ring versus its width 



 1349 

 
PLANAR ELLIPTICAL RING BANDPASS FILTER WITH  

MICROSTRIP LINE AND OPTIMAL SIZE 
 
Knowing a and b, the surface area occupied by the filter can be calculated. In Figure 8, the surface area is plotted 
versus t at three different values of b/a. The surface area decreases as either t or b/a increases. The parameter b/a has 
more impact on the surface area than that of t. After obtaining the radii of the ring, the value of d should be 
optimized in order to achieve the best matching between the slotline and the elliptical ring resonator. The optimum 
value for d is plotted in Figure 9. It is clear from this figure that the distance between the edge of the slot line and the 
center of the ring decreases as either t or b/a increases.  
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Figure 9 Distance between the edge of the slotline and the center of the ring versus its width 
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Figure 8 Surface area occupied by the filter versus the width of its ring 
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Finally, the percentage bandwidth is presented in Figure 10 versus t at the same three values of b/a. The figure shows 
that the percentage bandwidth decreases as either t or b/a increases. In consistence with Figure 6, the variation of t 
has stronger effect on the percentage bandwidth than that of b/a. It is clear from both Figures 6 and 10 that the 
proposed bandpass filter offers a wide range of bandwidth variation. For the selected ranges of b/a and t, the 
percentage bandwidth varies from 10% up to 35%. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Conclusion : 
This paper presents a new bandpass filter design. The proposed filter is of planar nature which makes it consistent 
with the modern microwave systems. A rigorous parameter study for the proposed design has been performed via a 
reliable full-wave commercial software. It has been found that two independent parameters are affecting the 
performance of the filter. Varying these parameters, it has been demonstrated that the percentage bandwidth of the 
filter can be controlled within the range from 10% up to 35%. This makes the proposed filter suitable for a wide 
range of microwave applications. At the selected resonance frequency of 2.4 GHz, it has been also found that 
changing the independent parameters of the filter results in controlling the surface area of the filter from 373mm2 
down to 182mm2. This feature indicates that the proposed design is able to satisfy the size reduction requirement of 
some wireless applications. 
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Figure 10 Percentage bandwidth of the proposed filter versus the width of its ring 



 1351 

 
 
References : 
1- K. Chang, I. Bahl, and V. Nair, RF and microwave circuit and component design for wireless systems, Wiley, 

New York, 2002. 
 
2- P. Pieters, K. Vaesen, W. Diels, G. Carchon, S. Brebels, W. De Raedt, E. Beyne, and R.P. Mertens, High-Q 

integrated spiral inductors for high performance wireless front-end systems, IEEE Radio and Wireless 
Conference, Denver, Colorado, 11-13, Sept. 2000. 

 
3- E.A. Soliman, M.H. Bakr, and N.K. Nikolova, Accelerated gradient-based optimization of planar circuits, IEEE 

Trans.  Antennas Propagat 53 (2005), 880-883. 
 
4- S.Y. Lee and C.-M. Tsai, New cross-coupled filter design using improved hairpin resonators, IEEE Trans. 

Microwave Theory Tech 48 (2000), 2482-2490. 
 
5- J.S. Hong and M.J. Lancaster, Cross-coupled microstrip hairpin resonator filters, IEEE Trans. Microwave 

Theory Tech 46 (1998), 118-122.  
 
6- S. Mestdagh, W. De Raedt, and G.A.E. Vandenbosch, CPW-fed stacked microstrip antennas,” IEEE Trans. 

Antennas Propagat  52 (2004), 74-83. 
 
7- Momentum, version 4.8, Agilent Technologies, 2003. 
  
 
 
   
 
 



1352 

 MULTIPHOTON ABSORPTION IN CHIRAL BRAIN 
UNDER MICROWAVE RADIATION FROM WLAN’S 

SYSTEMS 
 

 H. TORRES-SILVA* AND M. ZAMORANO  
 

*Instituto de Alta Investigación 
Departamento de Electrónica, Universidad de Tarapacá,  

18 de Septiembre 2222, Arica, Chile 
E-mail: htorres@uta.cl  

    
Abstract 
A model formed by chiral bioplasma with a set of macromolecules of DNA, which represents the human head inner 
structure, makes possible to analyze its behavior, when it is radiated by a microwave electromagnetic field WLAN’s. 
The finite difference time domain, FDTD is used under multiphoton regime deduced from Maxwell equations. The 
numerical results of the Specific Absorption Rate, SAR, show the SAR behavior in function of the chirality factor. 
The main conclusions of our work is that the microwave absorption  from  WLAN’s systems is enhanced, compared 
with  classical models, when values of the normalized chiral factor are of order of one. This absorption  appears 
under multiphoton regime in the brain region. To illustrate this effect in our simulations we considerer 
electromagnetic waves at frequencies of 5.2 and 5.8 GHz. 
 
Keywords: chirality; brain tissue; Maxwell; FDTD; SAR  
 
PACS: 41.20Jb; 02.70.Bf; 52.35; 87.15.Aa 
 

 
1.   Introduction 
 
Even though a lot of work has been done there is still no complete assessed knowledge about the interaction between 
electromagnetic fields and biological systems . However, there is a general agreement about the relevance of the 
correct evaluation of the real mechanism. It seems clear that RF fields can have some effects on tissue and it still 
remains to be determined whether these effects are functionally and pathologically significant. 
 Different models of human head range from simple models, such as homogeneous sphere to heterogeneous 
anatomically correct models based on magnetic resonance (MR) imaging. In this paper a  FDTD method to 
determine the absorption of RF waves emitted by WLAN`s is presented. We use a simple model, which takes into 
account the main interaction between the bioplasma of the brain neurons and the microwave radiation of WLAN’s 
systems. To address the problem and on the basis of our previous approach [1-2], our method have three main steps: 
1) modelling of human head through MRI, 2) evaluation of the electromagnetic fields distribution inside the 
biological target, considering the brain tissue as chiral bioplasmatic media, and 3) SAR simulation for to evaluate 
both the thermal effect and resonant absorption under multiphoton regime. A  explanation of the theoretical base of 
the technique used and description of the models are given in section 2. Results comparing the computed SAR values 
in the different models are shown and discussed in the section 3. Finally, conclusions are presented. 

2.   Fundamentals and models  

By looking a special natural chiroplasma like a citoplasma in the human brain the multiphoton mechanism can 
provide a new approach of the problem of absorption in the human brain. Here the eigenfrequency of collective twist 
excitation in proteins, DNA and other biological chain molecules can be in the gigahertz range [3-5].   
Here, we assume that the electrons within chiral molecules oscillate along a helix and from the averaged electric 
current [1] we can find the polarization (P) and the magnetization (M) which in a helical geometry may be 
proportional to ∇×E (∇×H) respectively. For typical double helices, giving the moment of inertia per unit length, the 
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torsional factor and the length of a typical chain (I, tor, L), and following [3], For double stranded DNA we estimate 
I = 300 auA°, torsion constant of 0.8 ev/A°, and L between 200 A° and 2000 A° the frequency falls in the interval 
between 1 GHz and 10 GHz [4]-[5]. Similar results we can obtain using the Ford’s model [7]. 
In this work we propose that when the multiphoton effect is considered, this microscopic problem is reflected at 
macroscopic level as thermal absorption combined with resonant absorption. Here, besides the tissue conductivity 
and dielectric permittivity we considerer the chiral effect caused by the interaction of microwaves and biomolecules 
of DNA. The chiral wave propagation in bounded helical structures may support mode excitation, mode interactions, 
mode conversion and amplification of molecular chirality by eigenwaves in a bioplasma [6]  

This chiral effect in the brain is considered in this work as a macroscopic mechanism where the typical cell 
membrane of brain is a fluid bilipid layer with a lot big chiral protein molecules embedded in it. Every protein 
molecule is polar and will tend to align itself with an electric field and often helical rotate in its socket, so any 
volume of brain tissue must have a lot of cells bearing protein molecules that happen to resonate at its 
eigenfrequency which can be similar to the microwave frequency f or when there are n- multiphoton interaction the 
eigenfrequency can resonate with nf. By contrast with ionizing radiation which damage to genetic structures of cells, 
microwave may span thousands of cells with a single wavelength. Microwaves set up current in tissue, and any 
noticeable effect of such current would involve many, many of the relatively weak microwave photons, damage, if 
any, would be all over the path of the current and would be numerous cells in extend, so damage to general 
cytoplasm, mitochondria, and so forth would seem likely to be more salient than damage to genetic structure. 
Accordingly with the above discussion, we apply the Maxwell´s equations to sets of microtubules and helical 
molecules embedded in a substrate, characterized by a global chirality factor, T , (equation 1). Chiral media can be 
characterized by a generalized set of constitutive relations in which the electric and magnetic fields are coupled. In 
this paper, we consider the Born-Fedorov  approach  

, , , , , , , ,
, , 0 , , 0 , , 0 , , 0;

, , , , , , , ,
z x y y z x z x y y z x

x y z r x y z r x y z x y z

E E H H
D E T B H T

y z x z x y y z x z x y
ε ε ε ε µ µ

∂ ∂ ∂ ∂   
= + − = + −   ∂ ∂ ∂ ∂   

    (1) 

   
where ε, µ and T (meter) are the permittivity, permeabilitty and the chiral scalar  respectively. Solving Maxwell` 

equations for a plane electromagnetic wave of frequency ω  ( 2tk v fω π= = , tk  is the tissue wavenumber and 

v is the phase velocity) propagating in a chiral medium, it can be shown that the left- and right hand circularly 

polarized waves have different wavenumbers, /(1 ),t tk k k T= +  /(1 )t tk k k T= −  respectively [2]. The chiral 

parameter T has the dimension of a length, which in an exactly solvable two helical model for a set of oriented 

handed molecules, is proportional to 2Nh aβ ρ . Here, β  is some coefficient determined by the internal elasticity of 

a molecule, N is the number density of molecules of radius and a pitch h  with the charge ρ  per unit length of each 

[1].  
Using the MKS system of units, the following system of scalar equations is the set of Maxwell’s equations in the 
rectangular coordinate system (x, y, z): 
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where σ  (mho/m) is the tissue electrical conductivity. The main difficulty for an analytic treatment of this system is 
in the partial derivatives of space and time in which the chiral parameterT is present. For this reason, equations (2)-
(3) can’t be reduced to a typical differential equation with known solution. In our formulation, the second order 
approximation of Mur is used for the near-field irradiation problems in an achiral-chiral interface case. After 
calculation of the induced chiral electric field by the FDTD method, the local specific absorption rate SAR, is 
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calculated as 
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3.    SAR simulation and analysis of results 

 For the numerical calculation we normalize the chiral factor as kT where k is the wave number in the tissue layer, 

in some  case it may be 0tk nk=  , ( 0 /k cω= is the vacuum wave number), with n = 1, 2, 3…n. It is necessary 

to take into account the multiphoton absorption when the resonance absorption at macromolecular level become 

important. For the brain we considerer /(1 )b bk k k T= −  because, the clusters of DNA molecules have eigenwaves 

like right hand circularly polarized waves and for the rest of tissues we considerer 0tkT k T= = . The values for 

kT are choose by considering 2 1 10T Nh a mβ ρ µ≈ ≈ − , 0/(1 )b b b bk k k T k k ε= − >> ≈  , 0k T is of the 

order of 4 310 10− −−  so  when the multiphoton effect appears, 0bk T nk T≈  , 01 1nk T− ≤  and then kT  is of 

order of one and this effect increases when kT increases Here we suppose that the macromolecules vibrations of the 
helical structures inside typical brain cells are likely to lead to reasonably absorption enhanced by the proteinic water 
in which these molecules are immersed (induced chirality). 
 Stages of the bioplasmatic model for SAR determination are shown in reference [1]. Using the linear FDTD 
algorithm with chirality, obtained from equations (4) simulations for the mobile phones microwave spectrum are 
made. The model of human head was constructed with 540,000 cubic cells of 2.5 mm side each. The total number of 
layers, counted from the bottom of head, used in this model was 54. Here we choose the layers 34, 35 and 36, 
because there are great concentrations of brain tissue. The figure 1 shows these layers in digitalized version (matrix 
of 100x100), likewise is exhibited the antenna position. Both, the dielectric constant and the conductivity of the brain 
were obtained from literature [9-10]. In order to study and isolate the chiral effect, calculations are made for plane 
wave assumption, powers of 0.1 W were used, at frequencies of 5.2 and 5.8 GHz respectively. Four types of tissues 
(skin, bone, blood and brain) are considered. Simulations were made in a systematic way, in order to determine the 
effect that the variation of the chiral coefficient have over the absorption of coefficient SAR and results, for layer 
35th, are shown in figures 2-3. Owing to the different electromagnetic properties of the tissues the power absorption 
is not a monotonically decreasing function of depth. For kT = 0, absorption is highest in the skin, low in the skull, 
but higher again in the brain. These curves were obtained performing similar simulations and then obtaining a 
statistical average of the SAR. As the wave penetrates the head, it traverses the different parts of which the head 
model is made and the value of the SAR is attenuated quickly due to the change in medium and the increase of the 
distance from the emitting source (antenna). SAR maximum (hot point) is in outer part (skin). After passing through 
the bone level, the SAR is much attenuated (between cells 5 and 10) and around cell 10, the SAR increases at brain 
level. Here, starting on cell 10 approximately is important to analyze the performance of our bioplasmatic model.  
The profile of the SAR for 35th layer, at 5.2 GHz, as function of distance for different values of chiral factor kT, is 
showed in figure 2, where the variation is observed for 0 < kT ≤ 3.0 values of chiral factor. A SAR of 0,48 W/kg, is 
observed in the brain region, for a null chiral factor (kT = 0). For   kT = 1 the SAR found was 0,65 W/kg, an increase 
of 35% with respect to the achiral case (kT = 0) and a SAR of 0.75 W/kg was found for kT = 3.0, with an increase 
56%. This increase corresponds to the power absorbed by the brain region.  
Figures 3 shows the distribution of the SAR for 35th layer, as function of distance, for different values of the chiral 
factor when the work frequency is 5.8 GHz. The maximum SAR found, in the blood-brain region, was 0.6 W/kg for 
to  kT = 0 and 0.8 W/kg for kT = 1, i.e. an increase of 33%  with respect to the achiral case. For a high value of chiral 
factor,  kT = 3.0, the maximum SAR found was 0.93 W/kg with an increase of 55%. Also, this increase corresponds 
to the power absorbed by the brain region. Following the same procedure, similar results for the layers 34  and 36 are 
obtained. Here with kT=3 we have an enhanced multiphoton effect which is reflected in strong absorption, 
SAR=0.93 (5.8GHz). 

Apparently the SAR appears to increase as the square root of the power, because in the numerical calculation as 

initial condition we start with an initial varying electric field ( / )siniE V tω= ∆  where the voltage is proportional 

to the square root of the power with constant impedance [5]. Important results are the values of SAR obtained for 5.2 
and 5.8 GHz, where a remarkable characteristic is found: at higher frequency the absorption is bigger in the brain 
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tissue where a lower absorption by skin effect was expected.  
The classical skin effect does not occur in our simulation, because the effective induced current penetrate inside 

the head where the multiphoton resonance is active. 
 This “inverse skin effect” phenomenon is verified in the brain layers, as  shown in figures 2 and 3, where it is 

possible to observe that in all cases, for any chiral factor and input power values, the maximum SAR at 5.8 GHz is 
larger than at 5.2 GHz.  
 
4.    Conclusions 
 
A bioplasmatic chiral model of the human head has been presented that allows determination and evaluation of the 
absorption induced by the radiation of cellular phone. After having obtained the digitalized layers of correspondent 
MR images, the electromagnetic fields radiated were determined firstly by means of the FDTD technique and then 
the specific absorption coefficient (SAR). It is shown that the use of a more realistic model of the human head, 
derived from the magnetic resonance of images allows for improved determination of the chiral near fields induced 
in the head. 
Using the proposed bioplasmatic chiral model, the simulation of SAR distribution in layers with high quantity of 
brain tissue (layers 34, 35 and 36) was made. These results shows that the power absorbed by the head increases with 
the chiral factor. Other important result found is that the absorption at 5.8 GHz, in the brain tissue, is larger that at 
5.2 GHz, therefore there is an effect like an “inverse skin effect” phenomenon. In this calculation it is not possible 
that chain molecule can alter their conformation and a breaking of the chain can result having in mind the restricting 
forces which are higher than the EM forces. 
Here we are studied a more elaborated model of the head (with chiral effect), but with a simple model for the 
antenna. For real antennas the proximity of tissue clearly alter the radiation pattern, the antenna gain and the input 
impedance a more general numerical simulation techniques and an accurate model have to be developed. However 
for left-hand circular, right-hand circular and helical antennas, now available for isotropic and omni-directional 
radiation, our analysis on SAR have correct conclusions regarding the chiral effect. Certainly for systems to greater 
frequencies (wireless LANs) the chiral effect  will be more pronounced.  This makes it worth to check the first 
results by means of still more advanced models.  
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figures caption 
Fig. 1a,b,c   The structure of layer 34th, 35th and 36th. 
Fig. 2    SAR variation as function of the transverse distance, for 0 < kT ≤ 3.0 at 5.2 GHz. Layer 35th. 
Fig. 3    SAR variation, as function of the transverse distance, for 0 < kT ≤ 3.0 at 5.8 GHz. Layer 35th. 
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Despite to studies demonstrating the effect of static magnetic field (SMS) on animal and/or human cell death 
fewer studies have been conducted on plant cells. In the present study suspension cultures of tobacco cell in the 
exponential phase of the growth were exposed continuously for 5 days each 5 hours to SMF of 10 and 30 mT.  
The viability, lipid proxidation as well as morphological features of the cells were then studied and compared to 
those of the control cells. The level of peroxidation of membrane lipids in the treated cells was significantly 
increased compared to those of non-exposed (control) cells while the viability of the treated cells was decreased.  
In addition, certain characteristics of programmed cell death (PCD) or necrosis e.g., vacuolization and 
fragmentation of nucleus were remarkably visible  in the treated cells, compared to the control cells which had 
intact nuclei with clear nucleoli. The control cells also excluded ethidium bromide from their walls, whereas 
most of the treated cells allowed ethidium bromide to penetrate into the cells, emphasizing induction of cell 
death by magnetic field. Our result suggests that SMF can increase the rate of death in tobacco cells. 
 
Introduction 
Electromagnetic fields (EMF) are widely distributed in the environment and their effects are increasing with the 
burgeoning development of electrical machines [1, 2]. This make the concern about the possible risk of 
functional disorders in biological systems being growing. Results of the numerous experimental, 
epidemiological and theoretical studies are rather controversial, and in all areas so far, no unanimous 
conclusions have been reached [1-3]. Several studies on bacterial and animal cells have shown that EMF exert  
influence on a large variety of cellular functions, nevertheless the exact mechanism of the interaction with living 
cells are still unclear [4, 5]. 
Considering the cell as an electrical system provide a framework to investigate the exact mechanisms of the 
effect of the electric, magnetic and electromagnetic fields in the physiological behavior of the cell. Taking into 
consideration the previous reports on the presence of window effect this question raised whether or not a cell 
absorbed the energy in EMF like a receiver which work in a special band of frequency. If it is positive these 
fields can therefore act like primary messengers such as hormones. Then it is justified to say that the cells 
respond to physical stimulus (like EMF) in the same way that they respond to the hormones. Also, it would be 
helpful to understand whether the exposure of cells to the magnetic fields has any effect on the apoptosis. In the 
other words the magnetic field works as pro-apoptosis factor or as anti-apoptosis factor. If the MF had a pro-
apoptosis role it will be useful in cancer treatment because one possible mechanism through which cells are 
prompted to develop cancer is the disruption of the equilibrium between the processes of proliferation and 
apoptosis [6,7.  However, apoptosis is a part of normal cell physiology which includes both proliferation and 
differentiation. It is a major component of both normal cell development and disease.  The morphological 
demonstration of apoptosis is characterized by rapid condensation of the cytoplasm and nuclear chromatin, 
resulting in DNA fragmentation and membrane blebbing followed by fragmentation of the cells into apoptotic 
bodies, made up of condensed cytoplasm, nuclear material and/or whole organelles surrounded by intact plasma 
membranes. [7-9]. 
There are reports about the short-term EMF exposure that elicited an immune response [10]. A potential link 
between EMF and its effects on living organisms is the fact that EMF causes an oxidative stress i.e., increase in 
the activity, concentration, and life time of free radicals [11-13]. Oxidative stress is a function of oxidative 
metabolites, free radicals and reactive oxygen species (ROS) which are highly reactive by-products of normal 
metabolism and immune defense [11-13]. It brings changes in enzyme activity, gene expression, and release of 
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calcium from intracellular storage sites. Oxidative stress also affects membrane structure, cell growth, and cell 
death, thereby contribute to cancers and leukemia [11-14].  
      Less studies of this kind have been conducted on plant cells and few available literatures, have particularly 
directed their attention to the effects of magnetic fields on the germination of seeds, pollen germination and 
plant growth and development [15, 16].  
The goal of the present study was to determine a potential relationship between viability, lipid proxidation as 
well as morphological features of the suspension-cultured tobacco cells which exposed to static magnetic fields. 
It may help us to improve the general knowledge about mechanism(s) of the responses of the living systems to 
EMF.  
Suspension cultures established from calli of tobacco cells (Nicotiana tabacum L. cv. Burley 21) that had been 
maintained in our laboratory for 52 subcultures. Both calli and subsequent suspensions were grown in a 
modified Murashige and Skoog medium without glycine and containing 3% sucrose. The medium was 
containing: (NH4)NO3 20.61 mM; KH2PO4, 1.25 mM; CaCl2, 2.99 mM; MgSO4, 1.50 mM;  MnSO4, 0.1 
mM; Fe-EDTA, 0.1 mM; H3BO3, 0.1 mM; CoCl2, 0.11 µM ; CuSO4, 0.1 µM;; Na2MoO4 µM, 1.03; ZnSO4, 
29.91 µM , KI, 5 µM . pH was adjusted to 5.8. All chemicals were purchased from Sigma, Japan. Suspension-
cultured cells were grown at 25 °C in darkness on an orbital shaker at 120 rpm and were sub-cultured every 7 
day, when they were still in their logarithmic growth phase [17]. Frequent subcultures provided us homogenous 
and undifferentiated batches of tobacco cells that no longer have kept their original properties and their 
physiological response to EMF could resemble physiological response of plant cells regardless of their species.  
Exposure to EMF was performed by a locally designed EMF generator The electrical power was provided using 
a 220 V AC power supply equipped with variable transformer as well as a single-phase full-wave rectifier. The 
maximum power and passing current were 1 KW and 50 A DC, respectively. This system was designed to 
generate EMF in range of 0.5 µT – 30 mT with stable conditions. It consisted of two coils (each 3000 turns of 3 
mm copper wire) equipped with a U-shaped laminated iron core (to prevent eddy current losses). Using two 
vertical connectors, the arms of the U-shaped iron core were terminated to four circular iron plates covered with 
thin layer of Nickel (each 23 mm thickness, 260 cm in diameter). A water circulation system around the coils 
was employed to avoid the increase of the temperature. The temperature between the circular iron plates 
(exposure sites of samples) ,measured by a thermometer, was almost the same as other parts of the room (e.g., 
the site of the control cells) ±1°C. Nevertheless, the control cells were kept far enough from the apparatus, to 
avoid any potential exposure to the magnetic field from aforesaid generator. Since no other appliance was 
working, the control samples were only exposed to the extremely low MF of the earth, as the treatment group 
was too. 
 An electronic board was used to stabilize the system so that we always got a uniform MF. Calibration of the 
system as well as tests for the accuracy and uniformity of the magnetic fields were performed by a teslameter 
(PHYWE, Germany) with a probe type of Hall Sound. The accuracy of the system was ±0.1% for static field 
and the range of measurements was 3 µT – 30 mT. 
It is generally accepted that household and office levels of magnetic fields vary between 0.01 to 0.1 mT and 
levels near a power transmission line are between 10-30mT and much higher levels are expected in occupational 
exposures [18]. A magnetic field of 30mT is also a limit requiring controlled access - being a level at which 
magnetic materials may move under the influence of a field. Therefore, the present study was undertaken to test 
the effects of 10 and 30 mT on plant cells. The cells in their exponential growth phase were continuously 
exposed to EMF by magnitudes of 10 or 30mT, for 5 days (from day 3 to 7). After the period of treatment the 
cells were harvested and frozen in liquid N2 and kept at – 80 °C until used for biochemical analysis. 
Viability of both treated and control samples of the suspension-cultured tobacco cells was obtained by staining 
the cells with 0.1% aqueous solution of Evans Blue for 3 min and washed with deionized water.  Then it was 
observed using a light microscope (Olympus, BH2, Japan) with different magnifications. The cells with 
complete blue color was considered dead and the ones in which the membrane inhibited insertion of the blue 
dye was considered live. Consequently by counting the live and dead cells the viability of both treated as well as 
the control cells was obtained. 
     Level of damage of membranes was determined by measuring malonyldealdehyde (MDA) as the end product 
of peroxidation of membrane lipids [19]. In brief, samples were homogenized in an aqueous solution of 
trichloroacetic acid (TCA) (10% w/v) and aliquots of the filtrates were heated in 0.25% thiobarbituric acid 
(TBA). The amount of MDA was determined from the absorbance at 532 nm followed by correction for the 
nonspecific absorbance at 600 nm. The amount of MDA-TBA complex was calculated from the extinction 
coefficient 155mM-1cm-1and expressed against mg of protein. 
 
Cell wall preparations were obtained by homogenization of frozen samples in water with a mortar and pestle 
followed by centrifugation at 1000g and sequential washing of the pellet with EtOH, CHCl3-MeOH (2: 1) and 
acetone and then drying in air. Lignin content of wall preparations was measured via a modified acetyl bromide 
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procedure. The lignin content was determined by measuring of absorbance at 280 nm using specific absorption 
coefficient value 20.0 g-1 liter cm -1.  
Cells were stained with acridine orange (10µg/mL distilled water) or ethidium bromide (10µg/mL distilled 
water) to extract the morphological features of both treated and control cells. Observations were made with an 
Olympus BH2 fluorescence microscope equipped with filter combinations WU (330-385-nm excitation and 
420-nm barrier filters) and WBV (400- to 440-nm excitation and 475-nm barrier filters). 
All of the experiments were carried out with at least three independent repetitions, each three samples, and all 
data were expressed as the mean values ± standard deviation (SD). Statistical analysis was performed using 
Student's t- Test and the differences between treatments were expressed as significant at level of P<0.05. 
The tobacco cells in  suspension culture were seen in different shapes such as round, cylindrical as well as 
ellipse (Figure 1). As mentioned in material and method we exposed the prepared cells in exponential phase 
which started from day 3 - 8 (Figure 2). The dimension of these cells is presented in table 1. Our results showed 
that the average size of the treated cells with both 10 and 30 mT SMF was significantly decreased compared to 
the control cells. Although, the growth rate of the treated cells decreased compared to the control cells by 
measuring the weight of cells, but it was not significant (Table 1).  Exposure to SMF significantly increased the 
level of the peroxidation of membrane lipids of suspension-cultured tobacco cells, compared to those of non-
exposed (control) cells. The MDA level did not show a noticeable difference in both 10 and 30 mT. 
Figure 3 shows the MDA level in treated cells compared with the control cells. The obtained average for MDA 
level on treatment group (10 mT) was 1.16 ± 0.03 (MDA/g  Fw) while the obtained average for MDA level on 
control group was 0.89±0.02 (MDA/g  Fw).  Similarly, the obtained average for MDA level on treatment group 
(30 mT) was 1.13±0.04 (MDA/g  Fw) while the obtained average for MDA level on control group was 
0.84±0.12 (MDA/g  Fw). However, there was not significant difference between the levels of lipid peroxidation 
of 10 and 30 mT of SMF-exposed cells.  
Figure 4 shows the lignin content of wall in treated cells compared with the control cells. The results showed 
that the exposure of the magnetic field caused a significant increase in the lignin content of wall in treated cells 
(n=24) compared with the controls (n=24). However the lignin content did not show a noticeable difference in 
both 10 and 30 mT. The obtained average for lignin content on treated groups (10 and 30 mT) were  7.09 ± 0.45 
and  6.96 ± 0.08, respectively. While the obtained average for lignin content on control groups were 6.17±0.26 
and 5.7 ±0.06, respectively.   
The viability of the treated cells as well as control cells using Evans Blue and ethidium bromide were presented 
in figure 5 and 6. These results showed that the viability of the treated cell (30 mT) was approximately 68% 
while the viability of treated cells (10 mT) was  72%. The viability of the control cells was 84%. 
Certain characteristics of programmed cell death (PCD) or necrosis e.g., nuclear vacuolization and 
fragmentation were observed in tobacco cells exposed to the static magnetic fields (Figure 7A, Figure 7B), 
compared to the control cells who had intact nuclei with clearly visible nucleoli (Fig.7D). The latter also 
excluded ethidium bromide in their walls (Figure 6), whereas most of the magnetic field-exposed cells allowed 
ethidium bromide to penetrate into the cells, emphasizing induction of cell death by magnetic field (Figure 7) 

 
 

Table 1: demonstrating the obtained average diementions and weight of treated cells compared with control 
cells. 
 
                  SMF(mT)                   Diameter(µm)                                   Weight(g/flask) 
 
                                           Width                       Length 
 

                        0                 48.2±13a                   40.5±12.5a                     13.3±.22a 

 

                        10              37.8±10.8b                 33.6±8.3b                       12.1±1.01a 

 

                        0               41.8±17.9a                              49.2±10.8a                     11.6±1.07a 

 

                       30             29.3±5.9b                      37.2±10.2b                     10.9±1.06a 

Different letters refer to significant differences at the level of p≤0.05 according to student t-test. 
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Figure 1: A tobacco cell under the light microscope showing cell wall (CW), nucleus (Nu), and Cytoplasmic 
strands (CS), X660. 
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Figure 2: Growth curve of suspension-cultured tobacco cells. 
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Figure 3. Effect of SMF on the rate of lipid peroxidation of suspension-cultured tobacco cells. Data are means ± 
SD, n=3. Signs with different letters in each group indicate significant differences at P < 0.05 according to 
Student's t-Test. 
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Figure 4.Effects of 10mTand 30mT SMF 5h for 5day on lignin content in tobacco cell. Each column indicates 
the mean±  SD, n=3.  
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Figure 5: Showing the viability of treated cells (C and D) compared with the control cells (A and B),  A-C, 
X330; D, X660. 

 

 
Figure 6. Penetration of ethidium bromide in dead cells after exposure to magnetic field (A), compared to the 
control cells where excluded dye in their walls (B). Magnifications of both X 660. 
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Figure 7. Morphological features of suspension-cultured tobacco cells exposed to static magnetic fields. 
Cleavage of nucleus of tobacco cells exposed to 10 (A) and 30 mT static magnetic fields (B, C), compared to 
the control cells  with intact nuclei and  clearly  visible nucleoli (D). Cells were stained with acridine orange and 
observed under epifluorescence microscope. Magnifications of A, X1320 and of B, C, and D, X660. 
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Summary 
Electromagnetic fields for many years were considered as an absolutely neutral form of radiation, but 
epidemiological data and results of experimental in vivo studies have attracted more attention to the biological 
effects of EMF. Primary action of SMF in biological systems is the induction of electrical charges and currents 
[18]. One of the major molecular effects of magnetic fields is their influence on nuclear spins of paramagnetic 
molecules. This mechanism plays an important role when in the course of a chemical reaction the chemical 
bound is disrupted and two molecules with unpaired electrons are formed (a pair of radicals). Depending on 
their spin orientations, radical recombination or diffusion and formation of free radicals (e.g., Oxygen radicals) 
may take place [20]. The radical pairs may be affected for a long and continuous time interval by the static 
magnetic field [21]. This may extend the life time of the free radical and its potential damage could be 
exaggerated. Although formed in normal cell metabolism, free radicals are potentially damaging and can initiate 
chain reactions to form new free radicals. A main protective role against free radicals is attributed to SOD in 
catalyzing and dismutation of superoxide anions to O2 and H2O2 [22].  We showed somewhere else that the 
exposure to SMF increased the activity of SOD in tobacco cells compared to those corresponding control 
groups. It implies the first step of the increased production of free radicals by SMF in tobacco cells. An increase 
in SOD activity might enhance cytotoxicity by active oxygen species likely owing to the accelerated H2 O2 
generation and subsequent OH• overproduction by the metal catalyzed Haber-Weiss reaction [23].  Scavenging 
and detoxification of H2O2 that is produced by SOD, can be achieved by either non-enzymatic antioxidants or 
scavenging enzymes, e.g., CAT.  Likewise, the activity of CAT was also reduced by SMF.  
Accumulation of H2O2 and other reactive species of oxygen in SMF-exposed tobacco cells may subsequently 
result in peroxidation of membrane lipids  as well as damage of DNA [24].  Ishisaka and his colleagues (2000) 
showed H2O2 -induced rapid fragmentation of DNA and a slow decrease in the viability of human cancer cell 
line HL-60[25]. In the same cell line, Robison and his colleagues presented data demonstrating that a decrease 
in the DNA repair may occur following oxidative burst induced by EMF [26]. Although morphological features 
of programmed cell death and necrosis of plant cells, to some extent, differ from those in animal cells, however 
some of these features, e.g., cleavage of DNA to internucleosomal fragments and increase of lipid peroxidation 
(membrane lysis) were observed more in SMF-exposed cells, compared to the control cells.   
MDA measurement also indicates that 10, 30mT SMF exposure induces lipid peroxidative stress. This implies 
that SMF is somehow involved with free radical reaction in tobacco cells. It means that increase in lipid 
peroxidation can be another proof for the accumulation of H2O2 in treated tobacco cells compared to the 
controls. These results indicate that exposing to the SMF can induse oxidative stress due to activity of the free 
radicals and it will therefore caser more lipid peroxidation. Increase in the lipid peroxidation of the membrane in 
both 10 and 30 mT SMF also showed that the failure of the antioxidant defence system of treated cells against 
the free radicals. The results presented in table 1 indicated that the treated cells become smaller in size and less 
prolifrative compared to the control cells. This could be explained by this suggestion that the SMF shortened the 
cell cycle and it also inhibitated the extention of the cell membrane. Exposing to the SMF was the main reason 
for Increase in SOD activity may represent a compensatory reaction against oxidative stress. Increase in lignin 
content of treated cells (7.09 ± 0.45 and  6.96 ± 0.08 for 10 and 30mT) compared to the control (6.17±0.26 and 
5.7 ±0.06) demonstrating the wall loosening through increasing the wall stiffening. This can possibly decrease 
the cellular growth. 
Taken all together, the results presented here reveal that SMF can cause an inconsistency in the function of 
antioxidant enzymes in suspension-cultured tobacco cells thereby, lead to oxidative burst and cell death.  
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Abstract 
The numerical properties of two factorized implicit formulations of the method of Finite-Differences-in-Time-
Domain (FDTD) for the simulation of electromagnetic wave propagation are investigated and compared with 
explicit Yee-FDTD and full Crank-Nicolson FDTD formulation. It is shown that the ADI-FDTD factorization 
approaches asymptotically the Nyquist limit and can be used with arbitrarily large time steps. Also from the 
point of view of numerical dispersion gives acceptably small deviations from the full Crank-Nicolson FDTD 
formulation. On the other hand the CNSS-FDTD factorization does not fulfill Nyquist limit for arbitrarily large 
time steps. 
 
 
 
Introduction 
 
 Numerical simulations are routinely used for modeling electromagnetic wave propagation problems in 
the area of high frequency electromagnetics and photonics. The finite-difference time-domain (FDTD) method 
of explicit type designed by Yee [1] was for long years the preferred numerical technique for such simulations 
due to its flexibility, since it allows the inclusion of arbitrarily heterogeneous objects in the region to be 
simulated. In the course of numerical computations artificial artifacts are introduced, such as numerical 
amplification of the wave power-flow-density (stability issues) as well as the numerical dispersion. For the 
explicit-type methods the well-known Courant-Friedrichs-Levy (CFL) condition concerning the stability of the 
calculations must be met, limiting thus the step-length of the in-time-forward-marching algorithm. The extent 
of literature in this area is huge, including several book publications, e.g. [2]. 
 Recently the implicit types of FDTD methods has been constructed - the "Alternating Directions 
Implicit" (ADI) FDTD method [3], [4] and the "Crank-Nicholson Split-Step" (CNSS) FDTD method [5], [6]. 
Both are implicit procedures requiring inversion of tridiagonal matrices in two half steps. Both are theoretically 
unconditionally stable, i.e. they enable one to avoid the severe CFL condition and use the unlimited length of 
the time step in the course of calculation. However, another kind of bounds on the length of the time step, due 
to aliasing effects with growing time step, is imposed on both these methods. 
 
 
 
Explicit and implicit FDTD formulations 
 
 The Maxwell equations 
 curlH E= ε ∂∂t ,          curlE H= −µ ∂∂t  (1) 
are for the simplicity taken in the simple form for lossless isotropic homogeneous linear medium without 
external sources, i.e. the permeability µ and the permittivity ε are constants. Here E r( , )t  and H r( , )t are the 
electromagnetic field intensities for arbitrary time dependence. 
 In the Yee-FDTD method are Maxwell equations (1) discretised taking so called staggered grids [1] on 
all three spatial axes and in time with equidistant intervals ∆ ∆ ∆ ∆x y z t, , ,n s  (denoted by the serial indexes 
i j m n, , , ,l q , i.e. 
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Discretised Maxwell equations (only the Ex  and Hx  are considered bellow) take the form 
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Yee-FDTD method as represented by the equations (3) and (4) is the explicit method: the values Ex i j m
n
+
+
1
2

1
2

, ,  in 
(3) in the "new" time layer n + 12  are directly calculated from the "old" known values in layers n − 12  and n. 
Similar holds for Hx i j m

n
, ,+ +
+
1
2

1
2

1  in (4). The main drawback of the Yee-FDTD explicit method is its conditional 
stability. In order to have conserved the wave-power-flow-density in the computational window, the CFL-
condition 
 c t x y z∆ ∆ ∆ ∆− − −+ + <2 2 2 1  (5) 
 where c = −µεb g 1 2  is the phase velocity in the lossless medium, has to be met, limiting thus severely the 
permissible length of the time steps ∆ t . 
 In the matrix notation (1) reads 
 ε ∂∂t E H= ⋅∆∆∆∆      − = ⋅µ ∂∂t H E∆∆∆∆  (6) 

where E = E E Ex y z
T, ,  and H = H H Hx y z

T, ,  are column vectors of field components and ∆∆∆∆  is given as 
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Combining E  and H  into one vector F  
 F E

H
= L
N
MM
O
Q
PP

Z
Z

, (8) 

where Z = µ ε  is the wave impedance of the lossless medium, one arrives to the equation 
 c

t
− = ⋅1 ∂
∂ F D F , (9) 
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 Crank-Nicolson formulation of discretisation of differential equation is known to be unconditionally 
stable. For (9) with respect to the time derivative it yields  

 
 F F D F Fn n

t

n n

c

+ +− = ⋅ +1 1

2∆ , (12) 
 
 Equation (12) can be put in the following form 
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1 2c ct
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t
n

∆ ∆b g b g , (13) 

which can after some calculation be re-cast into the following form (see e.g. [7]) 
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Solving the full system of implicit equations (13), (14) is far beyond the capabilities of common computational 
machinery. Therefore after having neglected last terms on the RHS and LHS of (14), one can split the 
approximate equation 
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into two subsequent steps 
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where F n+1 2  denotes the intermediate value after the first sub step. This procedure is called Alternating-
Directions-Implicit (ADI)-FDTD method. If there are N spatial discretisation points along each axis x, y, and z, 
then the algorithm for (16) can be organized in such a way that it requires six inversions of the tri-diagonal 
( )N N×  matrices. The original problem (13) requires inversion of the 6 63 3N N×e j sparse matrix. This is 
already for moderate number of sampling points  N an unrealizable task. 
 Alternatively can (12) be expressed in the following way 
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and then similarly recast into the form 
I D I D F D D F−RST

UVW
⋅ +RST

UVW
⋅ + ⋅ ⋅ =+ +2 2 4

12 21
1
2 2 12 21

1
c c ct t

n

t

n
∆ ∆ ∆  

= +RST
UVW
⋅ −RST

UVW
⋅ + ⋅ ⋅I D I D F D D F2 2 4

12 21 2 2 12 21c c ct t
n

t

n
∆ ∆ ∆ .       (18) 

After having neglected last terms on RHS and LHS of (18) one again arrives to analogous equation as (15) 
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which can again be splitted into two subsequent sub steps 
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This procedure is called Crank-Nicolson-Split-Step (CNSS)-FDTD method. In both methods are the terms of 
the second order on the RHS and the LHS of (14) and (18) neglected. Therefore both are in ∆ t second order 
approximate in comparison with the full Crank-Nicolson formulation (13) or (17). 
 
 
 
Numerical dispersion 
 
 For the sake of simplicity let us consider the two-dimensional case only. Waves of any temporal and/or 
spatial shape can be Fourier expanded into the angular spectrum of either TM or TE monochromatic plane 
waves. Propagation of a spatio-temporal spectral TM component having the vectorial components 
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E H Hy x z, ,n s  in the direction given by the k x , k z  components of the wave vector k , k = = +k k kx z
2 2 , is 

described in two dimensions x and z by 
 E E j t jk x jk zy x z= − −0 exp exp expωb g b g b g , (21) 
where the angular frequency ω is given as ω = = +kc c k kx z

2 2 , and c is the "physical" phase velocity in the 
given medium.  
 The FDTD discretisation is performed on the so-called staggered grids [1]. The discretised TM plane 
wave using (21) is then given by 
 E jk i jk my i m

n n
x x z z, exp exp≈ − −ξ ∆ ∆b g b g , (22) 

and similarly for Hx i m
n
, + 12

 and Hz i m
n
+ 12 ,

, where ξ ω∆= exp j tb g  should hold. However, during the numerical 
simulation of the wave propagation instead of differential equations the difference equations are being solved. 
Therefore, instead of the above correct terms for ω  and c, one obtains different values ω A  and vp  from the 
formula ξ ω= =exp expj jkvA t p t∆ ∆b g d i , where v kp t= phase( )ξ ∆  is the numerical phase velocity different 
from the "physical" phase velocity c due to the numerical dispersion. The numerical dispersion, i.e. the 
differences between c and vp  are artifacts stemming from the nature of the numerical procedure itself. To 
avoid aliasing effects for all discretisations the sampling theorem must be fulfilled, i.e.  
 k x x∆ ≤ π ,     k z z∆ ≤ π ,     ω ξ πA t∆ = ≤phaseb g . (23) 
 For the full Crank Nicolson formulation of the FDTD method using discretised Maxwell equations one 
obtains the result  
 ξ = − − + +RST

UVW + +1 2 12 2 2 2 2 2A A j A A A Ax z x z x ze j  (24) 
where 
 A c kx t x x x= ( ) sin( )∆ ∆ ∆ 2 ,     A c kz t z z z= ( ) sin( )∆ ∆ ∆ 2 . (25) 
For the ADI-FDTD for each of two simulation-half-steps ∆ t 2  the result 
 ξ1 2 2 2 21 1 1 1 1, , , ,= + + + −RST

UVW +j A A Ax z z x x ze je j e j , (26) 
. For the CNSS-FDTD method one similarly obtains the formula 
 ξ1 2 2 22 2 2 2, , , ,= − + +A j A Ax z x z x ze j e j . (27) 
The power-flow-density for the full step ∆ t  is in all cases unconditionally conserved since either in (24) 
ξ = 1 , or in (26) and (27) ξ ξ ξ= =1 2 1, holds. The dispersion characteristics are fully determined by the 
phase of ξ in the case of full Crank-Nicolson formulation (24) 
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− −
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x z

x z
 (28) 

or by the phase of ξ ξ ξ= 1 2  using (26) and (27) 
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 For the sake of comparison we show the result for the classical explicit Yee-FDTD. Here one obtains 
 ξ = − + ± − − +1 2 1 1 22 2 2 2 2A A j A Ax z x ze j e j{ }  (30) 
In order to have the stability condition fulfilled the term under the square root must be positive, therefore 
A Ax z
2 2 1+ <e j , or 
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∆
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Since the spatial harmonics due to the sampling theorem (Nyquist limit) can have maximum wave numbers 
equal to k x x= 2 ∆ , k z z= 2 ∆ , i.e. the sine functions in (31) are equal to one and the ultimate CFL-limit 
 c t x z∆ ∆ ∆− −+ <2 2 1  (32) 
is obtained. Depending on the actual length of ∆ t  the formula (32) defines so-called Courant number that 
cannot be in case of explicit Yee-FDTD larger than one. For the unconditionally stable methods such as CN-
FDTD, ADI-FDTD, or CNSS- FDTD can however reach any values larger than one. 
 
 
 

Conclusions 
 
 Wave propagation 
characteristics using the ADI-FDTD and 
CNSS-FDTD methods are illustrated in 
Fig.1. For the explicit Yee-FDTD the 
values can be calculated until the Courant 
limit is reached. Here the normalized 
frequency arrives at the Nyquist limit 
ω πA t∆ = . For CN-FDTD and ADI-
FDTD it seems that the Nyquist limit 
ω πA t∆ =  is approached asymptotically 
with increasing ∆ t . Thus, it is inferred 
that the sampling theorem criteria are 
fulfilled for any step length for the CN-
FDTD and the ADI-FDTD method. As 
seen from the comparison of curves for 
CN-FDTD and ADI-FDTD neglecting 
the second order terms in ADI-FDTD 
factorization (16) does not cause any 

substantial error as compared with the "exact" Crank-Nicolson formulation. As it can be easily seen the 
condition (23), i.e. ω πA t∆ ≤ , is fulfilled for CNSS-FDTD only until the normalized time step value reaches 
kc t∆ ≈ 6 .This is a substantial not yet published difference between ADI-FDTD and CNSS-FDTD. Moreover, 
the possibility of the arbitrarily large ∆ t  steps in the ADI-FDTD method does not necessarily mean any 
advantage, since with growing ∆ t  the phase velocity v kp t= phase( )ξ ∆  decreases, i.e. the simulated spatial 
propagation path pertaining to increased time step remains effectively the same. 
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Abstract 
A bioplasmatic chiral model of the human head, constructed with 540,000 cubic cells in 54 layers derived of 
MR images, that allows us to simulate and to evaluate the absorption induced by the radiation microwaves 
wireless systems between 1 to 100 GHz is presented. The procedure to determine the absorption of microwaves 
waves emitted by wireless systems consisting of the following three main steps: 1) evaluation of the 
electromagnetic fields distribution inside the biological target, 2) modeling of human head, and 3) SAR 
simulation by including chirality effects. The simulations were developed by means of the FDTD technique and 
the specific absorption coefficient (SAR) was determined for a layer with great concentrations of brain tissue 
(layer 35). The results show the evolution of SAR coefficient, as function of input power and chiral factor. 
 
Keywords: chirality; brain tissue; Maxwell; FDTD; SAR  
PACS: 41.20Jb; 02.70.Bf; 52.35; 87.15.Aa 

 
1.   Introduction 
In recent years, there has been a continuing explosion in the growth of microwave and radio frequency 
communications, particularly a dramatic acceleration in the use of cellular phones and wireless local area 
networks (WLANs).This has resulted in public concern about the health hazards of microwave electromagnetic 
fields emitted by these systems. This growth has raised the research on the effects of microwave interaction with 
biological tissues. Cellular phones use low-speed data transmission (e.g., voice data) over wide geographical 
areas, while WLANs and wireless Internet are adopted in services requiring high-speed data transmission over 
small confined areas (e.g., inside a building). It is important to assess the risk, if any, of the wireless revolution 
and determine if need exists for the establishment of new regulations for evaluation of the mechanisms of 
interaction between electromagnetic fields and biological systems. [1] 
To transmit data, wireless LAN systems use a directive antenna placed at a mobile personal terminal (computer, 
telephone, camera, etc.) and a wide beam antenna placed at a fixed site (the base station) usually located on the 
room ceiling. In this arrangement, the user can find him self in close proximity to the radiating mobile antenna, 
where the EMF assumes its highest values. As a consequence, it is important to consider the possible health 
hazard due to such systems. Specifically, the heads of many users are exposed to a sequence of microwave 
fields modulated in substantially different ways [2]. When the cellular phone is close to the head, background 
levels are sharply distorted, with 40 to 50 percent of radiated phone energy absorbed in the hand and the head of 
an user [3]. Its emission at the head surface is typically 10,000 times stronger than fields reaching the head of a 
user standing within 30 m of the base of a typical mobile phone relay transponder mounted on a tower 30m 
above ground. 
In a technical perspective, the carrier wave remains constant in amplitude throughout the transmission epoch, all 
data information being transmitted in the frequency domain, where systems generally transmit at 900, 1800 
MHz and 2.4 GHz. When the antenna is close to the head, background levels are sharply distorted, with 40 to 50 
percent of radiated phone energy absorbed in the hand and the head of a user [4].  
In this paper, we propose to use a simple chiro-electrodynamical model, which takes into account the main 
interaction between the bioplasma of the brain neurons and the microwave radiation of mobile phone or wireless 
systems. To address the problem and on the basis of our previous experience [2][6], our method consists of the 
following three main steps: (1) modelling of human head through MRI, (2) evaluation of the EM distribution 
inside the biological target, considering the brain tissue as chiral bioplasmatic media, and (3) SAR simulation to 
evaluate the thermal effect. A brief explanation of the theoretical base of the technique used and description of 
the models are given in section 2. Results comparing the computed SAR values in the different models are 
shown and discussed in section 3. Finally, conclusions are presented. 
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2.   Electrodynamic point of view.  
To characterize the microwave absorption by the brain tissue, radiated by cellular phones, it is assumed that the 
brain tissue media is chiral. This chiral effect is due to a microscopic mechanism where the typical cell 
membrane of brain is a fluid bilipid layer with a lot big chiral protein molecules embedded in it. Every protein 
molecule is polar and will tend to align itself with an electric field and often helical rotate in its socket, so any 
volume of brain tissue must have a lot of cells bearing protein molecules that happen to resonate at its rotation 
frequency.  
Studies on DNA have shown that large electron flows are possible with the stacked base pairs of the double 
helix and a collective interaction of large ionic ensembles where the electromagnetic field is assumed in aqueous 
solutions of amino acids. Also when the twisted DNA molecule is a right-handed helix is transcribed into RNA, 
the DNA molecule can be unwound. And it is possible that signaling inside neurons can have two twists. Here, 
we propose the hypothesis that all these features can be explained in a unified manner, namely the chiral-
electrodynamics model, where the bioplasma is divided into two very thin layers separated by a permeable 
membrane, having cylindrical microtubules or helical structures. The dimmers α  and β  can exist in two 

different geometric configurations which correspond to the electric polarization states of dimmers, whose 
helicoidal structure can be right (R) or left (L). Then, since the protein medium is chiral, an electromagnetic 
wave in this medium necessarily will rotate its polarization plane in accordance with the dominant biological 
structure. Preliminary calculus show that the medium frequencies are between 10 and 20 GHz (microwave 
radiation). The eigenfrequencies, for typical proteins become between 10 GHz -12 GHz and for cluster DNA 
molecules the interval is between 1 GHz to 12 GHz. These frequencies are typical for microwave radiation. 
Accordingly with the above discussion, we consider the brain tissue as a chiral bioplasma immersed in a low 
magnetic field, characterized by a global chirality factor, T, so the Born-Fedorov constitutive equations are 

                                               ( ) ( ),...T Tε µ= + ∇× = + ∇×D E E B H H                                              (1) 

where ε, µ and T are the permittivity, the permeability and the chiral scalar, respectively. Solving 

Maxwell`s equations for a plane electromagnetic wave of frequency ω  ( 2tk v fω π= = , tk  is the tissue 

wave number and v is the phase velocity) propagating in a chiral medium, it can be shown that the left- and 

right-hand circularly polarized waves have different wave numbers, /(1 )t tk k k T= +  and /(1 )t tk k k T= − , 

respectively. The chiral parameter T has the dimension of a length. Here, the rotor of polarization plane can be 
predicted from Maxwell´s equations, considering that the P or M vector has a proportional additional term to 
rotor E or rotor H, respectively. If it is assumed that the medium is isotropic, non-permeable and non-dispersive, 
the Cartesian field components are [7] 
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Using the MKS system of units, the following system of scalar equations is the set of Maxwell’s equations in 
the rectangular coordinate system (x, y, z) 
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where σ  (S m-1) is the tissue electrical conductivity. After calculation of the induced chiral electric field by the 
FDTD method, the local specific absorption rate SAR is obtained as 
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In these equations, the electric (magnetic) fields depend not only on E (resp. H) but also on the transverse 
components.  



SIMULATION OF A BIOPLASMA …. 

 1375 

 
3.    SAR simulation and analysis of results 
 For the numerical calculation, the chiral factor is normalized as kT, where k is the wave number in the tissue 

layer, in some  cases it may be 0tk nk=  ( 0 /k cω= is the vacuum wave number), with n = 1, 2, 3…, taking 

into account the multiphoton absorption when the resonance absorption at macromolecular level becomes 

important. For the brain, we considered /(1 )b bk k k T= −  because the clusters of DNA molecules have 

eigenwaves representing right-hand circularly polarized waves and for the rest of the tissues we considered 

0tkT k T= = . Calculation stages of the bioplasmatic model for SAR determination are shown in figure 1. 

Using the linear FDTD algorithm with chirality, obtained from equations (3)-(6), simulations for microwave 
spectrum are made. The model of human head was constructed with 540000 cubic cells of 2.5 mm side each. 
The total number of layers, counted from the bottom of head, used in this model was 54. Here we choose layer 
35, because it has a large concentrations of brain tissue. Figure 2 shows these layers in digitalized version 
(matrix of 100 × 100), likewise is exhibited the antenna position. Both, the dielectric constant and the 
conductivity of the brain were obtained from literature. In order to study and isolate the chiral effect, 
calculations are made for plane wave assumption, powers of 1.25, 12.5 and 125 mW were used, at frequencies 
of 0.9, 1.8. 2.4, 5.2, 5.8, 30, 60 and 100 GHz, respectively, having the cellular phone antenna an impedance of 
180 Ω. Four types of tissues (skin, bone, blood and brain) are considered. Simulations were made in a 
systematic way, in order to determine the effect that the variation of the chiral coefficient had over the 
absorption of coefficient SAR, and results, for layer 35, are shown in figures 3-9. Owing to the different 
electromagnetic properties of the tissues, the power absorption is not a monotonically decreasing function of 
depth. For kT = 0, absorption is highest in the skin, low in the skull, but higher again in the brain. These curves 
were obtained performing similar simulations and then obtaining a statistical average of the SAR. In all curves, 
as the wave penetrates the head, it traverses the different parts of which the head model is made and the value of 
the SAR is attenuated quickly due to the change in medium and the increase of the distance from the emitting 
source (antenna). It is important to say that the SAR maximum (hot point) is in the outer part (skin). After 
passing through the bone level, the SAR is much attenuated (between cells 5 and 10) and around cell 10 the 
SAR increases at brain level. Here, starting from cell 10 approximately it is important to analyze the 
performance of our bioplasmatic model.  
The profile of the SAR for 35th layer, at 0.9 GHz as function of distance for different values of chiral factor kT, 
is shown in figure 3, where the variation is observed for values of chiral factor 0 < kT ≤ 3. A SAR of 0.032 W 
kg-1, is observed in the brain region, for a null chiral factor (kT = 0). For   kT = 1, the SAR found was 0.036 W 
kg-1, an increase of 12.5% with respect to the achiral case (kT = 0), and a SAR of 0.043 W kg-1 was found for kT 
= 3, with an increase 34%. This increase corresponds to the power absorbed by the head. Figure 4 shows the 
distribution of the SAR for 35th layer, as a function of distance, for different values of the chiral factor when the 
work frequency is 1.8 GHz. The maximum SAR found, in the blood-brain region, was 0.08 W kg-1 for to  kT = 0 
and 0.116 W kg-1 for kT = 1, i.e. an increase of 45%  with respect to the achiral case. For a high value of chiral 
factor,  kT = 3, the maximum SAR found was 0.12 W kg-1 with an increase of 50%. Again, this increase 
corresponds to the power absorbed by the head.          Figure 5 shows the distribution of the SAR for 35th layer, 
as a function of distance, for different values of the chiral factor when the work frequency is 2.4 GHz. The 
maximum SAR found, in the blood-brain region, was 0.09 W kg-1 for to kT = 0 and 0.13 W kg-1 for kT = 1, i.e. 
an increase of  44%  with respect to the achiral case. For a high value of chiral factor,  kT = 3, the maximum 
SAR found was 0.16 W kg-1 with an increase of  77%. 
Figures 6-8 show the distribution of the SAR, for 35th layer as a function of distance, for different values of the 
chiral factor, when the work frequency is 30, 60 and 100 GHz. The SAR found in the blood-brain region 
increase when the power get higher also for chiral factor 0, 1, and 2, the SAR is barely increase, for each power 
simulated. Figure 9 show the distribution of the SAR maximums in the blood-brain region, as a function of 
frequency, for different powers and chiral factors as summary of all the simulations made it. The consequence 
of being at such frequency is the fact that the human tissue (especially brain tissue) absorptivity of microwave 
radiation increase with frequency in this spectrum region. Theses must be verified by using more advanced 
models. The results of figure 9 are similar to those of Curry [8].  
 
4.    Conclusions 
A bioplasmatic chiral model of the human head has been presented that allows determination and evaluation of 
the absorption induced by the radiation of cellular phone and wireless systems. Electromagnetic fields radiated 
were determined firstly by means of the FDTD technique and then the specific absorption coefficient (SAR). It 
is shown that the use of a cell model, combined with a real model of the human head, derived from the magnetic 
resonance of images allows exact determination of the near fields induced in the head when the brain chirality is 
considered. The simulations are made for the 35th layer. The results also show the evolution of the specific 
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absorption rate, (SAR coefficient), as function of input power and chiral factor. The more importants 
conclusion of our work are: 1) with the chiral electrodynamics model the head absorption of microwave 
fields, produced by cellular phones and wireless systems, is bigger that the results obtained for classical 
models, and 2) the absorption of microwave radiation increase with frequency. 
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FIGURES CAPTION 
 
Fig. 1    Stages of the bioplasmatic model for SAR determination. 
Fig. 2   The structure of layer 35.  
Fig. 3    SAR variation, as function of the transverse distance, for 0 < kT ≤ 3 at 900 MHz. Layer 35. 
Fig. 4    SAR variation, as function of the transverse distance, for 0 < kT ≤ 3 at 1800 MHz. Layer 35. 
Fig. 5    SAR variation, as function of the transverse distance, for 0 < kT ≤ 3 at 2400 MHz. Layer 35. 
Fig. 6    SAR variation, as function of the transverse distance, for 0 < kT ≤ 2 at 30 GHz. Layer 35. 
Fig. 7   SAR variation, as function of the transverse distance, for 0 < kT ≤ 2 at 60 GHz. Layer 35. 
Fig. 8    SAR variation, as function of the transverse distance, for 0 < kT ≤ 2 at 100 GHz. Layer 35 
Fig. 9    SARmax variation in the blood-brain region, as function of frequency for 0 < kT ≤ 2  and different 
              power.  Layer 35. 
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ELECTROMAGNETIC FIELD LEVELS IN THE WORKING  
ENVIRONMENT IN RADIO AND TV STATIONS. 

PROGRAM FOR HEALTH PROMOTION 
 

Ivanova, M., V. Zaryabova, Ts. Shalamanova, M. Israel 
 

National Center of Public Health Protection, Sofia, Bulgaria 
 

Abstract 
Electromagnetic field sources used for communication always are subject of serious interest. There are 

many publications concerning exposure and risk assessment of the working in such environment. Results of 
epidemiological study performed in Bulgaria in 90s (Varna, Proceedings 2001) show exceeding of the maximal 
permissible values especially in radio stations for the personnel in 24 h working shift.  

In the last years the situation is strongly influenced by the development of the technology which leads to 
changes in equipment in radio and TV stations, using lower power, facilitate the working regime.  

Paper presents data of exposure assessment of different professional groups in selected radio and TV 
stations. Assessment is being performed on basis of EMF parameters values and energetic load calculations 
according to the national legislation. Data are compared with the results of previous investigation to evaluate the 
new situation in this branch. Exposure levels are much lower than those in the last study, and lower compared to 
the exposure limits, as well.  

 
INTRODUCTION 
The policy of the World Health Organization (WHO) after its establishment incorporates occupational 

health issues. Numerous important WHO documents, such as the Constitution, Alma Ata Declaration, “Health 
for All” Strategy, working programs and certain resolutions of the World Health Assembly underline the 
necessity to protect and strengthen health and safety at work through prevention and control of workplace 
hazardous factors and promotion of workers’ health and work ability. 

The transition during the past two decades experienced by European socioeconomic communities 
contributed to accelerated changes in labor conditions and market. Many European countries show a tendency to 
re-orienting the occupational health and safety policy towards improved workers’ work ability and significant 
reduction of increasing social costs for work-related health disorders, injuries and disability. 
The new global strategy of the EU Commission and International Labor Organization (ILO) is fully focused on 
improving the activities on health and safety at work (HSW) at enterprise and national level. The developed 
systems for HSW control are a successful approach to fulfillment of the responsibilities and gaining maximal 
benefits through their incorporation in company and national policy, moreover, these systems are implemented in 
many countries, including a number of Bulgarian companies. They are built on the belief that good work 
management and reduction of workplace risk are based on self-control, self-assessment and adequate measures 
for improved safety. Such management is much more effective and with better results than just observing the 
regulations, moreover, ILO methodological guidelines for systems for control of health and safety at work are 
not mandatory. They are recommendations to the employer on achievement of better prevention level; reduction 
of risk for work accidents and occupational diseases and following costs and company losses; reduction of 
occupational risk and hence – improvement of the company image; improved work quality leading to elevated 
company competence; last, but not least – functional social dialogue. 

The employer has to present his HSW policy as a written program, after consultations with the 
employees and their representatives. 

 
A very interesting professional group exposed to high levels EMF is those of operators working in radio 

and TV stations. Electromagnetic field sources used for communication always are subject of serious interest. A 
wide-spread set of communication systems exists in each country and its types and number is ever increasing.  

An epidemiological study carried out in Bulgaria in 90 [5] showed exposure to the personnel of such 
stations above the permissible levels accepted in the country, especially in the cases of 24-hour working shifts. 
The results showed that the long-term service of emitting systems results in serious health problems for operating 
staff, charged with broadcasting. 

The present study is a continuation of the previous epidemiological study [5] and one of its goals is to 
assess how the development of the technology which leads to changes in equipment in radio and TV stations, 
using lower power, facilitation of the working regime affects the exposure of the operators. The investigation 
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covers a part of previously studied stations, which gives an opportunity for direct comparison of the results for 
the personnel’s’ exposure. 

 
MATERIAL AND METHODS 
Objects of study 
This study was performed on radio broadcasting system of short waves (SW), television (TV), and on 

satellite systems. The study covers the following stations: 
� Radio broadcasting station on short waves (SW) - from 6 to 25 MHz; 
� TV station 1 with sources emitting EMF with frequencies from 66 MHz (UHF) to microwaves up 

to 6 GHz; 
� TV station 2 with sources emitting EMF with frequencies 101 MHz (UHF) to microwaves up to 6 

GHz; 
� TV station 3 with sources emitting EMF with frequencies  UHF и microwaves; 
� Satellite station – frequencies from 5 GHz to 7 GHz. 
 
We found 5 types of work shifts - А, B, C, D и G as follows: 
•  А – 5 days a week, 8 h per day – ordinary shift. The rest of the time the personnel is outside the 

station; 
• В – one twenty-four hour period (24 h) in the working environment being followed three subsequent 

twenty-four hour periods of rest at home; 
• С – four subsequent twenty-four hour periods in working environment being followed by three 

subsequent twenty-four hour periods of rest at home; During its stay in the station the personnel is 10 hours on 
shift (active working) and 14 h on disposal; 

• D –7 days in the working environment followed by 14 days outside (rest at home). During its stay in 
the station the personnel 5 days is 12 hours on shift (active working) and 12 h on disposal and the other two days 
are resting in the station; 

• G – two subsequent twenty-four hour periods in working environment being followed by two 
subsequent twenty-four hour periods of rest at home. 
 

The following jobs were characterized: radio engineer, engineer (both with master degrees), mechanic, 
technician, fitter, sound-technician, radio technician, power engineer, electric fitter, electrician, electric 
technician, mast operator. Every station depending on its type, equipment, geographical position, etc. has 
different professionals. Here, we present the results for the next groups: operator on duty, chief of station, power 
engineer. 

Additionally results for a group “other staff” being not directly engaged in the transmitters’ service is 
presented. It includes: cleaners (other assistant jobs) and canteen managers. 

 
Measurement equipment 
The measurements of the EMF exposures were made using the following equipment: 

N F M - 1 (made in Germany): 
• measuring values: E = 2 to 40 kV/m for  f = 50 Hz 

E = 2 to 1500 V/m for f = 0.06-350 MHz 
H = 0.1 to 10 A/m for f = 0.06-10 MHz 

• uncertainty: σ = ± 20 %; 
• probes - dipole and frame. 
 
RAHAM 495, model 40, “General Microwave Corporation”(USA).  
• Frequency range: 200 kHz - 40 GHz; 
• Measurement ranges – 0.02, 0.2, 2 and 20 mW/cm2; 
• Uncertainty  ± 20 %; 
• Minimal measured value – 0.5 µW/cm2 
• Probe – isotropic. 
The devices measure the EMF values in a wide frequency range so specific methods for exposure 

assessment are used. 
 
Measurement procedure 
The measurements were made for typical permanent and temporary work places:  
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In closed premises: transmission's halls, in front of the transmitters, central desks and central control 
desks, central control rooms, in front of the final cascades of multipliers, near the antenna control boards, etc. All 
measurements were made on three levels above the ground (floor) - on the levels of head, chest and genitals of 
the operator, and the hygienic assessment was formed according to the maximum measured value. 

On the antennae's field area we measured the field strength both under the feeder lines (feeders) at the 
same three levels, and along the roots of the antennas, at different depending on the area. In case of TV towers 
measurements were made on some of the platforms with antennae as well. 

In living rooms only the maximum values of EMF measured have been taken for hygienic assessment. 
All measurements were made while the transmitters worked at maximum power of radiation. 
On the time of measurements the serving operators stayed on minimal distance of 5 to 10 meters behind 

the measurer. 
The hygienic assessment of the measured values of EMF in the living rooms was made according to 

Ordinance No:9 for exposure to the general population (Table 3) as the personnel staying in this rooms should 
not be considered as performing its work tasks. The measured values of EMF in living rooms were added to the 
common assessment for the energetic loading of the organisms of the workers for 24 hours. 
 
Table 3. Maximum permissible levels (MPL) according to the Bulgarian standards 
 

STANDARD 
FREQUENCY 

RANGE 
Emax, 
V/m 

Hmax, 
A/m 

Smax,  
µW/cm² 

WE=E2.T, 
(V/m)2.h 

WH=H2.T, 
(A/m)2.h 

WS=S.T, 
µW.h/cm 

BNS 14525-90 
60kHz - 3MHz 
3MHz - 30MHz 
30MHz-300MHz 

500 
200 
60 

50 
50 
- 

- 
- 
- 

20000 
3200 
800 

200 
200 

- 

- 
- 
- 

BNS 17137-90 300MHz -300GHz - - 1000 - - 200 

Ordinance 
No.9 - 1991 

3MHz - 30MHz 
30MHz-300 MHz 
300MHz – 30GHz 

10 
3 
- 

- 
- 
- 

- 
- 

10 

- 
- 
- 

- 
- 
- 

- 
- 
- 

 
Parameters for exposure assessment 
For exposure assessment the following parameters were used: 
- energetic loading of organism: 

∑=
i

iiE tEW .2 , V2
.h/m2;                                      ∑=

i
iiS tSW ., , µW.h/cm2; 

Energetic loading of the organism was calculated for the average and maximal measured values on “i” 
measurement point (place of stay or premise) respectively for electric field strength (V/m) and power density 
(µW/cm2), depending on the frequency of emitted EMF; 
 - Time weighted average (TWA) values of electric field strength and power density, TWA: 

T

tE

TWA i
ii∑

=

.

, V/m                                        
T

tS

TWA i
ii∑

=

.

, µW/cm2 

where Ei and Si are the measured values on the “i” workplace; ti is the time duration of exposure on the same 

place, i = 1,...n; T ti
i

n

=
=

∑
1

. 

For the described stations TWA of electric field strength and power density are calculated for the 
average and maximal measured value of EMF on the corresponding places of stay of the personnel. Calculations 
for two averaging periods were made:  

• for one working day –  8h, 10 h, 12 h and 24 h corresponding to the work shift duration and 
work cycle. Here, the real working time, time on disposal, time of rest in the station, time of rest outside the 
station were taken into account.  

• For 120 h (5 twenty-four hour periods – one working week), taking into account the shift type 
(А, В, С, D и G). 

Energetic loading of the organism is considered for zero for the stay outside the station. 
 
 Calculated TWA values for SW range (V/m) are presented in units µW/cm2 “equivalent power density” 
for plane wave. 
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The real time of exposure was determined in the following ways: 
- "script or scenario" method - an expert method, based on repeated measurements and for long findings 

of the working process. It was applied for the three groups of personnel (those, working for 24 h in a shift, others 
working for 8 h - normal shift, and for the “other” workers) at all studied sites, namely radio stations, TV stations 
and radio relay stations. 

- calculating the maximum permissible time duration. The requirements of the Bulgarian National 
Standards (BNS) were used when determining the limits of the energetic loading of the organism. Maximum 
permissible time duration of every working place was calculated according to the average values of EMF by 
using the formulae: 
 

T
W

E
E

max ,= 2                T
W

S
S

max =  

 
where WE , WH and WS are values of the energetic loading of organism for corresponding frequency 

range according to national legislation (Table 3). 
 

RESULTS AND DISCUSSION 
Measured EMF values in relative units compared to the limits for corresponding frequency range are 

presented in Table No.4. 
 

Table No.4. 

Station 
Average 
values 

Maximal 
values 

Radio station   
transmission's 

halls 
0.02 0.09 

antennae field 0,15 0.95 
TV station 1   
transmission's 

halls 
0.003 0.05 

antennae field 0.20 0.06 
TV station 2   
transmission's 

halls 
0.0075 0.0196 

antennae field 0.38 0.085 
TV station 3   
transmission's 

halls 
0.0045 0.00305 

antennae field 0.002 0.00175 
Satelite station   
transmission's 

halls 
0.004 0.0163 

antennae field -  
 
Calculated TWA values are presented in Table No.5. 

 
 
 
 
 
 
 
 
Table No.5 

Radio station TV station 1 TV station 2 TV station 3 Satelite station 
Professional 

groups 
TWAavg. 

µW/cm2 
TWAmax 

µW/cm2  
TWAavg. 

µW/cm2 
TWAmax 

µW/cm2  
TWAavg. 

µW/cm2 
TWAmax 

µW/cm2  
TWAavg. 

µW/cm2 
TWAmax 

µW/cm2  
TWAavg. 

µW/cm2 
TWAmax 

µW/cm2  
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For one working shift 
Operator on 

duty 
3.10 
(B) 

137.0 
(B) 

1.89 
(B) 

5.24 
(B) 

1.49 
(D) 

3.63 
(D) 

1.19 
(G) 

1.28 
(G) 

1.60 
(B) 

3.57 
(B) 

Chief of 
station 

3.96 66.90 
2.56 
(C) 

15.41 
(C) 

0.96 
(C) 

2.38 
(C) 

1.57 
(A) 

2.22 
(A) 

1.88 
(B) 

3.67 
(B) 

Power 
engineer 

0.74 
(B) 

6.19 
(B) 

1.69 
(B) 

4.89 
(B) 

- - - - 
1.43 
(B) 

3.22 
(B) 

Worker/ 
cleaner 

2.40 
(A) 

26.56 
(A) 

2.12 
(A) 

17.22 
(A) 

1.03 
(D) 

2.18 
(D) 

0.96 
(A) 

1.2 
(A) 

1.83 
(A) 

3.65 
(A) 

Canteen 
manager 

0.34 
(A) 

0.99 
(A) 

0.80 
(A) 

1.44 
(A) 

0.64 
(C) 

1.40 
(C) 

0.82 
(A) 

0.91 
(A) 

0.79 
(A) 

1.28 
(A) 

For 1 working week – 120 h 
Operator on 

duty 
0.30 
(B) 

1.40 
(B) 

0.76 
(B) 

2.09 
(B) 

0.42 
(D) 

1.01 
(D) 

0.52 
(G) 

0.57 
(G) 

0.69 
(B) 

1.51 
(B) 

Chief of 
station 

0.44 
(B) 

7.42 
(B) 

1.03 
(C) 

6.16 
(C) 

0.77 
(C) 

1.81 
(C) 

0.52 
(A) 

0.74 
(A) 

0.75 
(B) 

1.53 
(B) 

Power 
engineer 

0.15 
(B) 

1.53 
(B) 

0.56 
(B) 

1.40 
(B) 

- - - - 
0.66 
(B) 

1.44 
(B) 

Worker 
cleaner 

0.27 
(A) 

2.94 
(A) 

0.71 
(A) 

5.74 
(A) 

0.31 
(D) 

0.66 
(D) 

0.34 
(A) 

0.43 
(A) 

0.61 
(A) 

1.22 
(A) 

Canteen 
manager 

0.04 
(A) 

0.11 
(A) 

0.27 
(A) 

0.48 
(A) 

0.12 
(C) 

0.26 
(C) 

0.27 
(A) 

0.30 
(A) 

0.26 
(A) 

0.43 
(A) 

 
Calculated values of the energetic loading of organism are presented in Table No. 6 
 
Table No.6 

Radio station TV station 1 TV station 2 TV station 3 Satelite station 
Professional 

groups Wavg. 

(V/m)2.h 
Wmax 

(V/m)2.h 
Wavg. 

µW.h/cm2 
Wmax 

µW.h/cm2 
Wavg. 

µW.h/cm2 
Wmax 

µW.h/cm2 
Wavg. 

µW.h/cm2 
Wmax 

µW.h/cm2 
Wavg. 

µW.h/cm2 
Wmax 

µW.h/cm2 
For one working shift 

Operator on 
duty 

342.79 
(B) 

1644.00 
(B) 

45.30 
(B) 

125.75 
(B) 

35.86 
(D) 

87.20 
(D) 

14.27 
(G) 

15.38 
(G) 

19.25 
(B) 

42.88 
(B) 

Chief of 
station 

332.73 
(A) 

10336.0 
(A) 

61.98 
(C) 

369.75 
(C) 

23.12 
(C) 

57.38 
(C) 

12.53 
(A) 

17.75 
(A) 

22.61 
(B) 

44.00 
(B) 

Power 
engineer 

121.79 
(B) 

1610.0 
(B) 

19.69 
(B) 

58.75 
(B) 

- - - - 
17.21 
(B) 

38.75 
(B) 

Worker/ 
cleaner 

83.68 
(A) 

1312.00 
(A) 

16.96 
(A) 

137.75 
(A) 

24.73 
(D) 

52.20 
(D) 

8.18 
(A) 

10.25 
(A) 

14.65 
(A) 

29.25 
(A) 

Canteen 
manager 

13.03 
(A) 

32.0 
(A) 

6.43 
(A) 

11.50 
(A) 

15.43 
(C) 

33.70 
(C) 

6.56 
(A) 

7.25 
(A) 

6.32 
(A) 

10.25 
(A) 

For 1 working week – 120 h 
Operator on 

duty 
738.26 

(B) 
3392.0 

(B) 
90.60 
(B) 

251.50 
(B) 

49.83 
(D) 

120.95 
(D) 

61.94 
(G) 

68.63 
(G) 

83.40 
(B) 

181.76 
(B) 

Chief of 
station 

1663.65 
(B) 

51680 
(B) 

180.80 
(C) 

1287.00 
(C) 

92.48 
(C) 

229.52 
(C) 

62.63 
(A) 

88.75 
(A) 

89.92 
(B) 

184.00 
(B) 

Power 
engineer 

243.58 3220.0 
67.50 
(B) 

167.50 
(B) 

- - - - 
79.12 
(B) 

173.50 
(B) 

Worker 
cleaner 

418.40 
(A) 

6560.00 
(A) 

84.80 
(A) 

688.75 
(A) 

36.58 
(D) 

79.28 
(D) 

40.90 
(A) 

51.25 
(A) 

73.25 
(A) 

146.25 
(A) 

Canteen 
manager 

65.15 
(A) 

160.0 
(A) 

32.15 
(A) 

57.50 
(A) 

14.69 
(C) 

32.09 
(C) 

32.80 
(A) 

36.25 
(A) 

31.60 
(A) 

51.25 
(A) 

*The types of shifts are mentioned in brackets 
 

 The investigation showed the highest exposure for the personnel in radio station.  
The highest values of EMF for every station are measured near the final cascades of the amplifiers, 

when setting up or repairs are carried out, in the antenna's field (around the irradiating antenna), near the feeders 
or antenna control board. For these places maximal permissible time of stay was calculated. By professional 
groups the highest energetic loading of the organism values were found for the professional groups which tasks 
require prolonged work in antennae field and comutator premises, namely operator on duty and chief of station. 

The average values of the energetic loading of the organism in relative units compared to the limit 
values are between 0.003 и 0.31 depending on the professional group and the working shift type. The calculation 
for the maximal values (worst case) gives ratio of 3.23 for the SW radio station. In the previous study 3,58 times 
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exceeding of the energetic loading limit value was established for the 24 h shifts for SW transmitters and up to 
0,7 of the limit value for the 24 h shift in the TV stations. 

The previous study had shown exceeding of the energetic loading values for 28.1% and 43 % of the 
working places in the SW stations for 8 h and 24 h shift respectively, exceeding of EMF values was found in  
14,3 % of working places in TV stations. 

In the present study the exceeding of the maximal permissible values was found only for single cases in 
antennae field. 

There were not measured EMF values above the limits for the general public in the living rooms in 
stations. Previously, in 67,4% of the studied living rooms EMF values exceeded the limits for the general public. 

 
On the basis of conducted study and estimated exposure to the personnel we propose a risk 

communication and management program following requirements of WHO and the Precautionary Principle. 
Activities concerning risk communication 
An acting, addressed towards workers in EMF conditions program demands adhering to WHO 

requirements for informing the workers, training and limiting the risk to minimal levels. The effectiveness of the 
program is specified as from the permanent analysis of the taken measures as from the traceability of the actions 
and from the back link with the management and the group developed the program furthermore. 

In this case we recommend outlining the following main actions: 
1. Towards EMF levels: 

• adhering to the maximal permissible levels in the current hygienic standards. 
• observing the permissible time duration of stay in sites, where the electric field strength and/or 

power density exceed the maximal permissible level for corresponding frequency;  
2. Control (dosemeters, measurements etc.,) 

• regular check of EMF values, considering different powers or changes in the equipment. 
• each station should be equipped with at least one control measuring instrument (dosemeter), 

especially for performing tasks in antenna field;  
3. Prophylaxis (technical, medical)  

• Periodical control of the technical equipment; 
• periodical check up of the health status of the staff including specialized surveillance: 

cardiovascular, nervous system, analysers, blood cells, germinative functions. 
4. Collective and personal means for protection: 

• use and control of the protection measures and equipment 
5. Compensations (nutrition, vitamines, etc.) 

In cases when other prophylaxis is impossible or insufficient compensations could be applied. This 
approach is very extreme, and is applied only when all other possibilities are spent. 

6. Training  
There is necessity for topical courses on the main activities. The staff is well qualified concerning 

labour safety. The idea is to widen the training in the field of their specialities, work conditions, and the 
influence of the factors in the working environment. 

7. Living conditions; resting rooms 
It is clear that this is very important issue, and takes a special place in the risk communication and 

management. It ensures special attitude in workers. 
8. Precautions (labels and fences, briefings, informational sheets and newsletters) 

It is necessary precautionary labels, signs and fences (with bright and reflection colours), briefings, 
informational sheets and newsletters to be developed, and placed on appropriate places to show areas for stay 
and crossing, to warn for a possible accidents. Boards indicating the limited stay in the antenna field to be 
placed.  

 
The materials prepared by the management concerning information about the communication program 

both for activities and results of the control, prophylaxis measures, preventive actions for health protection of the 
workers, news about the company organization, cases of accidents, etc., should be distributed on appropriate 
areas (working places, restrooms, dining rooms) aiming to inform the whole personnel. 

Special attention should be paid to pregnant women and persons wearing active implants. 
Mechanisms for back link  
This part is fundamental for realizing the program. This could be performed by the management 

through an Occupational Health Service, Labour Committee, and Human Resources Department. 
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CONCLUSIONS 
 The comparison of results of the two considered studies shows decreasing of EMF exposure to the 
specific group of operators working in radio and TV stations. This result could be associated with the 
development of the technology which leads to changes in equipment in radio and TV stations, using lower 
power, using better shielding in the control rooms, facilitating the working regime. 
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ABSTRACT 
Although recent researches approved that EM waves cause harm to CNS and bone marrow systems [1-6], they 
are not studied to have health effects on other systems of human body, Nevertheless possible health effects of 
EM waves on genitalia system is also a question as this system has also dividing cells (like CNS and bone 
marrow) in males and females. In this case possible effects of E-M waves on infertility is a matter of concern. 
 
This research is done to investigate infertile couples about possession and usage methods of mobile handsets and 
also to discuss the role of the proximity of housing/occupation to BTSs of GSM (900, 1800) mobile phone 
network as a means of possible cellular phone exposure and so having possible influence on infertility. 
The research has been done by questionnaires and as cross-sectional. Collected data then was analyzed using 
SPSS software.  
 
The results of the study show that these variables have correlation with infertility: 

1. duration which these patients use cellular phone for speech 
2. place of holding cellular phone regarding body 
3. model of cellular phone 
4. Proximity of the handset regarding body 

 
1. INTORDUCTION 
Although recent researches have approved that E-M waves may cause harm to CNS and bone marrow systems 
[1-4], they are not studied to have health effects on other systems of human body. As CNS and bone marrow 
systems are made of dividing cells in all individuals and are proved to be affected by E-M waves of power lines 
and Radio frequency which have resulted Brain Cancers and different kinds of Leukemia, this idea is formed that    
E-M waves may have possible effects on genitalia system also as this system has dividing cells in males and 
females.  
 
Indeed, a large segment of the world's population is now exposed to RF and microwave radiation. We need a 
better understanding of the biological effects of RF electromagnetic field so that we can safeguard against 
possible harms to the general population and increase its beneficial medical uses.  
 
We have chosen the Microwaves used in cellular phone system as a course of study for possible effects on 
urogenital system. There are many usages of Microwaves in urban lives like satellites, point to point links, and 
cellular phones. The last one has a higher energy regarding its frequency and also higher amplitude regarding its 
usage and also is more globally used. Other forms of RF waves do not have remarkable values regarding 
microwaves used in cellular phone systems. With the widespread use of mobile phones, the question of cellular 
phone health hazards should be answered. That’s why this research is focused mainly on the study of possible 
effects of cell phone microwaves on infertility. 
 
2. BIOLOGICAL EFFECTS CAUSED BY MICROWAVES 
 
Our knowledge regarding the biological effects of RF radiation have increased for many decades. It has become a 
focus of attention because of the accelerated use of RF radiation for wireless communication over the past few years. It 
is fairly well established that at sufficiently high power levels, RF and microwave energy can produce deleterious 
biological effects. Wireless communication systems use low power modulated forms of RF and microwave radiation 
that were not investigated extensively in the past. 
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Nevertheless, available data do not suggest any immediate cause for concern of an impending threat to the health of 
the population from acute or short term exposure to low level RF radiation. Investigations to answer some of the 
questions have already begun. Many of them are designed to study the effects of long term exposure. When 
considering repeated, low level radiation, the possibility of cumulative effects has been raised. While there is presently 
few confirmed evidence for cumulative effect, there is little information to the contrary.  
 
Large scale epidemiological investigations should also be undertaken among the mobile telecommunication and 
cellular telephone users who may be exposed to varying levels of RF radiation over time. Better understanding is 
needed of the mechanisms of interaction between RF and microwave radiation and biological systems, and the 
significance of any observed effects. Enormous progress has been made in the difficult area of dosimetry. However, 
measurement of energy distribution in and around a subject for exposure assessment remains a challenge, more so for 
large numbers of people. This type of quantitative information is also required for extrapolation from animal 
experimentation to human response. 
 
3. CHARACTERISTICS OF CELLULAR COMMUNICATION SYSTEMS 
The research is focused on the health effects of cellular telephones. Cellular telephones operate at frequencies 
close to 850 and 1900 MHz in GSM1 systems (these frequencies may vary for different countries.) The cellular 
phone system mainly consists of Base Transceiver Stations (BTS) and handsets for signal transmission. So 
studying the radiations of this system should be focused on these two parts. 
 
Handsets transmit at low power levels. 0.6 watts for hand-held units in the first generation mobile telephones 
which were based on analog technology. Digital communication systems have made digital mobile technology 
competitive at power consumption as low as 10 mW. But, while in use, are located very close to the user’s head. 
They are also to be used as placed on the belt or heart other locations near body for long hours when are on but 
not used for speech. They may also be in places near the body while sleeping. This has naturally led to concerns 
about potential health effects of handset radiations. 
 
Returning to the BTS, the total MW power that could be transmitted from each BTS antenna at a cell site 
depends on the number of radio channels (transmitters) that have been authorized and the power of each 
transmitter. Typically, for a cellular base station, a maximum of 21 channels per sector (depending on the 
system) could be used. Thus, for a typical cell site utilizing sector antennas, each of the three transmitting 
antennas could be connected to up to 21 transmitters for a total of 63 transmitters per site. When omni directional 
antennas are used, up to 96 transmitters could be implemented at a cell site, but this would be unusual. While a 
typical base station could have as many as 63 transmitters, not all of the transmitters would be expected to 
operate simultaneously thus reducing overall emission levels. 
 
Although an effective radiated power (ERP) of up to 500 watts per channel (depending on the tower height) is 
permitted, the majority of cellular base stations in urban and suburban areas operate at an ERP of 100 watts per 
channel or less. An ERP of 100 watts corresponds to an actual radiated power of about 5-10 watts, depending on 
the type of antenna used (ERP is not equivalent to the power that is radiated but, rather, is a quantity that takes 
into consideration transmitter power and antenna directivity). As the capacity of a system is expanded by 
dividing cells, i.e., adding additional base stations, lower ERPs are normally used. In urban areas, an ERP of 10 
watts per channel (corresponding to a radiated power of 0.5 - 1 watt) or less is commonly used.  
 
The signal from a cellular base station antenna is essentially directed toward the horizon in a relatively narrow 
pattern in the vertical plane. The radiation pattern for an omni-directional antenna might be compared to a thin 
doughnut or pancake centered around the antenna while the pattern for a sector antenna is fan-shaped, like a 
wedge cut from a pie. As with all forms of electromagnetic energy, the power density from a cellular or PCS 
transmitter decreases rapidly (according to an inverse square law) as one moves away from the antenna. 
Consequently, normal ground-level exposure is much less than exposures that might be encountered if one were 
very close to the antenna and in its main transmitted beam. 
 
Measurements made near typical cellular installations, especially those with tower-mounted antennas, have 
shown that ground-level power densities are well below limits recommended by RF/microwave safety standards 
[7-9]. For example, for a base-station transmitting frequency of 869 MHz the RF exposure guidelines 
recommend a Maximum Permissible Exposure level for the public ("general population/uncontrolled" exposure) 
of about 580 microwatts per square centimeter (µW/cm2).  
 

                                                 
1 Global Service Mobile system 
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This limit is many times greater than MW levels found near the base of typical cellular towers or in the vicinity 
of lower-powered cellular base station transmitters, such as might be mounted on rooftops or sides of buildings. 
Measurement data obtained from various sources have consistently indicated that "worst-case" ground-level 
power densities near typical cellular towers are on the order of 1 µW/cm2 or less (usually significantly less). 
Calculations corresponding to a "worst-case" situation (all transmitters operating simultaneously and 
continuously at the maximum licensed power) show that in order to be exposed to levels near limits for cellular 
frequencies, an individual would essentially have to remain in the main transmitting beam (at the height of the 
antenna) and within a few feet from the antenna.  
 
This makes it extremely unlikely that a member of the general public could be exposed to MW levels in excess 
of these guidelines due to cellular base station transmitters. When cellular antennas are mounted at rooftop 
locations it is possible that ambient MW levels greater than 1 µW/cm2 could be present on the rooftop itself. 
However, exposures approaching or exceeding the safety guidelines are only likely to be encountered very close 
to or directly in front of the antennas. For sector-type antennas MW levels to the side and in back of these 
antennas are insignificant.  
 
Even if MW levels were higher than desirable on a rooftop, appropriate restrictions could be placed on access. 
Factoring in the time-averaging aspects of safety standards could also be used to reduce potential exposure of 
workers who might have to access a rooftop for maintenance tasks or other reasons. The fact that rooftop cellular 
and PCS antennas usually operate at lower power levels than antennas on free-standing towers makes excessive 
exposure conditions on rooftops unlikely. In addition, the significant signal attenuation of a building’s roof 
minimizes any chance for persons living or working within the building itself to be exposed to RF levels that 
could approach or exceed applicable safety limits. With this deduction, we have focused mainly on the radiation 
of the handsets while considering health effects on infertility. 
 
4. MATERIAL AND METHOD 
 
Isfahan is regarded to be Iran’s second big city which has a vast cellular phone system. The population of 
infertile couples in Isfahan is rather high. Isfahan Fertility and Infertility Center (IFIC) is a place for the study of 
infertility and thus possible effects of microwaves used in cell phones on infertility.  
 
This project is done as a cross-sectional research using questioners. As it was stated before, in lack of 
quantitative data about the exposure effects of microwave frequency band used in cellular phone system, the 
questioner based method will be useful to analyze situation. The questioner was designed to gather information 
about the usage and brand of mobile handsets and also the proximity of housing/occupation to BTSs of cellular 
phone network. The questioner was to get information of infertile couples that have visited the IFIC in a specific 
period of time. Our inclusion criteria was (1) visiting the IFIC in the interval of Sep. 2004 – Feb. 2005 (2) 
Owning a cellular phone.  
 
As to omit the mixture results of Ionizing radiations and power frequencies, our exclusion criteria was (1) 
proximity of houses to nuclear equipments, (2) occupation in them and (3) occupation and living by power line 
frequencies sources, (4) power plants, (5) radio stations, and (6) Broadcast, satellite stations, so these cases were 
omitted of the study set. Data was gathered by interviewing and ask questions to fill the questionnaire. In this 
period, 209 cases who had the two inclusion criteria and did not have the exclusion criteria included in the study. 
Table 1 shows some inquiries made by the questioner. 
 
 
The collected data was then analyzed by SPSS 11.5 and these to summarize data these types of charts used: 
 

� Pie chart to summarize data of a nominal variable 

� Histogram chart to summarize data of a scale variable 
 

 
Table 1 shows the most significant inquiries made by the questioner. 
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Table 1. The inquiries made by the questioner 
 

Personal Information 
Name , Home address, Work address, Occupation 
Date of infertility notice 
Distance between Home and nearest BTS 
Distance between work place and nearest BTS 
Brand and  model of hand set 
Hours using handsets a day 
Hours having the phone turned on near the body (less than one meter) 
 
Place holding the phone when turned on (by body side) 
Place holding the phone when turned on (while speaking) 
How long is the phone turned on while sleeping? 
How long do you speak with your phone a day 
Do you use hands free? Wireless or wired? 

 
 
5. Results and Findings 
The measurement of duration which each case has used cell phone shows that the mean of this time is 4.05 years.  

 
Table 2.  Duration which each case has used cell 

         
 Duration which each case has used cell N Min Max Mean Std. Dev. 
Cell Phone Duration 209 1 11 4.05 2.122 
Valid N (listwise) 209     

 
We measured the mean amount of time in which the cell phone is on and in a distance less than one meter 
regarding the body in each day.  77.9% of them have their cellular within this distance more than 10 hours 
(including near bed when sleeping).    
 

Table 3.  The mean amount of time more is than 10 hours 
 

 
 
 
 
 
 
 
The study of cellular phones’ model performed and the results below were achieved: 
 

Table 4.  Cellular phones’ model 
 

 
 
 
 
 
 
 
 
 
 
 
 
The next Pie chart summarizes data above: 
 

The mean amount of time more is than 10 hours Frequency Percent 

Valid answer yes 163 77.9 
 no 45 22.1 

Total  209 100.0 

Cellular phones’ model Freq. Valid Percent 

Valid Samsung 63 30.1 
  Nokia 101 48.3 
  Siemens 12 5.7 
  Sonyericsson 18 8.6 
  Panasonic 14 6.7 
  LG 1 0.5 
  Total  209 100.0 
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We also studied where each patient holds the cellular phone when it is on but not in use, so the results below 
achieved: 
 

Table 5. Where does each patient hold the cellular phone? 
 

Where does each patient hold the cellular phone Frequency Percent 

Valid Answer Belt 101 48.3 
 Shirt pocket 43 20.6 
 Slacks pocket 22 10.5 
 In bag 17 8.1 
 Tied from neck 26 12.4 

Total  209 100.0 

 
This Pie chart shows the latter data: 
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The measurement of the time which each patient calls with cellular phone each day was asked and showed that 
the mean of this time is 62.61 minutes/day for them. This table shows the data collected: 
 

Table 6. The time each patient calls with cellular phone a day 
 
The time each patient calls with cellular phone a day N Range Min Max Mean Std. Dev. 
speech time 209 100 10 110 62.61 7.093 
Valid N  (listwise) 209           
 
This graph represents the number of cases which calls with cellular phone in each specific duration: 
 

 
Figure 1. The number of people (vertical) regarding their speech time a day (horizontal) 

 
The study of relation between the duration which these patients uses cellular phone and the duration of infertility 
shows a relation with correlation coefficient of P= 0.345 (ρ =0.037). This study performed by Bivariate 

Correlation and usage of Spearman coefficient1.  

                                                 

1 In statistics, Spearman's rank correlation coefficient, ρ (rho), is a non-parametric measure of correlation, it 
does not require the assumption that the relationship between the variables is linear,  

In principle, ρ is simply a special case of the Pearson product-moment coefficient in which the data are 
converted to ranks before calculating the coefficient. In practice, however, a simpler procedure is normally used 
to calculate ρ. The raw scores are converted to ranks, and the differences D between the ranks of each 
observation on the two variables are calculated. ρ is then given by: 

 

where: 

D = the difference between the ranks of corresponding values of X and Y, and  
N = the number of pairs of values.  
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The study of duration of infertility and distance between job/living place and the distance to the closest electric 
communication antenna shows a relation with correlation coefficient of P=0.0261 (ρ =0.0046). which shows 

weak correlation between the two variable. This study performed by Bivariate Correlation and usage of 
Spearman coefficient. 
 
6. CONCLUSION 
 
In this research, we investigated the possible effect of cellular phone system radiations on infertility. The result 
of our studies shows possible influences of cell phone handsets on the cases that have been sampled. The study 
shows that these variables have correlation with infertility: 

5. duration which these patients use cellular phone for speech 
So that the increase of usage of mobile phone from 10 to 60 minutes a day yields to an increase of 
infertile couples  

6. place of holding cellular phone regarding body 
48.3% of the cased hold their headsets on their belts  

7. model of cellular phone 
48.3% of the cased used Nokia brand 

8. Proximity of the handset regarding body 
77.9 of the cases had their handsets on and near the body more than 10 hours in 24 hours. 

 
 
The study of relation between the duration which these patients uses cellular phone and the duration of infertility 
shows a relation with correlation coefficient of  P = 0.345 (ρ =0.037) which shows a slight linear correlation. 

 
The study of duration of infertility and distance between job/living place and the distance to the closest electric 
communication antenna shows a relation with correlation coefficient of P = 0.0261 (ρ =0.0046) which shows 

little correspondence between the two variables so the parameter: Distance between living/job place and the 
closest electric communication antenna, did not show any meaningful relationship with the infertility date, as 
was presumed by the discussion presented in section 2. 
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Abstract 
 
Electromagnetic Fields (EMF) can affect biological systems by increasing the amount of free oxygen radicals. 
Antioxidants are able to reduce the effects of free radicals formed in body. Glutathione (GSH) is one of the 
important antioxidants in body defense system for free radical. In this study, we examined the effects of 50 Hz 
magnetic fields on GSH level in kidney. A total of 56 male guinea pigs were used. Forty-nine guinea pigs were 
exposed to 50 Hz, 1 mT, 2 mT and 3 mT fields with the exposure periods of 4 and 8 hours/day for 5 days. Seven 
subjects were handled in an identical manner with the exposed animals in the same laboratory. They were used 
as control without being exposed to any magnetic fields. The GSH levels were determined 
spectrophotometrically by modified Aykaç et al. method. Increased GSH levels were found in kidneys of guinea 
pigs exposed to 1 mT magnetic field for the exposure periods of 4 hours.  For the magnetic fields of 2 mT and 3 
mT applied with the period of 8 hours, increased levels of GSH were also found. It seems that ELF magnetic 
fields promote the levels of GSH which has a protective role against the oxidative damage.  
 
  
Introduction 
 
Exposure of human bodies to extremely low frequency electromagnetic fields (ELF EMF) have been increased 
by growing use of electrical devices, which emit EMF. It has been showed that EMF influence enzymatic 
activity in biological systems (Noda, 2000). Several studies on effects of EMF have shown that EMF can induce 
cell proliferation, variations of calcium concentrations, alteration of DNA integrity, changes in transcription of 
immediate early genes and protein synthesis (Boland, 2002; Ishisaka, 2000; Gold, 1994; Kenneth, 1987; Guler, 
1996a; Guler, 1996b; Guler, 1999; Seyhan, 2006; Canseven, 1996; Canseven, 1999, Canseven, 2005a; Canseven 
2005b; Liboff, 1987; Liburdy, 1993) and perturbations of central nervous system (Ilhan, 2004; Jelenkovic, 2006; 
Jin, 1998; Lai, 1996; Lai, 2004). It is  known that ELF magnetic fields (MFs) may cause an increase in free 
radicals activity in living organisms (Boland, 2002; Kula, 2002; Kula, 2000; Roy, 1995; Khadir, 1999; Simko, 
2001; Seyhan, 2006; Guler, 2006). Free radicals are very reactive and unstable  molecules that can initiate chain 
reactions to form new free radicals. Antioxidants are able to reduce the effects of free radicals formed in body. 
Cells are also equipped with the enzymatic antioxidant mechanisms that play an important role in the 
elimination of free radicals (Gorenek, 2006; Guler 2006; Ozgur, 2006; Seyhan, 2006) Glutathione (GSH), the 
most abundant non-enzymatic antioxidant present in the cell, plays an important role in the defense against 
oxidative-stress-induced cell injury.  
It has been showed that exposures of magnetic fields with various frequency and intensity can change the 
antioxidant activity of human and animal bodies (Harakawa, 2005; Kashalda, 1995; Fiorani, 1997; Ozguner, 
2005; Canseven et al., 2005c). 
This study was designed to find the effects of exposure to 1 mT, 2 mT and 3 mT of 50 Hz magnetic fields on 
GSH levels in kidneys of guinea pigs in various exposure periods.  
 
 
Materials and Methods 
 
Animals  
The experimental protocol was reviewed and approved by the Laboratory Animal Care Committee of Gazi 
University (Report no: 36-7838). A total of 56 male, 250-300 g weighted guinea pigs were used in this 
experiment. All animals were kept under laboratory conditions and fed standard pellet food.  
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Magnetic Field Exposure  
The system used to generate the magnetic fields was Helmholtz coils’ system which was specially designed by 
Bioelectromagnetic Laboratory at Biophysics Department of Medical Faculty of Gazi University (Canseven, 
2005d). This system consisted of two parallel horizontal flat circular coils of 42.75 cm diameter, with a common 
axis, and separated by 21.375 cm. Each coil has 154 turns and was constructed by insulated copper wire. 
Sinusoidal current of frequency 50 Hz was generated by the specially designed variable transformer, 2.7 kVA in 
power. The intensity of MF was modulated by the transformer. The magnetic field generated by the coils is 
classified as vertical field since the field lines perpendicular to the bottom plane of the animal's cage. 
Forty nine guinea pigs were housed in the centre of the Helmholtz coils, 2 per plexiglas cage and were exposed 
to 50 Hz, 1 mT, 2 mT and 3 mT fields with the exposure period of 4 hours/day or 8 hours/day over 5 days. 
Seven subjects were handled in an identical manner without being exposed to any magnetic field and studied as 
controls. 
The temperature of laboratory was held constant at 23° C with day and night cycle of 12 hours and ambient 
geomagnetic field of 30 µT. To eliminate possible variations due to circadian rhythm, the exposure periods of 
magnetic fields were chosen as 8:00 - 12:00 a.m for 4 hours of exposure periods and 8:00 a.m - 4:00 p.m for 8 
hours of exposure periods. 
Following 12 h of starvation, guinea pigs were injected intramuscularly with ketamine (30 mg/kg) and xylazine 
(2 mg/kg) and 250 IU/kg heparin. Kidneys were sampled immediately. They shocked by liquid nitrogen and 
stored in deep freezer at -80°C until performing analysis.  
 
Determination of GSH levels  
The GSH levels were determined by modified Aykaç et al. (Aykac, 1985) method. Tissues were homogenized in 
nine volumes of cold 10% TCA solution and the homogenate was centrifuged for 15 min. at 3000xg at 4°C. The 
supernatants were transferred to glass test tubes.0.5 ml of supernatant was added to the 2 ml of 0.3 M 
Na2HPO4.2H2O solution.a 0.2 ml solution of dithiobisnitrobenzoate (0.4 mg/ml 1% sodium citrate)was added 
and absorbance at 412 nm was measured immediately after mixing.The GSH levels were calculated using an 
extiction coefficient of 13.600 mol-1cm-1.  
All experiments were run in a blind manner. 
 
Statistics 
Statistical analyses were carried out using SPSS software (SPSS 11.5 for windows, SPSS Inc., Chicago, USA). 
The p value was considered significant at p<0.05. 
Mann Whitney-U and Kruskal-Wallis tests were used in statistical analysis. Comparisons between exposed 
groups and controls were made by using Mann Whitney-U test while magnetic fields of 1mT, 2 mT and 3 mT 
were compared with Kruskal-Wallis test with respect to exposure periods of 4 hours and 8 hours.  

 
 
Results 
 
In this study, GSH levels were measured in kidney of guinea pigs, which were exposed to magnetic fields of 1 
mT, 2 mT and 3 mT fields with the exposure periods of  4 and 8 hours/day for 5 days.  For both of the exposure 
periods, GSH levels were found increased with respect to controls in kidney of guinea pigs exposed to the 50 Hz 
magnetic fields of 1 mT, 2 mT and 3 mT, except 1 mT, 8 hours. The increases in GSH levels were found 
statistically significant for 1 mT , 4 hours (p=0.000), 2 mT, 8 hours (p=0.000) and 3 mT, 8 hours (p=0.021) in 
kidneys by Mann-Whitney U test. 
Field intensities were compared with respect to exposure periods by Kruskal-Wallis test. Significant differences 
were determined between field intensities of 1 mT, 2 mT and 3 mT in kidney tissues for both of the exposure 
periods (p=0.001 and p=0.000 for 4 hours and 8 hours respectively). 
 
 
Discussion 
 
Glutathione is a major non protein thiol in living organisms.It plays a crucial role in coordinating the body’s 
antioxidant defense process. Several studies have reported the effects of 50 Hz magnetic fields on antioxidant 
defense system activity or GSH levels (Kashkalda, 1995; Harakawa, 2005; Fiorani, 1997; Canseven, 2005d).  
Fiorani et al. reported that the fields are able to potentiate the cellular damage induced in vitro by oxiding agents 
(Fiorani, 1997).   
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Table 1 .  GSH (micromole/g tissue) levels in kidney tissues of 1 mT, 2 mT and 3 mT exposed and control 
guinea pigs. Exposure periods were 4 hours/day and 8 hours/day for 5 days.  
 

 
 

GROUPS 

 
 

n 

 
GSH  Level (micromol/g tissue) 

mean ±±±± sem 
 

Control 
1 mT; 4 hours 
1 mT; 8 hours 
2 mT, 4 hours 
2 mT, 8 hours 
3 mT; 4 hours 
3 mT;  8 hours 

7 
8 
10 
6 
8 
9 
8 

3.09±0.48 
6.44±0.42 
2.43±0.17 
3.40±0.32 
5.93±0.33 
4.63±0.41 
5.16±0.50 

 
 
To evaluate the effects of magnetic fields on antioxidant defense system, GSH levels were measured on guinea 
pigs exposed to magnetic fields of 1 mT, 2 mT and 3 mT fields with the exposure periods of  4 hours/day and 8 
hours/day for 5 days, in this study. Our data clearly showed that GSH levels increase with respect to controls 
under the lowest magnetic field intensity with the relatively short exposure period, i.e. 4 hours. 
Although statistically significant increased GSH levels were found for the magnetic fields of 1 mT for 4 hours, 
2mT and 3 mT for 8 hours in tissues, no matter what the exposure period was, kidney GSH level started to 
increase at and after 2 mT exposures. 
Antioxidants are able to reduce the effects of free radicals formed in body. Our results indicate that chronic 
exposure to various ELF magnetic fields  increase GSH levels, which are free radical scavengers in kidney. 
 
 

KIDNEY

0

1

2

3

4

5

6

7

8

1

4 hours                                8 hours

G
S

H
 l

ev
el

s 
(m

ic
ro

m
o

l 
/ 

g
 t

is
su

e)

control 

1mT 

2mT 

3mT 

p=
0,

00
0

p=
0,

00
0

p=
0,

02
1

 

Figure 1.  GSH levels in kidneys under effects of 50 Hz magnetic fields of 1 mT, 2 mT and 3 mT with the 

exposure periods of 4 hours and 8 hours. 
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Abstract 
 
We investigated the effects of continuous and intermittent exposure to extremely low frequency (ELF) 
electromagnetic fields (EMF) on thiobarbituric acid reactive substances (TBARS) in liver.  A total of 18 male, 
ten-twelve-weeks-old guinea pigs were used. Homogeneous magnetic fields  were generated from a specially 
designed Helmholtz coil system. The subjects were divided into one control and two exposure groups which 
were exposed continuously (4 hours/day) or intermittently (2 hours on/ 2 hours off / 2 hours on) to 50 Hz 
magnetic field of 1.5 mT for 4 days. TBARS levels were determined by spectrophotometric method. Mann 
Whitney-U test was applied for statistical analysis. Increased TBARS levels were found in liver tissues for both 
of the continuous and intermittent exposures of 1.5 mT. These increases were found to be statistically significant 
(p<0.05). In conclusion, both types of the exposure to ELF electromagnetic fields (continuous or intermittent) 
could play a role in lipid peroxidation process. 
 
 
Introduction 
 
Although  the development of technology provides people various facility, each of advanced technological 
devices are electromagnetic fields (EMF) sources. People are exposed to EMF seriously by wide usage of these 
devices. Most scientists have thought that EMF  have adverse effects on people health.  Several studies have 
been conducted on the effects of  EMF as epidemiological and laboratory studies. It has been suggested that 
there is a link between ELF magnetic field exposure and the increased incidence of certain types of tumor, 
particularly in leukemia and brain cancer (Kheifets, 1995, 1997, 2004; Lin, 1985; Preston-Martin, 1989; Bastuji-
Garin, 1990; Feychting, 1993; Wertheimer, 1979,1995; Hakansson, 2002; Savitz, 1988). Eextremely low 
frequency (ELF) electric and magnetic field exposure have recently been classified as a possible carcinogen 
class 3 and 2B respectively (NIEHS, 1998; IARC 2002). Electromagnetic field effects on protein synthesis 
(Canseven, 2005a; Guler, 1995) gene expression, signal transduction (Liburdy, 1992,1993), DNA damage (Lai, 
2004; Jajte, 2001,2002), immune system functions (Canseven, 2006), apoptosis induction (Blumenthal, 1997), 
enzyme regulation (Canseven, 2003a,2003b,2004,2005b; Brocklehust, 1996; Khadir, 1999), free radical activity 
(Guler, 2004; Kula, 2000) have been investigated and reported in vivo and/or in vitro experiments. Studies 
conducted on free radical activities show that EMF Magnetic fields increase the activation of free radicals in 
tissues (Boland, 2002). The amounts and the activities of free radicals are important for tissue metabolism. 
Because free radicals are very reactive and unstable molecular species, they can initiate chain reactions to form 
new free radicals. Increased free radical activity in cellular levels can  cause increase in lipid peroxidation which 
is known as a major factor in formation  of  the oxidative stress.  
To answer the question “Can intermittent  or  continuous exposures to extremely low frequency magnetic field  
increase  lipid peroxidation in liver?”, we examined the effect of continous or intermittently exposure of 1.5 mT 
magnetic field in this study. Guinea pigs were exposed to continuous and intermittent magnetic fields with the 
period of 4 hours/day for 4 days and lipid peroxidation was determined by measuring levels of TBARS in liver. 
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Materials and Methods 
 
EMF System and Exposure 
The experimental protocol was reviewed and approved by the Laboratory Animal Care Committee of Gazi 
University (Report no : 39-5858). A total of 18 male guinea pigs weighting between 250 and 300g were used in 
this study. All animals were kept under laboratory conditions and fed standard pellet food. 
50 Hz magnetic field was produced by 42.75 cm diameter Helmholtz coil with winding embedded in an open 
wooden circular frame (Canseven, 2005c). Each coil was constructed by insulated copper wire with 154 turns. 
Sinusoidal current of frequency 50 Hz was supplied by a specially designed variable transformer (2.7 kilo Volt 
Amper-kVA) in power to feed the coils. A Hall-Effect Gaussmeter measured the magnetic field at the center of 
exposure system. Frequency and wave form of the magnetic field was monitored over an ossiloscope.The 
plexiglas animal cage was put at the center. 
Animals were divided into three groups, controls and two magnetic field exposure groups. Exposure groups 
were exposed to continuously (4 hours/day) or intermittently (2 hours on/ 2 hours off/ 2 hours on) to 50 Hz MF 
of 1.5 mT with the exposure periods of for 4 days.  Controls were handled in an identical manner without being 
exposed to any magnetic field. 
Following 12 h of starvation, guinea pigs were injected intramuscularly with ketamine (30 mg/kg) and xylazine 
(2 mg/kg) combined with 250 IU/kg heparin. The liver was sampled immediately. They shocked by liquid 
nitrogen and stored in deep freezer at -80°C until performing analysis.  
 
Determination of Lipid Peroxidation 
Lipid   peroxidation  was  quantified   by  measuring  the formation of thiobarbituric acid reactive substances 
(TBARS). TBARS level of  liver tissues was determined according to the  Cassini   et  al.'s spectrophotometric  
method (Cassini, 1986). Tissues were homogenized in nine volumes of cold 10 % TCA solution and the 
homogenate was centrifuged for 15 min. At 3000xg at 4°C. The supernatants were transferred to glass test tubes 
containing 0.375 % (w/v) thiobarbituric acid and 0.02 % (w/v) butylated hydroxytoluene to prevent further 
peroxidation of lipids during subsequent steps. The samples were then heated for 15 min at 100°C in a boiling 
water bath, cooled and centrifuged to remove precipitant. The absorbance of each sample was determined at 532 
nm. All experiments were run in a blind manner. 
 
Statistics 
Statistical analyses were carried out using SPSS software (SPSS 11.5 for windows, SPSS Inc., Chicago, USA). 
The p value was considered significant at p<0.05. Both comparisons between exposed groups and controls, and 
comparisons between intermittent and continuous exposed groups were made by using Mann Whitney-U test. 
 
 
Results 
 
In this study, TBARS level was investigated in  liver tissues of guinea pigs which were continuously or 
intermittently exposed to 50 Hz magnetic field of 1.5 mT with the daily exposure of 4 hours for 4 days. 
Compared with the control TBARS levels were found significantly increased both continuous (p=0,009) and 
intermittent  (p=0.016) exposures in liver tissues (Table1-Fig 1). Continuous and intermittent exposures were 
compared and found that there was no any statistical difference between them (p=0.093). 
 
Table 1. Levels of TBARS (nmol/gr) in livers under 50 Hz magnetic field of 1.5 mT 
 

GROUPS n 
TBARS 

(nmol/g tissue) 
mean ±±±± sem 

Control 
 

Continuous Exposure 
 

Intermittent Exposure 

6 
 
6 
 
 
6 

79,32±3,65 
 

90,81±1,16 
 

94,98±2,79 

 



EFFECTS OF EMF ON LIVER TBARS IN VIVO 

 1401 

 
 
Discussion 
 
Levels of TBARS were measured in livers to determine the lipid peroxidation which is one of the  major factor 
in formation of oxidative stress. 
We found significantly increased liver TBARS levels of guinea pigs which were exposed to 1.5 mT continuous 
(4 hours/day) and intermittent (2 hours on/ 2 hours off/ 2 hours on) exposures for 4 days compared with the 
control groups. This was in agrement with our previous studies in MDA (Coskun, 2006). We found statistically 
significant increases in liver MDA levels under the magnetic fields of 1mT (p=0.023) and 2 mT (p=0,027) with 
4 hours of daily continuous exposure for 5 days These data reveal that  increase of  MDA levels as an indicator 
of lipid peroxidation may  give rise to formation of  oxidative stress in tissues. 
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Figure 1. TBARS (nmol/g tissue) levels in liver of 1.5 mT exposed and control guinea pigs. Exposure was 

continous or  intermittent for 4 days. 
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Abstract 
 
Reactive oxygen species (ROS) are constantly generated in small amounts during metabolic processes. Recent 
studies have demonstrated that electromagnetic fields (EMF) can cause increase in ROS formation and resulting 
oxidative stress. The aim of this study was to investigate the effects of continuous and intermittent exposure to a 
magnetic field (MF) on NOx levels in the kidneys in guinea pigs. A total of 18 male guinea pigs weighing 250-
300 g were used. The subjects were divided into one control and two exposure groups which were continuously 
or intermittently exposed to 50 Hz MF of 1.5 mT with 4 hours daily exposure for 4 days. Determinations of 
NOx were performed by spectrophotometric methods. The Mann Whitney-U test was used in statistical analysis. 
Statistically significant increases in NOx level was found for the intermittent exposure to MF. These findings 
indicate that increased NOx levels may reflect formation of reactive nitrogen species following intermittent 
exposure to 50 Hz MF  
 
  
Introduction 
 
Recently, the concerns of people about the possible effects of the electromagnetic fields (EMF) on their health 
have been heightened with the increasing distribution and utilization of electrical machines, electronic 
equipments, broadcasting and telecommunication systems (Takebe, 1999). For this reason, most scientists have 
focused on the effects of EMF exposure on people’s health and they have conducted several epidemiological 
and laboratory studies to define the risks of electromagnetic field exposures. Based on the results of these 
studies, there is growing evidence that electromagnetic fields, the power line frequency ( 50-60 Hz ) and 
magnetic field (MF), may increase the risk of certain cancers, likely by a tumor-promoting / co – promoting 
effect. Long-term and as well as short-term electromagnetic field exposure can cause DNA damage and the risk 
of tumor development. Taking into consideration of the possible adverse effects of extremely low frequency 
(ELF) electric and magnetic field exposure, they have been recently classified as a possible carcinogens class 3 
and   2B  respectively,  in  NIEHS 1998 and IARC 2002 guidelines (Tuncel, 2003; Koifman, 1994; Parola, 
1994).Especially, the cellular effects of ELF electric and magnetic field exposure have been investigated 
intensively. Studies have shown that EMF can induce cell proliferation, variations of calcium concentrations 
(Canseven, 1996; Canseven, 1999; Canseven, 2005a), alteration of DNA integrity, changes in transcription of 
immediate early genes and in protein synthesis (Boland, 2002; Ishisaka, 2000; Gold,1994; Canseven, 2005b) 
and perturbations of the central nervous system inducing behavioral disturbances in animals (Lai, 1996). In 
addition, EMF are also able to affect biological systems by increasing the level of free radicals produced by 
various oxidative stress (Boland, 2002). Oxidative stress is, a physiological condition characterized by an 
elevated level of oxygen free radical species that cause cellular damage and change vital functions and, is 
critically important for human health. Oxidative stress occurs due to increased production of reactive oxygen 
species (ROS) such as, super radical, hydrogen peroxide, and hydroxyl radical at the time of reperfusion, which 
in turn overwhelm the endogenous antioxidant defense (Narang, 2004). The increase in reactive oxygen species 
formation can cause the  initiation of cumulative damage in the proteins, lipids and nucleic acids’ structures. 
Actually, reactive oxygen species  formations are  related to the metabolic rate of an organism. In summary, 
there is a balance between reactive oxygen species  formation and antioxidative defense which  is important to 
maintain homeostasis within cells and tissues (Simko, 2004).  
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In the formation of Reactive Oxygen Species, one of the most  important reactants is nitric oxide ( NO ). Nitric 
oxide (NO) can undergo numerous reactions as an endogenous mediator of numerous physiological processes. It 
has an important role in both oxidative stress and nitrosative stress. That is, NO can interact with ROS in many 
ways resulting in oxidative stress and it can also undergo many reactions that result in the formation of reactive 
nitrogen species (RNOS) which cause nitrosative stress. NO acts as biological messenger in many physiological 
processes and plays a role in pathogenesis of many disorders (Jelenkovic et al., 2006). It was suggested that 
nitric oxide synthase (NOS) activity or NO level could have a prognostic value, which may show the degree of 
EMF induced tissue damage (Noda et al., 2000; Ilhan et al., 2004; Ozguner et al., 2005).   
In this study, the effect of continuous and intermittent exposure of 50 Hz, 1.5 mT magnetic field with the 
exposure period of 4 hours/day for 4 days on NOx levels was investigated.  
 
Materials and Methods 
 
Animals and Magnetic Field Exposure 
The experimental protocol was reviewed and approved by the Laboratory Animal Care Committee of Gazi 
University (Report no : 39-5858). A total of 18 male, 250-300g weighted guinea pigs were used in this study. 
All animals were kept under laboratory conditions and fed standard pellet food.  
Homogenous MF was generated by Helmholtz coils’ system. The exposure system developed in our laboratory 
has been described in detail elsewhere (Canseven, 2005c).  
Animals were divided into three groups, controls and two magnetic field exposure groups. Exposure groups 
were exposed to continuously (4 hours/day) or intermittently (2 hours on/ 2 hours off/ 2 hours on) to 50 Hz MF 
of 1.5 mT with the exposure periods of for 4 days. Controls were handled in an identical manner without being 
exposed to any magnetic field. 
Following 12 h of starvation, guinea pigs were intramuscularly injected with combinations of ketamine (30 
mg/kg), xylazine (2 mg/kg) and 250 IU/kg heparin. The kidney were sampled, shocked by liquid nitrogen and 
stored at -80°C until performing analysis. All experiments were run in a blinded manner.  
 
Determination of  NO Levels 
NOx levels - stable end products of nitric oxide- in kidney tissues were measured by the Griess reaction (Green, 
1982).  
Tissue samples were homogenized in five volumes of phosphate buffer (pH= 7.5) and centrifuged at 2000x g for 
5 min. to supernatants (0.5 ml) 0.25 ml of 0.3 M NaOH were added. After incubation for 5 min at room 
temperature, 0.25 ml of 10% (w/v) ZnSO4 was added for deproteinization. This mixture was then centrifuged at 
14000x g for 5 min and supernatants were used for the Griess assay. 
Nitrate levels in tissue homogenates were determined spectrophotometrically, based on the reduction of nitrate 
to nitrite by VaCI3 (Miranda, 2001).  Nitrite levels were measured by the Griess reaction. Sodium nitrite and 
nitrate solutions (1, 10, 50, 100 µM) were used as standards.  
 
Statistics 
Statistical analyses were carried out using SPSS software (SPSS 11.5 for windows, SPSS Inc., Chicago, USA). 
The p value was considered significant at p<0.05. The Mann Whitney-U test was  used in statistical analysis.  
Both comparisons between exposed groups and controls, and comparisons between intermittent and continuous 
exposed groups were made by using Mann Whitney-U test. 
 
 
Results 
 
In this study, guinea pigs were continuously or intermittently exposed to magnetic field of 1.5 mT with 4 hours 
daily exposure for 4 days and levels of NOx in kidney were determined. An increased level of NOx was found  
in intermittent exposed animals (385.58± 18.79) with respect to controls (302.42± 6.18). This increase was 
statistically significant (p=0.009). 
Continuous and intermittent exposures were also compared. Significant difference (p=0.016) was determined 
between continuous and intermittent exposed groups. Although both of the exposures increased the levels of 
NOx, intermittent exposure was more effective than continuous exposure in this study (Table 1- Figure 1).. 
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Table 1. NOx levels (µmol/g ) in kidney of guinea pigs under 50 Hz magnetic fields of 1.5 mT    
 
 
 
 
 
 
 
 
 
 
 
Discussion 
 
NO ( Nitric oxide), one of the primary indicators of ROS (reactive oxygen species) production, may contribute 
to the pathophysiology of EMF - induced renal impairment. It can also undergo many reactions that result in the 
formation of reactive nitrogen species (RNOS), which cause nitrosative stress. Nitrogen derived species 
(RNOS), most notably the ONOO- (peroxynitrite) and peroxynitrous acid (ONOOH ) are likely involved in 
renal damage during oxidative stress in all tissues (Wink, 2000; Ozguner, 2005). 
 In this study, we found significantly increased NOx levels in kidneys under intermittent exposure to 50 Hz 
magnetic field of 1.5 mT.  
Our results indicate that, intermittent magnetic field exposure may cause the change in renal functions with the 
high levels of reactive oxygen species production. 
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 Figure 1. NOx levels (µmol/gr) in kidneys under 50 Hz magnetic fields of 1.5 mT. 
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Abstract 
 
Interest in researches on the health effects of extremely low frequency electromagnetic fields (ELF EMF) is 
rapidly growing. ELF EMF has been classified as 2B, possibly carcinogenic to humans, by the International 
Agency for Research on Cancer. It is believed that ELF EMF prolongs the life of free radicals and can act as a 
promoter or co-promoter of cancer. It is also known that magnetic fields cause an increase in free radicals 
activity in living organisms. Free radicals are very reactive and unstable molecular species that can initiate chain 
reactions to form new free radicals. In the present study, we investigated the effect of various magnetic fields on 
lung tissue damage resulting from oxidative stress by measuring nitric oxide (NOx) levels. Twenty-three guinea 
pigs were exposed to 50 Hz, 1 mT and 3 mT fields with the exposure periods of 4 hours/day and 8 hours/day for 
5 days. Control subjects (n=9) were handled in an identical manner with the exposed animals in the same 
laboratory. NOx levels - stable end products of nitric oxide - in lung tissues were determined 
spectrophotometrically using he Griess reaction. For both of the application periods, increases in NOx level 
were found by the effect of 3 mT MF whereas  increased NOx  level was determined only for groups of 1 mT, 4 
hours. Nitric oxide (NO) has play an important role related to ELF magnetic fields’ exposure in lung tissue. 
 
  
Introduction 
 
In recent years, scientists have focused on the effects of electromagnetic fields (EMF) on living organisms in 
cellular levels. These major interests have been born of the overexposure of people to extremely low frequency 
(ELF) electromagnetic fields (EMF) with the increase of wide use of technological devices in their daily life. In 
many epidemiological and laboratory studies, it has been suggested that there is a link between ELF magnetic 
field exposure and the increased incidence of certain types of tumor, particularly in leukemia and brain cancer 
(Lin, 1985; Preston-Martin, 1989; Bastuji-Garin, 1990; Feychting, 1993; Wertheimer, 1979, 1995; Savitz, 
1988;). A variety of EMF effects on biological and biochemical responses such as protein synthesis (Kenneth, 
1987; Gold, 1994; Canseven, 2005b),  gene expression, signal transduction and DNA damage (Liburdy, 1992, 
1993; Jajte, 2001; Lai, 2004), immune system functions (Canseven, 2006; Seyhan, 2006; Walleczek, 1992; De 
Seze, 1993; Blumenthal, 1997; House, 2000, 1996; Tremblay, 1996), apoptosis induction (Blumenthal, 1997; 
Jajte, 2002), enzyme regulation (Canseven, 2003a, Canseven, 2003b; Canseven, 2004; Canseven, 2005a, 
Brocklehurst, 1996), free radical activity (Kula, 2000; Kula, 2002; Roy, 1995; Khadir, 1999; Simko, 2001; 
Sboczak, 2002; Yokus, 2005; Watanabe, 1997; Fiorani, 1997; Mohtat, 1998; Kashkalda, 1995; Jin, 1998) have 
been described in the reports of many in vivo and/or in vitro experiments. Magnetic fields penetrate the cells and 
can alter cell membrane potential and the concentration of ions (Canseven, 1999; Canseven, 2005c; Garcia-
Sancho, 1994). These alterations may affect free radical processes within the cell.  EMF could be also able to 
affect biological systems by increasing the amount of free radical produced by various oxidative stress (Boland, 
2002). ELF EMF has been thought to prolong the life of free radicals and can act as a promoter or co-promoter 
of cancer (Yokus, 2005). Free radicals, which are known as reactive oxygen species (ROS) are continuously 
formed in small amounts in biological systems. Depending on the oxygen consumption, the production of ROS 
increases; however there is a balance between ROS formation and antioxidant defense within cells and tissues. 
In the case of increase in the formation of ROS, it has been seen the initiation cumulative damage to proteins, 
lipids and nucleic acids and various physiological conditions, like oxidative stress has been observed. There are 
many factors, which cause the formation of oxidative stress; among them ROS production is one of the most 
important. 
Nitric oxide (NO) can undergo numerous reactions as an endogenous mediator of numerous physiological 
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processes. NO plays an important role in both oxidative stress and nitrosative stress.  
Taking into consideration the activation of free radicals in biological systems, the behavior of free radicals was 
investigated. NOx levels were measured in lung tissues of guinea pigs exposed to 50 Hz, 1 mT and 3 mT fields 
with the exposure periods of 4 hours/day and 8 hours/day for 5 days to determine the effects of electromagnetic 
fields on ROS production. 
 
 
Materials and Methods 
 
Animals  
The experimental protocol was reviewed and approved by the Laboratory Animal Care Committee of Gazi 
University (Report no: 36-7838). A total of 32 male guinea pigs weighing between 250 and 300g were used in 
this study. All animals were kept under laboratory conditions and fed standard pellet food.  
 
Magnetic Field Exposure  
50 Hz magnetic field was produced by 42.75 cm diameter Helmholtz coil with winding embedded in an open 
wooden circular frame (Canseven, 2005d). Each coil was constructed by insulated copper wire and made of 154 
turns. To feed the coils, sinusoidal current of frequency 50 Hz was supplied by a specially designed variable 
transformer, 2.7 kVA (kilo Volt Amper) in power. Magnetic field at the center of exposure system was 
measured by a Hall-Effect Gaussmeter. Frequency and wave form of the magnetic field were monitored over an 
ossiloscope. The animal cage without magnetic material was put at the center. 
Twenty-three guinea pigs were exposed to 50 Hz, 1 mT and 3 mT fields with the exposure periods of 4 
hours/day and 8 hours/day for 5 days. Control subjects (n=9) were handled in an identical manner with the 
exposed animals in the same laboratory.  
Following 12 h of starvation, guinea pigs were injected intramuscularly with ketamine (30 mg/kg) and xylazine 
(2 mg/kg) combined with 250 IU/kg heparin. Lungs were sampled immediately. They shocked by liquid 
nitrogen and stored in deep freezer at -80°C until performing analysis. All experiments were run in a blind 
manner. 
 
Determination of  NO Levels 
NOx levels - stable end products of nitric oxide- in lung tissues were determined by the Griess reaction (Green 
et al., 1982). 
Tissue samples were homogenized in five volumes of phosphate buffer (pH= 7.5) and centrifuged at 2000 x g 
for 5 min. to supernatants (0.5 ml) 0.25 ml of 0.3 M NaOH were added. After incubation for 5 min at room 
temperature, 0.25 ml of 10% (w/v) ZnSO4 was added for deproteinization. This mixture was then centrifuged at 
14000 x g for 5 min and supernatants were used for the Griess assay. 
Nitrate levels in tissue homogenates were determined spectrophotometrically, based on the reduction of nitrate 
to nitrite by VaCI3 (Miranda et al., 2001). Nitrite levels were measured by the Griess reaction. Sodium nitrite 
and nitrate solutions (1, 10, 50, 100 µM) were used as standards.  
 
Statistics 
Statistical analyses were carried out using SPSS software (SPSS 11.5 for windows, SPSS Inc., Chicago, USA). 
The p value was considered significant at p<0.05.  

Mann Whitney-U and Kruskal-Wallis tests were used in statistical analysis. Comparisons between exposed 
groups and controls were made by using Mann Whitney-U test while magnetic fields of 1mT and 3 mT were 
compared with Kruskal-Wallis test with respect to exposure periods of 4 hours and 8 hours.  

 
 
Results 
 
In this study, the NOx level was investigated in lung tissues of guinea pigs which were exposed to magnetic 
fields of 1mT and 3 mT  with the exposure periods of 4 hours/day and 8 hours/day for 5 days. For both of the 
application periods, NOx levels were found increased with respect to controls in lung tissues of guinea pigs 
exposed to both of the magnetic fields (Table 1- Figure 1).  
The increases in NOx levels were found statistically significant for 1 mT, 4 hours (p=0.003), 3 mT, 4 hours 
(p=0.001) and 3 mT, 8 hours (p=0.000) in lung tissues by Mann-Whitney U test. 
Field intensities were compared with respect to exposure periods by Kruskal-Wallis test. Significant differences 
were determined between field intensities of 1 mT and 3 mT in lung tissues for only exposure period of 8 hours 
(p=0.004).  
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Table 1. Lung NOx levels of guinea pigs under the effects of 50 Hz magnetic fields of 1 mT and 3 mT with the 
exposure periods of 4 hours/day and 8 hours/day for 5 days. 
 

 
 

GROUPS 

 
 
n 

 
NOx  Level  (µmol/g tissue) 

(mean ±±±± sem) 
 

 
Control 

1 mT; 4 hours 
1 mT; 8 hours 
3 mT; 4 hours 
3 mT;  8 hours 

 
9 
4 
4 
7 
8 
 

 
103.61 ± 3.80 
141.65 ± 3.61 
110.78 ± 1.40 
133.31 ± 4.90 
131.99 ± 3.08 

 
 
 
 
Discussion 
 
For both of the exposure periods, significant increases in NOx levels were found by the effect of 3 mT magnetic 
field whereas  increased NOx  levels were found only for groups of 1 mT, 4 hours.  
TBARS levels in the same tissue for the same exposure conditions were also investigated in our laboratory 
(Canseven 2005e). The increased NOx levels  in lung for 1 mT, 4 hours and 3 mT, 4 hours was found consistent 
with the increases of TBARS in these tissues. 
Further studies are required to better elucidate the mechanisms of the effect of ELF MFs on lipid peroxidation or 
oxidative stress in tissues. 
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Figure 1. Lung NOx levels of 1 mT and 3 mT exposed and control guinea pigs. 
 
 
References 
 
BASTUJI-GARIN S., RICHARDSON S., ZITTOUN R.  (1990). Acute leukaemia in workers exposed to 

electromagnetic fields, Eur. J. Cancer., 26 : 1119-1120. 
BLUMENTHAL NC., RICCI J., BREGER L., ZYCHLINSKY A., SOLOMON H., CHEN GG., KUZNETSOV 

D., DORFMAN R. (1997). Effects of Low Intensity AC and/or DC Electromagnetic Fields on Cell 
Attechment and Induction of Apoptosis, Bioelectromagnetics, 18 : 264-272. 

BOLAND A., DELAPIERRE D., MOSSAY D., DRESSE A., SEUTIN V. (2002). Effect of Intermittent and 
Contiuous Exposure to Electromagnetic Fields on Cultered Hippocampal Cells, Bioelectromagnetics, 
23:97-105. 



MAGNETIC FIELDS EFFECTS ON NO LEVELS IN LUNG  

 1410 

BROCKLEHURST  B., MCLAUCHLAN  KA. (1996). Free radical mechanism for the effects of environmental 
electromagnetic fields on biological systems., Int. J. Radiat. Biol., 69:. 3-24 . 

CANSEVEN A.G., SEYHAN N., AYDIN, A., CEVIK, C., ISIMER, A. (2005c). Effects of Ambient ELF 
Magnetic Fields: Variations in Electrolytes Levels of Brain and Blood  Plasma, Gazi Medical Journal, 16: 
121 – 127. 

CANSEVEN AG., OZEL U., BILGIHAN A., and SEYHAN N (2004). Does ELF Magnetic Field Effect The 
Myeloperoxidase (MPO) Activity in the Lung’, 11th International Congress of the International Radiation 
Protection Association, 23-28 May 2004, Madrid, Spain, ID 591 

CANSEVEN AG., SEYHAN N., AYDIN A., ISIMER A. (1999). Extremely Low Frequency Electromagnetic 
Field Effect on Brain Tissue and Blood Plasma Electrolytes., Med & Biol Eng & Comput, 37 : 1336-1337. 

CANSEVEN, A.G., COSKUN, S., SEYHAN, N. (2005e). ELF magnetic fields’ effecst on lipid peroxidation in 
lung and kidney. IFMBE Proceedings, Vol. 11. Prague: IFMBE, 2005. ISSN 1727-1983.Editors: Jiri 
Hozman, Peter Kneppo (Proceedings of the 3rd European Medical & Biological Engineering Conference - 
EMBEC´05. Prague, Czech Republic, 20-25.11.2005).  pp: 4748-4752   

CANSEVEN, A.G., OZEL U., BILGIHAN, A., SEYHAN, N. (2005a). Effects of environmental ELF magnetic 
fields on myeloperoxidase (MPO) activity. IFMBE Proceedings, Vol. 11. Prague: IFMBE, 2005. ISSN 
1727-1983. Editors: Jiri Hozman, Peter Kneppo (Proceedings of the 3rd European Medical&Biological 
Engineering Conference - EMBEC´05. Prague, Czech Republic,20-25.11.2005).  pp: 2232-2236   

CANSEVEN, A.G., OZEL, U., BILGIHAN, A., SEYHAN, N. (2003a). Myeloperoxidase (MPO) Activities in 
Brain, Lung and Renal Tissues After Exposure to Magnetic Fields of 50 Hz. 13th Balkan Biochemical 
Biophysical Days & Meeting on Metabolic Disorders, October 12-15, 2003, Kusadası, TURKEY, P94 
(Abstract) 

CANSEVEN, A.G., OZEL, U., BILGIHAN, A., SEYHAN, N. (2003b). The Effect of ELF Magnetic Field 
Exposure on Kidney Myeloperoxidase (MPO) Activity, 13th Balkan Biochemical Biophysical Days & 
Meeting on Metabolic Disorders, October 12-15, 2003, Kusadası, TURKEY, P96 (Abstract)  

CANSEVEN, A.G., SEYHAN, N. (2005b). Effects of Ambient ELF Magnetic Fields: Variations In Collagen 
Synthesis of Guinea Pigs’ Skin and  Scaling From Animals To Human. Gazi Medical Journal 16 : 160 – 
165  (Turkish). 

CANSEVEN, A.G., SEYHAN, N. (2005d). Design, installation and standardization of homogenous magnetic 
field systems for experimental animals IFMBE Proceedings, Vol. 11. Prague: IFMBE, 2005. ISSN 1727-
1983. Editors: Jiri Hozman, Peter Kneppo (Proceedings of the 3rd European Medical&Biological 
Engineering Conference - EMBEC´05.Prague, Czech Republic, 20- 25.11.2005).  pp: 2333-2338.  

CANSEVEN, A.G., SEYHAN, N., MIRSHAHIDI, S., IMIR, T. (2006). Suppression of Natural Killer Cell 
Activity on Candida Stellatoidea by a 50 Hz Magnetic Field. Electromagnetic Biology and Medicine, 25 (2) 
: 79-85. 

DE SEZE R., BOUTHET C., TUFFET S., DESCHAUX P., CARISTAN A., MOREAU JM., VEYRET B.  
(1993). Effects of Time-Varying Uniform Magnetic Fields on Natural Killer Cell Activity and Antibody 
Response in Mice., Bioelectromagnetics, 14: 405-412. 

FEYCHTING M., AHLBOM A. (1993). Magnetic fields and cancer in children residing near Swedish high-
voltage power lines., Am. J. Epidemiol., 138 : 467-481. 

FIORANI M., BIAGIARELLI B., VETRANO F., GUIDI G., DACHA M., STOCCHI V. (1997). In vitro effects 
of 50 Hz magnetic fields on oxidatively damaged rabbit red blood cells, Bioelectromagnetics.,18:. 125-131 

GARCIA-SANCHO J., MONTERO M., ALVAREZ J., FONTERIZ RI., SANCHEZ A (1994). Effects of 
Extremely Low Frequency Electromagnetic Fields on Ion Transport in Several Mammalian Cells., 
Bioelectromagnetics, 15 : 579-588. 

GOLD, S., GOODMAN R., HENDERSON, A.S. (1994). Exposure of Simian Virus-40-Transformed Human 
Cells to Magnetic Fields Results in Increased Levels of T-Antigen mRNA and Protein’, 
Bioelectromagnetics, 15: 329-336.  

GREEN LC, WAGNER DA, GLOGOWSKI J, SKIPPER PL, WISHNOK JS, TANNENBAUM SR. (1982). 
Analyses of nitrate, nitrite and [15N] nitrate in biological fluids. Anal Biochem 126: 131-8. 

HOUSE, R. V., MCCORMĐCK, D. L. (2000). Modulation of natural killer cell function after exposure to 60Hz 
magnetic fields: confirmation of the effect in mature B6C3F1 mice. Radiation Res. 153:722–724. 

HOUSE, R. V., RATAJCZAK, H. V., GAUGER, J. R., JOHNSON, T. R., THOMAS, P. T., MCCORMĐCK, D. 
(1996). Immune function and host defense in rodents exposed to 60Hz magnetic fields. Fund. Appl. Toxicol. 
34:228–239. 

JAJTE J., ZMYSLONY M., PALUS J., DZIUBALTOWSKA, E., RAJKOWSKA, E (2001). Protective effect of 
melatonin against in vitro iron ions and 7 mT 50 Hz magnetic field-induced DNA damage in rat 
lymphocytes, Mutation Research, 483 : 57-64. 

JAJTE, J., GRZEGORCZYK J., ZMYSLONY, M., RAJKOWSKA (2002). E.Effect of 7 mT static magnetic 
field and iron ions on rat lymphocytes: apoptosis, necrosis and free radical processes, Bioelectrochemistry, 



CANSEVEN A. G., COSKUN S., SEYHAN N. 

 1411 

57,  pp. 107-111  
JIN Y., WANG H., CHENG Y., GU H (1998). Effects of static magnetic fields on free radical metabolism of 

human body.,  Wei Sheng Yan Jiu., 27: 97-99. 
KASHKALDA DA., PASHENKO EA., ZĐUBANOVA LF. (1995). Effects of an impulse magnetic field on 

lipid peroxidation and the antioxidant system of the testes in animal experiments,  Med Tr Prom Ekol., 10: 
14-17. 

KENNETH JM., LEE RC., EHRLICH, HP. (1987). Frequency Dependence of Electric Field Modulation of 
Fibroblasts Protein Synthesis, Science, 236, pp. 1465-1469.  

KHADIR R., MORGAN JL., and MURRAY JJ. (1999). Effects of 60 Hz magnetic field exposure on 
polymorphonuclear leukocyte activation, Biochim Biophys Acta, 1472: 359-367. 

KULA B., SOBCZAK A., and KUSKA R. (2002). Effects of electromagnetic field on free radical processes in 
steelworkers.Part I. Magnetic field influence on the antioxidant activity in red blood cells and plasma, J. 
Occup Health, 44: 226-229. 

KULA B., SOBCZAK A., KUSKA R.  (2000). Effects of static and ELF magnetic fields on free- radical 
processes in rat liver and kidney., Electro and Magnetobiology, 19 : 99-105. 

LAI H., SINGH NP (2004). Magnetic field-induced DNA strand breaks in brain cells of the rat, Environmental 
Health perspectives, 112 : 687-694. 

LIBURDY RP., CALLAHAN DE., HARLAND J., DUNHAM E., SLOMA TR., YASWEN P. (1993). 
Experimental evidence for 60 Hz magnetic fields operating through the signal transduction cascade. Effects 
on calcium influx and c-MYC mRNA induction.,  FEBS LETT., 334: 301-308.  

LIBURDY, R.P. (1992).  Biological interactions of cellular systems with time-varying magnetic fields,, Ann 
.N.Y. Acad. Sci., 649: 74-94. 

LIN RS., DISCHINGER PC., CONDE J., FARRELL KP. (1985). Occupational exposure to electromagnetic 
fields and the occurrence of brain tumors. An analysis of possible associations., J. Occup. Med., 27: 413-
419. 

MIRANDA KM, ESPEY MG, WINK DA. (2001). A rapid simple spectrophotometric method for simultaneous 
detection of nitrate and nitrite. Nitric Oxide 5: 67-71. 

MOHTAT N., COZENS FL., HANCOCK-CHEN T., SCAĐANO JC., MCLEAN J., KĐM J. (1998). Magnetic 
field effects on the behavior of radicals in protein and DNA environments., Photochem Photobiol, 67 : 111-
118. 

PRESTON-MARTIN S., MACK W., HENDERSON BE. (1989). Risk factors for gliomas and meningiomas in 
males in Los Angeles County., Cancer Res., 49 : 6137-6143. 

ROY S., NODA Y., ECKERT V., TRABER MG., MORI A., LIBURDY R., PACKER L. (1995). The phorbol 
12-myristate 13-acetate (PMA)-induced oxidative burst in rat peritoneal neutrophils is increased by a 0.1 
mT (60 Hz) magnetic field, FEBS Letters, 376 : 164-166.  

 SAVĐTZ DA., WACHTEL H., BARNES FA., JOHN EM., TVRDĐK JG. (1988). Case-control study of 
childhood cancer and exposure to 60-Hz magnetic fields., Am. J. Epidemiol.,128 : 21-38. 

SBOCZAK A., KULA B., AND DANCH A (2002). Effects of electromagnetic field on free radical processes  
in steelworkers. Part II: Magnetic influence on vitamin A, E and Selenium concentrarions in plasma., J. 
Occup health., 44 : 230-233. 

SEYHAN N., CANSEVEN A. G., GULER G. (2006). Animal Studies on the Effects of ELF and Static EMF. In 
Ayrapetyan S.N., Markov M.S., eds. Bioelectromagnetics Current Concepts, The Mechanisms of the 
Biological Effect of Extremely High Power Pulses . NATO Security through Science Series B: Physics and 
Biophysics, Vol. 5, pp: 195-212. 

SIMKO M., DROSTE S., KRIEHUBER R., WEISS DG. (2001). Stimulation of phagocytosis and free radical 
production in murine macrophages by 50 Hz electromagnetic fields.’, Eur J Cell Biol, 80 : 562-566.  

TREMBLAY, L., HOUDE, M., MERCĐER, G., GAGNON, J., MANDEVĐLLE, R. (1996). Differential 
modulation of natural and adaptive immunity in Fisher rats exposed for 6 weeks to 60Hz linear sinusoidal 
continuous-wave magnetic fields. Bioelectromagnetics 17: 373–383. 

 WALLECZEK J. (1992). Electromagnetic field effects on cell of the immune system: the role of calcium 
signaling. FASEB J., 6 : 3177-3185. 

WATANABE Y., NAKAGAWA M., M ĐYAKOSHĐ Y (1997). Enhancement of lipid peroxidation in the liver of 
mice exposed to magnetic fields, Ind. Health., 35 : 285-290. 

WERTHEIMER N, SAVITZ DA, LEEPER E. (1995). Childhood cancer in relation to indicators of magnetic 
fields from ground current sources., Bioelectromagnetics., 16 : 86-96. 

WERTHEIMER N., LEEPER E. (1979). Electrical wiring configurations and childhood cancer., Am. J. 
Epidemiol.,  109 : 273-84. 

YOKUS B., CAKIR DU., AKDAG MZ., SERT C., METE N (2005). Oxidative DNA damage in rats exposed to 
extremely low frequency electro magnetic fields,  Free. Radic. Res., 39: 317-323. 



1412 

A DOUBLE LAYER ARTERIAL WALL MODEL UNDER 
PULSATING  BLOOD PRESSURE 

MONA A. EL-NAGGAR 
 

DEPT. OF ENGINEERING PHYSICS, FACULTY OF ENGINEERING, 
CAIRO UNIVERSITY, GIZA, EGYPT 

 

 

Abstract 

The behavior of a double layer arterial section of unit length is studied under the effect of radial pressure. The 
proposed model considers that the radial pressure follows an exponential rise exponential decay biphasic 
periodic function mathematically represented by a Fourier series. The dependence of the arterial strain response 
on viscoelastic properties of each layer is studied. The dissipated and stored power per unit length of the vessel, 
are computed. The stress-strain response is modeled for each layer. Storage and loss moduli are deduced as well. 

 

 

Introduction 

 
             The study of the viscoelastic properties and response of the blood vessels have been one of the most 
important and biomechanical field of research for quite a while. This study represents an essential step towards 
controlling the efficiency of the blood pulse propagation process. The blood pulse propagates along the axis of 
the blood vessels, namely arteries, with a radial component pulsating on the inner wall. This propagation is 
similar to the propagation of waves in media. The arterial pulse is considered as a pressure wave travelling down 
the multilayer wall associated with a strain wave. The arterial strain response is the main issue here as it can be 
considered as an energy storage element that pushes the blood spurts forward down the artery. The rigidity or 
distensibility of the arteries causes the pressure to be very high during systole and it would fall to low values 
during diastole. The blood flow as a result of this would be intermittent. Furthermore, the reduced distensibility 
of the arterial wall has a direct effect on the efficiency of the heart markedly increasing its oxygen consumption 
making its attack more likely. It is thus extremely important to simulate the pressure wave propagation and its 
pulsating radial component. The problem is complicated not only because of the non-linearity in blood vessels 
elasticity, but because of the varying nature of the pulse wave as well. The anisotropic, multilayer and nonlinear 
viscoelastic properties of the arterial walls lead to certain mathematical complications when the radial 
dimensions are considered under the effect of pulsating pressure.  
   Previous work was concerned with mechanical and mathematical simulation to produce stress-strain relation 
for different soft tissues. Yu Q. et al. [1] evaluated the force-deformation relations for different layers of blood 
vessels by studying the non axis symmetric deformation of the vessel wall. This was done by imposing bending 
on the vessel. Young’s modulus is given for the intima media and the adventitial layers of the thoracic artery. 
The circumferential stretch and axial stretch of abdominal arteries are given for different pressure values by 
Schulz-Bauer et al. [2] for both normal and hypertensive patients. They proposed a method to determine 
nonlinear constitutive models for human arteries from clinical data using a strain energy function. Mechanical 
properties are obtained by reliable experimental setups especially for different arterial layers, collagen and body 
tissues [3]. The degree of nonlinearity and blood vessel elasticity was studied by J. Zhou and Y. C. Fung [4] 
introducing a pseudo strain energy function and fitting experimental data to produce its parameters. Furthermore 
the relationship between wall shear stress and intimal thickening for the abdominal aorta was determined by 
Micheal Bonert et al. [5], who measured experimentally the wall shear stress using the laser photochromic dye 
tracer technique.   
    Imaging the mechanical properties of thrombosis, plaques and arterial wall can aid in the characterizing and 
understanding of the pathogenesis of the cardiovascular disease. Intravascular ultrasound is a widely used 
method of imaging the coronary arteries. Strain and elasticity images are generated to determine mechanical 
properties of arterial tissues [6], [7], [8]. Toshiaki Shishido et al. developed a new technique by applying minute 
vibrations at various frequencies to evaluate regional myocardial elastance and Young,s moduli at different 
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Fig.1. Double layer mechanical model 

regions [9]. Blood flow and pressure in the larger systemic arteries are modelled by structuring a tree attached to 
the terminal branches in which the root impedance is estimated  using an approach based on a linearization of the 
viscous axisymmetric Navier-Stokes equations[10].   
    In the present work, periodic pressure pulses are assumed to act in a radial direction on the inner wall of an 
arterial section. The periodic pulses are represented mathematically by a Fourier series. These pulses are 
considered to fluctuate between maximum values of a fraction of the mean arterial pressure. They approximately 
follow the known shape of the arterial pulse. Though the in vivo reported arterial pulses show faster rise than 
decay [11], we assume here that they are symmetric pulses. Biaxial symmetry of the artery is assumed as well. 
The radial pressure pulses are assumed to follow the heart beats with the same frequency. Some of the reported 
values concerning mechanical responses of arteries [1], [2], [3], [12] are adopted.  
     An R-L-C double section series circuit is proposed to simulate the double layer arterial wall. The flow of 
electric charge in the circuit is analogous to the strain fluctuations, the input voltage to the radial pressure pulses 
and the current is the pulse velocity. Parameters required to implement the mathematical model at hand are 
changed in appropriate ranges to show arterial stiffness, pulse damping, variation of the elasticity constant and 
heat loss.          
  
 The Model 
 
    A simplified model, introduced earlier [13], simulates the viscoelastic behaviour of a single layer blood vessel 
in response of the blood pulses acting in a radial direction on its inner wall. The proposed double layer arterial 
section is modelled as shown in Fig. 1. 
    
   
                    
 
 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     A section of unit length of the artery is assumed to be a double layer viscoelastic cylindrical tube.  The inner 
layer is assumed to be the intima media layer with elasticity modulus, E1, while the outer one is the adventitial 
layer with E2 . The inner radii of the two layers are R01 and R02 .The elastic behaviour of the artery segment is 
represented by that of a spring with spring constants, K1`and K2`   while its viscous component is represented by 
a dash pot of friction coefficients B1` and B2` for the first and second layers respectively. 
  The second degree differential equation that governs the strain functions, ε1(t) and ε2(t)  of the interface of the 
two layers and the inertial forces on them is as follows: 
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 where B1=B1`/ρℓ1 , K1=K1`/ρℓ1, B2=B2`/ρℓ2 , K2=K2`/ρℓ2, are normalized viscosity and elasticity coefficients to 
the linear mass densities, ρℓ1, ρℓ2  for inner and outer layers respectively. F1(t) is defined as the normalized radial 
component of the force due to blood pressure pulses, P1(t), pulsating on the inner layer such that: 

                                )(1 tF =2πP1(t) / ρℓ1                )(2 tF =2πP2(t) / ρℓ2                                                   (2) 

  
Mathematical Analysis 
 
     Firstly, P1(t) is assumed to take the waveform of a biphasic exponential rise exponential decay periodic 
function, given below:  
 

  








≥≤−−−

≥≤−−
=

TtTTTteoP

TtTteoP
P

2)1/)(2(

0)/21(
t)(1 π

π

                                                                       (3) 

 
 The proposed model assumes the same time interval, T, for the rise and decay pulse components and hence 
equal decay constants.  It is assumed that the pulses fluctuate between equal values ±Po . 
  A Fourier series is deduced to represent P1(t). The coefficients of the Fourier series, produced by integration on 
the two time intervals given in eq.(3), give a final form of:  
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  Fig. 2 shows the pressure periodic waveform. The maximum value P0, is assumed to be a 10% of the mean 
arterial pressure in adults. 
     

    
 
   
   
   An equivalent electrical model, introduced as a double R-L-C series circuit, is analogous to the mechanical 
model above. We give full analogy between the mechanical system and the equivalent electrical circuit in details 
in appendix 1. We should note that the stress on each layer is the difference in pressures on the lining interfaces. 
Thus the stress on the inner layer, T1, is difference in pressure, P1-P2, and the stress, T2, on the outer layer is P2-
P3, where P1 is the pressure on the inner wall, P2 on the interface between the two layers and P3 is that on the 
outer wall.  
Consequently, the strain is calculated as:      
                  є1(t) = q1- q2 

        є2(t) = q2 -q3                                                                                          (5) 
   where q1, q2 and q3 are related to the respective currents in the equivalent electric circuit as follows:               

                            ∫=∫=∫=
t
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t

dttiq
t

dttiq
0

)(3t)(3,
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)(2t)(2
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,)(1t)(1
                                    (6) 

Since P1, P2 and P3 are analogous with V1, V2 and V3, thus we can deduce the involved quantities in the s-domain 
as follows: 

             )(1)()(1 sVseqYsI =                                                                              (7) 

 where Yeq represents the total admittance of the two circuit section. 

(4) 

Fig. 2. The figure shows a simulation of the rise and fall of the 
radial pressure in Pa 

s
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 Results 
     The stress and the strain waveform for each layer can be produced by eqs.(5-8). Strain pulses follow those of 
the applied radial pressure having the same frequency with a time delay. They fluctuate between equal values of 
± є 0.  
  Taking the strain response to be the difference between strains of boundary interfaces, results are given for 
different parameter sets in Table 1. The periodic time for one pressure pulse is 1s.   
   The first parameter set, is a simulation of normal performance with elasticity constants close to those of  intima 
media and advetitia layers of real arteries.     
 
 

             
        
 
      
                                                                                        

           
   
 
      
                                                                              

          
  
       

                                                                                         

Fig.3.  The stress waveform acting on the inner layer  
real and imaginary components  in kPa  vs. time in s 

T1r 
 T1i 

s s

Fig.4.  The strain waveform acting on the inner layer 
 real and imaginary components vs. time in s 
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Fig.5.  The stress waveform acting on the second layer, 
 real and imaginary components in kPa vs. time in s 
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   Figures 3 and 4 show the stress-strain response for the inner layer, intima media; whereas, Figs. 5 and 6 show 
the stress-strain response for the adventitia, outer layer. They show elastic response of about 3%, which is much 
higher than the inner layer. This is taken into account by parameters adjustment 
 

Table 1. Normalized Parameter sets used as input for computer runs. 

 
 
   For all sets  P0 and T are kept constant at 1.6 kPa and 0.5s respectively.  ρℓ1, ρℓ2  are kept at 25g/m and 12g/m 
and B1, B2 have the values 0.4s-1 and 0.417s-1 respectively. 
   Fig. 7 shows the computed power versus time. The real component, Pdiss, corresponds to the energy loss per 
second while the imaginary component represents the stored energy per second, Pstr. The average values of the 
power dissipated and that stored, measured in w/m, computed over one pressure pulse for each set are given in 
Table 1. 
 
    Pdiss                                                           Pstr 

     
 
 
     

    The storage and loss moduli are computed using the above parameter sets. The average values calculated are 
shown in Table 2. 

 
Table 2. Storage and loss moduli for a double layer section. 

 
 
 
 
 
 
 

set 
K1 

106 s-2 
K2 
106 s-2 

є 01r 

10-3% 
є 01i 

10-3% 
є 02r 

% 
є 02i 

% 
Pdiss 
w/m 

Pstr 

w/m 

1 8 0.05 3 0.03 3 2 83.850 101.640 

2 4 0.8 0.5 0.008 0.4 0.4 13.775 19.7611 

3 0.4 .02 0.1 8 6 6 1502.75 2486.04 

set 
Eloss1 

103  kPa  
Estr1 

103  kPa  
Eloss2 

kPa 
Estr2 

kPa 

1  432.031 460.852 23.822 46.442 

2  3744.905 4024.505 125.022 237.566 

3   10.3577 11.0498 0.9822 1.8067 

 s  

Fig.6.  The strain waveform acting on the second layer, 
 real and imaginary components vs. time in s 

Є 2i  Є 2r  

 ss

Fig.7.  The power dissipated and that stored in w/m vs. time in s 

ss

 



A DOUBLE LAYER ARTERIAL WALL   
 

 1417 

DISCUSSION: 
   
     Despite the enormous difficulties studying pulsating flow in an elastic tube of anisotropic material, the elastic 
analogy offers an adequate tool for approaching this case.  The proposed model assumes linear stress-strain 
relationship and biaxial isotropy of the blood vessel. It offers a new perception towards the understanding of the 
mechanism of arterial pulsating nature. The elasticity modulus is computed using the stress and the strain 
complex functions for each layer.  
  The equivalent resistance, Req, is the component that is responsible for the dissipated energy per pulse per 
meter, ediss. Whereas the equivalent reactance, Xeq, is the component that is responsible for the stored energy per 
pulse per meter, est. These can be deduced as follows:   

                           ∫=∫=
T

dteqXti
Tste
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dteqRti

Tdisse
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t)(
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,)(2

1
1

t)(        (9) 

   The results offer an understanding of how energy is stored and dissipated through a cyclic change of the radial 
pressure. Also the complex nature of the elasticity modulus is illustrated, in the absence of reliable experimental 
values for many biological constants of blood vessels. This work has to deal with hypothetical set of values that 
are believed to approach some previously reported values.  
   Accordingly the stress-strain pattern, the elasticity moduli, as well as the stored and dissipated power are 
dependant on the chosen set of values. The model proposed is valid to some extent according to reported 
experimental data. Furthermore, it shows that under all circumstances the strain developed, in both layers, lags 
the radial pressure and follows the pulsating wave shape. The elasticity, dissipated and stored power per unit 
length of both layers do as well.          
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APPENDIX 1 

The second order differential equation that governs the electrical charge Q with circuit components 
and input voltage V0 is:   
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By analogy between the two systems, mechanical and electrical, we note that: 
           V0(t) ↔2π P1(t ) ,  R/L ↔ B,  1/LC ↔K,  L ↔ ρℓ     
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Abstract 

With increasing in mobile communications, exposure to electromagnetic fields due to base station antenna has 
increased. This study was planned for evaluating the effects of whole-body exposure to 950 MHz GSM 
electromagnetic field on acquisition phase of spatial memory. 

35 naive male Wistar Rats (3 month old, 220 +15 g) randomly divided in three groups (control, sham-exposed 
and exposed) and were trained in a circular Morris water maze (3 days at 2 blocks, with 3 hours interval between 
blocks) to locate a submerged platform. The exposure program was planned for 10 session (45 min. and Power 
density = 0.835 mW/cm2). According to water maze training, exposure was done just before each training 
session. 

Performances of animals were tested 24 hours after the last training, by a 60 second probe test. Evaluation 
indexes were escape latency at target and opposite quadrants, swim speed and length. 

Analysis of the probe data test showed no significant difference between control, sham and 950 MHz exposed 
groups. 

Results of this study provide no evidence indicating that acquisition phase of spatial memory can be affected 
by the whole-body exposure to 950 MHz electromagnetic field. 

 
Keywords: Electromagnetic field, Base station, Spatial memory, Morris water maze 

 
 

Introduction 
The RF radiations engage the spectrum of electromagnetic waves between 3 KHz - 300 GHz. This field can 

induce thermal or non-thermal effects on biological medium. Stimulation of excitable tissues will occur readily 
below 1 MHz, while thermal effects occur at higher frequencies [5]. 

In the last decade, many researches studied the effects of exposure to electromagnetic fields (EMF) on 
different nervous system functions such as memory in human and animals. Some of these studies have revealed 
deficits on memory due to EMF exposure [4; 8-21], whereas other studies did not [2, 3, 6, 7, 26, 31]. Nowadays, 
with increase in mobile communications, exposure to EMF due to mobile handset and base station antenna has 
increased. There are concerns about the effects of mobile phone electromagnetic waves on human body 
functions. These concerns emerge from results of epidemiological studies contributed to effects of mobile phone 
on human body. For example some of reports indicated that, mobile phone waves not only in regular power 
density but also in power density less than limited allowed (1 mW/cm2), can produce headaches, warmth on ear, 
memory loss and fatigue. 

These reports suggest that there is a significant association between calling time/number of calls per day and 
prevalence of these signs [10, 11, 12, 25, 29].  Although these results are important but in most of these studies 
the mobile phone handset frequency has been used and the effects of base station antenna waves have been less 
noticeable. 

 The GSM mobile phone system that is used in most of the countries has a frequency of either 900 or 1800 
MHz (pulsed at 217 Hz, Band width of 200 KHz). The spectrum of 900 MHz has two band areas: 890-915 MHz 
that is specific for handset and 935-960 MHz that is specific for base station antenna. 

To date, a few studies have evaluated the effects of EMF on memory functions in rodents. Studies performed 
by Wang and Lai [32] and Lai and Carino [18] reported deficits in two spatial learning tasks (Morris water maze 
and radial maze) after 45-min exposure to 2450 MHz EMF. On the other hand, studies reported by Cassel and 
colleagues failed to show any impairment of memory performance of rats in a radial maze after 45 min of whole-
body exposure to a 2450- MHz EMF [2]. Findings of the last study were confirmed by recent studies showing no 
effect in spatial memory after daily 45 min of 900-MHz GSM exposure [6, 7]. The above findings indicate that 
the effects of GSM exposure on memory functions are still controversial. Moreover, to this date, we know no 
reports regarding the effects of exposure to 950 MHz waves, as a frequency in middle of base station band (935-
960 MHz) on the memory function. There fore, the aim of this study was to examine the effects of exposure to 
950 MHz waves, emitted by base station antenna, on acquisition phase of spatial memory in a Morris water 
maze.  

 
Materials and methods 
Subjects 

35 naive male Wista rats (3 month old, 225 +25 g) were divided randomly in to three groups: control (n=12), 
sham-exposed (n=11) and EMF exposed (n=12). Rats were maintained on a 12-h light-dark cycle and with an 
ambient temperature of 21oC.They were housed in a maximum of six rats per breeding cage and allowed access 
to food and water ad libitum. All experiments were performed between 9:00 a.m and 13:00 p.m during the light 
cycle. 
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Morris Water Maze training 
The behavioral training and testing was conducted in a water maze. The water maze was a blue circular pool 

(140 cm in diameter and 50 cm high) filled to a 25 cm depth with 22±2 0C water [27]. A circular glass platform 
(diameter: 11cm) was placed at the center of one quadrant (North-East quadrant) of the maze and submerged 3 
cm below the surface of the water. The maze was located in a room containing several visual extra-maze cues. 

 Each animal was released into the water from the wall of the maze at arbitrarily defined east, south, west, and 
north points. The sequence of points of release into the water followed a random order. The animal was allowed 
to find the platform and land on it. If it could not find the platform within 1 minute, it was guided manually to 
the platform. 

 After finding the platform, it was allowed to stay there for 45 second before another trial. Performance in the 
maze was carried out and saved in a computer by an infrared receiver mounted on the roof. 

The Morris water maze training program was planned for 3 days at 2 blocks, with 3 hours interval between 
blocks and 5 trials in each block. Performance of each rat was tested 24 hours after the final training day in a 
probe trial (60s) during which the platform was removed. Evaluation indexes were time spent in target quadrant, 
swim speed and total swim length during the probe test.  

 
Electromagnetic field exposure 

For whole body exposure to EMF, a 950 MHz GSM simulator (pulsed at 217 Hz and band width of 200 KHz, 
made by Khaje–Nasir Toosi University, Tehran, Iran) was used. It was connected to a 15 cm rod antenna fixed at 
the center of a circular plastic chamber (diameter = 30 cm). The animal could freely move inside the chamber. 
To prevent unknown exposure to reactive area of EMF, some of the near field restricted by a plastic mesh (radius 
= 5 cm). The power density inside the chamber was measured with RF meter (Narda 8716, USA) in different 
distances with 5 cm height from the base of antenna. With these records, the average value for power density 
was 0.835 mW/cm2. The exposure program was consisted of ten 45 minute irradiation (as Lai et al., 1994). One 
day before running maze training, each animal exposed or sham-exposed to 4 sessions of 45 minute EMF with 
intervals of 1 hour. Subsequently, in 3 days, prior to each training session, animals were exposed to EMF or 
sham-exposed for 45 minute. The exposure room was adjacent to the experimental room.     

 
Statistical analysis 

The training data was analyzed with a one way analysis of variance (ANOVA) with trials as a repeated 
measure. Probe trial retention measures were analyzed with a two–way ANOVA. Tukey's posthoc test was 
performed to determine the source of detected significances. Values of P<0.05 were considered as significant 

 
Results 

All rats learned to locate the platform during training as indicated by decreasing escape latencies as training 
progressed (Fig.1). A two way ANOVA (group × block) with block as repeated measures showed significant 
effects of block (P<0.001), and no significant effects of groups [F (3, 33) =1.596, p=0.217].  

Fig.2, illustrates the retention performance as assessed by time spent in the four quadrants. A two way 
ANOVA (group × quadrant) showed significant effects of quadrants (P<0.001), and no significant effects of 
groups [F (3, 33) =1.02, p=0.368].  

Fig.3, illustrates the swim path data during the probe test. One- way ANOVA indicated no significant 
differences among the groups [F (2, 31) =2.334, p=0.114].  

Fig. 4 illustrates mean swim speed of rats during probe test. A one way ANOVA showed no significant 
differences between groups (p>0.05).  
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Fig. 1: Average escape time (Mean ± SEM); time to reach the platform after release into the water, during the 

trials. 
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Fig 2: Average time spent (Mean + SEM) in three groups for target and opposite areas during probe trials. 
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Fig. 3: Average swim path (Mean + SEM) in four groups during probe trials of acquisition phase. 
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Fig. 4: Average swim speed (Mean + SEM) of the rats during probe trials in acquisition phase. 
 
 
 
 

Discussion 
The RF radiations engage the spectrum of electromagnetic waves between 3 KHz - 300 GHz. This field can 

induce thermal or non-thermal effects on biological medium. Stimulation of excitable tissues will occur readily 
below 1 MHz, while thermal effects occur at higher frequencies [5]. The mobile phones and their base station 
electromagnetic fields have low specific absorption rate that induce very low rise in brain temperature. Thus, the 
possible biological effects of mobile phone systems on brain would be expected to be the non-thermal effects 
[13]. Thus, the aim of this study was to examine the effect of exposure to 950 MHz waves, emitted by base 
station antenna, on spatial memory. 

The findings of the present experiments indicate that acute whole body exposure to 950 MHz waves of GSM 
mobile phone system (pulsed at 217 Hz) dose not affect  acquisition of spatial navigation in rat. 
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Our finding is in agreement with recent studies showing no effects of electromagnetic field on performance of 
rat or mice in an 8-arm radial-maze task [2, 17, 31]. Moreover, studies of Dubreuil et al., [6, 7] showed that head 
only exposure to GSM 900-MHz electromagnetic fields, did not alter rat's memory in spatial (radial maze) and 
non-spatial tasks. On the other hand the results of studies performed by Wang and Lai [32] and Lai and his 
colleagues [19] indicated that 45 min exposure to a 2450–MHZ electromagnetic fields induced deficits in spatial 
memory functions in Morris water maze and radial maze tasks. 

 Lai et al., [18] have shown that low level microwave irradiation could alter the cholinergic transmission in the 
hippocampus and cortex. Since cholinergic system plays an important role in memory processing, Lai et al., 
claimed that exposure to 2450–MHZ electromagnetic fields alter activity of this system in a way that produces 
impairment in spatial memory functions [17, 19]. 

 The results of the present study are in contrast with the study of Wang and Lai indicting an impairment of 
spatial memory in a water maze induced by an acute exposure to electromagnetic fields.  This discrepancy may 
be due to some subtle differences in the training paradigm (two blocks of five trials with a 3 min interval versus 
two blocks of 6 trials with a 3 h interval), time of probe test (24 h versus 1 h after the last training) or the 
characteristics of  the used electromagnetic fields (950 MHz pulsed with 217 pulses/s, average power density 
0.835 mW/cm2 versus 2450-MHz pulsed with 500 pulses/s, average power density 2 mW/cm2), and duration of 
exposure (45 min versus 1 h immediately before each training session). Moreover, previous studies have shown 
that hyperthermia can induce memory impairment [23], thus it is more likely that impairment reported by Wang 
and Lai can be due to consequences of a hyperthermia related to the whole body exposure [7].  

The epidemiological studies were performed on human cases showed different results like animal experiments. 
Hocking et al., Oftedal et al. and Sandstrom et al., suggest that there is a direct relationship between the signs 
and calling time/number of calls per day [10, 11, 12, 25, 29]. In agreement with these results, studies on who 
lived in areas near the base station antenna showed irritability, depression, memory loss, concentration 
difficulties, vertigo, headache, sleep disturbances, feelings of discomfort and fatigue [2, 24, 28, 30].  The 
reported signs depend on duration of exposure, and the distance from antenna, and the antenna characteristics 
[2].  

The results of the present study indicate that exposure to 950 MHz waves emitted by base station antenna had 
no effect on acquisition of rat's spatial memory in a water maze. Although this study was used as a model for 
understanding the effect of GSM electromagnetic field on acquisition phase of memory, further studies with a 
variety of intensities and durations of GSM electromagnetic fields are needed to test their effect on memory 
processing. 
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Abstract 

Over the last decade, exposure to electromagnetic field due to base station antenna has increased. This in vivo 
study was planned for evaluating the effects of whole-body exposure to 950 MHz field of GSM mobile phone 
system on dentate gyrus long-term potentiation.  

24 naive male Wistar rats (3 month old, 225 + 25 g) randomly divided in three groups (sham–exposed, GSM 
and continuous field exposed). 

The exposure program was planned for 10 sessions at 3 days. Animals were exposed to electromagnetic field 
for 45-min in a circular plastic chamber (mean power density = 0.835 mW/cm2). Immediately after end 
exposure, anesthesia was induced for LTP induction. Field potentials were recorded and analyzed using the 
population spike amplitude and EPSP slope for 60-min.   

There were no significant differences in population spike amplitude, EPSP slope and EPSP slope maintenance 
among the three groups. 

This experiment provides no evidence indicating that long-term potentiation can be affected by the whole-
body exposure to low-power density of 950 MHz field of GSM mobile phone system.  

 
Keywords: Electromagnetic field, Base station, Long-term Potentiation 

 
 

Introduction 
Nowadays, with increase in mobile communications, exposure to EMF due to mobile handset and base station 

antenna has increased. The GSM mobile phone system that is used in most of the countries has a frequency of 
either 900 or 1800 MHz (pulsed at 217 Hz, Band width of 200 KHz). The spectrum of 900 MHz has two band 
areas: 890-915 MHz that is specific for handset and 935-960 MHz that is specific for base station antenna. 

In the last decade, many researches studied the effects of exposure to mobile phone electromagnetic fields 
(EMF) on different nervous system functions such as memory in human and animals. Some of these studies have 
revealed deficits on memory due to EMF exposure [5, 8-20, 23, 28], whereas other studies did not [3, 4, 6, 7, 
31].  

A number of studies have suggested that low frequency EMF may interact with learning and memory 
processes [18, 24]. Nevertheless, other studies have suggested that much higher frequency fields may also affect 
spatial memory [16, 18, 33]. Wang and Lai [18, 33] reported deficits in two spatial learning tasks (Morris water 
maze and radial maze) after 45-min exposure to continuous or pulsed, 2450 MHz EMF. 

Since the spatial memory was accepted to have a substantial hippocampal involvement, these studies suggest 
that EMF may affect hippocampal function. This is supported by a report that exposure to 700 MHz continuous 
field can change electrical activity in the hippocampus of rat [32].   

Long-term potentiation (LTP) is a long-lasting increase in synaptic efficacy resulting from the high-frequency 
stimulation of afferent fibers [1]. LTP in the hippocampus is thought to be a typical model of synaptic plasticity 
related to learning and memory [21]. 

To get insights into the cellular effects that 950 MHz exposure (as a frequency in middle of base station band) 
could induce on hippocampus, we decided to conduct a general study and investigated the consequences of 
exposure to continuous and pulsed (GSM) waves of 950 MHz EMF. Thus, the aim of this study was to examine 
the effects of exposure to 950 MHz fields on dentate gyrus (DG) long-term potentiation.  

 
Materials and methods 
Electromagnetic field exposure 

For whole body exposure to EMF, a 950 MHz GSM simulator (made by Khaje–Nasir Toosi University, 
Tehran, Iran) was used to produce 950 MHz fields, in continuous (without any modulation) or GSM (217 Hz 
modulated and band width of 200 KHz) waveform. It was connected to a 15 cm rod antenna fixed at the center 
of a circular plastic chamber (diameter = 30 cm). The animal could freely move inside the chamber. To prevent 
unknown exposure to reactive area of EMF, some of the near field restricted by a plastic mesh (radius = 5 cm). 
The power density inside the chamber was measured with RF meter (Narda 8716, USA) in different distances 
with 5 cm height from the base of antenna. With these records, the average value for power density was 0.835 
mW/cm2. The exposure room was adjacent to the experimental room.     

The exposure program was consisted of ten × 45-min irradiation, delivered at 3 days. In the first and second 
days, each animal's exposed or sham-exposed to 4 sessions of 45-min irradiation, with 1 hour interval. 
Subsequently, in the third day, animals had two irradiation sessions. Immediately after the end exposure, 
anesthesia was delivered for LTP induction.  

 
Animals 
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24 naive male Wistar rats (3 month old, 225 + 25 g) randomly divided in three groups: sham–exposed (n=8), 
GSM (n=8) and continuous field exposed (n=8). Rats were maintained on a 12-h light-dark cycle and with an 
ambient temperature of 21oC. They were housed in a maximum of 8 rats per breeding cage and allowed access to 
food and water ad libitum. All experiments were performed between 9:00 a.m and 13:00 p.m during the light 
cycle. 

 
Surgical method 

Animals were food and water deprived for 1 hour prior to surgery. For electrophysiological recording, the rats 
were anesthetized with Urethane (1.5 g/Kg, i.p., with supplemental injections as required) and stereotaxically 
implanted with a bipolar Teflon-coated silver electrode (125 µm diameter) in the perforant pathway (coordinates: 
AP -6.8 mm, L -4.1 mm, DV -3 mm, from skull surface) and a recording electrode (glass micropipette, 1- 3 MΩ, 
filled with physiological saline) in the dentate gyrus granule cell layer (coordinates: AP -2.8 mm, L -1.8 mm, 
DV-3 mm, from skull surface).  

  
Electrophysiological recordings 

The stimulating and recording electrodes were adjusted to produce maximum field potentials by applying a 
single pulse stimulus (0.1 Hz, 200µs pulse width) and recording field potentials in the DG granule cell layer.  

Test stimulus intensity, sufficient to produce population spike (PS) with approximately 50% of maximum 
amplitude, was selected. After the 15-min base line recording, for LTP induction, two high frequency stimulus 
(250 Hz, 1s, 30s interval) were delivered to the perforant pathway with test stimulus intensity. The field 
potentials were recorded at 10, 20, 30, 40, 50 and 60-min after the tetanic stimulations, with 0.1 Hz pulse 
stimulus. The evoked responses were amplified, filtered (band-pass: 5 Hz – 3 KHz), sampled at a rate of 20 KHz 
and stored. 

Evaluation indexes were PS amplitude, excitatory postsynaptic potentiation (EPSP) slop and EPSP 
maintenance. The LTP signal parameters were extracted as shown in Fig. 1. For EPSP maintenance, the percent 
of changes in each recording time calculated as: (Last record value – first record value / first record value) × 100. 
Data were statistically analyzed by repeated measures of ANOVA. 

 
 
 

 
 

Fig.1: EPSP slope and PS amplitude that extracted from LTP signal. 
 
 
 

 
 
 
 
 
 
 
 



LOW-POWER DENSITY OF 950 MHz AND LONG-TERM POTENTIATION 

 1429 

Results 
The results of EPSP slope of three groups, during the base line and 60-min recording are shown in fig.2. One-

way ANOVA showed no significant differences among the groups. 
Fig.3, illustrates the EPSP slope maintenance during the recording time. One-way ANOVA indicated no 

significant differences among the groups. 
Results of the population spike amplitude are presented in fig.4. There were no significant differences between 

amplitudes of three groups during the base line recording and after LTP induction.  
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Fig.2: EPSP slope of three experimental groups (Mean ± SEM). Analysis of the data showed no significant 

differences between sham, continuous and GSM exposed groups. 
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Fig.3: EPSP slope maintenance among the groups (Mean ± SEM). There was no significant difference 

between maintenance phase of the stimulated and sham exposed groups. 
 
 



M. JADIDI, S.M.P. FIROOZABADI, A. RASHIDY-POUR, et al. 

. 
 

 1430 

0

100

200

300

400

-15 -5 0 10 20 30 40 50 60

Time (min)

A
m

p
li

tu
d

e 
(%

 s
h

am
 b

as
e 

li
n

e)

sham

Continuous

GSM

 
Fig.4: Population spike amplitude (Mean ± SEM). There were no significant differences between LTP 

induction and PS amplitude in the sham, continuous and GSM exposed groups. 
   
 

Discussion 
The mobile phones and their base station electromagnetic fields have low specific absorption rate that induce 

very low rise in brain temperature. Thus, the possible biological effects of mobile phone systems on brain would 
be expected to be the non-thermal effects [13]. This experiment results showed that exposure to continuous or 
GSM waves of 950 MHz EMF did not affect the LTP parameters. This is in agreement with recent studies 
showing that 900MHz EMF, in head-only exposure conditions, can not alter performances of rats in spatial 
memory and non-spatial memory tasks [7, 8]. Another study shows that 900MHz GSM EMF, dose not alter mice 
performance in an 8-arm radial-maze experiment [31]. 

On the other hand, Tattersall [32] indicated that exposure to 700 MHz continuous EMF for 5-15 minute 
reduced spontaneous epileptiform activity of rat hippocampus. Moreover, the results of Ogiue-Ikeda [26, 27] 
experiments signified the effect of low frequency magnetic field on EPSP slope of LTP. 

Lai and Carino [18] found that low level microwave irradiations can alter the cholinergic functions in the rat 
hippocampus and cortex .This decrease in cholinergic activity in the brain can impair rat spatial memory [18].  

Wang et al. and Lai [18, 33] showed that 45-min exposure to 2.45 GHz microwaves can alter spatial memory. 
But, Cassel et al. [3] could not access the same results, although their testing protocol was as similar as possible 
to that of the Lai et al. study.  

The memory impairment reported by Lai et al and Wang and Lai [18, 33] can be related to a hyperthermia, 
because hyperthermia can produce amnesic effects [8].  

Results of epidemiologic studies that performed on the effects of EMF, on who lived in areas near the base 
station antennas, showed that people's complaints (sleep disorders, headaches, concentration difficulties and 
fatigue) are due to EMF [25, 29] . These signs appeared after exposure and decreased slowly. Santini et al [30] 
suggest that the signs differ with increase of distance from antenna. In addition to distance, it seems that the 
antenna characteristics are important factors. 

Bornkessel and Stocker-Meier [2] studies on 24 antennas showed that although electrical fields’ intensities of 
these antennas are in standard limit, these results are time dependent and can differ with different antenna traffic 
along day. Although some of these studies suggest that exposure level is less than allowed level by ICNIRP in 
areas near the base station antenna, but the probability of long term exposure dangers of these waves for whom 
live in these areas are not rejected. In agreement with this point, Lai et al [17] showed, intensity and duration of 
exposure have interactions in effectiveness of the field on memory so that high-intensity/short-duration exposure 
and lower-intensity/longer-duration exposure have similar effects on frontal cortex and hippocampus cholinergic 
activity and memory. In addition, it is showed that chronic exposure to EMF can increase plasma corticosterone 
level [23]. This elevated level of corticosterone can induce time–dependent neuronal damage in hippocampus 
and impair cognitive function [22]. 

In the present research, the effect of exposure to 950 MHz waves emitted by base station antenna on electrical 
activity of hippocampus was investigated via the long-term potentiation. Although, this set of experiment 
provides no evidence indicating that LTP signal can be affected by the continuous or GSM waveform of 950 
MHz EMF, further studies are needed to test other durations and intensities on brain activity. In addition, with 



LOW-POWER DENSITY OF 950 MHz AND LONG-TERM POTENTIATION 

 1431 

rapid increase of number of mobile phone users in the world and base station antenna in urban area, it seems that 
the knowledge about the effects of EMF on human body especially human brain is a necessity. 
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Abstract 
Treatment of Red cabbage (Brassica oleracea L. CV. Saccata) in vegetative growth phase with a 30 mT static 
magnetic field (SMF) resulted in altered content of lignin, anthocyanin and wall-bound phenolic compounds, 
compared with those of non-treated plants.                            
Exposure of red cabbage to the aforesaid static magnetic field during vegetative phase also induced the growth 
of the plants. The growth was accompanied by a delayed maturation and a lowered content of lignin in shoot 
and root system.                                                                  
 
Introduction 
During the past decade considerable evidence has been accumulated with regard to the biological effects of 
magnetic fields. Although several studies on bacterial and animal cells have shown that the magnetic fields 
influence a large variety of cellular functions, the mechanisms of its interaction with the living cells are still 
unclear and less studies have been conducted on plant cells. So far, many temporal and spatial electric 
phenomena occur during plant development (Moon 1999). Nevertheless, the magnetic field effects on the 
appearing of some cancers in human, embryogenesis in animals have been studied, seed germination and ion 
current and pollen-tube emergence in plants under MF also have been studied. The MF-induced inhibitory or 
stimulatory effects on the growth of  plant tissues have seen to be species- specific, dependent on seasonal 
biological rhythms, field frequency and daily period of exposure (Moon 1999 ).  In the present investigation the 
effect of static magnetic field on the growth and the metabolism of certain phenolic compounds of Brassica 
oleracea L. CV. saccata was subjected to study. It is well-known that phenolic compounds have various 
ecological and physiological roles and their contribution to defense system and UV protection have been 
studied. Phenolic compounds also inducible by different environmental stress and chemical stimuli ( otto et al. 
1999). 
Brassica oleracea L. CV. saccata seeds were sterilized superficially with NaOCl and soaked in sterile Petri 
dishes on filter paper moisturized in distilled water. Seedlings were germinated and grown for 5 days at a 
constant temperature(25± 2°C) in a dark. after germination, the similar and entire seedlings were transferred to 
flower- pots and kept with a controlled condition at a constant temperature and light (25± 2°C and 6800 Luxe). 
The plants were watered every day with ordinary water and every 15 days they were watered with Hoagland . 
after one month in the vegetative phase, the intact plants were selected and divided to treated and controlled 
groups. The treated groups were exposed to a 30 mT static magnetic field during 5 days and 5 hours in every 
day. The control group were maintained under a same environmental conditions as unexposed control. the 
samples were harvested in the end of treatment term.  
Exposure to MF was performed by a locally designed MF generator. The electrical power was provided using a 
220 V AC power supply equipped with variable transformer as well as a single-phase full wave rectifier. The 
maximum power and passing current were 1 KW and 50 A DC, respectively.  
This system was designed to generate MF in range of 0.5 µT-30 mT. it consisted of two coils (each with 3000 
turns of mm copper wire) on a U-shaped laminated iron core (to prevent eddy current losses). Using two vertical 
connectors, the arms of the U-shaped iron core were terminated in four circular iron plates covered with thin 



SMF AND PHENOLIC COMPOUNDS 
 

 1434

layer of nickel (each 23 mm thickness, 260 cm in diameter). A water circulation system around the coils was 
employed to avoid the increase of the temperature. Without this system, the temperature of the coils increased, 
after the apparatus was working for 10 min, from 25 to 40 °C. Applying the water circulation system helped us 
to use apparatus for long exposures (5 h) as well as to keep the maintenance of the apparatus. The control cells 
were kept far enough from the MF producing apparatus, to avoid any potential exposure to the MF. Moreover, 
other electric appliances and laboratory facilities were not working; the control samples were therefore exposed 
only to the extremely low MF of the earth (60± 5 µT), as the treatment groups were too. 
PPO was extracted from shoot and root systems, separately, in freshly prepared 200mM k-phosphate buffer (PH 
6.8) followed by centrifugation at 12000x g . all these procedures were carried out at 2-4°C. Aliquots of 
supernatant were added to 200 mM k-phosphate buffer (PH 6.8) and freshly prepared 4-methylcatechol at a final 
concentration of 0.02 M. Enzyme activity was expressed as a change in absorbance at 410 nm per min per mg 
protein content of the homogenate. Protein concentration was determined by the method of Bradford (1976), 
using BSA as standard (Ghanati et al. 2002). 
PO was extracted and the activity was determined in two fractions: the soluble PO fraction which is involved in 
the stress response(Pondolfini et al 1992) and the wall- bound PO fraction which is related to the lignification 
and suberization of cells(Fukuda and Komamine 1982 and Pando;fini et al 1992). The shoot and root systems , 
separately, were homogenized in 200 mM k-phosphate buffer (PH6.8) and centrifuged at 12000x g for 15 min at 
2°C. the supernatant  was used to assay soluble Po. The activity of wall- bound PO was determined in the 
ionically and covalently bound fractions, in turn. Pellets of the centrifugation were pooled, incubated with 0.2 M 
CaCl2 for 2h at room temperature, and centrifuged at was used to measure the activity of ionically wall- bound 
Po. The pellet was used directly for the assay of the covalently bound enzyme (Fukuda and Komamine 1982). 
The final reaction mixture (3 ml) was contained 200 mM k- phosphate buffer (PH 6.8) , 28 mM guaiacol and 5 
mM H2O2. the enzyme activity of soluble and ionically fractions were expressed as the change in absorbance at 
470 nm per min per mg protein content. The covalently enzyme activity was determined as the change in 
absorbance at 470 nm per min per cell wall dry weight (Ghanati et al. 2002). 
The shoot and root systems, separately, were homogenized in ice- cold k-borate buffer (0.01 M, PH 8.8 ) 
containing 2 mM 2-mercaptoethanol and centrifuged at 16000x g for 10 min at 2°C. The supernatant was used 
as a crude enzyme solution. The reaction mixture (total 2ml) was composed of 0.5 ml of crude enzyme and 1 ml 
of extraction buffer (without 2-mercaptoethanol ). The reaction started with addition of 0.5ml of 4mM 
phenylalanine and after 1 h incubation at 37°C, was stopped with 100 µl of 0.5 M HCl. The mixture was 
extracted three times with EtOAc. The EtOAc extract was air- dried, re- dissolved in 50% MeOH and analyzed 
by HPLC on an ODS-18 Ts column (15 cm x 6.0) at a flow rate of 0.5 ml min -1 with a linear gradient of 40-
80% MeOH containing 0.1% HoAC  and detected at 273 nm. The enzyme activity was expressed as the 
amounts of CA for 1h per mg of protein in the reaction mixture (Ghanati et al. 2002). 
The shoot and root systems, separately, were homogenized in water after centrifugation at 1000x g, the pellet 
was sequentially washed with 10 volumes (v/w) of 0.5 mM CaCl2, EtOH, CHCl3- MeOH (2:1 v/v ) and acetone 
followed by air- drying. Air-dried materials were desired as wall preparation. Phenolics were liberated from the 
wall preparations of samples with ammonium oxalate (20 mM, 70°C) and then with 0.1 M NaOH, under N2 for 
24h. After acidification of both fractions to approximately PH 3.0 with HCl, phenolics were extracted three 
times with EtOAC, air- dried and re- dissolved in 50% MeOH before determination by HPLC as described for 
the determination of the PAL activity. Phenolics was detected at 280 nm (Ghanati et al. 2002; Liyama and 
Wallis 1990). 
Isolation of cell walls was carried out as described for the determination of wall- bound phenolics. Lignin 
content was measured via a modified acetyl bromide procedure (Iiyama and Wallis 1990). In brief, 6 mg of fine- 
powdered wall preparation was treated with a mixture (total 2.5 ml) of 25% (w/w) AcBr in HOAC and 0.1 ml of 
70% HClO4 at 70°C for 30 min with shaking at 10 min intervals. After cooling with ice, the digestion mixture 
was transferred to a 25 ml volumetric flask containing 5 ml of 2 M NaOH and 6 ml HOAC and made up to 25 
ml. The lignin content was determined by measuring the absorbance at 273 nm using a specific absorption 
coefficient of 20.0g -1 L cm-1 (Ghanati et al. 2002; Liyama and Wallis 1990). 
The anthocyanin of the shoot system tissues were extracted with cold methanol: water: acetic acid (11: 5: 1 ). 
The extraction was spun at 12000x g for 10 min. Anthocyanin concentration was determined by measuring 
optical absorption at 530 nm (Masakazu et al. 2003).  
measurement of total sugar content in shoots and roots was based on phenol- sulfuric method, using glucose as 
standard (Duboise et al. 1956). 
All experiments were repeated at least three times in triplicate. The data shown in the tables and figures are 
means  ± SD. The significance of differences between treatments was evaluated by student's T- test.                                                           
PPO activity in shoot and root system were determined in both control and treatment groups. The  activity PPO 
of root system of treated plants was higher than those of the control groups. The activity of PPO of shoot system 
of the treated plants was lower than that the  control ones (Fig. 1).The activity of Po was measured in three 
fractions including soluble, ionically- and covalently-bound fractions (Table 1). The activity of three fractions 
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of PO increased in shoot system of treated plants under static magnetic field compared with those of the control 
groups. The results from measurement of PO  activity in root system showed declining in treated plants in the 
three fractions relation to control ones. PAL enzyme was extracted from root and shoot system of red cabbage. 
PAL activity in the shoot and root system of treated plants was lower than those of the control ones (Fig. 2). The 
content of the phenols esterified to the wall polysaccharides of the shoot and root system under the control 
conditions and  treatment with magnetic field, is shown in table 2.The content of these phenolics of root and 
shoot system under MF was significantly higher than those of the control ones. The lignin content of MF- 
treated shoot and root system decreased compared to control ones (Table 2).The results shown that the 
anthocyanin in shoot system has been increased in treated plants with 30 mT static magnetic field in comparison 
to the control groups (Fig. 3). 
The total sugar were measured based on glucose standard curve in shoot and root system of samples. Compared 
to the samples under the control conditions, treatment samples significantly decreased total sugar (Fig. 4). 
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 Fig. 1.  Effect of Mf on the activity of PPO in root (A) and shoot (B) system of  red cabbage. Data are means ± 
SD, n = 3. different characters refer to significant differences at P< 0.05 according to student' s T-test. 
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  Fig. 2. Effect of MF on the activity of  PAL in root (A) and shoot (B) system of red cabbage. Data are means ± 
SD, n = 3. different characters refer to significant differences at P< 0.05 according to student' s T-test.( CA: 
Cinnamic Acid)  
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Fig. 3. Effect of Mf on total anthocyanin in aerial part of red cabbage. . Data are means ± SD, n = 3. different 
characters refer to significant differences at P< 0.05 according to student' s T-test.  
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Fig. 4. Effect of MF on the lignin content of root (A) and shoot (B) system of red cabbage. Data are means ± 
SD, n = 3. different characters refer to significant differences at P< 0.05 according to student' s T-test. 

 
 
 
 
Table. 1. Effect of MF on the activities of soluble, ionically and covalently bound cell fractions PO of root and 
shoot system of red cabbage 

Shoot Root 
Treatment Control Treatment Control 

Peroxidase enzyme 
 

0.008± 0.001 0.007± 0.0007 0.4± 0.1 0.41± 0.2 Soluble PO 
∆ Abs 470 / mg        
protein.min  
         

0.54± 0.12 0.28± 0.03 0.41± 0.03 0.47± 0.05 Ionically bound 
PO 
∆ Abs 470 / mg        
protein.min 
 

0.55± 0.008 0.29± 0.009 0.44± 0.01 0.51± 0.01 
 

Covalently bound 
PO 
∆ Abs 470 / Cell Wall        
dry Weight.min 

 
Data are means ± SD, n = 3. 
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Table. 2. Effect of MF on lignin content and cell wall phenolic compounds of root and shoot system of red 
cabbage. 

Cell Wall Phenolic Compounds 
(µg phenol/ g Cell Wall dry Weight) 

Lignin content 
٪( Lignin/ Cell Wall dry Weight) 

 

Treat Control Treat 
 

Control 

 
Plant tissue 

7401.67± 2191.54 3665.5± 282.7 3.22± 0.7 4.1± 0.5 Root 
 

4144.3± 968.43 2034.4± 594.8 3.04± 0.46 5.04± 0.9 Shoot 
 

 
Data are means ± SD, n = 3. 
 
Summary  
A magnetic field is an inescapable environmental factor for plants on the earth (Negishi et al. 1999). However, 
it΄s impact on plant growth is not well understand(Negishi et al. 1999).In the current studies, contradictory 
results have been gained by scientists (Negishi et al. 1999). Static magnetic field, sometimes, has been received 
attention as a stress for beings (Aladjadjiyan 2002) and sometimes, it has been talked the co-operations of static 
MF with environmental factors, instance nourishing stresses, water deficit and heavy metals.  
In the present paper the effect of SMF on the metabolism of certain phenolic compounds was investigated. 
PPo  is a bi-functional enzyme, that plays roles at both oxidation of phenols and conjugation of phenols to 
polyphenols. Increase of PPO activity in root system of treated plants can be related to accumulation of phenolic 
compounds. Also increase of PPO activity has been reported in tobacco cells affected by some nourishing 
stresses( Ghanati et al. 2002). Also the possibilities that the low PPO activity of the shoot system of treated 
plants can be due to the presence of an inhibitor, an in-activator or to factors degrading the enzyme (Kahn 
1975).  
Increased PO activity has been demonstrated to be a metabolic response under various stress conditions, 
including water stress, air pollution, and heavy metals (Pandolfini et al. 1992). Among the various forms of this 
enzyme , the wall-bound  forms appear to be more efficient  at catalyzing  bound formation between extension 
and feruloylated polysaccharides and for the polymerization of phenolic monomers (Ghanati et al. 2002). Also 
Pandolfini (1992) reported the effects of nickel on peroxidases are always more marked in shoot than roots. 
Decrease of PO activity in the roots of treatment plants can be leading to stretch ability, wall-loosing and 
expansion in cell wall. Also, the percent of lignin content in treated roots can be help to this loosing. The lignin 
synthesis accomplishes from photosynthesis precursors .using of marked glucose showed relation between 
lignin synthesis and photosynthesis (Kollattukudy 1984). Decrease of lignin synthesis in the MF exposed plants, 
can be due to disorder in photosynthesis. According to Kazimov et al (1984) the magnetic fields results in 
decline in contents of photosynthetic pigments, chlorophyll a and b, in kidney bean leaves (Kazimov 1984 ). 
Also decrease of total sugar in treated plants with MF can be confirm this subject. it΄s may be that MF was 
effected on lignin and sugar content from a common course. 
PAL is a one of the main enzymes of metabolism of phenolic compounds that it catalyze changing of 
phenylalanine to cinnamic acid. The reaction catalyzed by phenylalanine ammonialyase. PAL is commonly 
regarded as akey step in the biosynthesis of phenols, and is affected by a number of factors (Ruiz et al 1998). 
This enzyme acts in the initial stages of lignin biosynthesis. rapid induction of the PAL activity (12 to 24 h) was 
observed during nourish stress and then decrease of PAL activity was reported in the next stages.(Ghanati et al. 
2002,2004). In the present investigation, the activity of PAL in treated plants decreased after 10 days. 
Anthocyanins are another group of phenolic compounds belong to the flavonoids group. Anthocyanins in 
autumn leaves seem to prevent photo- oxidative irradiation. 
The most important environmental cue in anthocyanin synthesis is light, which affects signal transduction and 
gene expression involved in anthocyanin biosynthesis. Other factors, such as sugar addition, phosphate 
limitation, and cold stress, can enhance anthocyanin accumulation induced by light. In the present research 
increase of anthocyanin and wall-bound phenlics may be resulted of phenols changing to anthocyanin and wall-
bound phenolics and deviation from the lignin synthesis.     
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Abstract 

With increasing in mobile communications, exposure to electromagnetic fields due to base station antenna has 
increased. This study was planned for evaluating the effects of short whole-body exposure to 950 MHz GSM 
electromagnetic field on consolidation phase of spatial memory. 

33 naive male wistar rats (200 +15 g) were trained (10 trials at 2 blocks, with 3 minutes interval between 
blocks for one day) to locate a submerged platform in a circular water maze. Immediately after training, animals 
randomly divided into three groups: control n= 11, sham-exposed n=11 and exposed n=11. The last group was 
exposed to 950 MHz electromagnetic waves (mean power density = 0.835 mW/cm2) for 45 minutes in a circular 
plastic chamber. Performances of animals were tested 48 hours later by a 60 second probe test. Evaluation 
indexes were escape latency at target and opposite quadrants, swim speed and length. 

Analysis of the probe data test indicated that, there were no significant difference between control, sham and 
950 MHz exposed groups.  

Results of this study provide no evidence indicating that consolidation phase of spatial memory can be affected 
by the 45 min whole-body exposure to 950 MHz electromagnetic waves. 

 
Keywords: Electromagnetic field, Base station, Consolidation, Morris water maze 
 
 
 
Introduction 

Memory is defined as the capacity of brain to store and retrieve the information. It consists of three phases: 
encoding or acquisition phase, consolidation or stabilization phase that is a process by which new labile 
memories convert to more stable long-term memories, and retrieval phase in which memory is expressed. 

 In the last decade, many researches studied the effects of exposure to electromagnetic fields (EMF) on 
different nervous system functions such as memory in human and animals. Some of these studies have revealed 
deficits on memory due to EMF exposure [4; 7-20], whereas other studies did not [2, 3, 5, 6, 28, 33]. Nowadays, 
with increase in mobile communications, exposure to EMF due to mobile handset and base station antenna has 
increased. There are concerns about the effects of mobile phone electromagnetic waves on human body 
functions. These concerns emerge from results of epidemiological studies contributed to effects of mobile phone 
on human body. For example some of reported data indicated that mobile phone waves not only in regular power 
density but also in power density less than allowed limit (1 mW/cm2) can produce headaches, warmth on ear, 
memory loss and fatigue. These reports suggest that there is a significant association between calling 
time/number of calls per day and prevalence of these signs [9, 10, 11, 27, 31]. Although these results are 
important but in most of these studies the mobile phone handset frequency has been used and the effects of base 
station antenna waves have been less noticeable.  

The GSM mobile phone system that is used in most of the countries has a frequency of either 900 or 1800 
MHz (pulsed at 217 Hz, Band width of 200 KHz). The spectrum of 900 MHz has two band areas: 890-915 MHz 
that is specific for handset and 935-960 MHz that is specific for base station antenna. 

To date, we know no reports regarding the effects of acute exposure to 950 MHz waves, as a frequency in 
middle of base station band (935-960 MHz) on the memory processes. On the other hand, most of the 
experiments contribute to effects of exposure to mobile phone electromagnetic waves on acquisition phase of 
memory and few experiments are about the effects of these waves on consolidation phase. Thus, the aim of this 
study was to examine the effects of acute exposure to 950 MHz waves, emitted by base station antenna, on 
consolidation phase of spatial memory in a Morris water maze. 

 
Materials and methods 
Animals 

Thirty three naive male Wistar rats (3 month old, 200 +15 g) were used in three groups: control (n=11), sham-
exposed (n=11) and EMF exposed (n=11). Rats were maintained on a 12-h light-dark cycle and with an ambient 
temperature of 21oC.They were housed in a maximum of six rats per breeding cage and allowed access to food 
and water ad libitum. All experiments were performed between 9:00 a.m and 13:00 p.m during the light cycle. 

 
 Morris Water Maze training 

The water maze was a blue circular pool (diameter: 140 cm, height: 50 cm) filled with water (22± 2°C) to a 
depth of 25 cm [29].  A circular glass platform (diameter: 11cm) was placed at the center of one quadrant 
(North-East quadrant) of the maze and submerged 3 cm below the surface of the water. The maze was located in 
a room containing several visual extra-maze cues. Each animal was released into the water from the wall of the 
maze at arbitrarily defined east, south, west, and north points. The sequence of points of release into the water 
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followed a random order. The animal was allowed to find the platform and land on it. If it could not find the 
platform within 1 minute, it was guided manually to the platform.  

After finding the platform, it was allowed to stay there for 45 second before another trial. Performance in the 
maze was carried out and saved in a computer by an infrared receiver mounted on the roof. For spatial training, 
animals were given 10 trials (one training session) at 2 blocks, with 3 minutes interval between them for one day 
in Morris Water Maze. Immediately after the last trial, Rats were exposed to electromagnetic waves or sham 
exposed for a 45 minute. 

Performance of each rat was tested 48 hours after the training session in a probe trial (60s), during which the 
platform was removed. Evaluation indexes were time spent in target quadrant, swim speed and total swim length 
during the probe test. 

 
Electromagnetic field exposure 

For whole body exposure to EMF, a 950 MHz GSM simulator (pulsed at 217 Hz and band width of 200 KHz, 
made by Khaje–Nasir Toosi University, Tehran, Iran) was used. It was connected to a 15 cm rod antenna fixed at 
the center of a circular plastic chamber (diameter = 30 cm). The animal could freely move inside the chamber. 
To prevent unknown exposure to reactive area of EMF, some of the near field restricted by a plastic mesh (radius 
= 5 cm). The power density inside the chamber was measured with RF meter (Narda 8716, USA) in different 
distances with 5 cm height from the base of antenna. With these records, the average value for power density 
was 0.835 mW/cm2. The exposure room was adjacent to the experimental room.     

 
Data analysis 

The training data was analyzed with a one way analysis of variance (ANOVA) with trials as a repeated 
measure. Probe trial retention measures were analyzed with a two–way ANOVA. Tukey's posthoc test was 
performed to determine the source of detected significances. Values of P<0.05 were considered as significant 

 
 

 Results 
The results of escape time during the 10 trials are shown in fig.1. Data analysis showed a significant trial 

effect (i.e., a significant decrease in escape time with training). There was no significant difference in time 
during the training session trials between three groups [F (2, 29) = 0.358, p=0.702].  

Results of the probe trial are presented in fig.2, which shows the average time for the three groups of rats 
during the 1-minute probe trial period in the platform and opposite quadrants. There was no significant 
difference in time during the training session trials between three groups [F (2, 36) =1.03, p=0.364].  

Fig.3, illustrates the swim path data during the probe test. One- way ANOVA indicated no significant 
differences among the groups [F (2, 27) =1.82, p=0.180]. Fig. 4, illustrates mean swim speed of rats during 
probe test. A one way ANOVA showed no significant differences between groups [F (2, 27) =1.72, p=0.198].  
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Fig. 1: Average escape time (Mean ± SEM); time to reach the platform after release into the water, during the 

trials. 
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Fig 2: Average time spent (Mean + SEM) in three groups for target and opposite areas during probe trials. 
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Fig. 3: Average swim path (Mean + SEM) in four groups during probe trials of consolidation experiment. 
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Fig. 4: Average swim speed (Mean + SEM) of the rats during probe trials in consolidation experiment. 
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Discussion 
The mobile phones and their base station electromagnetic fields have low specific absorption rate that induce 

very low rise in brain temperature, thus, the possible biological effects of mobile phone systems on brain would 
be expected to be the non-thermal effects [12]. Data from this experiment showed that acute exposure (45 
minute) of 950 MHz waves of GSM mobile phone system (pulsed at 217 Hz) does not affect the consolidation 
phase of rat spatial memory. This is in agreement with recent studies showing electromagnetic field dose not 
alter performance in an 8-arm radial-maze, either in mice [33] or in rats [16]. In addition, another study shows 
that 900MHz GSM electromagnetic field, in head-only exposure conditions, can not alter performances of rats in 
spatial memory and non-spatial memory tasks [5, 6]. 

On the other hand, Lai and Carino found that low level microwave irradiations can alter the cholinergic 
functions in the rat hippocampus and cortex [17]. This decrease in cholinergic activity in the brain can impair rat 
spatial memory [18]. Cassel et al. could not access the same results like the Lai et al findings, although their 
testing protocol was as similar as possible to that of the Lai et al. study [2]. Sienkiewicz et al. found similar 
results in radial-arm maze too [33]. But Wang and Lai showed that 45-minute exposure 2.45 GHz microwaves 
can alter spatial memory in Morris water maze [35]. Because it has showed that hyperthermia can produce 
amnesic effects, the memory impairment reported by Lai et al and Wang and Lai can be related to a 
hyperthermia due to the whole-body exposure [6]. 

McKay et al [23] indicated that exposure to magnetic field can impair memory consolidation of contextual 
conditioned fear rats. Consolidation is defined as a process by which new labile memories convert to more stable 
long-term memories. It is showed that consolidation requires RNA and protein synthesis [22, 25]. Sienkiewics et 
al [34] suggests that magnetic fields have no effects on the well-established long-term memories.                     

The epidemiological studies were performed on human cases showed different results like animal experiments. 
Hocking et al., Oftedal et al. and Sandstrom et al. reported that mobile phone waves can produce dizziness, 
headaches, discomfort, warmth on ear, memory loss, and fatigue not only in regular power density but also in 
power density less than allowed limit (1 mW/cm2). They suggest that there is a direct relationship between these 
signs and calling time/number of calls per day [9, 10, 11, 27, 31]. In addition to studies performed on effects of 
waves emitted by phone handset, results of epidemiologic studies were done by Roosli et al and Navarro et al. on 
persons who lived in areas near the antenna, showed that 74% of people's complaints (sleep disorders, 
headaches, concentration difficulties and fatigue) are due to antenna. These signs appeared after exposure and 
decreased slowly [26, 30]. Santini et al suggest that the signs of persons, who live in areas near antenna, differ 
with increase of distance from antenna [32]. In addition to distance it seems that the antenna characteristics are 
important factors. 

 Bornkessel and Stocker-Meier studies on 24 antennas showed that although electrical fields’ intensities of 
these antennas are in standard limit. These results are time dependent and can differ with different antenna traffic 
along day [1]. Although some of these studies suggest that exposure level is less than allowed level by ICNIRP 
in areas near the base station antenna, but the probability of long term exposure dangers of these waves for 
whom live in these areas are not rejected. In agreement with this point, Lai et al showed that intensity and 
duration of exposure have interactions in effectiveness of the field on memory so that high-intensity/short-
duration exposure and lower-intensity/longer-duration exposure have similar effects on frontal cortex and 
hippocampus cholinergic activity and memory [17]. In addition, it is showed that chronic exposure to EMF can 
increase plasma corticosterone level [24]. This elevated level of corticosterone can induce time–dependent 
neuronal damage in hippocampus and impair cognitive function [21]. 

In the present research, the effect of acute exposure of 950 MHz waves emitted by base station antenna on the 
consolidation phase of spatial memory was investigated via the Morris water maze. This set of experiment 
provides no evidence indicating that spatial memory can be affected by the 45 minute whole-body exposure to 
950 MHz electromagnetic field. Although this study was used as a model for understanding the effect of GSM 
electromagnetic field on consolidation phase of memory, further studies are needed to test other durations and 
intensities on this phase of memory.  
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Abstract 
The health care staff operating MRI devices are exposed to static magnetic field of significant spatial 
heterogenity (dB/dx) and high level of flux density – usually existing permanently during the work shift. They 
can be also exposed to pulses of magnetic field of high rate of rise/fall dB/dt, so-called gradient fields - existing 
only during examination of patients. The level of the workers' exposure depends both on the type of the magnet 
and ergonomical design of the particular MRI device. 
The paper presents current state of the art on the occupational exposure to static magnetic field health effects, 
gaps in scientific data, MRI workers' exposure characteristic, research needs and suggestions for the exposure 
assessment protocol for further investigations. 
 
Keywords: MRI, occupational exposure, electromagnetic fields, exposure assessment 
 
 

1. Introduction – MRI EMF and exposure results 

Electromagnetic fields associated with Magnetic Resonance Imaging 

Nuclear magnetic resonance (NMR) is research method which can be used for medical imaging or spectral 
analysis of chemical structure of samples. The basic physical phenomenon in NMR is resonant absorption and 
re-emission of radiofrequency (RF) radiation by protons in a strong static magnetic field. In the magnetic 
resonance imaging (MRI) scanners, magnetic field useful for medical examination is result of summation of 2 
components: static field produced constantly by strong magnets (permanent, resistive or superconductive) and 
pulses of time-varying so-called gradient field produced by gradient coils placed inside the housing of the MRI 
scanner [10]. The dynamic changes of spatial distribution of field produced in the result enables 3D changes of 
RF resonating absorption by patients tissues and in consequences the 3D imaging of the internal structure of the 
patient's body. Diagnostic coils placed at the MRI table or directly on the body of examined patient produce 
pulses of RF radiation used for such imaging.  

Magnets of magnetic flux density of 0.2 - 3 T are currently used as a source of static magnetic field. Higher 
field’s (up to 8 T) MR imaging is under intensive pre-clinical investigations. Workers operating MRI scanners 
are one of  the highest exposed group to static magnetic fields because usually superconductive or permanent 
magnets generate the field constantly. Only resistive magnets can be switched off when the shift is over. 
Exposure of workers to RF and gradient fields is not common among MRI workers because during patients’ 
examination medical staff is usually far from the magnet, controlling examination by a computer-console.  

Biological and health consequences of electromagnetic fields exposure 

Biological and health consequences of RF and gradient fields, associated with thermal effects and electro-
sensitive tissues excitations, are relatively well investigated. In contrary, health  effects of static magnetic fields 
are still under question, especially in case of chronic exposure of high level. Recent World Health Organization 
(WHO) monograph 232 [6] concluded that there is not sufficient scientific data for establishing health risk of 
static magnetic field exposure. 

Physical effects of static magnetic fields (translation and orientation of charged molecules) cause electrodynamic 
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forces on moving electrolytes, and effects on electron spin states of chemical reaction intermediates [7]. 
Translation and orientation of molecular and cellular substances such as retinal rods, and some living cells have 
been experimentally observed in vitro in static fields of high level (above 1 tesla (T)), in various materials - dia- 
and paramagnetic such as hemoglobin, collagen, fibrin, and also on ferromagnetic particles such as magnetite. 
Water distribution can be also affected by high-gradient magnetic fields of high flux density (e.g., 8 T, 50 T/m; 
Ueno and Iwasaka 1994, following [7]), producing the force directly proportional to the square of the magnetic 
field strength and inversely proportional to the radius of the magnet e.g. force up to 30% the force of gravity in 
above-mentioned 8 T magnetic field, but only about 1% of gravity in whole-body 4 T magnet. 

Static magnetic fields exert electrodynamic forces on moving ions in blood vessels, generating an electric 
potential across the blood vessels (Hall effect) and theoretically a reduction of blood flow velocity (Tenforde 
1992, following [7]) - a 5 and 10% reduction in blood flow in the aorta was predicted to occur in static fields of 
10 and 15 T, respectively, due to magneto-hydrodynamic interactions (Kinouchi et al. 1996, following [7]). 
Related observations included a 0.2–3% change in blood velocity between 1–10 T (Dorfman; Keltner, following 
[9]). Experimental examination of the scale of biomedical effects associated with electrodynamic and 
magnetodynamic forces in exposed human body are still under examination, frequently using electrocardiogram 
(ECG) technique. In addition, vertigo and other sensations, as difficulty with balance, nausea, headaches, 
numbness and tingling, phosphenes, and unusual taste sensations, were recorded during movement in high field. 
The other investigated endpoint were: cognitive function, assessed during exposure using standard 
neuropsychological tests, effects of exposure to fields of up to 8 T on heart rate, respiratory rate, systolic and 
diastolic blood pressure, finger pulse oxygenation levels, and core body temperature [7]. The exposed volunteers  
moved very slowly in comparison with normal workers activities in the vicinity of magnets (one or two feet over 
a few seconds, followed by a 15–30 s pause, taking overall about 3–4 min) into the magnet bore in order to avoid 
the transient, movement-induced sensations described above. Nevertheless, nine subjects reported sensations of 
dizziness, and two reported a metallic taste, assumed to be due to electrolysis of metallic chemicals in the 
subjects’ teeth fillings (Schenck et al. 1992, following [7]). 

IARC (2002) [12] notes  that two somewhat dated studies (Neurath 1968; Ueno et al. 1984) report that exposure 
to 1 T fields with high spatial gradients (10–1,000 T/m) can adversely effect the development of frogs and toads, 
but notes that most studies indicate a lack of effect of static field exposure. 

With static magnetic fields, reactions under laboratory conditions include a 17% increase in human cardiac cycle 
length at 2 T (Jehesen et al., following [9]). The authors suggested that the observed effect is probably harmless 
in healthy subjects, but that its safety in dysrhythmic persons was not certain. Such question is very important in 
the case of health examination for workers, who are going to start or continue MRI scanners operation. 

 

2. Pattern of occupational exposure during MRI scanners operation 

For health care staff (nurses, technicians, radiologists), the static magnetic field from MRI units is of special 
concern as during the shift the field is permanently on. Inside the MRI’s room, the highest exposure occurs in the 
direct proximity to the magnet’s housing. The workers are exposed to the static magnetic field while attending 
patients before and after examination and also while operating the MRI unit by the console situated on the 
housing of the magnet. Exposure to gradient and RF pulses is possible only during the examination and affects 
workers only in special cases, e.g. during so-called dynamic examination, interventional MRI procedure or 
because of emerging needs (even inside the bore of magnet). During patient’s examination, the attendants 
usually stay in front of the monitor of computer controlling the examination, outside the MRI room (which is 
usually electromagnetically shielded to screen MRI device from all kinds of outside electromagnetic radiation).  

During MRI examination, examined subject (selected part of patient’s body) lies at the MRI’s table located 
within the area of static magnetic field of very high spatial distribution’s homogeneity in the bore of magnet’s 
housing (in the case of so-called close MRI device) or in the open space between magnet's legs (in the case of 
so-called open MRI device). Medical staff activities are carried out in the vicinity of magnet housing, in the 
static field of significant spatial heterogeneity. The standing with the patient before/after examination, usually at 
the distance of 0.3 - 1.5 m from the housing of the magnet, last in the most cases 2 - 15 minutes [9]. The basic 
activities are as follows (fig. 1): 

- attending at the MRI room during  patient's access and lay down on the MRI’s table (area A + B) 

- positioning of diagnostic's RF coils on the MRI’s table or patient's body (area A + B) 

- plugging-in/off the RF coils' cables into the supplying socket (area A + B or D or E) 
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- MRI table positioning for fixing its initial geometrical position and put in/out it into/from the area of 
uniform field (inside magnet's bore or within open space of open device) (area A + C) 

- attending at the room while patient is getting off from the MRI table (area A + B). 

In the case of certain types of examination, a patient is dosed with some pharmaceutical components, e.g. 
contrast, frequently when patient is placed inside the magnet. In the most of cases dosing/injection is made by 
nurses, even if the use of infusion pumps is technically possible. These activities last 1 - 2 minutes and is 
frequently the reason of high exposure of the staff  within area D at fig. 1. 

Cleaners can be also exposed to high level of static magnetic fields inside MRI room or inside the bore of 
magnet because permanent and superconductive magnets are permanently on. 

 
 
 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Characteristic of the health care staff exposure while MRI examination attending: area A, E, F - whole 
body exposure; area B - hands exposure or head while worker is leaning towards the patient; C - hands exposure; 
D - hands or whole body exposure when worker have to approach very close to the area of uniform field (or is 
leaned against magnet housing) [9] 
 
The exposure of medical staff to static magnetic fields while positioning the patient can be as high as the main 
field in the system, although locally and for limited periods of time. The trend towards the routine use of high 
field MRI systems (3–4 T) is increasing concern that exposure of workers and patients can exceed the existing 
recommended guidelines (tab. 1).  
 

Table 1. Permissible occupational exposure to a static magnetic field. 

Whole body Limbs 

Recommendations from Whole 
working 
day 

Ceiling 
value 

Whole 
working 
day 

Ceiling 
value 

Cardiac stimulators and 
implanted electronically 
activated devices 

ICNIRP guidelines, 1994 [7] 200 mT 2 T not fixed 5 T 0.5 mT 

EMF directive, 2004 [4] 200 mT not fixed not fixed not fixed mentioned but not fixed 

IEEE standard, 2002 [8] 500 mT 500 mT 500 mT 500 mT mentioned but not fixed 

ACGIH, 2005 [1] 60 mT 2 T 600 mT 5 T 0.5 mT 
 

Static field exposure levels must be quantified and controlled for medical staff safety. In the near future, ICNIRP 
is going to review its guidelines on limiting exposure to static magnetic fields [7]. Medical or paramedical staff 
may be exposed at low magnetic and electromagnetic fields around the device or outside the room for hours 
daily. 

Concerning open or interventional MRI devices with magnetic field strength below 1.0 T, staff operating such 
devices are not exposed at levels higher than the currently recommended limits for occupational exposure. 
However, there are only limited data on the exposure of surgeons at open MRI devices. 
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Medical workers exposure to static fields from 20 various MRI devices of 0.2 - 2 T magnets, used for medical 
examination of various tissues (with head's examinations carried out the most frequently) presented by 
Karpowicz and Gryz [9] can be consider as the typical example of medical staff exposure pattern. The level of 
static magnetic field decreases rapidly with the distance from the magnet housing - app. 100-fold at a distance of 
about 2 m. In each of the cases, the area of controlled access for persons with cardiac pacemakers (B > 0.5 mT) 
exist, up to the distance no longer than approx. 5 m from magnet. Magnetic fields of B = 10 - 500 mT can be 
found in a distance up to approx. 1.5 m from the magnet. In the case of 0.5 - 2 T MRI units, the area of the high 
field, where occupational exposure limitations should be consider (B > 100 mT) can be found up to approx. 0.5 
m from the border of the magnet's bore. The spatial distribution of the field levels are significantly non-isotropic 
around the bore magnets' housings - in front of and behind them much wider than sidelong. In the case of open 
MRI units, the spatial distribution of the field is isotropic around the magnet’s housing.  

Inside MRI rooms, the maximum exposure level in front of the magnet can reach 1 T. Exposure level in the area 
of workers' routine activities can reach 150 mT (for whole body exposure) and 600 mT (for hands exposure) 
(tab. 2). In the case of performing professional activities very close or inside the magnet's bore, workers can be 
exposed to higher fields. Exposure of hands to a static magnetic field up to 1,5 T was found. Exposure of 
workers outside the MRI room is lower, at a distance of 5 - 10 m, the magnetic field is normally less than 
0.5 mT. 

 

Table 2. Static magnetic field in the most possible places where health care staff attending patients before/after 
MRI examination [9]. 

Health care staff exposure level, mT  / MRI unit 

Activities types 0.2 T 

open 

0.5 T 

bore 

1.5 T 

bore 

diagnostic RF coils positioning on the MRI table or 
patient's body - whole body exposure 3−50 5-100 50-150 

diagnostic RF coils positioning on the MRI table or 
patient's body - hands exposure 

5-100 20-250 100-600 

plugging-in/off the RF coils cables into the supplying 
socket and console use - hands exposure 

60-100 30-40 
20-500 

up to 1500*) 

maximum field existing on the accessible for workers 
cover of magnet 

200-270 80-300 250-600 

*) - in case of location the supplying socket inside a magnet bore 
 

3. Research needs concerning MRI exposure assessment 

No serious adverse health effects from the whole-body exposure of healthy human subjects up to 8 T have been 
reported in the literature, but also no epidemiological studies have been performed yet to assess possible long 
term health effects in patients, workers, or volunteers. Only few informative studies have been performed using 
exposures above 2 T. This fact is very confusing against the growing up, the use of static magnetic fields in 
medicine, which lead to exposures of patients and workers to very high fields, even significantly exceeding the 
level of scientifically investigated exposure results (4 to 8 T). The main conclusions from WHO’s health risk 
assessment of static magnetic fields [6], including the analysis of gaps in knowledge about possible health 
effects, indicated that, research carried out to date has not been systematic and has often been performed without 
appropriate methodology and exposure information. In consequences, no sufficient knowledge concerning safety 
conditions are available today for static magnetic fields exposure existing in the vicinity of MRI devices.  

This lack of information resulted among others in the EU Directive 2004/40/EC provisions, which does not 
contain exposure limit value for static magnetic fields. To solve this serious problem for occupational safety and 
health engineering, further investigations concerning health risk assessments for static magnetic field exposure 
have been recently identified by international bodies [5, 6, 7, 14] as being of high priority for health risk 
assessment. The main areas identified for such research include:  

- monitoring of occupational exposure, especially above 4 T, suitable to allow epidemiological studies 

- epidemiological studies of possible long-term health effects in patients, volunteers, and staff with occupational 
exposure, particularly those with high levels of cumulative exposure 

- epidemiological studies on pregnancy outcome, of high interest for patients as well as pregnant workers 
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- studies on biological effects of strong static magnetic fields, especially of chronic exposure on reproduction and 
development. 

Further studies should be more systematic and coordinated. Appropriate dosimetry is important for all kind of 
research. There is a need to investigate the importance of physical parameters of exposure such as: 

- field intensity 

- exposure duration 

- field gradient on biological outcome.  

It means in practice the need of the use of investigations protocol, which allow the performance of the analysis 
of exposure level's distribution during the shift. 

Epidemiological studies are of primary importance in health risk assessment [14]. The use of adequate estimates 
of exposure from all relevant sources and to establish real exposure pattern and it’s variability among various 
countries is essential for quantitative analysis of research results and exposure’s risk. High quality 
epidemiological studies, not executed yet, should focus on workers involved in high exposure areas and address 
endpoints such as cancer and pregnancy outcomes in occupational situations. Attention should be paid also to the 
important confounding variables, such as toxic fumes, vibration or other kinds of non-ionizing or ionizing 
radiation. Highly exposed occupational groups, as medical staff operating MRI scanners should be identified and 
followed over time with focus on common health outcomes with short latency periods (e.g. effects on CNS 
functions and cardiovascular effects). A health survey of surgeons, nurses and other workers using interventional 
MRI would provide useful information as to levels, durations and frequency of exposures of workers to static 
fields in these systems. 

Experience with other frequencies has shown that obtaining reliable estimates of exposure to EMF for use in 
epidemiological studies can be very difficult, and surrogate measures of exposure, such as job title or distance 
from a particular source, may not always provide sufficiently accurate assessments. Investigations concerning 
low frequency exposure shown, that pocket-personal dosimeters would significantly improve exposure 
assessment for epidemiological studies and risk assessment. Adequate exposure assessment protocol for such 
method should be focused on: 

- magnetic field strength 

- magnetic field gradients 

- exposure durations  

- the rate of change of the magnetic due to motion. 

Development of methods and tools for reliable assessment of human body exposure levels taking into account 
exposure metrics other than average field strength; criteria, improving exposure monitoring strategies both for 
static magnetic field and time-varying components, for complex and inhomogeneous exposure situations and for 
personal exposure assessment (personal dosimeters) is included in the high priority research needs [5] crucial for 
investigations on exposure risk for MRI technology. Numerical and experimental validation of the dosimeters is 
required and should consider technical properties of dosimeter coming from EMF sensor, its calibration, 
dynamic and frequency respond, spatial respond, sensitivity to human body, motion speed, sampling, etc. For the 
possibility of the use of monitoring results for various kind of analysis, it is very important to develop 
standardized exposure assessment protocol.  

Studies in tissues, living cells and cell-free systems play a supporting role in health risk assessments [14]. Long-
term and acute studies on experimental animals are needed using endpoints such as life-span, cancer, 
development, cardiovascular, immune system and CNS responses [5]. In vitro studies should investigate 
interaction mechanisms such as radical pair reactions and enzymatic activity, as well as effects on gene 
expression, mutagenicity and cell transformation. 

Static magnetic fields may interact with biological systems in a number of ways, although the most likely means 
of causing health effects are via field-induced effects on charged molecules and alterations in the rate of 
biochemical reactions. Theoretical and computational studies are needed to investigate the magnitude and 
direction of induced currents and fields under various magnetic field exposure conditions. 

Human laboratory studies on acute transient effects of exposure to static field effects studied in controlled 
exposure parameters can bring additional knowledge concerning thresholds of particular exposure effects and 
physical measures of exposure which should be monitored for exposure assessment in real situations. The 
priorities for such research [14] were identified including studies on field-induced vestibular dysfunction 
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including vertigo, head and eye coordination in a gradient and static magnetic field. Such investigations are 
focused on the MRI interventional procedures, when medical staff are in close proximity to patients within a 
magnet and are consequently exposed to relatively high fields. Further investigation of such mechanisms and 
intensity is considered of special interest because of the increasing likelihood that medical staff will be 
performing complicated tasks for extended periods of time within a magnetic field high exposure. Additional 
attention should be paid on cognitive and behavioral effects of static magnetic fields. Possible investigations 
could be executed as a battery of cognitive tasks that encompass standard tests of attention, reaction time and 
memory, as an initial work with exposed volunteers to find topics for further more focused work.  

Proper design and interpretation of all types of above mentioned studies are not possible without expert 
dosimetric support. Computational dosimetry can provide the link between an external static magnetic field and 
the internal electric fields and induced currents caused by movement of living tissues in the field, taking into 
consideration specific tissues and organs. Precise investigations can be focused on the electric fields and currents 
associated with visual phosphenes and vertigo, fields and currents generated by head and eye movements in a 
static magnetic field, whole-body movement by staff around the interventional MRI system. Such investigations 
should be performed with the use of a very fine resolution head-and-shoulder phantom and are considered of 
particular relevance to interventional MRI procedures where reduced head movements of surgeons and other 
clinical staff may necessitate increased movement of the eyes. 

The ability of non-error performing of such work can be of high importance for the patient’s safety, and should 
be also considered within occupational risk assessment. 

 

4. Conclusion 

There are many gaps in knowledge of biological effects and interaction mechanisms of MRI-related 
electromagnetic fields with tissues. High priority research needs cover the studies to fill important gaps in 
knowledge focused on health risk assessment that are needed to significantly reduce the uncertainty in the 
current scientific information. In the case of very specific occupational situation of medical staff operating MRI 
scanners, additional attention should take notice of the occupational risk assessment. Further investigations and 
exposure assessment should include the safety of patients from non-error work ability of medical staff and safety 
requirements preventing hazards from "flying metallic objects" (3 mT) and possible destroying of magnetic 
memories/cards (0.5 mT). Further investigations should provide knowledge for current scientific gaps, but also 
to allow verification of the protection level from exposure limitations published by various international and 
national bodies. Such needs indicate that exposure assessment should allow multi-level analysis of exposure 
pattern, harmonized with exposure limitations mentioned in Table 1. The most important topics for exposure 
assessment from MRI scanners should include static and gradient fields exposure, exposure results from workers 
movement in the area of spatially heterogeneous fields, medical staff, technicians, cleaners and other possible 
exposed workers groups, open and close magnets, low and high field magnets, diagnostic and interventional use, 
various types of medical procedures, availability of technical staff for the reduction exposure level and duration. 
In any case of further research, detailed exposure assessment protocol published with the biomedical research 
results will be of high importance for combined analysis of various studies and determination of the groups of 
highly exposed or at high risk groups of workers.  
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Abstract 
The aim of this study is to examine the possible synergistic action between the cytotoxic 
Ph3Sn(MNA)SnPh3  complex (SNMNA) and its electromagnetic resonance radiofrequencies on 
proliferation and viability of a cancer cell line. Leiomyosarcoma tumor cells (LMS cells) were isolated 
from cancer bearing Wistar rats and tested for their proliferation and viability after administration of the 
SNMNA complex in various concentrations. We used an appropriate system to take the resonance 
radiofrequencies spectrum of the SNMNA complex. Then the LMS cells were exposed to two groups of 
frequencies for 45 min every 24h to determinate their proliferation and viability. Lastly we studied the 
simultaneous administration of the SNMNA complex and exposure to two groups of its radiofrequencies. 
The data collected reveal that the SNMNA: 1) Is a very cytotoxic and antiproliferative agent against cancer 
cells and 2) In low concentrations exercises synergistic action with Electromagnetic Resonance 
Frequencies (ERFs) and promotes obvious cytotoxic and antiproliferative action. In conclusion, SNMNA 
complex presents a relatively strong anticarcinogenic and cytotoxic activity. The mechanism of SNMNA 
complex action on the LMS cells seems to be related with the inhibition of the glycolytic metabolism of the 
cancer cells. Possibly the SNMNA complex acts as an anti-metabolite competing nicotinic acid in energy 
production metabolic pathways in which it participates as a coenzyme. The cytotoxicity of the SNMNA 
complex can be modified with the use of electromagnetic fields which can result beneficial for its future 
therapeutic actions. 
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Introduction 
LMS tumor is a type of cancer which presents great resistance to chemotherapy. Until, cis-platinum is the 
preferred therapeutic agent [1,2,3,4]. Due to its chemical characteristics and the ability to form bonds 
between DNA strands, the main intercellular target of cis-platinum is the cell’s DNA [5] The Pt derivatives 
interpolate between DNA strands and provoke structural deformation to DNA molecules inhibiting the 
functional rotations around the histones resulting to DNA fragmentation. [5]. It is not really clear if cis-
platinum as well as other forms of Pt complexes is metabolically activated by cell’s microsomial system in 
order to react with DNA molecule [6]. Platinum is the preferred element used to construct metal complexes 
with antitumoral effects. Various Tin complexes are used in the same therapeutic approach as platinum, for 
cancer experimental therapy [7,8,9,10,11,12,13,14,15,16,17]. A restrict number of experimental studies 
indicated that Tin complexes may act with a different mechanism of cis-Pt [11,12,13,14,15,16,17]. The 
present project studies the cytotoxic and antiproliferative effects of SNMNA complex and the synergistic 
action between the SNMNA complex and its electromagnetic resonance radiofrequencies on cancer cells in 
vitro. 
 
Material and Methods 
Tumor cell line development: LMS cells were produced the following way: 3 male and 3 female Wistar 
rats were selected from a group of syngenic laboratory animals (7th generation). After anaesthetization with 
ketamine and midazolam, B[a]P was administered using the procedure described by Karkabounas et al 
[18,19,20,21,22]. 110 to 128 days late, all animals developed tumors. Biopsies were performed after 
anaesthetization with diethyl ether and a sample of malignant cells was attained using a bioptic needle. 
Tumors of 4 animals were histological identified as LMS tumors (65%). One of them developed 
fibromyosarcoma and another rhabdomyosarcoma. Aseptic samples of LMS tumors sizing about 0,5 cm3 
were placed into cold Ringer sterile solution. Then they were aseptically cut into smaller pieces (around 
1mm3) and placed in a sterilized glass beaker with 20 ml of Trypsin 0,25% solution. Incubation of the 
pieces was performed by a gently stir and every 15 minutes 20 ml of the supernatant were collected and 
placed into sterile plastic tubes (falcon) for further process. Before we commence the second round of 
trypsinisation 10ml of Dulbeco’s Modified Eagles Medium (DMEM) were added to protect tumors from 
the trypsin action. Afterwards 10 ml of DMEM were rejected and 20 ml of trypsin 0,25% solution were 
added again and the same trypsinization process was repeated until the tumor pieces were dissolved in 
released tumor cells. In each tube with the collected tumor cells after trypsinization, we added 1 ml of 
Foetal Bovine Serum (FBS) in order to stop the action of trypsin. The tubes containing the initial 
trypsinised samples of the tumors centrifuged at 1200 rpm for 5 minutes in order to form a pellet all the 
remaining cells. Supernatant was rejected, 10ml of Phosphate Buffer Saline (PBS) were added and the cell 
suspension was gently mixed using pipette before the second centrifugation at 1200 rpm for 5 minutes. 
Supernatant was again rejected, 10 ml of DMEM with 10% FBS were added, mixed with the cells and a 
sample of 1 ml suspension was cultured in a Petri dish (9 ml DMEM, 1 ml FBS). Cells incubated at 37% 
oC, 95% O2, 5% CO2 and examined once a day by light microscopy. Cells were subcultured in order to 
obtain large numbers of tumor cells. The confluent tumor cells in each Petri dish washed with 10 ml of PBS 
to digress the dead cells, added 1 ml of trypsin 0,25% solution in order to be detached and 10 ml of DMEM 
to stop the trypsin action. The cell suspension from Petri dish transferred into sterilized plastic tubes and 
centrifuged at 3000 rpm for 5 minutes. The supernatant rejected and the pellet of cells resuspended in a 
cryopreservation solution of FBS and Dimethyl Sulfoxide (DMSO) at 9:1 ratio, placed in cryotubes (1ml of 
total volume) and stored in liquid nitrogen in order to be used again when needed. Examination the nature 
of these cells was performed using two techniques: 1) Classic diagnostic after Giemsa dyeing, 2) Biological 
testing. We used large numbers of viable tumor cells collected from a recent cell culture as described 
above. These cells were inoculated into Wistar rats, belonging to a homogenic line, to whom the initial 
tumor sample was taken (syngenic animals). Before the inoculation the rats anaesthetized with ketamine 
and midazolam (20mgr+6mgr per Kg BWt) followed by a 2 cm surgical incision performed aseptically on 
the left shoulder blade. The tissues removed and severed lightly until a small bleeding. 4x106 LMS cells 
suspended in 1 ml of Hanke’s solution and inoculated on the traumatized tissues by a gentle injection. The 
edges of the wound ascended και stitched so as the LMS cells to remain in the wound. Tumors were 
developed after a period of around 10-20 days. Small tumor pieces were cut for histopathological 
examination. All tumor samples were identified as Leiomyosarcomas. All the inoculated animals developed 
the characteristics of the neoplastic disease. Tumor’s size at death was around 38-45% of the total animal 
weight. 
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SNMNA complex cytotoxicity and antiproliferative effects on LMS cells in vitro: For these experiments 
we used LMS cells taken from liquid nitrogen. The LMS cells were cultured in a Petri dish and incubated 
for 10 days in order to control the proliferation rate and viability. When the LMS cells become confluent, 
the DMEM rejected, washed with PBS and 1ml of trypsin 0,25% solution added. After five minutes 
incubation the LMS cells were detached and we added 10 ml of DMEM in Petri dish. We counted the LMS 
cells on a cymometer Newbauer and seeded in Petri dish containing 24 wells totally (25.000 LMS cells per 
well, total volume 1 ml). We seeded 3 Petri dishes for 24, 48 and 72 hours. After 24 hours incubation we 
renewed the DMEM in 12 wells of each Petri (control wells). At the remaining 12 wells of each Petri we 
rejected the DMEM and added the dissolved in DMEM SNMNA complex in various concentrations (test 
wells). The total volume was 1 ml per well. We examined the following concentrations of the SNMNA 
complex: 0,5x10-9 M, 0,75x10-9 M, 1x10-9 M, 5x10-9 M, 20x10-9 M, 50x10-9 M, 75x10-9 M, 100x10-9 M, 
125x10-9 M, 150x10-9 M, 200 x10-9 M, 250 x10-9 M. After 24 hours incubation we rejected the DMEM, 
washed with 1 ml of PBS, added 0,25 ml of trypsin 0,25% solution and incubated again for 5 minutes. 
When the LMS cells were detached we added 0,25 ml of PBS and 0,5 ml of trypan blue 0,4% solution 
(total volume 1 ml). After 5 minutes we counted the LMS cells of each well on a cymometer Newbauer. 
The above procedure for 24 hours cell testing was repeated for 48 and 72 hours incubation. 

Chemicals: DMEM, DMSO, PBS and Trypan Blue 0,4% were purchased from Sigma; Trypsin 0,25% and 
FBS were purchased from PAA (Cell culture company);  Stereochemical formula of SNMNA complex is 
shown at photo 1. 

Simultaneous administration of the tin complex and its electromagnetic resonance radio frequencies 
on LMS cells in vitro: This experiment included 5 different tests. Cell viability was the comparable 
parameter in every test. Cell viability was tested by using Trypan Blue 0,4% solution, counting only live 
cells. For all the 5 different tests, 25.000 LMS cells were cultured in each well of a Petri (24 wells totally), 
using 6 wells for each count at 24, 48 and 72 hours. Each test was performed as follows:  
1st test line (control of the controls): The results of these tests were used to confirm the controls (double 
blinded) and were characterized as E1 test. Particularly, 24h after cell culture, DMEM was rejected, each 
well was washed with 1ml PBS and fresh DMEM was added to a final volume of 1ml. Cells were 
incubated for 24h at 37oC, 95% O2, 5% CO2. DMEM was again rejected in the first 6 wells which was 
washed using 1ml of PBS. 0,25 ml of trypsin solution 0,25%, was then added in each well and cells were 
incubated for 3 minutes in order to detach. After 3 minutes period 0,25ml of PBS and 0,5ml Trypan Blue 
(0,4%) solution were added. Following 5 minutes of incubation cell viability was measured using a 
microscope. This procedure was repeated at 48 and 72h. 
2nd test line (control): The results of these experiments were used as controls (blind) and were characterized 
as E2 tests. LMS cell culture, 24h incubation, dead cell rejection, PBS wash, DMEM renewal was 
performed as descript above. The next step was to let the Petri outside the incubation chamber at RT (25 
oC) and normal atmosphere (N2 80% and O2 20% approximately) under sterilized conditions for 45 
minutes. LMS cell viability was measured after 24h incubation (Trypan Blue method described above). The 
same treatment was repeated at 48 and 72h in order to determinate the LMS cell viability. 

3rd test line (substance activity): This line of experiments was characterized as E3 and was conducted the 
same way as E1 with the exception that before the first 24h incubation the SNMNA complex was dissolved 
in DMEM (1ml of total volume) and added in each well at various concentrations (1st group: 10-12 M, 10-15 
M, 10-18 M and 2nd group: 5x10-9 M, 20x10-9 M, 50x10-9 M). LMS cell viability control was performed at 
the same time periods using the same methods as described above. 

4th test line (electromagnetic field activity): This line of experiments was characterized as E4 and was 
performed in the same way as E2 with a simultaneous exposure of the Petri at a range EFRs of SNMNA 
complex for 45 minutes (1st group of exposure included 10 frequencies, 2nd 328 frequencies). LMS cell 
viability control was determinated at the same time periods using the same methods. The conditions of 
exposure were the same as E2. 

5th test line (simultaneous activity of the SNMNA complex and the electromagnetic field): This line of 
experiments was characterized as E5 and included the simultaneous study of the SNMNA complex actions 
(2 groups of concentrations) and exposure to its ERFs (2 groups of frequencies) on the LMS cells. 
Experiments were performed by combining E3 and E4 test lines (addition of the SNMNA complex at 
known concentrations and exposure at known frequency groups of the LMS cells for 45min/24h). All cell 
lines experiments were repeated 5 times. 
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Equipment and used apparatus 

Recording-storing-frequency broadcasting system: The used system is called Multi Channel Dynamic 
Exciter (MCDE) and it is composed of: a) the diagnostic system, b) the storing system and c) the field 
generator. The diagnostic system is based on Bohm-Aharonov effect, which was discovered by them in 
1959 during a study involving experiments of recording beams of electrons (β rays) through a number of 
various solenoids [23,24]. A substance or a biological sample is put in a determinate part of the diagnostic 
apparatus in connection with a solenoid and the electromagnetic frequencies generator. The generator is 
activated and scan a broad spectrum of radiofrequencies from 0,1 Hz to 1 MHz. The frequencies in which 
observed resonance between electromagnetic radiofrequencies emitted by the sample (substance or 
biological material) and the generator’s radiofrequencies are stored. In this manner is determinated a 
spectrum of resonating radiofrequencies that characterize the chemical substance or the biological material. 
This spectrum is called as the specific fingerprint of this chemical substance or biological material. This 
spectrum is registered at the memory of the storing system and transformed at different radiofrequencies by 
an appropriate algorithm. The transformed radiofrequencies can be used as input in the field generator and 
emitted back to the target to influence this chemical or biological material. The generator of 
electromagnetic fields used in the current study produce static electromagnetic fields with the following 
characteristics: the intensity of the electric field is 1,1-1,11±0,01 V/m and 0,0027-0,0029±0,00005 A/m for 
the magnetic field. The radiofrequencies broad ranged from 10Hz to 1MHz. The energy density of the 
MCDE system generated electromagnetic fields is approximately 100mW/cm3. The MCDE system [photo 
2] was examined for its safety application in animal and humans by the National (Greek) Center for 
Scientific Research «Demokritos» (Greek Department of the International Committee of Atomic Energy). 
The MCDE system was found safe for prolonging exposure humans, animals and other living systems. The 
MCDE system was placed inside a Faraday cage, in order not to be affected by external electromagnetic 
fields. 

Results 

Cytotoxicity of SNMNA complex: SNMNA complex is a very cytotoxic agent against LMS cells [figure 
1-4]. The Inhibitory Concentration (IC50) for this complex according to these figures is calculated between 
5 and 20 nM for 24h, 48h and 72h. Minimal lethal concentration (MLC) of the complex at 24h ranges 
between 50-75nM, at 48h around 75nM and at 72h between 30-40nM. At all time points (24h, 48h, 72h) 
there was no significant different between the values of MLC. Thus, LMS cells seem sensitive to the 
SNMNA complex cytotoxic effects. The SNMNA complex presents a time depending cytotoxic action, and 
MLC reaches minimum value at 72h. At 48h MLC value is rather steady at 75nM which can be explained 
as a cell homeostasis adaptation for neutralize the SNMNA complex cytotoxic effects. 

Synergistic activity of the complex and its ERFs: 

Considering data from test lines E1, E2, E3, E4 and E5 we can conclude that: 1) LMS cell proliferation rate 
from 24h to 72h shows an increasing rate (control of controls E1). Thus, LMS cells present high viability 
during incubation without the presence of a substance or electromagnetic field [fig 1,2,3,4], [photo 3],       
2) LMS cell proliferation rate (control E2) shows a slight decrease. Cells seem to be affective by stress 
when they are outside the incubating chamber (45minues/24h) although they continue to proliferate with 
increasing rates, 3) LMS cell proliferation rate at test line E3 is significantly lower compared with E1 and 
E2. Proliferation rate drop is smaller at low concentrations (10-12, 10-15, 10-18 M) [fig 5,7], [photo 4] and 
higher at high concentrations (5x10-9, 20x10-9, 50x10-9 M) [fig 6,8],. These data imply the strong cytotoxic 
activity of the SNMNA complex, 4) LMS cell proliferation rate at test line E4 is lower compared with E1 
and E2. Thus, even when the SNMNA complex is absent the exposure of the LMS cells to its resonance 
frequencies provokes the death of the cancer cells. The electromagnetic field exposure is more cytotoxic in 
comparison with the activity of the SNMNA complex at low concentrations (10-12, 10-15, 10-18 M) [fig 5,7]. 
At higher concentrations (5x10-9, 20x10-9, 50x10-9 M) [fig 6,8] the fields shows smaller cytotoxic activity 
than the SNMNA complex, 5) LMS cell proliferation rate at test line E5 is significantly lower. The 
decrease of the proliferation rate is the highest among the test lines [fig 5,6,7,8] especially at 48h and 72h. 
In contrast a small increase is observed at 24h in relation with E2 test line and E1 (smaller than E2), [photo 
5]. The decrease of the proliferation rate observed by simultaneous administration of the lowest SNMNA 
complex concentration (10-18 M) and the exposure to its electromagnetic radiofrequencies is the highest 
among the other low concentrations (10-12, 10-15 M) with the presence of the electromagnetic field [Table 
1,2]. There is a 54,79% (72h) [Table 1] decrease of the proliferation rate of E5 (C=10-18 and 10 



                                                                                                   

 1457 

radiofrequencies) and 51,35% (72h) [Table 1] decrease of the proliferation rate of E5 (C=10-18 and 328 
radiofrequencies), in comparison to E2. This result indicates a synergistic effect on LMS cells between the 
SNMNA complex and its electromagnetic radiofrequencies. The decrease of the LMS cell proliferation rate 
is related to the exposure time rather than the number of frequencies used in each group. 

 

 

 

 

 

 

 

 

 

fig 1: We measure the viability of LMS cells after 24 hours of incubation at increasing concentrations 
(0,5x10-9 M, 0,75x10-9 M, 1x10-9 M, 5x10-9 M, 20x10-9 M, 50x10-9 M, 75x10-9 M, 100x10-9 M, 125x10-9 
M, 150x10-9 M, 200 x10-9 M, 250 x10-9 M) of SNMNA complex. 

 

 

 

 

 

 

 

 

 

fig 2: We measure the viability of LMS cells after 48 hours of incubation at increasing concentrations 
(0,5x10-9 M, 0,75x10-9 M, 1x10-9 M, 5x10-9 M, 20x10-9 M, 50x10-9 M, 75x10-9 M, 100x10-9 M, 125x10-9 
M, 150x10-9 M, 200 x10-9 M, 250 x10-9 M) of SNMNA complex 

 

 

 

 

 

 

 

 

 

 

fig 3: We measure the viability of LMS cells after 72 hours of incubation at increasing concentrations 
(0,5x10-9 M, 0,75x10-9 M, 1x10-9 M, 5x10-9 M, 20x10-9 M, 50x10-9 M, 75x10-9 M, 100x10-9 M, 125x10-9 
M, 150x10-9 M, 200 x10-9 M, 250 x10-9 M) of SNMNA complex 

Fig 2. Viability of LMS cells after 48 hours of incubation at increasing 

concentrations of SNMNA complex
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Fig 3. Viability of LMS cells after 72 hours of incubation at 

increasing concentrations of SNMNA complex
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Fig1. Viability of LMS cells after 24 hours of incubation at 

increasing concentrations of SNMNA complex
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fig 4: Wistar rat LMS cells percentage proliferation after 24,48,72 hours of incubation at increasing 
concentrations (0,5x10-9 M, 0,75x10-9 M, 1x10-9 M, 5x10-9 M, 20x10-9 M, 50x10-9 M, 75x10-9 M, 100x10-9 
M, 125x10-9 M, 150x10-9 M, 200 x10-9 M, 250 x10-9 M) of SNMNA complex (collective results) 

 

 

 

 

 

 

 

 

 

fig 5: In this one we measure the variation of LMS cells viability in the five assays groups (E1, E2, E3, E4, 
E5) after 24,48 and 72 hours of incubation. 1st group of low concentrations (10-12 M, 10-15 M, 10-18 M) and 
10 radiofrequencies 

 

 

 

 

 

 

 

 

 

 

fig 6: We measure the variation of LMS cells viability in the five assays groups (E1, E2, E3, E4, E5) after 
24,48 and 72 hours of incubation. 2nd group of high concentrations (5x10-9 M, 20x10-9 M, 50x10-9 M) and 
10 radiofrequencies. 
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Fig. 5 Variation of LMS cells viability in the five assays groups after 24,48 and 72 hours of incubation. 
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fig 7: We measure the variation of LMS cells viability in the five assays groups (E1, E2, E3, E4, E5) after 
24,48 and 72 hours of incubation. 1st group of low concentrations (10-12 M, 10-15 M, 10-18 M) and 328 
radiofrequencies  

 

 

 

 

 

 

 

 

fig 8: We measure the variation of LMS cells viability in the five assays groups (E1, E2, E3, E4, E5) after 
24,48 and 72 hours incubation. 2nd group of high concentrations (5x10-9 M, 20x10-9 M, 50x10-9 M) and 
328 radiofrequencies. 

 

 

 

 

 

 

 

 

                         Photo 1: Formula and structural characteristics of the SNMNA complex. 

 

 

 

 

 

 

                                             Photo 2: The MCDE system in Faraday cage. 
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                    Photo 3: E1 assay (control of the controls). The LMS cells was confluent. 

 

 

 

 

 

 

 

 
Photo 4: E3 assay (substance activity). Decrease of LMS cell population after 72 h incubation at 10-18 M of 
SNMNA complex. 

 

 

 

 

 

 

 

Photo 5: E5 assay (simultaneous activity of the SNMNA complex and the electromagnetic field). 
Synergistic decrease of LMS population after 72 h incubation at 10-18 M of SNMNA complex and 3x45 
min total exposure at the electromagnetic field. 
 

    (L+10)   

10-12 M 28,43  -15,96  -32,33  

10-15 M 0,90  -31,19  -36,09  

10-18 M -5,68  -42,98  -54,79  

        

        

    (L+328)   

10-12 M 18,32  2,99  -8,37  

10-15 M 48,85  0,69  -50,13  

10-18 M 1,15  -48,05  -51,35  

Table 1: Shows the time dependent declination of LMS cell proliferation in low concentrations (10-12 M, 
10-15 M, 10-18 M) of SNMNA complex. The decrease of the LMS cell proliferation is independent to the 
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number of radiofrequencies. The lowest concentration (10-18 M) shows the highest cell proliferation 
decrease. The table shows the percentage LMS cell proliferation (E5 in comparison with E2 assay). 

 
    (H+10)   

5nM -22,34  -35,44  -27,55  

20nM -41,08  -43,04  -44,60  

50nM -94,64  -100,00  -100,00  

        

        

    (H+328)   

5nM -25,98  -31,30  -27,02  

20nM -36,33  -39,23  -40,15  

50nM -91,63  -100,00  -100,00  

Table 2: Shows the time dependent declination of LMS cell proliferation in high concentrations (5x10-9 M, 
20x10-9 M, 50x10-9 M) of SNMNA complex. The accumulative decrease (SNMNA 
complex+electromagnetic field) is minor in comparison with results in table 1. The prevalence of SNMNA 
complex concentration on the electromagnetic field effects is obvious. The table shows the percentage LMS 
cell proliferation (E5 in comparison with E2 assay). 

Discussion 

We have studied the effects of the SNMNA complex on a Wistar rat LMS cancer cell line. We also studied 
if it is possible to modify the cytotoxicity of the SNMNA complex using electromagnetic fields at 
radiofrequencies of the complex resonance spectrum. SNMNA complex is a strong cytotoxic agent on LMS 
cancer cells in vitro [11,12,13]. Mercaptonicotinic acid is an essential moiety of the complex and it is 
possible to act as anti-metabolite. Nicotinic acid participates in coenzymes (NAD+, NADP+), which take 
place as reduced equivalents carriers in glycolysis pathway and Krebs cycle in cancer cells [25]. Thus, 
nicotinic acid seems as a very important agent at energy production of tumors energetic metabolism [25]. 
Mercaptonicotinic acid of the SNMNA complex may compete nicotinic acid coenzymes in the above 
metabolic energy production pathways. The used LMS cells, such as other cancer cell types, seem to 
produce energy by glycolytic pathway [26,27,28,29,30,31,32]. This point has been shown by preliminary 
experiments in which the LMS cells are very sensitive to iodoacetic acid [31,32]. Iodoacetic acid is a strong 
inhibitor of the glyceraldehyde-3-phosphate dehydrogenase [29]. This enzyme plays a critical role for the 
whole glycolytic pathway and so the ATP glycolytic production stops by inhibiting this enzyme [33]. The 
SNMNA complex acts in very low concentrations lower than the iodoacetic acid. On the other hand the 
SNMNA complex is a strong inhibitor of the 5-lipoxygenase [13,14]. Generally the lipoxygenase, 
cyclooxygenase 1 and cyclooxygenase 2 inhibitors of synthetic or natural origins are still used as anti-
cancer substances with target action [34,35]. It is possible that SNMNA complex acts as a non steroid 
antinflammation derivative (NSAID) inhibiting 5-lipoxygenase on LMS cells [13,14]. In a recently 
published work, we find that the SNMNA complex produces free radicals in aquatic solutions [13,14]. This 
is verified from the EPR spectrums of the SNMNA complex [13,14]. The energy of electromagnetic fields 
may activate the electrons of the SNMNA complex bonds causing electron excitation. Exposure of 
SNMNA complex aquatic solutions to UV radiation causes the immediate production of free radicals 
[13,14]. The chemical reactions can be accelerated when an external electromagnetic field influences a 
chemical system [36,37,38,39]. For example the Belluzov – Zhabotinsky (ΒΖ) reaction of malic acid 
catalyzed by Fe+2 – Fe+3 ions (and not Ce) can be accelerated with the use of a low intensity external 
electromagnetic field (0,1 µT) [37]. Metal complexes such as SNMNA complex can be activated by 
external electromagnetic fields. The characteristic (fingerprint) resonance radiofrequencies spectrum of a 
substance can reduce the energy threshold activation of this substance and catalyse its chemical and 
biological effects. 
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Abstract 
In this study we investigated the effects of low intensity static electromagnetic field (EMF) causing no 
thermal effects, on leiomyosarcoma cells (LSC), isolated from tumors of Wistar rats. Electromagnetic 
resonance frequencies measurements and exposure of cells to static EMF’s were performed by a device 
called Multi Channel Dynamic Exciter 100 V1 (MCDE). The tumors were developed in the rats via a 
3,4-benzopyrene injection. The LSC were exposed to electromagnetic resonance frequencies (ERF’s) 
between 10 kHz to 120 kHz, for 45 min. During a 24h period, after the exposure of the LSC to ERF’s, 
there was no inhibition of cells proliferation. In contrast, at the end of a 48h incubation period, LSC 
proliferation dramatically decreased by more than 98%. At that time, the survived LSC were only 2% 
of the total cell population exposed to ERF’s, and under the same culture conditions showed significant 
decrease of proliferation. These cells were exposed once again to ERF’s for 45 min (totally 4 sessions 
of exposure, of 45 min duration each) and tested using a flow cytometer. It was found that 45% of these 
double exposed to ERF’s, LSC (EMF cells) were apoptotic and only a small percentage 2%, underwent 
mitosis. In order to determinate their metastatic potential, these EMF cells were also counted and tested 
by an aggregometer for their ability to aggregate platelets and found to maintain this ability. They 
showed no difference in comparison to the LSC not exposed to ERF’s (control cells). In conclusion, 
exposure of LSC to specific ERF’s decreases dramatically their proliferation rate and induces a high 
rate of cell apoptosis. Also, the LSC that survived after exposed to ERF’s, had a lower proliferation 
rate compared to the LSC controls but did not loose their potential for metastasis. The use of specific 
ERF’s generated from the MCDE electronic device, is safe for humans and animals according to the 
international safety standards, and appropriate for the experimental treatment of cancer in vitro and in 
vivo.  
 
Introduction 
There are quite a few of data on the effects of electromagnetic field (EMF) on various kinds of 
malignant cells in experimental animals and in humans, some of them referring to the application of 
electromagnetic resonance principles [1,2]. The main concepts expressed so far referring to the effects 
of EMF on malignancies are: the intensity, frequency and duration of application of the 
electromagnetic waves. The EMF may act as co-carcinogen combined with the primary carcinogen, 
especially in experimental animals but can also exert anticarcinogenic effects, inhibiting the 
proliferation of malignant cells in vitro as well as decreasing the size of the experimental tumors in 
vivo [3-6]. Studies of the EMF pro-carcinogenic effects in experimental animals are not numerous and 
seem to have many uncertainties [3,4]. On the contrary, studies on the EMF anticancer effects are 
abundant and their methodology is well documented [7]. It has been also shown, that the cytostatic 
effects of the EMF on cancer cells are not related to their thermal effects but are temperature-
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independent [8-10]. The purpose of the present study is to investigate the effects exerted by low 
intensity static electromagnetic field on a) the proliferation and the viability of the leiomyosarcoma 
cells line (LSC) and b) the cell cycle of LSC and c) the platelet’s aggregation from a physiological 
agonist and LSC cells. 
 
Materials and methods 
Production of leiomyosarcoma cells (LSC) and smooth muscle cells (SMC): The malignant cells 
were isolated from selected leiomyosarcoma tumors of Wistar rats. Fifteen (7 male and 8 female) 
Wistar rats, of the fifth generation of a certain couple, 60 days old, were subcutaneously injected in 
their right scapula by 1 ml of 3,4-benzopyrene solution (B[a]P) in tricapryline in a dose of 10.08 
mg/ml. The rat leiomyosarcomatic tumors B[a]P induced have the following characteristics: a) 
sensitivity to antioxidant substances and free radical scavengers indicating that their proliferation is 
related to the release of reactive oxygen species [11-13], b) their proliferation can be inhibited via the 
administration of cycloxygenase-2 (COX-2) and 5-lipoxygenase (5-LOX) inhibitors [14] and c) ability 
to induce leiomyosarcoma tumors when inoculated into Wistar rats. After 110 days (maximum 135 
days) of B[a]P injection, all animals developed malignant tumors at the site of injection. All tumors 
were histologically identified as leiomyosarcomas. The tumors were surgically removed and cut under 
aseptic conditions into pieces of 0.5 cm3 in volume. Each piece was placed immediately in cold 
Ringer’s solution and sliced down again to smaller pieces (1 mm3). All smaller pieces  were inserted  
for 5 min into 5 ml of cold Dulbecco’s modified Eagles medium (DMEM) solution which contained 
small quantities of trypsin and then these pieces were incubated in the same DMEM solution at 37º C 
for 4 h, with gentle mixing every 15 min. After incubation the DMEM solutions containing the tumor 
pieces were centrifuged at 900 rpm for 10 min and the supernatant was rejected. The remaining cells 
were resuspended in DMEM+10% fetal bovine serum (FBS) solution and seeded in plastic coated 
dishes of 52 mm in diameter. Tumor cells after been subcultured, were examined histologically and 
were characterized as leiomyosarcoma cells. In order to verify if these LSC were active and able to 
induce the same type of malignancy in rats, 4x106 of them were suspended in Hanks salt solution and 
inoculated into every Wistar rat as follows: the animals were anaesthetized with midazolame and 
ketamine, and a surgical opening was made in their outer skin layer at the middle of their back. The 
tissue underneath was traumatized by lancing with a sharp blade in order to bring fresh blood to the 
surface. LSC were then aseptically infused into the operated area, and the incision was immediately 
sutured. The animals developed medium-sized malignant tumors approximately 12 cm3 in volume, 
within the first 10 days after inoculation. Smooth muscle cells (SMC) were isolated from the aorta of 
Wistar rats and cultured again by the methods described above. The animal experimentation performed 
according to the European Community Directives and International Legacy for the animal protection. 
All the in vivo experiments were accomplished according to the European Union Directive for the 
Protection of Vertebrate Animals  Used for Experimental and other Scientific Purposes (86/609/EEC, 
article 9 §§1,2). 
Electromagnetic field equipment: Electromagnetic resonance frequencies measurement and exposure 
of cells to static EMF’s were performed by a device called Multi Channel Dynamic Exciter 100 V1 
(MCDE) invented by K. Havelas [17]. The MCDE has been certified by the Greek National Centre for 
Scientific Research “Democritos” and its Department of International Committee of Atomic Energy for 
its safe use in humans and animals. This device is consisted of two basic parts: A) an electromagnetic 
field generator of various intensities. The range intensities for the electrical field are 1.1 to 1.11 ± 0.01 
V/m and for the magnetic field are 0.0027 to 0.0029 ± 0.00005 A/m. The radiofrequencies which 
generate from MCDE system range of 10 Hz to 1 MHz. The power density of the electromagnetic field 
is 100 mV/cm3 approximately, B) an electron paramagnetic resonance spectrometer with specific 
characteristics. This spectrometer is a scanner-recorder of the ERF’s emitted from biological systems 
(targets), such as localized tumors in experimental animal, or cultured cancer cells, exposed to EMF. It 
is well known that the normal function of any biological system produce electromagnetic waves of 
specific frequencies caused by cell electromagnetic properties (electric membrane potential, transport 
of ions charges etc). The specific ERF’s emitted from an EMF excited biological system, is recorded as 
an electromagnetic resonance fingerprint of this system. This is due to the electromagnetic resonance 
taking part between ERF’s produced by the generator and ERF’s emitted from the biological system. 
The MCDE is supported by a  sophisticated software easy to use (submitted for accreditation). First, it 
is necessary to record the electromagnetic resonance fingerprints emitted from the biological systems 
(targets). Then, by selecting the specific MCDE’s programs of the software, the appropriate ERF’s  for 
the exposure of the target are calculated  and then are emitted to the target.  
Estimation of leiomyosarcoma cells and smooth muscle cells electromagnetic resonance 
frequencies: Electromagnetic resonance fringerprintings of LSC and SMC were recorded before and 
after their exposure to EMF (10 Hz-1 MHz). The ERF’s of LSC electromagnetic resonance fingerprints 
are modulated using the software and after that, the cancer cells are exposed to these modulated 
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electromagnetic fingeprintings for 45 min. The cell proliferation and cell morphology were checked 
every 24 h. A total of 492 different frequencies emitted from LSC cells were recorded (fig 5). 
Method of leiomyosarcoma cells and smooth muscle cells exposure to electromagnetic field  
Leiomyosarcoma cells treatment: Twelve Petri dishes with 10 ml growth medium were seeded with 
1x105 LSC (zero time). The LSC cultures were incubated in 37º C at 95% O2 + 5% CO2 atmosphere for 
48 h. Then the medium was replaced by 10 ml of new DMEM. At 72 h from zero time, six LSC 
cultures (EMF cells) were placed into a Faraday apparatus at room temperature (RT) and exposed to 
modulated electromagnetic fingerprints  (from 10 kHz to 120 kHz and intensities from 1.1 to 1.11 +/-
0.01 V/m for the electric field and 0.0027 to 0.0029+/-0.00005 A/m for the magnetic field), for 45 min. 
A total of 492  frequencies were used for LSC exposure to EMF. The used  frequencies were derived 
from a transformation of the 492 frequencies recorded as the LSC electromagnetic  fingerprints (Fig 1) 
by an specific algorithm [ ∑f(r) + f(em) = c, f(r)  = registrated frequence, f(em)= emitted frequence, c = 
a constant ]   The other six LSC cultures (control cells) remained at RT for the same time as EMF cells 
but without being exposed to EMF. The control and EMF cells were incubated once again at the same 
conditions as before, for about seven hours. At 79h and 96h from zero time, the cells of each culture 
were counted, subcultured at about 1x105 cells per plate and incubated at the same as above conditions. 
At 120h from zero time, the EMF cells were re-exposed to EMF as before and 24 h later, both EMF 
and control cells in each plate were counted and examined microscopically. Then, to examine their 
proliferation rate in relation to time, both groups (EMF and control cells) were subcultured and 
incubated at the same described conditions, in order to estimate the time till cell confluence. The cells 
were then preserved in liquid nitrogen. 
Smooth Muscle Cells treatment: The SMC isolated from Wistar rat aorta were subcultured in the 
same conditions as described above for LSC and exposed to EMF in the same manner and frequencies 
as rat LSC.  
Leiomyosarcoma cells manipulations: The preserved in liquid nitrogen EMF and control cells were 
defrost and cultured again till cell confluence. Twelve plates were then seeded with the same number of  
LSC and incubated for 24 h. The EMF cells were again exposed to EMF for 45 min after 24 h and 48 h. 
Six hours after the last session, cell samples from each plate were taken for testing their cell cycle 
phases by a flow cytometer Bexton Dickinson system.  
Estimation of platelet aggregation ability of leiomyosarcoma cells  
The potential for metastasis of the LSC was determined from their ability to aggregate platelets before 
and after their exposure to EMF using the aggregometer CA-500, Cronolog, USA and the Cronolog kit 
for platelets aggregation. The Cronolog kit was used to verify the normal platelet responses. A total of 
120 tests were performed on blood samples taken from six healthy volunteers who abstained from the 
use of drugs and alcohol for ten days before the tests. The tests were performed in platelet rich plasma 
(PRP) isolated from the blood samples and prepared according to the manual of the apparatus. The 
platelet aggregation tests were performed after the suspension of either 5X105  EMF cells or of the 
same number of control cells, in PRP. 
Statistics 
Student’s t-test was used for the statistical evaluation of the results and P<0.05 was considered 
statistically significant. 
 
Results 
Cell proliferation rate: Our results were as follows: a) Twenty-four hours after the first and second 
session of exposure to the EMF, the proliferation rate of the LSC was slightly decreased, in comparison 
to the control cells proliferation (P<0.05). Also the microscopic examination showed that the highest 
percentage of LSC was under stress, showing round-shaped cells with abortive pseudopodia and 
formation of nuclear membrane blebs. b) The multiplication rate of the EMF exposed LSC after 48 h of 
incubation was dramatically decreased at a percentage higher than 98%, (P< 0,0001 compared to the 
control cells) and most of the exposed malignant cells were found either dead (mainly apoptotic) or 
extremely stressed: round shaped cells, formation of bleeds in the outer cell membrane, absence of 
pseudopodia (fig 1) c) The survived LSC after one session of EMF exposure, showed a great difficulty 
in proliferating according to the time needed till cell confluence (6 days of incubation) in with 
comparison to the time needed till control cells confluence (3 days), (fig 2). Also, the survived LSC 
developed a remarkable resistance to EMF, showing only 20% decrease of cell proliferation rate 
compared to the much higher decrease in proliferation rate of 98%, shown after their first EMF 
exposure. 
Leiomyosarcoma cells  distribution in the cell cycle phases:  Flow cytometry revealed that after the 
fourth cell exposure to EMF,  33% of the LSC were found to be in G0/G1, 9% in S phase, 2% in 
mitosis and 45% were undergoing apoptosis, while the control cells were found to be: 36% in G0/G1, 
38% in S phase, 19% in mitosis and 2% undergoing apoptosis (Table 1).  
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SMC viability after exposure to EMF: The SMC seem not to be affected by electromagnetic fields 
exposure at 24 and 48 h (fig 3). The exposed SMC have a proliferation rate 10% lower than the non 
exposed SMC (control). This difference is not statistically significant (P<0,4). 
Estimation of sarcoma cells “ potential for metastasis” by platelet aggregation: The aggregation 
ability of the control as well as of the exposed to EMF cells, was 78%, and almost equal to the ability 
to aggregate of the ADP (82%). According to the above, LSC exposure to EMF did not affect 
significantly the “potential for metastasis” of LSC ( fig 4).  
Estimation of cell electromagnetic resonance – frequencies: Electromagnetic resonance frequencies 
of the: a) unexposed to EMF LSC were ranging between 10.5 to 120.5 kHz, b)  exposed to EMF LSC, 
between 10 to 120 kHz and c) SMC between 10 to 120 kHz. Spectrum analysis of the above 
estimations revealed that the electromagnetic resonance frequencies of LSC exposed to EMF showed 
significant differences as compared to those of the unexposed LSC (control cells) presenting an almost 
70% similarity to the  electromagnetic resonance frequencies recorded from the SMC (data not shown). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 1. The viability of the EMF exposed LSC after 48 h of incubation was dramatically decreased at a 
percentage higher than 98%, (P< 0,0001 compared to the control cells) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 2. The survived LSC after one session of EMF exposure, showed a significant difficulty in 
proliferating according to the time needed till cell confluence (6 days of incubation) in with comparison 
to the time needed till control cells confluence (3 days) 
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Fig.3 : Viability of Smooth Muscle Cells (SMC) not exposed and exposed to EMF. The non exposed 
SMC have a rate of growth 10% larger from the exposed ones [P< 0,4]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 4. LSC exposure to EMF did not affect significantly the capacity of LSC to aggregate human 
platelets. PLT : resting platelets, LMC : platelet aggregation LMC induced, EXP-LMC: platelet 
aggregation induced by exposed LMC, ADP: control of platelet aggregation by ADP as agonist.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 5. The fingerprint spectrum of 492 frequencies emitted from leiomyosarcoma cells of Wistar rat 
after an accurate registration by the resonating system of the MCDE apparatus   
 
 

Fig 3. Viability of Smooth Muscle Cells (SMC) non exposed and exposed to the EMF. 
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Table 1 : Flow cytometry for non exposed and exposed to EMF sarcoma cells .             

The percentage of apoptotic nucleus in the group of control cells is very low ( 1,79 %) when the 

percentage of apoptotic nucleus in the group of exposed cells to EMF is much greater ( 45,34 %) .

• Control ( non exposed sarcoma cells)

• Marker       Left       Right   Events   % Gated     Total

•

• All 0            1023         9461       100.00       49,07     

• M1             26   149           169         1,79            0,88

• M2            15        242           3366       35,58         17,46

• M3             262       386           35,49      37,51          18,41

• M4            391 565  1774       18,75            9,20

•

• G0/G1 : 35,58%, S : 37,51% , G2/M : 18,75% ,       
Apoptosis : 1,79%

• Exposed sarcoma cells to EMF 

• Marker       Left       Right Events   % Gated     Total

•

• All               0           1023         13232       100,00       17,89 

• M1               26         149           5999         45,34          8,11

• M2              159        242          4396          33,22          5,94

• M3              262        386          1232           9,31           1,67

• M4              391        565            217           1,64           0,29

•

• G0/G1 : 33,22%, S : 9,31%, G2/M : 1,61% ,  

• Apoptosis : 45,34%

 

• Exposed sarcoma cells to EMF 

• Marker       Left       Right Events   % Gated     

Total

•

• All               0           1023         13232       100,00       

17,89 

• M1               26         149           5999         45,34          

8,11

• M2              159        242          4396          33,22          

5,94

• M3              262        386          1232           9,31           

1,67

• M4              391        565            217           1,64           

0,29

•

• G0/G1 : 33,22%, S : 9,31%, G2/M : 1,61% ,  

• Apoptosis : 45,34%
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Discussion 
Our findings indicate that high growth inhibition of LSC of more than 95% can be accomplished by the 
applying an EMF according to electromagnetic resonance principles. The results of this study reinforce 
the other authors findings on the proliferation inhibition and on the significant morphological 
alterations of human melanoma cell lines exposed to low power electromagnetic waves of 50-80 GHz 
[15] and also on the apoptotic effects of static EMF of 1.95 GHz on human epidermoid cancer cells 
[16]. In the present study antiproliferative and apoptotic effects have been achieved by exposing LSC 
to a static EMF of low energy waves and frequencies between 10 kHz to 120 kHz. This field is far 
lower in frequency and in power than the upper limit of permitted exposure (power: 200m Watt/cm3), 
being thus, safe for use in animals and humans [17]. It is also evident from the literature, that the EMF 
effect is dependent on immediate interactions that affect the electronic spin of the atoms or molecules 
with uncoupled electrons in their external orbit, enhancing electron spin coupling; thus may help the 
neutralization of free radicals, especially those produced by the activation of arachidonic acid cascades 
[14,16,18-21]. It is also known that the EMF induce free radicals production that may act as activators 
of signal transduction pathways [10,19,20]. According to the above, it is possible that the effects of 
these EMF, could be similar to the effects of antioxidants and free radical scavengers on LSC lines. 
The high percentage of the exposed LSC found in apoptosis (45%) in comparison to that of the 
unexposed to EMF, control cells (2%), could be explained as the effect of the EMF’s on cellular 
membranes activating signal transduction pathways leading to  genes expression of cell apoptosis 
[5,7,16,22] or to inactivation of anti-apoptotic genes [15]. The low percentage of cells found in 
synthesis and in mitosis (9% and 2% respectively) compared to that of the control cells (38% and 19% 
respectively), indicates that radiofrequency of the EMF can act as cell cycle inhibitor, similarly to the 
effect of magnetic field on DNA synthesis [23,24,7]. There is also evidence that exposure to the EMF 
may reduce the immunoreactive p53 expression in tumor bearing mice [19], which has been found 
increased in BaP-induced leiomyosarcomas in Wistar rats [25]. The lower sensitivity of LSC after their 
fourth exposure to ERF’s, compared to their higher sensitivity after the first exposure, indicates that 
LSC may have developed some type of resistance to   EMF. Our finding, that the electromagnetic 
resonance fingerprints  of LSC changed after their exposure to EMF and resembled to that of the SMC, 
may indicate that some differentiation in the LSC function has taken place. This differentiation is 
supported by our -yet unpublished- data indicating that the EMF treated LSC, after being inoculated to 
Wistar rats, retard  the tumor development or even fail to develop tumor, in contrary to inoculated but 
unexposed to EMF LSC that develop tumors in a 100% of the experimental animals. There are also 
bibliographic references indicating that the EMF, specific or generalized is able to induce 
differentiation of cancer and non cancer cells [26,27]. Nevertheless, the LSC exposed to the EMF seem 
to retain their potential for metastasis as they can still aggregate platelets. It must be emphasized that 
for the first time a low intensity EMF has been used and it is essential that this EMF is carefully 
designed on the basis of the emitted electromagnetic frequencies from the target cells, in order to be 
effective. Also, the intensity of the electric field we used was 75 times lower and the intensity of the 
magnetic field was more than 1800 times lower than the average of the international safety standards 
according to the National Centre for Physical Sciences of Greece (“Demokritos”, Athens Greece) [17]. 
Because of that, the use of this electronic device for the treatment of cancer cells seems to be safe. 
Unpublished data of ours, from the follow up of tumor-bearing animals and cancer patients treated with 
EMF by the above method, confirm the above. Our data, concerning the changes of LSC 
electromagnetic resonance fingerprints after repeated exposures to EMF, indicate that, in order to affect 
the cells functions, it is crucial to make regular readjustments of the electromagnetic resonance 
fingerprints, in order to differentiate the LSC phenotype to a phenotype with an electromagmetic 
resonance fingerprinting as close as possible to that of the normal cells (SMC). In this case, the LSC 
should loose their malignant phenotype, so that their inoculation to Wistar rats could not cause 
malignant disease. Experiments going on, in our lab, seem to confirm this hypothesis. 
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Abstract 
One of the most used photosensitizer in photodynamic therapy of cancer is the aminolevulinic acid (ALA), a 
precursor in synthesis of protoporphyrin IX (PpIX). One of the disadvantages using this photosensitizer is the 
small rate of ALA uptake of the cells. Our work aim was to increase by electroporation the PpIX level in ALA 
treated cells. Electroinduced pores in membrane would facilitate an enhanced uptake rate of ALA forcing an 
increased level of PpIX and consequently a better efficiency of ALA photodynamic therapy. B16F10 
melanocytes cultures were incubated with 1 mM ALA for 4 h and PpIX level was monitored by the fluorescent 
emission at 635 nm. The viability of cells was analysed by MTT test. The electroporation of cells in the presence 
of ALA was done with exponential decay electric pulses in the range of 500-4500 V/cm, 100 µs, 1-4 pulses. In 
the control experiment (without electroporation) a rate of PpIX production comparable with results in literature 
was obtained. Exposing the ALA treated cell cultures to light (633 nm) for various periods the apoptosis or 
necrosis of cells was triggered. This observation was confirmed by the results of cells viability tests. The 
electroporation of cells in the presence of ALA did not show significantly increase the cellular PpIX level. In 
conclusion our in vitro preliminary results did not supply evidences that the electroporation of cells can be a way 
to improve the ALA uptake of the cells and consequently to improve the efficiency of photodynamic therapy 
with ALA. 
 
  
Introduction 
Photodynamic therapy (PDT) concept is based on a combined effect of the light and chemicals. A photosensitive 
chemical species incorporated into cell and afterwards exposed to irradiation with light of appropriate 
wavelength produces very reactive chemical radicals which are able to trigger the apoptosis or necrosis of the 
cell. This type of therapy was proposed as an alternative to classical surgical techniques. The photosensitive 
molecules can be an exogenous (an appropriate techniques has to be used to uptake this molecules by the cell) or 
an endogenous one as protoporphyrin IX (PpIX). 5-aminolevulinic acid being a precursor of PpIX is one of the 
most used chemical in PDT. ALA is an endogenous precursor of PpIX. In normal conditions the rate of PpIX 
synthesis is regulated by means of a negative feedback loop limiting in this way the level of endogenous ALA.  
An enforced uptake of ALA allows overcoming this limiting mechanism resulting in an increased rate of PpIX 
production by the cells. PpIX absorption spectrum shows a high peak located 635 nm (Ma et al, 2001). Under the 
light irradiation the PpIX produces several photo-induced products having as final results an unbalanced 
oxidative status of the cell. As a consequence the cell triggers the apoptosis program. The technique was 
successfully used in in vitro and in vivo experiments.   
The main disadvantage of this ALA-PDT method is the limiting step of ALA incorporation into the cell. ALA is 
a hydrophilic molecule and consequently has a very low diffusion coefficient through the membrane lipid 
bilayer. There are several reports concerning the mechanism of ALA uptake through the cell membrane. Mainly 
two paths are proposed: (i) the passive diffusion which would be important only during a short period of 
incubation, till 15 min (Bermudez Moretti et al, 2002) and (ii) an active mechanism mediated by a BETA family 
transporter (Rud et al, 2000; Bermudez Moretti et al, 2002). 
An alternative proposed to improve the rate of ALA influx is the cell electroporation. The action of a short 
electric pulse of appropriate amplitude is able to produce a reversible permeabilisation of the membrane. During 
this state the exogenous molecules, for which normally the membrane is not permeable, can pass through the 
membrane barrier by diffusion. In cancer therapy the technique was successfully used to improve the efficiency 
of cytostatics (Orlowski, Belehradek et al.,1988). A derived method is the transdermal electroporation. The 
electric pulses are applied across the dermal layer increasing the diffusion of drugs through it. This method was 
proposed to improve the efficiency of ALA – PDT when ALA is topically applied (Johnson et al, 2002) and an 
increase of transdermal transport rate was reached.              
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In this report we present our preliminary results concerning the possibility to use the electroporation at the cell 
level in order to increase the uptake of ALA and consequently the production of PpIX.  
 
 
 
 
Materials and Methods 
B16F10 murine metastatic melanoma cells were used as biological experimental object. They were cultured in 3 
cm Petri dishes, at 37°C, 5% CO2, in Dulbecco’s MEM (Gibco) supplemented with 10% foetal calf serum 
(Gibco), 100 units/ml of penicillin and 100 µg/ml of streptomycin (BioClone). The B16F10 cell line was kindly 
provided by Dr. L.M.Mir, Gustave-Roussy Institute (Villejuif), France. 
1mM ALA (Sigma) was added in the fresh Dulbecco’s MEM medium without foetal calf serum and without 
phenol red (Gibco) and the cells were incubated with at 37°C for 4 hours. A longer ALA incubation period did 
not increase the PpIX production (data not shown). After this incubation the ALA-treated cells were harvested 
by mild trypsination and the level of PpIX was measured by fluorescence. The PpIX excited at 510 nm has two 
emission peaks at 635 and 706 nm (Orenstein et al, 1997). The emission spectrum in the range of 600 – 750 nm 
was recorded in a SPEX spectrofluorometer. The intensity at 635 nm was considered as a measure of PpIX 
production. 
In order to produce the photo-degradation of PpIX the cells attached to Petri dishes and incubated with ALA, 
were exposed to red He-Ne laser beam (power at the level of the dish surface was 16 mw) expanded by a simple 
lens system to cover the all dish surface. After different exposure durations (4-35 min) the cells were harvested 
by mild trypsination and the fluorescence spectrum recorded.  
The level of toxic photo-induced products was evaluated using the MTT cell viability test after exposure to laser 
beam. The cells were seeded at appropriate concentration on a 96wells plate for 24h, than incubated for 4 h, at 
37°C, with 0.5mg/ml thiazolyl blue tetrazolium bromide (TBTB, Sigma). The viable cells are transforming the 
TBTB into coloured formazan precipitate. The production of formazan was quantified using a spectrophotometer 
plate reader (Awarness).  
The cell suspension electroporation was done using an Eppendorf electroporator. The suspension medium was 
the same as Eppendorf recommended. An exponential electric pulse (time constant of 100 µs) was applied 
between the electrodes of an electroporation cuvette (BioRad) where the cell suspension was introduced.  The 
electric field intensity ranged from 0.5 to 6 kV/cm. In order to evaluate the efficiency of electroporation the 
uptake of a membrane impermeable molecule (ethidium bromide, EB) was followed. The dye was added to the 
cell suspension just before the electroporation. The labelled cells were counted under a fluorescence microscope 
(Zeiss Axiovert 200) equipped with an appropriate filter set and the percentage of the coloured cells was 
calculated. To evaluate the cells ‘death’ (at high electric field intensity a large number of cells die) the EB was 
added to the electroporated cell suspension after 10 min. It was considered that during this period the 
permeability membrane of surviving cells was recovered and only the irreversible permeabilized cells will 
uptake the dye.  

 
 
 
Figure 1. Fluorescence 
spectra of cells incubated 
with ALA, 1 mM, 4 
hours (ALA) and without 
ALA (Control). λex = 510 
nm 
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Results and Discussions  
The cells incubated with ALA, 1 mM, 4 hours, had a strongly increase of PpIX production (fig. 1). The spectrum 
is very similar with other reported results (Orenstein et al, 1997; Dysart and Patterson, 2006) and two peaks can 
be observed at 635 nm, the main one, and at 706 nm. In contrast, the control cells (without ALA) did not present 
observable levels of PpIX.  
The effect of light irradiation on cells incubated with ALA was revealed by means of decrease of PpIX level in 
cells after irradiation (fig. 2). The PpIX level decreases with irradiation time confirming other results reported in 
the literature (Orenstein et al, 1997). Plotting the maximal intensity at 635 nm against irradiation time a linear 
decrease of PpIX level in irradiated cells can be observed (fig 3). Over 35 min of irradiation the fluorescence 
intensity at 635 decrease much slowly suggesting a saturation of the process (data not shown).     
 

 
 
 
 
 
Figure 2. Fluorescence 
spectra of cells incubated 
with ALA, 1 mM, 4 
hours (ALA) and 
irradiated with red laser 
light (633 nm) for 
different periods. λex = 
510 nm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Fluorescence 
intensity at 635 nm (λex = 
510nm) of cells 
incubated with ALA,  
1mM, 4 hours and 
irradiated with red laser 
light (633 nm) for 
different periods.  
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In order to check the effects of irradiation on the viability of the cells the MTT test was applied. Four variant of 
cell cultures were tested: a control consisting in cells without ALA, a second control without ALA but irradiated 
at 633 nm, a non-irradiated but ALA incubated culture cells and a culture cells incubated with ALA and 
irradiated with 633 nm laser light. The period of irradiation was 30 min. ALA incubation was performed as 
above. The results are in presented in Figure 4. The red light irradiation and ALA incubation did not affect the 
viability of cells with respect to the controls. Only the cells incubated with ALA and irradiated with red light 
show more than two times smaller viability. This experiment actually proves the fact that our experimental 
conditions are appropriate for an in vitro experiments revealing the presence of photo-induced products in ALA 
incubated cells and irradiated with red light.  
 
 

 
 
 
Figure 4. Viability of the 
cells evaluated by MTT 
test: C – control, C-I – 
control cells irradiated 
with red light, ALA – 
ALA incubated cells, 
ALA-I – ALA incubated 
cells and irradiated with 
red light. 
 
 
 
 
 
 
 
 
 
 
 
 
  
 

In order to find out the optimal conditions for the electroporation a range from 0.5 to 6 kV/cm was used. One 
exponential pulse (time constant of 100 µs) was applied to the cell suspension with or without EB. The results 
are in Figure 5. At low level of electric field intensity a rapid increase of porated cells percentage is observed 
reaching a plateau for higher values of electric field. On the other hand, at low field intensity the viability of cells 
is very close to maximum (100%) and decreases when the electric field increases. For medium values of the field 
intensity (between 2 and 4 kV/cm) the cells have simultaneously a maximal level of poration and of viability. 
Considering the conditions of minimal stress for the cells we used in our experimental trials to increase the 
uptake of ALA in the cells by electroporation the following electric conditions: one exponential pulse of 2 
kV/cm and 100 µs time constant.  
After all these preparatory experiments which allow us to have proper conditions to reveal the photosensitizer 
effect and to have optimal electroporation parameters we performed experiments trying to find out an increase of 
PpIX production in cells electroporated in presence of ALA. The following conditions were used: ALA 1mM, 
one exponential pulse of 2 kV/cm and 100 µs time constant. 15 min after electroporation the cells were incubated 
in a fresh culture medium without ALA and after 1 h the cells PpIX level was recorded. For control cells the 
same experimental conditions were used without electroporation step but with a 4h incubation with ALA.  
An unexpected result was obtained. In the electroporated cells no PpIX was revealed. The spectrum was very 
similar to the spectrum of control cells without ALA (data not shown). 
In order to check if the electroporation step disturb or not the metabolism of cells a further control experiment 
was performed. Cells electroporated without ALA were incubated immediately after the electroporation in fresh 
medium with 1mM ALA for 4 hours. The level of PpIX was recorded by fluorescence spectrum and the PpIX 
value was similar to the control cells incubated with ALA for 4 h, without electroporation. This is an evidence 
for the fact that electroporated cells were able to develop the biochemical processes needed for PpIX synthesis. 
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Figure 5. The 
electroporation yield and 
the viability of 
electroporated cells.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Summary 
In this paper we report our preliminary results concerning the possibility to improve the efficiency of ALA – 
PDT method by electroporation. Our in vitro trials did not supply evidences that the electroporation of cells in 
suspension can be a way to increase the rate of ALA uptake of the cells. These results are apparently in 
contradiction with reports of other authors which successfully increase the transdermal transport rate of ALA and 
the level of PpIX production in in vivo experiments on mice (Johnson et al, 2002).  
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Abstract 
 
Mobile phone base stations in Australia are governed by a mix of regulatory and self-regulatory 
instruments ranging from how base stations are built, through to cumulative EME compliance on 
existing shared sites.  
 
This paper explores various levels of regulatory compliance required of Australia’s mobile phone 
carriers when it comes to siting, designing and operating mobile phone infrastructure. 
 
The regulatory and self-regulatory mix aims to address both the science underlying human exposure 
safety and the public perception of health risks from mobile phone infrastructure - so there is a mix of 
both the ICNIRP standard for human exposure as well as the adoption of precautionary behaviours 
when carriers build base stations in Australia.  
 
The ACIF Code for the Deployment of Mobile Phone Networks is the key instrument which has 
adopted precautionary behaviours requiring carriers to: 
 

• Have written procedures for site selection; 
• Improve notification and community consultation procedures; 
• Design and operate base stations with the objective of minimizing electromagnetic emissions; 

and 
• Provide electromagnetic radiation emission reports, or Environmental Reports for every site, 

as per the Federal Department of Health’s requirements.  
 
Australia’s Mobile Carriers Forum (MCF) has played an important role in this regulatory/self-
regulatory mix. It is an industry forum comprised of the four mobile phone carriers building networks 
in Australia, and was formed in 2000 to address a number of issues in the area of wireless infrastructure 
network operations and mobile base station deployment. Of particular relevance was responding to 
issues of community concern and improving inter-carrier cooperation.  
 
The MCF has either contributed to the creation of the various regulatory and self-regulatory 
instruments discussed in this paper, or has developed operational programs and systems for the carriers 
to use in practice to ensure regulatory compliance. While it does not claim to be a complete analysis, 
this paper explores the main instruments and initiatives.  
 
Introduction to the Australian Scene 
 
Mobile phones have become an integral part of day to day life for individuals, businesses and the 
community at large. According to Credit Suisse First Boston 2005, the Australian mobile 
telecommunications industry today has approximately 19 million subscribers with various mobile 
technologies being used by about 95% of the Australian population. Although it may seem surprising, a 
penetration rate exceeding 100% has been achieved in a number of countries and research suggests that 
it will be achieved in Australia by the end of 2008.  
 
The Allen Consulting Group states in its publication Australian Mobile Telecommunications Industry – 
Economic Significance (2005) that the mobile telecommunications industry is a high revenue, high cost 
industry that makes a substantial and growing contribution to the wider telecommunications industry 
and the Australian economy. Industry gross product for the financial year 2004/05 was $6.1 billion, up 
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from $5.3 billion in the previous year. Since 1997, capital expenditure by the industry on new networks 
has exceeded $10 billion. Revenue from the mobiles sector of the telecommunications industry was 
$9.9 billion in 2004/05 according to Credit Suisse First Boston 2005. Australia’s mobile phone 
networks reach over 98 percent of the population and cover just over 20 percent of the Australian land 
mass.  
 
Data such as industry gross product, mobiles revenue and capital expenditure figures are important in 
demonstrating the economic contribution of Australia’s mobile phone industry, however those 
measures do not convey the many ways in which mobile telephony contributes to improvements in the 
quality of people’s lives and increases in social equity.  
 
For many people, mobile telecommunications is more than a tool to make voice calls; instead, the 
extensive coverage, array of services and information available mean that the mobile phone can “make 
life mobile”. The accessibility and freedom for people on the move to maintain contact with other 
people is a significant benefit. From an emergency perspective, a third of all calls to emergency 
services in Australia are made from mobile phones. Furthermore, emerging technology such as 3G and 
video phones will help to increase social equity by expanding access to groups such as the hearing 
impaired. Mobile telephony is increasingly more affordable in Australia particularly through low-cost 
and capped plans, allowing more people to benefit from the connectivity of mobile telecommunications 
services.  
 
The MCF found in its publication Third Generation Mobile Networks in Australia, Broadband For 
Your Mobile Phone (2005), that 3G applications in the Australian business sector are also growing, 
ranging from video-calling to location based mobile data services and telecommuting for employees.  
 
Regulatory Environment 
 
In Australia, telecommunications facilities are primarily regulated under Commonwealth law. This is 
largely due to Section 51(V) of the Australian Constitution which reads: 
 
“The Parliament shall, subject to this Constitution, have power to make laws for the peace, order and 
good government of the Commonwealth with respect to:…(V) postal, telephonic and other like 
services:…” 
 
In 1991 the Commonwealth Parliament enacted the Telecommunications Act 1991. The 
Telecommunications Act 1991 and subsequent Carrier licences obligated Carriers to provide mobile 
telecommunications services to a large percentage of the Australian population. To assist Carriers meet 
these obligations the Telecommunications Act 1991 also provided broad ranging powers to Carriers to 
install all types of mobile telecommunications facilities by granting exemptions from State and 
Territory environmental planning laws. These exemptions allowed Carriers to build quite substantial 
structures such as, for example, 30-metre towers without regard to State and Territory planning law. 
 
However in 1997 the telecommunications regulatory environment was reshaped with the introduction 
of the Telecommunications Act 1997. This Act significantly curtailed the carriers’ powers to install 
telecommunications facilities by limiting those exemptions from State and Local planning laws. 
Carriers must now comply with State and Territory planning and environmental assessment laws in 
relation to the installation of certain types of telecommunications facilities. 
 
The Australian Government recognised however, that there are some telecommunications facilities and 
activities that are “unlikely to cause significant community disruption or significant environmental 
disturbance”. These are exempt from certain State and Territory laws. These new telecommunications 
facilities and activities are described in the Telecommunications Act 1997 (as amended), (referred to as 
“the Act”) and in a Ministerial determination made under the Act – the Telecommunications (Low-
impact Facilities) Determination 1997 (referred to as the “Low-impact Determination”) as amended. 
 
The Act and the Low-impact Determination define what low-impact installation activities may be 
undertaken in certain areas without reference to particular State and Territory laws. Low-impact 
facilities are those which are considered essential to maintaining telecommunications that cause 
minimal detrimental visual impacts. Common examples of low-impact facilities are smaller scale 
structures such as panel antennas on light poles, building facades and rooftop installations. The 
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Determination sets out performance criteria for certain types of facilities based on the proposed 
location (an area classification criteria) of the facility and the dimensions of the proposed facility (a 
dimension criteria). 
 
Facilities that do not meet the performance criteria outlined in the Determination cannot be defined as 
low-impact facilities. Those activities which are not exempt require consent from the local council as 
they are subject to State planning laws which vary in each of the States of Australia. For the purposes 
of brevity, this paper will not outline each State’s planning regime. 
 
Mix of Regulation and Self-Regulation 
 
The Australian Communications and Media Authority, the ACMA, (formerly known as the Australian 
Communications Authority) is the regulator of the Australian communications industry. Since 1997 it 
has regulated telecommunications consumer and technical matters, and manages radio-
communications. Specifically, the ACMA is responsible for the issuing of carrier licenses, the 
regulation of service providers, the registration and enforcement of industry (including consumer, 
operations and technical) codes of practice and the setting of industry standards, to name a few of its 
responsibilities.  
 
The issue of electro-magnetic radiation (EMR) is an important issue for consideration in the 
deployment of telecommunications infrastructure. Some members of the public perceive that exposure 
to this type of radiation from mobile telephony could be harmful to human health. For the purposes of 
this paper it is necessary to outline that in Australia, exposure to EMR is regulated by the ACMA. The 
applicable standard is the “Radiation Protection Standard – Maximum Exposure Levels to 
Radiofrequency Fields – 3kHz to 300 GHz. The standard prescribes “fundamental limits designed to 
ensure that known health effects do not arise from exposure to radio frequency fields”. 
 
The Australian Radiation Protection and Nuclear Safety Agency (ARPANSA) is an Australian 
Government agency under the Department of Health, charged with responsibility for protecting the 
health and safety of people, and the environment, from the harmful effects of ionizing and non-ionizing 
radiation. ARPANSA builds and maintains expertise in the measurement of radiation and assessment of 
health impacts, it advises Government and provides information to the public, on issues related to 
radiation protection and nuclear safety, and it leads in the development of standards, codes of practice, 
guidelines and other relevant material to support radiation protection and nuclear safety throughout 
Australia. For example, the ACMA changed its Radio-communications (Electromagnetic Radiation) 
Human Exposure Standard 2001 to incorporate the limits of the new radiation protection standard 
recommended by ARPANSA – harmonising Australia with the ICNIRP guidelines a few years ago.  
 
The considered scientific opinion from ARPANSA about possible health effects from this type of 
infrastructure is that “the weight of national and international scientific opinion is that there is no 
substantiated evidence that RF emissions associated with living near a mobile phone base station of 
telecommunications tower poses a health risk”. The Australian Government and its regulatory bodies 
commonly refer to the World Health Organisation’s position on this issue. Comprehensive reviews of 
over 2200 research publications, including more than 410 studies specifically on mobile phones and 
base stations, by governments and health authorities continue, without exception, to find there is no 
substantiated scientific evidence of health effects. 
 
The World Health Organisation (WHO) in May 2006 updated their fact sheet entitled “Electromagnetic 
Fields and Public Health – Base Stations and Wireless Technologies”, saying: 
 

“Considering the very low exposure levels and research results collected to date, 
there is no convincing scientific evidence that the weak RF signals from base stations 
and wireless networks cause adverse health effects” 

 
Only recently the WHO said that despite the feeling of some people that more research needs to be 
done, scientific knowledge in this area is now more extensive than for most chemicals. 
 
The Australian Communications Industry Forum (ACIF) is an industry owned, resourced and operated 
company established by the telecommunications industry in 1997 to help implement and manage 
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communication self-regulation within Australia. ACIF develops Standards and Codes to support 
competition and protect consumers, and administer technical and operating arrangements.  
 
ACIF developed an Industry Code for the Deployment of Radio-communications Infrastructure 
(referred to as “the Code”) which was registered by the ACMA in 2002. The Code applies the 
precautionary approach to the siting, design and operation of mobile phone base station infrastructure 
in Australia. It requires carriers to: 
 

• Have written procedures for site selection; 
• Improve notification and community consultation procedures for low-impact sites; 
• Design and operate base stations with the objective of minimizing electromagnetic emissions; 

and 
• Provide electromagnetic radiation emission reports upon request, as per the Federal 

Department of Health’s ARPANSA requirements. 
 
The Code was developed in response to calls for greater council and community involvement and more 
information when mobile phone base stations are installed. It was developed and agreed to by carriers, 
local government, unions, community groups and the ACMA.  
 
It is important to note that the Code was developed to increase the transparency and accountability of 
carriers and increase consultation with the community when low-impact mobile phone base stations are 
built. The Australian community now has rights of access to information about any proposed base 
station in their area.  
 
Self-Regulatory Aspects to Code Implementation – Industry Activity 
 
As the industry approached the introduction of the above mentioned Code, the MCF recognised that the 
industry needed to be well prepared for the significant changes the Code would make to Australia’s 
traditional deployment processes. The Code introduced new notification and consultation requirements 
for low-impact sites that were not required previously by law. It requires carriers to provide certain 
EME information about all sites across the country and it requires carriers to demonstrate that they had 
investigated possible co-location opportunities in the first instance.  
 
In order for the Code to succeed, the carriers needed an implementation program of proforma 
documentation and flowcharts which guided carrier staff to ensure industry compliance with the Code. 
The MCF created such documentation with the input and ownership of each carrier on the Code 
drafting committee. The implementation process was then transferred into an interactive web based 
system which each carrier utilises. The program has provided some industry consistency in what could 
have become a myriad of interpretations which may have resulted in poorer compliance and would 
have made it even more difficult for the regulator, the ACMA, to monitor. The ACMA records all 
legitimate complaints made to it about a carrier’s compliance or lack of compliance with the Code and 
assesses whether in fact the Code has been breached. Fines of up to $250,000 per breach may be 
charged by the regulator.  
 
Other countries have introduced similar industry policies to the Code, but none have been supported by 
industry-consistent implementation documentation and processes which provide a paper trail 
demonstrating industry compliance with such a regime.  
 
As part of the implementation program it was important to engage with the key stakeholders in the 
Code.  The MCF organised a series of National Workshops in partnership with each State Local 
Government Association (LGA), the ACA and ARPANSA, to improve council awareness of the new 
Code. The MCF also produced an Information Kit for councils, distributed via LGA channels. 
 
One particular Council in Sydney even made a specific report to its full council on the MCF’s Code 
Information Kit and Workshop and stated that “the Code appears to be a genuine attempt by the 
Carriers to gain some community and Council trust”. This feedback was an important message 
confirming to the industry that its efforts had not gone unnoticed.  
 
In addition to this work, the MCF embarked upon a project with State Local Government Associations 
in Australia, which resulted in the creation of Guidelines for Local Government on the ACIF Code in 
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2006. The Guidelines were created with extensive consultation with local councils and they provide a 
useful toolkit for local council staff to monitor carrier compliance with the Code, despite the fact that 
low-impact sites do not require local council consent.  
 
Demonstrably, the MCF’s promotional and operational activities have been world leading in that the 
adoption of the code was strengthened with the development of an implementation program for 
demonstrating industry compliance and process, as well as providing local government with enhanced 
awareness of required carrier processes. This has reinforced Australia’s self-regulatory regime for 
telecommunications. 

 
Coordinated Strategy for On-site Regulatory Compliance 
 
The MCF has facilitated the creation of a regulatory compliance strategy for carriers to assist them in 
managing their cumulative EME exposure obligations at both carrier and non-carrier owned sites. This 
strategy involves inter-carrier data exchange as well as liaison with third party property owners and 
radio licensees.  
 
The strategy, which is now known as the MCF EME Regulatory Compliance Strategy (MERCS) was 
first tested via a national trial of fifty rooftop sites each containing two or more carrier facilities. A 
process for inter-carrier information exchange, cumulative radio hazard assessment by accredited 
specialists and communicating compliance to the property owner through a standard form Radio-
communications Site Management Book (RCSMB) was developed and tested. This strategy is now 
being used by the industry across the country.  
 
The MCF Rooftop Trial, as it was known, was also transferred into an electronic repository or database 
of carrier sites by one of the MCF’s members, Telstra. It is now being populated by all carriers. This 
database, known as the National Site Archive (NSA), facilitates an electronic information exchange 
amongst carriers. Each carrier site, as it is built, is uploaded onto the NSA and the public are provided 
access to each site’s environmental EME report (ARPANSA report) and compliance certificate as part 
of the industry’s objective of transparency and accountability.  
 
During the Trial, a National Antenna Database (NAD) was developed as the centralised database of 
mobile carrier antenna data.  The NAD is an essential system to ensure that consistent and standard 
antenna data is available to carriers for EME software applications.  The NAD is also critical to further 
automation of the NSA e.g. producing automatic environmental reports from STAD tables.    
 
The MCF Rooftop Trial created a system for ensuring cumulative assessment of EME at shared sites 
given the regulatory requirements placed on the carriers by the ACMA and ARPANSA which included 
occupational health and safety (OH&S) obligations for workers who would access such rooftop sites. It 
is not an overstatement to say that the MCF Rooftop Trial revolutionized how carriers ensured 
compliance with cumulative exposure standards and OH&S laws on non-carrier owned sites.  
 
The resulting NSA is also linked to an electronic system for managing the afore mentioned ACIF Code. 
Australia’s largest (majority Government owned) carrier, Telstra assisted the industry by taking the 
MCF’s Code implementation documentation and transferring it into an electronic system for 
compliance, linked to the NSA. Carriers in Australia can now upload site data onto the NSA, record the 
required compliance documentation, upload the required site management book, and document the 
completion of their ACIF Code requirements through a linked MCF web based electronic system.  
 
The efficiencies and benefits to the industry from these initiatives are significant. The MCF’s ability to 
facilitate such a consistent industry owned and used system is laudable and is testimony to the growing 
maturity of the MCF’s members - the Australian mobile telecommunications carriers.  
 
Visual Impact of Mobile Phone Base Stations 
 
As was outlined by Stoianoff (2004), when communities convey concerns over base station 
deployment, it usually arises in three areas, not in any particular order – firstly, EMR emissions and 
health, secondly, visual amenity concerns about infrastructure and thirdly, a perceived lack of 
community empowerment when base stations are being built.  
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In Australia, the third concern has somewhat been addressed via the previously described ACIF Code, 
however, this instrument, nor any other similar instrument, can ever fully satisfy every community 
member’s desire to control development in their area.  
 
The first concern in relation to emissions and health is a world-wide phenomenon and can only be 
managed with the assistance of ongoing replicated research and the communication of information and 
education to the community from independent expert bodies such as the World Health Organization 
and local authorities such as ARPANSA in Australia.  
 
The second concern, visual amenity is a somewhat different issue in that it is influenced by a number of 
factors such as cost, technical RF requirements, topography and vegetation and land owner 
requirements. Given the varying range of issues, the most aesthetic design is not always an available 
option when building base stations, however, industry needed to make an effort wherever possible.  
 
Early on in the MCF’s formation, a set of Guidelines were created incorporating urban design 
principles with the requirements of the infrastructure regulatory regime in Australia. The Guidelines for 
Better Visual Outcomes – Low-impact Mobile Facilities book was published by the MCF in 2001. It 
was well received by planners, government and local councils. Some local councils even sought 
permission to extract sections of the Guidelines to insert into local government policies and planning 
schemes. A second edition of the Guidelines was produced in 2004 to include the ACIF Code in the 
chapter which outlines Australia’s telecommunications regulatory regime.  
 
More recently, with the imprimatur of the Australian Government, the MCF has convened a Design 
and Innovation Taskforce inviting key stakeholders to participate including the property sector, 
structural designers and engineers, local government, town planners and telecommunications industry 
representatives. This group of stakeholders was identified as those who are best placed to make either a 
technical contribution to the Taskforce or those who have a direct involvement in the siting and design 
component of mobile phone base station deployment.  
 
The Taskforce’s key objectives are to:  
 

• help investigate the national and international scene for improving the visual amenity of 
infrastructure – what designs are in use globally,   

• gain a better understanding of the real life impediments to the adoption of “aesthetic design 
options” in Australia; and  

• identify practical methods or opportunities to improve the visual amenity of facilities in 
Australia - providing recommendations within the context of the Australian marketplace. 

 
The MCF Taskforce intends to generate a technical paper drafted by a specialist planner which should 
focus on the above key objectives. The Technical paper will also focus on typical types of 
telecommunications sites including: building rooftops, base stations in parks and recreational space, 
and on telegraph/electricity poles and other utility structures.   
 
Summary 
 
This paper has outlined the main regulatory instruments which govern mobile phone base station 
deployment in Australia. It is clear to see that a balanced mix of regulatory and self-regulatory 
mechanisms are at play ranging from legislation and Codes of Practice through to industry initiatives 
geared towards ensuring compliance with regulatory expectations from Government and the 
community’s perspective.  
 
This paper has also outlined a summary of MCF initiatives from devising regulatory compliance 
programs to creating publications which assist in industry performance and stakeholder appreciation of 
the limitations in network deployment options. Each of the MCF’s initiatives may assist other country’s 
organisations in addressing similar issues of concern.  
 
While the telecommunications industry is governed by a largely self regulatory regime, the industry 
must take a proactive and responsible approach to deployment in order to honour such a regime.  
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Abstract 
 

For the past two decades, researchers have actively been studying the effects of time-varying magnetic 
fields (MF) on humans, principally examining the potential for the field to have acute effects on human 
physiology, neurophysiology and behaviour. The more consistent results reported in recent literature seem to 
show an increase in occipital alpha rhythm of resting electroencephalographic activity (EEG) with exposure 
(Cook et al., 2004; Ghione et al. 2005). Interestingly, other studies have demonstrated that human motor 
behavior can be modulated by exposure to an Extremely Low Frequency (ELF) MF, showing a reduction in 
anteroposterior standing balance oscillations (Thomas et al., 2001) and a decrease in physiological tremor 
intensity (Legros et al, 2006). However, to establish a connection between these observations would require a 
project that, in one procedure, investigates physiological, neurophysiological and behavioural parameters. 
Therefore, subject testing has begun, in a project approved by the University of Western Ontario (Health 
Sciences Research Ethics Board # 11956E), to investigate the effects of a 60 Hz, 1800 µT MF on heart rate 
(frequency and variability), peripheral blood perfusion, brain electrical activity (EEG), postural oscillations, 
voluntary motor functions, and physiological tremor. Preliminary results will be presented and should provide 
reliable information concerning human exposure to power-line frequency MF.  
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Introduction 
 

Domestic electrical appliances, distribution and transport power-lines, and residential wiring are some 
of the numerous sources of magnetic field (MF) in our everyday environment.  Over the past several years, 
studies have been conducted with the aim of characterizing the effects of Extremely Low Frequency (ELF, 
below 300Hz) MF on human health and performance. Despite the amount of work that has been done in this 
area, there remains no consensus as to the effects of ELF MF on humans. 

From brain electrical activity to motor behaviour, a number of aspects of human physiology and 
behaviour have been examined in scientific literature in response to acute exposure to ELF MF. Among the 
potential effects, many studies detected neuropsychological changes induced by the exposure (Keetley et al. 
2001; Preece et al. 1998). That these studies are still relatively rare, and often have conflicting findings prevents 
the confident characterization of the field’s effects.  Further, exposure protocol and neuropsychological 
evaluating tools differ between studies, and reported effects are tenuous or even absent.  Nevertheless, the 
examination of these studies shows that any notable cognitive effects generally appear to affect high level 
cognitive processes such as attention mechanisms, learning and memory; and executive functions such as 
working memory, flexibility, categorization, deduction and problem solving (see Kazantzis et al. 1998; Podd et 
al. 2002; Preece et al. 1998; Stollery 1986).  Moreover, authors have found that the changes influence the quality 
and the precision of high level cognitive mechanisms rather than the velocity of execution. 

If such neuropsychological functions are effectively modulated by the exposure to ELF MF, effects 
should be detectable at a neurophysiological level.  Several studies have shown effects of MF exposure on 
human electroencephalogram (EEG) or evoked potentials (Bell et al. 1992; Bell et al. 1994a; Bell et al. 1994b; 
Cook et al. 2005; Cook et al. 2004; Ghione et al. 2005; Heusser et al. 1997; Lyskov et al. 1993a; Lyskov et al. 
1993b; Marino et al. 2004). Still, no consensus exists on the direction of these effects, though the most 
conspicuous results seem to suggest a higher resting EEG in the alpha rhythm after exposure (8-13 Hz, see for 
example Cook et al. 2004; Ghione et al. 2005). 

Other studies analyzing the interaction between heart rate (HR) behavior and MF have shown that 
electrophysiological rhythms can also be modified at the peripheral level and that the exposure to 60 Hz MF 
could induce a slowing of the HR that may or may not be associated with changes in HR variability (Cook et al. 
1992; Graham et al. 2000a; Maresh et al. 1988; Sastre et al. 1998; Sastre et al. 2000). Again, other works did not 
detect any exposure effect on HR (Graham et al. 2000b; Graham et al. 2000c; Kurokawa et al. 2003). For a 
better understanding of the mechanisms underlying observed changes in HR, electrophysiological data should be 
completed by the monitoring of hemodynamic parameters such as blood flow. 

Another way to investigate the effects of MF on the human body in its entirety is to evaluate human 
motricity.  A few studies have demonstrated an effect on human motor control resulting from exposure to time-
varying MF.  Thomas et al. 2001a, for example, explored human postural oscillations and reported significant 
decrease in anteroposterior balance using a pulsed MF at 200 µT.  Legros et al. explored human physiological 
tremor (Legros and Beuter 2005; Legros and Beuter 2006; Legros et al. 2006). They did not report any 
significant effect of a 50 Hz, 1000 µT MF on physiological tremor occurring during a goal directed task. 
However, the analysis of tremor occurring during a postural task of the index finger suggested a relaxing effect 
induced by the exposure, decreasing tremor size. Interestingly, Cook et al. who, in 2004, showed an effect of a 
pulsed 200 µT MF on EEG alpha activity, also underlined the link between resting posterior alpha activity and 
the state of relaxed wakefulness (Niedermeyer 1999). 

Reported results are subtle and often not replicated. These discrepancies defining the effect of an ELF 
MF on humans can be attributed to the heterogeneity in intensity, shape and frequency of the MF used, as well as 
the differences in exposure duration. Furthermore, results differ with continuous versus intermittent exposure, 
and depending on whether the testing of the subjects is performed during or after the exposure. 

 
Objective 
 
The main objective of this study is to evaluate subtle effects of a 60 Hz MF exposure up to 1800 µT on 

human physiology, neurophysiology and motor functions in a single procedure. This intensity has been chosen 
because the International Commission on Non-Ionizing Radiation Protection (ICNIRP) guidelines establishes 
that current density induced by MF occupational exposure "should be limited to fields that induce current 
densities less than 10mA/m2" (ICNIRP 1998), and this corresponds to computed MF value which can reach 
1800 µT (Stuchly and Dawson 2002, http://www.emfs.info/sci_Numerical.asp). This global approach will then 
establish a better understanding of the effects of high intensity MF on these functions. Conclusions will be drawn 
from the examination of human blood perfusion, HR (frequency and variability), brain electrical activity (EEG), 
posturo-kinetic activity as postural sway, voluntary motor functions as rapidly alternating movements and 
involuntary movements through the measurement of postural tremor.  
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Based on results in the literature, we hypothesize that MF exposure will (1) not affect ECG or blood 
flow, (2) increase EEG power in alpha band activity, especially in the posterior regions of the brain, (3) decrease 
the quantity and the variability of anteroposterior displacements of postural sway, (4) increase the rapid 
voluntary movements' maximum frequency, and (5) decrease postural tremor amplitude. Effects should appear 
after several minutes of exposure.  The results could be useful in the development of public policy regarding the 
safety of MF exposure. 

 
Methods 

 
This is a currently ongoing study. To date, 8 subjects have completed at least 1 of the 2 sessions of 

testing. All participants give their informed consent before participating (University of Western Ontario Health 
Sciences Research Ethics Board # 11956E). At term, 70 healthy adults between 18 and 55 years of age will have 
completed the full protocol consisting of 2 counterbalanced exposure sessions given on 2 separate days (with at 
least 2 days in between): 1 active exposure condition (real) and 1 control exposure condition (sham) as detailed 
in Figure 1a. None of the participants have ever experienced an epileptic seizure; have motor limitation; suffer 
from chronic illness (e.g., diabetes, severe psychiatric, cardiovascular or neurological diseases); or have a cardiac 
or cerebral pacemaker. They have no history of head, eye or thorax injury involving metal fragments; they do not 
wear metal braces on their teeth. Finally, women cannot be pregnant, nor have an intrauterine device. A double 
blind computer driven procedure controlling for variables is used such that neither the participant nor the 
experimenter know when the real or sham condition occurs. Each session lasts 1 hour and 45 minutes and is 
composed of four 15 minute blocks of testing with 15 minutes rest in between. 1 hour of MF exposure is given 
from minute 15 to minute 75 of the real exposure session.  There is no MF exposure in the sham session.  
 

 
Figure 1: a. Time course of the 2 exposure sessions (real and sham). The horizontal black line 

represents the MF status (OFF when down, ON when up). Note that during the sham exposure session, the MF is 
never ON. Vertical grey bands represent the four 15-minute blocks of testing. b. Zoom on the time course of a 
block of testing (the same for each block). White cells represent resting periods and grey cells represent testing 
periods (duration is displayed in seconds inside the cells). The table below indicates the tests to which these 
periods correspond.  

 
Each subject is equipped with the recording devices and his handedness is determined with the Oldfield 

questionnaire (Oldfield 1971). For the experiment, he is seated in an armchair in the exposure facility. The 
exposure system generating the MF has been designed for this experiment. It is composed of 2 octagonal coils, 
1.6 meters in diameter, running parallel to each other 1.2 meters apart. Each coil contains 80 turns of AWG-10 
wire mounted with a nonconductive cooling/heating tubing system. The system is configured to generate a 
homogenous 60 Hz field, up to 1800 µT, centred at the level of the head.  

Prior to testing, the subject receives written directions, and is shown an audio-video demonstration of 
each task through a LCD screen and speakers, both positioned 1 meter in front of him. The room temperature is 
maintained at 23 °C. From the beginning of the testing session, both the subject and experimenter wear ear plugs 
to make it impossible to detect the subtle noise produced by the coils when the field is generated. The time 
course of the testing, as well as the MF generation and data acquisition, are entirely automated and computer 
driven (Labview 8.0 and Data acquisition card NI PCI-6289, National Instrument Inc., USA); except for 
recording of EEG, ECG and blood flow data. Automatic audio directions are given to the subject throughout the 
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duration of the experiment.  He obtains visual information about the timing of the experiment through the screen 
in front of him. 

Each of the 4 blocks of testing in each session follows the same time course (Figure 1b). The subject 
first relaxes for 1 min.  Then his resting eyes-open-EEG is recorded for 2 min. After 30 sec of inactivity, his 
resting eyes-close-EEG is recorded for another 2 min.  Baseline local blood perfusion (recorded at the tip of the 
non dominant index finger, PF 5010 Laser Doppler Perfusion Monitoring unit and probe 407-1, Perimed, 
Sweden) and ECG are recorded simultaneously. EEG and ECG are recorded at 512 Hz with a 32 channels 
ambulatory unit (Siesta unit, Compumedics Inc., USA). During the real exposure session, the MF is switched 
OFF during the second minute of both EEG recordings (eyes open and eyes closed) to keep 1 minute free of MF 
artefact in the data. 

The subject is then asked to open his eyes, and after a resting period of 1 minute, his eyes-open postural 
tremor is recorded at the extremity of his dominant index finger for 1 minute. A Class II laser diode pointing 
toward the ground (Micro laser sensor LM10, series ARN11, Matsushita Electronic Work, Ltd., Osaka, Japan) 
and located 8 cm above the piece of white cardboard fixed on nail of the index finger enables 1000 Hz vertical 
displacement recording. A target horizontal line gives feedback about the index finger’s vertical position, and is 
also displayed on the LCD screen.  In this test, the subject must point the index finger (in extension at the level 
of the metacarpophalangeal joint) to keep the target line centred in the middle of the screen for 1 minute at the 
"zero position". After another 1 minute rest, he performs the same test with his eyes closed and therefore, with 
no visual feedback.  

After another 1 min period, the subject is asked to extend his arms in front of him, parallel to the floor, 
and then to bend them to a 90 degree angle at the elbow, with hands open, palms facing each other. From this 
starting position, he has to execute alternating hand movements that involve rotating the hands at the wrist axis: 
(1) with the right hand at a natural rhythm; (2) with the left hand, natural rhythm; (3) with both hands, natural 
rhythm; (4) with the right hand at a higher frequency; (5) with the left hand, higher frequency; and (6) both 
hands, higher frequency. For the higher frequency condition, the subject is asked to rotate his hands “as fast and 
as far as possible". Recordings last 5 sec each, with a 15 sec rest between any two.  Recordings are done with the 
liberty system (Polhemus inc., USA), with 2 transducers fixed like watches on the dorsal side of the wrists, 
allowing recording of movement kinematics with 6 degrees of freedom at 200 Hz in the used configuration (3D 
and 3 angles of rotation, accuracy of 0.03 RMS for X, Y, Z position and 0.15° RMS for orientation). The Liberty 
system is an electromagnetic tracking system and therefore, during MF exposure session, the field has to be 
turned OFF during each 5 sec recording periods so as not to affect data. 

Finally, the subject has 75 sec to step onto a force plate (standardized socks, feet parallel, 1 cm apart) 
and to relax before his postural sway is recorded during 30 sec eyes open, and 30 sec eyes closed, with a 30 sec 
period in between. The 3-D force plate used in previous works (Thomas et al. 2001a; Thomas et al. 2001b, OR6-
7-1000, AMTI, Watertown MA) is mounted on the floor in the centre of the MF exposure system, and measures 
the force and momentum applied by the subject's feet at a sampling rate of 1000 Hz. These measurements can be 
converted to centre of pressure (COP) values, i.e. the perpendicular projection of the centre of gravity through 
the force plate. Postural sway is then the change the COP over time. 

As detailed in the Figure 1b, this block of testing is given 4 times over a session.  During a real 
exposure session, this would mean that the testing begins: 15 minutes before the beginning of the exposure 
period, 15 minutes after the beginning of the MF exposure, 45 minutes after the beginning of the MF exposure, 
and 15 minutes after the end of the MF exposure. Skin temperature is monitored throughout the experiment. 
After each block, the subject has to answer the Field Status Questionnaire (FSQ, Cook et al. 1992) to assess his 
ability to detect the presence of the field. 
 
Data processing and Analysis 
 

As an ongoing study, data are still being collected and analysed. Therefore, given the advancement of 
the study and in a concern of clarity of the purpose, it has been chosen to focus here on a limited set of data, 
including EEG in the occipital region of the brain (O1, O2), postural tremor data, and postural sway data. 

First, the ambulatory EEG data are recorded on a flash memory card, and then an averaged reference 
montage is used to import data in Matlab for processing (The MathWorks Inc., Natick, USA). Fast Fourier 
Transform (FFT) and inverse Fast Fourier Transform (iFFT) are used to extract time series in the theta (4-7 Hz), 
alpha (8-13 Hz), and beta (14-35 Hz) frequency bands. The average amplitude in each band is then computed for 
each electrode (O1, O2 here, see example in Figure 2). 

Secondly, the laser system records vertical displacement with a resolution of 13 µm (i.e. 2σ, where σ is 
the standard deviation of a recording on a stationary target) which is effectively reduced to 5 µm after filtering 
out high frequencies (above 25 Hz, FFT, iFFT). Data are transferred to Matlab for A/D conversion to mm given 
a calibration constant (-3.97). Position and velocity data (obtained by differentiation of the raw displacement 
data) are used for indexes computation in time and frequency domains (Beuter and Edwards 1999; Edwards and 
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Beuter 2000) allowing the characterization and the examination of temporal, frequential and morphological 
components of the signals (see also Legros and Beuter 2005; Legros and Beuter 2006). Here, amplitude, drift, 
median frequency and frequency concentration are computed (see Appendix 1 for index definitions and Figure 3 
for an example). 

 

 
 

Figure 2: From the top to the bottom: 10 sec of O1 EEG 
trace and corresponding theta, alpha, beta and gamma 
components respectively extracted using FFT and iFFT. 
Averaged amplitude for this sample are: Theta = 3.909 
µV, alpha = 2.485 µV, beta = 1.757 µV; gamma = 0.641 
µV. 

Figure 3: Position data (top), velocity data (middle) 
and corresponding power spectrum (bottom) for 10 
sec of recording during MF exposure with eyes open 
(block 3). The computed values on this sample are: 
Amplitude = 0.032 mm; drift = 0.106 mm, median 
frequency = 7.04 Hz; and frequency concentration = 
6.31 Hz. 

 
Third, postural sway data are exported under Matlab and converted from volts to COP trajectories (in 

meters) using a calibration matrix. Through the inclusion of two dimensional trajectories (X vs. Y), the 
following validated characteristics have been computed (Despres et al. 2000; Thomas et al. 2001a): Mean sway, 
sway, velocity and sway area (see Appendix 1 for index definition and Figure 4 for an example). 

 

 
 
Figure 4: 30 sec of postural sway recording during MF exposure (block 3) with the eyes are closed. The smallest 
polygon including the entire trajectory is also displayed. The computed characteristics on this sample are: Mean 
sway = 0.53 cm; sway velocity = 1.62 cm/sec, sway area = 3.41 cm2. 

 
Preliminary results 

 
For 3 of the 8 subjects who have completed at least 1 of the 2 sessions of testing, the first session was a 

real exposure condition. Therefore 3 subjects who have completed the sham session first have been chosen to 
afford a control group (i.e. the sham condition), which allowed providing a preliminary assessment of the 
exposure effects on their behaviour. According to the small sample size available at this step, a simplified 
statistical procedure has been chosen, focusing on the data acquired in the block 1 (before exposure) and the 
block 3 (during exposure, and after a 45 min period of continuous exposure, see Figure 1). A within-subject 
ANOVA including a between-subject factor (sham vs. real) have been conducted on each of the above 
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mentioned indexes: ANOVA 2 (eyes open vs. eyes closed) x 2 (block1 vs. block3) x 2 (sham vs. real). The level 
of significance has been set at p < .05 and no adjustment for multiple comparisons has been applied.   

No Block main significant effect has been found either for EEG, postural tremor or postural sway 
recordings. However, with eyes closed, subjects had significantly higher EEG alpha activity in the occipital 
region (O1: F = 24.85, p < .01, Eta2 = .86; O2: F = 20.54, p < .05, Eta2 = .83), larger and faster postural 
oscillations (mean sway: F = 17.38, p < .05, Eta2 = .81; sway velocity: F = 51.47, p < .005, Eta2 = .92; sway area: 
F = 35.14, p < .005, Eta2 = .89), and higher index finger drift (F = 12.19, p < .05, Eta2 = .75) with eyes closed 
than with eyes open. No interaction effect was found.  

 
Discussion-Conclusion 

 
Preliminary results confirm that this experimental protocol is adapted to detect subtle changes in the 

neurophysiological characteristics investigated, despite the small number of subjects tested at this point. Indeed, 
as expected we observed significant differences between open and closed eyes conditions in EEG, tremor and 
postural sway. However due to the small number of subjects tested we did not detect a significant effect due to 
the presence of MF. This is why we performed a sample size analysis. 

The sample size calculation for 2 independent samples with common variance was done on the sway 
velocity characteristic because this is the lowest p value for the interaction block x sham/real (F = .509, p = .51, 
Eta2 = .113). In the present configuration, the decrease of .072 cm/sec observed for the real exposure group 
would be significant with two groups of 34 subjects (p fixed at .05, power = .80). We have planned to test a 
sample of n = 70 subjects which should be sufficient to detect the MF effects on the characteristics examined. 
We have to keep in mind that, at this stage of the study, 2 groups of subjects were evaluated. However in the 
final study all participants will have been tested under both MF conditions with a counterbalanced protocol. This 
should contribute to make the protocol more sensitive to subtle effects (reducing the impact of the between-
subjects variability).  

The results presented in this paper are only partial results on selected tests recorded. They will be 
completed by heart rate frequency and variability, blood flow perfusion, alternating movement performance. 
Finally data acquisition will be completed in 2007. 
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Appendix 1 
 
 
Postural tremor characteristics: 
 
Amplitude: Root Mean Square (RMS) of position time series centered on their mean (highpass and lowpass 
filtered, between 2 and 25 Hz).  
 
Drift: RMS of the low frequency component of the time series (below .01 Hz), quantifying slow movements of 
the finger. 
 
Median frequency: Determines the value at which 50% of the power spectrum is below this frequency, and 50% 
is above. It is computed on the power spectrum between 2 and 25 Hz. 
 
Frequency concentration: Quantifies the degree of organization of tremor by computing the width of the interval 
containing 68% of the power of the spectrum between 2 and 25 Hz.  
 
Postural sway characteristics: 
 
Mean Sway: Average distance between the geometric center of all recorded forces and each point visited by the 
Center of Pressure (COP) during a test. 
 
Sway Velocity: Average velocity of the COP displacements.  
 
Sway Area: Area of the smallest polygon including the entire trajectory of the COP.  
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Abstract: 

Background: Many studies have showed that electromagnetic field decreased WSSM. 
Objectives: Effect of electromagnetic fields on WSSM investigated on rats. 
Materials and methods: In this study 102 male rats with weight (225± 25) gr were classified in 17 groups (n = 6). 
They were addicted by morphine injection according to Pinelli Method. 16 groups of them exposed to 
electromagnetic fields with 25, 50, 75 and 100 Hz frequency and with magnetic field 0.5, 1.5, 2.5 and 3.5 G 
intensity. One group was chosen as control. WSSM jumping, climbing, rearing, diarrhea, weight loss, ptosis and 
yawning by naloxone injection in pretoon (5mg/kg) at all animals were investigated.  
Findings: WSSM were obtained by counting the jumoing, wawing, alimbing, rearing and the ptosis, diarrhea were 
scrod from +1 to +4. Also weight losses were measured in all groups. 
Results: This study showed that magnetic fields caused the significant decreased on waving, ptosis, weight loss and 
diarrhea at all of the exposure groups (P<0.001). Rearing and climbing decrease significantly in groups that exposed 
to electromagnetic fields and this fields with 25 Hz frequency and 0.5 G intensity have minimum and with 100 and 
75 Hz frequency 3.5 G intensity have maximum effects on WSSM. 
Keywords: Electromagnetic field, Withdrawal syndrome signs, Morphine, Rat. 

 
Introduction: 

About the role of electricity for curing addiction, some studies have been performed as bellow that about the 
laboratorial addicted animal has been used so that two metal electrodes have been touched around the two sides of 
its body, so that it would be done under special condition, and this action must be done daily for several times. This 
action is called Transcutanous Electrical Nerve Stimulation or TENS. And according to the Frequency and Voltage 
that is given two kinds of TENS can be done so that the low TENS and high TENS would have electrical changes in 
the epidictic system in this case this currency of addiction would be activated and then released. So if TENS be 
given to an addicted animal to morphine many of the signs in this field would be removed (1,2). In the recent years, 
the electromagnetic fields (EMF) in the medical sciences have many usages and they have indicated that the resulted 
energy from this field for curing the wound, reduction of all the kinds of pain can be effective, in a way that today 
the electromagnetic fields have found an important place as the alternative medicine and then they are mentioned 
like that.   

Naturally the electromagnetic waves by high TENS would have some effects to the talent and focusing point 
and they would reduce the memory. Anyway in the animal tests it has been shown that the actions of 
electromagnetic fields in the addicted mice to morphine would cause the reduction of the signs of Syndrome 
especially for pain (3). The electromagnetic waves have some effects to the channels in the brain and also the 
environmental tissues would cause some changes in the physiological operation and the operation of these 
hormones, neurotransmitters, and some other medicine effects that strongly are related to the tissue of mind (4). 



A. Safari, H.Jafari, H.Jahani Hashemi 
 

 1494 

According to the last information of National Center for Complementary Alternative Medicine( NCCAM) National 
Institute of Health( NIH) the subsistent, electrical, magnetic, methods and electromagnetic fields and the electrical 
stimulations the nervous stimulation methods have been replaced(5). Some of the researchers about the role of 
electromagnetic in the addiction to morphine have provided some reports that would reduce the signs of dependency 
role,. They believe that the serotonin and triptophan surfaces and Hydroxide indol astic acid during the 
electromagnetism would be increased and following it some changes in some of the channels that are calcium in the 
brain (3).  Some reports have been available that during electromagnetic therapy beta endorphins were increased. 
And this action will prevent the occurrence of syndrome in the body (3). It is possible that the increase of endorphin 
system and the increase of chemical materials in the brain be released (3).  The last research of Magnet Therapy has 
caused the reduction of pain in the Post-Polio patients and this kind of therapy has little third effects (6). One of the 
usages of electromagnets is during the time of intensified pain. In the northern America the expenditures more than 
10 to 15 thousands dollars for the reduction of pain for each person is used. 17 % of the population over 15 suffer 
from the pain that they get from the daily activities and in the United States of America  about 93 millions dollars 
daily and more than 5 milliards dollars per year would be wasted for this purpose(7). Some evaluations would be 
done in the static and some channels that are similar to each other. Many researches about Pulsed Electromagnetic 
Filed have been done for reduction of pain and the provided results indicate the following effects:  

 
1. Increase of pain field 
2. Activation of anti-contagious system  
3. Stimulation of producing aphetic points 
4. Betterment of blood currency and the resulted effects of it including the increase of oxygen transferring and 

etc. 
5. Improvement of blood thickness  
6. Betterment of metabolism in the brain 
7. Improvement of the movement of blood in body and brain  
Pain is the important parameter that caused to become addicted patients. Some of researches showed that nerve 
systems affected by PEME curing (8). 
 

 

Materials and methods 

In this study 102 rat with 200-250g weight were divided in 17 group (n=6). That each group contains 6 
muse. And these groups were Group one considers as the control group and the groups 2-17 as study groups that 
were expose to magnetic field as below detail.  
Group2 (B= 0.5G, F = 100Hz), Group 3(B= 1.5G, F = 100Hz), group 4(B= 2.5G. F = 100Hz) 
Group 5(B= 3.5G, F = 100Hz), Group 6 (B= 0.5G, F=75Hz), Group 7(B=1.5G.F= 75Hz) 
Group 8(B=2.5G, F=75Hz), Group9 (B= 3.5G, F = 75Hz), Group 10 (B= 0.5G, F = 50Hz) 
Group11 (B= 1.5G, F=50Hz), Group12 (B=2.5G, F = 50Hz), Group13 (B=3.5G, F = 50Hz) 
Group14 (B= 0.5G, F = 25Hz), Group15 (B=1.5G, F=25Hz), Group16 (B=2.5G, F= 25Hz), Group 17 (B= 3.5G. F = 
25Hz) 
The animals were addicted according to Poinelli Method, and then animals of 16 groups as mention above condition 
were exposed to magnetic field for 30 minutes. 
The syndrome signs of morphine stop were studied after Naloxone injection in pretoon.   Jumping, Rearing, 
Climbing, yawning, diarrhea and ptosis, as syndrome signs were studied in this research after 2 hour naloxone 
injection. In this research we used the analyze variance, Dunnet and crouscal valis for data analyzing. 
 

Findings 

Seven signs for the stopping point of morphine in all the groups were considered. The most important sign was 
jumping, the number of Jumping in the groups 17, 16, 15, 12, 11 and 10 not only was not reduced but also ratio to 
other groups were more. In the groups 2, 6, 8, 13 and 14 the number of jumping was reduced but this reduction was 
not so much. In the groups 3, 4, 5, 7 and 9 the reduction of jumping was observed and it was so much in a way that 
in the groups 5 and 9 P< 0.001 was observed. In the groups 4th and 7th P< 0.01 and in the 3rd group P<0.05 was seen. 
Except the group 14 and 15 which the reduction was so much. In the 9th group more than other groups the reduction 
could be seen and it was as p<0.001. In all the groups the magnetic field except the group 4th has an important 
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reduction which was P< 0.001. In the groups 9 and 12 the reduction was more than other groups. In the group 10, 14 
and 15 there was not so much reduction but in the other 13 groups the reduction was so much. In way that other 14 
groups had the weight reduction by p< 0.001. The little weight for reduction in the second and fourth groups is 
shown in the diagram 2. Generally it can be stated that the lesser response was in the groups 5th and 9th which had 
the best operation and the response would be provided. 
 

Discussion 

Present study showed that magnetic field with various intensity and frequency have affected on syndrome 
signs of morphine stop in rat magnetic field decrease jumping in exposure groups(3.4, 5 , 7 , 9) and also decries 
rearing in exposure groups ( 2-13 , 16 , 17) significantly (P<0.05).This study showed the magnetic field with various 
condition cause to reduce syndrome sings of morphine stop in rat such as climbing, yawning, Ptosis, diarrhea and 
weight significantly (P < 0.05).The magnetic field affected on the number of jumping depend on intensity, 
frequency and time exposure. 
Morphine is an alkaline material and ionizes in body. The ionized form of morphine can’t pass the Blood Brian 
Barrier (B.B.B), the magnetic field caused to ionizing the acidic and alkaline drug (9) for this reason the magnetic 
field can reduce the syndrome signs of morphine stop. The result of this study showed that the magnetic field with 
high frequency and high intensity reduce the syndrome signs of morphine in rat. This reduction can explain by this 
reason. 
1- Increase the polarity of Naloxone 
2- Alteration of receptors instruction 
3- Reduction of morphine in brain cells  

This study showed that rearing and climbing reduced significant in exposed groups (P<0.05).We think that 
these reduction is because of increase the induction and releasing the androgen peptides opiate and alteration of 
nerve mediator induction and releasing such as dopamine, glutamate, serotonin, Spartant.This nerve mediator 
affected to jumping, another study showed that Spartant  system can increase the jumping in rat(10).Also other 
researcher showed that the electromagnetic field caused to induction and releasing the acetylcholine in animals 
cells(11).In this study we showed that magnetic field didn’t have any effect on weight loss and this finding 
accompany with our result of previous study(1).The magnetic field with high frequency and high intensity decrease 
diarrhea but acetylcholine and piocarpin increase diarrhea(12). By considering the results of this study, we obtained 
that magnetic field reduce the cholinergic system and acetylcholine in brain cells and also other reports indicated 
dopamine has affected on climbing and yawning (13,14,15). According to results of others study we can guess the 
electromagnetic field increase serotonin and dinorphine and decrease dopamine and acetylcholine.  
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Abstract 
 

The European directive 2004/40/CE on the minimum health and safety requirements regarding the 
exposure of workers to the risks arising from electromagnetic fields, based on ICNIRP guidelines for 
occupational exposure, is presented and commented. The resulting needs for computational assessment of 
workers’ exposure in terms of dosimetric quantities is considered and discussed. 
   
I. The European Directive 2004/40/CE  
 

The directive 2004/40/CE [1], on the minimum health and safety requirements regarding the exposure 
of workers to the risks arising from electromagnetic fields, has been issued in the European Official Journal on 
May 25, 2004, as the 18th individual directive within the meaning of framework directive on health and safety at 
work (391/89/EEC). The EMF directive follows the publication of directives on other physical agents, namely 
2002/44/CE on vibration and 2003/10/CE on noise. The aim of the directive is the protection from established 
adverse effects caused by induced currents and by energy absorption, as well as by contact currents. Suggested 
long-term effects are not addressed, due to the lack of conclusive scientific evidence. The directive lays down 
minimum requirements giving EU member states the option of maintaining or adopting more favourable 
provisions for the protection of workers. Like in the previous directives on physical agents, the framework is 
based on the definition of "exposure limit values" and "action values". The exposure limit values can never be 
exceeded, whereas the action values are levels at which the employer must undertake technical or organizational 
measures to reduce exposure. The numerical definition of such values is based, respectively, on basic restrictions 
(dosimetric quantities) and reference levels (unperturbed fields) established for the workers in the relevant 
guidelines of the International Commission on Non-Ionizing Radiation Protection (ICNIRP) [2]. The directive 
claims the employer to give particular attention to any indirect effects, such as interference with medical devices 
like cardiac pacemakers, and adapt risk assessment and mitigation measures for workers at particular risk. 
Member states have to transpose the directive into national law within April 2008. 

Directive 2004/40 CE claims the employer to a specific risk assessment, and to verify the respect of 
limits of exposure that are expressed in terms of dosimetric quantities, induction of current and Specific 
Absorption Rate (SAR). Such evaluation is achievable only by means of simulation computational methods, and 
in fact the directive often refers to calculations. Moreover, the directive shall be taken into account in the 
definition of product standards for special families of equipment emitting EMFs, to be used at the workplace. 
Compliance verification of the basic limits by calculations calls for the use of proper numerical methods able to 
solve Maxwell's equations, in combination with high resolution models of worker’s body, and satisfactory 
representation of sources and workplace environment.    
 
II. Computational exposure assessment for workers – Critical points 
 

As information technology, numerical methods are increasing and developing very rapidly. Application 
to more and more complex problems is expectable, like multiple sources and complex environments, but the 
reliability of results critically depends on the representation of the real problem; any obtainable result refers in 
fact to the representation scenario and not to the actual problem, otherwise than in situ field measurements.  

Many of the available numerical methods, that are listed in [3], are implemented on commercial SW 
packages mostly developed by research teams, provided with digital human body models and CAD tools able to 
realistically represent sources and environment. A lot of scientific work and applications have been developed, 
mostly addressed to relatively simply exposure evaluations, like in the case of mobile phones (head) or base 
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stations and broadcasting (whole body), and specific standards for calculations have been issued by CENELEC 
and IEC, but extensive application to more complex occupational exposures has not been carried out yet, due to 
lower public and authority concern. 

All simulation packages and components are affected by limitations, advantages and disadvantages, so 
that the proper choice in a given situation may not be easy. The duration of calculation is one aspect to be 
considered in relation with the efficiency of the representation. Concerning human body models, the knowledge 
of dielectric properties of human tissues is still affected by gaps especially at low and intermediate frequencies 
range, and the available models only refer to very simple postures (erect), even if in occupational exposures the 
posture of the workers may be very complex. Methods have been introduced for scaling and obtain different 
body postures but results need to be carefully validated in a wide number of conditions. 
 
III. Needs for computational exposure assessment - Discussion 
 

The provisions from Directive 2004/40/CE pose the need to answer to some basic questions, and 
identify a logical pathway in order to manage the dosimetry problem. A basic question is to address when 
numerical dosimetry must be invoked in EMF occupational risk assessment. The first case is a condition where 
reference/action levels are exceeded, but basic/exposure limits are probably not. Such condition may occur for 
instance in the case of RF fields strictly confined close to the source, similarly to head exposure from a mobile 
phone. A second case, to be carefully considered, deals with compliance with local basic restrictions. Guidelines 
of ICINIRP [2] clearly states that: "the reference levels are intended to be spatially averaged values over the 
entire body of the exposed individual, but with the important proviso that the basic restrictions on localized 
exposure are not exceeded". In other words, reference/action levels are able to guarantee compliance with body 
averaged SAR but don't assure compliance with restrictions on local SAR, which is however crucial when the 
source is very close to the worker and directly coupled to the body. In the frequency range 10 MHz - 110 MHz, 
where the electromagnetic energy is mostly absorbed inside legs and limbs, ICNIRP Guidelines [2] and 
Directive 2004/40/CE provide a reference/action level for feet current that is helpful in order to verify 
compliance with local SAR limits in the limbs. On the opposite hand, in the "hot spot" frequency range (400 
MHz - 3 GHz) localized peaks of energy absorption may concern internal organs, and in such condition the 
assessment of local SAR by means of numerical dosimetry should be recommended even when the exposure 
levels (as spatially averaged values over the body) approach the reference/action levels.  

Another critical point to be addressed is the accuracy, or approximation, of the representation of the 
exposure problem. This point needs consideration on sources characteristics, human model, but the surrounding 
work-place must be taken into account too, especially in the case of presence of metal objects or structures. The 
choice of proper resolution of the human model is crucial again; too low resolution could lead to unreliable 
results, but too high one could overload computational time and HW resources.  

As a matter of fact occupational exposure assessments based on numerical methods are very 
complicated and require high level education, to-date available only in research centres or institutes. The 
possibility of practical use of numerical modeling by the employers for real cases in working environment seems 
to be very limited, in contrast to the relatively effective use of such technique for large scale manufacturing in 
standardized condition, bearing in mind however that occupational exposure patterns are much more 
complicated than general public ones (e.g. SAR in the head with mobile phones), and standardization bodies 
should carefully consider it.  

Simplified models could be useful for performing rough assessment on occupational EMF sources and 
workers’ exposure levels. Worst-case models could be used as intermediate step between field measurements 
and refined dosimetry. To such aim, extensive comparisons of standard case-studies should be carried out, 
analyzing the performance of simplified models compared to more sophisticated ones.  
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The new EU directive, 2004/40/EU, issued on occupational exposure to electromagnetic fields (EMF), calls for 
occupational risk assessment and implementation in the EU states national occupational safety and health 
regulations before April 2008. Commonly, workers are exposed to EMF with a mixture of different frequencies. 
In most cases the exposure levels are low and not in conflict with the new directive. However, some work 
situations or occupations need special attention due to risk of high exposure. Following the protocol in the 
directive, workers exposure to EMFs should be estimated, measured or calculated depending on type of 
workplace and possible risk of over exposure. One of the assigned issues in the EMF-NET MT2 group is to 
identify work situations that might be in conflict with the new EU directive. In this review, a number of work 
situations where there is a risk of high EMF levels will be presented and a few examples are listed below. 

At electrolytic processes static magnetic field levels at the operator's location can be about 8-15 mT with an AC 
rectification's component about 30 %. The fundamental frequency is usually 50-300 Hz. 

Magnetic resonance imaging systems use magnets typically from 0.05 T to about 3 T. In addition to static 
magnetic fields, RF fields (10-100 MHz) and rapidly changing gradient magnetic fields occur in pulse sequences 
within MRI equipment. The time derivatives of gradient fields (dB/dt) affecting patients vary typically from 1-3 
T/s, and exposure of staff to EMF can be significant inside treatment rooms surrounding MRI equipment. The 
maximum exposure level is about 1 T in front of the magnet, and nurses/technicians staying with patients can be 
exposed to magnetic flux densities up to 0.2 T, approaching the protection guideline. In the case of performing 
professional activities very close or inside the magnet's tube, workers can be exposed to higher fields (up to 1-2 
T), e.g. during adjutancy or plugging in RF cables of treatment coils, or device cleaning. 

Transcranial magnetic stimulation or repetitive transcranial magnetic stimulation (TMS/rTMS) is currently being 
used in treatments of the central nervous system diseases, for instance, depressive states. During the treatment 
the therapeutic staff is exposed to a pulsed 100 kHz magnetic field that might exceed the reference values in the 
EU directive. The time derivative, in some of the measured tests, was in the order of kT/s! 

Operators of induction furnaces and heaters are highly exposed to magnetic fields. At a distance of 1 meter from 
a 1-10 kHz heating equipment, flux densities typically range from 0.03 to 0.5 mT, and may reach 5 mT at 10 cm. 
Measurements of devices operating at 50 Hz, have shown that at a distance of 20 cm the flux density of the field 
might exceed 5 mT. At a distance of several meters 0.1 mT have been measured. The reference values in the EU 
directive (30.7 µT for 1-10 kHz and 500 µT for 50 Hz) are exceeded during work procedures close to furnaces. 

Welders are one of the occupations that are highly exposed to EMF and thereby in conflict with the new EU 
directive. Arc welding uses high electric currents up to several hundreds of Amperes. The current, provided by 
the welding power source, flow through the torch-cable and torch to the welding arc, and into the workpiece and 
back to the power source via the ground cable. This provides a source for magnetic field to which the worker is 
exposed during the welding process as the cable can touch the welder or even be wrapped around the shoulder of 
the welder. Magnetic flux densities are about 1 mT at the surface of the welding cable and power supply, 
exposing the welders to strong ELF fields. (ref) 

Glue dryers in the wood industry and plastic welders are using RF energi by applying a strong RF current 
between metal electrodes. The output powers range from 1 to 200 kW at the ISMfrequencies of 13.56, 27.12 or 
40.68 MHz. Most plastic sealers are operated manually and require the presence of the operator close to the RF 
electrodes. In some applications, pieces of plastic materials to be heated must be held by hand, so that the 
operator's hands will be highly exposed to RF fields. Electric field strengths range in areas of operators typically 
from 1 to 300 V/m, and magnetic fields from 0.1 to 20 A/m, respectively. 
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Broadcast stations are using high RF energy intentionally radiated into the air. Typical maximum radio and TV 
transmitting powers fed to the antennas are about 500 kW for LF, MF and HF antennas and 10-50 kW for VHF 
and UHF antennas. Since the antennas are mounted near the top of a mast at the height of over 200 m, the 
exposure levels at the ground level are very low, but the occupational exposure can, however, be high during 
maintenance and installing work inside a mast, and special precautionary actions has to be taken. 

A mobile phone base station emit RF fields in the range 450-2200 MHz. With a maximal output power of let say 
50 W the EU directive might be exceed within a couple of dm in front of the antenna. In other positions or at a 
longer distance from the antenna there is no conflict with the directive. 
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Abstract 
The presentation is based on analysis of the fundamental problems defined for the use of numerical calculations 
for workers exposure assessment in real occupational situations. The examples of data from workplaces in the 
vicinity of LF or IF sources will be presented, focusing: space distribution of EMF, complex characteristics of 
the frequency content, workers activities/moving in the workplace, field impedance, etc., as well as discussion 
concerning situations when the use of calculations is required. 
 
Keywords: EMF exposure, exposure assessment, numerical calculations, low frequency, intermediate frequency 
 
1. Introduction 

Electromagnetic field's (EMF's) exposure assessment adequate to the real exposure level is the crucial step 
towards appropriate risk assessment for occupational safety and health (OSH) engineering, epidemiological 
studies of EMF-exposed groups, environmental monitoring. The highest requirements concerning detailed EMF 
exposure assessment come from the legislations concerning mandatory control of occupational or environmental 
EMF exposure, e.g. European Directive on workers EMF exposure limitation.  

The provisions of the Directive 2004/40/EC permit the employer to use exposure level (external measures of 
exposure like electric and magnetic field strength, E and H) or dosimetric quantities (internal measures of 
exposure results like induced current, J, and Specific Absorption Rate, SAR) for the mandatory risk assessment. 
In the case of EMF of low and intermediate frequencies (LF and IF) the basic internal measure used for exposure 
assessment is induced current density in head and torso. IEEE standards offer also the use of E field induced in 
exposed tissues. Both parameters can be used till low MHz frequencies. The use of internal measures require 
numerical calculations and detailed analysis and interpretation of data obtained from modeling. 

EMF from LF and IF range, affecting workers are usually so-called near fields. The impedance of such fields 
(the ratio of electric fields strength to magnetic field strength) is defined by the technical properties of the EMF-
source-worker-body system. Electric voltages and currents in the electric device, producing EMF play important 
role, but in many cases also the direct coupling between workers body and EMF source modify the exposure 
conditions. The sources of high level of EMF exposure to time-varying LF or IF fields are basically: high 
voltages power distribution systems, welding devices, industrial induction heating devices, electro surgery 
devices. In consequences the most important external measure of exposure is magnetic field strength (or 
magnetic flux density) assessed following the frequency-dependent exposure limitation in the case of very huge 
number of welding and induction heating devices. Significant exposure to electric component can be found in 
practice in the vicinity of high voltage electricity distribution systems. The most complicated situation can be 
found, when both components (E and H) should be consider, especially when the field impedance can varying 
significantly during the application, as in the case of electro surgery use.  

For the practical EMF exposure assessment at workplace, first of all it should be discussed when it is acceptable 
to make the EMF exposure assessment by spot measurements with a broad-band RMS meter (i.e. the most 
convenient and less expensive method). For the other situations, it should be decided the use of more 
complicated (and more expensive) exposure assessment method: more detailed measurements or dosimetrical 
calculations. 

2. Method 

Professional activities of authors is focused on the detailed analysis of occupational EMF exposure 
characteristics in various enterprises and application of EMF measurements and/or numerical calculations 
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technique for workers exposure assessment. The presentation is based on analysis of the fundamental problems 
defined for the use of numerical calculations for workers exposure assessment in real occupational situations.  

3. Results 

Electromagnetic field (EMF) in the workplace has often very specific characteristics in comparison with the 
fields from general environment. In working conditions not only the locations of the EMF source and worker's 
body, but also the geometry of the source, frequency and level of produced EMF in its vicinity, can change 
significantly, exposure level can be high, even exceeding international safety guidelines.  

The analysis of detailed data obtained from various work place and experience with the numerical calculations 
modeling realistic exposure scenarios for the assessment of the exposure following the internal measures' 
limitations have shown a number of practical problems, identified for the worker's exposure assessment.  

In the most of cases of high level exposure of workers to LF or IF EMF, their professional activities need hand 
operation of the EMF sources. For the exposure assessment of such cases the modeling of realistic posture of 
worker's body and possible simplifications of it to reduce the complication and costs of exposure assessment 
process is of high priority. Important question is on the exposure assessment of hands, especially while hand-
operating of EMF sources of high level. The use of calculations for exposure assessment in LF and IF band is 
more difficult, that RF (with huge experience obtained from mobile phones research) because of: 

- the lack of models, transferable from one software to other one, representing realistic EMF occupational 
sources, already verified by reference data from workplaces and taken as standardized models 

- the lack of well verified data on electrical properties of various elements of workplace, as shoes, floor cover, 
furniture's, etc. 

- relatively small number of the scientific data concerning human body models, electrical properties of tissues, 
numerical calculations procedures, etc. for the assessment of IF fields. 

For the wider use of numerical calculations for the assessment of workers EMF exposure, it is of high priority to 
obtained well verified scientific data concerning 

- the possibility to use simplified numerical models of working places and EMF exposure conditions 

- the uncertainty of exposure assessment for checking the compliance with the Directive 

- the role of frequency components within the exposure assessment procedures  

- the assessment of pulsed fields, especially in the case of hand-operated devices, when the repetition time of 
pulses is not fixed. 

The practical use of numerical calculations for the EMF exposure assessment is also problematic because it was 
not defined when various software packages can be use, and non of currently available software is specialized 
for workers exposure. Additionally, a few commercial human body models are applicable for selected 
specialized software only. Separate problem is the calculations of induced and contacts currents, which can be 
also measured. 

4. Conclusion 

The use of internal measures of exposure results for risk evaluation is possible only by simulation computational 
methods, with the use of adequate representation of the workplace environment and worker’s body models. Such 
calculations for particular exposure situations require highly skilled professionals and specialized software. The 
modeling of real exposure scenario, validation of calculations result and interpretation of obtained data is usually 
very time-consuming and currently achievable by research centers only. These are reasons why, the possibility of 
practical use of numerical modeling by the particular employers, especially from SMEs is very limited in 
contrast to the relatively effective use of such technique for large series manufacturing (e.g. common use 
electrical devices, like mobile phones handsets). In this respect, the question arises if more simple models are 
powerful enough for performing roughly assessment of the occupational EMF sources and workers exposure 
level, while every day's occupational safety and health practice. 
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Introduction 
Exposure assessment of electromagnetic fields is a topic that gets more importance every day, especially 
related to Directive 2004/40/EC and EC Recommendation 1999/519.  The complexity of interaction 
between electromagnetic fields and human body makes any kind of analysis (theoretical-analytical, 
numerical, experimental) difficult. In an actual multi-source radiofrequency environment situation is even 
worse, due to a consequent complex distribution of electromagnetic fields. 
 
 
Method 
Issues related to actual RF environment, specifically related to multi-frequency, multi-source environment 
require sound analysis. The number of issues is even bigger in the indoor environment, where a building 
structure influences the electromagnetic field distribution. In such environment a number of reflections 
exist, which forms a complex environment of standing waves. Thus, it is necessary to perform a detailed 
analysis of the field distribution. 
 
The field distribution is the first step in performing exposimetry analysis, as well as dosimetry analysis. 
 
 
Results 
The results of exposimetry and dosimetry analysis indicate the issues addressed by the process, especially 
related to uncertainty of the analysis. The concerned sources are wireless communications devices, i.e., 
mobile telephony, Bluetooth and wireless LAN devices, which are located in the indoor and outdoor space. 
The devices in the outdoor space are treated by analytical methods, whereas in the indoor space, it is 
impossible to perform even exposimetry analysis without a numerical tool.  
 
 
Conclusion 
The complete dosimetric and exposimetric analysis of the human body in electromagnetic fields can be 
performed only by a numerical analysis. The needs and necessary requirements of the analysis for a full 
application for existing legislative acts, especially for Directive, are related to the complex electromagnetic 
environment which makes albeit difficult dosimetric analysis more complex. 
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Abstract 

The development of mathematical dosimetry modeling techniques and powerful computer hardware has 

resulted in dosimetry modeling as a principle tool in determining EMF exposure. The results of any anatomical 

model are questionable if the model has not been validated with empirical data obtained from in vivo or in vitro 

experiments. Validation of the theoretical with empirical results and the subsequent refining of a model are 

essential in order to earn the credibility when using these models to establish or revise exposure standards. The 

increasing acceptance and use of FDTD modeling within the EMF community make it imperative that 

predictions be compared, and validated against experimental data. With the development of the Finite-Difference 

Time-Domain (FDTD) code, it is possible to predict whole body and localized SAR values under a wide range of 

exposure conditions in phantoms and laboratory animals, as well as humans.  

In the past, FDTD predictions have been validated mainly for very simplistic geometric models. For far-

field sources, simulation results have been compared with analytical results for square [Umashakar and Taflove, 

1982], cylinders [Furse et al., 1990], spheres [Gandhi et al., 1992; Gandhi et al., 1999], and plates [Taflove et al., 

1985]. Calculations of currents induced in a standing human have compared well with empirical data [Furse et 

al., 1997]. For near-field sources, simulation results have been compared with analytical, measured or method of 

moment results for dipole antennas in front of layered half-spaces, layered boxes and homogeneous spheres 

[Furse and Gandhi, 1998]. In addition, the FDTD method has been validated for near-field testing of realistic 

cellular telephones next to the human head [Dimbylow and Mann, 1994; Gandhi and Chen, 1995]. Agreement 

between FDTD code and experimental results (e.g. E-field measurements on simplistic canonical geometries 

such as box or sphere filled with tissue equivalent material) was excellent and generally within ±20 % (±1 dB) 

[Gandhi et al., 1999]. However, little direct comparison of empirical data obtained by actual type of organism 

with SAR values predicted by FDTD modeling exists in the published literature [Walters et al., 2000; Mason et 

al., 2000].   

In this paper, we report on the use of the convergent technologies to validate the use of computational 

codes to predict SAR values in both, simplistic models (spheres) and actual biological organisms. Since 

experimental validation requires the implantation of thermal or e-field probes, it is not feasible to perform such 

studies in human subjects, therefore laboratory animals and phantoms were used. The brain of the rat offers an 

ideal organ for comparison, due to the reliability of stereotaxic probe placement, as well as the ability to easily 

confirm probe placements in tissue sections following experimentation [Walters et al., 1998].  

Our predicted SAR values obtained by computer models based on FDTD code of spheres and Sprague-

Dawley rat were compared to temperature measurements made with implanted probes and infrared 

thermography model [Gajsek et al., 2001]. 
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The SAR values were determined thermally. Irradiation was performed at a high exposure level (above 

700 mW/cm2) and short exposure duration (30 seconds) to produce a measurable linear temperature rise. This 

was done to allow accurate quantification of the rate of temperature rise in the absence of any significant 

thermoregulatory effects. Good correlation between the predicted and empirical phantom and animal data would 

provide increased confidence in the results predicted by the man model [Mason et al., 2000]. 
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In our modern society technology and simultaneously electronics play an important role. It is almost impossible 
to avoid electromagnetic field exposure. When evaluation the human body field exposure the always occurring 
problem is: How to measure it. Most of the time it can’t be measure in vivo. Thus, the interaction of 
electromagnetic fields and biological tissues is a topic of intense research. Therefore, 3D numerical EM 
simulations have been established as tool to analyse the effect of the electromagnetic fields caused by the 
environment on human beings. This effect is usually described by the Specific Absorption Rate (SAR). 

The software package CST STUDIO SUITE™ is a specialised tool for evaluating 3D electromagnetic fields, 
which is based on the Finite Integration Technique (FIT). The software package offers the possibility to import 
data obtained by medical imaging. With this voxel import the characteristics of the biological tissues are 
translated in material information used by the simulation software to evaluate the electric and magnetic fields. 
Based on electric and magnetic field, the specific absorption rate can be calculated using a mass averaging 
approach compliant to the IEEE C95.3 standard. Alternatively, own procedures are offered that show improved 
consistency for structure rotations. 

In this talk first of all the Finite Integration Technique fundamentals are described. Furthermore the simulation 
work flow within the software package is shown. Finally several examples concerning SAR calculations are 
shown 
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Abstract- There has been numerous evidence that exposure to extremely low frequency magnetic and 
electric fields can produce biological effects. Many of these effects are not clearly understood so far. 
Most of these researches emphasize on power frequency (50 or 60Hz) and the biological effects at 
these frequencies. The following paper attempts to describe the current researches toward emphasizing 
the effects in the Extremely Low Frequency (ELF) range. Lab experiments regarding biological effects 
of ELF fields have been shown in various organs and the results have been discussed. There is 
presently no clear and convincing evidence from animal or cellular studies that demonstrates harmful 
effects of EMF. There are, however, some studies that are suggestive of potential health impacts. From 
the perspective of laboratory studies, this presentation will discuss biological responses to extremely 
low frequency electric and magnetic field exposures. 
 
 
 
 
Introduction 
With the ongoing advancement in electrical and electronic devices the odds of exposure to electrical 
and magnetic fields have raised dramatically. More and more people are exposed to electrical and 
magnetic fields daily. Therefore the need to understanding the effect that these fields have on the 
human body is significantly important. One of the areas that are often neglected is in the Extremely low 
Frequency Range (up to 300Hz). At the frequencies this low, the wavelength in air is very long 
(6000km at 50 Hz and 5000Km at 60Hz) The only area within this range that is on the main focus is 
the power frequency (50Hz or 60Hz) Since it is the widely found frequency in the environment. This 
paper tries to summarize the effect on the ELF range without focusing on any special frequency. 
Biological effects may sometimes lead to adverse health effects. Biological effect is when exposure to 
an electromagnetic field produces a noticeable or detectable change in a biological system. An adverse 
health effect occurs when the biological effect is outside the normal range for the body to compensate 
and thus leads to some detrimental health conditions. [1], [9], [13] 
The primary mechanism of interaction between elf fields and biological system is in the induction of 
electrical charge and current.  
ELF electric fields exist whenever a voltage is present regardless of the current flowing. Almost none 
of the electric field penetrates into the human body. On the other hand ELF magnetic fields exist 
whenever a current is flowing. They can easily penetrate into the human body. [1], [9] 
 
Circulatory System 
Heart 
There have been some studies suggesting that exposure to ELF electric and magnetic fields decreases 
heart rate [3]. While this studies report this incident, they often characterize it as temporary and within 
the normal physiological variation. The boundary for this effect is reported as low as 0.1µA/cm2.[3] 
There have been reports of effect on the blood pressure, Heart rate and electrocardiograph waveform 
but these studies are limited by uncertainties regarding exposure duration and subsequent control 
group.[3], [4], [5]. 
Endocrine system 
Melatonin 
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Some studies suggest that exposure to ELF fields may suppress secretion of melatonin, a hormone 
related to human day-night rhythm [1], [6]. It has been suggested that melatonin is effective in the 
prevention of breast cancer and therefore suppressing it will result in an increased incident of breast 
cancer. Although there is some evidence in laboratory animals, human volunteer studies have not 
confirmed this report. [1], [7], [8] 
 
Musculoskeletal System 
Bone growth and fracture repair 
Electrical and magnetic stimulation have been known to have effect on bone fracture repair since 1970. 
The mechanism which enables these fields to increase new bone formation is still not known. Effect of 
pulsed EMF on fracture healing have been proven in numerous clinical studies on human and animal 
subjects.[10],[11] However the mechanism that this interaction takes place is not clearly known so far. 
Some studies suggest that EMF can increase the secretion of growth hormone IGF-I and IGF-II and 
therefore increase the healing rate. [12], [14], [15] 
 
Nervous System 
Behavior 
Many studies have been done to demonstrate the effect of elf magnetic and electric field on human and 
animal behavior Since nervous system plays a major role in function of all the body and since many of 
the nervous signals communicate in a form of electrical signal it can be predicted that the elf could alter 
the behavior. 
There has been numerous studies showing the effect of E field on animals such as rats, mice, pigs and 
birds.[16] Most animals try to avoid exposure to E fields over 50-75kV/m. The exposure to B field 
shows little evidence on animal behavior in general. [13], [14] 
In humans a phenomena known as phosphene is reported in the B fields as low as 20 mT. [13], [19] 
  
 
Reproductive System 
It is known that the developing system is more prone to various environmental hazards. Therefore it is 
assumed that a developing system is more sensitive in response to electrical and magnetic fields. 
Studies have been done mostly on animals such as chicken, rats and rabbits. Few studies have been 
done on human growing organisms such as hair follicles. [13], [16], [17] 
 
Immune System 
Cancer and Mutation 
The EMF effects on promoting cancer have been studied more than anything else. However few life 
long studies have been reported. There have been some studies on the effect of 50 or 60 Hz B field on 
the male and female rats which showed that although the B field can increase the carcinogenic activity 
it is not effect is not significant. 
Evidence of effect of ELF B and E fields on the DNA breaking and tumor initiation has been minimal. 
Since these frequencies do not possess enough energy to break bonds between molecules and damage 
DNA. [14], [15] 
 
Summary 
The health effects of extremely low frequency EMF still remains a controversial subject as the 
mechanism of interaction is not yet known. The biggest issue in various experiments regarding these 
fields is the lack of reproducibility of different outcomes. This will be the case until the clear 
mechanism of interaction between living systems and electric and magnetic fields  
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