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Human skin and mucosa, majorly constituted of keratinocytes, are the most exposed cells to the impact with 
electromagnetic radiation.  
Keratinocytes are so an ideal model to  analyse  the biological  effects of  non ionising electromagnetic field, 
because they are the first cells to which the energy associated to the radiation, will directly be  transferred.  
HaCaT are  epithelial cell line, ideal to understand if  a physical agent such as electric field exposure (7 Hz) 
can interfere with cell morphology, biochemistry and modulate keratinocytes differentiation.  
Our results indicate that two ours exposure daily to 7 Hz electric field could be responsible to a different 
morphological and cytoskeletal assept on HaCaT,  together with the increase in involucrin expression, 
suggesting that EMF takes such cells at an upper differentiation level.  
This data strongly support the efficacy of 7 Hz therapy for the treatment of skin deseases as well  as a co 
adjuvant in the therapy of undifferentiated deseasaes.      
 
 
 
MATERIALS AND METHODS 
 
        Cell Cultures 
 Cells were grown in Serum Free Medium  (GIBCO Laboratories, Scotland) supplemented with antibiotics 
(110 IU /ml  of penicillin and 100 µg/ml of streptomycin) at 37 ± 0.3 °C, 5% CO2, and sub-cultivated once a 
week at a 1:3 ratio.  
      
Exposure System. 
The flask containing cells were placed between two electrode and exposed twice daily for 1 hours to a 7 Hz 
electric  field at 100mV   in a cells incubator under controlled condition (37 °C and 5% CO2).   
As a control experiment other sample of the same cells was placed in the cell incubator with no field, in the 
same conditions of the exposed one.  
No differences were detected between control and sham cells. 
 
 
Immunofluorescence Assay   
HaCaT cells  were cultured in SFM medium, starting at a concentration of 6 X 105/ml. Exposed cells were 
cultivated in the same conditions in the exposure system   at 7 Hz electric field for 72 hours.  Cells were 
washed, air dried, fixed in paraformaldeide 4% in PBS  for 15 minutes and tested by indirect 
immunofluorescence for the presence of involucrin, β catenin. Antibody against involucrin  (Sigma) was used 
at 1:100 dilution, anti β catenin (Calbiochem) at a 1:500 dilution. After 45 minutes incubation in primary 
antibody, the slides were washed three times with PBS,  dried and stained with fluorescein –isothiocyanate- 
conjugated  goat antiserum to human immunoglobulin G (Amersham) at a dilution of 1:200. After further 
incubation for 45 minutes the slides were washed and examined by fluorescence microscopy. Four different 
sets  of experiments were performed. 
 
Electrophoresis 
SDS-polyacrylamide gel electrophoresis (SDS-Page) was carried out according to Laemmli, 1970 .  After  72 
hours exposure to electromagnetic fields, equal amount of cell proteins from control and exposed cells , 
measured by  Lowry test,  were loaded for each line, after lysis in sample buffer. The samples were boiled for  
5 minutes . Electrophoresis was carried  on  7.5% SDS polyacrilamide gel at 30 mA for about 2 hours. Gel 
was subsequently transferred on nitrocellulose membrane (Biorad) at 200 mA for 3 hours, and membrane, 
after blocking in 3% not dried fat milk for 1 hours at room temperature, was incubated with EGF receptor 
antibody (Sigma) at a dilution of 1:100 as suggested by manufacturer and revealed by ECL (Amersham). 
Three different sets of experiments were performed. 
 
RESULTS 
Indirect Immunofluorescence microscopy of modulation of Involucrin,  and β-Catenin expression after 
exposure at 7 Hz electric field 
The effect of EMF exposure on HaCaT cell expression of differentiation (Involucrin) and adhesion 
(βCatenin) markers is respectively reported in Tab and Fig. 1. 
Exposed HaCaT cells showed an apparent increase in cells becoming positive to involucrin expression after 
field exposure compared to  control cells. The increase in Involucrin positivity can suggests  that 7 Hz HaCaT 
exposed cells were driven to an upper differentiation level.  
As reported for the involucrin experiment also βCatenin seems to be more evident in cells after fiels 
exposure. The amount of cells positive to β Catenin and involucrine by indirect immunofluorescence is 
reported in Tab.1 
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The increase in β Catenin positivity  in 7 Hz electric field exposed HaCaT cells, indicates a major cellular 
adhesion capacity compared to control cells. 
Western blot analysis of both involucrin and β Catenin after 7 Hz exposure is reported in Fig. 1. The amount 
in both proteins seems to be affected by the treatment with the electric field. 
 
 
DISCUSSION 
 
In the last two decades, reports of biological effects of low-energy EMF  have been increasing (Adey 1993, 
Pilla 1992, Hinsenkamp 1997).  Particularly debated is the question of the epidemiological evidence (14) of 
adverse effects of an extremely low frequency magnetic field (ELF) generated by 50-60 Hz high voltage 
power transmission lines, video display terminals, electric blankets and other home appliances, which raise 
the possibility of  deleterious health effects  (Adey 1981) from exposure to radio frequency (Tenforde 1995) 
or low frequency fields (Savitz 1987).  A valid objection is that field intensity is many orders of magnitude 
below the noise threshold  so that selective, cooperative, or amplifying mechanisms must be postulated. There 
also problems of reproducibility of reported effects. The  therapeutic potential of ELF can be seen in the 
proven efficacy of low-energy, pulsed magnetic fields in non-union bone fracture healing (Weaver 1990), 
confirming that under certain conditions non-ionising electromagnetic energy can influence physiological 
processes in organisms (Kaiser 1988). Physiological paradigms for ELF effects are required.  Clues may be 
found in the  mechanisms by which ELF interacts with  cultured cells under controlled laboratory conditions 
and by correlating in vivo evidence with in vitro data (Glaser 1992). Low frequency  magnetic fields at 50 or 
60 Hz are also  reported to stimulate nerve regeneration (Phillips 1992) or alter gene transcription. They may 
also play a synergic role in cellular processes that are already activated, such as cell proliferation (Walleczeck 
1992). The role of Ca2+ in the transduction of these effects has been suggested, and indirect evidence  of its 
involvement has been shown (Karabachtsian 1994). 
In our work we analysed the effect of 7Hz  ELF therapy on human  epithelial cell line (HaCaT). Epithelial 
cells are an interesting model to study the biological effect of the interaction with non-ionising radiations, are 
not  shielded by any other stratum of cells in the impact with electromagnetic radiation, and so they are totally 
available to the field. 
Human keratinocytes cells are also a very good model to investigate the epithelial switch between 
proliferation and differentiation (Medema 1994). 
The effect of 7 Hz exposure on HaCaT cells  by ultra microscopy (data not shown),  at  cells confluency 
showed a modified morphological aspect: they are bigger and more elongated than controls. Exposed cells 
lost filopodia, and show a higher number of lamellipodia, specialized structures for cell-cell contact. The 
augment of cell-cell contact junctions , is also supported by the different distribution in β-Catenin as reported 
in and Tab.1. 
β-Catenin is a protein implicated in cell-cell-adhesion, binding cytoplasmic domain of cadherin, and in signal 
transduction (Szabo 2001, Vasioukin 2001). 
Cell adhesion molecules and their association with actin cytoskeleton play an important role not only in the 
maintenance of tissue integrity, but also in proliferation and differentiation . 
Exposure to the field also causes rearranging of actin filaments (data not shown), leading to an increase in 
actin expression and in  formation of stress fibres that cross parallel to the elongated cells.  
Since   modification of cellular growth rate and gap junction number with the consequent cytoskeleton 
rearrangement are implicated in  cells transformation (Hsu 2000) we analysed the expression of  involucrin as 
a differentiation marker of keratinocytes (Batta 2000). In human epidermis, involucrin is first observed in the 
cytoplasm of spinous and granular layer cells. In transition cells, it is equally distributed between the 
cytoplasm and the nascent corneified envelope, while in the corneocytes it is largely corneified envelope 
associated.  In our experiments  involucrin and epecially β catenin expression in the exposed cells, is 
increased compared to control. (Fig .1). Since involucrin is a keratinization-associated molecules  our  
observation may suggest that the exposed cells are at an upper differentiation  level than controls..  
This is a very important point suggesting  a  possible application of  electrotherapy  in the therapy of skin 
proliferative diseases. It would be very interesting, for example, to analyse the possibility of using 
electrotherapy  as non invasive chemoterapic agent. Other authors have just reported therapeutical effects of 
electromagnetic radiation for clinical aims (Basset 1993, Leszczynski 2001, Pletnev 2000). 
In summary, 7Hz electric field induces an alteration of  growth and differentiation pattern on HaCaT cells. 
The modification of morphology, cytoskeletal assept, and expression of adhesion and differentiation markers 
confirm our previous data that exposed cells are at an upper differentiation level. 
Our results strongly suggests the   possibility to use physical agents such as electric or electromagnetic field, 
in support  to chemiotherapy to  fight epithelial proliferation diseases, as well as all the deseases in which 
cells are characterized to a lower differentiation state 
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 LEGENDS 

Tab.1 7 Hz Electric Field modulation of Involucrin and β Catenin by Indirect Immunofluorescence 
Microscopy. 
Tab 1 shows modulation of involucrin and β Catenin expression in control and exposed cells.   

Experiment is representative of cells at 72 hours growth and exposure.  

 

Figure 1. Western Blotting of β Catenin and Involucrin 

In the first (left) lane: proteins extracted by control cells, in the second (right) lane: proteins extracted by 7 
Hz, exposed cells. The amount of proteins inoculated is the same for control and exposed samples, 
quantitated by Lowry test. 
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Table 1. % HaCaT cells increasing  Involucrin and β Catenin 
               Immunofluorescence positivity after 7 Hz electric treatment 
      
_______________________________________________________________ 
           
         % Positive Cells 
      
_______________________________________________________________ 
 
      Involucrin        8  ± 1  
      β Catenin                                                                       10 ± 1  
             
     
_______________________________________________________________
_ 
     ±S.D 
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The objective of this study was to assess the effects of static magnetic fields on proliferation and 
differentiation of PC6 cells. Proliferation was measured by counting the number of cells in four 
different quadrants of each well in a 6-well plate after 2 days of incubation. Differentiation was 
assessed in the same wells by measuring the percentage of cells with neurites (cell extensions) 
growing from the cell bodies. 
 
We used two Tectonic ceramic magnets (800 Gauss surface field strength, 4 cm in diameter) one under 
a well at each end of the plate and exposed the cells  for three hours /day for each of 2 days . Culture 
plates were placed directly on the surface of the two magnets. Nerve growth factor (NGF) in  
phosphate buffered saline (PBS) or PBS  alone was added to the cultures; the final concentration of 
NGF tested was 10 and  20 ng/ml.   
 
A significant effect on differentiation (p=0.0215) was found when comparing cultures treated with 
either concentration of NGF and cultures treated with PBS. The presence of a static magnetic field had 
no additive effect with the NGF nor did it have any effect alone. Growth, in terms of number of cells, 
was not affected by the magnetic field + PBS, NGF alone, or NGF + magnetic field.  
 
We also asked the question whether the magnetic fields had any direct effect on  the culture media 
alone or  with the addition of PBS or NGF. Therefore, the culture media (+PBS or +NGF) was 
exposed to the magnetic fields for 3 hours and then the PC 6 cells were added.  After 2 days of 
incubation the  results demonstrated that the fields did not affect NGF action since cell differentiation 
was still increased to the same extent over PBS controls, and no differences were found in growth 
(proliferation) assessments. 
 
These results are can be compared and contrasted to those found when we tested  
2 Hz pulsed electromagnetic fields (PEMF) on PC6 cells, where neurite outgrowth  was inhibited 
(Shah et al, 2001) and with 15 Hz PEMF where differentiation of dissociated sensory neurons was 
inhibited (Webb et al, 1994).  In contrast, we described a stimulation of neurite outgrowth from 
explants of chick sensory ganglia (Sisken et al, 2000) using the same 800 gauss static magnetic field + 
NGF. The mechanisms underlying these effects are not known, but may involve magnetic field 
regulation of NGF activity. Since this dose of magnetic fields may be outside the biological window 
for single cells, future studie will be run in which the magnetic fields are reduced in strength.  
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Abstract 
Widespread use of mobile phones and the necessity for restriction of it in some places have increased the growth 
of mobile phone jammer (MPJ). The MPJ produces an electromagnetic field (EMF) that blocks the mobile 
phone communications. It generates noisy signals at a frequency in order of the mobile phone. People, who 
exposed to the MPJ field, usually are unaware about its effects on their health. So, at this study the influences of 
mobile phone jammer’s exposures on human electroencephalogram (EEG) are evaluated experimentally. 
Thirty healthy participants attended two sessions, one week apart. In experimental and sham session, before 
exposure, 19 Channels EEG signal was recorded with closed eyes. In experimental session, they exposed to the 
MPJ’s EMF for twenty minutes. In sham session, MPJ was turned off. Then, in two sessions, EEG signal was 
recorded twenty minutes after beginning of each session. The follow-up EEG signal was recorded at fortieth 
minutes. Then, power spectrum of EEG signals was calculated using Matlab toolbox. 
The analysis of results showed that area under power spectrum curve off EEG signals in some channels has 
changed between sham and exposure session. The frequency parameters of EEG signals have been changed due 
to the MPJ exposures, especially in the alpha and theta band of frequency domain. We concluded that this 
radiofrequency exposure could affect the participant’s awareness  
 
Keywords: Electromagnetic Field, Mobile Phone Jammer, GSM 900MHz, EEG 
 
Introduction 

Widespread use of mobile phones and the necessity for restriction of it in some places have increased the 
growth of mobile phone jammer (MPJ). The MPJ produces an electromagnetic field (EMF) that blocks the 
mobile phone communications. GSM use 900MHz EMF as a carrier for communications. But MPJs generate 
noisy signals at a frequency in order of the mobile phone. Therefore in study of MPJ's effects we can refer to 
researches of mobile phone effects. Should be noted that MPJs just used for produce noise and may be have 
other deferent frequencies that defer between company’s products and their noise production methods. 
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The first cell phone jammer was marketed in 1998 after Goldshtein. MPJs are used in some places that 
mobile phone usage is forbidden such as exams or in places that quite is necessary, for example banks, mosques, 
churches, theaters and meetings. Furthermore People may be resident long time near MPJ, for example in 
offices or prisons. Operation of these devices is illegal or very limited in some countries and discussions about 
its usage continue [1]. These discussions are on two subjects; MPJs usage limits mobile benefits essentially in 
emergency situations, and probable health hazard of MPJ's EMF [2]. 

On the other hand, some people that think mobile phone ring and their families and friend's irregular call is 
ruining their rest and Security and has contrast with their relationship with another people, interest to use low 
power MPJs and try to make this a manner [3]. 

People, who exposed to the MPJ field, usually are unaware about its effects on their health. So it's necessary 
to validate the effect of MPJ on human health.  

Generally EMF effects can be divided in to thermal and non-thermal effects. More Standards are based on 
released heat from EMF that SAR (specific energy absorption rate) is famous standard. But in order weak 
Electric field that emitted from mobile phone and MPJs non-thermal effects is more probable [4]. 

Non-thermal effects of EMF that often has been considered are effect on carcinogenic processes, tumor 
growth, etc. until now Scientific can't find any exact relationship between Mobile phone or MPJ usage and 
human physiology and pathology. Among researches effect on brain and nervous system has been considered, 
specially. 

Some of probable effects of EMF on nervous system are effect on function of neural membrane, calcium 
efflux, neuronal excitability, neurotransmitter systems, thermoregulatory behavior, Motor activity, auditory 
responses, learning and memory, blood–brain barrier and finally effect on brain activity such as EEG and ERP 
[5]. 

EEG is an immediate reflection of change in function of nervous system that make it considerable. The effect 
of EMF on brain activity has been studied later in number of experiments. Studies often report EMF exposure of 
mobile phone increase spectral power of resting EEG, especially in alpha band [6,7,8,9,10,11,12] but in another 
research didn't observe such changes [13,14,15].  

In some experiment spectral power of Sleep EEG increased due to EMF exposure of mobile phone 
[10,16,17,18,19,20,21,22] and in another studies didn't result these effects [23,24,25,26]. 

About effects of mobile phone exposure on EPs some researches have been done. Some of this research 
report changes in measured parameters [7,9,26,27,28,29,30,31,32] and in another studies can't observed any 
changes [33,34,35,36]. 

At this study the influences of mobile phone jammer’s exposures on human resting electroencephalogram 
(EEG) are evaluated experimentally. 

 
Materials and methods 
 Subjects 

Thirty healthy males aged between 18 and 27 years participate in the study. Participants often had university 
degrees and easily have been described about purpose and procedures of the study. Before participate in 
experiment any participant was introduced with experimental tools and situation. 

Participant were asked about any nerves illness and difficulties such as long term headache, sleep disorder 
etc. also in first session of experiment an EEG with clinical order has been recorded and a neural specialist 
reviewed this record and finally sample with neural difficulty has been forgave from experiment and invited for 
more clinical exam. During the experiment two peoples were invited for clinical difficulty investigating exams. 

Before first session participants have been noted that had sufficient sleep and didn't use sleepy and neural 
drugs. Before experiment any participant wrote an informed consent that contained detail of study. 
 
Procedure 

Participants attended two sessions, one week apart, for experimental and sham session. In each session 
participant seat on a comfortable armchair and an expert technician placed the electrodes on his head. Before 
exposure, 19 Channels EEG signal was recorded with closed eyes. In experimental session, they exposed to the 
MPJ EMF for twenty minutes from right side. In sham session, MPJ was turned off and participants were 
unaware that MPJs was on or off. In two sessions, EEG signal was recorded twenty minutes after beginning of 
each session. The follow-up EEG signal was recorded at fortieth minutes. The experimental protocol is shown in 
table 1.  
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Table 1: experimental protocol 

Session 30 s EEG Recording
20 min being 

near the MPJ 
30 s EEG 

Recording 
20 min after 
Second record 

30 s EEG 
Recording 

 
First 

ON 
Exposure  / 

OFF 

 
Second 

Background 
OFF 

Exposure  / 
ON 

After 
Follow-up 

time 
Follow-up 

 
 
 
EMF exposure 

GSM 900 use 890-960 MHz EMF as a carrier for communications. This wide band divided to two bands, 
uplink band 890-915 MHz, and downlink band 935-960 MHz. downlink is the transmission path from a Base 
Station to the Cell Phone. Uplink is the transmission path from a mobile station to the base station [37]. 

MPJs emit EMF similar to downlink (935-960 MHz) but with ramp modulation, which block mobile 
communications around itself. MPJs emit EMF similar to carrier of GSM, but in a stable frequency band and 
with constant power for a long time. These make MPJ a suitable EMF generator for our study. 

EMF emitter that has been used in our study was MPJ 101 (Moje Nasr Gostar co.) that emits noisy 935-960 
MHz EMF with power of 1 W and can block GSM900 communications in a 15 meters circle. Fig 1  

Frequency of EMF that emitted form MPJ 101 was tested with a Spectrum Analyzer (TR4131) that has 
correct frequency band 

 

     
Fig 1: MPJ 101 

 
MPJ 101 has an 8 cm, quarter wavelength antenna. Participants sat approximately 50 cm apart the MPJ. It 

can be assumed that participants placed in far field of antenna. Therefore power density on volunteer head can 
be estimated:  
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Public standard level for power spectrum that ICNIRP determined in 935 MHz is 4.68 Wm-2. It can be seen 
that power spectrum is smaller than standard level. 

 
 Data acquisition 

EEG was recorded using a 19 Channels EEG recording system (sholeh danesh co.). It has an 8-bit A/D card 
and its sampling rate is 250 Hz. 19 Ag-AgCl Saline Pad Electrodes placed on participant’s head using 10-20 
system and fixed with a head cap strap. Two earlobe electrodes were hanged to ears with ear clip as reference 
and recording was performed with monopole montage.   

Data acquisition, Preview and primary analysis performed using SD-C24 EEG software that install on 
recording PC. Default mode of recording system that performed for clinical application has a 35 Hz low pass 



EFFECTS OF GSM-900 JAMMER'S EMF FIELD ON HUMAN EEG 

 511

and a 1 Hz high pass filter. We were using this mode for clinical exam of participants that has been said before. 
For experimental record a 70 Hz low pass and a 0.3 Hz high pass filter were used.  

More than 30 s EEG with closed eye was recorded in any record (background, after and follow-up) that has 
been said before. 
 
 Data analyzes 

Recording data was saved in special file format. This primary format has been converted to a data array with 
Matlab software format (MathWorks, Inc. version 7) that can be analyzed in Matlab toolboxes. The MAT file 
after convert has been reviewed with eeglab4.515 toolbox [38] and compared with printed records to validate 
conversion program. 

Recorded EEG was reviewed with eeglab4.515 toolbox and in any record (background, after and follow-up), 
10 without movement artifact 1 s windows have been selected. 

Frequency analysis has been done in the Matlab. FFT (Fast Fourier Transform) was performed on each 1 s 
data to calculate power spectrum. Because frequency contents of normal adult lie between 0.1-40Hz [39] in 
power spectrum calculation we abandoned upper than 45 Hz contents. We also abandoned frequency content 
lower than 1Hz because our frequency resolution in power spectrum calculation. Then Relative Power Spectrum 
(RPS) has been calculated as below. 

 
RPS= Area under Power Spectrum curve of any rhythm / Total area under Power Spectrum curve 

 
Fig 2: Original EEG wave ,Voltage as a function of time (first), Power Spectrum (second) and RPS (third)  

 
Then power spectrum has been averaged in 10 second. For evaluation of changes in EEG rhythms, RPS has 

been summed in each rhythm. EEG rhythms have been determined as shown below 
 

14-35 Hz β Beta 1-3 Hz δ Delta 

36-45 Hz γ Gamma 
 

4-7 Hz θ Theta 

8-13 Hz α Alpha 
 
Essentially EEG RPS may change as a function of time during each session. For finding any effect of EMF 

exposure, recording data during the real exposure with that recorded in sham session should be compared. In 
each session, Growth Ratio (GR) from background to after, from after to follow-up and from background to 
follow-up records were calculated as below. 

 
GR=(after RPS-background RPS)/background RPS  … 

 
Therefore we could compare between two sessions with three GRs. 

 

Area under curve equal to One. 
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 Statistical analyses 
Statistical analyses were performed with SPSS (SPSS Inc. version 11.5.) software Paired T-test was 

performed for GR of RPS between two sessions. Differences were considered statistically significant at P< 0.05. 
Paired T-test was performed for each 19 electrodes in all rhythms separately. 

For Paired T-test the data should be normal. Therefore normality of data was checked in One-Sample 
Kolmogorov-Smirnov Test. If normality test failed nonparametric test (Wilcoxon signed rank test) would use. 

Additionally for evaluation the inherent changes of EEG rhythms due to time, Repeated measures have been 
performed on background, after and follow-up records in each session separately. Mauchly's Test of Sphericity 
Were performed before Repeated measures tests. If Mauchly's Test of Sphericity failed, other methods 
(Greenhouse-Geisser, Huynh-Feldt and Lower-bound) would perform. 
 
Result 

Repeated measures of data showed changes in EEG rhythm due to time especially in Theta and Alpha 
rhythms. Analyze of differences showed significant changes in GR from background RPS to after, between two 
sessions in some electrode and in some rhythms. As be shown in Table 2. Positive sign in the table shows 
increase in RPS change in those rhythm and negative sign show decrease in it. It seems that immediately after 
exposure the natural changes of EEG rhythms were modified. Slow brain potentials increased due to exposure. 
Analyze of GR from follow-up to after record also showed more differences between sham and experimental 
sessions as shown in Table 3. Comparing sham and experimental records showed decrease in GR in Theta 
rhythms. Result of comparing GR from follow-up to background record showed less change in two 
sessions(Table 4). 

 
Discussion 

Our result showed RPS of slow brain potential increased immediately after exposure in some electrode, it is 
inconsistent with result of more experiment that have reported increase in alpha rhythm due to exposure. It may 
be result of large widespread data in upper rhythms that unable us to see significant differences.  

Comparing GR from follow-up to after record in sham and experimental records showed decrease in natural 
changes in Theta rhythms.  

Results showed increase in GR from background to after record and decrease from after to follow-up record 
in Theta rhythm due to EMF exposure that is reasonable. 

 Analogizing GR from background to follow-up record in two sessions showed partially increase in beta 
rhythm that perhaps it happens accidentally.      

In our study the frequency parameters of EEG signals have been changed due to the MPJ exposures, 
especially in the alpha and theta band of frequency domain. We concluded that this radiofrequency exposure 
could affect the frequency content of EEG and participant’s awareness. 

 
 

 
Table 2- changes in RPS from background to after records due to EMF exposure 

Location  Delta 1-3 Hz Theta 4-7 Hz Alpha 8-13 Hz 
C3     - 
Cz   +   
F7 +   - 

Fp2   +   
Fz   +   
P3 +     
T3 +   - 
T5 +     

 
.  
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Fig 3: changes in RPS in compartment from background to after due to exposure: 
      decrease in alpha rhythm (left) and increase in Theta rhythm (right)  
 
 
 
 

Table 3- Changes in RPS from after to follow-up records due to EMF exposure. 
Location  Delta 1-3 Hz Theta 4-7 Hz Alpha 8-13 Hz 

C3  -  
CZ  -  
Fp1   + 
Fp2  -  
Fz  -  
O1  -  
O2  -  
Pz  -  
T3   + 

 
 

Table 4- Changes in RPS between from background  to follow-up records due to EMF exposure. 
Location  Delta 1-3 Hz Theta 4-7 Hz Alpha 8-13 Hz 

C3 + -  
F8 +   
O1 +   
P3 + -  
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Abstract 
Wavelet analysis has proven a useful tool for time-frequency analysis of EEG and Event Related 

Potential (ERP) signals. Moreover the effect of electromagnetic fields (EMFs) on brain activity is an important 
issue that requires further investigation. 

The present study focused on the temporal analysis of the early components of ERPs stimulated by 
sounds of different frequencies (low=500 Hz and high=3000Hz), using wavelets. The ERPs were recorded at 16 
scalp electrodes during a working memory test with and without electromagnetic radiation (900 MHz). The 
sample included 10 women and 9 men. Temporal comparisons were made between the energies, averaged at the 
time intervals before and after the P50 amplitude peak (30-80 msec after warning stimulus onset). 

Results showed that the maximum energy variability was observed for the α-band at the C4 electrode. 
In the absence of radiation men exhibited a significant increase after the P50 peak of the energy for the low 
frequency stimulus, while women exhibited this significant increase for the high frequency stimulus. Conversely 
the presence of radiation seemed to suppress this energy increase for both sexes with the exception of women for 
the low tone. 
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Introduction 
 

Since the advent of GSM-based cellular phone networks general concerns have been raised regarding 
potential health effects of high frequency electromagnetic fields (EMF). The close proximity of a mobile phone 
to the user’s head leads to the absorption of part of the EMF energy in the head and the brain [1]. This is 
especially important in view of the observation that the shape of the head is oval, with a short axis of 15 – 17 cm 
in length, which is half the wavelength of the 900MHz transmission signals of the cellular phones. 
Consequently, the head may serve as a lossy resonator absorbing much of the energy emitted by cellular phones 
[2]. The above considerations necessitate the study of the possible effects of EMF on brain and behavior [3]. 
 Analysis of EEG signals proved a useful and appropriate approach in measuring the level and spatial 
distribution of cortical activation during cognitive task performance. Several reports provide evidence that the 
exposure to EMFs increases the cortical activity as it is reflected in the increase of spectral power in the alpha 
band of the EEG signal. [4, 5, 6, 7]. However, there are reports which do not confirm these results [8]. 
 The event-related brain potentials (ERPs) consist of a series of positive and negative peaks of the brain 
signals occurring at a fixed time relative to an event. These component peaks are studied with the assumption 
that they index meaningful aspects of cognitive processing [9]. Specifically the earlier components of the ERPs 
(0 – 100 msec after stimulus) are thought to represent the activity of the sensory pathways that transmit the 
signal generated at peripheral receptors to central processing systems.     
 There have been several studies of mobile phone emissions on the brain activity using the sensory 
components of ERPs methodology with various results [10, 11, 12, 13, 14 and 15]. It should be noted that the 
early components are ‘modality specific’, that is they are influenced primarily by the stimulus parameters such as 
intensity and frequency [16].Our team recently found that the MP-EMF affect the patterns of the auditory P50 
component of ERPs (generally 30-80 msec post-stimulus)[17]. In particular the amplitude of P50 evoked by low 
frequency stimuli at Fp1 and O1 electrode is statistically significant increased in the presence of MP-EMFs. In contrast 
the exposure to MP-EMFs revealed statistically significant decrease of the amplitude of P50 evoked by high frequency 
stimuli, at Fp1 electrode as compared to themselves without MP-EMF exposure. These findings have been conceived 
as evidence that the MP-EMF emitted by mobile phone affect pre-attentive information processing reflected by the 
synchronized responses of the thalamocortical system of the P50 component of ERPs. [18, 19]   
 Moreover, having in mind that EEG and ERP data sets are nonstationary a useful tool to analyze these 
signals in both time and frequency domain is the Wavelet Analysis. Many studies have used wavelets in order to 
explore EEG and ERP waveform structure. Rosso and Figliola [20] used the wavelet transformation at 
generalized epileptic tonic/clonic EEG signals and showed that the Relative Wavelet Energy describes accurately 
the epileptic recruitment rhythm. Samar et al. applied wavelets at data collected from a sample consisted of 
controls and alcoholics in order to compare ERP values at different frequency levels [21]. They found significant 
group differences at the theta band at the span of P300 and also at the alpha band for the P100-N100-P200-N200. 
However, up to our knowledge, there are no studies specifically examining the effect of EMFs on ERPs using 
wavelets.           
 On the other hand the gender-dependent brain function is a subject under research. In a study about sex 
differences in resting EEG activity it was reported that EEG power for females was greater than the EEG power 
for males, with significant differences observed for delta, theta and beta bands, but not for the alpha band [22]. 
These findings concur with the results of a study of Briere et al. where women were found to have higher EEG 
power values at the central, parietal and left temporal electrodes [23]. Only one study has so far investigated 
EEG gender-related differences under exposure to mobile phone EMFs [24]. The subjects’ EEG was recorded 
during the anticipatory period of performance on an auditory Wechsler test for 500 ms, either under real (900 
MHz CW with a mean power at 0.64 W) or sham exposure. The amount of baseline EEG spectral energy of 
males was greater than that of females, while EMF exposure decreased the EEG energy of males and increased 
that of females. The above findings indicate that it is necessary to examine the possible impact of EMFs on brain 
activity separately for males and females in order to avoid the confounding effects of gender.  
 In summing up, cortical activation during the early components of the ERP signal is thought to be 
gender, modality and frequency specific. In view of the above considerations, the wavelet analysis of energy 
changes at the time intervals before and after the P50 could be of value in identifying possible 
pathophysiological alterations evoked by EMFs. Thus, the present study was designed to determine the time 
dependence of the effect of EMF exposure on the energy of early components of ERP during a working memory 
test.  
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Methods 
 

Participants 
 

Nineteen healthy individuals (9 men and 10 women, mean age = 23.3 ± 2.23 years, mean education = 
16.9 ± 1.82 years) participated in the experiment. The male and female subgroups were homogeneous with 
regards to age and educational level. All participants were right-handed and had no history of any hearing 
problem. Informed consent was obtained from all subjects.  
 
Experimental setup and Measurement Procedure 
 

The subjects were evaluated with the digit span Wechsler Auditory test [25]. A warning stimulus of 
either high “(3000 Hz)” or low frequency “(500 Hz)” was presented through earphones to the subjects, who were 
asked to memorize the numbers that followed. The warning stimulus lasted 100msec. A one second interval 
followed the onset of the warning stimulus and then the numbers to be memorized were presented by a male 
voice. At the end of the number sequence presentation, the same signal tone was repeated. If the frequency of the 
signal tone was low the subjects had to recall the numbers in the same order as that presented, else, if the 
frequency was high, the subjects had to recall the numbers in the opposite order. Before any ERPs’ recording, 
practice trials were administered until the subjects could clearly discriminate the warning stimuli (tones). After 
completion of the above-mentioned process, i.e. the practice trials, a rest period of five minutes followed, before 
the recording of the ERPs.  

The experimental setup included a Faraday room, which screened any electromagnetic interference that 
could affect the measurements. The subjects sat in an anatomical chair and a certified dipole antenna was fixed 
near their right ear. The dipole’s model was ELECTRO-METRICS EM6924 and the antenna factor was 
27.4dB/m at 900MHz. Care was taken so that the distance between telephone and ear (about 20 cm) was 
constant during the whole session. The antenna was driven by a signal generator, which could be switched on or 
off. In the on mode the antenna emitted a 900 MHz electromagnetic field with mean power at 64 mWatt. [24] 
The signal was not modulated. The field strength was 3V/m at the point where the subjects’ head was standing. 

 ERPs were recorded during 1.1 sec between the onset of the warning stimulus and the onset of the first 
administered number. The electrophysiological signals were recorded with Ag/AgCl electrodes. Electrode 
resistance was kept constantly below 5 kΩ. EEG activity was recorded from 15 scalp electrodes based on the 
International 10-20 system of Electroencephalography [26], referred to both earlobes. An electrode placed on the 
subject’s forehead served as ground. The bandwidth of the amplifiers was set at 0.05 Hz to 35Hz. During the 
administration of stimuli, the subjects had their eyes closed in order to minimize eye movements and blinks. Eye 
movements were recorded through electro-oculogram (EOG) and recordings with EEG higher than 75mV were 
rejected. Warning stimuli, as well as learning material, i.e. the numbers to recall, were presented binaurally via 
earphones at an intensity of 65dB sound pressure level. The earphones did not have metal components in order to 
avoid EMF concentration.The evoked biopotential signal was submitted to an analogue-to-digital conversion, at 
a sampling rate of 1 KHz. Each recording session consisted of 52 repetitions of the trial.  

The subjects performed the task twice, with (on mode) and without (off mode) radiation, with an interval 
of two weeks between the measurements. The order in which the subject was exposed at the EMF (exposure at 
the first or second visit) was random. 

Because the P50 component is included in the array of early-endogenous ERPs components, which 
normally are modality specific, the ERPs induced by the two modal stimuli were averaged separately [16]. In 
particular, two varieties of P50 waveforms were obtained, one (low P50) evoked by the low frequency modality 
(26 trials) for each lead in all subjects and another (high P50) evoked by the high frequency modality (26 trials) 
for each lead in all subjects . 
 
 
Wavelet Analysis 
 

The Discrete Waveform Transform (DWT) was applied at the collected ERP data. The DWT analyzes 
the signal at different frequency bands with different resolutions by decomposing the signal into a coarse 
approximation and detail information. DWT employs two sets of functions, called scaling functions and wavelet 
functions, which are associated with low pass and high pass filters, respectively. The decomposition of the signal 
into different frequency bands is simply obtained by successive high pass and low pass filtering of the time 
domain signal. The original signal is first passed through a half band high pass filter and a low pass filter. After 
the filtering, half of the samples can be eliminated according to the Nyquist’s rule, since now the highest 
frequency of the signal is half of this before filtering. The signal can therefore be subsampled by 2, simply by 
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discarding every other sample. This constitutes one level of decomposition. The “mother” wavelet function that 
was used to our analysis was Daubechies 1 (db1) and the levels of decomposition were seven. 

This decomposition halves the time resolution since only half the number of samples now characterizes 
the entire signal. However, this operation doubles the frequency resolution, since the frequency band of the 
signal now spans only half the previous frequency band, effectively reducing the uncertainty in the frequency by 
half. At every level, the filtering and subsampling will result in half the number of samples (and hence half the 
time resolution) and half the frequency band spanned (and hence doubles the frequency resolution). The ERP 
data of the experiment consisted of 1000 values for each channel for each person after the averaging. In order to 
obtain high frequency resolution in δ band, the 1000 value sample was artificially subsampled. That is, the 
average of each 8 successive measurements of the signal was calculated the and consequently, 125 values were 
formed to which the Wavelet transform (WT) was applied.  

The second step of the analysis was the reconstruction of the signal (or in our case the reconstruction of 
the details of the signal), that is how its components can be assembled back into the original signal without loss 
of information. The details of the signal at each level j are given by the function 
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where ψj,k is the mother wavelet and Cj,k are the wavelet coefficients which were calculated at the previous step. 
The wavelet coefficients Cj,k can be interpreted as the local residual error between successive signal 
approximations at scales j-1 and j. Dj(t) is the residual signal at scale j. It contains the information of the signal at 
frequencies 2j-1fs≤|f|≤2jfs. 

Then the energy at each resolution level j=1,…,7 and at each instant, was calculated. This is the energy 
of the reconstructed detail signal: 
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The energies of the last three levels (E5(t),E6(t), E7(t)) were summed up so that the sum stands for the 

energy at the time domain of the delta band (frequency 1-4 Hz). Each one of the remaining four levels with 
descending order represents the energy of the basic EEG rhythms theta, alpha, beta and gamma respectively. 

The total energy at each time was calculated as follows:  
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The accuracy of the results was confirmed by comparing them with those derived from previous 

analysis with the FFT [24]. 
Finally the energy at each band was evaluated on a temporal basis. This means that the energies, were 

averaged at the time intervals before and after the P50 amplitude peak (30-80 msec after warning stimulus onset) 
and comparisons were made between these energies (before – after P50). 

 
Statistical analysis 
 
The parameter under consideration is the energy calculated with the Wavelet Transform. Preliminary statistical 
analysis was carried out independently for each modality (high, low) and for each frequency band (delta, theta, 
alpha, beta and gamma). The energies at the 15 leads were subjected to three way MANOVA with radiation (on 
– off), gender (male – female) and time interval (before – after the P50 peak) as the three independent factors. 
When the MANOVA procedure revealed statistical significance, the energies before and after the P50 peak were 
subjected to multiple pairwise comparisons for each lead, gender and radiation condition independently. 
Statistical significance was set at the 0.05 level. 
 
Results 
 
The MANOVA procedure revealed that significant energy differences were found only at the alpha frequency 
band. Figure 1 displays the energies before and after the P50 component and Table 1 displays the energy 
differences after – before the P50 component for tones, genders and EMF conditions. . In Figure 1 asterisks 
indicate the electrodes for which the energy differences are statistically significant. It seems that these temporal 
energy differences are mostly positive and highly dependent on the interaction among modality, gender and 
EMF. In the absence of radiation men witnessed a significant increase of the energy of the alpha frequency band 
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for the low stimulus at electrodes F3,C5,C6,P3,Pz and Fz, while women evidenced the same increase for the 
high stimulus at electrodes F3,Fp2,F4,C6 and C4. The presence of radiation seems to suppress this temporal 
energy increase with the exception of women for the low tone at electrodes C6 and P4. 
 

Energy (Joule) Differences after – 
before P50 for low stimulus 

Energy (Joule) Differences after – before 
P50 for high stimulus 

Male Female Male Female 

E
le

ct
ro

de
s 

EMF 
Off 

EMF  
On 

EMF 
Off 

EMF  
On 

EMF 
Off 

EMF  
On 

EMF 
Off 

EMF  
On 

Fp1 5.56 5.32 0.43 2.55 -3.35 2.45 0.83 2.33 
F3 5.49 6.07 -0.18 7.98 -6.22 6.78 5.57 -5.88 
C5 5.12 4.37 -0.26 4.17 0.88 3.23 3.28 -4.3 
C3 4.8 4.28 -1.43 7.21 -1.05 2.64 3.69 -4.01 
Fp2 4.23 3.46 2.7 6.48 -4.05 2.16 4.09 -1.92 
F4 5.46 5.06 2.49 7.58 -0.94 4.65 7.37 -3.43 
C6 6.63 2.16 2.91 7.18 -1.02 3.29 6.14 -0.7 
C4 6.17 1.79 2.22 7.68 -3.2 5.79 6.58 -1.42 
O1 1.55 -0.11 -0.29 1.82 -4.98 -1.55 1.05 2.88 
O2 1 -4.66 -1.37 -0.66 -4.53 -1.05 1.43 -1.31 
P4 5.6 -2.3 1.09 5.71 -2.96 0.81 4.41 5.52 
P3 2.79 2.39 -0.71 2.42 -4.56 1.68 3.03 -2.69 
Pz 3.83 -5.84 -1.52 4.94 -7.2 3.07 6.15 -4.67 
Cz 6.39 4.38 -1.97 10.93 -3.98 7.66 4.22 -6.59 
Fz 5.54 5.33 0.05 7.08 -3.54 4.28 3.95 0.85 

 
Table 1. Energy differences after – before the P50 component for tones, genders and EMF conditions. 
 

 

 Without Radiation With Radiation 

M
en

 fo
r 

lo
w

 st
im

ul
us

 

0

2

4

6

8

10

12

14

Fp1 F3 C5 C3
Fp2 F4 C6 C4 O1 O2 P4 P3 Pz Cz Fz 0

2

4

6

8

10

12

14

Fp1 F3 C5 C3
Fp2 F4 C6 C4 O1 O2 P4 P3 Pz Cz Fz

 
 

W
om

en
 fo

r 
lo

w
 st

im
ul

us
 

0

2

4

6

8

10

12

14

Fp1 F3 C5 C3
Fp2 F4 C6 C4 O1 O2 P4 P3 Pz Cz Fz

0

2

4

6

8

10

12

14

Fp1 F3 C5 C3
Fp2 F4 C6 C4 O1 O2 P4 P3 Pz Cz Fz

 



WAVELET ANALYSIS OF THE EFFECT OF EMF ON BRAIN SIGNALS 
 

 521

0

2

4

6

8

10

12

14

Fp
1 F3 C5 C3

Fp
2 F4 C6 C4 O1 O2 P4 P3 Pz Cz Fz

Electrodes

En
er

gy
 (J

ou
le

)

Before P50

After P50

 
 
Figure 1. Energies before and after the P50 component for tones, genders and EMF conditions. 
 
 
Discussion 
 

The main objective of this study was the investigation of the influence of EMF on the sensory 
components of ERPs (within, 100msec after warning stimulus onset) elicited during a WM task. In order to 
retain both time and frequency domain information of ERPs we used the Wavelet analysis. Utilizing the two key 
aspects of Wavelet analysis-its multiresolution nature and its adaptivity to nonstationarity in ERP data elicited 
during a WM task- temporal comparisons between the energies, averaged at the time intervals before and after 
the P50 amplitude peak (30-80 msec after warning stimulus onset) were made. 

The most robust findings were observed in alpha-frequency band activities. In particular in the absence 
of radiation, comparing the energies of the alpha frequency band before and after the P50 component, men 
exhibited a significant increase for the low stimulus at electrodes F3,C5,C6,P3,Pz and Fz, while women 
evidenced the same increase for the high stimulus at electrodes F3,Fp2,F4,C6 and C4. The importance of the 
obtained results may be explained, considering the activation of ‘alpha system’, using the so called conventional 
ways of EEG variables (power-, amplitudes-, network connection measures and phase delays). When a subject is 
stimulated (e.g. auditory stimulus) the flow of information is accompanied by alpha enhancement involving 
structures in the auditory pathways (e.g. reticular formation, medial geniculate nucleus, thalamus, hippocampus 
and the auditory cortex). [27] 

Neurophysiological studies underscore that the alpha-band of evoked potentials is strongly correlated 
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with sensory function (e.g. thalamo-cortical circuits associated with working memory and probably with long –
term memory engrams) [28]. It was also suggested that the alpha-band activity reflects a cortical –deactivation 
(the augmentation of attention-demanding mental activity is associated with decrease of alpha rhythm) [29]. In 
the light of these theories, the stimulus-related increase of the energy (before and after the P50), mostly for the 
alpha activity, which was found here, could though speculative, point to the possibility that the underlying neural 
networks of pre-attentive operation needs to be deactivated (relaxed) when the process of attention is ongoing. 
Conventionally the waveform of P50 which (as noted earlier) reflects pre-attentive operations is followed by the 
N100 waveform which represents the process of attention [16].  

A second striking finding was the effect of gender on the patterns of energy changes within the time-
window of the sensory components of ERPs for the alpha frequency. Gender has been shown to influence a 
variety of electrophysiological measures. However, the factors that mediate gender-related electrophysiological 
differences are not well understood. One possible mechanism which has been postulated is that steroid hormones 
estrogens and testosterone might be related to the neural oscillations associated with thalamocorical circuits 
which underlie alpha band activity [30]. Within this context, in order to understand better the observed gender-
related differences concerning the two warning stimuli (high- vs low-warning tone) which evoked the measured 
ERPs, it seems reasonable to keep in mind that the auditory pathways from cochlear nucleus to the auditory 
cortex exhibit tonotopic organization during the ontogenesis.[31] In the light of these theoretical assumptions , it 
could be speculated that males and females have different neural networks activities involved in the transfer of 
information in thalamo-cortical circuits. This is in line with neurophysiological studies indicating that during the 
adolence in males the volume of white matter increases faster than in females. [32] 

Moreover, the observed increase of the energy, before - after the P50 amplitude peak, points to an 
increased cortical activation as a direct consequence of EMF exposure. Such an effect may be due either to the 
psychophysic effect of the EMF exposure on brain tissue and/ or to its neurophysiological consequences (e.g. 
influence on blood brain barrier and/or thermal alterations). In relation to the neurophysiological point of view 
recent studies provide evidence, indicating the involvement of blood brain barrier (BBB) permeability, in the 
effect of mobile phones on the brain [33]. For instance it has been shown that EMF radiation has the potency to 
significantly open the BBB in a way that not only small but also large molecules, including toxic ones, can pass 
the BBB producing neuronal damage in the cortex, hippocampus and basal ganglia of rats exposed to EMF 
radiation for two (2) hours [34, 35]. On the other hand the EMF radiation is associated with enhancement of the 
temperature of the underlying tissues of the brain. It has been reported local heating (estimated to 0.11OC rise in 
brain) due to radiation of EMF [36]. Interestingly, psychophysiological and neurophysiological studies have 
provided a direct relationship between alpha EEG activity regarding both thermal stimulations of the brain and 
changes of BBB. For example EEG coherence in alpha band significantly decreased in human subjects during 
tonic thermal stimulation [37]. Within this context, a brain imaging study by Korn et al., 2005 [38] using single 
photon emission computed tomography (SPECT) and addressing to both cortical- and BBB function in patients 
with postconcussion syndrome found significantly lower power in the alpha band compared with matched 
controls in conjunction with BBB disruption. Therefore, the changes described regarding the alpha EEG activity 
would seem to indicate adverse effects of EMF upon brain operation, which possibly may be mediated through 
the thermal and BBB alterations induced by EMF radiation.  

In summary, the present study is an attempt to find sensory ERPs correlates associated with possible 
effects on human brain after exposure to EMFs. In order to retain both time and frequency domain information 
of ERPs we used the Wavelet analysis. Temporal comparisons between the energies, averaged at the time 
intervals before and after the P50 amplitude peak (30-80 msec after warning stimulus onset) were made. It was 
found that only for the alpha band the energy was mostly increased and this change is highly dependent on the 
interaction among modality, gender and EMF exposure.  
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Abstract  
The preliminary experiments were carried out on the group of depression patients (women, 18 subjects) and 
comparison group of healthy volunteers exposed during 30 min to 450 MHz microwave radiation modulated 
with 1000 Hz frequency. The field power density at the scalp was 0.9 mW/cm2. As a subjective criteria of 
depression mood, the Brief Affect Scale (BAS)  and Visual Analogue Scale (VAS) before and after each 
exposure procedure was used.  Parallel a ratio of the EEG power in symmetric EEG channels of the different 
brain hemispheres FP1/ FP2, T3/T4, P3/P4 and O1/O2 was evaluated. Statistical analysis of these parameters for 
individuals with post-hoc Bonferroni correction was applied. 
 
The BAS revealed mood improvement after exposure for majority of depressive subjects (11) and no changes for 
others (7). The VAS detected significant improvement in subjective mood score after exposure. The EEG 
analysis showed the biggest difference in symmetry between hemispheres in temporal area. Average values are 
higher in higher EEG rhythms. The difference was significant in 3 cases of exposed and in 5 cases of sham 
recordings. Significant results in sham condition indicate that the parameter selected as a measure is not very 
steady among depressive patients. This makes difficult to detect the effect caused by the EMF exposure.  
 
Keywords: EMF effect, depression, Brief Affect Scale, EEG analysis, symmetry of brain hemispheres. 
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Introduction 
 
Clinical treatment approaches for depression disorder utilize primarily pharmacologic agents,  antipsychotic and 
antidepressant drugs, that sometimes are of limited efficacy and may have objectionable side effects. ECT is 
usually effective as a treatment for depressive disorder, but it involves general anesthesia and some degree of 
memory loss, and its effects can be transient. Repetitive transcranial magnetic stimulation (rTMS), initially 
developed to test gross central nervous system function, more recently has been applied with some success in the 
treatment of depression [1–3]. The success of rTMS in the treatment of depression has been varied and has been 
described in a recent review as “often statistically significant (but) below the threshold of clinical usefulness” 
[1]. rTMS treatment can be unpleasant, with some patients declining participation due to scalp pain induced by 
the apparatus [4]. There is also a small risk of seizure [5]. 

 
Recent report has suggested mood improvement in patients with bipolar disorder immediately after they 
underwent an echo-planar magnetic resonance spectroscopic imaging (EPMRSI) procedure that can be 
performed within clinical MR system limits [6]. The mood states of subjects in an ongoing EP-MRSI study of 
bipolar disorder were assessed by using the Brief Affect Scale, a structured mood rating scale, immediately 
before and after an EP-MRSI session. The characteristics of the electric fields generated by the EP-MRSI scan 
were analyzed. Mood improvement was reported by 23 of 30 bipolar disorder subjects who received the actual 
EP-MRSI examination, by three of 10 bipolar disorder subjects who received sham EP-MRSI, and by four of 14 
healthy comparison subjects who received actual EP-MRSI. Significant differences in mood improvement were 
found between the bipolar disorder subjects who received actual EP-MRSI and those who received sham EP-
MRSI. The electric fields generated by the EP-MRSI scan were smaller (0.7 V/m) than fields used in repetitive 
transcranial magnetic stimulation (rTMS) treatment of depression (1–500 V/m) and also extended uniformly 
throughout the head, unlike the highly nonuniform fields used in rTMS. The EP-MRSI waveform, a 1-kHz train 
of monophasic trapezoidal gradient pulses, differed from that used in rTMS. These preliminary data suggest that 
the EP-MRSI scan induces electric fields that are associated with reported mood improvement in subjects with 
bipolar disorder. The findings are similar to those for rTMS depression treatments, although the waveform used 
in EP-MRSI differs from that used in rTMS. 
 
The findings reported above allowed expecting EMF effect on depression at the field power density much lower 
than used in TMS. In our previous studies the effect of the modulated 450 MHz microwave radiation on human 
EEG has been detected at the EMF level 0.16 mW/cm2, lower than the recommended health protection limit [7-
10]. In majority of modulation frequencies and EEG rhythms the exposure increases the EEG energy level and 
variability. Has such stimulation any effect on depression? 
 
The aim of this study is to investigate the effect of modulated microwave exposure to the state of depression. In 
the study we tested the hypothesis that the modulated with 1000 Hz frequency 450 MHz EMF has an effect on 
subjects with depressive disorder. Distinction of reactions to microwave exposure will be performed by 1) 
clinical rating utilising psychiatric tests 2) EEG analysis.  
 
 
Method and equipment 
 
Subjects 
 
The experiments were carried out on two groups of volunteers: a group of patients with major depressive 
disorder and a group of healthy comparison subjects. The group of subjects consisted of 18 persons, mean age 39 
years, standard deviation 10 years.  
 
The study was conducted in accordance with the Declaration of Helsinki and has formally approved by the local 
Medical Research Ethics Committee. All risks, benefits and possible adverse events associated with EMF study 
participation were explained to subjects, who provided written informed consent before entering the study.  
 
Subjects with major depressive disorder were selected from hospital inpatient unit. Subjects with non-psychotic 
major depressive disorder as defined by ICD-10 criteria and determined by 17-item Hamilton Depression Rating 
Scale (HAM-D) score more than 14 were eligible. The average HAMD score for the group was 21 (SD 3.3). 
Subjects were without antidepressant treatment, only regular (same dosage for more than 3 weeks) 
benzodiazepine use was allowed. Concomitant treatments for current general medical conditions were permitted 
on the basis of clinical judgment (patients receiving medication with known CNS side effects were not eligible). 
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All the subjects passed two experimental procedures - with exposure and sham. During each test session, the 
succession of exposure-sham was randomly assigned. Only one experimental EEG recording was performed for 
a subject during a day between time interval 9 a.m. to noon. The subjects were not informed of their exposure, 
however, they were aware of the possibility of being exposed.  
 
Subjects were asked to evaluate Becks Depression Inventory (BDI) and Visual Analogue Scale (VAS) before 
and after each EMF procedure (both exposure and sham). Subjects were also asked to evaluate Brief Affect 
Scale (BAS) after each EMF procedure. 
 
Microwave exposure 
 
The 450 MHz microwave radiation was generated by the Rhode & Swartz (Germany) signal generator model 
SML02. The RF signal was 100% amplitude modulated by the pulse modulator SML-B3 at 1000 Hz requency 
(duty cycle 50%). The generator signal was amplified with the Dage Corporation (USA) power amplifier model 
MSD-2597601 and additional laboratory amplifier (Miteq-Eesti, Estonia). The generator and amplifier were 
carefully shielded and located in the laboratory room. The 10W EMF output power was guided by a coaxial to 
the quarter-wave antenna NMT450 RA3206 by Allgon Mobile Communication AB, Sweden, located at 10 cm 
from skin from the left side of the head.  
 
The spatial distribution of the microwave power density was measured by the Fieldmeter C.A 43 Chauvin 
Arnoux (France) field strength meter. The calibration curves of the field power density dependence on the 
distance from the radiating antenna were obtained from these measurements performed in the real condition of 
the experiment. During the experiments, the stability of the microwave level was monitored by the IC 
Engineering (USA) Digi Field C field strength meter. Estimated by the measured calibration curves, the field 
power density at the skin from the left side of the head was 0.9 mW/cm2. The spatial distribution of the field 
density around the head and upper torso was not uniform: Digi Field C field strength meter indicated maximum 
level of 0.9±0.1 mW/cm2 at the left side of the head, minimum level of 0.14±0.05 mW/cm2 at the right side of 
the head and 0.45±0.05 mW/cm2 above the head. Measured field power density was 0.8±0.15 mW/cm2 at 10 cm 
distant from the left ear, near and the left shoulder and 0.17±0.05 mW/cm2 near the right shoulder. The SAR 
value, calculated based on the maximum field power density, is 2 W/kg.  
 
Experimental procedure and EEG recording equipment 

The study consisted of two experimental procedures identical for all subjects. The first protocol included 
continuous EEG recording during 30 minutes. The 450 MHz 1000 Hz modulated microwave exposure is 
switched on during all recording.  The second protocol is the same except that the microwave exposure is 
switched off.  
 
The experimenter and the subjects were in the same laboratory room during the experiments. The room was dark 
but no other special conditions were provided. The subjects were lying in a relaxed position, eyes closed and ears 
blocked during the experiments.  
 
The Cadwell Easy II EEG measurement equipment was used for the EEG recordings The EEG was recorded 
using 32 electrodes, which were placed on the subject's head according to the international 10-20-electrode 
position classification system. The channels for analysis were chosen to cover the entire head: frontal - FP1, 
FP2; parietal P5, P4, temporal - T3, T4; occipital O1, O2 and the reference electrode Cz). The EEG recordings 
were stored on a computer with a 400 Hz sampling frequency. The recorded EEG signals were observed by an 
experienced neurologist. The artifacts were detected by visual inspection. The recordings containing multiple 
artifacts were removed and the recording was repeated.  
 
Afterwards, off-line data processing was executed. The energies of the five basic EEG rhythm frequencies (delta, 
theta, alpha, beta and beta2) were extracted from the total EEG signal (0.5 - 48 Hz) by filtering.  
 
Clinical evaluations  
 
Each subject completed the Visual Analogue Scale (VAS) and the Brief Affect Scale (BAS) based on their 
subjective feeling and symptoms before and/or after every experimental procedure. 



MODULATED MICROWAVE EFFECT ON DEPRESSION 

 529

    
Visual Analogue Scale (VAS) was introduced for subject self-evaluation of mood. VAS is 100-millimeter line 
with one end matching mood “very bad” and second end matching as “very good”. Subject has to determine 
visually her mood on the day of evaluation marking this on the line. In our study subjects evaluated VAS on the 
day before and the day after EMS procedure (both exposure and sham).  This allows to determine immediate 
effect as scale can be to be applied every day. The lengths of the lines from beginning up to the marker were 
manually measured afterwards (results from 0 to 100 are possible). The lower numeric results in VAS show 
more depressive mood. VAS was introduced to determine immediate effect of EMS, as HAMD and BDI are 
designed for longer period (minimum 1 week).   
 
The Brief Affect Scale was applied to the study after the experimental protocols. The subjects were asked to fill 
out the form and answer how much, if any, their feeling had improved or worsened since the time before 
experimental protocol. The subjects provided their responses on a 7-point scale, as follows: 3, very much 
improved; 2, much improved; 1, minimally improved; 0, no change; –1, minimally worse; –2, much worse; and 
–3, very much worse. These numerically ranked responses were grouped into the categories of improved (3 to 1), 
same (0), and worse (–1 to –3) for statistical treatment. This grouping is referred to as the Brief Affect Scale 
ratings. 
 
The two-tailed paired Student t-test was used to estimate differences between exposed and sham exposed results 
for depressive and healthy subjects. All p values lower than 0.05 were considered as significant. 
 
EEG analysis 
 
The dynamics of the EEG energy of the theta (4-8 Hz), alpha (8-13 Hz), beta1 (13-20 Hz) and beta2 (20-40 Hz) 
rhythms frequencies was analyzed.  
 
Assymmetry between left and right brain hemisphare EEG channels was selected as a measure for estimation of 
the effect. The ratio of the power spectral density of the signals for the symmetric channels FP2/FP1, T4/T3, 
P4/P3, O2/O1 from right and left hemispheres was calculated and analysed.  
 
The power spectral density (PSD) was estimated by means of Welch's averaged periodogram method. The signal 
was divided into overlapping sections (50%), with the length of 2048 points and windowed by the Hanning 
window. Afterwards, the power on the theta, alpha, or beta band Wmn was computed for each subject (indexed by 
n∈[1,18]) and hemisphere (indexed by m=1,2) as the area under the spectrum for the corresponding frequency 
band (integral of the band). 
 
The relative misbalances of the PSD in symmetric channels were selected for further analysis. Finally, parameter 
A for a subject was calculated as follows:  

A=(W1n / W2n  -1)*100 %, 
where W1n and W2n were the power spectral densities of the right and left symmetric channel respectively.  
 
The average values and standard deviations of parameter A for different EEG channels pairs for the individual 
subjects and for the whole group were calculated. 
 
Statistical analysis was performed for the differences between exposed and sham exposed recordings. For sham 
recordings, normal physiological processes determine the asymmetry between hemispheres and the standard 
deviation σ for the parameter A was calculated. 
 
According to the “zero hypothesis”, the EEG recordings of subjects under microwave exposure cannot be 
distinguished from sham signals. Thus, the “zero hypothesis” implies that and 

( ) ( )221
2

21
~~ WWWW −=− . Consequently, if the “zero hypothesis” is true, the quantity 

( ) 22
21

−−= σnn WWx is a f-distributed random quantity, the cumulative distribution of which is routinely 
designated as F1,15(x); the indices 1 and 18 stand for the numbers of the degrees of freedom. 
 
Accordingly, the ratio of the computed power difference to the standard deviation (calculated on the basis of 
sham signals) of the differences can be used as a quantitative measure, showing how well the “zero hypothesis” 
is satisfied, respective p-values are obtained by means of the cumulative f-distribution: 
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Post-hoc mean comparisons were tested by Bonferroni  approach with a 0.05 confidence level. 
 
Signal processing and calculation of parameters were performed in the LabVIEW and MatLab programming and 
signal processing environment. 
 
 
Results 

The results of psychiatric tests are presented in Table 1. Most of the depressive subjects reported improvement of 
her mood after exposure (11). This number is less for sham procedure (7). Numbers of the subjects with no 
changes of mood is less for exposed subjects (7) and higher for sham subjects (10). Only one subject reported 
worsening of her mood during sham procedure.  
 
The changes in mood during procedure are quite well reflected in score of the BAS test: average score for 
exposed procedure is 0.81 and sham procedure 0.62.  
 
VAS test revealed significant change between scores before (average 33.3) and after ( average 40.2) for exposed 
subjects and no significant change for sham exposed subjects.  
 
These results are in good agreement with the study [6], where mainly the Brief Affect Scale was used for 
evaluation of the mood improvement in bipolar depression. Anyway, such results may be caused by the factors 
different from EMF as inconveniences related to MRI equipment or EEG cap. 
   
   

Table 1. Data of the Brief Affect Scale (BAS) and Visual Analogue Scale (VAS) tests for depressive subjects 
 

VAS BAS 
Before After 

 Total 
numbe

r of 
subject

s 

Sub. 
Report

ing 
improv
ement 

Sub. 
Report

ing 
worsen

ing 
 

Sub. 
Report

ing 
no 

change 

Mean 
for 

group 

SD Mean 
for 

group 

SD Mean 
for 

group 

SD 

33.34 17.97 40.21 25.18 Depression 
subjects 
exposed 

18 11 0 7 0.81 0.75 

p=0.04 

35.68 19.46 40.29 21.21 Depression 
subjects 
sham 
exposed 

18 7 1 10 0.62 1.20 

p=0.25 

 
 
Data of the EEG analysis are presented in Figures 1 and 2. Figure 1 presents the average values of A for different 
frequency bands, for control group in sham (1a) and EMF condition (1b). As can be seen, those values behave 
quite similarly. The biggest difference seems to be in frontal region. However, trends in different channels are 
the same in sham and EMF condition. 
 
As expected, for control group, there were no significant results in the ratio of the computed power difference to 
the standard deviation of differences (calculated on the basis of sham signals) in the case of sham recordings nor 
recordings under the influence of EMF. 
 
Figure 2 presents the average values of A for different frequency bands, for depressive group in sham (2a) and 
EMF condition (2b). The results are not as similar between two EMF conditions as they were in control group. 
The biggest difference occurs in temporal area. Average values are higher in higher EEG rhythms, however 
having opposite signs. Beta rhythms are more influenced also in frontal area. Trends in other brain regions are 
mostly the same in sham and EMF conditions. 
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In the case of EMF recordings of depressed patients, the ratio of the computed power difference to the standard 
deviation of differences (calculated on the basis of sham signals) was significant in 3 cases, and in the case of 
sham recordings in 5 cases. Significant results in sham condition indicate that parameter A is not very steady 
among depressive patients. This makes difficult to detect which deviation of the parameter is caused by EMF. 
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Figure 1. The average asymmetry of hemispheres (average values of A) for different EEG rhythms for control 
group in EMF (1a) and sham (1b) condition. 

 
 
To investigate the behaviour of parameter A with depression, the depressive patients’ sham recordings were 
compared with the sham recordings of the control group. 
 
Now, the ratio of the computed power difference to the standard deviation of differences (calculated on the basis 
of sham signals) for control group sham recordings was zero and depressive group sham recordings had 7 
significant results. The influence was highest in frontal theta rhythm 16.7% and the depression slightly 
influenced also the beta1 and beta2 rhythms in frontal and temporal region (5.6%). 

 
 



BACHMANN, HINRIKUS, AADAMSOO, VÕHMA, RUBLJOVA, SUHHOVA, LASS, 
RIIPULK 

 

 

532

2a) 
 

           

1000

-10.00

-5.00

0.00

5.00

10.00

15.00

20.00

FP T P O

theta

alpha

beta 1

beta 2

 
 

2b) 

sham

-10.00

-5.00

0.00

5.00

10.00

15.00

20.00

FP T P O

theta

alpha

beta 1

beta 2

 

Figure 2. The average asymmetry of hemispheres (average values of A) for different EEG rhythms for the group 
of patients with major depressive disorder in EMF (2a) and sham (2b) condition. 

 
 

Summary 

The BAS revealed mood improvement after microwave exposure for majority of depressive subjects (11) and no 
changes for others (7). The VAS detected significant improvement in subjective mood score after exposure. 
These results support the recent promising research where mood improvement in bipolar depression by low-
frequency magnetic field has been reported [6].  
 
The EEG analysis based on evaluation of symmetry between brain hemispheres detected the biggest difference 
related to EMF exposure in temporal area. Average values are higher in higher EEG rhythms. But the difference 
related to EMF was significant in 3 cases, and in the case of sham recordings in 5 cases. Significant results in 
sham condition indicate that the parameter selected as measure is not very steady among depressive patients and 
makes difficult to detect which deviation of the parameter is caused by EMF exposure.  
 
The preliminary results are promising and the further investigation should be aimed to finding a better measure 
for EEG analysis and performing experiments on larger number of subjects.    
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Abstract 
The aim of this study was to investigate the effects of a 0.5 T static magnetic field (SMF) of a MRI clinical unit 
on TNF-α release from peripheral blood mononuclear cells (PBMC) obtained from patients with rheumatoid 
arthritis (RA). These patients didn’t take biological drugs, as receptor TNF-α or anti-TNF-α monoclonal 
antibodies, at the time of collecting samples. PBMC were isolated and cultured in complete medium and split 
into 2 groups of samples, one to be exposed and the other one as control. After 2 hrs of exposure to the SMF at 
37°C, cells were stimulated or non stimulated with a mitogen, and incubated for 48 hrs. After the incubation the 
supernatants were collected and assayed by ELISA technique for TNF-α production. The results demonstrated a 
significant decrease of TNF-α release in PBMC of patients with RA exposed to 0.5 T SMF. RA is a multisystem 
disorder. It predominantly causes inflammation in synovial joints and tendon sheaths and results in suppressed 
erythropoiesis, but can also lead to serositis, alveolitis, ocular scleritis, subcutaneous nodules and 
hepatosplenomegaly. The positive clinical response to drug therapy with TNF-α-neutralizing agents shows that 
the inflammation is largely TNF-α dependent, at least in the synovium. 
  
Introduction 
Static magnetic field (SMF) produces different bioeffects on cells of the human  immune system. A strong SMF 
is commonly employed by magnetic resonance devices in clinical practice to obtain tomographic images of the 
whole body (MRI, magnetic resonance imaging). Immune system cells represent a well known and sensitive 
model for the study of magnetic field bioeffects [1-3]. We have previously demonstrated that the SMF generated 
by a 0.5 T superconducting MRI clinical unit causes  in vitro alteration on cytokine release in human peripheral 
blood mononuclear cells (PBMC) from healthy volunteers [1, 3]. Among these cytokines, it was observed a 
decreased release of TNF-α in exposed cells [4, 5]. TNF-α is a regulator of the immune response, playing an 
important role in several inflammatory conditions, such as rheumatoid arthritis (RA) [6, 7]. Some papers have 
dealt the effects of electromagnetic fields (emf) as a potential therapy in the treatment of arthritis [8, 9]. The aim 
of this study was to investigate the effects of a 0.5 T SMF of a MRI clinical unit on TNF-α release from PBMC 
obtained from patients with rheumatoid arthritis (RA). 
 
Materials and methods 
PBMC of 4 patients affected by RA and that didn’t take biological drugs, as receptor TNF-α or anti-TNF-α 
monoclonal antibodies, at the time of collecting samples, were used for the experiment. PBMC were isolated 
from heparinized blood by centrifugation on Ficoll-Hypaque (Pharmacia, Uppsala, Sweden). Cells were 
maintained in RPMI-1640 (Gibco, Grand Island, NY) supplemented with 10% heat-inactivated pooled human 
AB+ serum, 2 mM L-glutamine, 20 mM HEPES, 100 U/ml penicillin, 100 µg/ml streptomycin, 5 x 10-5 M 2-
mercaptoethanol and 150 IU/ ml rIL-2. PBMC were split into two groups of samples, one to be exposed and the 
other one as control to be kept under isothermal conditions for the whole time of the experiment. After 2 hrs of 
exposure to the  SMF, cells were stimulated with a mitogen, lypopolisaccaride (LPS), employed at a 0.5 µg/ml 
suboptimal concentration. After 48 hrs of culture  supernatants were collected  and  stored at –70° C until tested. 
TNF-α content was assessed  using immunoenzymatic methods. The commercial enzyme-linked immunosorbent 
assay (ELISA) was reagent set human TNF-α  (EUROCLONE, Devon, UK). A superconducting  MRI unit 
(Vectra; GE Medical Systems, Milwaukee, WI, USA) commonly employed for clinical examinations was the 
source of the 0.5 T SMF. A specific device for keeping the cell samples  at 37° C  was used; it was constituted 
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by a thermostated  water bath in which a plexiglass tube holder, with the tubes containing cell samples, was 
placed before its  introduction within the gantry of the MRI unit. 

Results 
After 48 hrs of in vitro culture, a significant decrease of TNF-α release was observed in PBMC of 4 patients 
affected by RA exposed for 2 hrs to a 0.5 T SMF, stimulated or not stimulated with LPS, in comparison with 
sham-exposed cells (Fig. 1). 
 
Discussion 
It has been previously observed that exposure of human PBMC from healthy volunteers for 2 hrs at 37 °C to the 
0.5 T SMF of a MRI clinical unit caused a decreased release of cytokines in exposed cell [1, 3]. It was also 
demonstrated a decreased release of TNF-α in human macrophages under the same condition of exposure [4]. A 
related decrease of intracellular free calcium -whose compartimentalization through cell membrane is a part of 
the cell response mechanism to magnetic fields and inhibits activation of immune system cells- was also found 
in the exposed macrophages [5]. In this study the effects of a 0.5 T SMF of a MRI clinical unit on TNF-α  
release from PBMC obtained from patients with RA was evaluated.  RA is a chronic inflammatory disease 
affecting 1% of the population [6]. TNF−α is a cytokine that promotes the inflammation and its associated with 
fever and signs (pain, tenderness, and swelling) in several inflammatory conditions, including RA [6, 7]. Some 
drugs have been introduced that, blocking the action of TNF-α, reduce the signs and symptoms of inflammation 
and stops the progression of joint damage [10]. Moreover, TNF−α  is now recognized as a critical cytokine 
orchestrating differentiation and proliferation, as well as the ability to induce cell death [6]. TNF−α  has been 
implicated as the causative agent in a number of pathologies, including cachexia, septic shock, rheumatoid 
arthritis, autoimmunity, and induction of HIV expression. Activated T cells, macrophages, and other non-
lymphoid cells produce TNF−α. In RA, the antibodies (IgM) produced react with connective tissue components 
such as collagen and proteoglycans as well as with determinants in the Fc region of IgG and form IgG–IgM 
complexes, which get deposited in the joints and activate complement cascade [11]. This mechanism leads to 
erosion of cartilage and bone. The existing treatments available for RA cannot be considered as curative or 
definitive therapy. Hence, alternative and safe therapy regulating signaling pathways is absolutely essential. 
There is an increasing interest in the therapeutic use of emfs in arthritis, stimulated in large part by recent 
advances in alternative and complementary medicine [8, 9]. In this paper, after 48 hrs of in vitro culture, a 
significant decrease of TNF-α release was observed in PBMC of patients affected by RA exposed for 2 hrs to the 
0.5 T SMF of a MRI clinical unit. Although these preliminary results, obtained from PBMC of only 4 patients 
affected by RA, need to be confirmed on wider population, this work may supply a key to the comprehension of 
mechanisms responsible of the therapeutic effects of emfs in arthritis. Interesting perspectives in the use of emfs 
as an adjuvant or alternative form of therapy in arthritis may furthermore develop. 
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Fig.1. Release of TNF-α by human PBMC exposed to a 0.5 T SMF  
Legends: 

1. Sham exposed PBMC after 48 h of culture in complete medium. 
2. SMF exposed  PBMC after 48 h of culture in complete medium. 
3. Sham exposed PBMC stimulated with mitogen (LPS) after 48 h of culture in complete medium. 
4. SMF exposed PBMC stimulated with mitogen (LPS) after 48 h of culture in complete medium. 
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Abstract: Worldwide, healthcare facilities are recognizing the need to incorporate new technology and provide 
better point-of-care information to improve healthcare delivery, while reducing medical errors. Computing 
technologies, electronic medical record systems, and seamless access to information using wireless 
communication can offer significant advancements to healthcare communication and health informatics 
exchange. Such wireless technologies include the use of mobile phones, handheld computers / PDAs, WiFi / 
802.11.x local area networks, personal area networks including 802.15.1 (Bluetooth) / 802.15.4 (Zigbee) / 
WiMedia / UWB Alliance (UWB), two-way pagers, radios, etc. In addition, visitors and patients are also finding 
use of personal mobile phones and other wireless devices increasingly valuable, especially in times of crisis. 
Previously, no uniform international guideline existed for the appropriate deployment, use, and management of 
mobile wireless communication and computing technology within healthcare facilities to mitigate potential 
electromagnetic interference (EMI) with medical devices. At one extreme, overly-restrictive policies in some 
healthcare facilities may inadvertently act as obstacles to the deployment of beneficial technology. At the other 
extreme, unmanaged use of mobile wireless handsets in healthcare facilities can place patients at risk. An equally 
important factor in this issue is that healthcare organizations throughout the world have a variety of different 
resources, needs, concerns, and RF environments that may not all be addressed by implementation of a single 
prescriptive management strategy. The current Technical Report offers balanced guidance to allow diverse 
healthcare organizations realize the benefits of mobile wireless technology while also providing necessary and 
sufficient safeguards against undesired and unintended risks of EMI.  
 
Introduction: The non-controlled/unmanaged use of mobile wireless equipment by individuals visiting or 
working in healthcare facilities has steadily increased, regardless of existing healthcare policy. However, 
published reports suggest that the level of risk for accidental EMI events from government and other non-profit 
health agency sources appears to be relatively small, although underreporting of such events may be substantial. 
Anecdotal observations of suspected EMI events or incidents with ECG and EEG machines, apnoea monitors, 
ventilators and radiant warmers, infusion pumps, wheelchairs, and other devices have been reported or referred 
to in a number of publications [1]-[15]. Ad hoc test studies [16]-[28] have confirmed that EM interference 
effects can be caused by certain wireless transmitters in susceptible medical devices, although this generally 
requires specific conditions (transmission at higher power levels, close proximity, for extended periods of time) 
that may not be common during normal use. 
 
Although the recently approved second edition of the IEC International Standard 60601-1-2 specifies general 
immunity levels of 3 V/m for medical equipment and systems that are not life-supporting and 10 V/m for life-
supporting medical equipment and systems, manufacturers in the US and many other countries are allowed to 
justify lower levels and there is no consistent international regulation enforcing this standard. Many mobile 
wireless handsets exceed the 3 and 10 V/m limits when operating at maximum power and in close proximity.  
Further, older medical devices still in use may not have been constructed or tested to the same EM immunity 
level. Despite the potentially serious level of risk due to unmanaged mobile wireless handset use, most mobile 
wireless equipment might be allowed to operate, even where potentially susceptible medical devices are used, if 
comprehensive management procedures are implemented. 
 
Recommendations: The following recommendations are intended to help the healthcare facility achieve a 
reasonable assurance of EMC with their medical devices while allowing for the deployment of wireless RF 
technology. These recommendations are built on the foundations from the AAMI TIR 18-1997, 
recommendations from the AMA Council on Scientific Affairs, the American Society for Healthcare Engineers, 
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and several other publications and reports. In general, the healthcare facility should create a management, 
testing, procurement, and education program and policies addressing electromagnetic compatibility with active 
medical devices and the deployment of wireless technology. Because of the wide range of wireless technology 
involved, there are specific recommendations dealing with both the wireless emitters that are controlled or 
managed by the healthcare facility and wireless emitters that are not easily controlled by the facility (e.g., patient 
or visitor PDAs, computers, or cellular telephones). The following flow chart illustrates basic steps outlined in 
the specific recommendations to develop a facility strategy allowing wireless equipment to operate without 
unnecessary restrictions while at the same time sufficiently managing and mitigating potential EMI issues. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Important recommendations are made equally to Medical Device Manufacturers, Healthcare facilities, and 
Wireless Equipment Manufacturers.   
 
Risk management of medical devices is covered in ISO 14971. All medical devices (including systems of 
medical devices such as would be formed with wired or wireless communication devices) should meet that 
standard and be managed to take into account compliance with ISO 14971 over the life cycle of the device. 
For Medical Device Manufacturers, they should continue to meet and exceed current IEC 60601-1-2 [33] listed 
electromagnetic immunity levels in the design of new medical equipment. Medical devices that are not directly 
covered by this technical report should also be designed, manufactured, and deployed using the appropriate 
consensus standards with respect to EMC. (e.g., active implanted devices [55], in vitro diagnostics [56]). It is 
expected that medical devices will increasingly operate in environments where emissions from mobile 
RF/wireless transmitters are increasingly common. 
 
For Healthcare facilities, they should manage wireless equipment within their facility in accordance with the 
following guidelines, and neither unduly limit the use of otherwise beneficial technology or ignore the potential 
for EMI issues. Similar recommendations electromagnetic compatibility with medical devices should also be 
directly incorporated into corporate policies, strategic plans, and / or governance models.  
For Wireless Equipment Manufacturers, they should have full understanding of the potential EMI issues that can 
arise in worse case scenarios with medical devices as well as other wireless equipment, and deploy their 
equipment and systems appropriately in accordance with the following recommendations.  
 

Controlled wireless equipment Non-controlled wireless equipment

Patients & 
Visitors 

Emergency & 
Auxiliary 
Healthcare 
Personnel 

Nurses and 
Hospital Staff Doctors 

• Selective Restrictions in Areas 
where Potentially Susceptible Life-
Supporting Devices Commonly 
Operate  

• Easy Access Use Areas 
• Clear Signage Explaining Current 

Policy 

• Testing (ANSI C63.18) and EMI 
Characterization 

• Wireless Infrastructure Deployment 
(as necessary) 

• Medical Device Management 
• User Training and Instructions 
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Responsibility within healthcare facilities 
Within the healthcare facility, clinical/biomedical engineers or other appropriate technical personnel (e.g., 
spectrum management, IT, telecom, and building services) should be the focal point for EMC, EMI mitigation, 
and EMC/EMI education and training. Qualifications are not specified in this document, although consideration 
should be given to appropriate education, expertise, and experience of the responsible individuals 

Inventory within healthcare facilities 
The medical device inventory within a healthcare facility should be managed to the extent possible and practical 
to ensure compatibility with the ever-increasing RF environment.  
a) In the purchase of new medical devices by healthcare facilities, every effort should be made to ensure the 
equipment meets (and exceeds if possible) minimum EMC immunity requirements set out by IEC 60601-1-
2:2001 or other appropriate medical device EMC standard. Older equipment found to be particularly susceptible 
to EMI caused by mobile wireless transmitters should be phased out as is possible and practical within the 
healthcare facility budget.  

b) While significant modifications to medical devices should not be made by healthcare facilities, certain 
simple precautions can be taken to reduce the risk of EMI caused by mobile wireless transmitters. EMI 
susceptibility in all medical devices can be reduced by positioning cables, sensors, and electrical accessories in 
such a way as to increase the distance between these components and RF transmitters operating in the area. Life-
supporting medical devices or those known or suspected of being susceptible to EMI can be positioned away 
from high traffic areas or adjoining rooms where mobile wireless equipment may be in routine operation. 

Testing within healthcare facilities 
The IEEE / ANSI C63.18 protocol is recommended for comprehensive ad hoc, on site testing of all mobile 
wireless equipment that might be used in the healthcare facility by doctors, staff, visitors, or patients. However, 
it is fully understood that exhaustive testing is rarely feasible, and different needs, resources, and personnel 
constraints of the healthcare facility may dictate widely different approaches. General recommendations 
regarding EMC testing are as follows: 

a) Testing should be performed, whenever possible and practical, on selected medical devices in the equipment 
inventory that are considered to have life supporting functions (i.e., according to the prioritization 
recommendations of ANSI C63.18) using one of the mobile handsets as a test transmitter (see ANSI C63.18 for 
details on the test protocol).  

b) Testing should take special consideration of older medical devices, life-supporting medical devices, and any 
device where EMI is suspected. Testing can be extended to other medical devices where feasible and practical 
(see ANSI C63.18 for details on a recommended prioritization).  

c) Periodic testing should be performed on a regular schedule (e.g., once per year), and especially after changes 
such as the introduction of new communication devices, new medical equipment, or significant repositioning on 
a regular basis 

d) If comprehensive testing of mobile wireless equipment is not possible, focused testing on mobile wireless 
equipment routinely operating within the healthcare facility that can transmit at higher power (e.g., two-way 
radios, mobile / cellular phones) may be most appropriate (see section 3, Table 1, and Annex A sections 4 and 5 
for more detailed information about the frequency and RF output power for several types of wireless equipment). 
If testing of mobile wireless equipment is not possible at all, some information may be obtained by 
communicating with larger healthcare facilities that have performed prior testing or from ad hoc EMI testing 
databases found on the internet (one such ad hoc EMI testing database is currently being developed in 
cooperation with ASHE, although as of this revision it is not yet operational). 

e) Assistance with obtaining transmitter equipment, setting the equipment in test mode for constant output at 
maximum power, and performing ad hoc testing can often be requested from mobile wireless equipment 
manufacturers and/or network providers. 

f) Consideration may be given to have testing performed by an independent third party, in conjunction with the 
healthcare organization's clinical engineering group. The involvement of a third party may facilitate a consistent 
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and impartial evaluation of EMI issues and proposed management strategies, and more importantly may offer an 
independent analysis in cases where a further level of indemnity for the healthcare facility, equipment 
manufacturer, and/or network service provider is desired. 

g) Medical devices found in ad hoc testing to be susceptible to EMI should be replaced whenever feasible and 
practical with more electromagnetically compatible devices, e.g. those compliant with new IEC 60601-1-2:2001 
and other relevant immunity requirements. However, it should be noted that medical devices meeting 60601-1-2 
can still be susceptible to emissions from mobile wireless equipment such as mobile / cellular phones at close 
range where the electromagnetic fields exceed the immunity testing levels specified in this standard. 

h) Results from ad-hoc testing tend to be variable, due to variability in RF source power, medical-device 
differences, and test-site differences. It is important to understand that the primary function of ad-hoc testing is 
to identify unreasonably-susceptible medical devices so that they can be managed appropriately, not act as a 
quantitative assessment of their susceptibility.  

Controlled use within healthcare facilities 
For controlled mobile wireless equipment to be used by doctors and healthcare organization staff under managed 
conditions, it is recommended that necessary and sufficient procedures be implemented to identify, characterize, 
and mitigate potential EMI problems.  
 
a) The IEEE / ANSI C63.18 recommended practice (as outlined above) is the suggested test protocol for rapid 
ad hoc, on-site RF EMI testing for EMI identification and characterization.  

1) Testing should be performed using the mobile wireless handsets to be used in the controlled system as a test 
transmitter. If multiple in-house systems are to be deployed, testing should be performed with each different RF 
signal. If new in-house systems are deployed, each different RF signal should be tested. Different EMI effects 
can be caused by different RF signals. 

2) Ad hoc testing should be an ongoing effort, with a record of EMI test results kept including characterization 
of new medical device acquisitions and investigation / verification of reported EMI incidents, making any 
necessary adjustments to policy.  

3) Periodic testing should be performed on a regular schedule (e.g., once per year), and especially after changes 
such as the introduction of new communication devices, new medical equipment, or significant repositioning on 
a regular basis. 

4) Given the qualitative nature of the ANSI C63.18 ad hoc testing, even if no significant EMI issues are 
identified, nominal management policies including recommended minimum separation distances may still be 
prudent. 

b) For mobile handsets that transmit at a constant output power, having no dynamic power control (e.g., 
standard two-way radios, family radios, two-way pagers, 802.11 systems), EMC management should involve 
ensuring adequate separation from identified susceptible medical devices. In the case of radio transmitters with 
relatively high constant power output (1 W or more), this may require significant separation distances and 
possibly necessitate their restriction from certain areas of the healthcare facility. In the case of pagers with 
extremely short burst transmissions or IEEE 802.11 a/b/g / Local Area Network or IEEE 802.15 / Bluetooth / 
Zigbee / IEEE 802.15.3a PAN equipment (see table 1 for more information about these) with relatively low 
constant power output (~10 milliwatts), the risk of EMI may be significantly less than for equipment such as 
two-way radios. Testing is still recommended whenever possible, although it is understood that it may reveal 
little susceptibility and the feasibility and practicality of all testing must be considered and prioritized. 

c) If mobile wireless transmitters are dynamically power controlled (e.g., mobile / cellular phones, PDAs 
operating on wide area networks), EMC management should involve network characterization, design, and in-
building engineering to supplement the wide area network as necessary to insure handsets are directed to 
transmit at RF power levels sufficient to minimize EMI issues. The existence of numerous shielding and 
reflecting objects in a healthcare facility may create areas with variations in downlink signal coverage, some of 
which could lead to significant intermittent changes in transmit power of the handsets causing them to deviate 
from their normal output power. Such areas should be characterized (by measuring existing signal strength with 
the mobile wireless handset set to a "trace" mode – this can often be done by the network service provider) and 
managed appropriately. 
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d) Medical device management procedures may include identification through labelling, repositioning or other 
means to reduce exposure to the wireless emissions, or replacing particularly susceptible devices with newer 
model units. Because of medical device regulations, modifications to a medical device should only be made by 
the device manufacturer. 

e) User guidelines can be provided as an additional layer of management directing healthcare staff to maintain 
a predetermined and practical separation distance between their mobile wireless handsets and potentially 
susceptible medical devices (between 25 cm and 2 meters).  

f) The AAMI TIR 18 is recommended for additional details on medical device management and EMC/EMI 
guidelines. 

g) Testing of specific fixed-infrastructure components such as local electrical circuits and circuit breakers can 
be considered for testing if failure could represent a significant hazard, and if testing can be performed without 
placing the facility at risk. 

h) Healthcare facilities should actively manage spectrum usage (e.g, maintain a list of all controlled-use RF 
sources indicating where they are authorized to operate, as well as the maximal number of such units permitted 
within each area or zone).  

i) Wireless security issues (which are outside of the scope of this document) must be properly considered, 
otherwise patient safety may be threatened if the informatics system becomes compromised or incapacitated 

Non-Controlled use within healthcare facilities 
For non-controlled mobile wireless equipment that may be brought randomly into the healthcare facility by 
visitors, patients, or staff and transmit a variety of different signals at different output power levels:  
a) Separate EMC/EMI management policies than those listed for controlled mobile wireless handsets should be 
applied. While ad hoc testing and management solutions are always encouraged whenever possible, this may not 
be practical for every wireless system.  

1) While certain mobile handsets may be able to operate compatibly throughout a healthcare facility 
environment, other mobile handsets may have greater potential to cause EMI events due to local differences in 
output power or signal type. As the number of handsets continues to increase and new models reduce size, 
internalize antennas, and combine technologies (i.e.; mobile phone / pager / PDA device / local area IEEE 
802.11a/b/g / personal area IEEE 802.15.1 / UWB / IEEE 802.15.4, etc), it is becoming increasingly difficult to 
differentiate between RF transmitter types based upon visual appearance alone. Further confounders include the 
growing number of wireless headsets and accessories that relocate the actual RF transmitter to a pocket or purse, 
keeping them from obvious view even when in use. An increasing number of mobile wireless handsets can 
transmit multiple signal types, including data transmission that may use different bursting technologies (i.e., 
GPRS, WAP). Wireless laptop cards and PDAs may operate on either wide area (mobile phone-type) or local 
(IEEE 802.11.x - type) networks with different carrier frequencies, signal types, and power output. Ultimately, it 
may be impossible to enforce any policy that differentiates between different non-controlled mobile wireless 
handset types with regard to their use in the healthcare facility based upon visual appearance. For this reason, all 
non-controlled mobile wireless handsets should be treated with the same management / restrictions regardless of 
whether or not they appear to be the same as controlled handsets. 

2) Restrictive policies might involve requesting that individuals not use their personal mobile wireless handsets 
in areas of the facility where potentially susceptible medical devices are used. This should involve requesting by 
appropriate signage or some other reliable mechanism that non-controlled mobile wireless equipment is turned 
off before entering areas where potentially susceptible life-supporting medical devices are commonly operating, 
as even well-intentioned individuals may feel compelled to receive and respond to incoming calls or messages. 

3) Implementation and enforcement of restrictive policies should be facilitated by signs, especially in areas 
where potentially susceptible medical devices are commonly located, to make patients and visitors aware of the 
existing healthcare facility policy. Compliance with existing policy can be facilitated by defining numerous areas 
with easy access where the use of wireless handsets by patients, visitors, and staff is unlikely to interfere with 
medical devices.  
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4) Any restrictive policy should be balanced between an informed assessment of EMI risk and the increasing 
need among patients, visitors, and healthcare facility staff for mobile wireless communication and computing. In 
the extreme, healthcare facilities could ban the use of all non-controlled mobile wireless handsets altogether, 
although such measures are likely to be excessive from an EMI management perspective (58) and not responsive 
to the growing needs of individuals for direct access to mobile wireless communication, especially in times of 
emergency and crisis. 

b) While instructing patients and visitors to maintain a minimum separation distance between their personal 
mobile wireless handsets and medical devices might theoretically act as a safeguard against EMI events, such a 
recommendation may be impractical in many facility areas, and further be exceedingly difficult to monitor and 
enforce. Such minimum separation requirements are not recommended as a primary management strategy. 
However, the minimum separation distances determined from ad hoc testing can be used as an added layer of 
management in areas where potentially susceptible life-supporting medical devices are commonly operating. 

RF emissions from network sources 
a) RF emissions from in-building system network antennas (WAN microcells or repeaters, LAN access points) 
are most appropriately managed by locating them in a place where separation distance mitigates medical device 
EMI effects, such as the roof of corridors and rooms.  

b) RF emissions from base station sites physically located on healthcare facility roof-top or building structures 
should conform to existing national radio regulations to limit emissions directly into the supporting building 
structure. 

Medical devices within healthcare facilities 
a) Although outside the current scope of this recommendation, the placement and operation of RF-emitting 
medical devices within the healthcare environment is an area that should be carefully considered. There are 
many types of medical devices that generate and use electromagnetic energy for their medical function.  For 
example, Electric scalpels (e.g. high frequency electrosurgical equipment) often generate RF and microwave 
fields for cauterization purposes, physio-diathermy units may emit 915, 433, 2450 MHz or other frequencies for 
deep tissue heating (36), and ultrasound machines may radiate up to their operating frequency of ~ 3 - 20 MHz.  
The healthcare facility should exercise caution in where and how these types of emitters are used in the vicinity 
of other potentially susceptible medical devices. 

b) Electromagnetic type security and inventory systems such as metal detectors, anti-systems, and RFID emit 
signals that may disrupt potentially susceptible medical devices. The policies and practices of the healthcare 
facility should address this equipment. For example, RFID tags used in the healthcare environment may be 
passive emitters, activated by inductive processes when brought into proximity of RFID readers. However, the 
readers may emit high field strength magnetic fields and should be included as a transmitter in ad hoc testing and 
in EMC/EMI management policies. The recently published ASTM F 2401-04 “Standard Procedures for Security 
Checkpoint Metal Detector Screening of Persons with Medical Devices” provides useful information [57] 

c) For medical devices used outside the healthcare facility in a domiciliary setting, such as dialysis equipment, 
blood glucose analyser, infusion pumps, etc, instruction should be provided to patients advising them to maintain 
at least 1 meter of separation distance between the medical device and mobile wireless equipment while it is in 
operation. 
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Abstract 
 
 

In the current work, we study the EMC problem that involves the usage of an electroencefalographer in 
an environment with electromagnetic radiation produced by a WiFi access point. 
 The experimental setup was situated in an anechoic chamber so that no electromagnetic interference 
would affect the measurements. The amplifier room, outside the anechoic room, situated the other part of the 
experimental apparatus. 32 electrodes entered a low-pass filter placed at the boundary wall of the Faraday screen 
room. The signal was amplified, before entering a 32-bit analog to digital converter. The recording frequency 
was at 1 kHz.  

The wireless access point operated at the typical frequency band of 2.4 – 2.4835 GHz and the maximum 
EIRP allowed in Europe that is 100mW. The distance of the access point to the electroencephalographer was 
10cm. Two sets of measurements were performed. One with measuring the noise of the system and the other 
with the WiFi transmitter switched on. 

The results showed that there was no interference of the WiFi Access point to the measured signals. 
This is of great importance because of the great expansion of wireless technology. 
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Introduction 
 
 

Since the early 1990s, reports of medical device failure from electromagnetic interference have 
increased [1, 2]. This is due to several factors. The number of electronically controlled medical devices has 
burgeoned in hospitals and other medical facilities. The modern instruments are often more sensitive to 
electromagnetic interference (EMI) because they incorporate low power integrated electronic circuitry that can 
be much more sensitive to electromagnetic fields than their electrical and electromechanical predecessors. 
Digital wireless communications systems often utilize pulsed amplitude modulation, a type of modulation that 
can enhance the potential for EMI.  

The European Union has gotten much of attention with regard to the regulation of electromagnetic 
compatibility (EMC) and medical electronics. Today, most medical EMC regulations originate within the 
International Electro technical Commission (IEC). The standard EN60601-1-2 [5] defines limits for emissions 
and levels of immunity and was updated to encompass the frequencies used by mobile phones and other 
communication technologies such as wireless local area networks (WLAN). The IEC standard states that 
electronic medical equipment must operate normally in electric field intensity of 3 V/m and at a 10 V/m 
threshold for life – sustaining equipment.   

The Electroencephalograph (EEG) is a recording equipment of brain signals with typical voltage of 100 
µV and frequency range (EEG bands) 0.5 Hz up to several hundreds Hz. The EEG is connected directly to the 
patient in order to detect these small physiological signals which are then amplified.  The EEG is known to be 
very sensitive to EMI due to the fact that the pulsed RF signals maybe demodulated by non-linear elements in 
amplifier circuits. [Robinson 2003]. Morrisey et al. reported distortion of EEG bands throughout the 0-70 Hz 
range during full power exposure to CDMA and GSM signals for both frequencies of 1.800 and 1900 MHz at 
distances of between 0.25 to 0.5 m.[Morrisey 2002]. 

Wireless Local Area Networks (WLANs) in a hospital typically consist of multiple antenna sites 
(known as base stations) interspersed throughout the hospital building that connect to a central “hub” or “router” 
unit. This latter unit connects the WLAN with the wired hospital network. WLANs transmit and receive signals 
with various handheld devices (or laptop computers, etc) as these devices roam throughout the coverage net 
work in the building. WLANs typically use the 802.11 standards that operate on frequencies around 2.45 GHz 
and 5.8 GHz. The handheld devices are not power controlled, but transmit at a very low constant power (on the 
order of 1-10 milliwatts) as they are designed to never be very far away from the nearest network node. As a 
consequence, the likelihood of electromagnetic interference of W LANs with critical and life support medical 
equipment is very small, since they transmit at power levels t hat are well below the IEC recommended levels. 
The WLAN base stations transmit at a higher power level (typically around 500 mW), which increases the 
chances for electromagnetic interference. Research by [13] revealed that peak values of such base stations often 
exceed the critical 10V/m field strength value.  

Taking into account the above considerations, in our current work, we study the EMC status that 
involves the usage of an electroencefalograph in an environment infested with electromagnetic radiation 
produced by a WiFi Access Point.  The purpose is to observe the effects of the WiFi signal on the EEG signal. 
 
 
Materials and Methods 
 
 

The experimental setup (Fig 1) was situated in a Faraday chamber so that no electromagnetic 
interference would affect the measurements. A head phantom was placed in the chamber and the signals were 
recorded from thirty two electrodes (Fp1, Fp2, Fpz, AFz, F2, F3, F4, F7, F8, FC1, FC2, FC5, FC6, C2, C3, C4,  
A1, A2, CP1, CP2, CP5, CP6, P3, P4, Pz, T3, T4, T5, T6, O1, O2,Oz) with a surface of Ag/ AgCl, which were 
placed on the scalp of the model-head. The electrodes were positioned according to the International 10-20 
system of electroencephalography [8]. The measured magnitude was the voltage at the edges of a 2 kΩ resistance 
placed between each electrode and a common ground. The total electrode impedances were below 5 kΩ. The 
amplifier room, outside the Faraday room, situated the other part of the experimental apparatus. The electrodes 
entered a low-pass filter placed at the boundary wall of the Faraday screen room. The filter cut frequencies over 
35 Hz so that the signal of the power supply network which is at 50 Hz would not interfere with the signal. The 
signal was amplified by a Braintronics DIFF/ISO-1032 amplifier, before entering a 32- bit analogue to digital 
converter (NI SCB-68) which has a GPIB output. The digitized signal comprises an input for a Data Acquisition 
Card (32 bit NI 6035E DAQ Card). The PC with the DAQ Card ran a LabView program for the recording of the 
signals, which can be monitored by an on-screen graphical representation. The recording frequency was at 1 
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kHz. Another PC, connected with the one described above, ran a program which triggered the other PC to save 
the brain signals whenever the user wanted .The recording time was 1.5 sec so the saved signal consisted of 1500 
values. The total task consisted of 55 repetitions. 

The WiFi Access Point was placed in the Faraday room and made a link with a laptop that was inside 
the room. The WiFi signal was radiated by a dual dipole antenna,, with 20dBm power and  QPSK modulation. 
The Access Point was placed at a distance of 1m from the head.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure1. Experimental Setup 
 
 
The experimental procedure was done twice. The first time the WiFi Access Point was off and 

practically the noise of the device was measured and the second time the WiFi was functioning.  
Regarding the collected data analysis, in order to optimize the signal to noise ratio (SNR) the grand 

average across the 55 repetitions for each channel was calculated according to the following equation: 
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Where Vjt is the value that results after the subtraction of the amplification and the average referencing 

and corresponds at the time t of the trial j. This SNR optimization procedure is considered a standard practice 
when it comes to brain signal measurements, which are generally considered to be quite noisy. (Roth et al., 1995, 
pp.805-910) 

The final data for analysis for each EMF condition consisted of 1500 amplitude values for each 
electrode, expressed in µVolts corresponding to the 1500 msec of the time period as described above. 
 
For each electrode, the following magnitudes were also calculated: 

• the energy E of the recorded signals (E=Vt 
2)  

• the amplitude in the frequency domain by using the Fourier Transform (FFT).  
 
 
Data analysis 
 

The differences between the values of the energy at the two EMF conditions were calculated for each of 
the thirty two leads. The data were also compared to real EEG recordings at certain representative electrodes.  
The mean values and the standard deviations of the final data were calculated for each group (WiFi Off, WiFi 
On, EEG) at these electrodes. 
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Results 

The data analysis revealed that the maximum difference between the values of the signal energies for 
each EMF was 0.7 Joules with the exception of T5 electrode, which is a small value if compared with the energy 
values. Figure 1 is quite helpful in explaining this fact. The white bars denote the calculated energy in the 
absence of the WiFi signal while the black bars denote the signal energy in the presence of the WiFi signal.  
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Figure 2. Averaged Energy at each electrode and each radiation condition. . The white bars denote the 
calculated energy in the absence of the WiFi signal while the black bars denote the signal energy in the presence 
of the WiFi signal. 
 

Table 1 shows the mean values and the standard deviations at some representative electrodes, of the three groups 
of data at different conditions: absence of WiFi Signal, presence of the WiFi signal and EEG recordings. It is 
notable that the mean values and the standard deviations for the first two cases (WiFi Off, WiFi On) are very 
similar. The comparison of these values to the respective values of the data that come from human measurements 
reveals great variation. 
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 Mean Values SD 

Electrode 
WiFi Off 
(Noise) 

WIFi On 
 

Human 
 

WiFi Off 
(Noise) 

WiFi 
 

Human 
 

F4 -0.59 -0.59 -0.27 0.08 0.10 2.58 
Fz -0.62 -0.64 -1.37 0.09 0.11 2.91 

Fp2 1.33 1.30 -1.61 0.11 0.11 3.14 
Fp1 -0.86 -0.86 -1.37 0.09 0.12 3.45 
P3 0.25 0.28 2.65 0.08 0.10 3.01 
F3 0.48 0.48 -0.52 0.09 0.09 2.74 
P4 -0.06 -0.12 2.33 0.12 0.11 2.89 
C4 -1.40 -1.36 0.95 0.14 0.12 3.00 
O2 -0.74 -0.73 2.97 0.09 0.45 2.89 
O1 -0.48 -0.46 1.52 0.09 0.11 2.05 
Pz 0.54 0.58 2.87 0.12 0.12 3.54 
C3 -0.63 -0.52 2.02 0.14 0.14 3.35 

 
Table1. Mean values and standard deviations for three conditions (WiFi Off, WiFi On, EEG) at a 

number of electrodes  
 
 
Figure 3 is a representative diagram of the grand averaged amplitudes during a recording period for the 

three experimental conditions at the electrode O1. The diagram helps in realising the considerable variation of 
the EEG data . 
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Figure 3. Grand averaged amplitudes for the three experimental conditions at the electrode O1 
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Discussion 
 

From the data analysis and the results which aroused, there is no evidence that a WiFi signal at a 
distance of 1m from EEG electrodes causes interference at the EEG recordings. WiFi is a low power protocol 
that has flexible power settings and can be deployed in various conditions in order to ensure that all radiation is 
well within the limits set even by the most strict hospital authority. Other tests [14] indicate that not only WiFi 
shows no interference to medical equipment but has the edge when compared to other wireless technologies. 
Wireless communication is a promising opportunity for future medical systems in the hospital. Today’s wireless 
standards with moderate output power represents no real danger for the operation of medical equipment [14] and 
seems to be suitable for medical environment even with several wireless devices used simultaneously. The various 
applications that hospitals can create through the use of WiFi in a quick and cost effective fashion have been the 
subject of many a discussions, wireless patient monitoring in steady state [15] or in IC units or in OR units [14,16] is 
an application of great importance that will greatly improve the working conditions of the staff but moreover it will 
make the care of patients more efficient. Even though the results indicate that there is  more tests are no interference 
between EEG and WiFi we need to investigate further in order to verify the suitability and assure the reliability of 
WiFi communication in medical equipment of any sort. 
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ABSTRACT 
The present study was performed to evaluate effects of a 2-year exposure to an electromagnetic near-field 
(EMF) equivalent to that generated by cellular phones on tumor development in the central nervous system 
(CNS) of rats which were born from ENU-treated F344 mother rats. A total of 500 pups were divided into 5 
groups, each composed of 50 males and 50 females. A 1.95 GHz W-CDMA signal for IMT-2000, was used for 
the exposure of the rat head starting from 5 weeks of age, 90 min a day, 5 days a week, for 104 weeks. Brain 
average specific absorption rate (SAR) was designed to be 0.67 and 2.0 W/kg for low and high exposures, 
respectively. Whole-body average SAR was less than 0.4 W/kg. The incidence and number of brain tumors in 
female rats exposed to 1.95 GHz EMF had a tendency to be increased but there was no statistical significance. 
Overall, no increase in their incidences or numbers per group, either in the males or females, was detected in the 
EMF-exposed groups. Thus, under the present experimental conditions, 1.95 GHz W-CDMA signal for IMT-
2000 exposure to the heads of rats for a 2-year period did not accelerate or affect ENU-initiated brain 
tumorigenesis. 

 
 

INTRODUCTION 
Since there is serious concern that exposure to an electromagnetic field (EMF) due to cellular phones 

is associated with an increase risk of disease such as brain dysfunction and/or brain tumor development, many 
epidemiological and experimental research studies to explore this possibility. However, none of epidemiological 
studies revealed a clear association between exposure to EMF and development of brain tumors. Furthermore, 
none-of 5 long-term (2-year period) animal experiments which had been performed demonstrated the presence 
of association of exposure to time-division multiple access (TDMA) or frequency-modulated signals with tumor 
development in the central nervous system of rats. Recently we also conducted a 2-year EMF exposure 
experiment in an ENU-exposed rat model with a 1.439-GHz TDMA signal for the Personal Digital Cellular 
(PDC), Japanese standard cellular system at brain average specific absorption rates (SARs) of 0.67 and 2.0 
W/kg for low and high exposures. The results disclosed no inter-group differences in body weights, food 
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consumption, or survival rates and no increase in the brain and spinal tumor incidences or numbers per group, 
either in males or females of the EMF-exposed groups [Shirai, et al. 2005].  

Recently the International Telecommunication Union (ITU) has introduced the new mobile 
telecommunication system, i.e., International Mobile Telecommunication 2000 (IMT-2000) which has also been 
named the 3rd generation (3G).  The wide-band code division multiple access (W-CDMA) is also termed the 
Universal Mobile Telecommunication System (UMTS) in the EU. The first IMT-2000 service was started in 
Japan in 2001. This service, the freedom of mobile multimedia access (FOMA) by NTT DoCoMo, uses W-
CDMA signals and the 1.95 GHz region for up-links and the 2.14 GHz region for down links. The number of 
subscribers to the W-CDMA system in Japan was about 28 million in April 2006 while that to the TDMA 
systems was about 41 million. Because the number of W-CDMA users is rapidly increasing, this type of signal 
will probably become the most major digital signal for the Japanese general public in near future. 

Therefore, the present study was designed as a first long-term investigation of effects of chronic 
exposure to 1.95-GHz W-CDMA signals for MIT-2000 cellular system on development of ENU-induced CNS 
tumors in F344 rats. It was conducted in compliance with the Good Laboratory Practice (GLP) Standards of the 
Japanese Ministry of Health and Welfare Ordinance No, 21. This is the first experimental result on a long-term 
effects of MIT-2000 cellular system on development of central nervous system tumors. 
 
 
MATERIALS AND METHODS 

A total of 100 pregnant F344 rats were purchased from Charles River Japan (Atsugi, Kanagawa 
Japan) and given a single intravenous administration of ENU on gestational day 18. ENU (Nacalai Tesque 
Tokyo, Japan) was dissolved in physiological saline for this purpose and injected into the tail vein at a dose of 4 
mg/ml/kg body weight. ENU-exposed pups of both sexes were allocated to 4 groups, each composed of 50 
females and 50 males. Pups (50 males and 50 females) from mothers that received the vehicle instead of ENU 
served as complete controls. Dummy animals were used to cover any vacancy in EMF exposure boxes due to 
interim death to maintain the exposure conditions unchanged. All animals were allowed free access to pelleted 
diet and drinking water. 

The rats in Groups 1 to 5 were exposed to EMF; Group 1 was a complete control without any 
treatment. Group 2 received ENU alone and was kept in cages throughout the experiment. Group 3 was given 
ENU set in exposure boxes in the same manner as in Groups 4 and 5 but with no actual exposure to EMF (sham 
exposure group). Groups 4 and 5, given ENU, then were exposed to EMF at low (SAR: 0.67 W/kg) and high 
(SAR: 2.0 W/kg) levels, respectively.  

The exposure box was 90 x 90 x 60 cm. Ten rats fixed individually in plastic tubes were set on disk-
shaped plates like a carousel with the nose pointing to the center. Each plate was 65 cm in diameter, with 
adjustable height supported by a center hollow cylinder pole. A resonant monopole antenna for 1.95 GHz was 
set from the ceiling of the exposure box in order to fit in the center of the disk-shaped plate. The distance 
between the antenna and each rat nose was set at 30 mm.  

A 1.95-GHz W-CDMA signal from Cellular Phones for MIT-2000 Cellular system was applied. Long-
term intermittent exposure to the heads of the rats (90 min a day, 5 days a week, Monday through Friday) was 
started at 5 weeks of age and continued for 104 weeks. All exposures including sham exposure were controlled 
with the assistance of a computer system. If the number of rats became less than 10 in an exposure box due to 
loss through mortality, dummy rats were used to maintain the symmetrical arrangement of animals and the 
scheduled specific absorption rate (SAR) of EMF exposure. 
 SAR distributions in rats were evaluated by numerical dosimetry with the Finite Difference Time Domain 
method (FDTD). Brain average SAR was set at levels, 0.67 and 2.0 W/kg, respectively. Whole-body average 
SAR averaged over the 2-year experimental period was limited within lower level which cannot cause any 
thermal effects; the highest whole-body averaged SAR was 0.464 W/kg which is much lower than 4 W/kg, the 
threshold for thermal effects.  

All surviving animals after the 104 week-exposure to EMF were killed under light anesthesia with 
ethyl ether and aorta blood was collected from all rats for hematology analysis, before a complete autopsy was 
performed. Organ weights were measured for the brain, heart, liver, kidney, spleen, pituitary gland, adrenal 
glands, testes and ovaries. All organs including the CNS and macroscopically observable lesions were fixed in 
10% buffered formalin routinely processed for embedding in paraffin and sections (4 �m thickness) were 
stained with H & E for histological examination. Rats that died or became moribund during the experiment were 
also autopsied.  

 
RESULTS 

There were no significant differences in growth rates between rats receiving maternal ENU and 
untreated controls (Group 1) in either males or females. Restraint of rats in the plastic holders in the exposure 
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boxes itself suppressed growth, particularly in the males, but this suppression was not exacerbated by actual 
EMF exposure. No significant inter-group differences in survival rates were observed in either sex. No clear 
increase in death rates with EMF exposure was observed in males or females. There were no significant 
differences in food consumption among groups throughout the experiment in either the females or the males. 
There were no inter-group differences in the relative organ weights of the brain, heart, liver, kidney, spleen 
pituitary gland, adrenal glands and testes or ovaries. 

In this study, one CNS tumor was also observed in a female not receiving ENU. The lesions were 
astrocytomas, oligodendrogliomas, mixed gliomas, ependymomas, meningiomas, granular cell tumors and 
malignant reticulosis. The major type was the astrocytoma. The incidences of brain tumors in the females 
ranged from 2 to 22% and the numbers of rats ranged from 1 to 11. The incidences and numbers of brain tumors 
were very similar in males and females. While values in female rats exposed to 1.95-GHz W-CDMA signals for 
IMT-2000 had a tendency to be increased, this was no statistical significant. Spinal cord tumors were 
sporadically found in the males but not the females. There were no statistically significant differences in CNS 
tumors in males among the groups given ENU. Thus, the data for both sexes indicate that EMF does not 
accelerate ENU-initiated CNS tumor development.  

Besides CNS tumors, sporadic tumors were noted in other organs/tissues. Among these tumors, skin 
fibromas and large granular lymphocytic leukemia were less frequent in the EMF exposed males and there was 
a statistical significance between sham exposed and the high dose EMF group at p<0.05.  
 
DISCUSSION 

In the literature, there are conflicting epidemiological data regarding the risk of EMF exposure for 
brain tumor development; some demonstrating very small association   between workers in electrical industry 
and in the US Air Force population and brain tumors. However, there are five recent epidemiological studies 
that did not demonstrate any association between cellular telephone use and brain tumor risk.  

With such conflicting epidemiological data, long-term animal experiments are essential for scientific 
evaluation of the risk of EMF with reference to brain tumor development. Four animal studies specifically 
targeting this question had already been performed prior to the present work. Neither 2-year animal bioassays 
with digital nor frequency-modulated signals found any detrimental effects of EMF exposure after intrauterine 
administration of ENU. A similar experiment with Sprague-Dawley rats carried out by others resulted in no 
initiation or promotion of brain tumors by any of the RF fields tested. Our group also previously conducted a 
long-term exposure animal experiment with intrauterine treatment with ENU for brain tumor initiation and we 
concluded that exposure to 1.439-GHz TDMA signal for 1.5 h/day, 5 days for 2-year period, did not accelerate 
ENU-initiated CNS tumor development in rats.  

The present experimental design with 1.95GHz W-CDMA signals for IMT-2000 cellular system was 
also planned by the Committee of the Study on Human Exposure to EMF in Japan established in 1997 with the 
aim of scientifically clarifying any effects of radio waves from mobile telephone terminals on the human body. 
The whole body average SAR was limited as far as possible in order to avoid significant thermal stress and was 
less than 0.464 W/Kg. In the present experiment, there were no statistically significant inter-group differences in 
the incidences of CNS tumors in either males or females initiated with ENU although there was a tendency of 
slight increase in brain tumor development in the females exposed to EMF. No increase in spinal tumor 
development by EMF exposure was observed in either sex. Furthermore, development of tumors in organs other 
than CNS was not enhanced. Thus, it can be stated that the present data demonstrate that 1.95-GHz W-CDMA 
signals for IMT-2000 Japanese cellular system at a brain average SAR of 0.67 or 2.0W/kg for 2 years do not 
possess promotion potential for ENU-initiated CNS tumor development in either sex of F344 rats. In our 
previous study with 1.439 GHz TDMA signal, the incidences of pituitary tumor in both sexes received ENU 
showed a tendency for increase, but were clearly suppressed by 2.0 W/kg EMF, with statistical significance in 
males. However, such increase by ENU and suppression by EMF were not evident in the present study. Since 
the increase of pituitary tumor development in EMU-treated animals was concluded to be within the wide range 
of background data, the present data for pituitary tumor incidence seem reasonable.  

In conclusion, the present large scale 2-year exposure experiment to 1.95GHz W-CDMA signals for 
IMT-2000 cellular system demonstrated that EMF at brain average SAR of 0.67 or 2.0W/kg does not promote 
ENU-induced rat brain carcinogenesis, providing additional evidence in support of no association between EMF 
and brain tumor risk in man. 
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Abstract 

Changes in membrane order are known to alter the function of integral proteins. Consequently, microwave 
induced changes of membrane lipid order may have physiological implications. The detailed biophysical 
mechanisms for these effects are not currently available and experiments on in vitro models are expected to offer 
the keys to understanding the nature of microwaves non-thermal and windowed effects. 
We studied the changes in membrane fluidity (fluorescence depolarization) and generalized polarization of 
human platelets extracted from freshly donated blood, induced by irradiation with 2.45 GHz microwaves, CW at 
24 mW incident  power, SAR 10 W/kg. The experimental arrangement consisted mainly in a 2.45 GHz generator 
of adjustable output power in the range of 0 – 30 mW and a modified conventional coaxial probe used for two 
functions: as impedance matching device and as microwave (MW) irradiating antenna. Irradiation of samples 
during fluorescence anisotropy and generalized polarization records was made by introducing the antenna into 
the fluorometric cuvette. Changes of the same membrane parameters of a liposome suspension irradiated by  
microwaves was performed in order to have as reference a simple lipid bilayer, consisting of a single type of 
lipids. 
Studies of membrane phase-transition temperature and other physical and chemical parameters lead to the 
conclusion that the liposome and platelet membranes, whose isothermal electric susceptibility is dramatically 
increased around phase-transition temperature, undergo order changes by interacting with oscillating 
electromagnetic field; these are reflected in the observed shift of the phase transition temperature of the 
microwave exposed liposomes comparatively to the sham exposed samples as well as in the higher values of 
generalized polarization (GP) of the cell/liposome  membrane. 
Membrane dipolar components such as polar amino acid side chains and cell membrane associated bound water 
which undergo orientation resulting in rotational motions with an associated time constant similar to the wave 
number of the impressed oscillating electromagnetic field,  are the most probable targets which trigger the 
observed membrane order changes. 
 
Introduction 
 
Decades of experimental and theoretical research stay behind the attempts to reveal and account for the observed 
biological effects of RF and microwaves. Despite the investment of creativity, funds and hard work, few sound 
statements and facts concerning the specific interaction of microwaves with living structures/cells are available. 
In our work, we choose simple phenomena and biological models in the attempt to dissociate the specific 
microwave interaction with the substrate from the non-specific thermal effect; the assumption is that while a 
great part of incident microwaves energy is dissipated as heat, the other part is absorbed resonantly by specific 
structures accounting for non-thermal “biological effects”. 
Two phenomena were chosen to analyse the specific interaction mechanisms. 
1/The changes of lipid packing in membrane bilayer potentially induced by microwaves and formally reflected 
in a fluorescent marker mobility and in critical events accompanying the phase transition of the lipid bilayer. 
These changes would shift the temperature dependence curves and phase transition temperature in irradiated 
versus control samples as shown by fluorescence depolarization recordings. 
2/ The change in generalized membrane polarizability induced by microwave application which must be 
reflected in fluorescent emission of Laurdan – a  fluorescent dye, sensitive to polarization of hydrophilic  
environment within the lipid bilayer. 
 



E. KOVACS, T. SAVOPOL, D. MARTIN, N. IACOB, M.MOISESCU 

 556

 
Method and results 
 
Fluorescence depolarization 
Fluorescence depolarization measurements of a membrane fluorescent marker (TMA-DPH in our case) provide 
information about the rigidity of lipid tails packing around the site of marker insertion. As higher is fluorescence 
anisotropy (r) as less fluid may be considered the membrane in the region of marker insertion (in case of TMA-
DPH, below the polar heads in the outer lipid layer). A lipid bilayer is characterized by a specific phase – 
transition temperature, when it switches from a gel-like organization (lipid packing) to a liquid-crystalline 
organization, when lipid packing is looser (more fluid). The degree of looseness of lipid packing is critical for 
many membrane functions which rely on protein conformational changes within or across the membrane. It is 
considered that subtle conformational changes of proteins which occur along the signal transduction pathways 
may be hindered under low level microwave irradiation although no plausible physical mechanism for 
explaining this effect is yet available.  
Here we use a simple model of lipid bilayer, the liposome membrane, to check if lipid packing is influenced by 
microwave irradiation. The fluorescence marker used is a TMA-DPH molecule. 
 

1-[4-(trimethylammonium)phenyl]-1,3,5-hexatriene (TMA-DPH) 
 

N+(CH3)3
 

  

 
 

Fig. 1 The insertion of the fluorescent probe (TMA- DPH) in the lipid bilayer 
 

10 15 20 25 30 35 40
0.15

0.20

0.25

0.30

0.35

0.40  r heating
 r cooling
 Boltzmann fit of_heating
 Boltzmann fit of_cooling

flu
or

es
ce

nc
e 

an
iz

ot
ro

py
 (r

)

t (0C)

 
 

Fig.2 Fluorescence anisotropy of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) liposomes   recorded 
versus temperature increase (red squares) and temperature decrease (black squares). The sigmoid fit of the 

experimental curves indicate a phase transition around 23 oC. 
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Fig.3 Fluorescence anisotropy of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) liposomes   recorded 
versus temperature increase induced by thermostate (black) and microwave heating (red). 
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Fig.4 Fluorescence anisotropy of human platelet membranes vs. temperature increase at  thermostate (black) and 

microwave (red) heating 
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Generalized polarization (GP) 
Laurdan (6-dodecanoyl-2-(dimethylamino)-naphthalene) is a fluorescent dye which spontaneously incorporates 
into phospholipid membranes due to its long hydrophobic tail, as shown in the scheme below: 
 

O

(H3C)2N

 
 
The molecule in the ground state has a very low dipole moment, while excited it has a high dipole (due to the 
existence of donor and acceptor functional groups).  
 

 
 
When the membrane contains dipolar molecules (e.g. water), these molecules will strongly interact with the 
excited form of Laurdan, shifting its emission spectrum toward lower energies (higher wavelengths), because 
part of the excitation energy is dissipated in the reorientation process. This phenomenon is illustrated in the 
diagram bellow: 
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thermal relaxation
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In MW fields, the permanent dipoles of water are supposed to align along the electric field lines. This “ordering” 
phenomenon of the molecules inside the membrane will hinder the energy transfer process between the excited 
molecules of Laurdan and the surrounding water molecules, compared with the same process in a non-irradiated 
sample. Thus, when heating a sample, the profiles of the plots representing the emission maxima position vs. 
temperature, will depend on the heating procedure (“thermal” or by MW irradiation). 
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In the case of simple membranes, containing one single component, like liposomes, the plot of λmax vs. 
temperature has an S-shaped aspect, showing a quite sharp inflexion point corresponding to the phase transition 
temperature of the phospholipid used for liposomes preparation. 
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Fig.5 Modification of emission spectra of Laurdan in 1,2-dimyristoyl-sn-glycero-3-phosphocholine 
(DMPC) liposomes, induced by “thermal” heating. a) Aspect of emission spectra at two extreme 
temperatures (14 and 40 oC); b) Shift of the emission maxima as a function of temperature. 
 
As concerns the generalized polarization, it depends on the temperature in the same S-shaped way as the 
emission maxima, but in a less well defined manner, presenting the inflexion point at approximately the same 
temperature: 
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Fig.6 The temperature dependence of generalized polarization. The difference between the values of the 
inflexion point as determined by GP and λmax lays within the standard error of the two computation methods 
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When the same heating is performed by applying MW, the corresponding plot looks like: 
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Fig.7 General polarization of DMPC liposome suspension cooled in the presence (red curve) and the absence 
(black curve) microwave irradiation (SAR 10mW/g). 

 
Containing cholesterol and many other lipidic or non-lipidic components, many cell membranes do not elicit a 
clear critical temperature of phase transition, the different phases coexisting in various proportions. In the figure 
below, the record of GP at warming and cooling of platelets suspension in the absence of MW irradiation is 
shown.  
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Fig.8 General  polarization of human platelets suspension in HBBS buffer as evaluated by Laurdan fluorescence. 

No obvious inflection point (phase transition temperature) can be noticed. 
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Fig.9 Generalized polarization of human platelets suspension in HBBS buffer as evaluated by Laurdan 
fluorescence. Higher GP of irradiated sample (red) show a predominance of non-relaxed Laurdan population 
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Fig.10 Fluorescence depolarization platelets membranes labelled by Laurdan, recorded at a/ λem48o and  b/λem438 

nm 
 

Discussion 
 
The higher values of generalized polarization in irradiated lipid vesicles as well as in platelets reflect formally an 
increase in population of non-relaxed Laurdan molecules which cannot orient locally the polar, hydrophilic 
molecules (water). We could expect this, since water molecules are already oriented by microwave field, 
contributing to a more rigid, gel-like lattice at low temperatures (see figure 7). This is also why the phase –
transition temperature is higher in irradiated liposome sample. As system pass to a liquid-crystal phase (above 
Tc), the difference between the two samples vanishes since thermal motion oppose the dipole orienting effect of 
the field. 
The same effect can be observed in recording the fluorescence anisotropy based on emission of relaxed and 
nonrelaxed laurdan molecules. Under microwave irradiation the anisotropy of relaxed Laurdan emission is lower 
comparatively to that of the non-relaxed Laurdan due to the greater mobility of the fluorescent marker in the 
lipid environment when it cannot strongly orient the neighboring dipoles (water, aminoacids) already oriented in 
the direction of the applied field. 
In case of TMA-DPH fluorescence measurements the local mobility of lipid tails packed within the membrane 
bilayer is followed up. While in case of model liposome membrane no dramatic effect of irradiation was 
observed (fig.3), in case of platelet membrane a pronounced loosening (decrease of fluorescence anisotropy) of 
lipid packing is noticed  (fig.4) similar to that recorded when using Laurdan (fig.10).  
 
Conclusion 
Based on evidence of the effects of  radiofrequency fields in different biological endpoints, it has been suggested 
(Adey 1993), that co-operative interactions on the surface of cell membranes may allow weak fields to influence 
cellular processes through signal amplification and transduction processes.  
At frequency used in our measurements (2.45 GHz), the basic interaction mechanism is the rotation of molecules 
in which positive and negative charges are separated in space (polar molecules). The most common such 
molecule in biological matter is water. Polar molecules tend to align themselves with the electric field and, as 
this oscillates, they tend to follow these oscillations. In this process energy is dissipated in the form of heat. 
To discuss on long lasting effects of microwave application on a living system is only meaningful in terms of 
interference with signal pathways and this is, most probable, the specific “nonthermal” effect of microwaves 
although, as mentioned above, it may be accompanied by system heating. 
An example of  (interfacial) membrane polarity modulating the binding of signal molecules is the case of protein 
kinase C (PKC). This enzyme plays an important role in signal transduction. It is an amphitropic enzyme, 
existing in both aqueous and membrane phases. Binding of PKC to membranes increases its activity against 
most substrates. Membrane interfacial properties affect both the binding of the enzyme to a membrane as well as 
the activity of the enzyme in the membrane-bound state (Giorgione et al., 1998).  
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Our experiments provide the evidence that in simple  bilayer systems (liposomes) as well as in a living cell 
membrane there is a change in local order of lipid packing (membrane fluidity) and polar molecules orientation 
induced by microwave irradiation. These changes are consistent with many reported cellular effects of 
microwaves and provide a meaningful biophysical mechanism for them. 
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Abstract 
 
Numerous studies have reported biological effects from exposure to electromagnetic fields both in the ELF and 
RF ranges, but there is a lack of consensus about the validity of observed effects. In part this is due to replication 
difficulties.  At the core of this issue is the fact that observed effects, while significant, can be of a subtle nature 
and can be easily masked by equally subtle changes in experimental conditions.  The result is that effects that are 
observed in one experimental setting may not be observed in another seemingly equivalent setting. An alternate 
approach to verify the validity of observed effects that overcomes the difficulties associated with attempting to 
duplicate experimental conditions is to intentionally use an inhibition factor to demonstrate that observed effects 
can be elicited or negated at will. Our own research and that of others supports the notion that a universal 
inhibition factor is ELF electromagnetic noise. The superposition of ELF noise to inhibit biological effects 
elicited by exposure to electromagnetic fields has been found to be effective in all instances tested. Inhibited 
effects include: changes in enzymatic activity, changes in hormone levels, changes in oncogene transcript levels, 
alterations in gap junction intercellular communication, increases in DNA breaks, activation of stress proteins, 
increases in cell proliferation, teratogenic effects, and memory effects. The superposition of ELF noise has been 
shown to be equally effective in blocking ELF and RF induced effects. A physical understanding of how EM 
noise acts to block EMF induced effects can be formulated in terms of a detection process of the EM stimulus 
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analogous to the detection of chemical gradients in bacterial chemotaxis.  This theory hypothesizes a temporal 
sensing mechanism involving two characteristic time constants: τa, the “averaging” time (~0.05s), and τm, the 
“memory” time (~5s). To elicit a full response a stimulus of constant intensity over τa must be applied for a time 
period greater than τm. The superposition of EM noise effectively inhibits the response by destroying amplitude 
uniformity of the EM stimulus over the required time scale.  
 
Key words: ELF noise, temporal sensing, inhibition factor 

 
 

Introduction 
 
As far back as the 1980’s reports about so-called nonthermal biological effects of exposure to weak 
electromagnetic fields (EMFs) were being widely circulated (Luben et al. 1982). These reports created a great 
deal of controversy as they went against the then commonly held belief that electromagnetic exposure could be 
of biological consequence only when the energy transfer was sufficient to produce measurable increases in 
temperature. Today, more than 25 years later and after hundreds of studies the controversy still remains. But the 
source of the controversy is not that biological effects from exposure to nonthermal fields have not been 
observed, but rather that biological mechanisms that explain the observed phenomena are still not well 
understood and cannot be easily explained, leading some to believe that effects are not plausible in spite of the 
evidence (Adair 1991, 2003). 
 
All life on earth has evolved in the presence of environmental factors that include a broad spectrum of 
electromagnetic radiation. Much of this radiation is from natural sources that have been an essentially constant 
part of the environment in recorded time. But the technological leap that has taken place over the last 75 years or 
so has substantially increased the background radiation. This increase is particularly evident in the Extremely 
Low Frequency (ELF) range due to the ever-expanding electric power distribution grid, and in the Radio 
Frequency (RF) range due to the exponential growth of telecommunication networks. The increased exposure to 
man-made fields has fuelled the interest in understanding biological interactions, not only as a means to gain 
scientific knowledge, but also to assist in the setting of regulatory guidelines for exposure to such fields. 
 
The issue of regulatory guidelines is most relevant in connection with the use of the ubiquitous cellular phone. 
Present guidelines, which coincide with practical limitations for the deployment of these devices, are based on 
the assumption that only effects accompanied by strong thermal interactions are likely. Yet there are hundreds of 
studies that show effects from nonthermal exposure (Adair 2003). Most of the observed effects are of a subtle 
nature and are therefore susceptible to numerous factors that make replication difficult. In part due to replication 
difficulties, some have suggested that all of the studies that show effects are somehow flawed (Adair 2003). The 
alternative is that there are as yet not clearly defined biological mechanisms that have escaped scientific 
understanding. Of course, the lack of a full understanding does not make observed effects invalid. Such is the 
case, for instance, with EMF-mediated bone fracture repair, which is clinically effective but still not well 
understood (Aaron et al. 2004). 
 
Published studies that have reported biological effects from exposure to weak ELF and RF fields are too many to 
mention individually. Effects in the ELF range include changes in enzymatic activity (Litovitz et al.1997), 
teratogenic effects (Farrell et al. 1997), changes in gene expression (Lin et al. 1994), stress response effects (Lin 
et al.1997, DiCarlo et al. 2002), and DNA damage effects (Lai and Singh 1997). RF effects include changes in 
enzymatic activity (Penafiel et al. 1997), memory effects (Lai et al. 1994, Wang and Lai 2000), and DNA 
damage effects (Lai and Singh 1996). There are also a number of experiments that show similar effects for both 
ELF and RF exposure indicating that common biochemical pathways may be involved in the response. These 
effects include changes in enzymatic activity (Penafiel et al. 1997), memory effects on rats (Lai et al. 1994, 
1998) and effects on chromatin conformation (Belyaev et al. 2005). 
 
While the evidence for biological effects from exposure to weak EMFs is extensive, it is important to point that a 
number of experiments have also reported null effects. Many of these are experiments that have attempted to 
replicate previously reported results (Desta el al. 1999, Cosquer et al. 2005). Such null effects bring into question 
either the validity of reported  effects or the accuracy of replication conditions (Krause et al. 2004). The issue of 
replication was also evident in our own laboratory while studying teratogenic effects from ELF EMF exposure of 
chick embryos. Statistically significant effects were observed in some experimental campaigns but not in others 
even though experimental conditions appeared to be the same. The discrepancy in the results was eventually 
tracked down to a change in the chick progenitor flock. The unknown factor causing the variability in results was 
apparently a genetic factor (DiCarlo and Litovitz 1999). 
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The ability to examine experimental data to look for unknown factors usually requires that a large number of 
experiments be performed. More often than not this is not possible. The issue of experimental validity when 
exact replication is difficult to achieve can be best addressed using a suitable inhibition factor, if such a factor 
can be found. We have previously demonstrated in a number of instances, that in the case of exposure to weak 
ELF and RF EMFs, the inhibition factor is ELF electromagnetic noise (e.g.,Litovitz et al. 1993, 1994, 1997b). 
The purpose of this paper is to show that the inhibiting ability of ELF noise covers a wide range of biological 
effects thereby suggesting that it might be a universal inhibition factor for EM induced biological effects. 
  
 
Temporal characteristics of a bio-effecting stimulus 
 
One of the issues concerning the general acceptance of experimental results that show effects from exposure to 
weak electromagnetic field is one of plausibility based on accepted demonstrable mechanisms. By one argument, 
weak EMFs do not carry sufficient energy to cause biologically significant interactions in the presence of local 
thermally driven electromagnetic noise. Calculations based on general physical properties of biological matter, 
which do not account for biological complexity, do indeed appear to demonstrate that local noise considerations 
make such interactions unlikely (Adair 1991, 2003). For interactions within the cellular membrane the 
magnitude of the local electromagnetic noise, thus calculated, is of the order of 500 V/m, which is many orders 
of magnitude larger than induced fields within humans from background ELF EMFs (< 0.001 V/m). Yet 
undisputable effects associated with research on bone fracture repair, which appears to be rooted in membrane 
bound interactions, have been observed with induced electric fields of 0.1V/m or even less (Luben et al. 1982). 
This evidence suggests that thermal noise considerations are not sufficient to render certain effects implausible.  
 
If we accept that certain bio-effecting interactions are possible, notwithstanding thermal noise considerations, 
then it is of interest to find alternate approaches to determine the viability of such interactions. Clearly, EMFs 
affect biological material at an elemental level, but beyond the obvious primary interaction the biological 
response is determined by the signal processing characteristics of the living biological entity. These 
characteristics are an inherent property of the living system defined by a complex transfer function, which if 
known, would predict what signals are filtered out and what signals are passed through. An important 
consideration in this simple model is how stimulating signal varies as a function of time. 
 
The biological response to an environmental stimulus is a multi-step process involving a series of chained 
biochemical reactions characterized by varying rate constants, which form what is referred to as a signalling 
cascade. The net response results from the interplay of the biochemical events in the signalling cascade. This 
process, which incorporates the functions of signal detection and discrimination and control of the endogenous 
cellular reply, is referred to as signal transduction. A model system for the study of signal transduction is that of 
bacterial chemotaxis. This model involves two time-dependent processes that together constitute a rudimentary 
memory system. One is a fast process, occurring on a time scale of the order of 0.04s, which performs the 
function of measuring the concentration of chemotactant molecules through binding of these molecules to 
surface receptors. The other is a slower process, taking place on a time scale of the order of 5s, which performs a 
comparison function by modification of the receptors when no changes in chemotactant concentration are 
detected. This is a process of temporal sensing through which the bacterium makes continuous measurements of 
chemotactant concentration, compares successive measurements, and responds to the difference between them. 
 
A model analogous to that of bacterial chemotaxis can describe the biological response to weak EMF exposure 
(Litovitz et al 1997a). The parameters of this model were determined in studies of the effect of EMF stimulation 
on ODC activity. A constantly applied 60 Hz EMF stimulus yielded a consistent doubling of the ODC activity. 
Changes in the ODC response were first examined by introducing zero-field gaps of varying duration in the 
exposure signal. It was determined that the magnitude of the response decreased as the frequency of the gaps 
increased. The full response was elicited when a field of constant intensity was applied, without interruption, for 
a minimum of 10s. The characteristic time associated with the response to this gapped stimulus was found to be 
5s and was termed the memory time, τm.. Knowing the requirements to elicit a full response, zero-field gaps were 
introduced periodically at 1s intervals for much shorter intervals that were increased until the response was 
negated. The magnitude of the response was found to decrease with increasing gap duration. No response was 
obtained when the gap duration was 100ms. The characteristic time constant associated with the response to this 
second gapped stimulus was found to be 0.05s and was termed the averaging time, τa. In essence these results 
showed that the ODC response to EMF stimulation involved two processes with rudimentary memory. 
Continuous measurements averaged over a time τa  are compared successively. The response is elicited when a 
constant measurement persists over a time greater than τm. 
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The use of ELF noise to negate electromagnetic effects 
 
The similarities of the temporal characteristics of the response to EMF exposure, as determined for the ODC 
model, with those of bacterial chemotaxis suggests that this may be a more general model applicable to the 
response to weak environmental stimuli. Furthermore, the requirement that certain temporal characteristics must 
be met to elicit a response suggests that strategies to alter the temporal characteristics of a stimulus could be 
devices for the purpose of negating the response. Such a scheme might be useful, for instance, for the mitigation 
of unwanted effects from EMF exposure. 
 
The simplest strategy to alter the temporal parameters of an EMF stimulus is by the superposition of another 
EMF stimulus whose temporal characteristics do not meet the requirements to elicit a response. One such signal 
is ELF magnetic noise. Using the temporal sensing model with τa = 0.05s and τm = 5s, it can be shown a noise 
signal with bandwidth in the biologically active frequency range below 100 Hz will not elicit a response. The 
superposition of a noise EMF stimulus over an existing stimulus results in a new stimulus which is noisy itself 
and is the sum of the local stimulus s(t) and the superimposed noise n(t). In order to fully negate the response 
n(t)/s(t) must be greater than or equal to 1.  
 
Measurements with the ODC model confirmed that the superposition of  ELF noise could indeed negate the 
response (Litovitz 1994, 1997b). Other studies in our laboratory demonstrated that noise could also be used to 
inhibit teratogenic effects and effects on the stress response in chick embryos (Litovitz  1993, DiCarlo 1998, 
1999b, 2000, 2002, Shallom 2002). Furthermore, it was also found that ELF noise could inhibit biological 
effects induced by mild mechanical vibration (DiCarlo 2002). Considered together this evidence makes a strong 
case for the argument that the inhibiting effect of ELF noise may be universal to weak stimuli. 
 
Experiments carried out in other laboratories have also demonstrated the efficacy of ELF noise to inhibit both 
ELF and RF effects. Table 1 shows a list of published results that show the range of effects negated by the 
superposition of ELF noise. In the ELF domain effects elicited with field intensities between 1uT and 400 uT 
have been blocked. In the RF domain effects from exposure to fields of the order of 1 to 3 W/kg have been 
negated. The lower intensity cases represent situations in which the viability of effects might be called into 
question based on thermal noise consideration. The thermal noise issue can still be a possible argument against 
viability in the higher intensity cases, but it is a less convincing argument particularly since equivalent field 
intensities have been demonstrated to be bio-effecting in bone growth stimulation studies (Luben et al 1982). 
The results of Table 1 show that the outcome of the observed response can be manipulated  through the use of 
another stimulating agent of the same type as the bio-effecting agent, thereby lending credibility to the existence 
of such effects. 
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Table 1: Biological effects inhibited by the superposition of ELF noise 

Model Exposure field Effect inhibited Reference 
Chick 
embryos 

4 uT, 60 Hz sine Two-fold increase/shift in ODC activity Farrell et al. 1993 

Chick 
embryos 

1 uT peak, 100 Hz 
pulsed 

Two-fold increase in developmental 
abnormalities 

Litovitz et al. 1993 

L929 cells 10 uT, 60 Hz sine Two-fold increase in ODC activity Mullins et al. 1993 
L929 cells 10 uT, 60 Hz Two-fold increase in ODC activity Litovitz et al 1994 
HL60 cells 6.7 uT, 60 Hz sine 40 % increase in c-myc transcript Lin et al. 1995 
Chick 
embryos 

4 uT, 60 Hz sine 40 % reduction in the activity of 5'-
nucleotidase 

Martin et al. 1995 

AMA cells 5uT, 50Hz sine 15% increase in cell proliferation Rasmark et al. 
1996 

PC12 cells 8 uT, 60 Hz sine 15% decrease in intracellular dopamine Opler et al 1997 
L929 cells 835 MHz 

amplitude 
modulated, 2.5 
W/Kg 

40-100% increase in ODC activity  Litovitz et al. 1997 

Chick 
embryos 

4 uT to 10 uT, 60 
Hz sine 

Two-fold enhancement of survival of chick 
embryos in anoxic conditions by EM pre-
conditioning 

DiCarlo et al. 1999 

Chick 
embryo 

8 uT, 60 Hz sine 
915 MHz CW, 1.7 
W/kg repeated 

27% decrease in HSP70 levels consistent 
with decreased cyto-protection  

DiCarlo et al. 2002 

Chick 
embryo 

915 MHz CW, 1.75 
or 2.5 W/Kg 

Increase in HSP70 by preconditioning 
consistent with increased survival after 
hypoxia 

Shallom et al. 2002 

NIH3T3 
cells 

0.4 mT 50Hz 40% suppression in gap junction intercellular 
communication 

Zeng et al 2002 

Rats 2.45 GHz CW, 1.2 
W/Kg 

35% learning deficit Lai 2004 

NIH3T3 
cells 

0.2 mT 50Hz 50% co-suppression in gap junction 
intercellular communication with phorbol 
ester 

Gao et al 2004 

NIH3T3 
cells 

0.4 mT, 0.2 mT, 
50Hz 

30% suppression in gap junction intercellular 
communication 

Zeng et al 2006 

 
Discussion 
 
In spite of hundreds of published results that claim the existence of biological effects from exposure to weak 
ELF and RF EMFs using a broad range of end points, there is still a great deal of uncertainty about whether these 
effects are real. Part of the problem is that effects have often been difficult to replicate and proposed biological 
mechanisms have not been substantiated and thus often remain speculative. But even when effects are generally 
accepted, a full understanding of the underlying biological mechanisms can still be lacking. Such is the case, for 
instance, in the case of EMF induced bone growth stimulation (Aaron et al. 2004).  
 
Stimulation of living biological entities by weak exogenous stimuli involve signal transduction processes which 
often include signal integration and amplification. A model proposed in bacterial chemotaxis, which may apply 
to many other weak signal detection situations, assumes the existence of long-range cooperative interactions 
between receptors as a means to achieve signal amplification (Sourjik and Berg 2004). Other processes that 
could result in further signal amplification and discrimination are communication interactions between cells 
through gap junction channels. Direct cell to cell communication, evident in organized tissues and even in cell 
cultures as demonstrated by contact growth inhibition, is critical to bone-forming cells (Lecanda et al 1998). 
Biological effects could result from the disruption of any of the signalling pathways of the signal transduction 
process. 
 
The biochemical basis for the interaction of EMFs with living entities is not clear. It is possible that the primary 
site of interaction is at the cellular membrane via modulation of receptor binding. If this were the case, a myriad 
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of downstream signalling pathways could be affected leading to observable effects. But the ability of noise to 
inhibit many of these effects provides a common link that sheds some light about the nature of the response. It is 
generally accepted that at a fundamental level the extent of the electromagnetic interaction is proportional to the 
intensity of the stimulus. As the intensity level increases direct heat dissipation resulting in measureable 
increases in temperature could be a consequence of the exposure. At such levels the superposition of a signal of 
equivalent intensity would only result in further heating. But at exposure levels for which heating is not an issue, 
such as the experiments listed in Table 1, the inhibiting ability of superimposed ELF noise indicates that these 
interactions are a signalling events with common temporal sensing characteristics. This also suggests that while 
the effects of EMF exposure  may be evident in a multitude of observable parameters, it is possible that such 
responses might share a few key common biochemical pathways. The shared common pathways would be those 
that establish the signal averaging time, τa , and the memory time, τm of the temporal sensing process. 
 
The evidence shown in Table 1 is suggestive of a general effect that may be universally applicable. This 
inductive conclusion would be difficult to prove for all cases. However, the fact that ELF noise inhibition has 
been effective in all instances in which it has been examined adds to the weight of the evidence supporting this 
argument. 
 
Conclusions 
 
A review of experimental results on the use of the superposition of ELF noise for the inhibition of effects 
induced by exposure to weak EMFs shows the efficacy of this technique to negate observed effects. These 
results apply to a broad range of end points and over a wide range of signal intensities suggesting that a common 
factor is at play. This common factor is likely to be a temporal sensing process characterized by two common 
rate constants. The broad scope of inhibited effects also suggests the applicability of the temporal sensing 
hypothesis as a general signal transduction mechanism for the interaction of EMFs with living systems. 
 
Two general conclusions can be drawn from the foregoing review which shows that the superposition of ELF 
noise is an effective inhibiting factor in bioelectromagnetic effects: 1) the use of ELF noise in a pseudo-sham 
exposure condition would be beneficial in determining whether observed effects are attributable to EMF 
exposure, and 2) the superposition of ELF noise would be effective as a prophylactic means to inhibit unwanted 
biological effects in situations where exposure is unavoidable.  
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ELF and RF/MW Electric fields as bioeffectors: a much needed 
new direction in bioelectromagnetics? 

 
ROGER COGHILL 

 
 
For several decades now Western research attention in bioelectromagnetics has largely centred on the magnetic 
component of the electromagnetic wave. In their original 1979 paper, which some argue heralded much of the 
subsequent scientific interest, Wertheimer and Leeper concluded that the elevated incidence of childhood cancer 
near pole-mounted transformers in Denver was probably due to the magnetic field. Their conclusion was based 
on preceding research, which had reported magnetic field sensitivities of some animals and fishes. Savitz et al. 
later attempted to include electric field measurements in their replication of the Denver study, but abandoned 
their effort through an inability to address the topic of chronic exposure.  It may have escaped the notice of both 
authors that pole mounted transfoirmers inevitably generate large electric fields in converting the primary to the 
secondary induced voltage. Moreover, electric fields (unlike magnetic) are present wherever there is connection 
to the main supply, so the electric component was actually an equal candidate for Wertheimer and Leeper’s 
speculations. 
The world’s power utilities have also favoured magnetic field research, comforted by the recognition that few 
homes will experience the 0.4uT commonly used as a cut point in epidemiological studies to define relative risk. 
The popular EmDEX probes (designed for EPRI) indeed do not even permit the user to collect electric field data 
without elaborate engineering modification. 
 
Eastern bloc countries do not share this view, arguing that mankind has always had evolutionary experience of 
magnetic fields, in that we all live on the large magnet of the Earth.: and if anything new has occurred on the 
planet since the advent of electricity then it is the alternating electric field, for which there is no evolutionary 
counterpart (Shandala et al, 1988). The search for a mechanism of interaction incorporating the magnetic field 
only has proven inconclusive to date despite the evidence of many non thermal effects. It might therefore be 
more fruitful to reappraise the role of the electric component. 
 
Out of eight published domestic epidemiological studies of the electric field only three took proper 
measurements, and these together offer strong support for the electric field at the nocturnal bedplace as the 
active parameter (see Table 1). The remaining five used spot or portable probes, or room centre measurements 
which do not adequately characterise bedplace exposure (see Table 2). The three pertinent studies show a 
consistent dose response pattern indicating that chronic exposure to ELF electric fields above 20V/m are 
hazardous to child health. 
 
Table 1: Bedplace ELF electric field exposure in childhood cancer homes 

Study Exposure 
measures 

Odds ratio (OR) or 
relative risk (RR) 

95CI% 

Coghill, Steward et 
al, 1996   

12 hours TWA, 
bedplace only 

4.69 1.17-27.0 

Dockerty, Elwood et 
al, 1997  

24 hours TWA, 
bedroom and one 

other room 

2.3 0.4 – 12.7 

Skinner Mee et al., 
2002  

Spot, 48 hours 
apart, bedplace 
and one other 

room 

1.42 0.88-2.27 
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Table 2: Residential ELF electric field studies with poor characterisation 
   

Study Year Deficiency 

Savitz, Wachtel et al, * 1988 room centres only 

Green et al,  1999 daytime personal monitor 

McBride, Gallagher et al.,  1999 48hrs personal monitor 

Tynes and Haldorse  1997 room corner nearest HT line 

London, Thomas et al, 1991 spot measurements only 
 
• abandoned a third way through the collection 
Our laboratory has recently reported that ELF electric fields at levels commonly seen near powerlines and 
domestic electric appliances can create nitrites in aerated distilled water to a concentration reported by other 
studies to cause ill health. The effect is robust over many experiments. This simple physico-chemical effect 
(paralleling the effect in respiring organisms largely composed of aqueous solutions) may explain the thirty 
year old mystery of how such weak fields can cause ill health in the absence of heating. 
 
Other studies show that many of the disorders associated with chronic ELF EM field exposure are also 
associated with excess nitrites found in the patients biological fluids. In childhood leukaemia for example 
the nitrite level is four times normal in serum and two orders of magnitude higher than normal in the CSF. 
 
An appraisal of the literature as presented in this paper offers the conclusion that more research attention 
should be paid to electric fields and this in turn may lead to new standard setting which recognises at last 
the importance of non-thermal effects. 
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Abstract 
The influence of low power millimeter wave (MMW) irradiation in the 53.57-78.33 GHz frequency range, on 
water molecules of  a  model membrane has been investigated by Deuterium Nuclear Magnetic Resonance (2H-
NMR) Spectroscopy. The quadrupole splitting (∆) of deuterated water within the lamellar mesophase of the 
C12EO5/2H2O binary system has been measured, at 25°C constant temperature. It has been found that continuos 
wave  (wide band 53.57-78.33 GHz) irradiation  of the above membrane model system produces, a significant 
increase of the quadrupole splitting of deuterated water molecules. The observed variation of the ∆ for heavy 
water is opposite with respect to a temperature increase and it depends on the level of hydration of the lamellar 
sample: in samples with an higher water content, MMW irradiation produced a larger ∆ increase. The observed 
effect was totally reversible. In few hours the splitting came back to the initial value. We propose an explanation 
in terms of variation of the free/bound water population ratio and calculate the change in the Gibbs free energy 
of the system after the irradiation treatment. The interaction model membrane-MMW, might involve the 
structures that liquid water can adopt by using hydrogen bonds.  
 
Short running title: millimeter wave effect on membrane hydration 
Key words: membrane hydration;  low power millimeter waves; 2H-NMR spectroscopy 
 
Introduction 
The interaction between low power millimeter waves (power density below 1 mW/cm2) and biological systems, 
concern either the effects induced by this radiation on the systems, or the basic mechanisms of interaction.  
In 1968 Webb and Dodds observed the inhibitory effect of MMW on the growth of the E. Coli bacterium [Webb, 
1968]. Afterwards  H.D. Devyatkov [Devyatkov, 1974, 1981, 1983] and other Russian scientists [Sevastyanova, 
1974,  1981] observed the influence of such radiation on various biological systems. Interesting studies on the 
growth of Saccaromices cerevisiae were performed by Grundler and Keilmann [Grundler, 1977, 1978, 1983]. A 
review of the most important results, in which some physical-chemical aspects of the MMW-biological systems 
interaction are also reported, is due to Pachomov et al. [Pachomov, 1998]. The effects observed on MMW 
irradiated cell systems go from cell growth variations, to changes in DNA morphology [Brill, 1993]. Ionic 
membrane transport alterations were also reported [Brovkovich, 1991, Geletyuk, 1995, Kataew AA, 1993].Since 
2002, we have shown that low power (<10 mW/cm2) electromagnetic radiation, in the millimeter wavelength 
range (3.84-5.78 mm), could be used as a physical mean in order to influence the proliferative behavior of  
several cultured cells [Chidichimo, 2002]. It should be highlighted that the proliferation rate of the investigated 
tumoral systems was inhibited by MMW in certain exposure conditions, whereas that of the healthy cell systems 
was not. Moreover, we have also shown that the frequency of the radiation and the irradiation time [Beneduci, 
2005a] influence the observed effects. Besides the effect on cell proliferation, significant morphological 
alterations were observed on human melanoma, breast carcinoma and erythromyeloid leukemia cells [Beneduci, 
2005a,b, Beneduci, 2006]. 
Until now however, there is not a generally accepted point of view on the biophysical mechanism of interaction 
between millimeter radiation and biological systems. Besides thermal effects that occur at high powers (>10 
mW/cm2), it was hypothized that the MMW-biosystems interaction could involve resonant nonthermal 
mechanisms at very low powers [Fröhlich, 1968, 1977, 1980, 1983, 1986a, b, Kaiser, 1988, Sinizin, 1998;]. Data 
on the dielectric properties of water [Ellison, 1996] and of biological systems [Schwan, 1983, Grant, 1984] agree 
on the fact that water is the only molecular system, able to directly interact with electromagnetic waves in the 
millimeter range above 1 GHz [Beneduci, 2006].  
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However, besides the direct field effect on water dipoles, any biological effects could be explained only if 
the electromagnetic field affects the reaction sensitivity of some cellular processes, that is crucially determined 
by the reaction moments [Neumann,2000]. 
 The absorption of microwave radiation by water molecules may induce changes in the equilibrium free 
water/bound water involved in several cellular processes in which a chemical control is exerted 
[Neumann,2000]. Water plays also crucial roles in proton transfer reactions and in transport processes through 
narrow channels or pores in which water molecules assume particular interfacial orientations [Neumann,2000]. 
The millimeter radiation could affects the orientational dynamics of water molecules in such systems, causing 
several bio-effects. 
The above considerations and the morpho-functional alterations of the membrane observed on some in vitro 
cultured tumoral cells after MMW irradiation [Chidichimo 2002, Beneduci  2005b, Beneduci, 2006, Szabo 2006, 
Chen 2004], brought us to begin the study of the MMW-membrane interaction. 
The present work therefore, deals with some aspects of the physico-chemical mechanisms that occur when a 
model membrane system interacts with the millmeter waves. 
All the biological membranes exist because of the intermolecular forces occurring between the components of 
the system (hydrophobic interactions, dipole-dipole, ion-dipole, hydrogen bonds network) . The water molecules 
interacting  with the polar head groups of the anfiphilic molecules by non-bonding forces are in chemical 
equilibrium with those ones that constitute the bulk water and are the so called “free water” molecules. A general 
reaction step that summarizes such type of chemical process occurring at the polar interface of a double layer is 
the following: 

                       OHnOHSOnHOHS rr

eqK
21222 )1()()( −+⎯⎯⎯ ⎯←+ +

⎯⎯⎯ →⎯                             (1) 
where rOHS )( 2  is the amphiphilic molecule that binds r water molecules and being in thermodynamic 
equilibrium with the species 12 )( +rOHS  that bind r+1 water molecules, OHn 2)1( −  being the free water 
molecules. The model membrane system investigated in the present work was the penta(oxyethylene)n-
dodecylether/water  lamellar lyotropic-liquid crystal system, which has been extensively studied in the past 
[Mitchell, 1983, Dimitrova et al., 1996,]. Such binary system was conveniently adopted by us because it easily 
forms double layer of lamellar structures (like biomembranes), at room temperature in a relatively wide range of 
compositions. 
If a model membrane is made by using heavy water (2H2O) instead of ordinary water (H2O), one can record a 
deuterium NMR spectrum which will be the result of a superposition of spectral doublets whose peak separation 
(in Hz) depends on the orientation of the double layer (lamella) with respect to the NMR static magnetic field 
[Pake 1948]. When the plane of the lamella is oriented parallel to the static magnetic field, the peak separation is 
called quadrupole splitting, ∆.  

In the case under study, the C12EO5/2H2O system, ∆ is proportional to the total fraction of water molecules 
bound to the polar head group of the surfactant, pb, and to an average order parameter Sb that brings information 
about the local motion of the O-D bonds in heavy water: 

       
bbq Spν

4
3

=∆                (2) 

where, νq is the quadrupole coupling constant. The equilibrium reaction that concern the hydration process of the 
surfactant molecules in the lamellar structures, could be written in the general form (3) [Mitchell et al., 1983], 
where Sf are the free surfactant molecules, Wf the free water molecules, Sb(Wb)r are the complexes formed by a 
surfactant molecule and r water molecules and Kb is the thermodynamic equilibrium constant. 

                                                        rbbff WSrWS
bK

)(⎯⎯⎯ ⎯←+ ⎯⎯ →⎯                                             (3) 
It is clear that any cause affecting the free/bound water equilibrium must reflects a change in the value of the 
quadrupole splitting that can be conveniently measured by the 2H-NMR technique [Mitchell et al., 1983]. 
 
Materials and methods 
Deuterium NMR spectra were recorded on a 300 MSL Bruker spectrophotometer operating at 46.053 MHz 
deuterium resonance frequency, using a 10 mm tunable probe. To record the spectra, samples were introduced in 
a 10 mm NMR tube. Each spectrum is the Fourier transform of a FID obtained integrating 400 scans, with a 1 
sec repetition time. Each scan is a quadrupolar echo pulse sequence, with a 9 µs 90° pulse and a 88 µs delay 
time. Sample temperature was constantly maintained at 25°C by the spectrophotometer variable temperature 
controller VT 1000. 
 
Chemicals 
Normaldodecylpentaoxyhetylene ether (C12EO5) was purchased from Sigma-Aldrich (99% purity) and 
deuterated water from Cambridge Isotope Laboratories, Inc. (99.9% purity). Both chemicals were used without 
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further purification. Lamellar lyotropic liquid crystal samples,  C12EO5/2H2O, were prepared by weight adding 
the right amount of heavy water to the surfactant placed in a 5 mm NMR tube. The mixtures were then warmed 
up and vortex stirred to achieve  homogeneity . Three samples were prepared containing 30% (sample A),25% 
(sample B) and 20% (sample C) by weight D2O. A 4 mm glass bar was introduced inside a 5 mm NMR tube to 
obtain a thin layer (0.5 mm) of lamellar phase (fig.1). Samples were then sealed and stored at 25°C for about 
three days. 
 
Experimental MMW facilities and sample irradiation 
The MMW radiating apparatus AMFIT 32 (made in Russia by the UWOM company of Nizhnj Novgorod), was 
used as radiation source. It is a microwave noise generator diode, able to supply a 53.57-78.33 GHz frequency 
band at a global mean power density < 1µWatt. Samples were placed at the end of the conical antenna of the 
instrument and were irradiated for 7 hours. Temperature was strictly controlled and maintained at 25 °C along 
the experiment. Samples were weighted after the irradiation treatments to check for evaporation of water but 
weights remained constant. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 1. Schematic representation of the lamellar 
sample and of the irradiation geometry (not in scale). 

 
Results  
 
Stability of the system under constant temperature condition 
Prior to perform any irradiation experiment, the stability of the lamellar samples was tested under 25°C constant 
temperature condition. In fig. 2, the variation (%) of the quadrupole splitting is showed for a time course of 4 
days, in the case of the sample A. It could be noted that ∆ resulted very stable showing only restricted 
oscillations of the order of ± 0.25% (N=96), around the equilibrium ∆ value. These random variations could be 
attributed to small fluctuations of the temperature of the thermostated chamber (probe). Analogous behaviour 
was observed for the other samples B and C (data not shown). 
 
Quadrupole splitting behavior of heavy water under MMW irradiation 
Typical 2H-NMR spectra recorded before and after three irradiation treatments, were reported in fig.3 A, B for 
sample A and B. Significant increases of 5.3±1.0% (N=3) and 2.6±0.5% (N=3) of the quadrupole splitting of 
heavy water, were observed in the irradiated samples A and B respectively. A negligible perturbation of the ∆, 
was also observed in the irradiated sample C (data not shown). 
 

2 cm

AMPHIT 32 conical

C12EO5/2H2O 
lamellar phase
0.5 mm depth

Seal
Glass 
bar 
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Fig. 2. Sample A before irradiation. Quadrupole splitting 
variation of 2H2O as a function of time (T=25°C). Spectra 
were recorded along 4 days with 1 hour steps. The sample is 
very stable.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                  Fig 3. 2H2O-NMR spectra of the investigated samples. The ∆ of heavy water in sample A           
(∆(1)=1608 Hz) gained 80 Hz after the irradiation (∆(2)=1688 Hz). The increase of the ∆ for 
the sample B was 45 Hz (∆(2)=1918 Hz; ∆(2)=1963 Hz). 

 
The observed variations are very far from those which could be induced by thermal fluctuations. Actually, from 
control sample data, we have seen that thermal fluctuations (of less than 1 degree) caused statistical random 
variations of the quadrupole splitting about the equilibrium value at 25°C, which were not larger than 4 Hz 
(0.25%).  
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Fig. 4. Sample A.Variation of the splitting value in percentage 
as a function of temperature. The point zero on the ordinates 
corresponds to 25 °C. 

 
2H2O quadrupole splitting temperature dependance 
In fig.4 the variation of the quadrupole splitting of heavy water relative to sample A was shown as a function of  
temperature, in the range 9°C – 41°C. The thermal process, from 9°C to 41°C, is reversible (see upfacing 
triangle in fig. 4). At this point, two fundamental findings have to be underlined: 1) to produce a 6% increase in 
∆ in such a system (sample A), equal to that observed under MMW irradiation, it was necessary to reduce the 
temperature of the system of about 15°C. 2) MMW irradiation produced an increase of ∆ while a temperature 
increase produced a ∆ decrease. This temperature dependence was similar for the other two samples (B and C), 
as previously reported [Rendall K, 1984].  
 
MMW irradiation increases membrane hydration 
In view of equation (2), the quadrupole splitting (∆) can change only if pb  and/or Sb changes. Summarizing the 
results, the variation of the quadrupole splitting of D2O contained in the irradiated model membranes, increases 
as the percentage of heavy water within the  samples increases. Going from the less hydrated (C) to the more 
hydrated system (A) the free water dispersed between the surfactant lamellae gradually increase. Hence a crucial 
parameter influencing the variation of ∆ after MMW irradiation, must be the amount of free water present in the 
system. More precisely, we observed that the effects produced on the quadrupole splitting of heavy water by the 
MMW irradiation increases as the free water/ bound water (pb) ratio increases. A variation of only the order 
parameter Sb cannot explain the observed trend. Indeed, such a parameter reflects the local orientational order of 
the bound water.  Thus the value of Sb depends on the mobility of water molecules linked to the surfactant polar 
heads. If the MMW irradiation had acted on this physical property of the system, the variation of ∆ should not 
depend on the sample composition. Thus, we interpreted our experimental findings, identifying a primary 
interaction occurring between the millimeter radiation and the free water of the membrane system that strongly 
absorbs the MMW. As first order effect, consequence of such direct interaction, is the shift of the 
thermodynamic equilibrium (3) towards right. Hence, the membrane resulted more hydrated (greater pb values) 
after the MMW irradiation treatment, than the equilibrium initial condition. Such fundamental perturbation was 
observed as a quadrupole splitting increase. In thermodynamic terms, this means that the Gibbs free energy 
variation relative to the process (3), expressed by equation (4) is shifted towards more negative values (more 
favoured thermodynamic process) by millimeter wave irradiation. 
                                                                               

fb WW GGG −=∆                                        (4) 

The first term (GWb) of eq.4 is the Gibbs free energy of a mole of bound water molecules. Its value depends on 
local thermodynamic properties of water molecules bound to the polar heads of the surfactant, that are not 
susceptible to change under irradiation. Then, GWb, does not change. Hence we can write equation (5) 

)2()1(
bb WW GG =               (5) 

where the superscript (1) and (2) refer to the state of the system before and after MMW irradiation, respectively. 
 
Variation of the Gibbs free energy of the system under MMW Irradiation 
We derived the change in the Gibbs free energy variation of the system produced by MMW (∆GMW). Using 
equation (4), the equality (5), and defining the states of the system before and after irradiation by the superscript 
(1) and (2) respectively, we can write the following equations: 
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b

−=−=∆                      (6) 
)2()2()2()2( ln bWfW KRTGGG

b
−=−=∆                   (7) 

We can express thus, the quantity ∆GMW as the difference between the Gibbs free energy variation relative to 
equilibrium (3) before and after irradiation: 

                                     ][ )1()2()1()2(
ff WWMW GGGGG −−=∆−∆=∆                                     (8) 

Equation (8) tells us that energetic changes of the state of the system, produced by MMW irradiation, are due to 
changes, opposite in sign, in the energetic state of free water present in the system. 
We can correlate the quantity ∆GMW  with the thermodynamic equilibrium constant Kb relative to process (3) 
before and after MMW irradiation: 

                )1(

)2(

ln
b

b
MW K

K
RTG −=∆                         (9) 

In table 1, quadrupole splitting experimental values and calculated thermodynamic data relative to systems A, B, 
and C were collected. 
The pb values were determined  by means of equation (2) and using the Sb value as reported by Mitchell et.al . 
The increase of the Gibbs free energy of free water, produced on the systems after irradiation, is greatest for 
sample A  (+2882 J/mol). Consequently, equilibrium (3) is shifted towards the water-surfactant complex (Kb

(2) 
3.2 fold greater than Kb

(1) after irradiation). This effect is less pronounced in system B (+834 J/mol; Kb
(2) 1.4 fold 

greater than Kb
(1) after irradiation). No net increase was observed in system C.  

 
Table 1 

 
State of the 

System 
∆ 

(KHz) 
pb 
 

Sb 

 

Kb
(2) / Kb

(1) ∆GMW 
(J) 

C12EO5/2H2O 
%(w/w) 

1 1.608 0.51 

2 1.688 0.54 

 

3.2 

 

-2882 

     

70 

1 1.918 0.61 

2 1.963 0.63 

 

1.4 

 

-834 

 

75 

1 1.946 0.62 

2 1.956 0.63 

 

 

 0.0146 

 

≈1 

 

0 
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Table 1. Experimental and calculated data of the parameters characterizing the lamellar system. Low power 
MMW irradiation induces an increase of the fraction of water molecules bound to the surfactant. See text above 
for details. 
 
Summary 
The quadrupole splitting of deuterated water of a C12EO5/2H2O membrane model was measured by 2H-NMR 
spectroscopy.  By irradiating the model membranes utilizing  low power millimeter waves (wide band 53.57-
78.33 GHz, continous wave), we modified (increase) the splitting value of the heavy water. This cannot be 
explained in terms of solely provided heat. In fact, raising temperature produces an opposite behaviour of the 
monitored parameter (splitting decrease). Weighting the samples after millimeter waves exposure, allowed us to 
be sure that water did not evaporate. We also found that the effect is completely reversible after few hours. 
Furthermore, the most hydrated samples were more sensitive to the irradiation treatment. Making some 
assumptions we propose that the MMW interact primarly with the free water trapped between the layers of the 
system, inducing the water molecules to bound the surfactant. Literature data and studies we are carrying out on 
the dielectric constant of both normal and deuterated water (data to be published), strongly indicate that water is 
the primary absober of the millimeter wavelengths and the obtained dielectric data are different for the two kind 
of water at the same frequencies. Works in progress are clearly indicating that very likely the structures that 
water can adopt by means of hydrogen bond network play a central role in the observed effects;  phospholipid 
model and in vitro cultured cells, respond to some specific frequencies rather than others.  
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 Abstract. This contribution points to the mechanisms of zero-frequency (DC) and oscillating (AC) magnetic 
field (MF) bioeffects. The survey pays particular attention to the action of artificial MFs not only at the ionic, 
molecular or macromolecular levels, but also at the levels of in vitro cycling cells, in situ functioning tissues or 
organs and total bodies. The significance of crucial findings concerning the MF-dependence of cell proliferation 
vs. cell death, extent of necrosis vs. apoptosis and cell membrane fluidity is judged by comparing the results 
obtained in a solenoid (SLD), where an MF can be added to the geomagnetic field (GMF), with those obtained 
in a magnetically shielded room (MSR), where the MFs can be partially attenuated or null. This comparative 
criterion is required because the differences detected in the experimental samples against the controls are often 
rather small per se, as observed in estimating the MF-dependence of expression of single genes or of the rates of 
total DNA replication, RNA transcription and protein translation. The analysis also considers the MF-
dependence of the interactions between host eukaryotic cells and infecting bacteria. In the framework of studies 
on the origin and adaptation of life on Earth, theoretical insights paving the way to elucidate the mechanism(s) 
of MF-interaction with biostructures and biosystems of different orders of organization are considered.  
 
 
 
Introduction  
 
 Since life on Earth originated in natural MFs, while a large part of the living matter became subjected to 
artificial MFs only in the XXth Century, a question concerning the adaptation of organisms to these new 
unexpected fields emerged. For instance, would an animal maintain the normal ontogenesis in an artificial MF 
characterized by an amplitude much greater than that in which it evolved?  
 In recent years, the number of reports posing this question has increased. In particular, the epidemiological 
aspect was debated with emphasis since the negative effects of extremely low frequency (ELF) MFs generated 
by 50 Hz high voltage power transmission lines, video screens, electric blankets or other home appliances, was 
forcibly denounced as time went by [1]. The belief that the field intensity was rationally fixed below a risk 
threshold functioned as objection to the alarm. However, the available data were contradictory [2]. On the one 
hand, a benefit from the low-energy pulsed MFs in non-union bone fracture healing and in cell regeneration was 
reported [3]. On the other, the influence of MFs at 50-60 Hz exerted on the nervous system [1] induced 
preoccupation.  
 In any case, the MFs showed a distinct influence on cell proliferation (Figs. 1 and 2) [4] and on the role of 
the calcium ions in the transduction of this influence [5-10]. In particular, it was reported that a 22 µT MF at 60 
Hz  modulated the calcium influx [8]. The  MF-dependence of  the  state  of  the  cell  membrane  was  studied  
through microscopy [11] and cytofluorimetry [12]. The influence of 1-10 µT MFs at 50 Hz on the membrane 
conductivity and permeability was taken into account [11]. A study was performed on the effects of very weak 
MFs (10-6 to 10-5 T) on chicken embryogenesis [13]. The results of this investigation were confirmed in some 
laboratory conditions  [14] and contradicted in others [15,16]. 
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     The divergences encountered in the literature with respect to the MF-dependence of certain biological 
structures and functions are not due only to the differences of equipment facilities or experimental accuracy, but 
rather to the adequacy of proposed methodological approaches. In addition, there is still a largely recognized 
lack of theoretical analysis to explain the mechanisms which underlie the interactions between the MFs and the 
various cellular targets. Thus, the main aim of this report is to draw the attention on the efforts that have been 
made to define the basic physical laws describing MF-biosensitivity.  
 
 

                             
 
Fig. 1. Acceleration and deceleration of cell proliferation after addition or subtraction of MFs [4]. Cultures of 
Friend erythroleukemia cells were left to grow in parallel for about 100 hrs: (a) under the control 45 µΤ DC of 
the Earth’s MF, (b) in an LSD where 70 µΤ at 50 Hz were added to the 45 µΤ DC of the Earth’s MF and (c) in a 
MSR where the highly attenuated field essentially reflected the residual 20 nT DC of the Earth’s MF and the 2.5 
pT AC of the power line MF (in the MSR the 45 µΤ DC of the Earth’s MF was attenuated 2500 times at 0.0 Hz 
because the AC shielding factor was estimated to be about 2500 for frequencies between 0.001 and 10000 Hz, 
while the applied AC MF was 30000-40000 times smaller at 50 Hz). The results represent the mean of five 
experiments for (b) vs. (a) and three experiments for (c) vs. (a). The Student’s paired t test showed P values of 
0.02 for both (b) vs. (a) and (c) vs. (a). 
 
 
 
Is the question of the mechanisms of magnetic-field bioeffects still open?  
 
 Following the well known contributions of several laboratories which attracted the attention of the scientific 
community on the possible involvement in MF bioeffects of resonance at the cyclotron frequency under the 
combined influence of DC and AC MFs [17-20], Blanchard and Blackman [21] tried to enrich the 
Magnetobiology with a theory based on an ion parametric resonance model.  
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Fig. 2. Dependence of the human macrophage viability, necrosis and apoptosis, in the absence and in the 
presence of mycobacterial infection, upon static MFs [39,40]. Macrophages (MDMs), separated from PMB cells 
attached for 1 hr to the bottom of a flask, were subdivided, using dishes, into a number of equal samples each 
consisting of 1.106 MDMs in 1.5 ml of RPMI-1640 medium. Five samples were maintained for 5 days under DC 
MFs of various intensity, while a control sample was kept in the absence of any MF. At the end of the fifth day 
of exposure, each sample was washed twice with PBS, while the MDMs were detached from their dish, treated 
with PI and analyzed cytofluorimetrically. A parallel set of samples (each also consisting of 1.106 MDMs in 1.5 
ml of RPMI-1640 medium), after a 5-day permanence in culture without MF, was infected with Mycobacterium 
tuberculosis (MTB) and maintained for another 2 days under the same MFs of various intensity (a control MTB-
infected MDM sample was kept for 2 days in the absence of any MF). At the end of the second day of exposure, 
each MTB-infected MDM sample was washed twice with PBS, detached from the dish bottom, treated with PI 
and analyzed cytofluorimetrically. (a) Viability of the uninfected MDMs vs. that of the MTB-infected MDMs; 
(b) necrosis of the uninfected MDMs vs. that of the MTB-infected MDMs; (c) apoptosis of the uninfected 
MDMs vs. that of the MTB-infected MDMs. (λ-λ) Uninfected MDMs; (ρ−ρ) MTB-infected MDMs. The values 
represent the mean of three experiments, each performed in triplicate. The Student’s paired t test showed P 
values of 0.04 for (a), 0.01 for (b) and 0.05 for (c). 
 
 Anyway, from a unifying physico-chemical point of view and despite the list of MF bioeffects reported 
earlier, the research is still unable to provide a proper explanation. For this reason, it is convenient to re-
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consider, in detail, other contributions which could make the efforts more circumstantiated and allow a 
comprehensive theory of the MF bioeffects. 
 Long ago, it was suggested that the rise of a ponderomotive force caused in a biostructure by non-uniform 
static MFs could lie on the basis of the magnetotropism of plants, where the "paramagnetic cells" representing a 
minor biomass, would be forced towards a point of maximal field while the "diamagnetic cells" representing a 
major biomass would be forced towards the opposite direction. Studying the interaction of the neuromembrane 
ionic channels with the spreading action potential, Volobuev and Coworkers [22] proposed that "external" MFs 
interact with hypothetical "internal" MFs created by the ionic channels and nodes of Ranvier. This could explain 
the decrease observed in the speed of propagation of the action potentials in static MFs. Another study by 
Agulova and her Colleagues [23], concerning the behaviour of non-equilibrium systems in low-frequency/low-
intensity MFs, distinguished the direct perception of the MF by biomolecular structures  from  the signalling role 
of  the MF  through the central nervous system. 
 
 
 

                               
    
Fig. 3. Stability of the rates of DNA replication in Friend erythroleukemia cells after their long exposure to an 
AC MF [42]. The cells were pre-exposed to 70 µT at 50 Hz plus 45 µT DC of the Earth’s MF for 318 days, 
during which they were necessarily reinoculated into a fresh medium twice per week (during each reinoculum, 
the cells remained in the absence of irradiation for 20 min). Then, two samples were inoculated at a density of 
0.3.106 cells/ml and followed during their culture growth cycle. At intervals of 24 hrs, 2.106 cells were incubated 
in 2 ml of the same medium in which they grew (containing ten per cent foetal calf serum) with 2 µCi of 
[3H]thymidine (86.1 Ci/mmol). The incubation lasted 50 min at 37 oC under shaking, in the absence of 5% CO2 
in air. The labelled cells were washed three times with PBS (without Ca2+ and Mg2+), harvested and treated with 
1 ml of 10% TCA at 4 oC for 1 hr. The TCA-precipitable material was loaded through a 0.45 µm Millipore filter 
and washed twice: first, with 15 ml of cold 5% TCA and, second, with 5 ml of 70% ethanol. The yielded 
sediment was dried at 20 oC and introduced into 10 ml of Ultima Gold scintillation liquid to measure its 
radioactivity. (µ-µ) Cell proliferation outside the SLD under the sole 45 µT DC of the Earth’s MF; (λ-λ) cell 
proliferation inside the SLD under 70 µT at 50 Hz plus 45 µT DC of the Earth’s MF. The experiments were 
repeated three times. The Student’s paired t test showed P values of 0.06.  
 
They noted an influence of the GMF variations on the precipitation and agglutination reactions in aqueous 
solutions and on the Piccardi test [24]. Kislovsky [25], in an attempt to explain the biovariations caused by GMF 
perturbations, suggested the occurrence of dissipative clathrate structures in the aqueous medium and on its 
borders in non-equilibrium conditions. The length of conservation of these structures was taken as an example 
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of near-critical phenomena that are close to the temperature of phase transitions of the second kind: liquid-
liquid. In such a case, the phase transitions would be at the lower critical temperatures of stratification of the 
aqueous solutions, when the elements of short-range order inherent in clathrate structures are abolished.  
 Zhvirblis [26], being interested in the influence of solar activity on the biosphere, paid attention to the 
correlation of some medico-biological tests with the index of GMF perturbation, in which sector boundaries of 
the interplanetary MF, associated with the solar wind, were taken as zero. This study revealed that the direction 
along the phase trajectory contour changed when the Earth crossed the sector boundary. Vladimirsky and 
Temurjants [27,28], on the basis of the fact that the Piccardi test was sensitive to the polarity of a radial 
component of the interplanetary MF, supposed that this sensitivity could be due to the geomagnetic 
micropulsations in the range from 0.007 to 0.1 Hz. Therefore, they presented a list of principles concerning the 
influence of weak ("non-thermal") and ultraweak ("natural") AC MFs on inorganic and biological systems.  
 In contrast with the opinion of Binhi [29] who considered the nuclear magnetic resonance as impossible in 
biological magnetoreception, this list re-encouraged the idea of a possible role of nuclear magnetic resonance in 
the GMF variations. Hence, Lednev and Coworkers [30] suggested that the calcium-binding proteins constitute 
the place of primary action of combined MFs. In their opinion, these proteins cause a splitting of energetic levels 
of the calcium ion oscillation in the protein (Zeman effect) while the width of the splitting is equivalent to the 
cyclotron frequency of calcium and the applied DC MF. On this basis, the parametric resonance was thought as 
a mechanism for increasing ionic energy. Moreover, the same Authors proposed that DC, AC and combined 
DC+AC MFs can change the polarization degree, while the biological effects of the MFs can be induced by the 
same polarization degree of the calcium ion oscillation.  
 Binhi and Coworkers [31-33] studied the mechanism of the magnetosensitive ion binding by proteins, under 
the influence of external AC MFs, in the framework of an idealized quantum model. It turned out that the 
dissociation probability of an ion-protein complex depends on frequency and amplitude. This was shown to be a 
consequence of the interference of angular modes of the ion wave function.  
 Moreover, attention was drawn on the problem of the dielectric response of some biological tissues [34] (in 
relation with the orientation, in a DC MF [35], of ions, molecules and cells), while Zhadin [36] investigated the 
thermal oscillations of the calcium ion in a calcium-binding protein, under the influence of combined DC+AC 
MFs. From the study it emerged that the DC MF causes the Larmor procession of ion oscillations. Since the 
cyclotron frequency is twice the Larmor frequency, this led to the suggestion that the phenomenon could serve 
as a basis for increasing the kinetic energy of the calcium ion due to parametric resonance. In harmony with this 
suggestion, an AC electric field perpendicular to a DC MF (or an AC MF parallel to a DC MF) was expected to 
increase the ionic energy while a maximal effect was expected at the cyclotron frequency of an AC MF.  
 Zhadin [36] tried to solve equations of motion of the ion in a macromolecule under the influence of the MFs, 
considering the damping effects and the influence of particles surrounding this ion. In contrast with Lednev and 
Coworkers [30] and Blanchard and Blackman [21], he showed that the possibility of parametric resonance is not 
credible for the AC MF frequencies, being many orders of magnitude lower than the natural frequency of an ion 
in a macromolecule. Indeed, resonance-like phenomena were found to be induced by the influence of a DC MF 
alone and by a combined DC and AC MFs without any parametric resonance. Zhadin [36] estimated that the 
MFs may cause changes in energy of the ionic thermal motion which, in turn, would be sufficient to trigger 
variations in the conformational state of a macromolecule.  
 
 
Does the MF-effect depend upon the complexity of given biostructures or biosystems? 
 
     The debate was focused on the theoretical basis of the MF-action on macromolecules (Fig. 3): on the one 
hand, it was suggested that weak extremely low-frequency MFs affect intracellular DNA directly, since the MFs 
must exert a force of the order of IDNA = 1.6.10-13 A on the currents that flow in the DNA [37]; on the other, it 
was claimed that this conclusion is not in agreement with physical principles, since the force on the current 
carrying strands generated for example by a MF, B = 5 µT, would be extremely weak, i. e. equal to F = BIDNA = 
8.10-19 N/m [38]. In other  words,  a  motion of a 1 mm long strand through a distance equal to that of  the  strand 
diameter of 2 nm represents an energy of 1.6.10-33 J or 3.7.10-13 kT (hence, the energy transfer from the action of 
the MF on the strand would be negligible compared to the energy of thermal agitation).  
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 Whatever the conclusion of the debate will be, several years ago we suggested that, at variance with the 
influence of a weak AC MF on cell-cycle kinetics [4] and cell membrane fluidity [12], this field is insufficient to 
exert an appreciable influence on macromolecular biosynthesis [41]. This was also in harmony with recent 
studies concerning, on the one side, the genome stability vs. deprivation or enrichment of the GMF [42] and, on 
the other, the gene expression in a Space-simulating magnetically shielded environment [43]. 
 
 
 

                                                    
  
 
Fig. 4. MF-sensitivity as a function of complexity of the irradiated biological target. (a) Orders of organization 
of biostructures or biosystems invested by non-ionizing radiations: 1. molecules and macromolecules; 2. 
biostructures; 3. biosystems. The size of the areas reflects the results of 100 experiments, estimated from the 
literature, performed by using DC MFs for about 30% and AC MFs for about 70%. (b) Evolution of 
biosensitivity to ionizing radiations [85]: 1. bacterial cells; 2. plants; 3. animals with cold blood; 4. animals with 
warm blood; 5. Man.  
 
 Therefore, the state of the art suggests that the mechanism or the mechanisms which underlie the interactions 
of the MFs with the biostructures and biosystems (Fig. 4) are still an open question [44]. In this respect, it was 
suggested that the approach towards the non-equilibrium thermodynamics of the systems under electromagnetic 
(EM) waves was of primary importance [45].  
 It still remains to be explained why pulsed EM fields can be more active biologically than continuous ones 
[46]. This acquires interest in connection with the fact that an alternative basic mechanism of MF bioeffects 
could be the forced-vibration of all the free ions in proximity of a cell plasma membrane caused by an external 
AC field. The model proposed by Del Moral and Coworkers [47] explaining the bioelectric activity of single 
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unit neurons under DC and ELF MFs, based on the strong anisotropy of diamagnetic susceptibility of membrane 
phospholipids acting cooperatively (superdiamagnetism), would also seem to deserve special attention.  
 
 
Remarks on the order of organization of a biological target 
 
 The observations concerning the MF-dependence of the volume of a whole cell or its nucleus [4,48] were 
supported by those regarding the MF-dependence of the electrokinetic properties of nuclei in human buccal 
epithelial cells [49]. Other studies were devoted to the analysis of the so-called "electromagnetic man" vs. the 
magnetic resonance tomography [50] and of the effect of MFs on synchronization of mammalian cell 
permeabilization vs. the MF-dependence of gene delivery [51].  
 From a methodological point of view, attempts were made to employ the programmed chrono-potentiometry 
as a tool to study electroporation and resealing of pores in bilayer lipid membranes [52] while an eu-wide 
initiative, to characterize the biological effects of an electromagnetic field (EMF) on human and mouse cell lines 
by gene expression, was taken [53].  
 There is a consensus about the effect of MFs on cell-cycle kinetics. In fact, the changes of FL cell-cycle 
kinetics, following the addition or deprivation of MFs (Figs. 1 and 2a,b) [4], were consistent with the alteration 
of the onset of S-phase observed after a 50 Hz MF exposure of normal human fibroblasts [54] and with variation 
of cell-cycle kinetics and colony forming ability after exposure of budding yeast to 50 Hz magnetic radiation 
[55]. This was shown to influence, in turn, the change in growth and differentiation of PC6 cells exposed to 
pulsed EMFs [56].  
 Although the question about the influence of MFs on the development of programmed cell death remains in 
many respects open (Fig. 2c), especially in terms of the correlation of ion homeostasis and apoptosis [57], 
investigations strikingly suggested that the MF causes an inhibition of apoptosis [58]. In fact, Annexin V was 
shown to counteract apoptosis by inducing calcium influx in human lymphocytic T cells [59] while it was 
demonstrated that by using the patch clamp technique there is an effect of MF exposure on the calcium channel 
currents [60]. It was also suggested that membrane dielectric changes may indicate induced apoptosis in HL-60 
cells [61]. In any case, there was no question about the influence of the MFs on apoptosis: a transient 
suppression of X-ray-induced apoptosis by exposure to power frequency MFs in MCF-7 cells was evidenced 
[62], a change in the rate of DNA repair due to apoptosis mediated by MF exposure was detected [63], an 
exposure of a neuroblastoma cell line to 50 Hz MFs definitely caused changes in the apoptotic rate [64].  
 Here follows a list of the harmful AC bioeffects investigated at various levels.  
 At the morphological level, developmental changes in Drosophila melanogaster following exposure to 
alternating EMFs were observed [65] while effects of permanent MF on wing size parameters of the same insect 
were found [66].  
 At the cellular level, there were some effects of extremely low frequency EMFs on mammalian follicle 
development [67]. ELF EMFs as well as heat shock proved to increase microvescicle motility in astrocytes [68]. 
In addition, it was observed that both sedimentation and aggregation of erythrocytes were MF-dependent [69].  
 At the macromolecular level, while stability of the DNA replication reaction to MFs was observed (Fig. 3), 
electric relaxation processes were shown in lipid-bilayers after exposure to weak magnetic pulses [70]. In the 
framework of the studies on genotoxicity of radiofrequency signals, the occurrence of DNA damage in cultured 
human blood cells was seen [71] while there were clear cytogenetic effects of 900 MHz microwaves on human 
lymphocytes [72]. Also, there were an increase in X-ray-induced gene mutations by exposure to AC MFs in NF-
kappa B-inhibited cells and an increase in hypoxanthine-guanine phosphoribosyl transferase gene mutations by 
exposure to electric fields [73]. ELF-pulsed MFs modulated gene expression in myocardial cells [74] while an 
effect of  UV B radiation  and 100 Hz EMFs on DNA synthesis of Jurkat cells was detected [75].  As for protein 
macromolecules,  there was an influence of the high ELF MFs on DNA and RNA polymerases in vitro and on a 
cell-free mismatch repair [76].  
 At the molecular level, effects of exposure to weak radiofrequency fields on acethylcholine release in 
hippocampus of freely moving rats were revealed [77]. Effects of 60 Hz MF on the immune system in wistar rats 
was denounced [78]. Also, at the level of ionic events, factors distorting cytosolic calcium measurements in 
Jurkat cells during exposure to ELF MFs were revealed [79] while there was a calcium spiking in ROS 17/2.8 
cells exposed to ELF EMF [80].  
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 The hypothesis suggesting that the rescue of damaged cells may be the mechanism explaining why MFs, 
which are not mutagenic per se, are often able to increase mutation and tumor frequencies [58], is being 
considered in a number of laboratories. As a matter of fact, there seems to be a general consensus on MFs which 
may be indeed correlated with cancer [81]. Effects of a 50 Hz MF exposure were also observed on tumor 
experimental models [82]. The correlation of the MF action with cancer must also be added to the general 
concern about the harmful effect of MFs on human health. 
 
 
Summary 
 
 Both old [1-16] and new [83] contributions continue to recognize, on the one hand, that the mechanisms of 
the MF-bioeffects are not yet understood [84] and, on the other, pave the way towards the assumption of an 
inverse correlation between the degree of MF-sensitivity and the order of complexity of the biological target 
(Fig. 4a). Such a hypothesis, by analogy, could be judged in the framework of the known inverse correlation 
existing between the intensity of the ionizing radiation and the evolutionary state of the species (Fig. 4b) [85]. In 
other words, although both AC and DC MFs do not cause electron movements inside the atom, their final action 
might depend on peculiar ontological and phylogenetic features of biodiversity. This idea emerged particularly 
from the comparison of the interactions between the MFs and the living matter at the molecular, tissue and total-
body levels [84]. In fact, at variance with cell-cycle kinetics and cell membrane molecular dynamics, which 
unequivocally depend upon low-frequency/low-intensity MFs [4,12], the single molecular reactions, as some of 
those occurring in gene expression, react to these fields to a lesser extent [41-43]. An interest of the differential 
response to MFs, evolving as a function of the biological complexity, would also appear if one correlated 
Markov’s “biological windows” [86] with the heterogeneous MF-sensitivity established for the various cell-cycle 
stages [4,54] and, thus, for the whole cell proliferation process.     
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Abstract 
We report about a developed model of single neurone dynamics from where we calculate the effects of low 
frequency (ELF) magnetic field (MF) upon single neurones and simple neurone networks. Calculations are based 
on the membrane phospholipids (PP) superdiamagnetism and Ca2+  coulomb explosion model and on an 
extension of the Hodgkin & Huxley (HH) equation under MF. Integration of HH equation, under AC MF 
application, by assuming the membrane as a Kirchoff electrical knot, and within the relaxation-time, τ  
approximation for the HH n(t), m(t) and h(t) characteristic conductance functions have been performed, 
obtaining the theoretical time dependence of membrane voltage for hyperpolarization (H) and depolarization (D) 
processes, so allowing a determination of K+ , τ K, and Na+ , τ Na  relaxation times. Calculated frequency spectra of 
single bioelectric impulse H and D voltages are lorentzians, as experimentally observed in single unit neurones 
of mollusc Helix aspersa. On the other hand a model which explains the frequency window effect (FWE) in 
neural tissue is developed, explaining Bawin & Adey’s first FWE observation in chicken brain and also our 
observations of FWE in mollusc Helix aspersa, both respectively showing lorentzian dependencies for Ca2+  
efflux, φ fM( ) and bioelectric frequency f fM( ) with AC MF  frequency, fM  i.e a resonance  when  spontaneous  
f0 = fM .  
 
 
  
1.- Introduction.- 
 
 In the bioelectric activity of neural tissue, either spontaneous or under applied magnetic field (MF) there 
appear two issues: the generation and structure of the bioelectric impulse and the frequency of it, to which we 
should add the sinusoidal or alternating (AC) MF induced firing correlation observed between neurones or AC-
MF-synchronization effect (1). The generation of the impulse, after the refractory time, is one of the main 
problems of neurone physiology, during which the ATP-Na/K pumps operate. The process by which the impulse 
starts it is thought to be the result of small sub-threshold voltages sum up to a threshold voltage, VS  where the 
depolarization (D) process starts, with the entrance of Na+  ions to the cell, through voltage activated Na+ -
channels. We are not going to treat here this problem, but about the time shape of the impulse once it is formed, 
dividing it in D and hyperpolarization (H, due the sorting out of K+ ions through delayed rectifier voltage-
operated K+ -channels). The MF effect on electrogenic pumps, which promote the entrance of 3 K+  ions against 
the sorting out of 2 Na+  ions, making the membrane going to the resting potential, was already considered 
elsewhere (2), so completing the full scenario. The MF effect on the refractory process is the decrease of impulse 
D amplitude. All those impulse parts we will see are explained by the integration of the Huxley & Hodgkin 
(HH) equation (3), supplemented by the MF produced Ca2+ current, that has been done by assuming the 
membrane as a Kirchoff electric knot, instead of as a parallel conductances network as done so far (4). 
Regarding to the second issue, the neuron impulse frequency, f strongly changes with the MF intensity, B and in 
the case of AC MF with the RMS field intensity, Beff = B0 2  ( B0 is the AC MF amplitude) and also with the 
AC MF frequency, fM .  With all those models we have conformed a full picture of the single unit neurone 
bioelectric behaviour, either for spontaneous regime or under AC MF, this of extremely low frequencies (ELF). 
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2.- Superdiamagnetism (SD) and Ca 2+ coulomb explosion (CE) model under AC magnetic fields.- 
 

The explanation of above effects will be based on the membrane phospholipid (PP) superdiamagnetism 
(SD) and Ca2+  coulomb explosion (CE) model (5, 6). This model has been widely tested in single neurones and 
simple neurone networks under static and ELF MF respectively, where in the latter the MF also induces a 
synchronized bioelectric activity within those networks (1, 7). The model contemplates three ingredients: i) the 
anisotropy of the diamagnetic susceptibility tensor components, ˜ χ  (< 0) of the long PP “rods”, or difference 
∆χ = χ − χ ⊥ , between the directions parallel (||) and perpendicular (⊥ ) to the PP axis; ii) the well proved 
cluster formation in the membrane liquid crystal of correlated PP long axes through their electric quadrupolar 
moments, ˜ Q i  interaction, of pair (i, j) correlation function 

 
CQ = ˜ Q i ˜ Q j − ˜ Q i ˜ Q j , by which the PPs  cooperatively 

rotate out from the MF B axis (SD; PP electric dipolar moment is very weak). ...  is the ensemble thermal 
average. The correlation length, ξ  usually exceeds a single neurone, via the PPs of the interposed glia 
membranes between neurones, and through the gap junctions (8); iii) when the Ca2+  ions attached to their PP 
bilayer inner and outer binding sites (polar heads) happen to be nearest-neighbours (NN, in number Nnn  per 
cluster face, with estimated Nnn ≅ 0.007 Nc , Nc being the PP number per cluster), and the NN PPs suffer opposite 
(with clearly 1/2 probability) magnetic torques τ m = ± mx B, the weak ionic bindings are broken by their mutual 
coulomb repulsion, of energy εcoul . This produces a simultaneous detaching (coulomb explosion, CE) of Ca2+  
pairs (see Fig.1 for a view of the mechanisms involved).  Note that the Ca2+  water  solvating and dielectric mem- 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 
 
brane negative electric images formation reduce the Ca2+  effective charge to only qef ≅ 0.025 q

Ca2+ , making the 
ionic bond energy, εbind  rather weak. But since εbind  is supplemented by the water-PP surface tension energy the 
bond becomes stable against normal to the surface thermal fluctuations (of energy 1 2( )k BT ≅ 8 meV at r.t.) (5). 

m = ˜ χ H  is the field induced diamagnetic PP magnetic moment and it rotates out from B axis because χ > χ ⊥ , 

therefore alternatively approaching the NN Ca2+  charged PP heads (Fig.1). The PP magnetic energy is given by 
εm = − 1 2µ 0( )B2 χ ⊥ + ∆χ cos2θ( )V, where θ is the angle formed by the PP axis with B and τ m = − ∂εm ∂θ( )ˆ θ , 

which acts against the opposite coulomb repulsion torque, τ r = − ∂εcoul θ( ) ∂θ( )ˆ θ  (V is the PP volume). Under AC 
MF the scenario is the detaching from the cluster of gaussian bursts of Ca2+  ions for about half a MF cycle, since 
the magnetic torque is oscillatory, i.e. τ m =  1 2µ0( )B0

2 ∆χ sin2θ t( ) sin2ωM t . The Ca2+  detaching occurs when 
Nnn εcoul θ( )− εbind( )+ Ncεm θ( )≅ 0 , a condition that allows to weak MF to detach about 7 Ca2+ per 103  PP for large 
enough Nc (5, 6). Note that the small qeff , the interposed membrane dielectric constant ( ∈ r ≅ 2.6 ) and the final 
Ca2+ - Ca2+  approaching distance df ≅ 5.3nm yield a small energy εcoul θ f( )= 1 4π ∈ r ∈ 0( ) qeff

2 df
2( ) at the 

coulomb explosion angle θ f . The MF detaching process, which occurs within a spherical apex of 120º around B, 
produces a cytosol Ca2+  concentration about ten times the normal one and similar to the produced one in the D 
process (see (6) for greater detail).  

Fig.1.-  Schematic view of the mechanisms involved in the SD-CE model. The circular shell represents the membrane neurone 
phospholipid (PP) bilayer. Two nearest-neighbour Ca2+ -charged phospholipids (rods) rotate under their assumed opposite magnetic 

torques, approaching the Ca2+  ions (black circles), attached to the PP negatively charged heads (lozenges). The ions become 
simultaneously detached from the membrane surfaces when their weak ionic bonds to the heads are broken due to Ca2+ - Ca2+  coulomb 
repulsion. Within the cytosol the Ca2+  ions diffuse towards the K +-protein channels, which are opened when Ca2+ is captured by the 

“gate” molecule (calmodulin), giving rise to the K +  outwards current  (hyperpolarization). 
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The main result from the SD-CE model (5, 6) is the field intensity dependence of the neurone bioelectric 

frequency, f Beff ,T( ). This frequency is controlled by chemistry mass action law between Ca2+  and membrane 
binder radical, R − (sialic acid outside and phosphatidylserine inside), i.e. Ca2+[ ] R−[ ]= k T,Beff( ) CaR[ ], where k 
is the kinetics constant. Thus f  ∝ R −[ ] becomes inversely proportional to the number of Ca2+  ions detached per 
cluster, N

Ca2 +

c = Nnn exp −∆Ec k BT( ), where ∆Ec θ( )= − Ncεm + Nnnεcoul( ) is the dynamic Peierls’s energy barrier 
to be overcome by the Ca2+  ion in order for the PP to steadily rotate. Moreover under AC MF the H process 
(where the cytosol becomes more negative due the K+ ions sorting out) is modified by the Ca2+  ions (in number 
of four) binding to the K+ protein-channel (more specifically to the calmodulin “gate” molecule) and opening it 
due to the calmodulin electrical unfolding (9). Therefore it should be f ∝1 N

Ca2+ , to first order. Summing now 
N

Ca2+
c  from all the PP clusters in membrane (s), the final result is that the neurone bioelectric frequency varies 

with RMS MF as  (5, 6)  
 
f Beff ,T( )= f 0,T( )exp −α Beff

2( ) ,        [1] 
 

where f 0,T( )≡ f0  is the spontaneous frequency and the parameter α = Ν c χ ⊥ V 2µ0k BT , that  encompasses the 
PP cluster physical properties and membrane temperature, T. As mentioned before for ELF AC MF  (quasistatic) 
we have introduced in [1] the RMS Beff , since magnetic energy density stored in the membrane is B t( )2 2µ0 , of 
time average Beff

2 2µ0 . Eq.[1] has been widely and firmly tested in single neurones of Helix aspersa for static 
(5) and ELF weak MF (1,11) and for T modification, by using standard microelectrode transmembrane voltage 
real time recording technique. In fact for weak ELF MF the observed f in Helix neurones follows a dependence 
f B eff( ) ≅ f 0( ) 1 − αB eff

2( ), which precisely is the obtained one by performing a series expansion of [1] for 
α Βeff

2 << 1 (1). Regarding to f (T) dependence, preliminary observations in mapped Helix neurones F47 and F2 
show that f first decreases with increasing T at fixed Beff , in disagreement with eq.[1] (see Fig.2). The reason is  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.-  Biolectric impulse shape and frequency spectrum.- 
 

 The D and H main trams of bioelectric impulse (Fig.3) in neurones are controlled by the well known 
Hodgkin & Huxley equation (3). This equation has been usually referred to an equivalent electric circuit of in 

 
that those neurones belong to the ≈ 26% of 
studied ones where f increases with increasing 
Beff (6). The responsible mechanism is that the 
by MF detached Ca2+  ions depolarize the 
membrane, cytosol becoming more positive, so 
opening Na+  and/or Ca2+  channels operated by 
voltage. Also D amplitude Vd  decreases, the 
calculated variation in Vd  being ∆Vd Beff( )= , 
− 4π Nc( )E p exp +αBeff

2( ), where Ep  is the pump 
e.m.f. , due to opposite to PP protein pump 
rotation (since χ < χ ⊥ ), where PP partially 
cover the protein pump (2). Also observed are 
two transitions in the form of increasing f
within a ∆T  small interval, at Tf1 ≈ 30º C and 
Tf 2 ≈ 37º C, corresponding to phase transitions 
within the membrane liquid crystal. After 
second transition f decreases with T increase, 
now in agreement with [1], although 
temperature behaviour requires deeper inves-
tigation, and PP liquid crystal viscosity energy 
dissipation,  ε v = −ηr T( )θ t( ) introduction in SD -
CE model ( ηr  is the viscosity coefficient).  

Fig.2.- Temperature effect for neurone F47 bioelectric 
activity. Transitions at 30ºC and 37ºC are observed. 
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parallel conductances, membrane capacitance, Cm  and DC generators, the latter being the equilibrium Nersnt 
Na+ and K+ e.m.f., ENa  and EK , due to the ions electrochemical gradients.  Consideration of this network  by 
meshes does not allow its solution, and  we  will  consider  the  membrane  as  a  knot  where  the currents concur   
 
 
 
 
 
 
 
 
             
 
 
 
 
 
 
(Fig.4). Therefore HH equation takes the knot law of charge conservation (no charge accumulation in 
membrane), 
 
Cm dV dt( )+ gNam t( )3 h t( ) V − ENa( )+ gKn t( )4 V − EK( )+ gL V − VL( )− ICa Beff , t( )= 0  ,  [2] 
 
where V is the transmembrane voltage, gi  (i =Na, K, L) the channels conductances. m and n are the HH channel 
excitatory and h inhibitory functions, of microscopic origin not yet well known, although the phenomeno-
logically needed powers four, point out to four independent processes, acting for the opening (m, n) and closing 
(h) of corresponding channels. Leakage (L) channels and ligand operated ones are probably responsible for the 
setting of the threshold voltage, Vs  but current through them is weak and here neglected. Finally, HH currents 
have been supplemented by the Ca2+ current produced by MF (HH magnetic (HHM) equation). We will solve 
eq.[2] in the relaxation time, τ, approximation for the HH functions, where e.g. 
 
dn dt = − n t( ) τ K                       [3] 
 
where n(t) is assumed to be proportional to the number of K+ -channels which remain closed at time t. 
Integration of [3] taking t = 0 at the beginning of repolarization (R) plus H process, yields n t( )= n0 exp −t τ K( ). 
Similarly taking t = 0 at the beginning of D process we obtain that function m t( )= m0 exp −t τ Na( ). Otherwise 
the inhibition function at D process follows the equation dh dt = +h t( ) τ inh , of integral h t( )= h0 exp +t τ inh( ). 
We will now obtain the membrane voltage V(t) dependence, partitioning the impulse in the mentioned regimes. 
 
Repolarization and hyperpolarization:  these two processes follow one after other and it is well known that in 
the R+H process only K+ -channels are open and therefore [2] becomes, Cm dV dt( )+ gKn t( )4 V− EK( )−  
ICa Beff , t( )= 0 , which integration after substitution of n(t) yields 
 

VK t( )= EK + ENa − EK( )exp − gKn0
4 τ K 4Cm( )1− e−4 t τK( )+ dt ' ICa Beff , t

'( ) VK t '( )− EK( )0

t

∫[ ],               [4] 
 
which is an integral equation with kernel ICa Beff , t( ). We will show below (from [1] and [9]) that ICa Beff , t( )=  
− N 0( )f Beff = 0( )qCa τ Ca( ) exp −αBeff

2( )exp −t τ Ca( ), where N(0) is the initial Ca2+  ion number in a burst and τ Ca  
the Ca2+  relaxation time (diffusion time in the cytoplasm)  (t origin in [4] is taken at V t( )= ENa , origin of R). For 
comparison with experimental results in single neurones, it is useful to work in frequency domain, ω, so that we 
will obtain the frequency spectrum of spontaneous impulse VK t( ). Fourier transform of [4] exp[…] function is 
unknown, but for  t < τ K first exponential can be series expanded, so obtaining 
 

 VK t( ) ≈ EK + ENa − EK( ) 1− gKn0
4 τ K 4Cm( )1− e−4 t τK( )+ dt ' ICa Beff , t

'( ) VK t '( )− EK( )0

t

∫[ ].   [5] 

 

Fig.3.- Neurone V-14  impulse of Helix , with D, R and H  trams. 

Membrane

RNa  INa  RL IL 

ICa 

   IC 
 Cm 

 RK 

IK 

Fig.4.- Membrane equivalent Kirchoff electric knot. 

 

A
m

pl
itu

de
 (m

V
) 

-40 

-30 

-20 

-10 

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160

time (ms) 

V

ts tb 

V h
 

V d
 



A. DEL MORAL, M. J. AZANZA AND R. N. PÉREZ-BRUZÓN 

 

 
 

 598

The  ω spectrum of [5] spontaneous VK t( ) ( ICa = 0) is obtained by Fourier transforming VK t( ) around a central 
frequency ω0

* , characteristic of the impulse, yielding (except for a Dirac δ ω − ω0
*( ) artefact introduced by the 

exponential series cut-off) 
 

  VNa ω( )= A* ω − ω0
*( )2

+ ∆ω 2( )2[ ]  ,       [6] 
 
where A* ≡ gKn0

4 τ K 4Cm  and ∆ω 2 = 2π τ K  the HMHW, which provides τ K. Therefore the impulse spectrum 
is the familiar lorentzian function, taking its maximum value at ω = ω0

* . Eqs. [5] and [6] can be easily extended 
to the real situation of having different types of K+ -channels (up to seven in Helix aspersa (13)), but this 
extension is not  suitable for comparison with the impulse because of the too large number of parameters 
involved.   
 
Depolarization: this process follows after the refractory time and threshold voltage establishment, and since 
involved Na+  channels are operated by voltage, inclusion of Ca2+  current sums only a term to VNa t( ). But also 
retarded in time K+  channels are opened, although being in small number during D tram their current can be 
neglected. The HHM relevant equation is then Cm dV dt( )+ gNam t( )3 h t( ) V− ENa( )− ICa Beff , t( )= 0 , which in 
presence of MF yields another integral equation. Integration followed by the first exponential expansion as 
before yields 
 

 VNa t( ) ≈ ENa 1− gNam0
3h0τ eff 3Cm( )exp −t τ eff( )+ dt ' ICa Beff , t

'( ) VNa t '( )− ENa( )0

t

∫[ ] ,   [7] 
 
where the relaxation time is given by τ eff

−1 = τ Na
−1 − τ inh

−1 3, since the inhibition and activation are independent 
processes. As before the ω-spectrum of spontaneous VNa t( ) is lorentzian of ∆ω 2 = 2π τ eff , and 
A* ≡ gNam0

3h0τ eff 3Cm . Extension to different kinds of Na+ -channels is not worthwhile because of above 
mentioned reason. 
 
Comparison with experiments in single neurones: we will compare our HHM model with electrophysiological 
experiments performed on Helix aspersa single unit neurones, a good bench for present studies. Thus in Fig.5 we 
present the spontaneous ( Beff = 0) R+H potential time variation for two mapped neurones (14), fitted by the 
approximate solution [5], the agreement being reasonable, but where we do not reproduced the sigmoidal 
variation at the ends, due to the series cut-off in [4]. The more “accurate” used “sigmoidal” fit by 1− e− t τK( )4

is 
also shown, but its basis is purely phenomenological. We took EK = −75mV, ENa = +50 mV (this e.m.f. rectified 
by the delayed K+  channels), gK = 1.6 ×10−7 m−2 Ω−2  and Cm = 4 ×10− 2 Fm−2 , and from the fits we obtained 
the n0 and τ K values quoted in Table 1. Clearly we can not identify n0  with the number of K-protein channels 
(KP), with a density of ≈ 7 KP/ µm2 , which for a neurone of 100 µm diameter yields ≈ 2x104  KP. In Fig.6 we 
show the frequency spectrum of a bioelectric impulse of neurone V19, together with the fitted theoretical one by 
eq. [6] , using the parameter values of Table 1 the agreement being excellent, the same happening for other 
neurones (not shown). Under applied AC MF we have observed that shape of the impulse becomes unmodified, 
which means that the solution of full integral eq.[4] is not needed. Integral eqs. [4] and [7] can be easily 
transformed into second order linear differential equations of  well known solutions, not given here.  
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is shown the frequency spectrum of VNa t( )for neurone V-19, and the fit by the corresponding lorentzian. D 
voltage is unmodified by applied AC MF and again solving of R+D equation under MF with ICa  term is not 
needed.   
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
Overall our HHM model explains well the spontaneous time dependence of the bioelectric impulse and its 
frequency spectrum. Demonstration that AC MF produced voltage, VCa  is negligible is a mathematical problem 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
4.- Magnetic field frequency dependence of biolectric activity: frequency window effect.- 

Fig.5.-  Experimental (o) and model (thick line) R+H  time variations for neurones F2 and V19; sigmoid (thin line). 

 

Table 1.- Initial values of n, m, and h HH functions and K+  and Na+ relaxation 
times. 

Neurone n0 )ms(Kτ  m0
3h0( )1 4  )ms(effτ  

F1 200 33.0 51 92.7 
F2 188 49.4 45 149.9 
V3 202 45.0 49 109.6 

V14 272 12.4 58 57.0 
V19 155 156.7 41 222.8 
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 Fig. 7.- Ibidem Fig.5 for the depolarisation (D) process; lines: thick, model fit; thin, sigmoid. 

Similarly in Figs. 7 we show the D voltages 
for the same neurones impulses, fitted by [7], 
using the above parameter values and 
gNa = 1.9 ×10−7 m−2 Ω−2 , from the fits obtai-
ning the values of m0

3h0( )1 4
and τ eff quoted in 

Table 1. Values of m0
3h0( )1 4

 are larger than 
n0 ones, and same above consideration apply 
to them. Also sodium τ eff  are larger than τ K, 
although in the impulse times  tS < t b

because VNa t( ) is interrupted at the smaller 
(abs.value) ENa than EK  for VK t( ).  In  Fig.8 

of HHM differential equa-
tion resolution as men-
tioned before. As we will 
see in Section 3, the main 
effect of ICa Beff , t( ) is upon 
the neurone bioelectric 
frequency. 

Fig.8.- Frequency spectrum (ν) for impulse depolarization of 
neurone V-19. Line is the lorentzian fit, L f( ).   
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and  model fit (full line). 
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 The experiments initiated in 1975 by Adey and co. (15) about the effects of ELF MF upon neural tissue 
are a breakthrough in the understanding of how AC ELF MF interacts with this tissue, apart from its negligible 
Joule heating. They prepared newborn chicken brain slices and embedded them in a physiological HCO3

−  water 
solution doped with radioactive 45Ca2+  as marker. The tissue was then irradiated with a radiofrequency (RF) field 
of 147 MHz, amplitude modulated by an ELF MF (of amplitude 25 - 30 nT) in the interval 0.5 - 35 Hz, 
observing an increase of 45Ca2+  efflux from the tissue. The experiments demonstrated two things: i) the RF (147 
MHz) electromagnetic field (EMF) does not produce a measurable efflux increase; ii) a calcium efflux increase 
was observed for the tissue irradiated with the modulated wave, but only within an interval of about 5-25 Hz, so 
called frequency window effect (FWE) (see Fig.9). Recently we have found a FWE in Helix aspersa brain, 
irradiated with microwaves of 9.6 GHz amplitude modulated between 2-25 Hz. Since Ca2+  electrochemical 
gradient, ECa  displaces these ions to the cell interior, the observed efflux was interpreted as Ca2+  liberation from 
the external membrane surface. FWE was afterwards found in many other kinds of cells and experimental 
conditions (see (6) for a review), in particular for the bioelectric frequency, f dependence with the applied ELF 
MF frequency, fM  in Helix aspersa single neurones (16). Our new observation is that the calcium efflux closely 
follows a lorentzian curve, written now in the normalized form, 
 

φ ωM( )= φ ω0( ) ∆ω 2( )2
ωM − ω0( )2

+ ∆ω 2( )2[ ]  ,            [8] 

where  ω0  is the frequency at the maximum efflux φ ω0( ). Effectively, in Fig.9 the continuous line is the fit by 
[8] to the experimental calcium efflux (ν points), and where  f0 = ω0 2 π ≅14 Hz  and ∆f = ∆ω 2π =14.8 Hz. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
The quantitative explanation of such a FWE, although profusely mentioned and discussed since then 

(6), has remained unknown. Although those workers considered that the electric field of the ELF EMF was the 
responsible for the effect, it seems now clear that it is the MF the responsible one (16). This conclusion also 
stems from our experiments performed upon single neurones of Helix aspersa, submitted to an AC MF, of 
amplitude B0 =0.1µT-1 mT in the range of 0.1 - 80 Hz. We observed for ≈ 56% of the neurones studied a 
decrease in their bioelectric frequency, f with the increase of MF frequency, fM  ( ωM = 2πfM ), and that the 
frequency dependence ω ωM( ) follows a lorentzian function as well, i.e. there appears a FWE too. Moreover in 
other experiments at the fixed frequency of 50 Hz and with variable amplitude AC MF, we found a decrease of 
the bioelectric frequency with field, of the form [1] for also about 56% of the neurones studied (1, 11). 
 

The lorentzian frequency, fM  dependence either of the calcium efflux to the extra-cellular fluid from 
chicken neurones, φ ωM( ) or the bioelectric frequency dependence f fM( ) in Helix aspersa neurones suggest a 
common origin for the time dependence of the mechanism involved in the Ca2+  ions detaching from their 
binding sites and their final sequestration or capture. This dependence merely is that the amount of Ca2+  ions 

Fig.9.- The points (ν) are the experimental 45Ca2+  efflux increase from chicken brain under application of  147 MHz EMF carrier 
(intensity 0.8 mW cm2 ), amplitude modulated by a MF of frequency, fM  between 0.5-35 Hz and B0 ≅ 30 nT (15). The curve is the

theoretical lorentzian, fitted according to the model eq.[8] (symbols C (Ο) and U (λ) respectively correspond to control and 
unmodulated EM wave experiments). 
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either freed to the external or to the cytosol sides from the membrane must vary in the form   
 
N t( )= N 0( )exp −t /τ Ca( ) ,         [9]

   
for an applied ELF MF starting at t = 0.  This is so because the Fourier transform of a lorentzian function is an 
exponentially time decaying function (i.e. a relaxation mechanism), with relaxation time τ Ca = 2 ∆f , as we have 
shown in Section 2. This is our main point in favour of a resonance effect for the FWE. The time τ Ca  is the one 
required for performing the process of Ca2+ liberation from membrane binders, mainly Ca2+  diffusion within the 
external or cytosol fluids and final Ca2+  sequestration either by a protein channel (or by other cytosol structures) 
or incoming to the radioactivity counter for the externally freed 45Ca2+  ions. In their diffusion the Ca2+  ions 
traverse a RMS distance   A2 ≅ D τ Ca , the one for a random walk, where D is the diffusion coefficient of the 
ion in the fluid (17). Therefore we come up with N t( ) obeying a dynamic equation of relaxation dN dt = −N τ Ca , 
as we would expect for a two states system (freed Ca2+  and bonded Ca2+  to its sites) in thermodynamic 
equilibrium, with Ca2+  decay between the two states. For the Ca2+  ions freed to the extra-cellular fluid they will 
end up fully thermalized and dissolved in it, increasing its concentration ( 45Ca2+  efflux in Adey & Bawin’s 
experiment). For the Ca2+  ions liberated to cytosol, they will diffuse and finally will have a certain probability of 
being captured by a K+ -protein channel through the calmodulin attractive electric field, EpK  (see Fig.1).  

 
We can quantitatively express the above considerations by Fourier transforming the observed lorentzian 

function   L ωΜ( ), which represents either the efflux φ ωM( ) or the bioelectric frequency ω ωM( ) dependencies, 
around the neurone spontaneous frequency, ω0 , i.e.  
 

  
N t( )= L ωM( )ω Beff = 0( )exp −αBef

2( )exp −i ωM −ω 0( )t( )dωM =
−∞

+∞

∫                            [10] 

ω Beff = 0( ) exp −αBeff
2( ) 2 ∆ω 2( )

ωM −ω 0( )2
+ ∆ω 2( )2

−∞

+∞

∫ exp −i ωM −ω 0( )t( )dωM = ω Beff = 0( ) exp −αBeff
2( )exp −t τ Ca( ). 

 
If we now call N 0( )= ω Beff = 0( )exp −αBeff

2( ) to the initially (at t = 0) detached Ca2+ ion number within a burst, we 
end up with the Ca2+  relaxation [9] (note, in [10] ω Beff = 0( ) is dimensionless). Since τ Ca  is related to ∆ω 2, 
which is experimentally accessible from the spectra  L ωM( ), we can determine that time from experiment.      
 

The central frequency ω0 in [10] is assumed to be the spontaneous average bioelectric frequency, so 
that we obtain a resonance or maximum of calcium efflux when ωM = ω0. This resonance mechanism should not 
be confused with the unspecific stochastic resonance model one. This model is based also on a two-states 
system, but assuming a critical noise which is modulated by the AC driving agent and reaches a threshold value 
(18). A difficulty with this model is that the physical mechanism involved in the weak AC agent interaction with 
the system is neither specified nor quantified. Therefore it becomes of questionable application to the 
distribution of spontaneous bioelectric frequencies,  D ω0( ) (density of frequencies) for the biological system 
(membrane), also lorentzian (setting ωM = 0 in [8] and [10]). In fact such a distribution has been clearly inferred 
from our experiments with Helix brain neurones, in the form of repetitive narrow bursts of higher frequency 
(Fig.10), localized in time when fM  is increased, and superposed to the main f fM( ) lorentzian decrease below ω0  
(12). 

 
 
 
 
 
 
 
 
 
In Fig.9 we show the excellent fit by [8] of the calcium efflux increase vs. fM , and which means that our 

SD-CE and Ca2+  kinetics model gives a physical and quantitative explanation to the Adey & Bawin’s FWE 
observation (15). According to our assumption chicken cerebral neurones average bioelectric frequency should 
be f0 ≅ 14 impulses/s, to some extent comparable with the mollusc neurones with f0 ≈ 0.1 − 5 impulses /s . 
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Fig.10.- Neuron D-5 spontaneous bursts of variable f.
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Similarly in Fig.11 we present, the bioelectric frequency f vs. fM  variation for Helix aspersa brain mapped 
neurones F1 and V14, under AC MF of B0=1 mT. The fit of f fM( ) by  L ωM( ) is also rather good.  Now, as 
above mentioned, the bioelectric activity is commanded by the AC MF Ca2+  ions internally detached towards 
the cytosol, which join the K+ -protein channels and open them, giving rise to the bioelectric impulse of K+  ions 
sorting out. Therefore this mechanism should be also operative in the chicken brain bioelectric activity, and 
therefore both experiments reveal the Ca2+  simultaneous detaching from both surfaces of the membrane. Besides 
the determined Ca2+ relaxation times, τ Ca  are 135 ms (chicken brain) and between 93-365 ms for the studied 
neurones of Helix aspersa. An ab-initio calculation of the Ca2+  relaxation time, τ Ca  is difficult, if we consider the 
mentioned above kinetics involved. In fact a first principles calculation of the K+  and Na+ relaxation times in 
HH equations is still an open problem, relaxation times left as adjustable parameters as we did in section 2. 
However for τ Ca  if we estimate the mean diffusion length of Ca2+  in water, taking D ≈ 10−9 m2s−1, the typical 
diffusion coefficient for small molecules in water (18), we obtain 

  
A2 ≈ 30− 60 µm, reasonable values for the 

studied neurones of average diameter d ≈ 100µm (1, 14). 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
A final check of the SD-CE model suitability is the obtaining of the clusters PP numbers, Nc in Helix 

aspersa neurones. This can be done by determining the parameter α from the slopes of the above f B0( ) 
mentioned plots from time synchronized neurone pairs under fM =  50 Hz MF field. (1,7).  In Fig.12 are shown 
such a plots for the pair V13-V23 of the visceral ganglion. Taking χ ⊥ ≅ −0.56 ×10−7 , determined in erythrocyte 
membranes by combined SQUID magnetometry ( ∆χ ) and electrophysiological experiments (5,19), 
V ≈ 5×10−28 m3 , T ≅293K and α values, obtained from the slopes, we respectively obtain Nc ≈ 4 and 1 x1012  PP  
in a cluster. Considering that the numbers of PP in such a membranes, of average diameters 120 and 103 µm 
respectively, are Npp ≈  2 and 1.5 x1011  (1, 7), that numbers throw about c = Nc Npp ≈  42 and 16 correlated 
neurones respectively, firing in synchronized way with the probe ones, i.e. forming “giant” PP clusters of linear 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
5.- Conclusions.- 

 

We have integrated, by the first time to our knowledge, the Hodgkin & Huxley (HH) equation for the 
biolectric impulse, by considering the membrane as a Kirchoff electric knot. Integration has been performed 
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Helix aspersa neurone pair V23-V13 (14), showing synchronization 
under MF. From line slopes is determined the α parameter.

extension ≈ 300 µm (the visceral ganglion has a
diameter of about 600 µm and Helix brain has 
≈ 2 ×104  neurones) (14). Therefore neurones 
form correlated small networks under ELF weak 
MF. In the case of the chicken brain we do not 
dispose of data about the calcium efflux 
dependence with the modulating MF amplitude 
B0 and that calculation is not possible.  

Fig.11.- Variation of bioelectric frequency, f with MF frequency, fM . Experiment (λ); lines are lorentzian fits     L fM( ), with 
f0 =2.5, 2.0 Hz and ∆f 2= 9.9, 2.7 Hz for neurones F1 and V14 respectively.
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under applied AC MF, by partitioning the bioelectric impulse in its depolarization (D) and repolarization (R) 
plus hyperpolarization (H) regimes. For the spontaneous regimes we have obtained the time variations of the D 
and R+H voltages, in reasonable agreement with our experiments on single unit neurones of mollusc Helix 
aspersa. The HH characteristic functions n(t) and m(t) (excitatory) and h(t) (inhibitory) have been treated within 
the relaxation time,τ approximation, from the comparison with the bioelectric impulse obtaining τ Na  and τ K, as 
well as the initial values of those functions. The calculated frequency spectrum of the impulse is lorentzian, in 
good agreement with experimental one, from the HMHW also determining τ Na  and τ K. The cytosol Ca2+ ion 
current, produced by the SD and CE under AC MF has been calculated, although experimentally the single 
impulse is not modified by weak applied MF to Helix aspersa neurones. This means that MF produced extra-
voltage, VCa t( ) is negligible, its numerical calculation value being deferred for further work. 

 

On the other hand, we have shown that the hallmark Adey & Bawin’s frequency window effect is a 
consequence of the phospholipids superdiamagnetism and Ca2+  coulomb explosion in the outer surface of the 
neurones, and that the effect is a resonance of lorentzian shape, when the MF frequency matches the neurone 
spontaneous frequency. In Helix aspersa single neurones, same mechanism is operating but now due to the Ca2+  
liberation from the inner membrane surface towards the cytosol, so operating the K+ channels. In both situations 
the lorentzian spectrum is a consequence of the exponentially decaying relaxation followed by the Ca2+  current, 
freed by the MF to the extra-cellular or cytosol fluids, ions suffering diffusion before capture. This diffusion 
mainly determines the lorentzian spectrum vs. applied MF frequency fM .  
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Abstract 

 
In order to give an interpretation at molecular level of the macroscopic effects produced by ELF- 

EMFs on biological systems, the activities of different enzymes were studied under exposure to electromagnetic 
fields of 75 Hz. The activities of cytosolic enzymes as well as those of integral or periferal membrane enzymes 
were not affected by the field exposure. Only the activities of some lipid-linked enzymes decreased 
approximately of about 54 % to 61 % with field amplitudes above different thresholds (from 0.66 to 1.35 
mTesla). The decrease in enzymatic activity of the field-sensitive enzymes was independent of the time of 
permanence in the field and was completely reversible. When these enzymes were solubilized with Triton, no 
effect of the field was obtained on the enzymatic activity, suggesting the crucial role of the membrane, as well 
as the linkage to it, in determining the conditions for enzyme inactivation.  
 
 
INTRODUCTION 

 
The interactions between electromagnetic fields of extremely low frequency (ELF-EMFs) and 

biological systems have been widely investigated [Walleczek, 1995; Kaiser, 1996; Eremenko et al., 1997; Berg, 
1999; Ivancsits et al., 2002;Volpe, 2003]. The problem concerning the mechanisms which can determine 
biological effects is not yet solved [Lawrence and Adey, 1982; Glaser, 1992; Basset, 1993; Barnes, 1996; Lacy 
-Hulbert et al., 1998; McCann et al.,1998; Weaver, 2002]. The related phenomena are still not clear, but their 
existence is certain at least in many specific cases. However, a generally accepted interaction model able to 
explain these phenomena is lacking. A contribution in this direction could be that of an interpretation at 
molecular level of the macroscopic effects produced by ELF- EMFs. Therefore, our attention was focused on 
the enzymatic activity which are known to be underlying many biological processes. The hypothesis that ELF 
EMFs could affect enzymes activities was tested on a number of soluble enzymes as well as on membrane-
associated enzymes. Among cytosolic enzymes hexokinase, pyruvate kinase, glucose 6 phosphate 
dehydrogenase and adenylate kinase were chosen. The membrane-associated enzymes were: integral membrane 
proteins such as CaATPase, Na/K,ATPase, succinic dehydrogenase; periferal membrane proteins such as 
photoreceptor phosphodiesterase 6 (PDE); lipid-linked proteins such as alkaline phosphatase and 
acetylcholinesterase. Membrane-bound phosphoglycerate kinase was also assayed.  

When exposed to ELF-EMFs of 75 Hz , the activities of soluble enzymes were not affected by the 
field, whilst those of four enzymes out of eight bound to membrane were lowered dramatically of about 54% to 
61%. Moreover, the effects of the applied field on these enzymes vanished when they were mildly solubilized 
by Triton, suggesting that the membranes could have an important role for mediating the effect of the field on 
the enzymatic activity. In fact, interesting results involving biological membranes exposed to ELF 
electromagnetic fields has been already reported [Miller, 1991; Paradisi et al., 1993; Astumian et al., 1995; 
Baureus-Koch et al., 2003; ]. In particular, measurements by fluorescent probes showed changes in lipid 
molecular dynamics of the cell membrane [Volpe et al., 1998], while electron microscope images of freeze-
fractured membranes exposed to the field indicated a significant clustering of the distribution of the 
intramembrane proteins [Bersani et al., 1997]. The applied field could modify the membrane organization and 
structure by acting directly on the strong anisotropy of diamagnetic susceptibility of membrane phospholipids 
[Del Moral et al., 2002]. An interesting result on the effects of ELF EMFs on carbonic anhydrase entrapped in 
liposomes seems to exclude the role of the enzyme molecule in favour of the direct action of the field on 
charged lipids of the membrane [Ramundo-Orlando et al., 2000].  
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METHODS 
 
Electromagnetic field production. EMFs were produced by an equipment (Biostim Igea, Modena, Italy) 
mainly used for clinical application and already described [De Mattei et al., 2003; Ravera et al., 2004]. The 
generator system supplies a square wave with a maximal applied tension of 180 V, a period of 13.3 ms (75 Hz 
of frequency), a duty cycle of 10%, to a couple of identical coils aligned on a central axis. Each coil, made up of 
1000 turns of copper wire of  0.2 mm of diameter, had internal and external diameter of 72.5 mm and 82.5 mm 
respectively. As the current supplied by the equipment to the coils was not adjustable, different amplitudes of 
magnetic field were obtained by separating the two coils with different distances. Measurements of the 
magnetic field B maximal intensity with a gaussmeter showed that it was fairly constant midway between the 
coils, giving values of about 2.20 ± 0.08 mT when the distance between the coils was 12 cm and about 0.45 ± 
0.02 mT at 29.6 cm distance. An error of 0.5 cm in determining the distance between the coils gave an error of 
4% in the field measurements. The values of the field near the threshold (see Fig 1) were determined more 
accurately (sd of 1 % , n=10). Time course of the magnetic field as well as that of the induced electric field were 
measured as already described [De Mattei et al., 2003; Ravera et al., 2004], at the center of the distance between 
the two coils where the samples were always placed. Temperature variations of the order of magnitude of 
experimental error (± 0.1 ° C) were measured with a termocouple inside the sample in the presence of the 
applied field. 
 
Enzymatic activities measurements. 
Hexokinase activity assay. Hexokinase activity was measured in the presence or in the absence of the field for 1 
min after glucose addition (200 mM final concentration) to the reaction mixture containing the purified enzyme. 
The reaction mixture contained 100 mM Tris–HCl pH 8, 8 mM MgCl2, 1 mM ATP and 2 µl of Hexokinase (Cat 
n° 11 426 362 001, Roche), in final volume of 1 ml. Before and after 1 min of incubation 100 µl of the reaction 
mixture were withdrawn and added to 50 µl of 25% PCA. Each sample was centrifuged shortly at 14,000 rpm 
and then 100 µl of supernatant was withdrawn and neutralized with 50 µl K2CO3. The centrifugation was 
repeated to remove potassium perchlorate. Aliquots of 100 µl of each neutralized extract were used to assay 
Glucose-6-phosphate, monitoring NADPH formation by spectrophotometer (340 nm), according to Bergmeyer 
et al.[1983]. 
Pyruvate Kinase activity assa.y Pyruvate Kinase activity was measured in the presence or in the absence of the 
field for 1 min after phosphoenol-pyruvate (PEP) addition (0.6 mM final concentration) to the reaction mixture 
containing the purified enzyme. The reaction mixture contained 100 mM Tris–HCl pH 8, 8 mM MgCl2, 5 mM 
ADP and 0.5 µl of Pyruvate Kinase (Cat n° P-1506, Sigma), in final volume of 1 ml. Before and after 1 min of 
incubation 100 µl of the reaction mixture were withdrawn and added to 50µl of 25% PCA. Each sample was 
centrifuged shortly at 14,000 rpm and then 100 µl of supernatant was withdrawn and neutralized with 50 µl 
K2CO3. The centrifugation was repeated to remove potassium perchlorate. Aliquots of 100 µl of each 
neutralized extract were used to assay Pyruvate, monitoring NAD+ formation as already described [Bergmeyer 
et al., 1983]. 
Glucose 6 phosphate dehydrogenase (G6PD) activity assay. Glucose 6 phosphate dehydrogenase activity was 
measured in the presence or in the absence of the field for 1 min after glucose-6-phosphate addition (10 mM 
final concentration) to the reaction mixture containing the purified enzyme. The reaction mixture contained 100 
mM Tris–HCl pH 8, 8 mM MgCl2, 0.5 mM NADP and 0.25 µl of Glucose-6- phosphate dehydrogenase (Cat n° 
G-5760, Sigma), in final volume of 1 ml. Before and after 1 min of incubation 100 µl of the reaction mixture 
were withdrawn and added to 50 µl of pure Aceton. Each sample was centrifuged shortly at 14,000 rpm and 
then 100 µl of supernatant was withdrawn, added to 900 µl of water and immediately assayed to 
spectrophotometer (340 nm), to observe the NADPH formation. 
All the other enzymatic activities presented in Table 1 were measured following the methods described in the 
Appendix 
 
Protein concentration 
Protein concentrations were determined using the Bradford method [1976]. 
 
 
RESULTS AND DISCUSSION 
 

In order to measure the direct effects of ELF - EMFs on enzymatic activities, the enzymes were studied 
in purified state when available or in rough extracts from cell-free homogenates. Different length of exposure to 
the fields lasted from 1 min to 60 min. The effects on enzymatic activities were detectable only during the field 
exposure. No effects were measured immediately after the withdrawal of the field, suggesting a perfect 
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reversibility of the mechanism. Table 1 shows the activities of different enzymes exposed to ELF - EMFs of 75 
Hz frequency and 3.0 mT magnetic field amplitude for 20 min. The activities of the cytosolic enzymes, that is: 
hexokinase, pyruvate kinase, glucose 6 phosphate dehydrogenase and adenylate kinase were not affected by the 
field exposure with a statistical significance of P < 0.001. Among membrane-associated enzymes instead:  
alkaline phosphatase, acetylcholinesterase from ghosts or from synaptosomes, phosphoglycerate kinase and 
membranous adenylate kinase, decreased their activities of about 54%, 60%, 58% 61% and 54% respectively, 
while either integral membrane enzymes such as CaATPase, Na/K,ATPase and succinic dehydrogenase, or 
periferal membrane enzymes such as photoreceptor PDE were insensitive to the applied field.  
 

 
Table 1. Activities of different enzymes upon 20 min exposure to a field of 75 Hz and 3.0 mT. 
 
Enzyme Control sample Sample + field 
Hexokinase 47 ± 2 U/mg 47 ± 2 U/mg 
Pyruvate Kinase 175 ± 10 U/mg 177 ± 10  U/mg 
Glucose 6 phosphate 
dehydrogenase 

75 ± 7 U/mg 73 ± 6 U/mg 

Cytosolic adenylate kinase 385 ± 33 U/mg 390 ± 30 U/mg 
Alkaline phosphatase 61 ± 2 U/mg     28 ± 1 U/mg 
Acetylcholinesterase 
from ghosts 

3.5 ± 0.1 U/mg     1.4 ± 0.1 U/mg 

Acetylcholinesterase 
from synaptosomes 

13.7 ± 0.2 U/mg     5.8 ± 0.1 U/mg 

Phosphoglycerate kinase 0.465 ± 0.005  U/mg    0.18 ± 0.01 U/mg 
membrane Adenylate kinase 177 ± 10 U/mg    81 ± 5 U/mg 
CaATPase  21 ± 1 U/mg 20 ± 1 U/mg 
Na/K,ATPase 78 ± 5 U/mg     80 ± 5 U/mg 
Succinic dehydrogenase  100 ± 5 U/mg   101 ± 5 U/mg   
rod outer segment PDE 50 ± 5 U/nmol of 

Rhodopsin 
48 ± 5 U/nmol of 
Rhodopsin 

Alkaline phosphatase in 
0.1% Triton 

58 ± 2 U/mg 56 ± 2 U/mg 

Acetylcholinesterase from 
ghosts in 0.1% Triton 

3.3 ± 0.2  U/mg 3.0 ± 0.2 U/mg 

Acetylcholinesterase 
from synaptosomes in 0.1% 
Triton 

15.1 ± 0.2 U/mg 14.5 ± 0.2  U/mg 

Phosphoglycerate kinase in 
0.1% Triton 

0.43 ± 0.01 U/mg 0.43 ± 0.01 U/mg 

membrane Adenylate kinase 
in 0.1% Triton 

175 ± 10 U/mg    180 ± 10 U/mg    

 
Each value represents the mean ± SD of five measurements. The enzymatic activity is expressed as Units/mg 
(nmoles of substrate transformed /min/ mg protein). The activity of each enzyme was measured for 1 min before 
the withdrawal of the field. The solubilization with Triton in itself did not affect the activity of alkaline 
phosphatase or acetylcholinesterase from blood cells but decreased of about 7.5 % the activity of 
phosphoglycerate kinase while enhanced of about 10% the activity of acetylcholinesterase from synaptosomes. 
Such activity differences are usually observed when membrane bound enzymes are solubilized in low 
concentration of a mild detergent [Helenius and Simons, 1975]. 
 

The activities of the field-sensitive enzymes were measured in function of the concentration of their 
substrates and the resulting Michaelis-Menten kinetics showed a behaviour of a pure noncompetitive inhibition 
where only Vmax was affected by a field exposure. The Lineweaver-Burk plot of the data obtained for 
acetylcholinesterase from blood cell ghosts showed that KM remained constant whereas Vmax dropped of about 
60% when exposed to the field. 

 
The decrease of the enzymatic activities shown in Table 1 of the four enzymes was independent of the 

time of permanence in the field and appeared constant within the experimental errors under exposure lengths of 
1 min to 60 min. In other words, the same decrease in the enzymatic activity was measured independently of the 
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exposure time, indicating that the effect of the field starts within the first min exposure and remains constant 
during all the the field permanence. The action of the field seems that to switch the enzyme to a state of a 
reduced activity which is immediately restored when the enzyme is removed from the field. 

The decrease of the enzymatic activities was studied at different amplitudes of the applied field. Fig 1 
shows that field amplitude of about 1.35 ± 0.05 mT or 0.80 ± 0.03 mT were the lowest value which produced a 
supra-threshold response respectively for alkaline phosphatase and acetylcholinesterase from blood cells. At 
field amplitudes under the thresholds the enzymatic activities were statistically indistinguishable from those of 
the controls. Similar data were found for the other two field-sensitive enzymes and the corresponding 
suprathreshold field values were 0.66 ± 0.02 mT or 0.85 ± 0.03 mT for phosphoglycerate kinase or 
acetylcholinesterase from synaptosomes respectively. The effect of the field on enzymatic activities seems 
independent of its amplitude above the threshold up to 2.2 mT as well as for the amplitude of 3.0 mT reported 
in Table 1. 
 

 
Fig 1. Enzymatic activity of alkaline phosphatase ( ○ ) or acetylcholinesterase from ghosts     ( ● ) 
measured during 10 min exposure to 75 Hz magnetic field of different amplitudes. Each value 
represents the mean ± SD of five measurements.  
 
 

When the same experiments were run on the field-sensitive enzymes solubilized by 0.1 % Triton, the 
results showed that the activities of the solubilized enzymes were not affected by the field (see the last five lines 
of Table 1) with a statistical significance of P < 0.001. 
Changing of enzymatic activities due to exposure to ELF-EMFs have already been reported by different 
workers. However, the differences in the observed effects could be due to the wide variety of the experimental 
conditions used by the various authors. The choice of field frequency is crucial as the quantistic interaction of 
the electromagnetic wave with molecules can only operate through frequency windows. However, fields of 60 
Hz frequency, close to 75 Hz used in our experiments, caused opposite and small effects on soluble enzymes 
[Zhang and Berg, 1992; Litovitz et al., 1991; Thumm et al., 1999; Harada et al., 2001]. Many reported changes 
of enzymatic activities in whole cells and tissues suggest that ELF-EMFs may stimulate a general response to 
electromagnetic stress. In the case of ornithine decarboxylase for instance, the enzymatic activity was enhanced 
approximately 1.5 to 4-fold when exposed to ELF- EMFs [Mullins et al., 1999]. However, in this case the 
experiments were run on entire fibroblasts cells and the exposure to 60 Hz field for 4 hours presumably did not 
affect the enzyme activity directely. The activity of another soluble enzyme such as enolase was found 
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decreased by 28% in Escherichia coli colture exposed for 30 min to a field of 60 Hz [ Dutta et al., 1994]., In 
this case however, the enzymatic activity was assayed in cell extracts, after the withdrawl of the field, and its 
decrease maybe be due to stress effects induced by the field and not to a direct interaction of the field with the 
enzyme molecule.  

Among integral membrane protein, Na/K,ATPase and cytochrome oxidase were found to increase its 
enzymatic activity by approximately 30 % and 40% respectively in experimental conditions similar to those 
described in this paper, under exposure to a pulsed magnetic field of 60 Hz with an amplitude of only 10 µT 
[Blank and Soo, 2001]. The frequency window for Na/K,ATPase was very sharp with a maximal change at 60 
Hz while at 100 Hz the change in enzymatic activity was only 10%.  
 The results shown in Table 1 strongly suggest that the field action is mediated by the membrane 
organization and structure which is crucial in determining the conditions of the enzyme inactivation. However, 
the effect of the field on the membrane is not sufficient alone to explain the decrease in enzymatic activity: in 
the case of acetylcholinesterase, it was independent of the source of the membrane, as the activity decrease for 
the enzyme coming from blood cells (60 % ± 4%) was not statistically different from that prepared from 
synaptosomes (58 % ± 5 %).On the other hand, integral membrane enzymes such as Ca,ATPase and 
Na/K,ATPase or periferal membrane enzymes such as PDE were not affected by the field suggesting the 
importance of the linkage to the membrane. Alkaline phosphatase, acetylcholinesterase from blood cell or from 
synaptosomes and adenylate kinase from rod disk membranes are lipid-linked membrane enzymes: alkaline 
phosphatase as well as acetylcholinesterase are known to be anchored to the membrane through a 
glycosylphosphatidylinositol while adenylate kinase is presumably bound to rod disk membranes through a 
myristic fatty acid [Notari et al., 2003]. Instead, the kind of attachment to red blood cell membranes of the field-
sensitive enzyme phosphoglycerate kinase is not yet known, although a covalent linkage to hydrophobic group 
such as myristylate has been suggested [Concepcion et al., 2001]. In a recent report [Caseli et al., 2005], the 
enzymatic activity of alkaline phosphatase incorporated into artificial phospholipid monolayers dropped of 
about 40 % following a lipid phase transition from liquid expanded to liquid condensed state, when surface 
pressure increased above 18 mN/m. Fluorescence microscopy revealed that above this pressure, proteins 
aggregated and formed clusters which would affect the substrate accessibility to the catalytic site and therefore 
decrease the enzymatic activity. It has also been reported that a pulsed field of 50 Hz is able to induce a 
decrease in lipid molecular dynamics of cell membranes [Volpe et al., 1998] and significant clustering of the 
distribution of the membrane proteins [Bersani et al., 1997]. Therefore, we can speculate that the field of 75 Hz 
would be able to induce a transition of the lipid bilayer to a more liquid ordered phase, as suggested by the 
sharp threshold behaviour shown in Fig 1, followed by the partition of the lipid-anchored enzymes in clusters 
with a subsequent activity decrease.  
 However, the results presented in this paper are important for the interpretation at molecular level of 
macroscopic effects produced by ELF- EMFs on biological systems. An example could be that of the clinical 
application of weak EMFs of 75 Hz frequency currently used to accelerate the healing of bone fractures. The 
molecular mechanisms underlying these empirical observations could originate from alkaline phosphatase 
inhibition by the pulsed field. As a matter of fact, alkaline phosphatase is commonly used as an osteoblast 
differentiation marker, although its role in bone formation is still controversial as it could be involved in the 
process of bone mineralization or in the organic matrix synthesis as well. However, a decrease in its activity 
was found in concomitance with an increase of the number of human bone cells in culture following dynamic 
strain [Kaspar et al., 2000].  

Another example of field effect which needs a molecular interpretation comes from several studies that 
indicate that ELF-EMFs affect cell division timing and embryos development of many organisms [Delgado et 
al., 1982; Dixey and Rein, 1982; Koch et al., 1993]. In particular, the effects of low-intensity electromagnetic 
fields on the early development of the sea urchin Paracentrotus lividus. [Falugi et al., 1987] could be 
interpreted as due to acetylcholinesterase inhibition. A recent report on exposure of fertilized eggs of the sea 
urchin Paracentrotus lividus to an electromagnetic field of 75 Hz frequency, shows a dramatic loss of 
synchronization of the first cell cycle, with formation of anomalous embryos linked to irregular separation of 
chromatides during the mitotic events [Ravera et al., 2006.]. As acetylcholinesterase is thought to regulate the 
embryonic first developmental events of the sea urchin [Shmukler et al., 1998], its enzymatic activity was 
assayed in embryo homogenates and found it decreased by 48% when exposed to the same pulsed field. This  
enzymatic inactivation had a threshold of about 0.75 mTesla, the same field threshold found for the effect on the 
formation of anomalous embryos. The conclusion is that one of the main causes of the dramatic effects on the 
early development of the sea urchin by field exposure could be the accumulation of acetylcholine due to 
acetylcholinesterase inactivation. Moreover, the effects of accumulation of acetylcholine last presumably even 
after the removal of the field and the consequent reversible restoration of acetylcholinesterase activity. In other 
words, even though the effects of ELF-EMFs are likely transient, the consequences of the exposure may not be 
overlooked as they can be irreversible.  
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On the other hand, some field bioeffect could be positive. It was reported that cholinesterase inhibitors, 
such as methanesulfonyl fluoride, improve cognitive performance in patients with senile dementia of the 
Alzheimer type [Moss et al.,1999]. In this case, ELF-EMFs may be of some help for treatment of the desease as 
a mild tool without farmacological side effects. 
 
 
Summary 
 

The hypothesis that ELF EMFs could affect directly enzymes activities was tested on a number of 
soluble enzymes as well as on membrane-associated enzymes. Among cytosolic enzymes, hexokinase, pyruvate 
kinase, glucose 6 phosphate dehydrogenase and adenylate kinase were chosen; among integral membrane 
protein: CaATPase, Na/K,ATPase, succinic dehydrogenase; among periferal membrane proteins: photoreceptor 
phosphodiesterase 6 (PDE); among lipid-linked proteins: alkaline phosphatase, acetylcholinesterase and 
membranous adenylate kinase. Membrane-bound phosphoglycerate kinase was also assayed. When exposed to 
ELF-EMFs of 75 Hz , the activities of soluble enzymes as well as those of integral or periferal membrane 
enzymes were not affected by the field, whilst those of lipid-linked enzymes were lowered dramatically of 
about 54% to 61%. Moreover, the effects of the applied field on these enzymes vanished when they were mildly 
solubilized by Triton, suggesting that the membranes, as well as the protein linkage to them, could have an 
important role in mediating the effect of the field on the enzymatic activity. 
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Appendix 
Erythrocyte membranes (ghost) preparation Erythrocytes, completely free of leucocytes and platelets, were 
obtained following a method already reported [Pontremoli et al., 1979] with minor modifications, starting from 
25 mls human blood treated with 1mg/ml EDTA to avoid coagulation. The sample was centrifuged at 3,500 rpm 
for 15 min at 4 °C and the pellet containing erythrocytes was collected and resuspended in 130 mM KCl and 20 
mM Tris-HCl pH 7.4 (1:1 v/v) and centrifuged thrice at 3,500 rpm for 15 min. In order to obtain the 
erythrocytes membranes the last pellet was resuspended in hemolysis buffer (1:5 v/v) containing 1 mM EDTA-
Na and 10 mM Tris-HCl pH 7.4 and centrifuged at 17,000 rpm for 40 min. The pellet containing erythrocyte 
membranes was resuspended in few mls of distilled water. Samples were stored at –80°C. 
 Synaptosomal preparation For synaptosomal preparation, the method published by Rawls [1999] was followed 
with minor modifications. For each preparation, six dorsal striata were removed from decapitated Mus musculus 
mouse and pooled in ice-cold 100 mM Tris buffer pH 7.4. The striata were transferred to 0.32 M unbuffered 
sucrose and manually disrupted in a glass homogenizer with a Teflon pestle. The homogenate was centrifuged at 
3,000 g for 2 min. The supernatant was centrifuged at 14,000 g for 12 min. The soft pellet was resuspended in 
0.32 M sucrose containing 10 mM N-tris(hydroxymethyl)-methyl-2-aminoethanesulfonic acid (TES, pH 7.4), 
and 4-ml aliquots were loaded onto discontinuous gradients consisting of three layers of Ficoll (Sigma) in 
sucrose (wt/vol ; 12%, 4 ml ; 9%, 1 ml ; 6%, 4 ml). The gradients were centrifuged at 62,483 g for 35 min. 
Synaptosomes were harvested from the 9% layer, diluted with 3 volumes of 10 mM TES buffer containing 140 
mM NaCl, 5 mM KCl, 5 mM NaHCO3, 1.2 mM Na2HPO4, 1 mM MgCl2, and 10 mM glucose (pH 7.4), and 
centrifuged at 14,000 g for 12 min. Synaptosomes were resuspended in 0.5 ml of 10 mM TES buffer (pH 7.4). 
The preparation was divided into aliquots containing 0.8 mg of protein and centrifuged at 10,000 g for 2 min. 
Synaptosomes were overlaid with 200 µl of 0.25 M sucrose containing 5 mM TES (pH 7.4) and stored as pellets 
at –80°C. 
Acetylcholinesterase activity Acetylcholinesterase activity was measured by using acetylthiocholine chloride 
(Sigma) as substrate and monitoring the thiocoline production as already described [Bergmeyer et al., 1983]. 
Synaptosomal (100 µg of protein) or erythrocyte membranes preparations (200 µg of protein) were added to a 
reaction mixture containing 0.4 mM acetylthiocholine in 50 mM phosphate buffer pH 7.2. The final volume of 1 
ml was kept in the electromagnetic field 75 Hz, 2.5 mT. At different time intervals, aliquots of 100 µl were  
withdrawn and added to 50 µl of 25% PCA. Control samples were run in the same experimental conditions as 
above but in the absence of field. Each sample was centrifuged for 3min at 14,000 rpm and then 100 µl of 
supernatant was withdrawn and neutralized with 50 µl 2 M K2CO3. Centrifugation was repeated to remove 
potassium perchlorate. Aliquots of 100 µl of each neutralized extract were used for thiocoline assay by addind 
0.5 mM DTNB in phosphate buffer pH 7.2 (1 ml final volume). Thiocoline reaction with DTNB gave 
thionitrobenzoate formation (ε405 = 1.33 mM-1  cm-1) which was monitored spectrophotometrically by following 
the rise in absorbance. 
 
Phosphoglycerate kinase activity Phosphoglycerate kinase activity was measured in red blood cell ghosts by 
following a method already described [Bergmeyer et al., 1983] with minor modifications. Ghosts (100 µg) were 
added to a solution containing 6.5mM glycerate-3-phosphate and 1.2mM ATP in 40 mM Tris HCl pH 8, 120 
mM KCl, 10 mM MgCl2 . The final volume of 1 ml was kept in the electromagnetic field of 75 Hz and 2.5 mT. 
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At different time intervals, aliquots of 100 µls were withdrawn and added to 50 µl of 25% PCA. Control 
samples were run in the same experimental conditions as above but in the absence of the field.  

Each sample was centrifuged for 3min at 14,000 rpm and then 100 µl of supernatant was withdrawn 
and neutralized with 50 µl 2 M K2CO3. Centrifugation was repeated to remove potassium perchlorate. Aliquots 
of 100 µl of each neutralized extract were used for the enzymatic assay by addind 2µl of glycerate–3-phosphate 
dehydrogenase, 0.2 mM NADH, 10 mM MgCl2, 50mM Tris HCl buffer pH 8 (1 ml final volume). The 
corresponding NADH oxidation was monitored spectrophotometrically by following the decrease in absorbance 
at 340 nm (ε340 = 6.22 mM-1  cm-1). 
(Na, K)ATPase activity Plasma membrane Ca-ATPase activity was measured in erythrocyte membranes 
preparation through inorganic phosphate release. The standard reaction mixture contained 30 mM HEPES, pH 
7.6, 140 mM KCl, 0.2 mM ouabain, 2 µg/ml CaATPase activity  calmodulin, 2 mM ATP and 0.005 mM free 
Ca2+ (obtained with a Ca2+-EGTA buffer; EGTA was 2mM). 2mM EGTA) in a final volume of 1 ml. Aliquots 
of erythrocyte membranes preparation (about 70 µg proteins) were added to the reaction mixture and incubated 
at room temperature for 20 min in the presence or in the absence of the field of 75 Hz and 2.5 mT. The final 
volume of 1 ml was kept in the electromagnetic field. At different time intervals, aliquots of 100 µls were 
withdrawn and added to 50 µl of 25% PCA. Each sample was centrifuged for 3min at 14,000 rpm and then 100 
µl of supernatant was withdrawn and neutralized with 50 µl 2 M K2CO3. Centrifugation was repeated to remove 
potassium perchlorate. Control samples were run in the same experimental conditions as above but in the 
absence of field. The released inorganic phosphate was determined colorimetrically as described by Martin and 
Doty (1949). Blank subtraction was obtained by considering the amount of inorganic phosphate released by 
parallel samples incubated in the absence of Ca2+ and in the presence of 2 mM EGTA.  
ATPase activity of erythrocyte membranes was assayed by the pyruvate kinase, lactate dehydrogenase system 
in which hydrolysis of ATP is coupled to the oxidation of NADH. ATP hydrolisis was measured in the presence 
or in the absence of the field for 20 min. An aliquot of 0.145 mg/ml erythrocyte membranes preparation was 
added to the reaction mixture containing 100 mM Tris–HCl pH 8, 2 mM MgCl2, 150 mM NaCl, 50 mM KCl, 1 
mM ATP. Aliquots of 100 µl of the reaction mixture were withdrawn and added to 50 µl of 25% PCA. Each 
sample was centrifuged shortly at 14,000 rpm and then 100 µl of supernatant was withdrawn and neutralized 
with 50 µl of 2M K2CO3. The centrifugation was repeated to remove potassium perchlorate. In order to measure 
the amount of ATP hydrolized, 100 µl aliquots of each neutralized extract were added to 1 ml final vol of 
reaction mixture containing 0.16 mM NADH, 1.5 mM phosphoenolpyruvate, 8 µg/ml pyruvate kinase, 8 µg/ml 
lactate dehydrogenase, 100 mM Tris–HCl pH 8.0; 5 mM MgCl2. ATP hydrolysis coupled to oxidation of 
NADH was followed at 340 nm ( 340 for NADH=6.22×103M−1cm−1) in spectrophotometers. Ouabain-sensitive 
(Na+,K+)ATPase was determined as the difference between the enzyme activities in the presence and in the 
absence of 0.1 mM ouabain. 
Microsome preparation Bovine liver was chopped and homogenized in 20 mM Tris-HCl pH 7.5 containing 
0.25 M sucrose in a Potter apparatus. The homogenate was centrifuged for 10 min at 900 g. The supernatant 
was collected and centrifuged for 20 min at 20,000 g. The resulting supernatant containing cytosol and 
microsomes was collected and centrifuged at 100,000 g for 1 hr. The pellet containing microsomes was stored 
at –80°C. 
Alkaline phosphatase activity Alkaline phosphatase activity was measured by using 4-nitrophenylphosphate 
(Sigma) as substrate and monitoring 4-nitrophenol formation as already described [Bergmeyer et al., 1983]. 
Microsomes from liver (100 µg of protein/ml) were added to a reaction mixture containing 4-
nitrophenylphosphate (12 mM) 0.1 M glycine, 0.1 mM ZnCl2, 1mM MgCl2 (glycine buffer pH 10.5). The final 
volume of 1 ml was kept in the electromagnetic field for 20 min. At different time intervals, aliquots of 100 µls 
were withdrawn and added to 50 µl of 25% PCA. Control samples were run in the same experimental 
conditions as above but in the absence of field. Each sample was centrifuged 3 min at 14,000 rpm and then 100 
µl of supernatant was withdrawn and neutralized with 50 µl 2 M K2CO3. Centrifugation was repeated to remove  
potassium perchlorate formed by the reaction between PCA and K2CO3. Aliquots of 100 µl of each neutralized  
extract were used for 4-nitrophenol assay by adding 0.1 M glycine buffer pH 10.5 (1 ml final volume) and 
measuring spectrophotometrically the increase in absorbance at 405 nm (ε = 1.85 mmol-1 x cm-1) which is 
proportional to the nitrophenol produced. 
Mitochondria preparation Pieces of rat liver (3 g) were homogenated at ice temperature by Potter-Elvehjem 
system in 20 ml Buffer containing 0.25M Sucrose, 5 mM HEPES pH 7.2, 1mM EDTA. The liver homogenate 
was centrifuged for 10 min at 500g, at 4°C. After centrifugation, precipitate was discarded and supernatant was 
centrifuged again for 20 min at 20,000g. Then the pellet was collected and dissolved in 2 ml of homogenizing 
Buffer.  
Succinic dehydrogenase activity Succinic dehydrogenase activity was assayed by the oxidation of succinic acid 
to fumaric acid coupled with K3Fe(CN)6 reduction, following the method of Bonner [1955] with minor 
modifications. The enzymatic activity was measured in the presence or in the absence of the field of 75 Hz and 
2.5 mT for 20 min after addition of mitochondria preparation (0.1 mg of proteins) to 1 ml final volume of the 
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reaction mixture containing 100 mM Phosphate buffer pH 7.6, 70 mM Na succinate, 2 mM K3Fe(CN)6 . At 
different time intervals, aliquots of 100 µls were withdrawn and the reaction was stopped with 0.25 ml Aceton. 
Then the samples were centrifuged for 3 min at 14,000 rpm, and supernatant was used for the succinic acid 
oxidation coupled to reduction of K3Fe(CN)6 , which was followed spectrophotometrically at 400 nm ( 400 for 
K3Fe(CN)6 = 920 M−1cm−1).  
Rod outer segments and disk membranes preparations  In a typical experiment, rod outer segments (ROS) 
were isolated from 30 bovine retina in dim red light by following the method of Schnetkamp and Daemen 
[1982] by sucrose gradient centrifugation. Intact ROS were first washed in an isotonic medium containing 40 
mM Tris-Maleate pH 7, 120 mM KCl and then centrifuged for 10 min at 1,500 g. Osmotically intact disks were 
obtained after bursting intact ROS for 3 h in 30 ml of 5% Ficoll (Sigma) in distilled water containing 5 mM 
DTT and 70 mg/ml leupeptin and then by collecting them in dim red light at the 5% Ficoll surface after 
centrifuging for 2 h at 25,000 rpm in a Beckman FW-27 rotor [Smith et al., 1985]. The disk membranes were 
washed in distilled water and centrifuged for 10 min at 1,500 g. The pellet (purified disk membrane preparation) 
was resuspended in the initial volume of distilled water and stored in the dark at  - 80° C.  
Rod disk phosphodiesterase activity cGMP Phosphodiesterase was assayed as follows. The reaction mixture 
contained 100 mM MOPS (pH 7.1), 140 mM KCl, 20 mM NaCl, 5 mM MgCl2, 2mM GTP and 5 mM cGMP. 
The reaction was started by adding 50 µl of reaction mixture containing 4 µCi [8-3H] cGMP (specific activity: 
12.7 Ci/mmol) to 50 µl of purified disk membrane preparation previously bleached in the room light (final 
concentration: 1 – 2 mg/ml protein). The reaction was run in the presence or absence of ELF-EMF of 75 Hz and 
2.5 mT, at room temperature and stopped after 1, 3, 5, 10 and 20 min by adding 5 µl of 100 mM EDTA to each 
20 µl withdrawn sample and boiling for 2 min. After centrifuging, 10 µl of the supernatants were analysed by 
TLC on polyethyleneimine-cellulose developed in one dimension with 1M LiCl. 5’-GMP was added as internal 
standard. The separed spots corresponding to cGMP and 5’-GMP, visualized under UV light, were cut into 
scintillation vials, eluted in 0.5 ml of 0.7M MgCl2/1M TrisHCl pH 7.4 (10/2 v/v) , added to 3 ml of Instagel, 
left overnight and then counted in a LKB liquid scintillation counter. 
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Abstract 
Liposomes are very useful model membrane systems: Although they are unable to mimic all the complexity of a 
cell membrane, they have a well-defined chemical composition, the capacity to arrange themselves in bilayers, 
selectivity to ionic species and molecules, and many other useful features.  Interactions can take place between 
this model system and electromagnetic fields (EMFs) at different frequencies, from extremely low frequency up 
to microwave and THz range, so that, a comparative evaluation of the observed effects with different EMF 
components is allowed.  In this context we used cationic Carbonic Anhydrase (CA)-loaded liposomes.  The CA 
was entrapped into these liposomes and the hydrolysis rate of substrate p-nitrophenyl acetate (p-NPA) added in 
the bulk aqueous phase was adopted as the index of membrane permeability changes.  In fact previous kinetic 
experiments showed a very self-diffusion rate of p-NPA across intact liposome bilayer.  Observations reported 
by our group evidenced that combined 7 Hz sinusoidal (Bacpeak = 50µT) and parallel static (Bdc = 50µT) magnetic 
fields can induce permeability changes in these liposomes.   Further, we reported on the effects of 2.45 GHz 
microwave exposure (6 mW/g) on the permeability of these cationic liposomes.  Finally, we report on the effects 
of 130 GHz radiation modulated at low frequency of 5, 7 and 10 Hz on the permeability of these cationic 
liposomes.  The enzyme activity, as function of increased diffusion of p-NPA, rises from 23% to 61% over 3 
min of 130 GHz radiation modulated at 7 Hz, at incident intensity of 10.5 mW/cm2, and a peak electric field of 
2.6 kV/cm.  The increase of the incident intensity up to 17 mW/cm2 did not further increase the enzyme activity.  
This biological model demonstrates an extraordinary sensibility in revealing the influence of EMFs on the lipid 
bilayer permeability and allowed an interaction mechanism with an ELF magnetic field to be derived. 
  
 
 
Introduction 

When considering the action of electromagnetic fields (EMFs) on a biological system, the cell membrane 
is indicated by the most part of studies as the primary site of interaction [1].  Living organisms are made of cells 
bound by their membranes.  They are self-assembly entities; each is organizing a particular combination of 
phospholipids in the form of a bilayer with other constituents (e.g. proteins) embedded in it.  This lipid bilayer 
existing in all biomembranes is most unique; it serves not merely as a physical barrier but functions as a two-
dimensional matrix for reactions.  Also the lipid bilayer acts as a conduit for ion transport, as a framework for 
antigen-antibody binding, as bipolar electrode for redox reactions, and as a reactor for energy conversion (e.g. 
light to electric to chemical).  Further, a modified lipid bilayer performs as a transducer for signal transduction 
(i.e., sensing), and numerous other functions as well.  All these myriad activities require the ultra thin lipid 
bilayer.  In particular, molecular systems that have been suggested to be candidates for direct modulation by 
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EMFs are the binding of extracellular ligands to the cell-surface receptor sites, and translocation of charged 
ionic species across the lipid bilayer.  Both events lead to the activation of diverse biochemical pathways that 
transduce signals to internal sites within the cell [2]. 

In spite of the huge number of papers that have studied the biological effects of EMFs exposure on cell 
membrane, from an experimental and theoretical point of view [see reviews 3-6], we reckon to have a nearly 
complete knowledge by now only in the case of thermal effects.  These are due to a sharp increase of 
temperature that can be systemic or localized.  Such effects typically correspond to high power radiation.  On 
the other hand, the complexity of the cell membrane we want to study the interaction with leads to hypothesize 
the possibility of more subtle specific or non-thermal effects.  These are due to phenomena that have no 
dependence on the thermal energy deposited, or for which temperature is merely one of many significant 
parameters, and can occur even if the external EMF is weak.  Research on these specific effects requires an 
experimental approach enabling to reduce the complexity of the systems involved. 

The cell membrane acts as a gateway to the cell, 30% of all proteins within the body are membrane 
proteins and 60% of drug targets are membrane proteins. Despite its immense complexity, however, the 
functionality of the membrane is ultimately determined by its mechanical and electrical properties. 

In order to reduce the complexity of this biological system, we suggest the use of membrane model so 
that physical, biochemical, and physiological processes may be isolated and analysed in molecular terms.  
Amongst these model systems, liposomes are very useful, although they are unable to mimic all the complexity 
of a cell membrane; they have a well-defined chemical composition, the capacity to arrange themselves in 
bilayers, selectivity to ionic species and molecules, and many other useful features [7-8].  Liposomes occur 
naturally and can be prepared artificially from natural or synthetic lipid molecules [9].  They can encapsulate or 
bind a variety of molecules, such as drug molecules, proteins, nucleotides and even plasmids, into or onto the 
membrane [10]. 

For more than 15 years our laboratory has been studying the possibility of the use of liposomes in an 
effort to clarify the mechanism of how EMFs exposure induce alterations of membrane permeability, focusing 
the attention mainly on the membrane phospholipidic components [11-14]. 
In this context cationic CA-loaded liposomes (Fig.1) revealed an extraordinary sensibility toward the EMFs 
induced-effects. 
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Fig. 1.  Schematic representation of CA-loaded liposomes where the dipolar (e.g. DPPC) and 
unipolar (e.g. SA) chemical structures in the lipid bilayer are depicted. 
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They are formed by controlled dialysis of detergent (DIAL) and containing 

dipalmitoylphosphatidylcholine (DPPC), cholesterol (CHO), and the charged lipid stearylamine (SA).  Because 
entrapping Carbonic Anhydrase (CA) these liposomes could be considered as a bioreactor.  To follow any 
alteration due to EMFs exposure on the permeability of lipid membrane we add in the bulk aqueous phase the 
substrate p-nitrophenyl acetate (p-NPA) in great excess to have a steady-state condition limited only by the 
enzyme activity.  Because the p-NPA cannot pass freely across the lipid bilayer, or with a very low self-
diffusion, any enhancement of its hydrolysis rate can be assumed due to permeability change enabling the p-
NPA to reach the enzyme into the inside of liposomes.  We carry out kinetic measurements by monitoring the 
appearance of the product of p-NPA hydrolysis at its peak of absorbance at 400 nm in a Cary50 
spectrophotomer.  Typical recorded curves of change of absorbance at 400 nm against time (min) in the sham 
and exposed samples are shown   in Fig. 2.  The difference between the p-NPA hydrolysis rate in the exposed 
sample and the sham one is taken as an index of permeability changes due to the exposure.  The temperature is 
always recorded during the entire exposure time. 

 
 
 
 

 
 

Fig. 2. Typical recorded curves of the p-NPA hydrolysis rate of CA-loaded liposomes during EMFs exposure 
are shown.  
 
 
 
 

Typically, in these cationic liposomes, a non-zero p-NPA hydrolysis rate resulted in the sham samples 
(Fig. 2).  Indeed, due to electrostatic interactions between the enzyme and the positive charge on the lipid 
membrane, a small fraction of enzyme is located on the surface of liposomes. 

In order to normalize the kinetic data obtained with several liposome preparations used throughout our 
studies, we determine the total activity of CA (100%) released from each liposome preparations after their 
disruption with detergent (n-octyl-β-glucopiranoside).  Then, the relative p-NPA hydrolysis rates in intact 
liposomes are expressed as percentage values (%), and calculate for every exposed and sham sample toward 
100% of CA. 

We speculated that the above experimental system, in contrast to living cells, was well defined and had 
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only a limited number of parameter, thus allowed to evaluate in a comparative way the biological effects 
induced by EMFs with different components.  This idea was supported by the following findings. 
 We found that 2.45 GHz microwave radiation (6 mW/g) induced an increase of p-NPA hydrolysis rate 
from 41% ± 7 to 80% ± 11 in eight different CA-loaded liposome preparations [15].  An S-band exposure 
chamber, with a coax-waveguide transition bandwidth input 1.7-2.6 GHz, was used.  The SAR of the samples 
was calculated by the experimental curve of the temperature increase inside a water-filled cuvette in absence of 
thermostatic control.  We speculated that the net surface charge in the vesicles might be involved in the response 
of liposomes to MW field exposure, since the permeability effect could be dependent on electrostatic charge.  
This idea was supported by the finding that liposomes with higher net surface charge (i.e., DPPC:CHO:SA at 
5:3:2 lipid ratio) showed an higher effect than ones with 6:3:1 ratio.  We also found that the MW induced-effect 
on substrate permeation occurred well below (20°C) the phase-transition temperature of liposomes (≈ 40°C), in 
agreement with literature data [16-17].   It should be noted that liposomes exhibit phase transitions which can be 
triggered by (inter alias) changes in the total or average area of polar heads on the outer monolayer, these 
transitions has been proposed to induce changes in the membrane permeability which are analogous to 
microwave-induced permeability changes [18]. 

We used the same experimental approach in an effort to clarify the mechanism for how extremely low 
frequency (ELF) electromagnetic fields exposure influences the trans-membrane movement of free ions in cell 
membranes [19-21].  Such experimental evidences demonstrate a change in free calcium concentration between 
the extra- and the intracellular medium under the presence of an ELF magnetic field combined with a static 
magnetic field. 

In this context, we investigated whether combined sinusoidal (AC) and static (DC) magnetic fields could 
affect the permeability of our cationic CA-loaded liposomes under well-controlled field exposure conditions.  
The magnetic field was generated by a series of perpendicular nested coils.  Each set of coils controls the 
component direct along its axis.  In the center of the apparatus a large isofield region (8 cm3 ) with a field 
uniformity of 1% was obtained.  The values of the three components of the magnetic field were generated and 
maintained by the feedback system [22].  We found that 7 Hz sinusoidal (Bacpeak = 50µT) and parallel static 
(Bdc = 50µT) magnetic fields exposure induced an increase in the hydrolysis rate of p-NPA in these liposomes 
[22].  We speculated that the positive charges of SA on the liposome surface might be responsible for the effect.  
This idea was supported by the findings that the effect was linear with the increase of SA concentration in the 
lipid mixture and nullified by neutralizing the positive charge of SA, upon going from pH 7.55 to 8.95 in the 
reaction medium.  Moreover, the presence of CA partially located on the external surface of these liposomes 
would be expected to be a confounding factor in determining the primary target on the membrane for the 
interaction of the ELF magnetic field.   Therefore we studied the influence of ELF magnetic field on the 
catalytic parameters of the CA.  No structural change of the enzyme, as revealed by the Km values, was found 
when CA was either free in solution or loaded in liposomes.  Further a specific treatment of the liposomes with a 
protease able to remove the CA partially located on their surface did not indicate any role for the enzyme itself 
in the effect [23]. 

Based on these results an interaction model between the magnetic field and the polar structures 
embedded in the liposomes has been proposed [23].  The proposed model shows the possibility of inducing a 
precessional motion by applying suitable dynamic magnetic field.  As a result, the charged structures (e.g. -
CH2CH2NH3

+ in SA) on the lipid membrane could move in a way such as to facilitate the passage of external 
substances right through the membrane [23-24]. 

The increasing interest in the THz (Tera-Hertz) region of the electromagnetic spectrum, extending from 
100 GHz to 10 THz, in biomedical science [25-26], and the scarce knowledge about the biological effects of this 
THz region on living systems, suggested us to use our experimental approach in the context of the European 
Project THz-BRIDGE dealing specifically to investigations on diagnostic and potential genotoxic effects 
induced by THz radiation. 

A series of experiments examining the effects of 130 GHz radiations, modulated at low frequency (5, 7 
and 10 Hz) on membrane permeability were carried out.  The THz radiation were conducted by using a Compact 
THz Free Electron Laser (FEL) providing coherent radiation at 130 GHz with a 10% relative bandwidth in the 
form of a "train" of micro pulses of about 50 ps duration each, with 330 ps spacing between adjacent pulses 
[27].  The overall duration of the train (macro pulse) is 4 µs.  Macro pulses can be produced up to a maximum 
repetition frequency of 10 Hz. 

We found that the THz exposure induces an increase of the p-NPA hydrolysis rate on CA-loaded 
liposomes in a dose-dependent manner.  Indeed, by applying an incident power lower than 8 mW/cm2

 the effect 
was found only for modulation at 7 Hz.  By increasing the field power the effect was also found at modulation 
of 5 and 10 Hz, though always much more less significant than at 7 Hz.  We speculated that probably a 
temperature rise in the exposed sample rather than a modulation at a specific frequency might be responsible for 
the effect.  Therefore, we studied exposure induced membrane changes on liposome at a different phase 
transition state by exchanging the DPPC with POPC in the lipid mixture.  Further, we prepared the latter 
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liposome in a different manner avoiding the detergent dialysis, thus producing VET liposome populations with a 
higher diameter vs. DIAL ones.  POPC liposomes, which are in fluid phase, showed that THz exposure does not 
induce any increase in liposome permeability, and that the temperature variations recorded in the samples during 
the exposure were negligible.  Based on these results we excluded a thermal-based explanation for the effect.   

Electrical double layers form at each side of the cell membrane, in equilibrium, this potential is of the 
order 100 mV (E bilayer ~ 10 7 Vm-1) when the net ion flux (mainly K+, Na+, Cl-, Ca2+) through the membrane is 
zero, and any disturbance of the membrane (e.g. by absorption of electromagnetic radiation in the membrane) 
can result in a change in the potential difference across the system.  In the 130GHz experiments noted above, the 
peak electric field (E 130GHz ) was two orders of magnitude lower than naturally developed across bilayers.  
Despite this comment, the influence of the electric field cannot be excluded for the effect of permeability change 
on lipid membrane, as the effects appear be pronounced only within a certain field range (Fig. 3).  As living 
organisms are not adapted to this spectral range of radiation, and the possible resonance characteristics of its 
action, it may be possible that a relatively small influence causes a pronounced effect. 
 
 

 

 
 
 

FIG. 3.  Effect of 130 GHz radiation on CA reaction rate of DIAL liposomes.  % CA reaction rates as a function 
of the peak electric field are shown for three different pulse repetition rates: 10 Hz (dark grey), 7 Hz (black) and 
5 Hz (light grey), sham (white).  Statistical significances are presented as P of unpaired two-tailed t-test at 95% 

confidence intervals.  
 
 
 
Summary 

The use of cationic liposomes entrapping an enzyme for the evaluation of permeability changes 
induced by EMFs on cell membrane has been proposed.  This system allows comparative evaluation of the 
induced effects by exposure at different EMF components.  Specifically, membrane components, with typical 
dipolar (e.g. phospholipids), or unipolar (e.g. cationic amines) structures, may be focused to study and find 
interpretation keys on the biointeraction phenomenon, under EMFs exposure conditions. 
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Abstract 

The exposure of mouse embryonic stem (ES) cells to extremely low frequency magnetic fields (ELF-MFs) 
triggered the expression of GATA-4 and Nkx-2.5, acting as cardiac lineage-promoting genes in different 
animal species, including humans. ELF-MFs also enhanced prodynorphin gene expression, and the 
synthesis and secretion of dynorphin B, an endorphin playing a major role in cardiogenesis. These effects 
occurred at the transcriptional level and ultimately ensued into a remarkable increase in the yield of ES-
derived cardiomyocytes. These results demonstrate the ability of ELF-MFs to modify the gene program of 
cardiac differentiation in ES cells without the aid of gene transfer technologies. 
 

INTRODUCTION 
Extremely low frequency Magnetic fields (ELF-MFs) have been shown to elicit behavioural changes in 
intact organisms (1) and affect proliferation and growth factor expression in cultured cells (2,3). 
Nevertheless, only a few reports suggest that ELF-MFs may affect cell differentiation (4-6). 
 
In the present study, we used murine embryonic stem (ES) cells as an in vitro model of cardiac 
differentiation and assessed whether ELF-MF (Fig. 1) may be involved in the activation of a gene program 
of cardiac lineage commitment 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 
 
Exposure system and signal characteristics: 
• signal generator: Beckman FG3A 
• c.c. current amplifier (home made) for low resistive load 
• multimeter: Fluke 85III 
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• two tetracoils, each composed of four coaxial coils, 40 (20+20) turns each, which were double- 
wrapped to obtain wound (active) or counter-wound (sham) configuration. The inner coils have radii of 
10 cm, and the outer of 7 cm. With this configuration a very large region of magnetic field uniformity 
can be obtained. 

• Signal: 50 Hz, sinusoidal, intensity 0.8 mTrms 
• The two tetracoils were placed inside the same incubator as shown in the picture. 
 
ELF-MFs were applied to GTR1 ES cells, a derivative of R1 ES cells bearing the puromycin resistance 
gene driven by the cardiac specific MHC promoter (GTR1 cells were kindly provided by Dr. William L. 
Stanford, University of Toronto and Centre for Modeling Human Disease, Canada). ES cells were 
maintained in the undifferentiated state by culturing in KNOCKOUT D-MEM containing 15% FBS, 
supplemented with 1000 U/ml LIF (Leukemia Inhibitory Factor). To induce cardiac differentiation, cells 
were plated onto special plates (Costar ultra low attachment clusters), containing KNOCKOUT D-MEM, 
lacking supplemental LIF. After 2 days, the resulting embryoid bodies (EBs) were plated onto tissue culture 
dishes. When spontaneous contractile activity was noticed, puromycin (2µg/ml) was added to eliminate 
non-myocardial cells. After 2 days, puromycin selected cells were transferred to new tissue culture dishes. 
EBs, collected at several stages after plating, as well as puromycin-selected cells were processed for gene 
expression analyses. Following LIF removal and throughout puromycin selection, GTR1 cells were also 
exposed to a sinusoidal ELF-MF (50 Hz, 0.8 mTrms). The analysis of mRNA expression was performed by 
RT-PCR technique. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    
 
 

Figure 2 
Effect of ELF-MFs on a cardiogenic transcriptional profile in embryoid bodies (left panel) and puromycin-
selected cardiomyocytes (right panel). LIF, leukemia inhibitory factor; C, control; S, sham; MF, magnetic 
field; Prodyn, prodynorphin. GAPDH, (Glyceraldehide-3-phosphate dehydrogenase) was used as reference. 
 
Exposure to ELF-MFs triggered the expression of GATA-4 and Nkx-2.5 mRNA in both EBs and 
puromycin-selected cardiomyocytes. Notably, these transcripts encode for a zinc finger-containing 
transcription factor and a homeodomain, that are both essential for cardiac lineage commitment in different 
animal species, including humans (7-9). Moreover, ELF-MF increased the expression of the prodynorphin 
gene, which encodes for the dynorphin family of endorphin peptides, previously shown to act as 
orchestrators of the transcription of both cardiogenic and cardiospecific genes in mouse ES cells (10,11). 
Consonant with our previous findings (12), the increase in prodynorphin mRNA was associated with an 
increase in the expression of dynorphin B, a bioactive end-product of the gene (not shown). 
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ELF-MF and Stem Cells 
 
 
The attainment of a cardiac fate was inferred by the observation that ELF-MFs also elicited the expression 
of cardiac specific genes, including myosin light chain 2-V and alpha-myosin heavy chain, as shown in Fig. 
3. 
On the whole, the over-expression of both cardiogenic and cardiac-specific genes induced by ELF-MFs 
ensued in a remarkable increase in the yield of ES-derived spontaneously beating cardiomyocytes. 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 3 
Effect of MF on the Expression of Cardiac Specific Genes. 
 
Left panel, ELF-MF was applied from the time of LIF removal and EBs were collected after 3 days. 
Right panel, ELF-MF was applied from the time of LIF removal throughout puromycin selection. Four 
days after puromycin addition, ES-derived cardiomyocytes were processed for gene expression analyses. 
MHC, alpha-myosin heavy chain; MLC, myosin light chain-2V; C, control cells; S, Sham; MF, magnetic 
field. 
 
 
To assess whether commitment to other cell lineages were recruited by ELF-MF, we investigated the 
expression of neurogenin-1, a gene involved in neuronal specification, and myoD, a transcript associated 
with skeletal myogenesis. While myoD was not affected by cell exposure, neurogenin-1 mRNA was only 
slightly increased in EBs (Fig. 4). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4 
Effect of  ELF-MF on the expression of genes promoting non-myocardial lineages. 
Left Panel, ELF-MF was applied from the time of LIF removal and EBs were collected after 3 days. 
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Right panel, ELF-MF was applied from the time of LIF removal throughout puromycin selection. Four 
days  after puromycin addition, ES-derived cardiomyocytes were processed for gene expression analyses.  
Ngn, neurogenin1, determination gene; C, control; S, Sham; MF, magnetic field. 
 

Summary 
The development of a model of in vitro cardiogenesis based on “gene trapping” selection of 
cardiomyocytes from pluripotent GTR1 cells provided a homogeneous and reproducible approach to assess 
the effect of MF on developmental decisions in ES cells. 
In this model of cardiogenesis, MF elicited the expression of a gene program of cardiogenesis, along with 
the induction of cardiac-specific transcripts. 
MF failed to activate skeletal myogenesis but slightly enhanced the expression of a vertebrate neural 
determination gene. 
 
These results demonstrating the potential use of magnetic fields for modifying the gene program of cardiac 
differentiation in ES cells without the aid of gene transfer technologies may pave the way for novel 
approaches in tissue engineering and cell therapy. Within this context we are now planning to investigate 
whether ELF-MF with different physical characteristics (frequency, amplitude and wave shape) may 
influence cell lineage commitment even in human mesenchymal stem cells. 
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Abstract:   

The ever-increasing use of cellular phones and increasing number of associated base stations are becoming a 
widespread source of non-ionizing electromagnetic radiation. 
In this study, we submit an animal study in a confined, well-controlled environment, with an intention to 
investigate effects of GSM Base Transceiver Station (BTS) EM radiation on oxidative stress and generation 
of free radical. During this study a group of young adult male Wistar albino rats was exposed to EM fields 
inside a test chamber, while another group was sham-exposed under the same conditions. Malondialdehyde 
(MDA) levels were assessed as a marker of lipid peroxidation and the activities of GSH and SOD were 
determined in order to evaluate antioxidant status in the blood samples of exposed rats. 



A.YUREKLI, M.ÖZKAN, T. KALKAN, H. SAYBASILI, H. TUNCEL, P. ATUKEREN 
. 

 627

MDA level was increased significantly (p<0.0001) for the experiment group when compared to the sham-
exposed group. SOD activity was also increased for the experiment group, although less significantly 
(p=0.019), when compared to the sham-exposed group. GSH concentration decreased significantly 
(p<0.0001) for the experiment group when compared to the sham exposed group. 
Our results indicate that exposure to EM fields at BTS frequencies may modulate the oxidative stress of free 
radicals by enhancing lipid peroxidation and reducing the concentration of GSH. 
Keywords: Electromagnetic field, base transceiver station, antioxidants, oxidative stress, GTEM. 
 

1. INTRODUCTION  

The fast growing second generation mobile phone system, Global System for Mobile Communications 
(GSM), has become the world’s largest mobile telecommunications system, with its one billion subscribers in 
over 200 countries [1].  Electromagnetic (EM) radiation produced by mobile phone and their base station 
antennas are in the 890 – 960 MHz frequency range for the GSM900 system. While mobile phones emit low 
power (2 Watts or less) EM fields in the 890 – 915 MHz range, the base station emissions are much higher in 
power and in the 935 – 960 MHz range. Since mobile phones are kept and used near the body, in particular 
near the head, emissions should be analyzed in the near field. On the other hand, base station radiation must 
be modeled with far field considerations. Another concern on base stations is the continuous emission of EM 
radiation. Therefore, residents who live close to base stations may have a bigger health concern than the 
casual users of the mobile phones.  

There are a number of governmental and independent organizations working on the regulation of the 
EM radiation from mobile phones and their base stations. As a result useful guidelines and directives have 
been placed in act [2, 3]. These guidelines, however, focus on the SAR values, which addresses the energy 
deposition in the body in terms of heat. In May 2000, in IEGMP Mobile Phones and Health report [4], 
concerns were reaffirmed in the following statement, as: “…There is now scientific evidence, however, which 
suggests that there may be biological effects occurring at exposures below these guidelines…”  

A relatively recent comprehensive survey on mobile phone health effects, published by NRPB (UK)  
[5], summarizes 26 reports from several countries. The survey concludes that although the possibility of low 
level EM field exposure causing adverse health effects remain “unproven”, additional well targeted, high 
quality research will be valuable to explore the remaining uncertainties further.  

One of the areas of interest by scientists in recent years is the EM radiation induced oxidative stress in 
biological systems. The issue was first studied for the extremely low frequency (ELF) range, particularly for 
the power-line frequency the magnetic fields [6, 7]. Some recent studies also address effects in radio 
frequency (RF) range, especially for the mobile telecommunications emissions [8, 9, 10, 11]. 

Free radical is a molecule or ion that has an unpaired electron in its outer orbit. Radical particles are 
unstable and are very reactive. Most common free radicals are produced from oxygen metabolism and are, 
thus, called as reactive oxygen species (ROS). Free radicals start chain reactions as the unpaired electron is 
transferred from one molecule to another. One known consequence of this kind of a chain reaction is the lipid 
peroxidation, where reactive radicals, such as NO2

-, OH- or CCl3O2
-, abstract an atom of hydrogen from poly-

unsaturated fatty acid (PUFA) side chains in membranes or lipoproteins. This leaves an unpaired electron on 
carbon. The carbon radical reacts with oxygen and the resulting peroxyl radical attacks adjacent fatty acid side 
chains to generate new carbon radicals and so the chain reaction continues. The attack of one reactive free 
radical can oxidize multiple fatty acid side chains to lipid peroxides, damaging membrane proteins. This 
makes the membrane leaky and eventually causes complete membrane breakdown [12]. MDA is one of the 
end products of lipid peroxidation which is mostly used as an oxidative stress marker. 

There are experimental evidences that oxidative stress and consequent free radical production are 
important causative factors in the pathology of several degenerative disorders; such as neurodegenerative 
diseases, carcinogenesis, atherosclerosis, hypertension and diabetic mellitus [13,14,15,16]. Oxidative stress 
refers to the cytotoxic consequences of oxygen radicals, such as superoxide anion (O2·-), hydroxyl radical 
(OH·) and hydrogen peroxide (H2O2), which are generated as byproducts of cellular aerobic metabolism. 
Oxygen radicals can attack DNA, proteins and lipid membranes, thus disturbing their physical function.  

Fortunately, there are enzymatic systems to counterbalance the production of ROS. Superoxide 
dismutase (SOD), catalase (CAT) and glutathione peroxidase (GSH-Px) are enzymes responsible for 
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degradation of O2·- . While SOD converts O2·- to H2O2, GSH-Px converts H2O2 to water and oxygen. GSH-Px 
uses H2O2 to oxidize reduced glutathione (GSH).  Decreased activity of GSH-Px leads to accumulation of 
H2O2, which in the presence of iron and copper promotes the Fenton reaction to yield OH·. Hydroxyl radical 
is the most reactive form of oxygen radicals that can initiate a chain reaction to generate numerous toxic 
reactants. GSH-Px also participates in detoxification of lipid peroxyl radicals [17, 18]. 

In this article, we submit an animal study in a confined, well-controlled environment, with an intention 
to investigate effects of GSM Base Transceiver Station (BTS) EM radiation on oxidative stress and generation 
of free radical. During this study a group of young adult male Wistar albino rats was exposed to EM fields 
inside a test chamber, called Gigahertz Transverse Electromagnetic (GTEM) Cell, while another group was 
sham-exposed under the same conditions. Malondialdehyde (MDA) levels were assessed as a marker of lipid 
peroxidation and the activities of GSH and SOD were determined in order to evaluate antioxidant status in the 
blood samples of exposed rats. 
 

2. METHODS 

2.1 Exposure Environment 

The test setup is a general purpose EM shielded chamber that is suitable to house laboratory animals. In 
this exposure environment electromagnetic radiation of specific energy, frequency and waveform can be 
applied. The main element of the setup (Figure 1) is a GTEM Cell [GTEM 1750, MEB, Germany], installed 
in Electromagnetic Compatibility (EMC) Laboratory of TUBITAK-UEKAE. 

GTEM Cell is a radiated field generation and measurement device that has a single input/output port 
for EM immunity and emission test purposes. GTEM Cell, in essence, is a transmission line terminated with 
50 Ω load. The asymmetrical inner conductor (called “septum”) is designed to match the impedance of a 
tapered, rectangular wave guide cross section. The outer surface of the GTEM Cell is made of metal sheets 
with an attenuation of around 60 dB at high frequency EM fields. Note that honeycomb waveguides are 
installed at the bottom of the GTEM Cell for ventilation purposes. Electric field level is directly proportional 
to the amplitude of the voltage applied to the input port and inversely proportional with the septum height. In 
order to obtain increased field level with constant input power, cages that contain the test subjects are 
designed and placed closer to the input port of the GTEM Cell for the purpose of biological effect studies as 
illustrated in Figure 2 

Signal generators, are used to feed the input port of the GTEM cell in order to imitate the 
electromagnetic fields emitted from base transceiver stations. A properly selected signal generator [SMY01, 
Rohde&Schwarz, Germany] generates the 945 MHz carrier wave which is then pulse modulated at 217 Hz 
[using Stanford Research Systems DG535 Digital Delay/Pulse Generator, USA] in accordance with GSM 
specifications. Output of the signal generator is then connected to a 100W power amplifier [757LCB-CE, 
Kalmus, USA]. Power feed to the GTEM cell input is provided through a directional coupler. One port of the 
directional coupler is connected to a power meter [Rohde&Schwarz NRVS with thermal probe NRV-Z51] 
through which applied power level is monitored (Figure 1).  

The rats are enclosed inside two “metabolic cages” which are placed adjacent to each other. These 
cages are designed so as to feed and water the rats and collect urine samples through its structure. The cages 
are composed of transparent Plexiglas material. It is thus assumed that the cages have minimal effect on the 
applied electric field. The rats are free to move inside a volume of 24 cm (W) x 34 cm (L) x 12.5 cm (H). The 
applied electric field is perpendicular to the plane on which the rats move; therefore each animal is exposed to 
the field without any obstruction caused by its “neighbors”.  
 

2.2 SAR Calculation 

It is necessary to make the dosimetric evaluation of an electromagnetic field exposure experiment in 
order to deduce meaningful results and compare various biological effects produced with different test setups. 
Dosimetric evaluation is performed, in general, in terms of Specific Absorption Rate, known as “SAR” in 
short. Since exposure from Base Transceiver Stations (BTS) is generally in the far field, whole-body average 
SAR is taken into consideration in this experiment. Whole-body average SAR is defined as the total energy, 
transferred to the body per unit time, divided by the total mass.  
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The Finite-Difference Time-Domain (FDTD) method implemented in a MATLAB program was used 
to compute the expected SAR values on the subjects in a simulation environment. 

In order to validate the numerical model and MATLAB implementation of the FDTD technique, 
electric field levels were measured at 10 selected positions on an XY plane located at the middle of the Z axis 
and compared with those that were obtained by the FDTD technique. These points were selected such that 
they represent the position of the rats in metabolic cages during actual EM exposure. The simulation software 
was executed for three times for different input power levels. Electric field levels were also measured by an 
electric field meter [Acterna EMR-300 with Type 8 E-field probe, Germany], again at those specified input 
power levels. We found out that FDTD model closely simulates the actual exposure environment (less than 
7% difference in the average electric field levels). Thus, the model is a good approximation of the real life 
measurements. Electric field measurement results also indicated that a fairly uniform electric field was 
applied to the test subjects in the exposure environment. 

The test subject was, on the other hand, modeled roughly with an effort to maintain some details of its 
geometry. The rat, as a whole, was modeled using electrical properties at 945 MHz, calculated for average 
muscle tissue, corresponding to: ε =55.853462 and σ=0.985515. Rat muscle tissue density was taken as, 
ρ=1040 mg/cm3. For the sake of simplicity, rat cages were not included in the model since they are 
transparent to electromagnetic radiation. Normalized SAR value for this exposure environment was found to 
be 0.90 mW/kg per input W. Thus, when this exposure setup is used for assessment of biological effects, we 
can compute the SAR values through the FDTD model easily once the GTEM input power level is given. 
 

2.3 Electromagnetic Exposure 

Calculations above show that in this test environment SAR values we can induce are well below the 
safety standards [3]. A set of exposure experiments was performed in two phases to investigate the biological 
effects of the electromagnetic fields at GSM BTS frequency. The first phase was the EM field exposure 
experiment and the second was the sham exposure (see Table 1). In each phase, the following procedure was 
applied: 

The animals were obtained from the Experiment Animals Center of Istanbul University Cerrahpasa 
Medical School. For each of the two phases a set of 9 healthy, young adult male Wistar albino rats were used. 
The rats were cared for in accordance with the Guide for the Care and Use of Laboratory Animals [20].  The 
rats have been fed with standard pellet food and watered by tap water ad libitum. The rats have been weighted 
before, after and at each day of the experiment. Average weights of both groups before and after the 
experiment and their average food and water consumption are given in Table 2.  

The subjects were placed inside two metabolic cages, 5 rats in one cage and 4 rats in the other. The 
cages were placed in the test volume inside the GTEM cell as shown in Figure 2. Radiofrequency EM field 
(3.67 W/m2 power density) was applied onto the exposure group for the first phase, while there was no EM 
field exposure onto the sham group, in the second phase. We could only apply a low power level, which 
corresponds to a SAR value of 11.3 mW/kg, because of the time averaging of the applied peak power level in 
accordance with the GSM modulation of the carrier wave. The cages containing the rats were kept inside the 
GTEM Cell for 7 hours for a period of 8 days for each group.  
2.4. Metabolite Gathering and Analysis 

At the end of each phase, the animals were anesthetized. After exploration of the thorax, intracardiac 
blood was quickly obtained. The tubes containing the processed blood samples were stored at -24 oC until 
they were analyzed at the Cerrahpasa Medical School Biochemistry Laboratory. These samples were 
processed for measuring MDA, GSH and SOD levels. The materials collected were analyzed using a 
spectrophotometer [JASCO V-530 UV/VIS] according to standard laboratory procedures [21,22].  

MDA level was determined in plasma using the principle of spectrophotometric determination of 
absorbance at 535 nm of colored complex which is formed by condensation of two molecules of 
thiobarbituric acid and one molecule of the material that it reacts with. For this purpose, 1 ml of a stock 
solution, which was prepared from trichloroacetic acid, thiobarbituric acid and hydrochloric acid, was added 
to 0.5 ml of plasma. After pippeting, tubes were closed and put inside a boiling water bath for 20 minutes. 
After cooling down, they were centrifuged at 2000 cycles/min for 10 minutes. Absorbance of the supernatant 
solution was read against the blind solution. MDA level is given in millimoles per liter (mM/L). 
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GSH concentration was determined in total blood by color reading at 412 nm of the solution that is 
formed by the reaction of free sulfhydryl compounds in the whole blood  with 5,5’-Dithiobis (2-nitrobenzoic 
acid) (DTNB). Note that DTNB is a disulfide chromogen that is readily reduced by sulfhydryl compounds to 
an intensely yellow compound and the absorbance of the reduced compound is directly proportional to the 
GSH concentration. Cuverts were prepared for GSH calibrator, erythrocyte and precipitating agent. After 
incubating at room temperature for 5 minutes, the solutions were centrifuged at 3000 cycles/min for 10 
minutes. Upper phase was extracted and phophate buffer, DTNB and distilled water were added. The color 
reading was performed at 412 nm against the blind solution in 4 minutes. Using glutathione standard curve 
did the calculation. GSH concentration was expressed in milligrams per gram hemoglobin (mg / g Hb). 

The method of determination of SOD activity was based on the reduction of nitroblue tetrazolium by 
superoxide anions that were formed by xanthine/xanthine-oxidase system and then inhibition of superoxide 
anions by SOD. Reaction mixture used to determine the SOD activity in erithrocytes was prepared using 
xanthine, EDTA, nitroblue tetrazolium, Na2CO3 and bovin serum albumin at specified concentrations inside a 
200 ml flask. Reaction mixture was set to a pH level of 10.2. Supernatant solution was prepared using 
chloroform letanal, erythrocyte and distilled water. This solution was centrifuged at 15000 cycles/min for 10 
minutes. Test and blind solutions of 1.07 ml were incubated at 25 oC for 20 minutes.After adding 0.05 ml of 
CuCl2 (8 mM/l) reaction was stopped. Note that the 50 % inhibition with respect to the blind inside the 
reaction tube corresponds to 1 unit of SOD activity. The units of SOD activity was determined by simple 
linear ratio. But it had to be further determined with respect to the hemoglobin concentration inside the 
solution, so the resultant SOD activity was formulated in terms of units per gram hemoglobin (or U / g Hb).  

Hemoglobin concentration for GSH and SOD analysis was determined using Drabkin’s reagent. 3 mL 
reagent was mixed with 1:20 hemolysate and kept in dark for 10 minutes. Absorbance at 540 nm was read 
against a blank of Drabkin’s solution and hemolysate hemoglobin concentration was determined from a 
calibration curve. 

Data was presented as means standard deviation. SPSS software package (SPSS for Windows release 
11.50) was used for statistical analysis. The analysis results were evaluated based on Mann-Whitney U test 
statistics and a p<0.05 was considered significant. 
 

3. RESULTS 

Lipid peroxidation (MDA – malondialdehyde), GSH (reduced glutathione) and SOD (superoxide 
dismutase) analysis results are given in Figure 3, Figure 4 and Figure 5, respectively. Levels of all the three 
parameters of interest have been changed significantly under EM radiation effect. MDA level was increased 
significantly (p<0.0001) for the experiment group (10.20 ± 0.78 mM/L) when compared to the sham-exposed 
group (6.77 ± 0.60 mM/L). SOD activity was also increased for the experiment group (2.53 ± 0.87 Units / mg 
Hb), although less significantly (p=0.019), when compared to the sham-exposed group (1.79 ± 0.72 Units / 
mg Hb). GSH concentration, on the other hand, decreased significantly (p<0.0001) for the experiment group 
(7.84 ± 1.15 mg / g Hb) when compared to the sham exposed group (19.19 ± 1.64 mg / g Hb). 

4. DISCUSSION AND CONCLUSION 

A two-phase experiment was designed in order to investigate the effects of EM fields at GSM BTS 
transmitter frequencies. In the first phase, EM field at 945 MHz of 3.67 W/m2 power density, which is 
calculated to produce a SAR value of 11.3 mW/kg, was applied on a group of 9 rats inside a GTEM Cell.  In 
the second phase, the same number of rats was sham exposed under the same conditions. The duration was 7 
hours/day for a period of 8 days, in each phase. 

Biochemical analysis of blood samples indicate that the GSM BTS EM radiation exposed rats have 
higher concentration levels of MDA (malondialdehyde) and lower GSH (glutathione) concentrations when 
compared to the sham exposed group. This outcome is in agreement with the results of some previous studies. 
Dasdag et al. [9] studied the effects of mobile phone EM radiation on rat brain tissues, where rats are exposed 
to EM fields for 20 min/day for 30 days (SAR=0.52 W/kg). The MDA levels in rat brain tissues increased 
significantly after exposure. In another study by Ozguner et al. [11], renal impairment in rats was investigated 
under mobile phone radiation (SAR=0.016 W/kg). Rats were exposed 30 min/days for 90 days and the result 
was increase of renal tissue MDA, NO (nitric oxide) and urinary NAG (N-acetyl-β-D-glucosaminidase) levels 
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and significant decrease of tissue SOD, CAT (catalase) and GSH-Px (glutathione peroxidase) levels. Ilhan et 
al. [10] studied mobile phone induced oxidative stress in rat brain. Rats were exposed to mobile phone 
emissions (SAR=0.25 W/kg) for 1 hour/day for 7 days. MDA and NO levels were increased whereas GSH-Px 
and SOD activities were decreased significantly in rat brain tissue. Additionally, XO and ADA levels were 
also increased. Moreover, Moustapha et al. [24] have studied acute mobile phone exposure effects on human 
volunteers and found out that MDA level in plasma was increased and GSH-Px and SOD activities were 
decreased in human erythrocytes after 1h, 2h and 4h of exposure. No significant change was observed for 
CAT activity in this study. 

However, some other studies in literature have concluded in no relation between EM field exposure 
and free radical activity. Irmak et al. [24] have shown that EM radiation from mobile phones applied 30 
min/days for 7 days on rabbits had no significant effect on rabbit brain, suggesting that oxygen free radicals 
were not generated. But, they have observed a significant increase in serum SOD activity in the exposed 
group. In addition, Zmyslony et al. [8] have exposed rat lymphocytes in vitro to 930 MHz continuous wave 
(CW) radiation inside a GTEM Cell (SAR=1.5 W/kg). Five min and 15 min acute exposure resulted in no 
change in reactive oxygen species production in living cells. However, change was observed when 
lymphocytes were treated with FeCl2 as a stimulating agent. 

Some research studies relates oxidative stress to certain diseases. In a Parkinson’s disease model SOD, 
CAT and GSH-Px activities were increased in striatum and ventral midbrain of mice [25]. In another 
Parkinson’s disease model Thiffault et al. [26] showed an increase in SOD activity with no increase in GSH-
Px activity in mice brain. Neuronal GSH deficiency and age dependent neurodegeneration were found to be 
related with the down regulation of excitatory amino acid transporters in mice [27]. 

According to our results, MDA level and SOD activity were increased, whereas GSH concentration 
was decreased in EM radiation exposed rats when compared to sham-exposed group. We think that decreased 
GSH concentration may be due to the higher consumption of GSH for scavenging the higher production of 
free radicals. The lower GSH concentration may have some relation to the increased SOD activity. Note that 
the endogenous GSH has a protective function in scavenging radicals and in molecular repair. However, such 
scavenging can set up a superoxide-dependent chain production of H2O2 and oxidized glutathione, which 
would oxidatively stress the cell. Therefore, the increased SOD activity may be a response to suppress the 
higher chain oxidation of GSH, or a response to balance the decreased GSH concentration. 

Thus, the up regulated SOD activity converts O2·- to H2O2 and down regulated GSH concentration 
leads to the insufficient detoxification and accumulation of  H2O2 in the system. H2O2 is known to be 
converted to hydroxyl radical in the presence of iron rapidly, which is the most damaging form of ROS. Note 
that the balance between GSH-Px and SOD appears to be important for the cellular resistance to oxidative 
stress [28].  

In conclusion, our results indicate that exposure to EM fields at BTS frequencies may modulate the 
oxidative stress of free radicals by enhancing lipid peroxidation and reducing the concentration of GSH. It is 
highly probable that detoxification of lipid peroxyl radicals can not be accomplished in our system. We note 
that reactive oxygen species may have a probable role on adverse effects of EM fields at mobile 
telecommunication frequencies. The outcome of this study needs confirmation by repetitive laboratory studies, 
including higher dose and longer duration exposure, and theoretical mechanisms underlying this effect should 
also be addressed in future.  
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Figure 1. Electromagnetic field exposure setup. 

 

 

Figure 2. A group of rats contained in two metabolic cages inside GTEM Cell. 
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Figure 3. Effects of 945 MHz electromagnetic radiation on lipid peroxidation levels in rat blood samples 

(mean ± SD). p<0.0001 vs. sham according to Mann-Whitney U test. 

 
 
 

Table 1. Exposure parameters. 

Phase # 
Rat 

GTEM 
Input 
Power 

(W) 

Applied E 
Field Level 

(V/m) 

Power 
Density 
 (W/m2) 

SAR 
(mW/kg) 

Exposure 
Duration 

(days) 

Effective 
Exposure 

Time 
(hours/day) 

Time Spent 
in GTEM 

Cell 
(hours/day) 

Experiment  9 12.5 37.2 3.67 11.3 8 7 7 
Sham Exposure 9 - - - - 8 - 7 
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Figure 4. Effects of 945 MHz electromagnetic radiation on GSH concentration in rat blood samples (mean ± 
SD). p<0.0001 vs. sham according to Mann-Whitney U test. 

 

Table 2. Average weights of the rats before and after the experiment and their average food and water 
consumption. 

GROUPS Initial Weights 
(g) 

Weights After 
Exposure  

(g) 

Average 
consumed food 

per day by single 
rat (g) 

Average consumed 
water per day by 

single rat (ml) 

Experiment  190 ± 40 220 ± 38 22 21 
Sham Exposure 162 ± 43 191 ± 44 30 18 

 

 
Figure 5. Effects of 945 MHz electromagnetic radiation on SOD activity in rat blood samples (mean ± SD). 

p=0.019<0.05 vs. sham according to Mann-Whitney U test. 
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Abstract 
In the range 0.1 – 3,000 Hz, there are significant disparities between basic restrictions in the ICNIRP guidelines 
and the IEEE (ICES) standard, even though in both these are derived from consideration of abnormal retinal 
responses (phosphenes) and peripheral nervous system stimulation. Considerable uncertainties exist in i) 
interpreting the available data ii) in determining the point at which bioeffects become health effects and iii) 
deciding on an appropriate margin for safety for occupational and general public exposure. The available data 
tend to be rather sparse outside the range 20 – 60 Hz. 
Recent data from large-scale voxel models and from human volunteer and modeling studies of the effects of 
MRI switching field gradients permit some comparisons between external fields known to cause certain bio-
effects and external fields estimated from basic restriction values. Some interpolation and extrapolation across 
the frequency range is possible. In particular, electric field limits, which were previously thought to be entirely 
determined by indirect effects (contact currents and micro-shock) should now, because of results from recent 
voxel-based modeling, be determined more by direct effects derived from basic restrictions.  
The presentation will review the approach taken by a Working Group for the development of the Australian ELF 
Standard 
 
 
  
Introduction 
The Australian ELF Standard Working Group, from their first meeting, faced the dilemma of whether to follow 
the approach of ICNIRP (ICNIRP 1998) or of IEEE (IEEE 2002) in recommending basic restrictions for 
protection. For example, at power frequencies and for the general public, the former approach limits induced 
current density (J) to 2 mA.m-2 (averaged over 1 cm2 of tissue, perpendicular to current direction) and the latter 
limits induced electric field (Eint) to different limits in different parts of the body (averaged over a 0.5 cm line 
segment in the body). In the most sensitive value, the brain, the 50 Hz value is 14.7 V/m. Since the two 
quantities can be related via J = σEint, the two approaches can be made equivalent by taking σ = 0.136 S/m, 
which is not too different from the average value of 0.2 S/m often used as an average value for tissue 
conductivity. However, because of the different assumed frequency variation, the disparities become very large 
at non-power frequencies. For example, the difference at 750 Hz (assuming σ = 0.136 S/m) is 15-fold (with 
IEEE less conservative) and at 1 Hz, 10-fold (with IEEE more conservative at these lower frequencies).  This 
forced the Working Group to re-examine the experimental data upon which these limits (and the associated 
reference levels) were derived. A number of important issues emerged, as follows: 
 
Synaptic effects in the retina 
A number of experimental reports are relevant to making estimates of the threshold tissue Eint for a measurable 
physiological response to occur. Most identify 20 Hz as the frequency for the lowest threshold. Eight studies 
involve the application of current to the retina (electro-phosphenes) and three the application of alternating 
magnetic fields (magneto-phosphenes). Considerable assumptions need to be made in each case to estimate 
tissue threshold, which range from 1 to over 600 mV/m. Although there is a large overlap, the electro-phosphene 
thresholds tend to be higher than the magneto-phosphene. The pooled value (assuming the two phenomena to be 
equivalent) is 56 mV/m (95% CI 2.3 – 1330 mV/m). This is very close to the RMS value used as the basis of the 
IEEE standard. 
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Peripheral neural stimulation 
Some recent work on human perception and of associated mathematical modelling of neural stimulation allows 
limits to be estimated for this phenomenon.  Most of this refers to work on the fields associated with the 
switching of gradient fields in Magnetic Resonance Imaging, which induce currents in the body and have 
characteristic frequencies typically in the range 500 – 1,000 Hz. A threshold for perception of just over 2 V/m 
was identified by Nyenhuis (Nyenhuis et al 2001) but further analysis using more sophisticated models gives a 
rather higher value of around 4 V/m (So et al 2004). Other work (Liu & Crozier 2004; Liu et al 2003), tends to 
confirm that the threshold value for sensation is lower than the 6.15 V/m value which form the basis for 
peripheral nerve stimulation in the IEEE standard (and which was derived using a mathematical model of a long, 
20 µm diameter myelinated nerve).  
 
Safety margins 
There is considerable debate on the margin that should exist between the thresholds just discussed and basic 
restrictions for a) occupational or ‘controlled environment’ and b) general public categories of exposure. ICNIRP 
uses margins of 10, 5 or 2 depending on the context, whereas IEEE uses margins of either 1 or 3. The 
justifications for the actual values uses are often not fully substantiated. Another area of debate is on whether the 
basic restriction should be related to a threshold for sensation or for harm/pain, and what the relationship 
between these two levels is. There is some useful information emerging on the distribution of thresholds within 
the general population. 
 
Reference or Maximum Permissible Exposure Levels: relationship with Basic Restrictions 
Both the IEEE and ICNIRP standards use simple homogeneous geometrical models of the human torso/head in 
order to derive equivalent external field limits. In recent years highly sophisticated, voxel-based, models of both 
the adult male and female have become available (Caputa et al 2002) (Dimbylow 2000; Dimbylow 2005; 
Dimbylow 1998). In addition, models of the child (Hirata et al 2001) and the pregnant female Dimbylow 
(Dimbylow 2006) have also been studied. Given tissue-specific Basic Restriction values, the corresponding 
external fields required to produce these can be found. Although most of this work is at power frequencies, other 
frequencies in the ELF range have also been studied (Dimbylow 2005; Dimbylow 1998). This allows reference 
levels to be calculated for both the avoidance of retinal and peripheral nerve stimulation effects, the latter 
becoming more of a concern above a few hundred Hz. For magnetic (B) fields reference levels can be derived 
fairly straightforwardly, but levels for electric (E) fields are a little more complicated. 
 
Electric field limits: direct and indirect effects 
Previous standards have assumed that Eint induced by external electric (rather than magnetic) fields are of the 
order of fractions of mV/m per kV/m external. Electric (E) field reference levels have been set to avoid indirect 
effects such as contact current and micro-shock. The former effectively limits E fields via the Deno formula  
(Deno 1975) since the magnitude of contact current is directly proportional to E. Contact current is in turn 
limited by considerations of annoyance thresholds for the general population. However, the voxel-based 
modelling studies just described predict much larger Eint  values than previously supposed (up to 50 mV/m per 
kV/m in bone, for example). Consideration of Eint in excitable tissue gives more conservative values for external 
E than are given by the Deno formula. However, data on micro-shock still determine E-field reference levels for 
the range of frequencies less than 100 Hz (and including DC). 
 
Giving protection below 0.1 Hz 
Here, external E- and B-fields need to be considered separately: for E-fields the need to avoid the production of 
micro-shocks in DC fields gives similar reference levels to those at power frequencies. On the other hand, data 
on B-fields is much more sparse, but it would appear that the reference level at DC should be at least two orders 
of magnitude higher than at power frequencies. 
 
Progress within the Australian Working Party for an ELF Standard 
The Working Party has developed a draft, incorporating the considerations just outlined, which it hopes will be 
available for public comment before the end of the year. At power frequencies, analysis along the lines just 
described tend to the view that the ICNIRP B-field reference levels are too conservative and the E-field levels 
too lax. Other considerations include: whether in controlled circumstances or activities reference levels can be 
relaxed for both occupational and general public exposures; what precise tissues (and what volume) do the basic 
restrictions refer to; what the safety margins should be? A Regulatory Impact Statement, which will include cost-
benefit analyses of a) regulatory adoption or b) voluntary compliance (with the standard as an educative 
document), is being prepared. 
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Abstract 
The aim of the study was evaluation the effect of occupational exposure to electromagnetic fields (EMF) on the 
cardiovascular system. 
The examinations covered all technical personnel employed at selected AM Broadcast Stations (738 -1503 kHz) - 
(I), radio services (150 - 170 MHz - (II), power substations (50 Hz) - (III), radio and TV broadcasting stations 
(VHF 30-300 MHz and UHF 0.3-3 GHz) - (IV), and Radio Link Stations (no EMF exposure) - (0). Maximum 
electric field strength (Emax) and magnetic flux density (Bmax) were assessed and doses per work shift – Edose 
and Bdose were calculated. 287 male workers aged 21-69, with employment duration 1- 42 years, underwent 
medical examination, resting and 24-h ECG, ambulatory blood pressure monitoring (ABPM). Risk of 
abnormalities (mostly ventricular arrhythmia) in resting and/or 24-h ECG was significantly higher for group I than 
for controls (OR= 6.6). In the group III, ABPM revealed a significantly higher risk of increased BP values, referred 
mainly to systolic BP at night-time (OR=12.5). Also in group IV, BP disturbances were significantly more frequent 
than in controls (OR=8.6). Cardiovascular abnormalities correlated with EMF maximum value as well as its dose. In 
all cases, the exposure levels were below Polish OEL values. Nevertheless, significant cardiac abnormalities, 
related to EMF frequency and intensity, were observed. 
 
Introduction 
The electromagnetic fields are commonly present both in the communal and work environments. The potential 
hazard they may pose to human health is a matter of dispute among scientists. The external electric and 
magnetic fields have a theoretical potential to affect the functions of different body systems through generating 
electric impulses within them. Most sensitive to EMF influence are the cardiovascular and nervous systems, 
particularly the autonomic nervous system responsible, among others, for neurovegetative regulation of the 
cardiovascular function. The experimental studies conducted thus far indicate that EMF within radio-, 
microwave and power frequencies can produce measurable biological effects. However, there is no simple 
relation between the biological and health effects. The biological effects detected at the cell or tissue level may 
not, and most often do not, translate into overt health effects, owing to the adaptation and repair mechanisms of 
the living organisms. Moreover, the findings of experimental animal studies can hardly be extrapolated to 
humans in view of the anatomic and functional differences between species. 
 
Therefore, for evaluating health effects of EMF exposure, the most significant are experimental, clinical or 
epidemiological studies on humans. The experimental studies make it possible to assess immediate response but 
not the delayed effects. Consequently, they are of little use for the assessment of effects of occupational 
exposure that may last several years. Much more valuable are the clinical studies. However, these have been 
rather scarce so far. Although there are quite a few reports on such studies conducted in the former Soviet 
Union, they have been commonly criticized for several methodological drawbacks and deficiencies, including 
ad hoc selection of the study population, lack of control group, lack of accurate assessment of electromagnetic 
environment, and lack of adjustment for the confounding factors [1]. Further, the methods applied may not have 
been relevant to the study objectives. To assess the cardiovascular function, the authors most frequently used 
resting ECG and office BP measurements which are inadequate for detecting functional impairments or early 
subclinical signs of cardiac dysfunction. 
 
Epidemiological studies can provide the best evidence on the possible health effects of EMF exposure. The 
studies performed thus far were intended mostly for the assessment of cancer risk from EMF exposure. The 
results of the first epidemiological study concerning the cardiovascular system were published in 1999. Savitz et 
al. [2] examined the mortality from cardiovascular diseases in relation to occupational exposure to 50 Hz EMF 
in a cohort of 138 903 male electric utility workers from five US companies over the period of 1950-88. Age-, 
race-, and social class-adjusted long-lasting exposure to high level EMF was associated with an increased risk of 
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death from arrhythmia-related conditions: (n=212) SMR=1.11-2.04 and acute myocardial infarction: (n=4238) 
SMR=1.07-1.66. These data suggest a possible association between occupational EMF exposure and arrhythmia-
related heart disease. 
 
Few epidemiological studies on non-carcinogenic effects of radio frequency and microwave EMF exposures 
have been published. It was only the questionnaire studies on subjective complaints among mobile phone users 
and physiotherapists [3-5]. 
 
Since 1993, in Nofer Institute of Occupational Medicine, has been conducting comprehensive studies on the 
neurovegetative regulation of the cardiovascular function in workers exposed to different frequency EMFs [6-9]. 
The aim of these studies is to investigate the influence of EMF exposure on the cardiac function and find out 
whether and to what extent the EMF frequency and exposure level can determine the type of cardiovascular 
abnormalities and neurovegetative function affected. 

 
Methods 
For the study, the non-invasive methods of 24-h ECG (Holter) and blood pressure monitoring (ABPM) have 
been applied which are useful for the examinations of healthy individuals during their normal professional and 
daily activities. These methods are helpful in detecting not only the clinical manifestations of the disease, but 
also in early diagnostics of a dysfunction of the cardiovascular system. The examinations were carried out in 
compliance with the standards of the International Society for Holter and Noninvasive Electrocardiology [10]. 
The protocol was approved by the Regional Biomedical Ethics Committee. 
 
In all workers the following examination were performed: 

 anamnesis, with an interview on the risk factors of cardiovascular diseases: family history of 
metabolic and cardiovascular diseases, lifestyle, nutritional habits and physical activity, 

 routine physical examination, with office blood pressure measurement (according to WHO guidelines), 
 routine ECG during rest in the supine position, using Medea system (Gliwice, Poland) from 12 typical 

leads. The results obtained were evaluated based on generally adopted standards, 
 24 h ECG monitoring on normal workday, using Medilog Suprima (Oxford, England) set from three bipolar 

leads. This method is thought to ensure the most accurate diagnostics of cardiac rhythm disturbances, 
conduction impairments and ischemia, especially silent ischemia. Final results, including heart rate, 
symptoms of ischemia, arrhythmia and conduction disturbances were related to the international standards 
for Holter ECG [10], 

 Blood pressure monitoring (ABPM) - 24-h ambulatory blood pressure monitoring was performed during 
everyday professional and other activities using DX-Medilog Systems. The measurements were carried 
out automatically, every half hour during daily activities and every hour during sleep. Mean, systolic (BPS) 
and diastolic (BPD) blood pressure and heart rate (HR) for 24 hours (O), day-time activity (D) and night-
time rest (N) were calculated and related to the Staessen's standards of arterial blood pressure as the 
reference values [11]. The day-night ratios were determined for systolic and diastolic blood pressure 
(BPSD/BPSN, BPDD/BPDN). Subjects with BP ratio lower than 1.1 are called the ‘non-deepers’ 
(subjects without a physiological nocturnal decrease in systolic and/or diastolic blood pressure). 

 Exposure evaluation: To assess the worker’s individual exposure to EMF, the following parameters were 
measured: 
I. in workers at AM broadcasting stations: maximum value of electric field strength (Emax) and dose per 

workshift (EDose), 
II. in workers of radioservices, who were periodically exposed to EMF emitted by the repaired 

equipment only (Emax) were measured, because it was impossible to calculate (EDose), 
III. in workers at substations: maximum value of electric field strength (Emax), maximum value of magnetic 

flux density (Bmax) and doses per workshift - EDose and BDose, 
IV. in workers at broadcasting stations: maximum value electric field strength (Emax), mean value of E 

(Emean) and lifetime dose of E (Edose) separately for VHF, UHF and VHF+UHF. Our assessment of 
exposure was based on the spectrum analysis of a typical station broadcasting in UHF and VHF 
bands and on the specifications of the apparatus installed there. 

 
The EMF dose was determined using quasi-dosimetric method. The following procedures had to be completed 
prior to final exposure assessment: 

1. Assessment of the average time the workers spent in particular functional units of the object within a 
workshift. This was based on an interview and work timing of each worker. 

2. Calculation of the mean intensity of electric and magnetic field (if it was measureable) This was done by 
carrying measurements in several-several dozen locations all over each unit where the workers were 
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staying. The results of these partial measurements were then averaged for the whole area of the unit. In 
each of such areas, the maximum values were recorded of electric and magnetic field intensities that the 
workers had been exposed to. 

3. For exposure assessment, the highest of the maximum value of EMF and the total E and H doses per 
workshift were considered. Lifetime dose was calculated for each worker from the history of 
employment and job timetable. 

 
For electric field intensity measurement, the HOLADAY Ind. (USA) measuring set and broad-band MEH-1a 
meter (Technical University, Wroclaw, Poland) were applied 
For measurements of magnetic field intensity, the MNP89 meter (Technical University of Wroclaw, 
Poland) was applied. 

 
Subjects 
The groups under study consisted of technical personnel and security service workers who were qualified by the 
occupational health practitioners as capable for work at permissible EMF levels. The subjects were randomly 
selected from the total number of such stations in Poland. All workers at each appointed station were examined. 
All subjects from the exposed and control groups gave their formal consent prior to inclusion in the study. 
Before the onset of the examinations, all the procedures were explained in detail to each participant. 
The examinations were carried out in: 

 AM broadcasting stations - exposed group I. The AM stations selected for the study operate at 
frequencies ranging from 738 kHz to 1503 kHz. These objects can be characterized by permanent 
exposure of their workers to electromagnetic fields (mostly electric). The main source of EM fields in the 
AM stations are the transmitting antennas (half-wave dipole), radio transmitters and feeders (which 
conduct radio signals from the transmitter to the antenna), 

 Radio-services - exposed group II. Mobile radio-communication network requires permanent technical 
supervision by radio-service units. During the service operations, undesirable EM fields are generated by 
unscreened transmitters, improper tuning instruments and transmitting-receiving antennas installed in the 
service-rooms. The radio-service workers under study were exposed to EM fields with frequency varying 
from 150 to 170 MHz, 

 Substations - exposed group III. Substations are the element of a power system, in which electric power is 
distributed and/or transformed. The substations under study work at high and extra high voltage (110 kV- 
400 kV). The substation equipment is a source of 50 Hz electric and magnetic field,Broadcasting stations 
that operate at frequencies ranging from 66 MHz to 727 MHz – exposed group IV,The operators of 
radio- and TV stations are exposed to different EMF levels, depending on various factors such as 
transmitter technological characteristics, feeder quality, distance from the antenna, etc. These factors 
differ considerably between the individual broadcast stations.Radio Link Stations - the control group (0). 
Radio Link Stations are the elements of a telecommunication system in which signals are transmitted 
using EM waves focused into very row beams by directional (mostly parabolic) antennas. As the 
antennas are installed in highly inaccessible locations and the radiation beams run high above the ground, 
the workers of the Radio Link Stations are free from being exposed. 

 
Table 1. Characteristics of the study population 

  Exposed groups  Control 
group 

 AM 
Broadcasting 
Stations (I) 

Radioservices 
(II) 

Substations 
(III) 

Broadcasting 
stations (IV) 

Radio Link 
Stations (0) 

Number of subjects 71 40 63 71 42 
Age (years) 46.9±13.1* 36.9±11.5 39.0±10.0 45.3±9.4 40.7±2.2 
Employment (years) 18.6±12.1 12.5±9.5 15.0±10.0 19.1±8.8 17±13 
Diseases diagnosed: 

hypertension 
diabetes, type II 

Subjective symptoms 

 
 

12 (17%) 
1 

31 (44%) 

 
 

6 (15%) 
0 

26 (65%) 

 
 

11 (17%) 
0 

30 (46%) 

 
 

11 (15%) 
1 

36 (51%) 

 
 

8 (19%) 
1 

15 (29%) 
BMI 26.0±3.0 25.0±3.0 26.0±4.0 26.9±3.8 25.4±4.0 
No. of smokers (more 
than 10 cigarettes/day) 

33 (47%)* 15 (37.5%) 21 (33%) 17 (24%) 17 (40%) 

BMI (body mass index) = body mass/height2 (kg/m2)  
* statistically significant difference (p≤0.05) 



BORTKIEWICZ A., GADZICKA E., ZMYSLONY M.,SZYMCZAK W. 

 642

The exposed groups were similar with respect to the level of leisure time physical activity, and dietary and 
smoking habits. They differed only with regard to the age. The possible influence of this difference on the study 
results was eliminated using statistical methods. 

 
 

Results 
In all the exposed groups, the assessment of EMF exposure revealed levels not higher than those attributed to 
the hazard area according to Polish OEL values. 
 
Table 2. EMF exposure in the study groups  

 
  Exposed   Non-exposed
Groups AM Broadcast 

Stations (I) 
Radio-services 

(II) 
Substations (III) Broadcasting 

stations (IV) 
Radio Link 
Stations (0) 

EMF 
frequency 

738-1503 kHz 150-170 MHz 50 Hz 66-727 MHz 0 

Emax 50-550 [V/m] 2-55 [V/m] 4.3-6.7 [kV/m] 7.9-16.7 [V/m] 0 
Bmax negligible negligible 26.1-37.3 [mT] negligible 0 
Edose 50-260 [(V/m)h] irregular 

exposure 
0.2-15.2 [(kV/m)h] 50-260 [(V/m)h] 0 

Bdose negligible negligible 1.4-38.9 [mTh] negligible 0 
 

Our studies did not reveal any significant differences between the exposed and non-exposed groups with respect to 
the frequency of abnormalities in resting ECG. Significant differences between group (I) and other groups, were 
found in Holter 24-h ECG and when the resting and Holter ECGs were regarded as complementary (table 3) In 
group (II-IV) the abnormalities in 24-h and/or resting ECG were more frequent than in non-exposed group, but the 
differences were insignificant. In group (I) among the abnormalities in Holter ECG records dominated the 
ventricular heart rhythm disturbances, in others repolarization impairments. In switch-yard substation workers 
(group III) exposed to high and extremely high voltages ranging from 110 kV to 400 kV blood pressure changes 
prevailed among the recorded cardiovascular impairments and were significantly more frequent in the exposed 
group than in controls (table 3). The ambulatory blood pressure monitoring revealed an increased frequency of 
subjects with elevated BP in substation workers (38%), and Broadcasting Stations workers (32%) as compared 
with the non-exposed subjects (23%). 
 
Table 3. Percentage of subjects with ECG and blood pressure abnormalities 
 

Groups A: resting 
ECG 

B: Holter 
monitoring 

A and/or B ABPM Office BP 

AM broadcasting 
stations (I) 

34 56 83 6 20 

Radioservices (II) 30 32.5 55 20 22.5 
Substations (III) 29 40 48 38 19 
Broadcasting stations 
(IV) 

34 44 59 70 34 

Radio Link Stations 
(0) 

26 31 40 23 19 

p ns I vs. 0 
(p=0.02) 

I vs. 0 
(p=0.001) 

III vs. 0, 
IV vs. 0 
(p=0.04) 

ns 

 
In group (III) and (IV) the mean systolic blood pressure for 24 hours, day-time activity and night-time rest were 
significantly higher than in the controls. Mean values of diastolic blood pressure for 24 hours (24-h) and night-time 
rest were significantly higher in the group IV (Fig. 1). In groups I and II in comparison with control group it has 
been found that mean blood pressure, both 24-h and that recorded during daytime and at night, did not show 
statistically significant differences. Only the diastolic blood pressure recorded during the night hours was higher 
in group I, II and IV than in the control, but the difference was on the border of the statistical significance (p = 
0.0512). 
 
Number of non-dippers was significantly higher in group I (37%) and III (48%) and IV (61%) in comparison with 
control group (23%) and group II (28%). HRD was found to be significantly lower in the groups I and III than in the 
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control group, despite the fact that physical and mental load during work and leisure time were similar. HRD/HRN 
was significantly lower in the groups I, II and III than in the control group. The decreased value of this parameter 
may indicate a dysfunction of the neurovegetative regulation. 
 
In the group IV it was a significantly higher percentage of subjects with impaired BP regulation, expressed as the 
absence of physiological nocturnal systolic and diastolic BP drop. 
 
 

 
Fig. 1. Blood pressure in the study groups (ABPM results) 
 
The risk analysis revealed that the probability (odds ratio) of abnormalities in resting and/or 24h ECG was 6.6 
for group I, 2.0 for group II, 1.4 for group III and 4.5 for group IV, as compared with the control group. On the 
other hand, the ABPM monitoring revealed that when compared to the values found for controls, the risk of 
elevated blood pressure was lower in group I, comparable in group II, and significantly higher in group III and 
IV. The increased BP values referred mainly to systolic pressure at night (odds ratio=12.5). In group IV, the risk 
of elevated arterial blood pressure was 8.6. 
 
Relationship between cardiovascular disturbances and parameters characterizing the level 
of exposure. 
The disturbances in ECG and blood pressure regulation were dependent on EMF exposure level. In group I, a 
significant relationship was found between mean BPSN and Edose (p=0.004) as well as between BPSN and Emax 
(p = 0.03). In group II, the relationship between BP level and exposure parameters was not analysed. Such an 
analysis could not be performed due to the specific job characteristics in this group - the workers were 
periodically exposed to EMF emitted by the repaired equipment and it was impossible to determine the level of 
their exposure. In group III, BP disturbances significantly correlated with exposure parameters. BPDO, BPDD, and 
BPDN were found to depend on the period of employment (p=0.023, p=0,05, p=0.001 respectively). A 
significant correlation was found between BPSN and BPDN and the maximum values of electric and magnetic 
fields (p=0.043 and p=0.026). In group IV, the disturbances in blood pressure regulation were dependent on EMF 
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exposure parameters. The risk of BP changes increased with higher lifetime dose in the UHF-VHF bands (OR=2.3) 
as well as higher Emean in the UHF and VHF bands (OR=2.3, OR=2.5, respectively). The risk of impaired BP 
regulation (no nocturnal blood pressure drop) significantly increased with lifetime dose in the UHF range (OR=2.6) 
and with a growing Emean in the VHF range (OR=2.1). 
 
Summary 
Although the occupational exposure limits, as laid down in respective Polish regulations, were not exceeded, the 
different impairments in circulatory system were observed in exposed workers. In workers at AM broadcasting 
stations, heart rhythm disturbances, detected by 24-h ECG monitoring, were more frequent than in the non-exposed 
workers as well as workers exposed to 50 Hz EMF. On the other hand, in workers at substations and broadcasting 
stations, an increased frequency of elevated BP (detected with ABPM) was found, compared with other groups. Our 
results suggest that the frequency of EMF determines the type of the observed cardiovascular disturbances. 
 
Significant BP disturbances occurred mainly at night; therefore, the office BP measurement is inadequate to detect 
them. It is also worth noting that in EMF-exposed workers, increased BP levels in ABPM could be found both in the 
persons showing normal and increased BP values in a single office measurement. Therefore, the present scope of 
prophylactic examinations seems to be inadequate for workers occupationally exposed to EMF and it should be 
extended with 24h monitoring of the ECG and blood pressure. 
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Abstract 
 
The external electric and magnetic fields have been evaluated near a 132 kV transmission line, where members 
of the general public are likely to be exposed. A double circuit existing transmission line is used for the 
assessment. The fields have been generated using EPRI's EMF workstation software. The field calculations are 
based on the charge simulation method for the electric field, and Biot-Savart law for the magnetic field. The 
predicted electric field at the right of way was found to be 0.165 kV/m and the magnetic field was 21.4 mGauss. 
The results are presented in the form of field profiles at ground level around one span for both sides of the 
transmission line, and up to 250 ft. from the centre of the transmission line. The results for both the electric and 
magnetic fields have been compared with the international standards for the maximum allowable level. The 
comparison shows that members of the general public are exposed to field levels below those set by the 
standards. 
 
Introduction 
 
Exposure of the general public to electric and magnetic fields resulting from high voltage power transmission 
lines has been of prime concern for many years among electric power establishments as well as the general 
public. Field assessment and epidemiological studies drew a lot of attention to this during the past few decades. 
The aim of these studies has been to establish the safe exposure levels to power frequency electric and magnetic 
fields for the general public as well as line workers.  Limited knowledge and information available regarding the 
general public exposure to these fields tends to magnify intensively the risk of exposure to extremely low 
frequency fields. The SEC transmission networks above 110 kV spans a total length of 33,685 circuit-km (ckm). 
This consists of 7,490 ckm for 110 – 115 kV, 14,451 ckm for 132 kV, 3,850 ckm for 230 kV and 7,894 ckm for 
380 kV of transmission networks [1]. These figures indicate the proximity of high voltage transmission lines and 
locations of residential areas occupied by the general public. They also justify the need for the assessment of the 
electric and magnetic fields at and beyond the right of way (ROW) of the high voltage transmission lines. 
  
There has been rising interest over the years in determining the safe exposure levels of people, mainly workers, 
and the general public, to power frequency electric and magnetic fields [2]-[8]. Several organizations have 
developed standards and guidelines for such permissible exposure levels. By far, the most important 
organizations that have contributed to the establishment of these standards and guidelines are the Institute of 
Electronic and Electrical Engineers (IEEE) [2], and the International Commission on Non-Ionizing Radiation 
Protection (ICNIRP) [3]. There are other organizations such as the American Conference of Governmental 
Industrial Hygienists (ACGIH) [4], and the National Radiological Protection Board (NRPB) that have made a 
major contribution [5],[6]. There are many government agencies and organizations that have published articled 
on this subject [7],[8]. 
 

The permissible levels quoted in many countries refer to the permissible levels set by the IEEE standard, and 
the ICNIRP guideline. Table 1 lists a summary of the external exposure limits for 60 Hz for the IEEE, ICNIRP, 
NRPB, and ACGIH for the general public. 
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TABLE 1 
 SUMMARY OF EXTERNAL EXPOSURE LIMITS FOR THE GENERAL PUBLIC. 

 
 

Organization E (kV/m) Bx104  (mG)
IEEE 5 0.833 

ICNIRP 4.2 0.1 

NRPB 12 1.3 

ACGIH No specific standard for general public. 
 
 
This paper presents an exposure assessment study for the general public exposed to a practical double circuit 

HV transmission line. The selected line spans from substation 8114 (Qortoba Area) to substation 8079 (Alhamra 
Area-Khorais) in the Riyadh region of Saudi Arabia. Its nominal voltage and power ratings are 132 kV and 293 
MVA respectively.  This paper introduces detailed system data after this introduction. A description of the 
charge simulation method and Biot-Savart law used in the evaluation of the electric and magnetic fields follow 
the data section. The results of the external fields, with emphasis on the right of way and beyond are then 
presented. The following section introduces a comparison between the evaluated fields and the standards set by 
the IEEE, ICNIRP, ACGIH, and the limits recognized and used by several countries all over the world. The 
paper terminates with a conclusion, acknowledgment, and references. 

 

System Data  
A real double circuit transmission line is selected by SEC for the study of the exposure to electric and magnetic 
fields. The selected line spans from substation 8114 (Qortoba Area) to substation 8079 (Alhamra Area-Khorais) 
in Riyadh region. The nominal voltage and power ratings are 132 kV and 293 MVA respectively. Detailed line 
data and tower dimension are presented in Fig.1. and line details is delineated in Table 2. 
 
 

 
 
 

Fig. 1.  Tower dimension for the 132 kV transmission line. 
 

w
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TABLE 2  

TRANSMISSION LINE DATA FOR THE 132 KV LINE. 
 

Line Ratings 
Rating (MVA) 293 MVA 

Nominal Line Voltage (kVL-L) 132 kV 

Actual Line Voltage (kVL-L) 132 kV 

Nominal Line Current (kA) 1.284 kA 

Circuit 1 Circuit 2 Peak Load Current (kA), for 
Both Circuits 

603 A 603 A 

Line Conductor And Overhead Ground Wire Parameters 

Conductor/Ground Wire Conductor Ground Wire 

Diameter (cm) 2.773 cm 1.03 cm 

Number of Sub-conductors SINGLE  

Phase Relation of Conductors VERTICAL 
(R-Y-B) 

 

Right of Way 40 m 
Full span (m) 305 m 

Mid Span height (m) or Sag (m) 
(lowest point) 

10 m 

 
 
The external field evaluation has been carried out at ground level and for distances up to ± 250 ft from the centre 
of the transmission line. This range encompasses the right of way of the transmission line and beyond and gives 
a good indication of the level of exposure of the general public to the electric and magnetic fields resulting from 
the near by transmission line. Similar results concerning line workers have been reported in [15]. 
 

External Electric and Magnetic Field Calculations 
The basic physics of quasi-static fields allow separate discussion of power frequency electric and magnetic 
fields [9].  The solution methodology for both the electric and magnetic fields are highlighted in this section. 

A. Charge Simulation Method 
The solution methodology for electric field is based on the two-dimensional charge simulation method. This 
commonly used approach consists essentially of two stages: (l) calculation of the equivalent charges per unit 
length of conductor and (2) calculation of the electric field produced by these charges. A detailed treatment of 
the calculations is given in [10]-[13] and summarized here. The general relationship used to calculate the 
charges on a multi conductor system is presented in matrix form in (l). 
 
 [Q] = [P]-1 [V]            
   (1) 
 
Where: [Q] is a column vector of the linear charge on each conductor; [V] is a column vector of the potentials of 
the conductors; [P]-1 is the inverted matrix of the Maxwell potential coefficients of the conductors. A set of 
image conductors is used with charges opposite to those of the transmission line. The actual conductors and 
their images are characterized by real and imaginary voltages and diameters. Overhead shield wires are also 
included in this method (and assumed to be at zero potential). For bundled conductors, a single conductor with 
an equivalent diameter is used, on the basis of the following formula: 
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where 
deq is equivalent single conductor diameter; n is number of sub conductors; d is diameter of individual sub 
conductor ; D  is geometric diameter of the bundle. The self and mutual Maxwell potential coefficients are 
calculated for the conductor system on the basis of line geometry and conductor diameter using the following 
equations. 
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where 
1 28 .8 5 * 1 0 /F mε −=  (Dielectric constant of air); di is conductor diameter or equivalent bundle 

diameter of conductor i ; yi, yj = heights of conductors i and j above ground; xi, xj = horizontal coordinates of 
conductors i and j with respect to a reference. The inverted potential coefficient matrix [P]-1 is multiplied by the 
column matrix of line-ground conductor voltages to yield the charges per unit length of the conductor, as shown 
in  (l). These charges are then used to calculate the real and imaginary parts of the horizontal and vertical 
components of the electric field [13]. 

 
B. BIOT-SAVART Law 
The basic equation for calculating the magnetic field of a long, straight wire is derived from Ampere's Law 
[11,14] and given in (5): 

r
iH
π2

=
           

   (5) 
Where: H  is the magnetic field intensity (A/m); i  is the electric current in the wire (Amperes); r  is the 
distance between the wire and the point of interest (meters) 
The fundamental unit for the magnetic field intensity, H, is the Ampere per meter (A/m). However, magnetic 
field exposure technology often uses the magnetic flux density, B. The relationship between H and B is given by   
 

HB µ=   (6) 
 
where:; B is the magnetic flux density (Gauss); µ = Permeability constant used for both air and ground 
(

710*4 −π Henry/m)  
The magnetic field is a vector field with both vertical and horizontal components. The field, as computed in Eq. 
6, is separated into vertical and horizontal components by multiplying by  )sin( θ  and )cos(θ . In general, both 
components must be retained. For three-phase ac fields, the vertical and horizontal components must be 
combined individually as phasors, regarding the angles of the different currents. The total magnetic field is the 
sum of all the contributions from the line currents as given in (7). 
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     (7) 

Where: jir ,  is the distance between point and conductors and ji ,ϕ
 is the unit vector in the vector cross-product 

direction of the current vector and the vector segment jir , . For a three phase ac transmission line, the field at any 
point can be described by the field ellipse (similar to the electric field). 
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Evaluation of the External Electric & Magnetic Fields 
 
In this study the electric and magnetic fields produced by the transmission line at ground level, have been 
modelled using the subroutine EXPOCALC of the EPRI's software EMF Workstation, Version 2.51 [14]. The 
software package used, starts by setting the general required parameters such as the designated area of concern 
parameters, the structure position, boundary area, as well as the field calculation height. The line design 
parameters are entered in a detailed manner and that includes phase structure of the line, conductor size, applied 
voltage and the operating current. The span specifications are then taken into consideration. 
 
EMFW software provides the calculated field values in a 3-D volume around the transmission line space. Fig. 2 
shows the 3-D calculated electric field around the transmission line between the mid-span point and the tower 
location.  
 
 
 
 
      
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Centre Line
Lateral Distance

Minimum Clearance = 30 ft

Maximum Clearance = 60 ft

Fig. 2  Calculated External Electric Field Around 
the Transmission Line between Mid-Span and the 
Tower Location. 
 

(a) Tower-to-tower geometry, showing mid-
span between two towers. 

(b) 3-D Electric field profile from mid-span 
to the tower for a lateral distance ranging 
between ± 250 ft. from the centre line. 

(c) 2-D Electric field profile at mid-span. 
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The 2-D electric field profile shows that the calculated E field at the right of way is 0.165 kV/m. The E field 
decreases with increased distance from the centre line of the transmission line. 
 
Similar behaviour is observed for the calculated magnetic field. This is shown in Fig. 3 (a and b). 
 
        
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
   (a)       (b) 
 
 
 

Fig. 3  (a) 3-D Magnetic field profile from mid-span to the tower for a lateral distance between ± 250 ft. 
(b) 2-D Magnetic field profile at mid-span. 

 
 
 
The results shown in the 2-D profile indicate that the magnetic field value at the right of way is 10 mG, which is 
far below the standards set by the IEEE, ICNIRP and NRPB. The maximum calculated magnetic field at the 
right of way is 21.4 mG, which is still far lower than all the standards set for the general public exposure. 
 
 
 
Comparison to the International Standards 
 

The calculated electric and magnetic field exposure levels are compared to the universal standards such as 
IEEE Standard C95.6 [2], ICNIRP guidelines [3], and NRPB [4]. The comparison is given in table 3. The IEEE 
Standard C95.6 recommends limits on exposures to electric and magnetic fields in the frequency range of 0 to 
3000 hertz (Hz). 

 
TABLE 3 

 COMPARISON OF THE CALCULATED FIELDS AT THE RIGHT OF WAY TO THE INTERNATIONAL STANDARDS 
 

Organization E (kV/m) Bx104  (mG)
IEEE 5 0.833 

ICNIRP 4.2 0.1 

NRPB 12 1.3 

ACGIH No specific standard for general public. 
At ground 

)ROW(level 
0.165 0.00214 
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The highest electric field exposure level computed at the right of way (ROW) is 0.165 kV/m. However, the 
Maximum Permissible Exposure (MPE) for the power frequency electric field as per the IEEE Standard C95.6 is 
5 kV/m for a controlled (occupational) environment. The maximum permissible level according to the ICNIRP 
guidelines for occupational exposure is 4.2 kV/m.  The limit according to the NRPB Guidelines for Exposure to 
60 Hz EMF is 12 kV/m.   

The maximum magnetic field computed at the right of way is 21.4 mG. However, the Maximum Permissible 
Exposure for the power frequency magnetic field by the general public as per the IEEE Standard is 0.833 x 104 
mG. The maximum permissible level according to the conservative standard ICNIRP guidelines is 0.1 x 104 
mG.  The limit according to the NRPB for Exposure to 60 Hz EMF is 1.3 x 104 mG. There are no  limits set by 
the ACGIH for the general public. 

The highest electric and magnetic fields exposure level for the SEC 132 kV transmission line, therefore, is 
well below the limits set by the different standards for general public exposure.  
 
Conclusion 

 
The exposure of the general public to the electric and magnetic fields associated with a 132 kV HV 

transmission line has been evaluated. The EPRI's EMF Workstation software has been used to calculate the 
external electric and magnetic fields due to the 132 kV high voltage transmission line at ground level and for 
distances starting from the right of way of the transmission line.  Comparison of the values of external electric 
and magnetic fields, with the allowable limits set by international standards reveals that the level of exposure of 
the general public to extremely low frequency electric and magnetic fields are well below the limits 
recommended by these international standards.  
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Abstract 
 
Background: Recent studies suggest that about 10-15% of the adult population experiences tinnitus. As there 
are indications that mobile phone use could be a risk factor for the occurrence of tinnitus, we performed a case-
control study on this issue. 

Methods: One hundred patients presenting with tinnitus at the Ear-Nose-Throat (ENT) Department of the 
Medical University of Vienna were enrolled into the study. For each case a control subject was randomly 
selected matched for sex and age with various diagnoses not related to tinnitus. A standardized questionnaire 
(based on the protocol of the Interphone study) was answered by study participants. Patients' history was 
obtained and clinical examinations were conducted to exclude known underlying causes of tinnitus. Only 
patients were included that were negative in this respect and therefore suffered from “idiopathic” tinnitus. Odds 
ratios were computed based on conditional logistic regression with age, sex, years of education, and living in an 
urban area as covariates. 

Results: Mobile phone use was highly prevalent in cases as well as controls (>90%). Concerning mobile phone 
use up to the index date (onset of tinnitus) neither regular use nor intensity or cumulative hours of use had a 
significant effect. However, prolonged use (four years or more) of a mobile phone was associated with a 
significant odds ratio of 1.95 (CI 1.003-3.80). 

Conclusions: There could be an association between mobile phone use and the occurrence of tinnitus with a 
latency of several years. 

 

Introduction 
 
Subjective tinnitus (tinnitus aurium) is defined as a sound sensation that cannot be attributed to an external sound 
source. It is a symptom of different underlying diseases, not a disease itself. The numerous mechanisms that 
produce tinnitus are not fully known and associated with nearly all diseases and disorders of the ear (middle ear, 
inner ear) and retrocochlear disease also causing hearing loss. Different hypotheses explain the various 
pathophysiological aspects of tinnitus [1]. Tinnitus seems to be generated predominantly in the primary afferent 
synapses of the cochlea [2,3], but leads to a cortical reorganisation [3]. Tinnitus is experienced by the patients 
either uni- or bilateral as a sound in the ear/head of varying quality (e.g. roaring, hissing, ringing); it may occur 
of non-pulsatile or pulsatile character, the latter may be due to vascular pathology. 

Most often tinnitus sensation is intermittent and sometimes associated with specific conditions - such as listening 
to loud music, fever, use of aspirin or quinine, or transient perturbations of the middle ear - and subsides over a 
period of time ranging from a few seconds to a few days. Studies indicate that the prevalence of tinnitus in adults 
falls in the range of 10-15% [4-6]. 
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At least in 1-3% of the general population tinnitus affects the quality of life, involving sleep disturbance, work 
impairment and psychic distress [7]. 

Tinnitus is more common in the elderly but may also occur in children. It could become more common in the 
future as a direct consequence of the rise in recreational-noise-induced hearing loss (i.e. from overly loud music) 
combined with an increased life span. Due to the various pathophysiological mechanisms of tinnitus, therapy is 
problematic, and evidence-based therapeutic interventions are rare. There currently are very few interventions 
available that reduce tinnitus loudness and annoyance effectively [8]. Therefore it is important to focus research 
on possible (environmental) risk factors. 

During the last years the habit to extensively use mobile telephones has emerged, such that the majority of the 
population of Western and Middle-European countries are regularly using these phones. There are concerns that 
mobile telecommunication could be a possible risk factor for the occurrence of tinnitus (complaints of patients to 
environmental out-patient departments, neighbours of basestations [e.g.9]). However, up to now there have been 
no systematic investigations of this problem. 

Our study should provide first answers to the question whether or not intensive use of mobile phones increases 
the risk of tinnitus occurrence. 

Methods 

Study design and participants 
The study was carried out as a hospital-based case-control study at the Ear-Nose-Throat (ENT) Department 
Medical University of Vienna, Austria. Cases were enrolled consecutively as they presented at the out-patient 
unit. For each case a control was selected from the same department, of the same age group (±2,5 years < 55 
years; ±5 years > 55 years), the same sex and ethnic group. Exclusion criteria were diseases of the middle ear, 
status post middle ear surgery, retrocochlear disease, severe psychiatric and systemic diseases and medication 
with drugs that can influence tinnitus (ototoxic or psychopharmacological drugs). Patients with acute and chronic 
tinnitus who attended the ENT department (age 16 to 80 years) were included. 

Controls were patients without any concomitant condition that is related to tinnitus (except for unspecific causes 
such as hypertension). 

Diagnostics/investigation procedure 
For the selection of patients, the diagnostic test battery contained the following procedures 

• careful history with special regard to tinnitus and its risk factors 
• clinical ENT examination with otomicroscopy 
• pure-tone and speech audiogram 
• tympanogram and testing of the stapedius reflex 
• subjective rating of the tinnitus 
• tinnitus matching 
• MRI (if indicated, to exclude retrocochlear pathology) 

 

Each case that was enrolled received a standardized questionnaire (Structured Tinnitus Interview, STI [8]). Items 
refer to central characteristics of tinnitus history, etiological factors and tinnitus-related psychological 
complaints. In addition, a medical interview was conducted. Patients’ history and clinical examination 
concerning possible underlying causes of tinnitus were obtained by usual clinical procedures. For each patient a 
CRF (Case Report Form) was compiled that was maintained according to GCP (Good Clinical Practice) 
guidelines. 

Pure-tone and speech audiometry (Clinical Audiometer AC 40, Interacoustics©) were applied in order to exclude 
tinnitus related to sudden deafness and Morbus Menière. Tympanometry and stapedius reflex measurements 
(Impedanz Audiometer AZ 26, Interacoustics©) were carried out in order to exclude tinnitus related to 
conductive hearing loss. If retrocochlear hearing loss was suspected, cranial MRI was applied. 

For the evaluation of tinnitus, both a subjective rating of the tinnitus on a five-point scale (0 = no tinnitus; 1 = 
slight; 2 = moderate; 3 = severe; 4 = tormenting tinnitus) and a tinnitus matching as a psychoacoustic 
measurement of tinnitus were carried out. 
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The audiometric tinnitus simulation test (= tinnitus matching) (Clinical Audiometer AC 40, Interacoustics©) 
determined character (pure-tone, narrow and wide band), frequency and intensity of the tinnitus. Tinnitus 
matching was performed contralaterally. 

With the help of this procedure tinnitus subtypes (esp. temporo-mandibular joint dysfunction related tinnitus, 
cervical tinnitus, acute tinnitus/sudden deafness/noise trauma, suspected cochlear-synaptic tinnitus) could be 
identified. This information was used to exclude patients with known underlying pathophysiology. 

For the exploration of the mobile phone habits we used a standardized questionnaire (based on the protocol of 
the Interphone Study of the WHO). In short, for each mobile phone the subject used or has used, the type of 
phone, duration and intensity of use, side of the head the phone was predominantly held, use of head sets, use in 
urban/rural areas and in cars was assessed. In addition, to assess individual microwave exposure for future 
investigations we took two photos of the participants while using a mobile phone in typical position. 
Furthermore, somatometry of the head was performed on specific anthropogenic diameters (e.g. tragus - tragus, 
biauricular diameter) with a calliper. 

Statistical Methods 
Data on mobile phone use were censored at the date of first occurrence of tinnitus. Index date of controls was the 
occurrence of tinnitus in the matched case. Intensity of use, cumulative number and duration of calls were 
categorized based on the distribution of these variables in controls: The median (excluding never users) was 
chosen as cut-off. Reference category was never use of a mobile phone (prior to index date). In all cases data on 
mobile phone use were adjusted for the use of hands-free devices. Further adjustments were applied for the side 
of the head of predominant use. Mobile phone use was only counted if it occurred on the same side of the head 
as the tinnitus (controls were assigned the side of the matched case). Duration of mobile phone use was 
categorized into three groups: never use or use for less than one year (reference), 1 to 4 years, and longer than 4 
years. 

Conditional logistic regression analyses for individually-matched data were used to estimate odds ratios and 95% 
confidence intervals. All analyses were adjusted for gender, age, years of education (less than and 12 years or 
more) and living in an urban area.  

Results 
 
Subjects’ characteristics were comparable in cases and controls (table 1). Due to matching for gender and age 
these variables were in agreement, but also other personal characteristics did not differ significantly between 
cases and controls. There was a slight tendency for a somewhat higher socio-economic status (SES) implied by 
the higher education, higher rate of white collar workers and urban residents in controls. 

Table 1. Demographic characteristics of cases and controls+). p-value for comparison of non-matching variables. 
 Cases Controls p-value 
Gender 
 male 
 female 

 
54 
46 

 
54 
46 

 

Age (mean±SD) 42.5±14.4 42.5±14.5  
Partner 
 with 
 without 

 
66 
28 

 
69 
28 

 
0.742 

Education 
 <12 years 
 ≥12 years 

 
36 
63 

 
29 
69 

 
0.371 

Occupation 
 unemployed 
 retired 
 in education 
 blue collar 
 white collar 

 
  6 
16 
15 
  9 
48 

 
  6 
16 
10 
10 
53 

 
0.624 

City resident 
 yes 
 no 

 
70 
23 

 
76 
18 

 
0.361 

+) Percentages not summing up to 100 due to missing values 
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Almost all subjects at time of inquiry used a mobile phone (92% and 93% for cases and controls, respectively), 
however, at the time of first occurrence of tinnitus (and the respective index date in controls) only 73% of cases 
and 67% of controls were using a mobile. Another 7% of cases and 8% of controls used the mobile at that time 
for less than one year. For ever users prior to occurrence of tinnitus there was a slightly but not significantly 
increased odds-ratio of 1.37 (95% CI: 0.73-2.57). Moderate increases of odds-ratios were noted for all variables 
of intensity of use: average daily duration of use for 10 minutes or more was associated with an odds-ratio of 
1.71 (95% CI: 0.85-3.45), cumulative hours of use of 160 or more gave an odds ratio of 1.57 (95% CI: 0.78-
3.19), cumulative number of calls in excess of 4000 an odds-ratio of 1.28 that was less than for lower number of 
calls (odds-ratio 1.46) possibly indicating greater importance of duration as compared to number of calls. A 
borderline significant result was obtained for duration of use of 4 or more years: odds-ratio 1.95 (95% CI: 1.003-
3.80). Test of trend for duration of use was also significant (p=0.046). 

Table 2. Mobile phone use and risk of tinnitus. 
 No. of cases No. of controls OR 95% CI 
Mobile phone use 
 never 
 ever 

 
27 
73 

 
33 
67 

 
1.00 
1.37 

 
 

0.73-2.57 
Average duration 
 never 
 <10 min/day 
 ≥10 min/day 

 
27 
39 
43 

 
33 
34 
33 

 
1.00 
1.02 
1.71 

 
 

0.48-2.16 
0.85-3.45 

Cumulative hours of use 
 never 
 <160 h 
 ≥160 h 

 
27 
31 
42 

 
33 
34 
33 

 
1.00 
1.17 
1.57 

 
 

0.56-2.42 
0.78-3.19 

Cumulative number of calls 
 never 
 <4000 calls 
 ≥4000 calls 

 
27 
37 
36 

 
33 
33 
34 

 
1.00 
1.46 
1.28 

 
 

0.71-3.00 
0.62-2.63 

Years of mobile phone use 
 never, <1 
 1-3 
 ≥4 

 
34 
33 
33 

 
41 
36 
23 

 
1.00 
1.23 
1.95 

 
 

0.61-2.47 
1.003-3.80 

 

Discussion 
 
The prevalence of tinnitus has increased over the past decade and is currently 10-15% in industrialized countries 
[7]. Increase in incidence may be due to better diagnostic tools and increased awareness of the disease; however, 
a number of environmental factors have been implicated to increase the risk of tinnitus. The suspected factors 
include electromagnetic fields emitted by hand-held cellular telephones. 

Since the majority of the population is using mobile phones more or less intensively people were concerned 
about effects on wellbeing [11,12]. Practitioners are confronted with reports of sensation of tinnitus related to 
mobile phone use by their patients [13]. 

In our study slight increases in risk were noted for all variables of intensity of use. The study was designed to 
detect a twofold increase of risk with 80 percent power. Further investigations esp. multicenter designs will be 
more efficient to detect these moderately increased risks. Because of the high prevalence of tinnitus and the 
widespread use of mobile phones even a small enhancement of the risk could be of public health importance. 

From a theoretical point of view this possible association of mobile phone use and occurrence of tinnitus has 
some plausibility, because the cochlea is located in an anatomic region where a considerable amount of the 
power emitted by cell phones is absorbed [14]. One etiologic factor for tinnitus is calcium imbalance in the 
neural acoustic pathway. It is well known that exposure to modulated high-frequency electromagnetic fields 
(HF-EMF) has the potential to affect calcium homeostasis especially in neural tissue [15]. 

Because some mobile telephones (especially newer types) cause rather high exposure of the cochlea [14] and 
along the acoustic pathway it is possible that tinnitus could be caused by calcium efflux. Effects of exposure on 
calcium homeostasis was also implied as one factors in the development of acoustic neuroma. Ten studies [16-
25] investigating the association between mobile phone use and acoustic neuroma have been published so far. 
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Half of theses studies found indications of an association [21-25], the other 5 were those with shorter duration of 
mobile phone use and/or smaller number of long-term users of a mobile [16-20]. 

Tinnitus strongly interferes with the daily lives of people. In industrialized countries, 10-15% of the adult 
population currently experience tinnitus. There are very few interventions available that effectively reduce 
tinnitus loudness and annoyance. Therefore, all measures should be taken to avoid further increase of tinnitus 
prevalence. 

Results indicate that high intensity and long duration of mobile phone use might be associated with occurrence 
of tinnitus. As more persons start using mobile phones at younger age, this indeed may become a public health 
problem. 
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Abstract 
High-frequency electromagnetic fields (HFEMF) used for mobile phones may be of great concern for human 
health. In order to investigate the properties of HFEMF, we have examined the genotoxic effects of 2.45 GHz 
EMF on micronucleus (MN) formation, DNA strand breaks, and chromosomal aberrations in cultured cells. 
Chinese hamster ovary (CHO)-K1, human glioma MO54, and mouse m5S cells, respectively, were used in these 
experiments for MN formation, DNA strand breaks, and chromosomal aberration. The DNA strand breaks were 
detected using an alkaline comet assay. Cells were exposed to HFEMF for 2 h at average specific absorption 
rates (SARs) from 5 to 200 W/kg, and the effects on these cells were compared with those in sham-exposed cells. 
Heat treatment as a heat control was performed at temperatures of 37 to 44°C. MN frequency at SAR of lower 
than 50 W/kg did not differ from the sham-exposed controls, while MN frequency at SARs of 100 and 200 W/kg 
was significantly higher. No significant differences in the DNA strand breaks and the chromosomal aberrations 
were observed following exposure to HFEMF from 5 to 200 W/kg, compared with sham-exposed control. In 
summary, HFEMF exposure at 2.45 GHz for 2 h up to SAR of 50 W/kg does not induce MN formation, DNA 
strand breaks and chromosomal aberrations. 
 
 
 
Introduction 

In recent years there has been a rapid increase in the use of devices and systems employing high-frequency 
electromagnetic fields (HFEMF) in our lives, including radio and TV transmitters, microwave ovens, 
telecommunication links, and satellite communications, as well as mobile phones and their supporting 
transmitters (base stations). Thus exposure to HFEMF in the environment is greater than any of the former ages 
of human. A consequent result of this has been increased concern about the association between environmental 
exposure to HFEMF and cancer. Although several theoretical models have been proposed [1-3], the association 
between HFEMF and cancer remains unclear. 

General concerns regarding the potential hazards of exposure to HFEMF have led to many epidemiological 
investigations [4-6]. Several studies have suggested that exposure to HFEMF can interact with behavior [7, 8]. In 
vitro studies have reported the effects of HFEMF on several end-points, including effects on DNA damage [9], 
chromosome aberrations [10], mutation [11], cell transformation [12] and gene expression [13]. In these studies,  
cells were typically subjected to exposures as low as specific absorption rates (SARs) of 10 W/kg to estimate the 
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risk of weak HFEMF that we are actually exposed to daily, since this is the final goal of these studies. However, 
exposures to a higher intensity are also necessary to explore the effects of HFEMF for safety evaluation. We 
have previously reported that exposure to 2.45 GHz electromagnetic fields for 2-16 h induced Hsp70 in human 
glioma MO54 cells [14], and exposure to HFEMF at 100 W/kg did not cause any DNA damage according to the 
comet assay system [15]. HFEMF at high SAR mainly results in heating of the cells. Heat is known to cause 
many biological changes and the heating effect of HFEMF is well established [16]. However, there have been 
claims that HFEMF could exert non-thermal effects on biological systems. Hence, with exposure conditions used 
in these experiments it becomes very important to establish the differences between thermal and non-thermal 
effects.  

Considering these previous data, we have examined the frequency of micronucleus (MN) formation in 
Chinese hamster ovary (CHO)-K1 cells following HFEMF exposure. MN formation is derived from clastogenic 
activity arising from chromosomal fragments that are not incorporated into daughter nuclei at mitosis. This 
occurs because of the lack of a kinetochore. MN formation is also derived from an aneugenic process when the 
whole chromosome is not correctly integrated into the two daughter nuclei at the time of cell division [17-20]. In 
the present study, we also examined the presence or absence of single-strand DNA breaks and chromosomal 
aberrations in mammalian cells exposed to 2.45 GHz HFEMFs with a wide range of SAR (5 W/kg to 200 W/kg) 
in human glioma MO54 and mouse m5S cells, respectively. 
 
Materials and methods 
1. Exposure system 

The exposure system of HFEMF was described elsewhere [21-23]. In brief, the applicator is based on a 
rectangular waveguide, with its size determined to be 110 mm (wide) × 55 mm (high) × 310 mm (deep). The 
electromagnetic waves are propagated along the waveguide in TE10 mode. One end of the applicator is 
terminated with a short-circuiting plate to generate standing waves in the waveguide.  

A rectangular culture dish is placed on two slits, which were bored into the wider wall of the waveguide. 
The cells in the dish are exposed to the HFEMF through these slits. The two slits are pinch shaped, which 
enhances the coupling of the electromagnetic field to increase the effective exposure area. The culture dish is 
divided into four compartments. The distribution of the electric field in the medium depends on the thickness of 
the medium. Therefore, it is preferable to choose a thickness that maximizes the SAR at the bottom of the well, 
where the cells are present. Numerical analysis indicates that the appropriate thickness is 8 mm, which 
corresponds to a half wavelength in the medium. 

The SAR distribution in the exposure apparatus was calculated using the Finite Difference Time Domain 
(FDTD) method. An each compartment has a different value of SAR. The maximum SAR appears in 
compartment 3. The maximum SAR values in compartment 2 and 4 are 80% and 85% of the maximum SAR 
value in compartment 3. The minimum SAR in compartment 1 is 1% of the maximum value. 
 
2. Cells and culture conditions 

CHO-K1 cells were obtained from the Japanese Cancer Research Bank, Tokyo. Cells were maintained in 
Ham’s F-12 medium (Nikken Bio Medical Laboratory, Kyoto, Japan) supplemented with 10% fetal bovine 
serum (Gibco, BRL) at 37°C in 95% air and 5% CO2 [21]. 
MO54 cells, derived from a human malignant glioma, were used in this study. Cells were cultured in Dulbecco's 
modified Eagle's medium (Nikkenn Bio Medical Laboratory) supplemented with 10% fetal bovine serum 
(GIBCO, BRL) at 37°C in an atmosphere of 95% air and 5% CO2 [22]. 

Mouse m5S cells are a near-diploid cell line established from embryonic skin; they are immortalized but 
non-tumorigenic [24]. The cells were grown as monolayers in Dulbecco's modified Eagle's medium 
supplemented with 10% fetal bovine serum (BioWest, Rue de la Caille 49340 Nuaill, br, France) at 37°C in an 
atmosphere of 95% air and 5% CO2 [23]. 
 
3. MN analysis 

After a 2 h exposure to HEFMF, the cells were trypsinized and seeded in 10 cm culture dishes in medium 
containing cytochalasin B at a final concentration of 3 µg/ml for 18 h, in order to prevent cell division. A 
sham-exposure experiment was performed as a negative control. Cells were treated in the same way to those that 
underwent HFEMF exposure, except that HFEMF exposure itself was omitted. Instead, the cells were incubated 
for 2 h in a conventional incubator. In addition, the cells were treated with bleomycin alone as a positive control, 
using the same conditions as those used for sham exposure. 

The cells were collected at a concentration of 2.7 × 104 cells/ml, and samples of 0.2 ml were centrifuged 
onto slides, using a Cytospin centrifuge (Shandon Southern Ltd.) at 100 × g for 5 min. The cells were then fixed 
with 80% cold ethanol for 30 min. The slides were washed gently with PBS and soaked in new PBS for 5 min to 
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completely remove the ethanol. 
The cells on the slides were stained with 20 µl of propidium iodide (PI) diluted in glycerol (to a 

concentration of 0.2 µg/ml), and kept in the dark until counting was performed. A total of 1000 binucleated cells 
were scored for evaluation of the frequency of induction of MN, using fluorescence microscopy (Olympus). 
Cells were counted as having MN formation when they contained at least one micronucleus. The procedure was 
performed in a double-blind manner, and followed the method described by Countryman and Heddle [20]. 
Statistical analysis of the data in the control and experimental groups was conducted using ANOVA (analysis of 
variance) followed by Fisher’s Protected Least Significant Difference (PLSD) test. 
 
4. Comet assay 

To detect DNA damage at the single-cell level, an alkaline comet assay was performed. The method of the 
comet assay has been described previously [25]. In brief, we used a Trevigen Comet Assay system (Trevigen, 
Inc., Gaithersburg, MD). After the treatments, the cells were rinsed with phosphate-buffered saline (Ca++ and 
Mg++ free; PBS) and treated with trypsin. Cell suspension in 1×PBS on ice was mixed with low melting agarose 
at 37 °C (cell suspension : agarose = 1 : 8). The mixture of cell suspension and agarose was kept on a slide in the 
dark at 4 °C, underwent 5 minutes of fixation, and was then immersed in a lysis solution at 4°C for 40 min. The 
slide was placed in the alkali buffer for 15 minutes. Electrophoresis was performed as reported previously [26]. 
After the electrophoresis, the samples were fixed in ethanol for 5min and then dried. DNA in agarose was stained 
with SYBR Green according to the manufacturer's recommended procedure. 

DNA Strand breaks were analyzed by using IDL Comet 6.0 (Adamnet, Tokyo, Japan). Tail length is the 
destance from the first non-zero element to the last non-zero elements in tail content. Tail content was calculated 
as the integrated value of the fluorescent brightness of the total comet minus the integrated value of the 
fluorescant brightness of the comet head. The unit of the parameter is given as “pixels”. The tail length is the 
distance between the first and last non-zero elements in the tail content. The tail moment was calculated 
according to the following equation:  
 
Tail moment = Differential between means ×% in tail. 
 

For a statistical evaluation of the tail moment, tail length, and tail percent, An analysis of variance 
(ANOVA) test was used to determine any inte-group differences. When a significant F value was found (p<0.05), 
the Bonferroni/Dunn test was used for a multiple comparison. P-value that were less than 0.05 were considered 
statistically significant. 
 
5. Chromosomal aberrations 

After exposure, the cells were removed and cultured in a conventional incubator for 24 h. Colcemid 
(0.1µg/mL, Sigma) was added during the last 4 h. Unexposed control cells were incubated for the same period in 
a conventional incubator. Chromosome preparations were made according to the standard air-drying method and 
stained with 3% Giemsa solution (pH 6.4). For each culture, a minimum of 200 cells was assesed for the types 
and frequencies of chromosomal aberrations; all structural chromatid-type and chromosome-type changes, 
including gaps, were recorded. The scoring was conducted in a double-blind manner. 

The experimental data are presented as the mean ± S.E.M. Chi square tests were performed to determine 
whether there was a significant difference in the proportion of cells with aberrations between the cells exposed to 
HFEMF and unexposed cells. The statistics were calculated either including or excluding gaps. 
 
Results  
1. MN formation 

There was no increase in MN formation in cells exposed to HFEMF at SAR from 5 to 50 W/kg. However, 
the frequency of MN formation in cells exposed to HFEMF at SAR of 100 and 200 W/kg was statistically 
significantly different to that observed following sham-exposure (Fig. 1). The frequency of MN formation 
following treatment with bleomycin alone was statistically higher, compared with the sham-exposed control (Fig. 
1). Although there was no increase in MN formation in cells treated with a combination of bleomycin and 
HFEMF exposure at SAR from 5 to 100 W/kg, there was a statistically significant difference in MN formation 
between treatment with bleomycin alone and combined treatment with bleomycin and HFEMF exposure at a 
SAR of 200 W/kg. 

The frequency of MN formation with heat treatment increased in a temperature-dependent manner. However, 
there was no difference between bleomycin-treated cells and cells treated with a combination of heat and 
bleomycin for temperatures from 38 to 41°C (data not shown). 
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Figure 1.  The frequency of MN formation in CHO-K1 cells exposed to HFEMF with or 
without bleomycin, compared to that following sham-exposure. The bars show 
standard deviations, based on three experiments. An asterisk indicates a 
statistically significant difference between sham- exposure and HFEMF 
exposure (p<0.01). A sharp indicates a statistically significant difference 
between treatment with bleomycin alone and combined treatment with HFEMF 
exposure and bleomycin (p<0.01). 

 
2. DNA strand breaks 

No significant difference in tail moment was seen for each exposure condition at SAR levels from 5 W/kg to 
200 W/kg (Table 1).  
 
 

Table 1   Comparison of Comet Parameters in MO54 Cells Exposed to  
                2.45GHz Continuous-Wave HFEMF, Sham and 100µg/mL bleomycin  

 
 
 
 
 
 
 
 
 
 
 

Data are presented as the mean ± standard deviation, based on three experiment.  
The units of each parameter are Tail moment = arbitrary unit, Tail length – pixel, and Tail percent - %.  
*Significantly different (at p<0.01) from Sham, HFEMF exposure and heat treatment groups. 
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No significant differences were observed in tail moment for each of the treatment conditions with sham and 
heating at 39 - 44°C. No cell killing was observed after the HFEMF exposure at the SARs of 5, 10, 20, 50 and 
100 W/kg, while cell viability was slightly decreased at 200 W/kg (83.4 ± 4.9% (data not shown), No 
significant difference vs Control). No cell killing was also observed immediately after heat treatment at 39 and 
41°C and the treatment with bleomycin. The cell viability at 44℃ was decreased (77.1 ± 2.5%, p＜0.01, 
Significantly different vs Control).  
 
3. Chromosomal aberrations 

A summary of chromosomal aberration data is showed in Table 2. 
 

Table 2  Chromosomal aberration in m5S cells after treatment with HFEMF, MMC, or X-rays 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
ctb= chromatid breaks, csg= isochromatid gaps, cte= chromatid exchanges.  
Isochromatid breaks (csb)  were included in acentric fragments (Frag).  
Min=minute chromosomes, Dic dicentrics. Excl=excluding gaps. 

 
 

The rate of incidence of chromosomal aberrations was less than 0.02. No differences were observed between 
control and HFEMF exposure. The frequency of chromosomal aberration appearance is less than 2.5% between 
5 W/kg to 100 W/kg HFEMF exposures. In contrast, X-rays and MMC treatment resulted in chromosomal 
aberrations in 45% and 20% of the cells, respectively. Results obtained by chromatid and chromosome 
aberration analysis did not exhibit any statistically significant differences between sham control and HFEMF 
exposure conditions from 5 W/kg to 100 W/kg. As expected, MMC and X-ray treatment significantly increased 
(p < 0.001) the frequency of chromosomal aberration, chromatid aberration and total chromosomal aberration 
compared with sham controls. 
 
 
Conclusions 

In conclusion, HFEMF exposure at 2.45 GHz for 2 h up to SAR of 50 W/kg does not induce MN formation. 
We did not detect the increase in DNA strand breaks and chromosomal aberrations, even at 100 W/kg. For the 
MN formation, there were statistically significant increases at SARs of 100 and 200 W/kg, compared with the 
sham-exposed control. However, we also observed that the temperature elevation induced the increased MN 
formation. Although more research is required, the present study has shown that MN formation at SAR from 
5-200 W/kg is connected to temperature raise caused by HFEMF. 

In addition, we have reported the effect of HFEMF on cell growth rate, cell cycle distribution, 
Transformation, and heat-shock protein (hsp) expression. Cell growth rate and cell cycle distribution were not 
affected by exposure to HFEMF at SAR of lower than 100 W/kg for 2 h [27], No significant differences were 
observed in the malignant transformation (Type II + Type III) frequency between the sham-control and the 
HFEMF at SARs of 5 to 200 W/kg for 2 h [28]. The expression of hsp70 increased in a time and dose-dependent 
manner at SAR of over 50 W/kg for 1-3 h [29]. However, a similar effect was also observed in corresponding 
heat controls. 

From these results, we considered that HFEMF exposure at 2.45 GHz for 2 h did not affect cell growth, 
cellular genotoxicity, cell transformation, and hsp70 expression, even at exposure level of 5 to 50 W/kg. 
Therefore, we can conclude that our investigations have indicate the absence of any relationship between 

No of cells
Chromatid-lype Chromosome type Aberrations!1 00 cells %Aberrant Cells

Treatmenl
analysed

etg csg db ete Frag Min Dic Ring Total Excl Tolal Excl

Sham 200 3 0 0 0 I 0 0 25 25 I

5W/kg 200 2 0 2 0 0 0 0 0 2 1 2 I

10WIkg 200 0 0 0 0 0 0 0 0.5 0.5 0.5 0.5

20WIkg 200 1 0 0 0 0 0 0 0 0.5 0 0.5 0

50WIkg 200 1 1 0 2 0 0 0 0 2 0.5 2 I

100 Wflr.g 200 1 0 I 1 0 2 0 0 25 1 25 2

MMC 200 4 0 11 78 2 3 1 1 50 43.5 44.5 43.5
(0 1 11 glrrJL)

X-rays (3 Gy) 200 4 5 14 4 IS 4 0 25 19 215 19
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exposure to the HFEMF at an environmental level and adverse health effect. However, experiments should still 
be performed to evaluate the safety of the HFEMF exposures.  
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ABSTRACT 
 
We justify the validity of the biexponential Debye relaxation model of the pure water extrapolated until the 
optical range by means of experiments results obtained on the human skin. The pure water attenuation per 
wavelength is maximum in the millimeter-wave range. We confirm the measurements which have shown 
appreciable AC conductivity of DNA due to relaxation losses of their surrounding water dipoles. We extend this 
property to the UV range showing the action of photons upon free electrons. Excited ions, by means of our 
external plasma device generator of solitary-waves is the object of photon emissions in the optical range. In 
particular in UV range the free electron alone is liable to be propeled by a photon with a kinetic energy with a 
some idea of the size to 10-23 Joules. In a large range until millimeter waves, the excited ions can attract 
electrons showing a kinetic energy of 10-21 Joules. They can be used to activate control and explain the division 
of fibroblasts and the cancer mechanisms of human skin, the main modification of DNA molecules by UV 
radiation being the formation of pyrimidine dimers. Finally we can conclude that the molecule of DNA has a 
conducting which is always increasing with the frequency, but can be considered as a real conductor only in the 
millimeter-wave range with an important absorption per wavelength. The “conduction quality” is the ratio of the 
conduction to the displacement currents. 
 
 
 
 
INTRODUCTION 
 
PRELIMINARY CLARIFICATION 
 
The electronic conduction in DNA is a polemic subject always going on nowadays. Is DNA conductive or not ? 
DNA has been reported to be a metal, a semiconductor, an insulator and even a proximity effect induced 
superconductor. Above all it was advisable to go back to some reminders. In a recent paper [1] it as been shown 
that appreciable AC conductivity of DNA, measured in the millimeter wave range, is largely ascribed to 
relaxational losses of the surrounding water dipoles. So it was necessary from the theoretical complex dielectric 
constant r r oj /ε = ε − σ ωε  of bulk pure water, described by a biexponential Debye relaxation model [2], to 
calculate its conductivity σ , and the coefficient of absorption A given by the classical expression : 
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δ  is the thickness penetration and oλ  the free space wavelength. 

We introduced the “conduction quality” pC  which is the ratio of the conduction to the displacement 

currents equal to :  p o rC / 2 f= σ π ε ε   (2) 
The Table I shows the various parameters in terms of the frequency for the pure water at 20 °C. We can 

conclude : 
 
a) The conductivity σ is increasing with the frequency. 
b) The absorption coefficient ( )oA N /λ  has a maximum in the millimeter range (N means Nepers : 1N = 

8.69 dB). 
c) The absorption per unit of length (dB/mm) is increasing with the frequency. 
d) In the millimeter wave range the water can be considered as a “conductive medium” ( pC >1), and as an 

insulator medium ( pC <1) when f < 2.1010 Hz or f > 2.1011 Hz. Nevertheless its conductivity σ is 
always increasing with the frequency. 

e) We can justify the values of the conductivity and the absorption in the UV range deduced from the 
experiments realized on the epidermis. The epidermis is composed, from the skin surface to the depth, 
by the stratum corneum, the stratum granulosum, the stratum spinosum and the stratum basale. Due to 
the water content of the cells we can put together the three later layers ; we call them mucus body.  

 
The Table II shows the values extracted from measurements upon the human skin which must be compared 
with these given in Table I. 
The range UV is separated into two ranges : UVA and UVB. For each of them, and from the measured 
transmission coefficient [18], we deduced the conductivity σ  and the absorption related to the stratum corneum 
and the mucus body. We note that the bulk water theoretical conductivity is comprised between those of the 
stratum corneum and mucus body. 
 

f(Hz) oλ  
(2) 

pC  ( )S/ mσ (1) 
δ  pv / c  rε  

(1) 
oA(N / )λ  A(dB/mm)

910  300 mm 0.05 0.22 0.21 m 0.11 80.0 1.4 0.04 
95.10  60 mm 0.25 5.2 9 mm 0.11 75.2 6.7 0.97 

1010  30 mm 0.49 17.3 2.5 mm 0.12 63.6 12.0 3.5 

2. 1010  15 mm 0.93 41.6 0.9 mm 0.145 40.2 17.1 9.9 

5. 1010  6 mm 1.72 68.7 360 µm 0.22 14.4 16.7 24 

7. 1010  4.3 mm 1.85 73.3 290 µm 0.25 10.2 14.9 30 
1110  3.0 mm 1.79 76.5 250 µm 0.29 7.7 12.0 35 

5. 1110  600 µm 0.74 99.7 125 µm 0.43 4.9 4.8 70 
1210  300 µm 0.54 131 86 µm 0.47 4.2 3.5 100 

5. 1210  60 µm 0.18 172 57 µm 0.54 3.4 1.06 150 
1310  30 µm 0.10 176 38 µm 0.55 3.3 0.80 230 
1410  3 µm 210−  177 38 µm 0.55 3.3 0.08 230 
1510  0.3 µm 310−  177 38 µm 0.55 3.3 0.008 230 

 
 
 

Table I : Electrical parameters of pure bulk water at 20 °C in terms of frequency 
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Range  
(µm) 

( )m m
(mean)
λ µ  

Mean 
Transmission 

T   [18] 
SCT   

(dB) 
MBT  

(dB) 
A(dB/mm) (S / m)σ   

-9  529 588 SC UVA 
(0.315 – 0.390) 0.352 4.6 % 

- 13.4 dB  -4.4 67 74 MB 
-14  823 914 SC UVB 

(0.280 – 0.315) 0.298 0.9 % 
- 20 dB  -6 92 102 MB 

-10  588 653 SC UV 
(0.280 – 0.390) 0.335 3.5 % 

- 14.6 dB  -4.6 70 78 MB 
 
 

Table II  (valid for r o r3.3 and / )ε = σ ωε << ε  
 

 
SC : Stratum corneum : thickness : 17 µm  Transmission : SCT   
MB : Mucus body thickness : 65 µm  Transmission : MBT   

With : T = SC MB
A(dB/ mm)T T and (S/ m)

0.9
+ σ =  

 
   
 
 CHARGE TRANSPORT IN SYNTHETIC DNA 
 
The denaturation of the DNA is due to the breaking of the hydrogen bonds, which keep in position the two 
strands (fig. 1). 
In the course of the DNA duplication, two complementary strands give birth to two new DNA molecules. The 
DNA macromolecule structure was introduced in 1953 by Watson and Crick. 
 
Electronic transport along DNA is crucial for the repair mechanism after radiation damage and biosynthesis [3]. 
In 1989 Peyrard-Bishop study the structure by means of global energies expressed with a Lagrangian. 
 The various parameters used are : 

- the relative displacements of the nucleotidic bases at different sites of each DNA strand, 
- the equivalent mass m of a nucleotide pair equal to 300 amu (m = 5.10-25 Kg), 
- the Morse potential which is the energy of a hydrogen bond between a pair of nucleotides, 
- the average of the energy values for the guanine-cytosine basis (G-C) and for the thymine-adenine 

basis (A-T), which is called the well depth or Morse depth. It corresponds to the dissociation 
energy of a base pair and is equal do D = 0.04 eV let us be 0.64 10-20 J, 

- the width of the well equal to : w = 0.224 Å, 
- the stacking energy between neighboring bonds, 
- the energy of the dipole-dipole interaction, 
- the dipole parameter expressed in terms of electric charge transfer and of the distance between 

neighboring base pairs, 
- the potential energy between two consecutives bases along a strand Vo = 0.1eV in an equilibrum 

state, 
- the linear frequency of the isolated oscillator which is equal to : 

( )( )1/ 22 12
of 1/ 2 2D / mw 1.14 10= π =  Hertz  (3) 

One considers the radial displacement of the base unit and the angular rotation between two adjacent base pairs 
from their equilibrium state. The lattice oscillations are designed by pulsation rΩ  for the radial displacement 
and pΩ  for the twist one. 
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Fig. 1. 
 
 
The adiabaticity parameter ( )( )r oh / 2 / Vπ Ω      (4)     equal to : 0.041 proves the adiabatic right hypothesis 
during a quasi instantaneous displacements. From the fixed parameters at an equilibrium state : a = 3.4 Å,   

o 36θ = ° , oR 12=  Å,  we deduced the distance o  between two consecutive bases along a strand : 

   ( )2 2 2
o o oa 4R sin / 2 8.16= + θ =  Å 

The potential energy oV  is equal to : 
2

o o o oV p .q 4= πε   (5)   

where op is the moment of the charge. With oV 0.1eV=  we deduced : 48
oq.p 1.1810−= . Taking op q.1= Å, 

gives : 19q 1.0810 C−=  which is approximately the electron charge. The mobility of the charge is possible in 
the presence of random parametrical and structural disorders inherent to DNA molecules [3].  
Recently some authors [4] have considered the charge q when hydrogen bonds stretch using quantum chemical 
methods taking into account the nucleoside pairs (sugar linked to base). The value of the dipole parameter 

2 3
oJ q 4 a= πε  (6)  is equal to : 33.310 eV /− Å2  let us be 0.053 2J / m   with q = - 0.095 e, 

which is the charge transfer intermediate between the A-T and G-C base pairs [1]. 
The stacking parameter is given by some authors [5] equal to 0.96 J/m2 (let us be 0.06 eV/ Å2), and by others [6] 
comprised between 0.01 and 10 eV/ Å2. It has been then considered as adjustable parameter [4]. In short we can 
report according [4] that solitons or “discrete breathers” can be also generated from or exist among random 
thermal fluctuations. Moving breathers with speed comprised between 4 and 24 m/s, behave as quasiparticles, 
having an effective mass between 30 and 46 amu and a kinetic energy comprised between 256.510 J−  and 
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232.10 J,−  which is able to pass over a bending point in function of the strand curvature. For T = 310° K the 

thermal energy is 21KT 4.310 J−=   or  22.7 10 eV− . The conduction mechanism in DNA was recently studied 
[7], showing the impact of disorder. Evidently the charge motion is influenced by the vibrational modes of the 
double helix. Results concerning the electron transport in synthetic DNA polymers had been recently published 
[8]. For many organs we know that beyond a frequency of 102.10 Hertz, the conductivity trends upward very 
quickly [Gabriel King’s College, London, June 1996]. To establish the theory of the cell division Popp [8] 
supposed a high conductivity for the cell membrane without indication of its value. Albrecht-Buehler [9] thinks 
that centriolar “blades” have a high conductivity. Centrosome is an intracellular organelle composed of 2 
centrioles and pericentriolar material. The centrioles are a pair of cylinder-like structures. (0.8 ×  0.15 µm) often 
disposed in an orthogonal way to each other. Each centriole is composed of 9 separate protofilaments (0.8 µm 
×  40 nm). Electrons of very low energies can induce substantial yields of single and double strand breaks of 
DNA in near infrared spectrum [10] and [11]. To be in a good agreement with numerous experimental results in 
near infrared, visible and near ultraviolet spectra we must choose a conductivity of 510 S/ m  for the membrane 
medium [12]. 
 
The figure 2 gives the theoretical velocity v of the moving electron along the DNA chain, as a function of the 
amplitude oE  of the periodic field parallel to the double helix axis, for different frequencies in the millimeter 
wave ranges. It is taken out from [3] but expressed now with more convenient parameters. The normalized 
frequency given in [4] is related to the frequency of  (3), with D = 0.04 eV,   w= 0.224Å and 25m 5.10 Kg.−=  
Coherent electron transfer can be stimulated when the frequency of the applied field is such that : 

11 1210 f 3.10 Hz< < .To be efficient the applied external electric energy o oeE  has to be higher than oV  let us 

be : o o oE 0.1V with 8.16> = Å  that is 8
oE 10>  V/m. 

 
Moreover the electron kinetic energy comprised between 264.10−  and , 266 10 J,−  is very weak compared with 
the thermal fluctuation kT. 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 2 
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Fig. 3  :  Temporal electronic occupation probability 
 
 
The figure 3 shows the temporal behavior of the electronic occupation probability of the electron along the 
DNA axis in the presence of the external field at 11f 10= Hz for different amplitudes oE  and a disorder of 0.02 
eV. The position ( )z Å  corresponds to the electronic occupation probability after a propagation from a starting 
one for t = 0. When the field amplitude is enlarged the dynamic of the electron and the amplitude of the 
oscillations become weaker. The oscillation frequencies fosc are higher than the electronic one equal to 1110 Hz  
as indicated in Table III. 
 
 

( )oE V / m  76.10  81.2 10  81.810  

oscf (Hertz)  111.2510  112.10  112.810  
 

Table III (valid for 11f 10 Hz= ) 
 

Whatever oE , the maximum velocity Mv  at 11f 10 Hz=  is equal to 32.310 m / s . All these results, valid for a 
relative strong disorder E∆  on site electronic energy equal to 0.02 eV, are due to the nonlinear physics applied 
to DNA. 
 
 
COMPARISON BETWEEN THEORY AND EXPERIMENTS IN MILLIMETER 
RANGE 
 
AC conducting DNA in the millimeter range has been measured. Several authors have shown an appreciable 
conducting which approaches that of a well-doped semiconductor. Nevertheless it has been found that the high 
AC conductivity of DNA can be attributed largely to relaxational losses of the dipoles of the water molecules in 
surrounding hydratation layers [1]. The total number of water molecules per nucleotide has to be correlated with 
the relative humidity [13]. For instance the adsorption of water molecules per nucleotide is equal to 13 for a rate 
of humidity (R.H) equal to 84 % and 4 for a R.H of 60 %. For an R.H of 0 %, there are 2.5-3 water molecules 
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per nucleotide which cannot be removed from the helix. The table IV shows the AC conductivity of calf thymus 
DNA measured in terms of the frequency [1]. 
 
 

f(Hz) 1110  112 10  11510  1210  
RH : 0 %  (S / m)σ    [1] 1 12 35 100 

o

p

(S / m) [1]

RH : 84% A(N / ) (1)

C (2)

⎧σ
⎪⎪ λ⎨
⎪
⎪⎩

 

25 
 

4.9 
 

0.60 

50 
 

5.4 
 

0.75 

70 
 

3.5 
 

0.40 

110 
 

3.0 
 

0.50 
 

Table IV  : conductivity σ measurements of calf thymus DNA 
 
 
 

The conductivityσ , which is increasing with the frequency and the rate of humidity, can be attributed largely to 
the water layer surrounding the DNA blackbone. In effect, for a R.H equal to 84 % the absorption A( oN /λ ) 
and pC  were calculated with the relations (1) and (2) using the experimental conducting σ  [1] and rε  given in 

Table I. The experimental values σ  [1] and the deduced absorption A o(N / )λ  shown in Table IV are 
normally as should be weaker than these shown in Table I valid for the bulk pure water. The measured 
conductivities of the single and double strands have been found identical [1]. Considering the weak values of 

pC  we can say that the DNA can be reported to a dielectric medium in spite of its important conductivity. 
Previously reported conductivity value of 240 S/m was evaluated from the measured loss of highly sensitive 
resonant cavities operating at 12 and 100 GHz [14]. 
 
 
 
SOLITARY-WAVE EMISSIONS  
 
The emission are due to solitary-waves or solitons issued from an external confined plasma device [15]. The 
induced emission lifetime of the ion in vivo medium is given [17] : 
 

( )
3 2 2

2o o
B i p2 2 2r o t

78 c h L. . . . 2 e n V . n
f rZ P

−ε ε⎛ ⎞ ⎡ ⎤τ = π ∆⎜ ⎟ ⎢ ⎥µ ⎣ ⎦⎝ ⎠π
  (7) 

 
n is the mean complex, index of refraction at rf in the vivo medium. 
The parameters inserted between brackets are related to the plasma device. 

tP  is the electric moment of the dipolar transition. Z is the atomic number of the ion. rf  is the square signal 
modulation frequency of a high RF frequency used to light the discharge inside the plasma tube. The density of 
the ions at the fundamental state in a strong electrolyte, equivalent to the interstitial liquid, which has been 
carried is equal to : 26 3

1N 1.8510 / m=  : [16].  
From [17] we deduced in the vivo medium : 
 

3
16 r

2 1 2
f 1N N 3.7 10 .

n
⎛ ⎞= ⎜ ⎟ν⎝ ⎠

 (8)  20 3 2
B r4.10 f . n−τ =  (9) 

 
2N  is the density of excited ions per unit of volume and ν the frequency of their photonic emission. From 2N  

we deduced the mean distance between sollicitaded ions by the expression :  ( ) 1/ 3
2d N −=   (10) 
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We showed that a low frequency rf  acting upon ion produce an ionizing radiation in the optical range [17]. 
The Table V shows the calculated values related to the ion induced emissions in terms of the free wavelengths 
for a higher modulation frequency rf  and a weak lifetime. 
 
 

oλ  0.25 µm 1µm 10 µm 100 µm 1 mm 1.78 mm 
d 16 µm 4 µm 0.4 µm 400 Å  40 Å  22 Å  
2 1n N / N=  121.310−  118.810−  88.810−  58.810−  28.810−  0.5 

3
2N / m  142.410  161.6 10  191.6 10  221.610  251.610  259.210  
(Hz)ν  151.2 10  143.10  133.10  123.10  113.10  111.69 10  

W h (J)= ν  198.10−  192.10−  202.10−  21210−  222.10−  221.110−  

od /λ  64 4 0.04 44.10−  64.10−  61.210−  
 

Table V : Ion induced emission  
 

 valid for 6 3
r Bf 4.10 Hz, 6.10 s= τ =   (9),   26 3 32

1N 1.8510 / m , n 10= = ,  
 

 
When the wavelength is enlarged the mean distance d between the sollicited ions and the energy of the quantic 
oscillator W are decreasing, while their density 2N  increases. We have shown in [17] that when od / 1/λ < π  
two adjacent dipoles have a strong mutual coupling such that the radiation of the array due to the whole excited 
ions was suppressed. Nevertheless the electric field amplitude oE  due to one ion is given by : 
 

3
o t oE P / 4 r= πε  (11) 

 
tP  is the electric moment of the dipolar transition approximately equal to : 

 

tP e.1= Å=1.6 2910−  (C.m) 
 

For r = 10Å, we obtain from (11) : 8
oE 1.410 V / m= . Let us consider the electrostatic attraction of an electron 

by the ion when the viscosity strength is taken into account. We calculate for r = 10 Å  a speed of 45.510 m / s,  

that is a kinetic energy equal to -210  eV. Let be a free electron motionless knocked by a photon of W h= ν  
energy. We suppose a perfectly elastic shock. Before and after the shock the whole impulse is unchanged. If we 
neglect the Compton effect, that is the frequency variation of the photon, we can write : 
 

  e e
2h m v

c
ν
=    (12),   

  
With : 30

eh 5.1 eV, m 0.9110 Kg,−ν = =  we deduced from (12) the electron speed : 3
ev 6.10 m / s= . So the 

electron kinetic energy is equal to : 231.610− J, that is 410 eV.−  The photon which is associated with an 

electromagnetic wave is moving along the DNA with a speed equal to : 8
pv 1.6510 m / s=  (see Table I). The 

photon can be also absorbed by the particle. Then the photo-ionization principle may give birth to an electron, 
with an energy higher than 410 e V− . 
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SUMMARY 
 
 

a) We introduced the ratio of the conduction to the displacement currents to express the conduction 
quality pC (2) of a medium. Thus the pure water has a conduction σ which is always increasing all along the 

frequency range, while the conduction quality pC  is the highest in the millimeter wave range (Table I). 
 b) We justify the validity of the biexponential Debye relaxation model of the pure water extrapolated 
until the U.V range, by means of experimental results obtained on the human skin. 
 c) Table I shows the attenuation per wavelength which is maximum in the millimeter-wave range. 
Recent measurements in that range have shown appreciable AC conductivity of DNA which is largely ascribed 
to relaxational losses of the surrounding water dipoles [1]. We have extended this property to the UV range 
(Table II), showing further the action of photons upon free electrons. 
 d) Excited ions, by means of our external plasma device generator of solitary waves, is the object of 
photon emissions where an example is given in the Table V. An electron can be shocked by a photon in UV, 
showing a kinetic energy equal to 410−  eV. What’s more by means of the electrostatic attraction of one ion, an 

electron can show a kinetic energy equal to 210− eV. They can be used to activate, control and explain the 
division of fibroblasts and the cancer mechanisms of human skin, the main modification of DNA molecules by 
U.V radiation being the formation of pyrimidine dimers [11]. 
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Abstract 
Simple parametric equations are presented in terms of Jacobi elliptic functions that provide a realistic model of 
abnormal variations in size which maintain the biconcave shape of a normal erythrocyte (anisocytosis), and 
abnormal variations in shape which maintain the original volume of the erythrocyte (poikilocytosis), as well as 
continuous deformations from the normal to the altered shapes. We illustrate our results with parameterizations 
of spherocytes, ellipsoids, microcytes, macrocytes and stomatocytes, and apply these parameterizations to the 
numerical calculation of the induced transmembrane potential in stomatocytes and the induced electric stress on 
the membrane of erythrocytes when both cells are exposed to an external electromagnetic field of 1800 MHz.  
 
 
 
Introduction 
Erythrocytes are the most numerous cells in the blood and their complete characterization has attracted much 
effort. In particular it has been known experimentally for more than fifty years that a variety of agents can 
modify systematically and reversibly the normal erythrocyte shape and size [Ponder 1948].  From a biophysical 
point of view changes in shape have been related to different mechanisms, such as variations of the membrane 
potential and temperature [Glaser 1979], to anion-exchange protein band 3 [Wong 1994, Gimsa 1998] or to the 
influence of the cytoplasmatic pH [Gedde et al. 1995]. From a complementary point of view, the increasing use 
of numerical techniques in the calculation of multiple-cell phenomena has prompted the development of realistic 
mathematical models for the shape of normal erythrocytes [Gray 1998, Bloor and Wilson 2000, Oroz 2004]. In 
fact, we have shown in previous work the crucial role played by an accurate geometry of the cell in the study of 
the response of normal erythrocytes to electromagnetic fields [Sebastian et al. 2001, 2004, Muñoz et al. 2003]. 
However, we are not aware of any simple geometrical model for altered erythrocyte shapes. 
 
In this paper we address the modeling of abnormal variations in size which maintain the basic biconcave shape 
of the normal erythrocyte (anisocytosis), and abnormal variations in shape which maintain the original volume of 
the erythrocyte (poikilocytosis). 
 
Anisocytosis is the generic term used to describe an abnormally wide distribution of the sizes of the erythrocytes 
in the blood, be it due to the presence of young red blood cells such as macrocytes which are larger than mature 
normal red blood cells, or to the presence of smaller red blood cells such as microcytes. Although anisocytosis 
by itself is not diagnostic, an improved anemia classification might be available by combining measures of red 
blood cell size variability with mean corpuscular volume [Simel et al. 1988]. Microcytic cells occur in immune-



           SEBASTIAN, MUÑOZ, SANCHO, MIRANDA
   

 677

mediated hemolytic anemia, microvascular constriction, early Heinz-body anemia and iron-deficiency anemia. 
Macrocytic cells occur with regenerative anemia and rarely with erythrocytic leukemia. 
 
The rather non-specific term poikilocytosis is used to describe an unusually high (greater than 10%) population 
of abnormally shaped erythrocytes in peripheral blood [Harvey 2001]. These morphologically abnormal 
erythrocytes (poikilocytes) may be caused by a variety of conditions, including fragmentation of erythrocytes, 
oxidative injury, immune-mediated damage, and congenital abnormalities [Cowell et al.1999]. Among these 
morphologically abnormal cells are the spherocytes and stomatocytes. Spherocytes are red blood cells that are 
almost spherical in shape. They have no area of central pallor like a normal red blood cell. Large spherocytes 
(macrospherocytes) are seen in hemolytic anemia, whereas small spherocytes (microspherocytes) are sometimes 
seen in severe burn cases. Stomatocytes are characterized by a slit-like zone of central pallor. Stomatocytes are 
usually the result of a water content increase, an alteration of cation content and flux or and amphipathic drug 
use [Lim et al. 2002, Fujii et al. 1979, Elgsaeter and Mikkelsen 1991, Isomaa et al. 1987]. This altered 
erythrocyte shape is particularly interesting because of its abnormal increase in osmotic fragility which could 
lead to mechanical damage in turbulent blood flow circulation.  
 
Considering the essential role played by the shape and size of the red blood cells in all the processes mentioned 
above, realistic cell models for spherocytes, macrocytes, microcytes and stomatocytes (as typical representatives 
of poikilocytes) must be used in any morphological cell analysis. In particular, the variation of the 
transmembrane potential when the cell is exposed to an electromagnetic (EM) field is a good probe of the 
interaction mechanism between biological cells and external radiation. 
 
The layout of this paper is as follows: in the next section we briefly review existing mathematical models for the 
normal erythrocyte shape, and then present a new set of simple parametric equations that by means of free 
parameters model accurately continuous deformations from a simple sphere to the final erythrocyte altered 
shapes; then, as applications of these equations, we determine the transmembrane potential and the electric stress 
forces induced in the membrane of different cell shapes when they are exposed to an external EM field; the paper 
ends with a brief summary.  
 
 
Parameterizations of erythrocyte shape abnormalities 
Among the methods frequently used to model the erythrocyte normal shape [Sebastian et al. 2004, Moon and 
Spencer 1998] we mention the surface of revolution generated by a Cassini curve [Gray 1998]. Its main 
advantage is that Cassini curves have simple parametric representations in terms of trigonometric functions; its 
main limitations are that Cassini curves are determined by only two parameters (which can be used to fix only 
the length and the height of a real erythrocyte), and that the implementation of anisotropic deformations is not 
straightforward (in particular poikilocytosis and the changes in the shape of membranes which occur 
spontaneously when the cells are immersed in an aqueous environment under appropriate conditions [Jie et al. 
1998]). 
 
At the other end in complexity is the approach proposed by [Bloor and Wilson 2000], who use an elliptic partial 
differential equation in combination with an expression for the membrane surface energy to give a most realistic 
representation of the shape of the membrane surface. This approach, however, lacks the advantages of a simple 
parametric representation. 
  
To find a reasonably simple parametric representation that allows for the modeling of the deformations we 
finally recall the parametric representation of the normal biconcave erythrocyte in terms of the sn( )u m , 

cn( )u m  and dn( )u m  Jacobi elliptic functions with three free parameters [Kuchel and Fackerell 1999], which 
we prefer to write directly in terms of as many physically measurable parameters as possible: 
 

0

dn( )
( , ) cn( )cos , cn( )sin , sn( )

2 2 dn( )
u m

u u m u m h u m
U m

φ φ φ
⎛ ⎞

= ±⎜ ⎟⎜ ⎟
⎝ ⎠

r ,                        (1) 

 
where  is the diameter of the erythrocyte, 02h  is the height of the erythrocyte at its center, ( )U K m=  is the 
corresponding complete elliptic integral of the first kind (which satisfies cn( ) 0U m = , sn( ) 1U m =  and 
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dn( ) 1U m m= − , although for clarity we keep the functional form of this last expression in the parametric 
equations), [0, ]u U∈ , [0,2 ]φ π∈ , and the plus and minus signs correspond to the upper and lower half of the 
cell respectively. The only remaining parameter is [0,1)m∈ , which can be used to fix for example max2h , the 
maximum height of the erythrocyte. Equation (1) is obviously suitable to model not only normal erythrocytes but 
also macrocytes and microcytes, because they essentially keep the normal erythrocyte shape and only differ in 
that they have different values for the diameter and height of the cell (and therefore different volumes). 
 
To discuss the parameterization of altered shapes we first proceed by example: our model of the stomatocyte is 
generated by the equations 
 

3
dn( )

( , ) cn( ) cos , cn( )sin , sn( )
2 2 dn( )

u m
u u m u m h u m

U m
φ φ φ +

+ + + + +
+ +

⎛ ⎞⎛ ⎞
⎜ ⎟= ⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠

r ,                 (2a) 

 
2

dn( )
( , ) cn( )cos , cn( )sin , sn( )

2 2 dn ( )
u m

u u m u m h u m
U m

φ φ φ −
− − − − −

− −

⎛ ⎞⎛ ⎞
⎜ ⎟= − ⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠

r ,               (2b) 

 
for the upper and lower parts of the cell respectively. Note that in addition to the different powers (cube and 
square respectively) of the Jacobi dn( )u m  function in the third component of ( , )u φ±r , we also use independent 
values of the parameters h±  and m±  (and the ensuing ( )U K m± ±= ) for the upper and lower part of the cell. 
 
Figure 1 shows the parameters and 2D generating curves for the sphere, ellipsoid, basic discocyte and a 
stomatocyte  of  the  same  volume  obtained  from  Eqs. 1 and 2 respectively.  Similarly, Figure 2  shows the 3D 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
º 
 
 
Fig. 1 2D generating curves obtained from equations 1 and 2 for a) spherocyte b) ellipsoid c) normal biconcave 
erythrocyte and d) Stomatocyte. The different modeling parameters used in the equations are shown in Table 1.  
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Fig. 2 3D view of the spherocyte, ellipsoid, erythrocyte and stomatocyte models generated using Mathematica. 
 
cell geometries generated in Mathematica [Wolfram 2003] by rotation of these curves around the vertical axis. 
As it can be easily seen in both the 2D and the 3D figures, our stomatocyte model has a deep dimple. This degree 
of severity of the invagination determines that it belongs to subclass II [Bessis 1977] and is perfectly modeled by 
the modified Eq. 2. In Table 1 we present the numerical values of the parameters of these cells as well as of the 
parameters of the macrocyte and microcyte. Note that the maximum height of the stomatocyte has to be 
determined by using the inverse functions 1sn ( , )u x m−

± ±= , and that the volumes of the upper and lower parts of 
the cells can be readily calculated thanks again to the parametric equations: 

 

0
2 ( , ) ( , ) ( , )

U
V x u m x u m z u m duπ ±

± ± ± ±′= − ∫ ,                                          (3) 

 
where the prime denotes derivation with respect to u. 
 
 

Cell ( m)µ  ( m)h µ  m  3( m )V µ  max2 ( m)h µ  (nm)δ  
Spherocyte 5.46 2.73 0 85.29 5.46 8 
Ellipsoid 7.2 1.4 0.3954 85.17 2.8 8 
Normal erythrocyte 7.8 0.5 0.9447 85.1 2.19 8 
Microcyte 5 0.4 0.9520 29.8 1.87 8 
Macrocyte 10 0.65 0.8446 118.1 1.79 8 
Stomatocyte II ( , )+ −  7.6 (0.1242,1.4037) (0.9741,0.4720) 85.02 2.19 8 

 
Table 1. Parameters used in Eqs. 1 and 2 to model the different cell shapes:  is the diameter of the cell, 2h  
( h h

+ −
+ for the stomatocyte) is the height at the centre, m ( and m m

+ −
for the stomatocyte) is the parameter in the 

Jacobi elliptic functions, V is the volume, max2h  the maximum height and δ  the thickness of the membrane. 
 
 
We now proceed to discuss the rationale behind and the generalization of the parameterization given by Eq. 2. 
Note that the common structure of Eqs. 2a and 2b is 
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dn( )
( , ) cn( )cos , cn( )sin , sn( )

2 2 dn( )

p
u m

u u m u m h u m
U m

φ φ φ
⎛ ⎞⎛ ⎞
⎜ ⎟= ⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠

r                               (4) 

 
where the exponent p (here equal to 3 and 2 respectively) is a new parameter which in effect controls the gross 
features of the shape. Note also that the original parameterization of the normal erythrocyte shape of Kuchel and 
Fackerell is the particular case 1p =  of our Eq. 4. In fact, taking into account that the Jacobi elliptic functions 
can be considered as deformations of the familiar trigonometric functions to which they reduce for 0m =  
( sn( 0) sinu u= , cn( 0) cosu u=  and dn( 0) 1u = , in which case the parametric Eq. 4 represents a revolution 
ellipsoid) and taking into account also the elementary properties of these Jacobi functions [Abramowitz and 
Stegun 1972], it can be seen that the essential features of the parameterization (4) are maintained for positive 
(not necessarily integer) values of p. This new, continuous parameter can be used to advantage in the modeling 
not only of altered shapes, but of continuous deformations of the normal erythrocyte into these deformed shapes. 

 
Finally, we have insisted on the advantages of an explicit parametric representation: in particular we can easily 
generate the uniform shell representing the membrane by shifting any parametric surface given by Eq. 4 by a 
constant distance δ  along the outer normal at each point, i.e., the outer layer of the membrane is given by 

 
( , ) ( , ) ( , )u u uδ φ φ δ φ= +r r n                                           (5) 

 
where 

 
( / ) ( / )( , )
( / ) ( / )

uu
u

φφ
φ

∂ ∂ × ∂ ∂
=

∂ ∂ × ∂ ∂
r rn
r r

.                                               (6) 

 
Eqs. 4, 5 and 6 summarize our rather general model of normal or altered erythrocytes. 
 
 
Applications 
To illustrate the practical use of these parameterizations, we present (1) the numerical calculation of the induced 
transmembrane potential in stomatocytes and (2) the induced electric force (electrical stress tensor) on the 
interface between the realistic curved membrane and the external medium in normal erythrocytes. Both cells are 
exposed to an 1800 MHz plane wave, a typical carrier frequency in cellular phones and in wireless surveillance 
systems.  
 
The resting transmembrane potential is a basic magnitude to the physiological state of the cell [Gedde and 
Huestis 1997, Glaser 1998, Bifano et al.1984], and therefore the determination of induced field strengths and 
transmembrane potentials can provide a good insight on the relation between the exposition to radiofrequency 
fields and subsequent cell changes. The relevance of the induced transmembrane potential can be inferred from 
the numerous papers previously published by different authors [Grosse and Schwan 1992, Kotnik and Miklavcic 
2000a, 2000b and therein]. However, these former studies have generally used simplified spherical or spheroidal 
cell geometries (also a particular case of Eq. 4), or at most the more realistic parameterization of the normal 
erythrocyte by a Cassini curve. Given the numerical precision that can be attained in these calculations we do not 
expect a significant difference between the results for a normal erythrocyte parameterized by a Cassini curve and 
a normal erythrocyte parameterized by Eq. 1. However, Eqs. 4-6 permit us to perform the corresponding 
calculations for abnormal erythrocytes, which to our knowledge has not been carried out before. 
 
Our model of cell (stomatocyte and erythrocyte) is formed by two media: the membrane and the cytoplasm. The 
cytoplasm is a physiological saline solution with a protein volume fraction of 0.26. The membrane will be 
represented by a shell of constant thickness 8nmδ =  that has a very low conductivity and a frequency-
independent relative permittivity [Gimsa et al. 2001]. The cell is immersed in an external continuous medium -
the radiation region- formed by an electrolyte with the dielectric properties of physiological saline. Table 2 
shows the electrical parameters for the membrane, cytoplasm and external medium. These values are typical 
for the erythrocyte structure and have been extensively used in the literature [Simeonova et al. 2002].  
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As the cell dimensions (≈ 8 µm) are much smaller than the wavelength at the working frequency ( ≈ 2 cm), we 
can assume that the cell is exposed to a uniform field. Therefore a quasistatic approximation holds and we can 
calculate the field distribution by solving directly the full Maxwell equations using a discretization of the cell 
model geometry into tetrahedral elements with an adaptive mesh.  
 

Cell  0ε ε  ( )S mσ  Loss tangent 
Cytoplasm 50 0.53 0.10590 
Membrane 9.04 61 10x −  61.1052 10x −  
External medium 80 0.12 0.014986 

 
Table 2. Relative permittivity 0ε ε , conductivity ( )S mσ , and loss tangent for the cytoplasm, membrane and 
external continuous medium at 1.8 GHz. 

 
In this paper we use a finite element (FE) technique [Jin 1993, Douglas et al. 2000] with a variable density mesh 
to determine the electric field intensity within the different layers of the cell. The cells are exposed to a linearly 
polarized EM plane wave of frequency 1.8 GHz propagating along the y axis, with the E and H field vectors 
parallel to the z and x axes. The radiation region is taken to be a cube in which the cells are immersed. This 
region is filled with the external medium and surrounded by perfectly matched layers (PML). This setup 
provides a reflectionless interface between the region of interest and the PML layers at all incident angles 
[Becache and Joly 2001]. We achieve a good compromise between accuracy and computing resources by 
extending the dimensions of the radiation region to the order of four wavelengths in the external medium. This 
FE numerical technique has already been validated by the authors in previous works with simpler [Sebastian et 
al. 2001, Muñoz et al. 2003] and more complex geometries [Muñoz et al. 2004, Sebastian et al. 2005]. For 
normalizing purposes the electric field intensity is set to 1 V/m.  
 
a) Determination of the induced transmembrane voltage in stomatocytes 
In contrast to the symmetrical erythrocyte shapes, the asymmetry of the stomatocyte around the major axis leads 
to different values of the induced transmembrane potential in the upper and in the lower parts of the cell. Figure 
3  shows this  induced  transmembrane  potential  both in the upper  and in the lower parts of a stomatocyte as a  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
Fig. 3 Induced transmembrane potential in the upper and lower parts of a stomatocyte as a function of the 
distance x along the major axis of the cell. The cells are exposed to an RF field of frequency 1800 MHz. The 
electric field has an intensity of 1 V/m and is linearly polarized parallel to the vertical axis. 
 
function of the distance x along the major axis. Again, the incident external electric field is parallel to the vertical 
axis. Note that in the flattest regions of the lower and upper parts of the stomatocyte the applied external field is 
perpendicular to the membrane surface. As the values of the conductivities of both the external medium and the 
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membrane are very low, the induced transmembrane voltage in these regions is, as expected, mainly governed by 
the ratio of the respective permittivities. 
 
b) Determination of the induced electric stress forces on the membrane of erythrocytes 
An obvious assumption concerning the field E in the membrane is that it generates a Maxwell stress which will 
compress the membrane. This electrical stress plays a fundamental role in electroporation processes.  In the 
quasistatic case, the forces exerted on a finite volume of material by the electric field can then be expressed as a 
result of forces acting on the surface limiting this volume by (Giner et al 1995) 
 

i ij j
S

f T dS= ∫                               (7) 

 
with the stress tensor for the electric field in a material medium defined by 
 

21 ( )
2ij i j ij

dT E E E
d
εε δ ε η
η

= − −                             (8) 

 
In this work, we have not considered any variations of the electric permittivity of both media with their 
respective mass densities, i.e. 0i id dε η = , and therefore Eq. 8 is greatly simplified. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4 Stress force density ( zzT ) exerted on the centre of the curved erythrocyte membrane (solid line) and on 
a flat membrane (dashed line). The force density is directed inward the membrane (along the negative z axis as 
shown in the inset) and is normalized with respect to the external field ( 2

0Eε ).  
 
Although our analysis has only been limited to electrical stress and to a very short radius around the z axis of the 
erythrocyte (as it would be the case of a pore), the results clearly show that the electrical forces favour deforming 
of the membrane. The shape and size evolution of the cell will eventually be determined by a combination of 
electrical and mechanical forces. A comparison of the force densities obtained for an unstretched flat membrane 
and for the realistic erythrocyte model shows that the curvature of the membrane cannot be neglected.  
 
 
Summary 
We have given a simple parameterization of erythrocyte shapes which includes as a special case the normal 
biconcave erythrocyte of Kuchel and Facherell (and consequently spherical or ellipsoidal models), but allows for 
continuous deformations from this normal shape to rather general altered shapes (like stomatocytes). As an 
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added advantage of having a simple, explicit parameterization, we can generate a realistic three dimensional 
model of these erythrocytes by shifting the inner surface a constant distance along the outer normal.  
  
As an application of this parameterization we have performed numerical calculations of the transmembrane 
potential induced by an electromagnetic field of 1800 MHz and 1 V/m in stomatocytes and normal erythrocytes. 
The results for the unsymmetrical stomatocyte depend essentially on the new parameterization, and have to be 
given separately for the upper and the lower parts of the cell.  
  
Our calculations give insight into electrical stresses on realistic curve membranes of cells immersed in an electric 
field. This work can be applied to different cell shapes and the refinements thereof may be of potential value in 
understanding the kinetics of the rupture of membranes and related phenomena such as electrorotation and 
dielectrophoresis. 

 
Finally, we point out that this analysis is purely theoretical and has been performed for a particular orientation of 
the external RF field, and as such necessarily calls for further investigations. 
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Abstract. 
 

We report the results of a study on the influence of extremely-weak power frequency (60 Hz) magnetic 
field on the rate of regeneration in planarians Girardia tigrina and on the rate of gravitropic curvature development 
in the segments of the line stems. The data presented here demonstrate that the dependence of biological effects 
on the field’s amplitude in the range from 0.5 to 8 µT is polyextremal. In particular, the maxima of effects 
(activation of regeneration) is observed at BAC = 1.3 and 3.9 µT, while at BAC = 2.5 and 5.4 µT the value of 
bioeffects are close to zero. The experimentally observed dependence of bioeffects on the field’s amplitude can be 
reasonably well approximated by the theoretical expression, which we obtained earlier. At the values of BAC >8-
10 µT the bioeffect changes its sign – activation of planarian’s regeneration starts to be replaced by its inhibition. 
The inhibition takes place for the range of the amplitudes from 10 to 140 µT. Simple theoretical estimates 
indicate, that the observed change in the sign of the effect may result due to the prevalence of the effects caused 
by the induction of the alternating currents in the test-system at relatively high BAC – amplitudes. These results 
provide additional evidences for the model, explaining the interaction of weak and extremely weak alternating 
magnetic fields with biosystems, suggested earlier and provide the basis for planning of the epidemiological 
studies and interpretation of the corresponding results. 
 
1. Introduction.  

 
At present time it is generally accepted, that low-frequency alternating magnetic fields (AMF) with 

amplitudes (magnetic induction values, ВАС) equal or exceeding 10 µT are capable to induce the biological effects 
in a number of biosystems. This kind of magnetic fields are widely used in medicine, in particular, to stimulate 
regeneration of bones and soft tissues. However, humans in living and working places are exposed to the 
influence of rather weak or exteremely weak alternating magnetic fields (EW AMF), originating from 
technogenic and natural sourses. The amplitudes of the power-frequency magnetic fields in most of the living 
places range from  0.01 to 1-2 µT, while at some working places it may reach 5-6 µT [1]. Some experimental 
studies indicate that EW AMF may substantially influence some biological systems [1-16]. It should be noted, 
that in most cases the experiments with AMF are usually performed on the background of the static Earth’s 
magnetic field, DCB , with the value of magnetic induction of about 50 µT. Correspondingly, in a general case the 
term EW AMF means, that one is using the combined magnetic field, which contains both static and exteremely 
weak alternating components. This circumstance is important for understanding of the physical mechanism the of 
influence of EW AMF on biological systems. Nevertheless, the term " bioeffects of EW AMF " is often used for 
brevity and also to emphasize the specificity of the mechanism of action of such fields.  

It is necessary to note, that reports on the bioeffects of AMF with the amplitudes higher than 10 µT, as a 
rule, do not cause any doubts. At the same time some authors deny even a mere possibility of bioeffects of AMF 
with the amplitudes less than 10 µT. Contrary to the claims denying the possible existence of biological effects of 
low-frequency magnetic fields with the amplitudes ≤ 2 µT in the frame of traditional physics and biology [8, 17], 
there is a considerable number of experimental evidence confirming this kind of effects. It is remarkable, that the 
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important data demonstrating the inhibiting influence of sinusoidal magnetic field (ВАС =1.7 µT, ACf = 60 Hz) on 
the oncostatic action of melatonin in a culture of human breast cancer cells have been obtained independently by 
several laboratories [5, 6, 7, 14, 15].  

Despite of a certain, although quite slow, progress in the experimental proof of biological efficiency of 
some types of EW AMF, there is still no clear understanding of the corresponding mechanisms. In order to 
develope the possible theoretical models for the interaction of EW AMF with biosystems it is necessary to have 
the thorough experimental data on the dependence of bioeffect’s value on the parameters of the magnetic field. 

We have shown recently, that EW AMF with the values of amplitudes in the microtesla, nanotesla and 
even picotesla range substantially influence the properties of biological test-systems prepared from animal and 
plant sourses [18, 19]. In particular, such fields were found to affect the rate of regeneration in planarians 
(Girardia tigrina) and also the rate of gravitropic response in the stem segments of flax (Linum bienne). We have 
found that the maximal and minimal values of the bioeffects were observed at certain (identical for the different 
test-systems) values of the amplitude/frequency - ratio of the AMF; the values of the bioeffects did not change 
with a simultaneous proportional change of the amplitude and the frequency of AMF.  

The theoretical analysis of the obtained experimental data has shown, that in the range of frequencies and 
amplitudes used in our experiments, the value of bioeffects of EW AMF strongly depends on the parameter 

fBACγ , where γ - gyromagnetic ratio for the particular type of magnetic moment, and ВАС - and fАС – 
correspond to magnetic induction and frequency of the alternating magnetic component [19]. We have shown, 
that experimental dependence of the value of bioeffects on the frequency of alternating component (in a range 
from 10 to 320 Hz) at constant amplitude (ВАС = 1.6 µT) may be approximated by a theoretical curve with γ  = 
42.578 Hz/µT, corresponding to the gyromagnetic ratio of the nuclear spins of hydrogen atoms. The dependence 
of bioeffect’s value on fBACγ - parameter is polyextremal: well expressed maxima are observed at fBACγ = 

0.9; 2.75 and minor maxima – at fBACγ = 4.5; 6.1. The bioeffects are absent at fBACγ  = 1.8; 3.8; 5.3; 6.7 
[19].  

In order to estimate the biotropic action of the particular exteremely weak power-frequency magnetic 
field (on the background of the geomagnetic field), it is nessesary to obtain the dependence of the bioeffect’s 
value on the amlitude of the field at fixed frequency. Here we present the corresponding experimental data, 
indicating that at rather small amplitudes (0< ВАС <10 µT ) of 60 Hz magnetic field the maxima and minima of the 
corresponding bioeffects are observed at exactly the same values of the fBACγ - parameter, which were found 
earlier [19] in the frequency- dependence studies (as it was expected).  
 
 
2. Experimental section. 
 
2.1. Magnetic fields. 
  
 The exposure of the test-systems to the power – frequency magnetic field (60 Hz) with the value of  
magnetic induction, ACB , was carried out on a background of an ambient static magnetic field, DCB  ≅ 42.0 µT. 
The alternating (sinusoidal) magnetic field, generated with the use of Helmholtz coils (39 cm in diameter) was 
oriented co-linear with a vector of the Earth's magnetic field. The Helmholtz coils have been fed by standard 
signal generators G4-153 or G6-28. The control test-systems were exposed to the static Earth’s magnetic field. The 
necessary values of alternating magnetic field were established taking into account the transmission coefficient for 
a Helmholtz coil, equal to 10 µT/1V. 

The experiments were performed using EW AMF with the following parameters:  

ACf  = 60 Hz; 0.1 µT < ACB  < 140 µT; DCB = 42.0 µT. 
The value of magnetic induction of the background alternating (50 Hz) magnetic field at the position of 

experimental test-systems inside of the Helmholtz coils was 15 nT. Experiments were conducted at room 
temperatures of about 20-22 0C.  
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2.2. Test-systems.  
 
2.2.1. Regnerating planarians. Preparation, computer morphometry, data analysis.  

 
The flat worms (planarians Girardia tigrina), asexual laboratory race were reared in pond water at room 

temperature and were fed once a week with the Diptera larvae. For the experiments the animals of about 7-8 mm 
in length were selected. The feeding of the selected planarians was stopped one week prior to the start of the 
experiment. The head portions of planarians were amputated with an eye scalpel under a binocular microscope: 
approximately 1/5 part of a body containing head ganglion was dessected. Then regenerants were placed in two 
glass vessels filled with 50 ml of pond water (30 regenerating planarians per vessel).  

The rate of regeneration in experimental and control animals was estimated with the use of  computer 
morthometry method, based on of photocontrast between old (pigmented) and new (transparent) parts of a 
planarian’s body.Each planarian has been photographed with the use of binocular microscope and videocamera in 
3 days after amputation. It takes about 30 minutes to get photo pictures of a groop of 30 animals. The video 
images of rgenerating planarian were introduced into computer. Using the special program for image analysis, we 
determined the area, S , of whole planarian and the area, s , of the newly formed (transparent) blastema (Fig.1). 
The results of these measurements were used in calculations of the regeneration index, R  = S/s , averaged over 
30 planarians in control and experimental animals. The values of the EW AMF bioeffect was determined 
according to the expression:  

R∆ (%)=
( ) ( )

×
+±−

con

concon

R
RR δδ expexp 100%, where expδ  and conδ  - standard errors of the average values, 

obtained for the experimental and control animals.  
 

 
Figure 1. The scheme of measurements of the planarian’s regeneration index; s - the area of newly formed tissue 
(blastema), S – the area of the whole body of planarian; s/S – regeneration index  
 
2.2.2. Segments of flax stems. Preparation, stimulation of gravitropic bending, data analysis. 

 
Seedlings of flax (Linum bienne) were grown from the seeds at thermostat at 26 0C in complete darkness 

during 4 days. In 4 days the stems seedlings were about 3-4 cm long. The apical parts (2.5 cm in length of stems) 
were excised and the leaves were removed from the obtained segments. The segments were placed horizontally in 
the Petri dishes (90mm in diameter) on the filter paper moistened with 2 ml of distilled water. The basal ends of 
the segments were fixed by the rings cut off from the silicon tube. Two dishes (with 20 segments per dish) were 
exposed to magnetic field and two dishes were used as a control. The gravitropic upward bending in segments 
begins in about 30 min after placing them in horizontal position and in about 3 hours the apical ends of segments 
attain the vertical positions with the tips directed against the gravity force vector. The value of the gravitropic 
bending in segments was defined as an averaged (over the number of 40 segments) angle formed between the 
apical end of a segment and the horizontal plane, δα ± , where δ -standard deviation of the mean (Fig. 2).  

The measurements were performed with a protractor in 2 hours after beginning of the experiment. The 
collection of data on bending angles for 20 segments in one dish takes 3-4 minutes. All experiments were 
performed at 25 ±  0.5 0C.  
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The value of the bioeffect induced by 60 Hz magnetic field was expressed as the relative difference 
between the average angle of bending in the experiment, expα , and in the control, conα , according to the 

equation: 
( ) ( )

%100expexp

con

concon

α
δδαα +±−

, where expδ  and conδ  - standard errors of the means. 

 
Figure 2. The scheme of measurements of the gravitropic bending angle in a segment of flax stem. 
 
3. Results and discussion.  

 
Earlier we have shown, that the value of bioeffects, I, induced by EW AMF can be described by the 

expression:  
)]()([)( 021 fBJfBJfBkJI ACACAC γγγ −×=                                                                     (1),  

where k  - constant, fBACγ  - argument of Bessel’s functions, γ = 42.578 Hz/µT – gyromagnetic ratio of the 

nuclear spin of hydrogen atom, ACB  and ACf  - magnetic induction and a frequency of an alternating component 
of the EW AMF [19]. As it may be seen (Fig. 3 and Fig. 4), the expression (1) reasonably well approximates the 
experimentally observed dependence of bioeffects on the amplitude of the 60 Hz magnetic field: the maximal 
values of bioeffects (i.e. activation of the rate of regeneration in planarians and activation of the gravitropic 
bending in the stem segments of flax) appear at the values of fBACγ  equal to 0.9 and 2.75, while at fBACγ  
equal to 1.8 and 3.8 the effect of the field is absent. These results confirm our earlier conclusion, according to 
which the nuclear spins of hydrogen atoms are the primary targets in the the interaction of EW AMF with 
biosystems [19]. It should be noticed, that according to expression (1) at standart experimental conditions the 
value of bioeffects of EW AMF for the particular type of magnetic moment is completely defined by the 
amplitude/frequency - ratio of the alternating component and practically does not depend on the exact value of a 
static magnetic field.  

An increase of the amplitude of the 60 Hz magnetic field up to 8-10 µT is accompanied by a change in a 
sign of the bioeffect - activation of planarian’s regeneration is replaced by its inhibition. In Fig. 3 we have given 
only one experimental point. In fact, the inhibition of regeneration, characterized by a decrease in the regeneration 
index, s/S, by 20-30 % was observed with an increase of the amplitude in the range from 10 µT to at least 140 µT. 
Apparently a change of a sign of effect is caused by the induction of eddy currents in the vessels with planarians at 
relatively high amplitudes of the 60 Hz magnetic field.  

It seems quite instructive to compare the results and conclusions represented in this paper with those of 
another study devoted to the influence of sinusoidal 60 Hz magnetic fields with amplitude ranging from 1 µT to 20 
µT on the enzymatic activity of ornithine decarboxylase (ODC) in cultured fibroblast cells, exposed to the field 
during 4 hours [20]. The authors came to the following conclusions: 1) the enchancement of ODC activity induced 
by exposure of culture cells to a 60 Hz magnetic field suggested a sigmoidal relationship to magnetic field 
amplitude; an approximate doubling of the ODC activity was observed at field amplitude of 7 µT or higher; 2) the 
observed bioeffects are caused by the induced electric fields in a test-system, which is a function of the orientation 
of the magnetic field relative to the exposed sample, and the geometry and electrical properties of the sample; 
therefore, the threshold amplitude - value of the 60 Hz magnetic field may substantially differ for the different test-
systems.  
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Figure 3. The dependence of the rate of planarian regeneration on value of fBACγ - parameter. 

The solid curve represents theoretically expected dependence. The parameters of combined magnetic field: 

DCB = 42 µT, ACf = 60 Hz ACB = 0.7; 1.3; 2.1; 2.5; 3.9; 5.4; 6.3; 7.4; 8.6; 9.8 µT corresponding to fBACγ = 
0.5; 0.9; 1.5; 1.8; 2.75; 3.8; 4.5; 5.3; 6.1; 7.0. 

 
 

 
Figure 4. The dependence of the value of gravitropic bending in the segments of flax stem on value fBACγ - 
parameter. The solid curve represents theoretically expected dependence. The parameters of the combined magnetic 
field: DCB = 42 µT, ACf = 60 Hz ACB = 1.3; 2.5; 3.9; 5.4  µT  corresponding to the values fBACγ = 0.9; 1.8; 2.75; 
3.8. 
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As it can be seen, the experimental results and conclusions presented by Mullins et al. [20] seem to be 
drastically different from those obtained in this paper. However, it is nesessary to point out that the experimental 
results published by Mullins et al. [20] and by some other groops [6, 7, 14, 15] were obtained with the use of µ - 
metal shielded Helmholtz coil pairs, so that the amplitude of a residual static Earth’s magnetic field at the location 
of the test-systems was not exceeding 0.1-0.2 µT. It means that in these studies the test-systems were exposed to 
very weak sinusoidal 60 Hz magnetic field in the practical absence of a static magnetic field. It is known, the 
effects of AMF in the presence and in the absence of a static magnetic component may be essentially different [21, 
22]. Obviously, in the real enviroument and work places both EW AMF and geomagnetic static field are pesent. 
Therefore, the experimental data obtained with a shielded Earth’s magnetic field do not seem to be directly related 
to the effects of power – frequency magnetic fields, which may occur at real environmental conditions. 
 
4. Conclusions. 

 
The experimental results presented in this paper and earlier [18, 19] show, that the combined magnetic 

fields with the extremely weak amplitudes of the alternating component are capable to influence substantially the 
properties of biological test-systems derived from the animal’s and plant’s sourses (regenerating planarians and 
gravitropically responding stems of flax). Our data clearly show that the dependence of biological effects on the 
amplitude of the 60 Hz magnetic field ranging from 0.5 to 8 µT is polyextremal. In particular, the maxima of 
effects is observed at BAC = 1.3 and 3.9 µT, while at BAC = 2.5 and 5.4 µT the value of bioeffects are close to zero. 
The experimental points can be reasonably well approximated by the theoretical expression, which we obtained 
earlier [19]. These results confirm our earlier conclusion, according to which the nuclear spins of hydrogen atoms 
are the primary targets in the the interaction of some types of EW AMF with biosystems. At the values of BAC >8-
10 µT the bioeffect changes its sign – in particular an activation of planarian’s regeneration starts to be replaced 
by its inhibition. The inhibition takes place for the range of the amplitudes from 10 to 140 µT. The change in the 
sign of the effect may appear due to the prevalence of the effect caused by the induction of the alternating currents 
in the test-system at relatively high BAC – amplitudes. These results allow to clarify the interaction mechanism of 
the weak power-frequency magnetic fields with biosystems and provide the basis for planning of the 
epidemiological studies and interpretation of the corresponding results. 
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Abstract 
The possibility of a greater risk of childhood leukaemia due to magnetic fields caused by overhead 
power lines is currently a matter of scientific and public debate. However, a causal relationship has not 
been proven and it is not obvious whether the magnetic fields are the cause. In October 2005 the Dutch 
government issued a power-line policy based on the precautionary principle aimed at avoiding new 
situations in which children undergo prolonged exposure to magnetic fields exceeding 0.4 microtesla. 
For this purpose, a 0.4 microtesla magnetic field zone in the vicinity of overhead power lines would 
have to be established. However, defining such a zone is complicated, firstly, because the width of the 
zone varies continuously with the actual line load and, secondly, because the width of the magnetic 
field zone should account for future growth in the use of electricity. 
 
The Ministry of Housing, Spatial Planning and the Environment has succeeded, nevertheless, in 
developing magnetic field zoning in consultation with the grid companies. This paper describes the 
choices made in establishing the 0.4 microtesla zone. The approach used has led to a guideline for 
calculating the width of the 0.4 microtesla zone. The calculations are based on a line load equivalent to 
a fixed fraction of the maximum allowable line load, where the fixed fraction is deduced from an 
analysis of the line loads during 2003. 
 
Introduction 
Modern society benefits greatly from electricity, but generation, transport and use of electricity create 
electric and magnetic fields with extremely low frequencies (ELF-fields). In 1979 Wertheimer and 
Leeper [1] demonstrated an increased cancer risk for children living near electric wiring configurations. 
Since then the adverse health effects possibly induced by ELF-fields have been a matter of scientific 
and social debate. The scientific investigations focused on the possibility of an increased risk for 
childhood leukaemia associated with transport and distribution of electricity. Initially, not all studies 
met solid scientific standards and the scientific evidence was inconclusive and contradictory, but over 
the years the number and quality of the investigations improved. From the aggregate of the 
epidemiological evidence in the year 2000, the Health Council of the Netherlands – an advisory council 
to the Dutch government - inferred a consistent statistical association between the occurrence of 
childhood leukaemia and living near overhead power lines, although a causal relationship between 
childhood leukaemia and ELF-fields could not be proven [2]. Two pooled analyses published in 2000 
(Ahlbom et al. [3] and Greenland et al. [4]) support the statistical association between childhood 
leukaemia and exposure to ELF magnetic fields. From these pooled analyses the Netherlands National 
Institute for Public Health and the Environment (RIVM) concluded that there is a possibly elevated risk 
of childhood leukaemia at magnetic field strengths above a value somewhere between 0.2 and 0.5 
microtesla [5]. On the assumption of a causal relationship between exposure to magnetic fields and 
development of childhood leukaemia, which is not proven, and the relative risks observed by both 
Ahlbom and Greenland, RIVM calculated the number of additional cases of childhood leukaemia due 
to overhead power lines [6]. In the Netherlands, with a childhood leukaemia incidence of 110 new 
cases every year, approximately 0.5 cases may be attributable to the magnetic fields due to overhead 
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power lines. In 2002 the International Agency on the Research of Cancer (IARC), which is related to 
the World Health Organisation, also concluded a consistent statistical association between ELF 
magnetic fields and childhood leukaemia, and designated the ELF magnetic fields as ‘possibly 
carcinogenic to humans’ [7]. A recent investigation yielded a statistical association between childhood 
leukaemia and living in the vicinity of overhead power lines in Great Britain [8]. 
 
Because of the public concern and the inconclusive scientific evidence the Dutch government 
indicated, in the Fourth National Environmental Policy Plan (NMP4), that the present evidence formed 
sufficient reason for further research and for taking appropriate precautionary measures in relation to 
social costs and benefits [9]. Studies were started into the actual number of dwellings in the vicinity of 
the overhead power lines [10], into the expected rise in the number of ‘exposed’ dwellings during the 
next 25 years due to realisation of plans for new dwellings [11, 12] and into the costs of the reduction 
of magnetic field strengths [13]. 
 
Finally, in 2004 the State Secretary of Housing, Spatial Planning and the Environment, 
P.L.B.A. van Geel, stated his policy aim with respect to overhead power lines in the policy document 
‘Nuchter omgaan met risico’s’ 1 [14]. The objective of this policy is to prevent the development of new 
situations in which children are exposed to magnetic fields near overhead power lines whenever 
possible. The policy to achieve this goal was designed in consultation with stakeholders 
(municipalities, provinces, grid companies). On October 3, 2005 this policy was issued in a policy 
letter [15]. The policy letter is addressed to stakeholders with ‘recommendations with regard to 
overhead high-voltage power lines’. 
 
Overhead power lines 
In the Netherlands overhead high-voltage power lines have five voltage levels: 380, 220, 150, 110 and 
50 kilovolts (kV). Occasionally circuits of different voltages are attached to the same pylon, the so-
called combi-lines (380 and 220 kV circuits, 380 and 110 kV circuits, 220 and 110 kV circuits). In the 
framework of a previous study [10] the Dutch network of overhead power lines was digitised from 
topographic maps (1:25,000) by KEMA (a technical consultancy with expertise in the energy sector). 
The map of the high-voltage power grid in the Netherlands is depicted in Figure 1. 
 
The total length of overhead high-voltage power lines amounts to nearly 4000 km (Table 1). The 
regional grid of 150 kV has the highest share in this total, approximately 45%. 
 
 
Table 1 Summary of the overhead power lines in the Netherlands 
 

voltage level (kV) total line length (km) 

50 164 
110 778 
150 1781 
220 249 
380 840 

combi 159 

total 3971 

 
 

                                                           
1 English translation: Coping Rationally with Risks 
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Figure 1  Overhead power lines in the Netherlands (2002) 
 
Children living near overhead power lines 
As a first step to calculating the number of children living in the vicinity of overhead power lines 
RIVM analysed the number of dwellings close to overhead power lines [11, 12]. A total number of 
45,000 dwellings are located within 100 m (on both sides) of the overhead power lines. About 23,000 
dwellings are situated within the 0.4 microtesla zone. 
 
The average Dutch dwelling is inhabited by 2.6 persons, including 0.49 children aged 0-15 years [6]. 
As a result the number of children living within the 0.4 microtesla zone is estimated at 11,000. 
 
For the next 25 years 800,000 new dwellings have been planned for the Netherlands. In a ‘business-as-
usual’ scenario 10,000 of these dwellings will be built within the 0.4 microtesla zone. Consequently the 
number of children living within this zone may increase by 5,000 over the next 25 years. 
 
Outline of the Dutch power line policy 
Legal status 
The Dutch power line policy was sent on October 3, 2005 as a policy letter by the State Secretary. The 
policy letter is addressed to stakeholders (municipalities, provinces, grid companies) with 
‘recommendations with regard to overhead high-voltage power lines’. Stakeholders are advised to act 
in accordance with this advice whenever this is reasonably possible, but the recommendations have no 
force of law. As a consequence stakeholders have no obligation to act according to the proposed policy. 
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New situations versus old situations 
The Dutch power line policy is based on the observed statistical association between ELF magnetic 
fields and childhood leukaemia and the social concern on possible health effects, and follows the 
precautionary principle. The State Secretary has limited his policy to new situations, because the effects 
on health are unclear and because measures in existing situations often have substantial social 
consequences, and are expensive. In new situations prevention is possible at lower costs. With regard to 
the power line policy there are two types of ‘new situations’: 

- new spatial plans (or changes in existing ones) in the vicinity of an existing overhead 
power line 

- new overhead power lines (or changes in existing ones) in the vicinity of existing 
buildings 

 
Sensitive designated uses 
The statistical association between ELF magnetic fields and childhood leukaemia is observed in 
children living near overhead power lines. As a precaution the Dutch power line policy is not restricted 
to dwellings only. Some other places where children may undergo long-term exposure to the ELF 
magnetic field are indicated as ‘sensitive uses’. The Dutch policy defines dwellings, schools, crèches 
and day-care centres as sensitive uses. The restrictions formulated in the Dutch overhead power line 
policy only apply to these sensitive uses. Other locations where children spend shorter periods in 
comparison to how long they spend at home, like sports centres, playgrounds, swimming pools etc. are 
not indicated as sensitive use. The Dutch policy does not apply to these locations. The purpose of the 
policy is to prevent the realisation of new sensitive uses within the magnetic field zone. 
 
Magnetic field zones 
Specific zone 
In an Annex to the recommendations by the State Secretary the magnetic field zone is characterised as 
being: 
… the area which extends along both sides of the overhead high-voltage power line and within which 
the magnetic field is, on average over a year, higher than 0.4 microtesla or can become so in the 
future. 
 
This magnetic field zone is referred to as ‘specific zone’. The value of 0.4 microtesla is a somewhat 
arbitrary choice in the range of 0.2 – 0.5 microtesla, the range where the childhood leukaemia risk 
possibly begins to be elevated [5]. The value of 0.4 was firstly mentioned with respect to overhead 
power lines in a letter from the former Minister of Housing, Spatial Planning and the Environment, 
J.P. Pronk, in 2001 [16]. The value of 0.4 microtesla was advocated by the Ministry and acceptable to 
the grid companies. The specific zone is calculated at a given location with the actual parameters 
(representative line load, pylon type, number of circuits, phase conductor geometry and earthing) for 
the specific section of the power line. RIVM has developed ‘Guidelines for the calculation of the 
specific 0.4 microtesla zone in the vicinity of overhead high-voltage power lines’. 
 
At the launching of the Dutch power line policy in 2005 no specific zones were known. To facilitate 
municipalities in the implementation of the policy the indicative zone was introduced in addition to the 
specific zone. 
 
Indicative zone 
Prior to the launching of the power line policy the indicative zone was established for all overhead 
power lines in the Netherlands [17]. The indicative zone is meant as an indication of the width of the 
specific 0.4 microtesla zone. In establishing the indicative zone, typical parameters for power lines at a 
given high-voltage level were used. Based on these typical parameters, zone widths were calculated for 
all power lines with the same voltage level. The 90th percentile of these zone widths was chosen as the 
indicative zone for that voltage level. Table 2 gives the values calculated for the indicative zone widths. 
The width of the indicative zone is not location-specific. Because the choice for the 90th percentile and 
due to the fact that for some of the parameters the ‘worst-case’ value was chosen, the specific zone is 
expected to be smaller than the indicative zone in most cases. 
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Table 2 Indicative 0.4 microtesla zone widths used in the Dutch power line policy: zone widths are 
rounded off to the nearest multiple of five 

 
voltage level (kV) zone width (m) 

50 2 x 40 
110 2 x 50 
150 2 x 80 
220 2 x 150 
380 2 x 125 

combi 2 x 200 
 
TenneT, the operator of the national grid of 220 kV and 380 kV lines, was not satisfied with the 
established indicative zone in [17], because it gave only a rough indication of the specific zone. 
Consequently, TenneT recalculated the magnetic field zones for all 220 kV and 380 kV power lines. 
For line load, number of circuits, phase conductor geometry and earthing, TenneT used power line 
specific values in the calculation. One type of pylon was chosen for the entire power line. The zone 
from this recalculation is referred to as the ‘improved indicative zone’. 
 
The indicative (or the improved indicative) zone is used as a first check for a new spatial plan. If the 
plan does not overlap the indicative zone, the power line policy has no further consequences for the 
planning procedure. If the new spatial plan and the indicative zone overlap, it is advised to calculate the 
specific zone. 
 
As a service to municipalities and provinces the indicative zone for every power line is given on a 
clickable Gridmap. This Gridmap is part of an internet site [18], developed by RIVM, to support 
implementation of the power line policy. 
 
Establishing the specific zone 
The definition of the specific zone is the result of a series of discussions between the Ministry and the 
grid companies. The discussions focused on two aspects of the calculation of the specific zone. The 
first problem to tackle was establishing which load of the power line best accounted for the actual line 
loads and for the expected future growth in electricity use. The second topic was how to average the 
magnetic field over time. 
 
Estimating power line load 
Power line loads during 2003 
As a first step to estimating the line loads RIVM analysed the load of the power lines during the year 
2003. Because not enough detailed information is available for the regional grid (150 kV, 110 kV, 
50 kV) analyses had to be restricted to the 220 kV and 380 kV lines. The grid operator (TenneT) kindly 
provided RIVM with measurements of the 5-minute averaged current flowing through the circuits 
during 2003. Line loads vary over the day, over the days of the week and during the seasons. Figure 2 
shows the variation of the line load over the day and Figure 3 over the year for a typical 380 kV power 
line. As the current through the power line changes the width of the actual 0.4 microtesla zone will 
change too. Figure 4 shows the variations of the distance of the 0.4 microtesla contour to the heart of 
this typical power line. 
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Figure 2 Line load (two-hourly averaged current) of a typical 380 kV circuit on a typical day 

(July 7, 2003) 
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Figure 3 Line load (daily averaged current) of a typical 380 kV circuit during 2003 
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Figure 4 Variation of the zone width for a typical 380 kV power line over the year 2003; the 

distance of the 0.4 microtesla contour to the heart of the power line was calculated based 
on the daily averaged current 
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Estimating the representative current 
A last, but crucial step, is to estimate the current used for the calculations of the magnetic field zone. In 
principle the actual yearly averaged current over the year 2003 could be used in this calculation for 
every power line. However, this approach does not account for the growing use of electricity, and the 
heavier line loads for the power lines expected in the coming decades. Calculating the width of the 
0.4 microtesla zone on basis of the 2003 line load data would underestimate the width of the zone in the 
near future. Accounting for this growing use of electricity is one of the explicit requirements, as can be 
judged from the wording ‘can become so in the future’ added to the definition of the specific zone. In 
fact most power lines in the Netherlands are designed for heavier line loads than observed in 2003, and 
are likely to get loaded more heavily in the near future. All power lines have been designed for a 
maximum allowable line load, the so-called ‘maximum design load’. This maximum design load is 
mainly determined by the cross-section of the conductors, the material (aluminium, copper) of the 
conductors, the surface treatment of the conductors, the ambient temperature and the wind speed. The 
maximum design load for a power line sets an absolute maximum to the width of the 0.4 microtesla 
zone. However, deriving the 0.4 microtesla zone directly from this maximum design load places a 
strain on the available land. Moreover, from the viewpoint of operational safety the maximum 
allowable yearly averaged load must be below the maximum design load. 
 
To get an insight into the relationship between the yearly averaged load and the maximum design load 
the ‘load fraction’, defined as the yearly averaged line load divided by the maximum design load, was 
calculated for the year 2003. Load fractions for the 220 kV and 380 kV lines are plotted in Figure 5. 
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Figure 5 Relative load of all 380 kV and 220 kV power lines: the load fraction is defined as the 

yearly averaged load (over 2003) divided by the maximum design load 
 
From Figure 5 it is evident that in 2003 these power lines were not heavily loaded. Averaged over all 
the 220 kV and 380 kV circuits the relative load is 0.17, and 90% of the circuits have a load fraction 
below 0.3. Based on this analysis the grid companies and the Ministry agreed to use a fraction of 30% 
of the maximum design load for the 220 kV and 380 kV power lines as yearly averaged load for the 
calculation of the specific 0.4 microtesla zone. For most power lines a load fraction of 30% will not be 
reached in the near future, and the calculated specific zone will maintain its validity during the next 
decades. 
 
For the regional power lines (150 kV, 110 kV, 50 kV) a similar analysis could not be done because of 
the lack of sufficient data. For these lines a load fraction of 50% of the maximum design load was 
chosen as a ‘worst case’ estimate. 
 
Time averaging the magnetic field 
The epidemiological studies showing an association between the magnetic field and an increased risk 
for childhood leukaemia relate the leukaemia risk to magnetic field strength averaged over relatively 
long periods of time [3, 4]. Most studies measure the magnetic field in the dwelling, typically over a 
period of 24 hours. Other studies calculate the magnetic field in the dwelling, based on the yearly 
averaged current. From Figure 4, it can be concluded that averaging over a relatively short period may 
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lead to erroneous and divergent values for the magnetic field zone. For instance, averaging over a 
twenty-four-hour period in the beginning of January would result in a full zone width of 2 x 50 metres, 
whereas averaging over the same period in the beginning of November would yield a full zone width of 
2 x 160 metres. In view of the epidemiological studies and the strong variation of the line load and zone 
width over the year the Ministry decided to base the power line policy on the yearly averaged magnetic 
field. 
 
For practical purposes in calculating the width of the 0.4 microtesla zone, the yearly averaged current 
through the power line is estimated and with this current the width of the specific zone is calculated 
with one of the available software packages. For this calculation commercially-available software 
packages may be used. Although no comparative research into these software packages has been 
carried out yet, the packages used in the Netherlands2 are regarded to yield equivalent results. 
 
Comparison with the Swiss situation 
In Switzerland precautionary emission limitations, so-called installation-limit values must be respected 
at places of sensitive use. For high-voltage power lines the installation limit value is 1 microtesla at the 
maximum rated current for the power line. In practical terms the 0.4 microtesla zone calculated at 30% 
of the maximum load (380 kV, 220 kV) or at 50% of the maximum load (150 kV, 110 kV, 50 kV) 
according to the Dutch guidelines leads to widths for the magnetic field zone that are nearly the same. 
For a typical 380 kV power line the ‘Swiss’ 1 microtesla zone is 2 x 77 metres, whereas the ‘Dutch’ 0.4 
microtesla is 2 x 70 metres. For a typical 150 kV the ‘Swiss’1 microtesla zone is 2 x 57 metres and the 
‘Dutch’ 0.4 microtesla zone 2 x 65 metres. Starting from quite different viewpoints the Dutch and the 
Swiss policies lead to comparable magnetic-field zoning. Apart from this similarity there are a number 
of differences between the Swiss and the Dutch policies. The most striking are: 

- the Swiss installation limit values have power of law and must be respected3, whereas the 
Dutch policy only advises stakeholders to abandon certain activities in the 0.4 microtesla 
zone; 

- the Dutch policy only applies to overhead power lines as sources of magnetic fields; in 
Switzerland the installation limit value of 1 microtesla also applies to magnetic fields 
generated by transformer stations, substations and switchyards; and 

- the Swiss policy applies to a larger number of sensitive uses; in the Netherlands only 
dwellings, schools, crèches and day-care centres are designated as sensitive uses. The 
Swiss list of ‘places of sensitive use’ encompasses dwellings, schools, hospitals, 
playgrounds and permanent workplaces. 

 
Discussion 
Several European countries are considering a precautionary policy for overhead power lines. The basis 
for such a policy is the observed statistical association between childhood leukaemia and living near 
overhead power lines. The epidemiological studies suggest that the association holds for childhood 
leukaemia and long-term exposure to magnetic fields, although a causal relationship between 
leukaemia and magnetic fields has not been proven. According to the epidemiological data, a possibly 
elevated risk is observed at magnetic field strengths above a value somewhere between 0.2 and 
0.5 microtesla. The Ministry of developed a precautionary power line policy. This policy is founded on 
a 0.4 microtesla zone, the value of 0.4 microtesla being a somewhat arbitrary choice within this 0.2 - 
0.5 range. This value of 0.4 microtesla is often compared to the exposure limit of 100 microtesla for 
50 Hz recommended by the European Union [19]. But in fact these two magnetic-field strengths are 
incommensurable. The recommendations of the European Union are derived from the International 
Commission on Non-Ionizing Radiation Protection and based on well-established short-term effects. 

                                                           
2 In the Netherlands magnetic field calculations are based on EFC-400 (Program package developed by 

Forschungsgesellschaft für Energie und Umwelttechnologie: FGEU, GmbH, Berlin, Germany), 
CDEGS (Current Distribution, Electromagnetic Fields, Grounding and Soil Structure Analysis 
Program package developed by Safe Engineering Services & technologies ltd., Quebec, Canada) and 
ATP (Alternative Transient Program European EMTP-ATP Users Group (EEUG), Osnabrück, 
Germany). These software packages cannot directly calculate the width of the 0.4 microtesla zone, 
but calculate profiles for the magnetic field as a function of distance to the heart of the power line. To 
calculate the actual zone width these profiles need to be exported for further processing.  

3 Exemptions are granted if the line operator shows that all measures to limit radiation that are 
technically and operationally possible and economically acceptable have been taken. 
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The 0.4 microtesla, on the other hand comes from epidemiological evidence for a possible long-term 
effect. 
 
Summary 
In the Netherlands, a policy has been implemented to prevent new situations where children are 
exposed to magnetic fields due to overhead power lines. To achieve this goal municipalities and 
provinces are advised to avoid realisation of new sensitive uses (dwellings, schools, crèches and day-
care centres) within the specific 0.4 microtesla zone. RIVM developed guidelines for the calculation of 
the 0.4 microtesla zone. This paper describes the choices that have been made in dialogue between the 
Ministry of Housing, Spatial Planning and the Environment, and the grid companies for the 
calculations of this specific 0.4 microtesla zone. 
 
In accordance with the epidemiological studies, the specific 0.4 microtesla zone is based on a yearly 
averaged magnetic field. To calculate this yearly averaged magnetic field a ‘representative’ yearly 
averaged current through the power line has to be estimated. This representative current should reflect 
the present load of the power lines as well as the growth of the load expected during the coming 
decades. The growth potential for the load of a power line is set by the maximum design load and 
operational safety criteria. Analysis of the line loads during 2003 led, after careful consideration 
between the Ministry and the grid companies, to a choice for the representative load. For 380 kV and 
220 kV the yearly averaged load is estimated as 30% of the maximum design load. For lack of data on 
the 150 kV, 110 kV and 50 kV overhead power lines, a ‘worst case’ estimate of the yearly averaged 
load is used: 50% of the maximum design load. Based on this representative load and location specific 
data on the power line section (type of pylons, number of circuits, phase conductor geometry and 
earthing) the specific 0.4 microtesla zone at a specific location can be calculated with commercially-
available software. 
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ABSTRACT 
 
The Council of the European Union has made recommendations to its member states regarding specific 
actions on magnetic field exposure of the general public [1]. These recommendations are based on the 
reference values by ICNIRP, published in 1998 [2].  
 
In the year 2000 two pooled analyses were published, both dedicated to epidemiological studies on the 
incidence of leukaemia among children living in the vicinity of overhead power lines. Especially the 
paper by Ahlbom c.s. [3] was and still is giving rise to a lot of concern for governments, as well as for 
many people living close to overhead power lines.  
 
In the past few years, the Dutch government has initiated additional research, based on the assumption 
(consistent with the conclusion of Ahlbom c.s. [3]) that the leukaemia risk indeed increases twofold for 
children with a long-term mean exposure to magnetic field strengths higher than 0,4 µT, originating 
from overhead high-voltage power lines [4]. This research contained investigations of e.g.: 

- the number of “extra” children that may develop leukaemia due to the presence of 
overhead high-voltage power lines each year in The Netherlands (i.e. 0.5 per year) 

- the number of Dutch dwellings situated within the zones around high-voltage power lines 
with long-term magnetic field strengths > 0,4 µT, at present (i.e. 23.000 in 2003) and in 
the future (i.e. 33.000 in 2028) 

- implementation costs of field reducing measures, on a national scale. 
 
Consequentially, the Dutch government has published new recommendations for municipal executives, 
other local authorities and grid operators in October 2005 [5]. This advice is based on the 
recommendations of the European Council as mentioned above, but with the addition of some 
important precautionary measures: for new situations in the vicinity of overhead high-voltage power 
lines the government recommends to prevent that children experience long-term exposure to magnetic 
fields, with annually averaged field strengths higher than 0,4 µT.  
 
As an aid to local authorities and grid operators, magnetic field zoning around high-voltage power lines 
has been introduced. Two types of zones have been defined: 

- an indicative magnetic field zone: a rough estimate of the zone, based on known 
indicators for Dutch high-voltage power lines in general 

- a specific zone: a more accurate calculated estimate of the zone, based on actual phase 
configurations and electrical current of the high-voltage power line. 

 
The recommendations are accompanied by a set of guidelines to calculate the specific magnetic field 
zone, as a surrogate for the “long-term mean magnetic field” of a Dutch high-voltage power line [6]. 
 
During the past few months, municipal executives, local authorities and grid operators have been 
managing this new Dutch policy on power lines. They have initiated or already performed several 
practical solutions to meet the recommendations. These solutions can be based mainly on two 
principles: 
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- reduction of the magnetic field by technical measures 
- reduction of the exposure by revision of new housing development plans.   

 
During the presentation, several implications and consequences of the Dutch recommendations for 
local authorities, grid operators, as well as for the general public will be discussed. This will be 
illustrated by presenting some examples of practical solutions. 
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Abstract 
 
The purpose of this paper is to introduce the current state of the German Mobile Telecommunication 
Research Programme (DMF). The Programme was initiated by the German Federal Ministry for the 
Environment, Nature Conservation and Nuclear Safety (BMU) and is performed by the Federal Office for 
Radiation Protection (BfS). In the period from 2002 to 2007 a total of 51 research projects in mobile 
telecommunications are proceeded in four fields: biology, dosimetry, epidemiology and risk 
communication. The total financial volume of the program is 17 million €. Final results of the programme 
are expected at the end of 2007. 
 
Keywords: high frequency electromagnetic fields; mobile communication, health impact, research 

programme, Germany 
 
 
1 Introduction 
 
High frequency electromagnetic fields such as those found, for example, near transmitters (e.g. radio 
frequency towers and mobile telephone base stations) or when using mobile end devices (cell phones) are 
often suspected by the public of having adverse health effects on human. There is some indication that 
such electromagnetic fields can cause biological or physiological effects at levels below international 
limit values. In which extent they pose a health risk to the general public can´t be completely determined 
at this time.  
The German Mobile Telecommunication Research Programme (DMF) was initiated by the German 
Federal Ministry for the Environment, Nature Conservation and Nuclear Safety (BMU) and the Federal 
Office for Radiation Protection (BfS) to take part in the international efforts clarifying the above question. 
The total financial volume of the program is 17 million €, appropriated half by half by the BMU and the 
network providers. Coordination and implementation is carried out by the BfS. The research projects 
chosen for the program are based on the findings of two expert workshops in 2001 and 2003 in Berlin and 
additional comments expressed by the general public. The first preliminary results were presented in 
April 2005 at a public expert workshop. 
Detailed information on the single projects can be found on the DMF website http://www.emf-
forschungsprogramm.de/. Project descriptions, current results and workshop results are presented. 
Regular reports on the state of the research projects can be found on this web-site. The researcher's Final 
Report together with an evaluative statement by the BfS will be made available to the public at the 
conclusion of every project. Further general information on electromagnetic fields and cellular 
telecommunication can be found on the BfS websites under http://www.bfs.de/. 
 
2 Research Projects 
 
In the period from 2002 to 2007 51 research projects in mobile telecommunications are realized in four 
scientific fields: biology, dosimetry, epidemiology and risk communication. With state of Oktober 2006 
23 of them are already finished, the remaining will be completed within 2006 and 2007. The topics cover 
a broad spectrum, reaching beyond current GSM and UMTS standards. One objective, among others, is to 
clarify fundamental effects and mechanisms. Another will be to delve into the possible causes of 
electromagnetic sensitivity. The programme will seek results pertinent not only to existing mobile 
telecommunications but in order to make statements on future developments as well. 
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2.1 Biology 
 
The 23 projects investigating possible biological and effect and health consequences of high frequency 
electromagnetic fields cover about 56 % of the financial volume of the DMF. Four projects are already 
completed. It could be shown, that a life-long exposure with GSM and UMTS signals does not influence 
the survival and the incidence of lymphoma in a genetically modified mice stock especially susceptible to 
lymphoma (AKR-mice). Though, the hypothesis, that chronic exposure to high frequency electromagnetic 
fields promote neoplastic development in the hematopoietic system in genetically predisposed mice was 
not supported. The “melatonin hypothesis”, claiming that ELF as well as HF electromagnetic fields result 
in decreased melatonin levels, could not be confirmed during investigations on explanted pineal organs of 
hamster. A feasibility studies was successfully finished and made it possible to start investigations on the 
age dependence of the action of HF EMF. A study on the sleep quality of population living close to 
mobile phone base stations started as well. 
 
2.2 Dosimetry 
 
13 projects, covering about 14 % of the total financial volume of the DMF, are concerned with dosimetry 
and exposure assessment, eleven of them are already finished. The topics cover on the one hand the field 
distribution around transmitters and far-field exposure of the population by mobile phone base stations, 
WLAN transmitters, transmitters of the digital TV, etc. On the other hand, near-field scenarios are 
investigated predominantly by modelling the indoor field distribution in homes, offices, shielded rooms, 
etc. SAR and temperature variations in the heads and trunks of persons using mobile communication 
devices are determined. The SAR distribution in experimental animals was investigated as well. 
Investigations of the real exposure due to daily use of mobile phones have shown, that GSM-mobile 
phones regulate quite often to the maximum transmission power, predominantly as a result of frequent 
handovers and poor signal quality, and cause therefore correspondingly high SAR-values in the heads of 
the user. The different regulatory mode of UMTS-mobiles results in drastically reduced exposure of the 
user by a factor of about 1000. Determination of human exposure caused by indoor wireless 
communication technologies applied in homes and offices showed that in general the exposure values lay  
far below the prescriptive limits. Another study analysed the exposure from transmitters worn near the 
trunk of the body. In generic and anatomical models was revealed that under far-field-like conditions 
standing waves can develop, and a rise of the SAR value specifically in the skin was determined. The 
limit values were not exceeded. In near-field-like conditions standing waves do not arise. Although the 
temperature rise due to HF exposure was calculated. With free convection a maximum of 0.8 oC was 
determined. Using anatomical models the values determined are up to 0.31 oC at the body surface. The 
temperature rise determined under these conditions for the internal organs is negligible as long as the 
SAR limit values are kept. A project concerning the exposure of the head has shown that the temperature 
increase in the skin. This is caused more by the heat accumulation under the phone than by the radiation. 
The temperature increase within the skull (brain, pineal, inner ear) was up to 0.01 °C. One project 
concerned determination of exposure to the population living near digital radio and television 
transmitters. The measurements in Bavaria before and after introduction of the digital transmitters showed 
an increasing of mean exposure in the areas with “portable indoor” coverage around the transmitter sites 
caused by the introduction of DVB-T. 
 
2.3 Epidemiology 
 
Eight epidemiological projects are performed covering about 19 % of the financial volume of the DMF. 
Four projects are already finished. A feasibility study has shown, that an occupational cohort study on 
persons highly exposed to HF EMFs cannot be performed due to a lack of a highly exposed cohort of an 
acceptable size and without conflicting confounders. Furthermore, the feasibility of a prospective cohort 
study on handy users failed because of a response rate of only 5 %. The effort necessary to recruit a 
sufficient number of participants would be enormous and is not practicable within the DMF. The German 
part of INTERPHONE study is finished, the results of the evaluation of the internationally pooled data are 
expected in 2006. According to preliminary national results, there seems to be no increased risk for brain 
cancer due to a regular handy usage for up to 10 years. Two epidemiological studies on children are just 
starting – one investigating childhood leukemia around powerful radio and TV transmitters, another 
concentrating on health effects in the vicinity of mobile phone base stations. In the later one, personal 
dosimeters will be used to assess the exposure. 
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2.4 Risk Communication  
 

Seven projects are concerned with risk perception and some other social aspects of mobile 
communications, covering about 9 % of the financial volume of the DMF. Yet, four projects are already 
finished. The analysis of target groups for differentiated information showed, that different population 
groups are differentially worried about possible health effects of electromagnetic fields. The results of the 
project “Examination of the knowledge and effects of information activities in the field of mobile 
telecommunications and determination of further approaches to improve information of different 
population groups” gained from the focus groups and the mobile phone survey in 2005 illustrate the 
importance of differentiating between target groups. The essential differences but also potential 
similarities between the views of the different citizens’ groups and the experts have become apparent. 
The quantitative and qualitative survey performed in the framework of the project “Supplementary 
information about electromagnetic hypersensitive persons” provide more detailed findings of persons who 
see the origin of certain physical disorders in the existence of electric, magnetic or electromagnetic fields 
(EMF). According to the working definition, this group is considered as electrosensitive persons. The 
study also reveals, however, that only a small part of this group declares themselves to be 
"electrosensitive". The important factor is rather their handling and/or the significance of "radiation" in 
the context of their everyday lives, irrespective of terms and definitions. The findings obtained are an 
important basis for improving the communication with people who feel impaired. They also help to adapt 
the way information is offered to the particular needs of this group of people. 

 
3 Summery 
 
A large portion of the projects will be finished in 2006 and 2007. To provide a scientific evaluation of all 
results of the German Mobile Telecommunication Research Programme (DMF) in the international 
context, single thematic topics will be presented internationally in scientific workshops and discussed 
with national and international experts. First, the workshop with the topic “dosimetry” was proceeded in 
July 2006. The next workshop with the topic “risk communication” will take place at October 2006. The 
biological and epidemiological projects are combined in three workshops with the topics “Acute health 
effects” (December 2006) as well as “Action mechanism” and “Long-time health effects” in 2007. 
A final evaluation of the combined national and international research on the health effects of high 
frequency electromagnetic fields within and outside of DMF is planned in the form of an international 
scientific conference, together with international experts and the WHO. The results will be presented in a 
final national expert workshop at the end of 2007 and will be the base for a re-evaluation of the limits.  
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4 Appendix: Projects of the DMF 
 
4.1 Biology 
 
Completed 
• Feasibility study on age dependent effects of RF electromagnetic fields on the basis of relevant 

biophysical and biological parameters 
• Investigation of mechanisms of action in cells exposed to the high frequency electromagnetic fields of 

mobile telephone technology. B. Pineal gland 
• Influence of low and high frequency electromagnetic fields on spontaneous leukaemia in AKR/J mice 
• in vivo experiments on exposure to the high frequency electromagnetic fields of mobile 

telecommunication. B. carcinogenesis 
 
Assigned – results in 2006 and 2007 
• Investigation of mechanisms of action in cells exposed to the high frequency electromagnetic fields of 

mobile telephone technology. A. Demodulation / communication 
• Investigation of mechanisms of action in cells exposed to the high frequency electromagnetic fields of 

mobile telephone technology. C. Functions 
• in vivo experiments on exposure to the high frequency fields of mobile telecommunication. A. Long-

term study 
• in vitro experiments on exposure to the high frequency fields of mobile telecommunications. C. 

Blood-brain barrier 
• Influence of mobile telecommunication fields on the permeability of the blood-brain barrier in 

laboratory rodents (in vivo) 
• Influence of high frequency electromagnetic fields of mobile telecommunications on sensory organs. 

A. The auditory system 
• Possible influence of high frequency electromagnetic fields of mobile communication systems on the 

induction and course of phantom auditory experience (tinnitus) 
• Influence of high frequency electromagnetic fields of mobile telecommunications on sensory organs. 

B. The visual system 
• Possible genotoxic effects of GSM signals on isolated human blood 
• Influence of GSM signals on isolated human blood. B. differential gene expression 
• Long-term study on the effects of UMTS signals on laboratory rodents 
• Influence of high frequency electromagnetic fields of mobile telecommunications on the metabolic 

rate in laboratory rodents 
• Investigation of age-dependent effects of high frequency electromagnetic fields based on relevant 

biophysical and biological parameters 
• Investigation of sleep quality in persons living near a mobile base station - Experimental study on the 

evaluation of possible psychological and physiological effects under residential conditions 
• Investigation of sleep quality of electrohypersensitive persons living near base stations under 

residential conditions 
• Studies of the effects of exposure to electromagnetic fields emitted from mobile phones on volunteers 
• Investigation of the phenomenon of 'electromagnetic hypersensitivity' using an epidemiological study 

on 'electrosensitive' patients including the determination of clinical parameters 
• Investigation of electrosensitive persons with regard to accompanying factors or diseases, such as 

allergies and increased exposure or sensitivity to heavy metals and chemicals 
• Influence of HF-EMF of mobile communications on the metabolic rate in an animal model (laboratory 

rodents) 
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4.2 Dosimetry 
 
Completed 
• Investigation of SAR distribution in laboratory animals exposed to electromagnetic fields 
• Development of measurement and calculation methods for the determination of the public exposure 

due to electromagnetic fields in the vicinity of mobile phone base stations 
• Determination of the exposure of groups of people that will be investigated within the scope of the 

project 'Cross-sectional study for ascertainment and assessment of possible adverse effects by the 
fields of mobile phone base stations' 

• Determination of human exposure caused by indoor wireless communication technologies applied in 
homes and offices 

• Determination of the specific absorption rate (SAR values) occurring during day-to-day mobile phone 
use 

• Exposure from transmitters worn near the trunk of the body 
• Determination of exposure distribution from high frequency fields in the human body with regard to 

small structures and relevant thermo-physiological parameters 
• Determination of the real field distribution of high frequency electromagnetic fields near wireless 

LAN installations (WLAN) in inner cities 
• Determination of the real field distribution from high frequency electromagnetic fields near UMTS 

transmitters 
• Determination of the real exposure from using mobile phones in partially shielded rooms as compared 

to exposure under optimal conditions outdoors 
• Determination of exposure to the population living near digital radio and television transmitters 
 
Assigned – results in 2006 
• Investigation of the validity of macroscopic dielectric tissue properties at cellular and subcellular level 
• Determination of exposure by ultra-wideband-technolgies 
 
4.3 Epidemiology 
 
Completed 
• Feasibility study for a cohort study: the cohort study should investigate highly exposed (occupational) 

groups to estimate the risk associated with high frequency electromagnetic fields. 
• Feasibility study for a prospective cohort study on mobile phone users 
• Extension of an international epidemiological study on the association between high-frequency 

electromagnetic fields and the risk of brain cancer (INTERPHONE) 
• Addendum to a case control study on uveal melanoma and radio frequency radiation (RIFA Study) 
 
Assigned – results in 2006 and 2007 
• Cross-sectional study to record and evaluate possible adverse health effects due to electromagnetic 

fields from cell-phone base stations 
• Addendum to the cross-sectional study on acute health effects caused by fields of mobile phone base 

stations 
• Epidemiological study on childhood cancer and proximity to radio and television transmitters 
• Acute health effects by mobile telecommunication among children 
 
4.4 Risk Communication 
 
Completed 
• Knowledge-based database of literature describing the effects of electromagnetic fields on the 

organism and implants 
• Analysis of target groups for differentiated information 
• Supplementary information about electromagnetic hypersensitive persons 
• Examination of the knowledge and effects of information activities in the field of mobile 

telecommunications and determination of further approaches to improve information of different 
population groups 
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Assigned – results in 2006 
• Identifying the general public's fears and anxieties with regard to the possible risks of high frequency 

electromagnetic fields of mobile telecommunications (annual survey) 
• Innovative methods of conflict mediation when determining the location for mobile phone base 

stations 
• Support of the cooperation of the mobile telecommunication players by the local agenda 21 
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Abstract 
 

A traffic accident by a car becomes a social problem all over the world. Therefore, the requirement for safety 
system of a car is increasing. In Japan, there are many car accidents with pedestrian, a performance enhancement 
of the pedestrian detection with an in-vehicle sensor such as millimeter wave radars is demanded. In this report, 
we were aimed for construction of a human body electromagnetic phantom for millimeter wave, we derived a 
reflection and an absorption characteristic in the human body by an experiment. As a result, the reflection 
coefficient (S11) when we irradiated a millimeter wave on the human body surface was about -5dB. In addition, 
we measured a transmission coefficient (S21) of meat for the purpose of evaluating an absorption characteristic 
in the human body of millimeter wave. As a result, we understood that most of electricity was absorbed within 
around 2mm by the surface. Based on these results, we developed a human body phantom for automotive radar 
designs. 
 
 
 
  
1. Introduction 
 

A traffic accident by a car becomes a social problem all over the world. Therefore, the requirement for safety 
system, such as the Forward Collision Avoidance Assistance System (FCAAS), has been increasing. The radar 
sensor of such a safety system has to be capable of detecting not only other vehicles but also pedestrians, 
bicycles, and roadside objects [1]. Furthermore, such a safety system should be able to make a decision without 
any mistake as to whether a collision occurs. Therefore, the radar sensor must be capable of detecting objects 
immediately before a collision would otherwise occur. The development of a radar sensor for safety system 
requires that we know the radio wave reflection characteristics, such as the average value of the radio wave 
reflection intensity, of an object relatively close to the sensor, as well as the range of fluctuation. That is, if the 
radio wave reflection characteristics of objects are known, the performance of a safety system using a radar 
sensor can be refined. 
  In this paper, we evaluated a reflection and an absorption characteristic when a millimeter wave was irradiated 
by the human body by an experiment. In addition, we evaluated a reflection and an absorption characteristic for 
the wearing cloths quantitatively. 
 
 
2. Measurement method  
 

2.1 Reflection characteristic 
 

We measured a millimeter wave reflection characteristic in the human body surface by free space method 
(figure 1). In this method, we set a calibration plane in the back side of the acrylic board which is fixed at a 
position of 0.27m by a lens antenna. Then, a reflection characteristic of a forearm part is measured by a network 
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analyzer accurately. When it measures a millimeter wave reflection from the human body, it is a problem to 
suppress a fluctuation of the reflection depended on movement of a body. However, the high precision 
measurement is possible by pushing an arm to an acrylic board. This measurement frequency range is 75GHz - 
110GHz. 
 

2.2 Absorption characteristic 
 

It is difficult to measure a millimeter wave absorption characteristic in a body tissue directly, so we measured 
it by the following method. At first, we measure a complex permittivity of the human body surface by a coaxial 
probe method. Then, we measure the complex permittivity of meat (chicken, a chicken cuticle, pork, etc.) of 
some thickness. We measure a transmission characteristic of meat by free space method. So, the absorption 
characteristic of millimeter wave in the human body is derived equivalently. 
 
 
3. Measurement result 
 

3.1 Reflection characteristic 
 

Figure 2 shows a millimeter wave reflection characteristic of a forearm part of four persons (30-40 
generations). Although there was some difference in a value by frequency, the reflection characteristic was 
almost -5dB to -4dB. The difference by a person was small with less than 1dB. From this result, It understand 
that 30% of millimeter wave incidence energy reflect in an incidence direction in the human body surface 
 

3.2 Absorption characteristic 
 

Figure 3 shows the complex permittivity of the human body surface by a coaxial probe method. In this coaxial 
probe method, only a characteristic up to 50GHz is provided precisely, so the complex permittivity more than 
50GHz estimated by extrapolation. As a result, the complex permittivity (real part) of the human body surface at 
70GHz was 3 to 4. Figure 4 shows the complex permittivity of the meat (pork) by a coaxial probe method. The 
complex permittivity of a fat and a muscle at 70GHz was 4 and 7 respectively. In addition, compare with the 
complex permittivity of the human body surface, fat characteristic was near to the human body surface one. 
Transmission characteristics of several kinds of meat are shown in figure 5. The transmission characteristic was 
about -10dB at thickness 0.3mm, and it was about -60dB more than thickness 3mm. When a millimeter wave 
was irradiated by the human body, about 30% of electric power was reflected and other electric power was 
absorbed at less than 2mm by the surface of human body. From these results, it is thought that a millimeter wave 
reflection in the human body has little influence of inside composition. In addition, this experiment result 
accords with an analysis result by FD-TD method very well. 
 
 
4. Reflection and transmission characteristic of clothes 
 

It is thought that a millimeter wave reflection and absorption characteristic of the person who wore clothes is 
different from the state that does not wear clothes. In this chapter, we evaluated a millimeter wave reflection and 
transmission characteristic of clothes by an experiment. Same as the measurement of a reflection and 
transmission characteristic of the human body and meat, we applied free space method. Table 1 shows 
measurement results. Average values of reflection and transmission characteristics from 75GHz to 110GHz are 
shown in this table. From these results, the reflection characteristics were -13dB to -30dB, and the transmission 
characteristics were -0.1dB to -0.8dB. The transmission losses in one piece of cloth were less than 1dB. There 
were less transmission losses of chemical fiber materials such as polyester than a loss of cotton materials.  

Furthermore, we performed the measurement that assumed wearing clothes one over another. As a result of 
three pieces of cloth (No.2, No.3 and No.4), the reflection and transmission characteristics were -13.2dB, -
1.51dB respectively. A reflection characteristic depends on cloth of large reflectance, and a transmission 
characteristic is almost a total of each transmission characteristic. When we examine a millimeter wave 
reflection and absorption characteristic of pedestrian of a wearing clothes, we have to consider these influence.  
 
 
5. Conclusion 
 

We evaluated a reflection and absorption characteristic experimentally when a millimeter wave was irradiated 
by the human body. In addition, we evaluated a reflection and transmission characteristic of cloth used for 
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wearing clothes in the same way.  
When a millimeter wave was irradiated by the human body, about 30% of electric power was reflected and 

other electric power was absorbed at less than 2mm by the surface of human body. Furthermore, the reflection 
characteristics of clothes were -13dB to -30dB, and the transmission characteristics were -0.1dB to -0.8dB.  
Based on these results, we developed a human body phantom for automotive radar designs and development of 
millimeter wave radar for pedestrian detection. 
 
 
REFERENCES 
 
[1] S. Ohshima, Y. Asano and K. Nishikawa, "A Method for Accomplishing Accurate RCS Image in Compact 
Range", IEICE Trans. Commun., E79-B-12(1996), 1799-1805 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1  reflection characteristic measurement method（A human body forearm part） 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2  reflection characteristic measurement result（A human body forearm part） 
 

Vector Network Analyzer
(75GHz – 110GHz)

Acryl
Board

0.27m
calibration plane

Lens
Antenna

Vector Network Analyzer
(75GHz – 110GHz)

Acryl
Board

0.27m
calibration plane

Lens
Antenna

-20

-15

-10

-5

0

70 80 90 100 110

Frequency (GHz)

S1
1

(d
B

)

Sample A
Sample B
Sample C
Sample D

-20

-15

-10

-5

0

70 80 90 100 110

Frequency (GHz)

S1
1

(d
B

)

Sample A
Sample B
Sample C
Sample D

Sample A
Sample B
Sample C
Sample D



REFLECTION AND ABSORPTION CHARACTERISTICS OF HUMAN BODY AT MMW 
 

 713

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3  permittivity of the human body surface 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4  permittivity of the pork 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5  transmission characteristic for thickness of meat 
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Table.1  reflection and transmission characteristic measurement result of various cloth 
 
 

                       

material s11(dB) s21(dB)
No.1 polyester:50%, acryl:30%, cotton:20% -26.5 -0.18
No.2 polyester:65%, cotton:35% -18.3 -0.36
No.3 cotton:100% -17.2 -0.77
No.4 cotton:95%, polyurethane:5% -13.8 -0.79
No.5 polyester:100% -27.4 -0.46
No.6 acryl:80%, nylon:20% -30.1 -0.28
No.7 polyester:100% -22.9 -0.21
No.8 polyester:100% -17.8 -0.26
No.9 polyester:100% -23.7 -0.11

No.10 acryl:85%, wool:15% -23.3 -0.3
No.11 cotton:98%, polyurethane:2% -19.4 -0.79  
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Abstract 
The study of the BIA has firstly been introduced as an effective tool to assess many of the biological and 
biochemical activities of the body. Due to the ubiquitous exposure to electromagnetic waves in our environment 
and the recent extensive use of mobile handsets, another trend appeared to exploit the BIA, namely its relation to 
electromagnetic absorption of the body especially in terms of its frequency dependence and the possible ability 
of power attenuation. In the present study we concentrate on the biological impedance of the body when 
subjected to high frequency and low energy microwaves. Full mathematical analysis is introduced to examine 
the fraction of power transmitted via the body impedance and the possible wave shape delay or distortion of the 
incident wave. 
 
 

Introduction 

Perhaps the term bioelectrical impedance analysis (BIA) was first introduced in 1940's [1], to assess the  induced 
changes in hydration status as it is  related to the total body changes in resistance and capacitive reactance. BIA 
was also associated with the dynamic changes in pulsatile blood flow to organs, arterial pulse waveforms and 
respiration [2]. The applications of impedance plethysmography, to detect dynamic blood volume changes, have 
been widely confirmed by numerous research workers [3-6].  

The significant correlation between total body water (TBW) and the BIA has been reported by hundreds 
of peer reviewed papers [4,7,8].  

Measurement of the electrical impedance of biological tissue in vitro and in vivo has entered into 
several prominent classes of biological research and biomedical applications. More than half a century ago, 
Fricke [9], then followed by Cole and Curtis [10], have measured the electrical self-impedance of a variety of 
cell and tissue systems; these measurements were made across a large spectrum of frequencies ranging from the 
audio to the high radio frequencies. Their results were studied in the usual impedance domain of resistance and 
reactance rather than in the electrically equivalent admittance domain of conductance and susceptance, thus a 
series of organized circuit models were obtained. 

Most of the body tissue contains large amounts of water and conducting electrolytes, and represents a 
low resistance electrical pathway; hence the resistance is indirectly related to the extracellular mass. This 
equivalent electric resistance has conductivity σ. Also the body tissue has an equivalent electric capacitance 
which reflects the ability of the tissue to store electrical energy. This reactance originates from the cell 
membrane that consists of two conductive layers of protein molecules having a nonconductive lipid material of 
relative permittivity rε . The dielectric constant of the biological tissue is anisotropic and frequency dependent. 
The reactance is a measure of the volume of cell membrane capacitance and an indirect measure of the 
intracellular volume or body cell mass.  
 

In the present work the emphasis is on the dependence of the BIA on the frequency particularly in the 
microwave region. Moreover, the power attenuation through a biological  tissue is examined. 
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Models for the equivalent biological circuit 
 
Different models have been put forward to describe the human body. As of yet, there is no consensus on the 
equivalent biological circuit that will serve all purposes.  
 
 The basic concept of the proposed models depends on the assumption that human tissues can be treated 
as a set of resistors and capacitors connected together in series or in parallel. Two effective simple models of the 
skin barrier will be assumed. Firstly, Model A consists of a capacitor and resistor connected together in series, 
where the resistor represents the input ohmic impedance of the rest of the body. Secondly, Model B consists of a 
capacitor and a resistor connected in parallel, and all the rest of the human body may be represented by an ohmic 
resistor, R2, which represents the input impedance of the body. The electromagnetic wave enters as Vin and the 
induced wave is represented by Vout. The capacitor in Model A, and the parallel combination in Model B 
represent the skin barrier.  
 

Fig. 1. Two bioelectric equivalent circuits, Models A and B, respectively. 
 

We investigate two assumptions: firstly that  the dielectric constant  of either model is frequency 
independent and secondly,  as it should, a  function of the incident frequency. The particular treatment in the 
present work considers that the tissue is subjected to pulsating microwaves that are emitted from sources like 
mobile network antenna or mobile handsets. 
 
Mathematical Analysis 
 
Typically, for mobile communication, the incident wave comprises pulses of sinusoidal waves. The frequency of 
the pulses is around 100 KHz, while that of the sinusoidal waves is of the order of GHz. The pulses may be 
considered as square waves of periodic time T. For the first period the square wave is nonzero in the region 

1 1T t T− ≤ ≤  where its value is unity. The sinusoidal wave may be simply represented by cos( )o oV m tω , where 

0
2
T
πω =  is the angular frequency of the square wave, while 0mω  is the angular frequency of the sinusoidal 

wave; oV  is the amplitude of the incident signal. Therefore the input signal may be considered as the direct 
multiplication of the square and sinusoidal functions and is given by 
 

1 1

1 1

cos( )
( )

0
o o

in

V m t T t T
V t

T t T T
ω − ≤ ≤⎧

= ⎨ ≤ ≤ −⎩
 

 
The input signal is illustrated in Fig. 2. in ( )V t  is then represented as a Fourier series [11] such that 

0
in ( ) e jk t

k
k

V t c ω
∞

=−∞

= ∑  

 
The Fourier coefficients kc  are evaluated; to elaborate 
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Fig. 2. The input singnal. 
 
 
As soon as the signal is converted into its Fourier series and the coefficients are obtained for each harmonic 
component, each frequency may be treated separately such that in 0( ) kV k cω = . The output signal, Vout, is 
calculated by standard circuit analysis; namely 

 

out in
1( ) ( ); ( )

( )
RV V Z R

Z j C
ω ω ω

ω ω
= = +   (Model A) 

2
out in 2( ) ( ); ( )

( ) 1
R RV V Z R

Z j CR
ω ω ω

ω ω
= = +

+
  (Model B) 

 
where 0kω ω= . The total output signal as a function of time is given by 
 

0 0
out out 0( ) ( )e ejk t jk t

k
k k

V t V k dω ωω
∞ ∞

=−∞ =−∞

= =∑ ∑  

 
The average power of a signal that is dissipated in a resistor is given by Parseval's relation and is proportional to 
 

2 22
rms

1 ( ) k
kT

V V t dt a
T

∞

=−∞

= = ∑∫  

 
where ka  are the Fourier series coefficients of ( )V t . 
 
Results 
 
The dielectric characteristics, permittivity and conductivity, of the human tissues have been subject to a great 
research [12,13]. As of yet there is no agreement among research workers regarding their values. In this work the 
values used for the specific absorption rate (SAR) calculations according to the IEEE 1528-200x [14] are used as 
a guideline. A summary of these values is given in Table 1. The extrapolated values [13] from Hartsgrove's et al. 
[15] formula for simulating body tissues at higher frequencies are supplied as well 
 

Table 1. The permittivity and conductivity as a function of frequency. 
 

Frequency 
MHz rε  σ  S/m Reference 

900 41.5 0.97 
1800 40 1.4 
2100 39.8 1.49 
2450 39.2 1.8 
3000 38.5 2.4 

IEEE 
1528-200x [14] 

8000 26 9 
10000 23 11 Hartsgrove et al. [15] 

 

t 

Vin

T1
T
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Two calculations for each of Models A and B were conducted. The first one explicitly considers the frequency 
dependence of the permittivity and conductivity and, by curve fitting, relations are obtained that satisfy the 
above data. The fitted relation for the permittivity as a function of frequency is: 
 

( )4 8 6 5 4 3 2 1( ) 10 0.8871 4.5381 6.544 3.9988 1.2852 0.2507 0.0376 0.0001r f f f f f f f fε − − − − − − −= × − + − + − + +  
 
Whereas the fitted relation for the conductivity as a function of frequency is: 
 

( )8 7 6 5 4 3( ) 0.0002 0.01 0.163 1.2121 4.2548 6.1646 8.1443 4.0236f f f f f f f fσ = − + − + − + −  
 

For the sake of simplicity and the lack of experimental data, it is assumed that the above equations hold for the 
other frequency values that are not included in the table. In the second approach constant average values were 

taken, namely 40rε =  and 2σ =  S/m. As usual, 0 r A
C

d
ε ε

=  and dR
Aσ

= . The length d and area A are taken 

to be unity in SI units, thus our results are for unit length and unit area. The obtained results are summarized in 
Tables 2 and 3. 

 
Table 2. Summary of the results for Model A. 

 
 

Frequency dependent 
dielectric parameters 

Frequency independent 
dielectric parameters 

Frequency 2
out, rms

2
in, rms

V
V

 out, rms

in, rms

20 log   dB
V
V

2
out, rms

2
in, rms

V
V

 out, rms

in, rms

20log   dB
V
V

 

107 0.999986 -0.00006 0.000219 -36.6 
108 0.999981 -0.00008 0.0123 -19.1 
109 0.99617 -0.0167 0.553 -2.57 

2×109 0.9053 -0.432 0.832 -0.799 
5×109 0.1925 -0.716 0.969 -0.138 
8×109 0.001803 -27.4 0.988 -0.0545 
1010 0.000054 -42.7 0.992 -0.0349 

 
 

Table 3. Summary of the results for Model B. R2 = 100 Ω. 
 

Frequency dependent 
dielectric parameters 

Frequency independent 
dielectric parameters 

Frequency 2
out, rms

2
in, rms

V
V

 out, rms

in, rms

20 log   dB
V
V

2
out, rms

2
in, rms

V
V

 out, rms

in, rms

20 log   dB
V
V

 

107 0.99993 -0.00029 0.99008 -0.0433 
108 1 0 0.9902 -0.0428 
109 1 0 0.996 -0.0194 
1010 1 0 0.9999 -0.000349 

 
Conclusion 
 
The main objective of the present work is to demonstrate the behaviour of the BIA as a power attenuator at 
different values of modulated high frequency. Comparison was set out between two simplified models of the 
skin barrier of a body. This is considered under the two assumptions that firstly the dielectric constant is 
sensitively dependent on the frequency or, secondly, its variation with the frequency is insignificantly small 
within the given frequency range.  
 

Regarding the frequency dependent assumption, the results show that for both models the input induced 
voltage is slowly attenuated at frequencies below 107 Hz, but over this frequency Model B shows no attenuation 
while Model A indicates that as the frequency increases a considerable amount of energy is absorbed within the 
skin. 
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On the other hand when the dielectric constant is insensitive to frequency variation, Model A shows 

large attenuation at low frequencies which decreases gradually as the frequency increases, whereas Model B 
displays an opposite behaviour such that the attenuation is very poor almost at all frequencies in the range from 
107 to 1010 Hz. This seems reasonable since according to the first model the skin behaves as a high pass filter, 
while the second model shows insensitivity to the variation of frequency. 

 
We believe that the problem is more sophisticated than the proposed two models, which can only be 

considered as a first order approximation of the problem. There are other important factors that should be 
considered such as the multilayered structure of biological tissues, the effect of blood circulation, as well as the 
active elements incorporated in living tissues.  
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ABSTRACT 
 
We proved that the centrioles were the device used for the detection of an artificial infrared source external to 
3T3 fibroblast and epithelial CV1 cells. The fundamental contribution of the cytoskeleton explains the cell 
motility. In effect the strain due to the physical pressure on the plasma cell membrane is a sufficient stress to 
activate Hsp 27 which results in actin polymerization and motility of the cell. We calculate the diffracted field 
inside the cell due to the current induced along the centriole equivalent to a cylindrical dipole. We deduced the 
centriole bistatic area function of the directions of the incident and diffracted fields. Some idea of the theoretical 
pressure equal to several nN/µm2 is in good agreement with recent experiments. About the two centrioles in 
orthogonal positions 100 % of the space is covered, while during the experiments 88 % of 3T3 and 50 % of 
CV1 cells were put in motion in presence of a near infrared source. So we must consider than the strain due to 
the pressure on the membrane can be transmitted to the side facing the light source throughout the actin cyto-
skeleton. The stress fibers serve as force transmitters in fast mecanotransduction and act as mechano-sensors 
with direction sensitivity on slow mechanotransduction. We determine the spectral emission power of a single 
cell from the black-body one. Finally a cell scatters a weak ambient black-body theoretical power radiation. The 
cellular agregate radiation is able to be detected by one cell located at a certain distance following recent 
measurements. 
 

 
 
INTRODUCTION 
 
Albrecht-Buehler showed that 3T3 mouse fibroblast cells and epithelial CV1 cells could react to a near-infrared 
light by moving either towards or away from the light source. The type of response depended on the cell type 
and on the temporal pattern of the emission of the light. He also proved that the centrioles were the detection 
device for the direction of the infrared source [1] - [4]. 
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CONTRIBUTION OF THE CYTOSKELETON CONCERNING THE CELL 
MOTILITY (fig. 1) 
 

 
 

Fig. 1 : Schematic diagram of a focal adhesion. 
(From INGBER : Journal of Cell Science 2003, 116 : 1397-1408) 

A, B : forces from the extracellular matrix (EM) or applied to the cell surface 
Alpha, beta : integrin receptors. 

Focal adhesion proteins : vinculin (Vin), paxillin (Pax), talin (Tal). 
 

 
The plasma membrane is an assembling of various proteins inserted in the fluid matrix of a lipid bilayer. In non 
muscle cells integrins receptors are membrane spanning proteins that ligate extracellular matrix proteins and 
link to actin skeleton on the inside of the cells [5] providing a great degree of mechanical coupling across the 
cell surface. The cytoskeleton is composed of microtubules, actin microfilaments and intermediate filaments. 
Application of forces to integrins receptors and associated focal adhesion proteins results in physical distorsion 
of the membrane surface and repositionning of the cytoskeletal filaments along applied field lines within the 
cytoplasm [6]. Among the three filament systems that form the cytoskeleton, the actin network plays the 
principal role in determining the cell dynamic response [7]. The cell motility is driven by the sum of asymmetric 
traction forces exerted on the substrate through adhesion foci that interface with the actin skeleton [8] 
stimulating polymerization of monomeric globular actin to filamentous actin [9]. Polymerization of actin 
filaments is necessary for the extension of membrane structures, creating a propulsive force that pushes forward 
the lamellipodia at the front of migrating cell [10], [11]. Stress proteins, called heat shock proteins (Hsps), are 
synthesized by cells in case of stress. In the small heat shock protein family, Hsp27 participed in regulating the 
organization of the actin cytoskeleton in both control and stress conditions. When Hsp27 is phosphorylated, its 
stimulates actin polymerization and modulates the rate of polymerization, therefore determining the motility of 
the cell [10], [12], [13], [14], [15]. So we could assume that the strain due to the pressure on the plasma 
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membrane, resulting from the near infrared radiation, constituted a sufficient stress to activate Hsp27 which 
resulted in actin polymerization and motility of the cell. 
 
 
 
INFLUENCE OF A FLUCTUATING NEAR-INFRARED EXTERNAL SOURCE 
ABOUT THE CENTRIOLE DIFFRACTION INSIDE THE CELL 

 
Albrecht-Buehler G. showed [1], [4], that a pair of centrioles is able to detect the direction of a near-infrared 
pulsed source of a 0.8 µm wavelength. Recently [16] we introduced the theoretical selective transparence of the 
cell membrane deduced from experimental results in the range stretched from 0.2 to 1µm. It was called the 
transmission coefficient 13T  . Then from an isotropic radiated power of 4 µW of the light source located at 60 
µm, we calculated, inside the cell, an electric field iE  equal to 40 V/m. The wave attenuation along the path 
and the transmission through the membrane ( )13T  were taken into account. Inside the cell the mean incident 
power per unit of area is equal to : 

2o
i i

o

1p E
2

ε
=

µ
 (1) 

 
We compare each protofilament of the centriole to a cylindrical dipole of length 2h and diameter 2a, which is 
equivalent to an opened transmission line of characteristic impedance cZ  and linear propagation constant : 

jkγ = α +    [17]. 
We use the following parameters without dimension : 
 

( )
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Fig. 2. Cell bistatic area σ (θ, θ0) 
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The figure 2 shows the centriole lighted by a plane-wave from the oθ direction with an electric field ( )i oE θ . 

The diffracted field at point M : ( )d oE , , , Rθ φ θ  ( )0 2 ,≤ φ ≤ π inside the cell is due to the current ( )oI z,θ  
induced along the centriole. The distance between the center of the centriole and M is R. The bistatic area of the 
centriole related to the two directions oθ  and θ  is given by the following expression : 
 

( ) ( )
2

2
o o, S ,λ

σ θ θ = θ θ
π

 (3) 

with : ( )
( )

( )
( )

( )2 2
od o o
2 2i o

S ,E , , R ,
E kR 4 R

θ θθ θ σ θ θ
= =

θ π
  (4) 

The expressions (3) and (4) are valid when 2R 8h (5),≥ λ  that is when the diffracted field is associated with 
an electromagnetic plane-wave. 
 
( )oI z, θ  and ( )oS ,θ θ , which depend on A, K and Ω  parameters are given in the annex of calculation. 

The whole power dP  diffracted inside the cell by the centriole is : 

 

( ) ( ) ( )o
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, ds

4 R
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π
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∫ ∫ ∫  (6) 

with  ds = 2R sin d dθ θ φ . 
 
For the pulse light emission the form factor is the product of the length of time τ  by the frequency rf . 
In a corresponding stochastic way the energy is stored inside the cell of radius ,ρ  where it is trapped because its 
transmission through the membrane is lower than 10 percent [16]. 
 
The stored energy during a length of time t∆  will be equal to : 
 

( )S d o rW P t f= θ ∆ τ  (7) 
 

The density of energy Su  and the mean pressure P applied on the membrane are then : 

( )
S

S 3
W

u
4 / 3

=
πρ

       (8)  Su
P

3
=       (9) 

In the fig. 2 we present the bistatic area (3) in terms of θ  for several oθ  values with the following parameters 
given in (2) :  

2h 0.8 m, 2a 40 nm, 7.38, K , A 1.24= λ = µ = Ω = = π =  
 

The validity condition (5) is fulfiled when : R 1.6 m≥ µ . Whatever, the chosen incident angle oθ , the max of 
σ  and dP  occur for 90θ ≥ ° . The active diffracted beam draws an asymmetrical cone-shaped zone around the 
centriole axis so that the diffracted light propagation goes away from the light source. 
The Table I shows d S SP , W , u and   P        with    2

ip 2W / m=    (1),   rf 1/ 2,τ =     

ρ = 11µm   and   t 600s.∆ =  
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( )o deg reesθ  90 75 60 45 30 

dP  (watts)  (6) 133.10−  133.10−  132.6 10−  131.4 10−  147 10−  

SW  (Joules)  (7) 119.10−  119.10−  118.10−  114.10−  112.10−  

Su  (Joules/ 3m )  (8) 41.610  41.610  41.4 10  37.410  3410  

P(nN/µ 2m )  5.0 5.0 4.6 2.3 1.2 

 

Table I : Power and energy diffracted by a 3T3 cell. 
Pressure applied on the membrane 

 
 
Some idea of the size of the pressure P has been obtained in recent experiments [18]. In the abstract we can 
read: “we measure dynamic traction forces applied by epithelial cells (monolayer) on a substrate. The force 
sensor is a high-density array of elastomeric microfabricated pillars that supports the cells. Traction forces 
induced by cell migration are deduced from the measurements of the bending of these pillars and are correlated 
with actin localization by fluorescence microscopy”. Each post or pillar is a cylinder of radius r and length L. 
The deflection x∆  of the free end of the post is due to a force F exerted by the cell on its underlying substrate 
given by : 

4

3
3 rF E x
4 L

⎛ ⎞
⎜ ⎟= π ∆
⎜ ⎟
⎝ ⎠

  (10) 

E is the Young’s modulus of the pillar. 
 
With  x 0.1 m,∆ = µ    r = 1.5 µm,   L 5 m= µ ,   E = 2 610  aP ,   we find : F = 19 nN. 

This force applied to the area of the pillar 2 2r 7.07 mπ = µ   corresponds to a pressure of 2.7 nN/ 2mµ . 
This pressure is in good agreement with our theoretical results shown in Table I. 
Previous analysis (2001, 1999), related in [18], have indicated a 5.5 nN/ 2mµ  value relating force and contact 
area. 
 
Note : Albrecht-Buehler said (April 23, 2003) : “The cells used were always moving. The first sign of changing 
direction, i.e the extension of a new lamellipodium in the direction of the light source, was usually visible after 
5-10 min (factor 2) since the beginning of the lighting”. This explains the choice of t 600 s∆ =  in SW   (7). 
 
 
Then the radiation by one centriole is the most efficient when o45 135° ≤ θ ≤ °  which correspond to a 
diffraction zone : 60 120° ≤ θ ≤ °  (fig 2)  for a variation of  σ  and dP  by a same factor 2. If the two centrioles 
are in orthogonal positions 100 % of the space is covered. According to Albrecht-Buehler about 88 % of 3T3 
cells and 50 % of CV1 cells were put in motion in presence of near-infrared source. This information is related 
in [19]. 

 
 
 

CELL SCATTERING OF A NEAR-INFRARED FRACTION OF THE BLACK-BODY 
RADIATION 
 
Recently Albrecht-Buehler G. explains that a cell can scatter the near-infrared portion of the ambiant black-
body radiation to become a light source, as a result of the experiments [20]. The present purpose is to justify a 
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such hypothesis giving some theoretical development. We are sure that the scattered light of the black-body 
radiation for one cell in the near-infrared range is very small and cannot be detected, but may be by a group of 
aggregated cells. 
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Fig. 3. Spectral emission powers Eλ and eλ (for T=310oK). 

 
 
The spectral-emission power Eλ  is given by : 
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In international units it is expressed in 3W / m  : 
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T
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The whole specific intensity TE  of the black-body expressed in 2W / m  is :  

( )T
0

E ,T E d
∞

λλ = λ∫   (13) 

The spectral-emission power of one cell is equal to : 
 

2
13e E T .Eλ λ λ λ= α =   (14) 

 
1λα <  is the absorption coefficient, and 13T  the transmission coefficient through the cell membrane given in 

[16] by : 
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d is the membrane thickness and 2 2d 2 k d /Γ = π λ .    2k  is the index of absorption of the membrane and 1n  is 
the index of refraction of the interstitial medium. We present in fig. 3 the spectral-emission powers Eλ  and eλ  
in terms of λ  for T = 310° K. The parameter 1λ  is the maximal wavelength which limits the near-infrared 

absorption range. The max of Eλ  is equal to 7 310 W / m  for 9.3 mλ = µ . 
The whole specific intensity Te  of the cell is then given by : 

1

T
0

e e d
λ

λ= λ∫   (16) 

It appears in the table II : 
 

( )1 mλ µ  1 1.5 1.75 2 

( )2
Te W / cmµ   (16) 1610−  910−  72.10−  68.10−  

 
 

Table II (valid for T = 310 °K) 
 

 
According to the second principle of thermodynamics, at T 310 K,= °  the power radiated by a cell of radius ρ  

is : 2
d TP 4 e= πρ  (17) 

 
 

For a 3T3 cell with : 11 mρ = µ ,  dP   is shown in Table III. 
 

 
( )1 mλ µ  1 1.5 1.75 2 

( )dP watts (17)  271.510−  201.510−  183.10−  161.2 10−  
 
 

Table III – Power radiation by a 3T3 cell 
 
 

 
We note the great importance of the limit of the membrane cell transparence upon its natural radiation power. 
So a cell scatters a weak ambient black-body radiation. Only aggregate cells is able to be detected by one cell 
located at a certain distance as recently measured  [20]. 
 

 
 
 
BIOLOGICAL HYPOTHESE 

 
 

Could the pressure  P  calculated in (9) be the cause of the displacement of the cell to protect the overall 
integrity of the membrane ? 
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The strain (fig. 1, A)  due to the pressure P, is received in focal adhesion proteins and integrins activate the 
signaling pathway leading to actin polymerization and motility of the cell towards the light source. However 
Albrecht-Buehler observed more cells were going forward than backward. So we must consider that the strain 
on the membrane can be transmitted to the side facing the light source. Externally applied forces (fig. 1, A) are 
transmitted throughout the actin cytoskeleton and result in immediate repositionning of cytoskeletal filaments 
along applied tension field lines within the cytoplasm [6], [21]. Stress fibers, composed of actin filaments, 
myosin and α -actinin, are anchored at focal adhesions at one side of the cell, and at focal adhesions on the 
other side of the cell. They serve as force transmitters in fast mechanotransduction and act as mechanosensors 
with direction sensitivity on slow mechanotransduction [22]. So the strain due to the pressure could be 
transmitted to the opposite side of the cell where it would determine the moving of the cell away the light 
source. This can be akin to the transmission of tension due to fluid shear stress from the apical surface of 
endothelial cells through the cytoskeleton to the integrins which then change in tension (23). Moreover, in the 
Albrecht-Buehler’s experiments, the percentages of cells that were either attracted or pushed away from the 
light source depended on the pulsing frequencies of the light source. Were the threshold between a fast and a 
slow mechanotransduction linked to the difference in frequency ? 
 
 
 
 
SUMMARY 
 
The 3T3 fibroblast and epithelial CV1 cells motility has been explained : 
 
- firstly by their centrioles diffraction under the influence of a fluctuating near-infrared artificial external pulsed 
source. The diffraction light propagation is such that, due to the physical pressure on the plasma cell membrane, 
the cell goes towards the light source. 
- secondly when a sufficient strain, transmitted along the cytoskeleton, can move the cell away the light pulsed 
source. 
 
On the other hand, we show that a cell scatters a weak part of the natural near infrared ambient black body 
radiation. 
All these theoretical results are in good agreement with recent published measurements. 
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APPENDIX 

 
 
Induced current along the centriole due to the incident electric field ( )i oE θ  (figure 1) 
 
 

It is given by the following equation [17] : 
 

( ) ( )
( )

( )o
o

sin K cos zI z, C j sh A jK
sh A jK h

θ⎧ ⎡ ⎤θ = − + −⎨ ⎢ ⎥+ ⎣ ⎦⎩
 

 
( )
( )

( ) ( )o
o

cos K cos zch A jK exp jKz cos
ch A jK h

θ ⎫⎡ ⎤− + + θ ⎬⎢ ⎥+ ⎣ ⎦ ⎭
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with : ( )
( )

oi
2 22c o

A jK sin2hE
C

Z A jK K cos

+ θ
=

⎡ ⎤+ + θ⎢ ⎥⎣ ⎦

,  ( )
1/ 2

o
c

Z AZ 1 j 2 3, 4
2 K

⎛ ⎞= − Ω −⎜ ⎟π ⎝ ⎠
 

  
 

 With the previous parameters, iE 40 V / m,=  and oZ 377 ohms= , the module of the current i
c

2 h E
Z

 is 

equal to 0.12 µA. 
 
Bistatic area of the centriole 
 
 The function ( )oS ,θ θ  is extracted from [17] : ( ) ( )o

o o
c

K Z
S , j F ,

2 Z
θ θ = θ θ

π
 

with  ( ) ( )o
sF , p q r .
u

θ θ = + +  

 

and  
( ) ( )

shx z tp K j
x ch A jK sh A jK

⎡ ⎤−
= +⎢ ⎥+ +⎣ ⎦

     
( ) ( )

sh y z tq K j
y ch A jK sh A jK

⎡ ⎤⎛ ⎞= − +⎢ ⎥⎜ ⎟ + +⎝ ⎠ ⎣ ⎦
 

 
( ) ( ) o

sin Kv
r 2 s A jK sin sin

v
= = + θ θ  

 
( ) ( )2 22

ou A jK K cos x A jK 1 cos= + + θ = + − θ  
 

( )y A jK 1 cos= + + θ ,           ( )oz cos K cos= θ ,    ( )ot sin K cos= θ ,       ov cos cos= θ+ θ  
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 Hypersensitivity to Electricity: The effect of the current 
waveform on the perception level. 
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Abstract - Hypersensitivity to electricity has been reported many times in the literature. From another 
point of view, numerous measurements have been performed on perception level. Even if it appears that 
part of the population has a lower perception level of current, there is no clear link with the so called 
“hypersensitivity to electricity” which is more related to declared physiological disorders in part of the 
population (sleeping problem, headache …). Such declared hypersensitivity is currently not yet related to 
any biological parameter. 
 
Our research team is currently trying to determine a relationship between hypersensitive declared people 
and the perception level when injecting current in the low frequency range 50-1000 Hz. 
We have performed current perception tests with individuals under different conditions (different wave 
shapes, frequencies, influence of external electric field, male and female…) using a particular protocol 
and our own designed system for current injection. 
 
This paper will present our test system design (current injector, wave shape converter, safety aspects) and 
our first results based on both sine wave (different frequencies) and wideband signal. 
 

 
I. Introduction 

 
 Hypersensitivity to electricity, i.e. non-specific health symptoms such as headache, sleep disturbance, 
nervousness, concentration disturbances or skin arousal, attributed by the patient to the “electromagnetic 
pollution”, has been frequently reported in the literature (Hilert et al, 2002, Leitgeb, 1998) but until now, no 
clear link has been shown between the electromagnetic field and the symptoms of these persons. 
 In (Leitgeb and Schrötner, 2003), a subgroup of people with significantly increased electrosensibility was 
detected. Herein, the electromagnetic sensibility is described as the ability to perceive electric and 
electromagnetic exposure, and electromagnetic hypersensitivity, developing health symptoms due to exposure to 
environmental field. The measurements showed a clear difference between men and women. A log-normal law 
was proved to fit fairy well to their results (see fig 1).  
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Fig1: Distribution of the cumulative probability perception Threshold current wI (following Leitgeb-2003) 

 The existence of the very “electrosensible” subgroup can be seen as the second log-normal distribution on 
the fig 2.  

                    
Fig 2: Best least square fit of two ideal log-normal distributions with the frequency distribution of measured 

electric current perception thresholds of men (following Leitgeb-2003. 

 Similarly to the work in (Leitgeb and Schrötner, 2003), but in a wide band of frequency, and signal shape, 
we try to determine a link between the “hypersensitivity to electromagnetism” and the sensibility to electricity. 
Our aim is to measure the smallest current intensity that a given person can feel when electrical current is 
flowing between two electrodes placed on the forearm of this person.    
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 A home-made device, that allows injecting any waveform current within the frequency range 50Hz-1kHz, 
has been designed. This injector will be described in detail hereafter. 

This paper will be focused on the sensitivity to electricity of a person according to the frequency. The first 
results of measurements will be shown for two different frequencies (50Hz and 1 kHz).  

 
II. Measurements method 
 The developed experimental system is composed of a computer, a current injector and an external supply 
(see fig 3).  

 
Fig3: Experimental System 

 
 A home-made program creates an audio signal (wave file) which is transmitted via the sound card to the 
current injector. The latter converts the voltage in a stable current flowing between the two electrodes through 
the body of the volunteer. For safety reasons and to prevent any electric current pathways across the heart, the 
investigations were done on the forearms on the volunteers. The complete description of the current injector 
can be found on the Section 3.  

 The sinusoidal current is applied by trains of constant rms (root mean square) value with dead time of 5 ms 
between each of them. Between two sequences, the rms current level is increased following a given law, which 
has been chosen in these experiments as exponential. Our system can easily handle any dead time or increasing 
law at a given frequency. Currents were increased by step until the program was interrupted by the volunteer’s 
push of the computer’s space bar (or any other computer’s button) when perceiving the current flow. To 
minimize random influences, measurements were performed six times with 5 seconds break between each. The 
mean value of this first test was considered as the first evaluation of the perception level. After 30 sec, the 
measurements were performed six more times, but with a more precise range of current, according to the first 
evaluation. The tests evaluated the sensitivity to a 50 Hz sinusoidal wave and 1 kHz sinusoidal wave. The value 
of 1 kHz was arbitrary chosen to compare the sensibility at two different frequencies. Recruitment method of 
volunteer was done essentially on the student of the University of Liège; they were informed about the 
procedure and explicitly expressed their consent to the measurements.   

III. Technical specification and safety aspect 

 The electronic scheme of the current injector is shown on the Fig.4. It is composed of seven “blocks”. 

o
Computer

Medical electrodes

External supp~
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Fig4:  Scheme of the current injector 

 
 

• Block 1: RC high pass filter:  
Its role is to eliminate the DC component of the signal. The value of the cut down frequency is 0.3 Hz. The DC 
part has to be eliminated because it could damage the tissues of the volunteer. 

• Block 2:Follower circuit 
It makes sure that there is no interference between the part one and the part three of the circuit. 

• Block 3: Butterworth low pass filter,  
This block eliminates the high frequency parasites. Its cut down frequency is 25 kHz  

• Block 4: RC high pass filter: 
It serves to eliminate the DC component of the signal. Indeed, the signal can have been perturbed by the 
precedent part of the circuit and have again a DC component. Its cut down frequency is the same than the block 
1’s : 0.3 Hz. 

• Block 5:Amplifier with variable gain: 
This part of the circuit is used to adjust the output (calibration) of the device. 

• Block 6: Current injector circuit : 
This part of the circuit is the current injector itself; it uses the human body resistance as feedback resistance. 
 
 We have characterized the bandwidth of the device in order to be sure that our signals are not altered 
(attenuated). The results are shown on the following figure (voltage peak to peak taken on the output of the 
device in function of frequency). The results measurements showed that in the range of our experiment, i.e. 50 
Hz to 1 kHz, the signals are not altered. 

 
Fig 5: Frequency response of the current injector 
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 On such a kind of device, the safety aspect is crucial. In order to be sure that any perturbation of the electric 
network is rejected, a system of low pass filter, in the external supply, has been designed to eliminate the high 
frequency component, as the perturbation can be seen as a high frequency signal, it is thus eliminated. The 
device is also limited with a maximum output current of 5mA. 

As already mentioned, we have ensured, by a system of high pass filter, that the signal injected in the body 
does not have a continuous (DC) component, as a DC component would be dangerous for the tissues.  

The last feature that guarantees the security of the person tested is a stop button that disconnects immediately 
the person from the current injector. When the user pushes the button, the entry of the amplifier (Block 5) is 
forced to the mass, so the entry of the amplifier is zero. 

  

IV Results and discussion 
 

 It was possible to perform measurement on 150 persons. These persons were aged between 17 and 60 years, 
in order to avoid bias by including possibly more sensitive children or less sensitive elderly. As the persons were 
generally students of the university, almost all of them were under 25 years old. 
 Our first data clearly show a difference to the perception level at 50 Hz and 1 kHz. It has already been shown 
that the sensitivity to electricity varies according with the frequency (Dalziel & Manfield, 1950) of the signal; 
but our study is focused on the low frequency range.   
 
 

 
Fig 6: distribution of the cumulative frequency 

  
 We have compared our data concerning the 50Hz sinusoidal current to Leitgeb’s results (Leitgeb and 
Schrötner, 2003). Our results superpose to their results are shown on the Fig 7. The mean value of the 
perception threshold in our study (760.23 µA) is higher than the mean value they found (for men, near 300µA).  
Nevertheless the mean value we found is still lower than the related mean value (Reilly, 1998). It seems also 
that the mathematical law is different; the kind of frequency distribution of perception level was analyzed by 
Kolmogorov-Smirnov testing. The null hypothesis of log-normal distribution data was rejected by a significance 
P<0.01. Until now, we hadn’t found a proper law to fit our results. The histogram of the frequency distribution 
of measured electric current perception threshold is shown on the Fig 7 
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Fig 7: histogram of the frequency distribution of measured electric current perception threshold 

 
 It is possible that the observed differences are due to the differences in the measurements protocol, Leitgeb 
(Leitgeb and Schrötner, 2003) increased their current linearly, but we increased it exponentially, they also took 
six measurements, but did not proceed to a refining like us and take a break of 3min after each measurement 
whereas we took only 5sec. Two other differences are the facts that our volunteers were almost all under 25 
years old. The results are not separated between male and female because we had only 19 percent of female 
volunteers. It has to be said that the two “weak perception volunteers” were male.  

 
Fig 8: Our results superposed to Leitgeb’s data 

 The current injector and its program can be used to generate a more complex waveform than a sinus. The Fig 
8 and 9 show a typical waveform used during the last year in our study. Even if our device is now able to 
generate any whished waveform, the problem is to have a comparison point between two waveforms.  Up to 
now, we have chosen to compare the RMS (Root Mean Square) value, but we have doubts about the validity of 
this approach. A value linked to a biological characteristic such as the Action Potential of the nervous cells 
would certainly be more suitable. 
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Fig 9: Wideband signal 

 
Fig10. Frequential analysis by the wavelet method of the wideband signal. 

 
V. Conclusion 
 
 We have designed a device that has shown to be a useful tool to study the human sensibility to electricity. One 
of our priorities was to ensure the security of the volunteers. 
 The measurements obtained with our device were quite different from those published in a similar work. We 
concluded that the protocol chosen influences considerably the results. 
 A study on the effects of the frequency and the waveform on the perception level has begun. The first results, 
even if few measurements have been done, clearly show that the human sensibility decreases with the 
frequency. This effect is maybe due to a “relaxation effect” of the neurons. Our device is able to generate any 
waveform, but the problem is to have or select a comparison magnitude between two waveforms. This 
magnitude could maybe be linked to a biological characteristic like the Action Potential of the nervous cell.  
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Appendix I: Results (table) 
 

Person 
number Sensibility(µA) 

Person 
number Sensibility(µA) 

Person 
number Sensibility (µA) 

Person 
number Sensibility (µA) 

Person 
number Sensibility (µA)

1 32,98 31 348,03 61 644,38 91 918,47 121 1496,1

2 33,76 32 349,17 62 665,58 92 952,13 122 1501,41

3 67,68 33 358,22 63 669,33 93 957,31 123 1633,51

4 74,22 34 372,24 64 672,67 94 963,44 124 1641,22

5 94,8 35 379,69 65 673,03 95 969,53 125 1658,06

6 96,79 36 382,21 66 680,98 96 996,15 126 1716,69

7 101,82 37 388,82 67 689,03 97 1031,19 127 1741,75

8 124,12 38 392,52 68 696,02 98 1033,52 128 1761,12

9 143,2 39 402,25 69 699,17 99 1036,11 129 1766,01

10 147,57 40 404,86 70 717,8 100 1037,6 130 1838,65

11 162,86 41 409,32 71 723,5 101 1044,95 131 1895,77

12 174,75 42 410,17 72 738,21 102 1047,75 132 2141

13 176,58 43 413,25 73 744,01 103 1081,14 133 2219,56

14 177,48 44 415 74 760,14 104 1097,02 134 2230,09

15 181,05 45 416,23 75 760,23 105 1109,5 135 2251,5

16 181,35 46 438,42 76 765,18 106 1125,08 136 2323,71

17 216,51 47 451,58 77 774,43 107 1136,47 137 2328,3

18 218,93 48 471,99 78 781,19 108 1158,31 138 2332,96

19 240,99 49 477,37 79 805,99 109 1178,81 139 2336,15

20 248,03 50 502,34 80 813,27 110 1185,21 140 2360,27

21 258,5 51 529,54 81 823,39 111 1200,55 141 2401,14

22 270,14 52 532,75 82 837,5 112 1207,93 142 2432,56

23 292,25 53 538,85 83 840,67 113 1320,73 143 2578,9

24 293,9 54 552,89 84 840,67 114 1331,47 144 2642,4

25 295,99 55 553,71 85 848,9 115 1341,86 145 2664,78

26 298,27 56 562,55 86 850,2 116 1354,68 146 2700

27 298,71 57 579,62 87 853,4 117 1361,42 147 2743,05

28 309,97 58 615,64 88 855,8 118 1381,65 148 2783,27

29 345,11 59 636,58 89 870 119 1489,26 149 2820,93

30 345,55 60 637,53 90 895,29 120 1495,92 150 3000
Table1: electrical sensibility to a 50Hz sinusoidal current. 

 

Person number 
Sensibility 
(µA) Person number Sensibility

1 552,89 12 2328,3

2 870 13 2332,96

3 1495,92 14 2336,15

4 1633,51 15 2401,14

5 1716,69 16 2432,56

6 1761,12 17 2578,9

7 1895,77 18 2642,4

8 2141 19 2700

9 2219,56 20 2743,05

10 2230,09 21 2783,27

11 2251,5 22 3000
Table 2: Electrical sensibility to a 1 kHz current. 
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MOBILE TELECOMMUNICATIONS RISK PERCEPTION 
AND COMMUNICATION IN EGYPT  

HAMDY ELLAITHY, EBI ELOMBI  
 

VODAFONE EGYPT  
 
 
 

 
Abstract 
 
Health concern of mobile telecommunications is widespread and found in all countries with the technology. The 
level of perceived risk varies among countries depending on a number of factors. In developing countries such as 
Egypt, the level of concern and perceived risk is heightened mainly due to the overall average lower level of 
education, lack of understanding of the technology as well as the natural fears of an invading and extensively 
used technology. 
 
This paper discusses the current level of concern and risk perception in Egypt and how various factors have 
contributed to their changes over the past three years. Various risk communication strategies are discussed; in 
particular a project to address the public’s concerns regarding emissions from mobile telecommunications base 
stations.  
 
This project, called HORUS, continuously measures the electric field levels from GSM base stations across 
Egypt with the use of solar-powered GSM EMF monitoring stations. The 24-hour a day measured field readings 
are compared with national and international limits and published on a dedicated website.  
  
Introduction 
 
In 2003, an EMF perception survey, commissioned by Vodafone, was carried out in several countries including 
Egypt by an independent marketing research company - MORI. The main aim of the survey was to assess the 
level of concern among the public and to assess how this could be addressed. This survey provided Vodafone 
with an objective view of how the mobile telecommunications industry and technology is perceived in terms of 
health concerns and how this public concern differs from that in other countries [1, 2]. The results of this survey 
guided communication strategies to address the public’s concern and attempt to reduce the level of concern. 
 
Another survey carried out by the same company in 2005 in Egypt, showed the current level of public concern 
and highlighted areas where there have been significant changes. It is clear that several factors including 
communications programs put in place after the 2003 EMF perception survey may have had an impact in the 
way the public perceives the technology. 
 
 
I. The Ipsos-MORI EMF Perception survey 

 
A total of 1,000 interviews were conducted in Egypt, among the general public, using CATI (Computer Assisted 
Telephone Interviewing). This was in contrast to the 2003 survey when the interviews were conducted face-to-
face [2]. Respondents were aged 18+ and were from across the whole of Egypt. Quotas were set on age, gender 
and region.  The results are weighted to reflect the population of Egypt. 

 
The main aim of the survey was to assess the nature and level of concern among the Egyptian public and to 
determine what impact this concern may have for the telecommunications business. 
 

 
II. Key Findings of the 2005 EMF survey in Egypt 
 
The results of the 2005 survey summarised below is taken from the independent Ipsos-MORI report [3]. 
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Mobile phones, masts and health were not a major top-of-mind concern; ranking 8th amongst the issues 
mentioned such as air pollution, smoking or cancer.  On prompting, mobile phones and masts rose in importance 
to 4th place. 
  
Concern appeared to be caused largely by the respondent having read or heard information on this issue, as 
opposed to direct personal experience. Only 10% of all respondents were concerned about mobile phones and 
masts with 79% of those concerned (8% of the population) because of information read or heard, see Figure 1. 

 
   

 
Figure 1: Causes of Concern 

 
 
Despite this initial low level of concern, 36% of the Egyptian population surveyed, thought that mobile phones 
were not safe to use, with about 50% believing that masts were worse for health than mobile phones. However, 
the majority (90%) agreed that they have more important things to worry about. This reiterates the observation 
obtained from the initial concern result, that is that mobile phones, masts and health are an issue for some, but 
when put in context other health problems are of a greater priority. 
 
Many believed that mobile phones cause some kind of physical effect, whether that be headaches, a warming of 
the ear or, more seriously, cancer – Figure 2. 
 

 
Figure 2: Claimed health problems 

 
Knowledge of the role of masts in mobile operation was still an issue. 17% did not understand the necessity for 
masts in the operation of mobile phones, stating that they believed a mobile phone could work without being 
near to a mast. 

 
49% of respondents were aware of a mast anywhere e.g. neighbourhood, work, other locality. However, the 
majority of mobile phone users were indifferent, with a small minority (6%) actively objecting. 

 
62% of respondents believed that there was no conclusive information on mobile phones, masts and health, 
whilst 81% stated that they did not know whom to believe. Despite this reservation, 77% believed the benefits of 
using a mobile phone outweighed any potential risks involved. 

 
13% stated on an unprompted basis that they required information on how mobile masts work. On prompting, 
the information sought ranged from information on how mobile phones work through to the relative safety of a 
mobile phone in comparison to other items. 

 
The study revealed a lack of trust, with 72% of the public believing that the industry was withholding 
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information on this issue, whilst large numbers did not know whether the industry takes this issue seriously or 
not. 

 
40% would speak more highly of an operator who supplied information on this issue.  3% would be less inclined 
to trust their operator should they do this. 

 
 
 
III. Changes in attitude and concern between 2003 and 2005 
 
The most significant changes in the attitude of the Egyptian public has been in the level of concern and the 
understanding of the role of masts or base stations in the operation of mobile phones. Some of the key changes 
are illustrated in Figure 3. 

 
Issue 2003 2005 

Prompted concern on Mobile Phones/Masts 43% 10% 

Percentages who do not believe mobile phones are 
safe to use. 

71% 36% 

Percentages who believe benefits outweigh the risk 68% 77% 

Percentages who do not understand the necessity 
of masts in the operation of mobile phones. 

41% 17% 

 
Figure 3: Comparison of attitudes between 2003 and 2005 

 
The general level of concern dropped by more than 70% to 10% in 2005 while concern regarding the safety of 
mobile phones was halved to 36% in 2005. The level of knowledge and understanding of the technology has also 
increased with significantly more people understanding the relationship between masts and mobile phone 
operation. 

 
These changes could be attributed to some communication initiatives implemented by Vodafone after the 2003 
survey as well as to changes in the technological environment.  

 
Over this period, Vodafone organised and sponsored several seminars on mobile phones, masts and health across 
Egypt, targeting various segments of the public. Providing material for and speaking to local councils, landlords 
and the press as well as leaflets made available to customers. One of Vodafone Egypt’s key initiatives has been 
the implementation of a project called Project HORUS, which continuously monitors field levels from GSM 
base stations in selected locations across the country and makes the readings available to the public through a 
dedicated website. 

 
Other influencing factors include the fact that the penetration level moved from 8% in 2003 to 18% in 2005; 
increased familiarity with the technology over time; government support for a third operator into the market as 
well as ongoing coverage campaigns by the existing operators. 
 
IV. The project HORUS  

 
This project was an initiative to inform the general public about Radio Frequency (RF) Radiation, through the 
continuous (24-hour) monitoring of RF field levels in selected locations. Through Project HORUS the public are 
able to monitor RF radiation levels in several locations across Egypt 24 hours a day.  
 
Vodafone Egypt has deployed over 54 electro-magnetic radiation probes across Egypt. The probes measure radio 
frequency field levels emitted in the GSM frequency bands at 900 MHz and 1800 MHz, and are powered by 
solar cells Figure 4. This makes it easy to relocate the units to monitor new areas where there is public concern.  
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Figure 4: A PMM8055S EMF monitoring station deployed on a rooftop 
 
 
The readings from each probe are downloaded daily to a web server, which then displays readings on a dedicated 
website. These readings are displayed on graphs, which can be viewed in comparison with the maximum 
allowable levels set by the Egyptian authorities and the ICNIRP (International Commission on Non-Ionizing 
Radiation Protection). Typical readings are hundreds of times below standards as illustrated in Figure 5. More 
details on the project can be found on the project’s website www.projecthorus.com.  
 

 
 

Figure 5: Readings from a monitoring station in the Alexandria governorate 
 
The average reading during this period was 1.15V/m, which is less than 3% of national or international safety 
limits. 
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The project was a direct result of the 2003 survey which showed that a significant proportion of the public was 
concerned about emissions from base stations. Vodafone Egypt first launched Project HORUS in early 2005 
across 13 governorates and has expanded the project to cover all 27 governorates. The project has been a useful 
tool in communication with the public as it demonstrates compliance with standards and an openness and 
transparency on Vodafone’s part which seems to have a positive impact on the public’s level of concern.  
 
V. Conclusion 
 
Mobile phones, masts and health is an important issue, but not a primary health concern. This low level of 
concern mirrors the findings of MORI's research for Vodafone in 2003. The majority of the population are more 
concerned about other health issues. However, the industry as a whole needs to respond to concerns that 
important information is being withheld. 
 
The principal trigger leading to concern is information on health effects that people have heard or read, not their 
personal experience. Lack of understanding, especially on the need for masts, is also fuelling concern. Many 
people would like to receive more information, including explanations of how the technology works. 
Communication material will need to be tailored to specific requirements, as different people would like to 
receive information on a variety of topics. 
 
Open and transparent communication on the issue seems to have an effect on reducing concern, with the 
continuos EMF monitoring project HORUS, serving to reduce both concern and build operator trust and 
confidence. 
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Abstract 

A network for the monitoring of the non-ionizing electromagnetic radiation levels in several areas of Greece is 
presented in this paper. During its 4-year operation more than 4,000,000 measurements of the electric field 
strength have been performed and recorded. The results aided by useful scientific information are open to the 
public through a devoted web site. The network measurement results have shown that the field values are several 
times below the EC recommended and Greek law safety values. 
 
I. Introduction 

During the last decade, the installation and operation of several wireless networks, such as the GSM, UMTS and 
TETRA system has led to increasing public concerns about the exposure to electromagnetic radiation emitted 
from these sources. In conjunction with traditional broadcasting systems such as FM Radio and TV services, 
RADAR systems etc. these concerns call for the continuous information of the public regarding their exposure to 
EM radiation levels. The conduction of repetitive, on site, “ad-hoc” measurements is a first step for estimating 
the exposure levels. Nevertheless, ad-hoc measurements refer to a specific time period (usually 1-2 hours). On 
the other hand the notion of continuous measurement of EM radiation levels on a 24-hour basis is more 
appealing to the concerned public. This is due to the fact that the recorded values can be compared to the public 
exposure safety values, called reference levels, which are set by the relevant organisations, such as the EC [5] 
and government authorities [6]. 
Therefore, a network for the measurement and recording of non-ionizing Electromagnetic Radiation (EMR) 
emissions on several sites and on a 24-hour basis is one of the best solutions for keeping the public informed. 
Another important parameter of such a network is the possibility to present the results via a public accessible and 
user-friendly web site. 
As described above, monitoring networks are a valuable tool in attempting to deal with public concerns about the 
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potential health effects of non-ionizing radiation of electromagnetic radiation. As a result, several monitoring 
networks are implemented all over Europe and Africa (Italy, Spain, Portugal, United Kingdom, Malta, Egypt 
etc.) [1]-[4]. Moreover network deployment entails a number of challenges, in terms of hardware certification, 
network control and daily maintenance. With all the above considerations in mind an Electromagnetic Radiation 
Monitoring System was developed in Greece. It is known as the “Hermes” project [7], and it is fully operational 
since November 2002 and currently expanding in several areas around the country. 
The paper below is structured as follows: Section II gives a general technical description of a monitoring 
network, as well as a framework which may be applied in any similar system. Section III presents the system 
developed for the “Project Hermes” and the measurement results to date.  Finally, Section IV presents the current 
project phase and future planning.  

II. Design Aspects of the Monitoring Network 

The system architecture is depicted in Figure 1. 
 
 

 
The system consists of: 

(a) The remote monitoring stations, which are located on the desired sites and perform continuous measurements 
of the Radio frequency (RF) radiation levels and,  
(b) The two central control stations (one for Southern and one for Northern Greece), which are located at the 
corresponding administrative authorities. The control units are responsible for the control of the monitoring 
stations and the publication of the measurement results on the web site.  

 
a. The Measuring Equipment 
The Measuring Equipment must be able to: (a) operate continuously (24 hours per day) (b) perform 
Electromagnetic Radiation measurements in the frequency range of interest covering the main sources that 
contribute to the total electromagnetic pollution, (c) store the measurements in its internal memory and transmit 
them to the Control Centre via a wireless interface for further elaborations, (d) supplied either by the main power 
supply or a solar panel (preferable), (e) be fully remotely controlled, which means that after their installation no 
human presence is needed on site and (f) detect abnormal operation of any kind (self diagnostics such as power 
loss and overheating problems) and inform the central control  stations of the problem. To fulfil these 
requirements, the remote monitoring station consists of a broadband isotropic and triaxial electric field sensor, a 
module containing the necessary electronics, a GSM modem, as well as temperature and humidity sensors. A 
major problem encountered in this system is the periodic calibration of the monitoring stations. The calibration 
procedure requires the deinstallation of the stations, which means the interruption of the measurements, unless a 
spare station is available for the replacement. 

National Technical  
University of Athens 

Control Center for 
Southern Greece 

(Server) 

GSM Network 

MONITORING 
STATION 

Internet 

Aristotle University  
of Thessaloniki 

Control Center for  
Northern Greece 

(Server)

MONITORING 
STATION 

MONITORING 
STATION 

Figure 1: Block diagram of the monitoring network. 
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Regarding the measurement quantities, either broadband or narrow-band measurements can be conducted. 
Broadband Measuring Stations record the Electric Field Strength for a given frequency range. A range of 100 
KHz - 3 GHz is usually enough in order to take into account the multitude of the sources. Other possible ranges 
are for example 880 - 960 MHz (the GSM900 band), 1880 - 2100 MHz (GSM-1800 + UMTS bands), etc. In [8], 
[9] and [10] the interested reader could find a plethora of such monitoring units. Recently, selective (spectrum 
analysers) monitoring systems became commercially available. The referred stations are fully autonomous and 
can be remotely controlled via the GSM/GPRS protocol. 
The main drawback of broadband stations is that they cannot estimate the radiation level from each source; 
rather they estimate the total exposure. Equipment such as a spectrum analyser is capable of measuring and 
quantifying the contribution of each electromagnetic radiation source to the total exposure level. Nevertheless, 
this equipment is not designed for continuous operation. If selective monitoring stations are not installed, the 
best solution is the use of a continuous broadband monitoring station for 24-hour recording and conducting “ad-
hoc” narrow band measurements with a period of 3 - 6 months for every measurement site. 
 
b. The Control Centre 
The Control Centre is equipped with a Server Station, a wireless modem and the necessary software applications 
and it is responsible for: (a) controlling the remote monitoring stations and configuring the operational 
parameters, (b) downloading the measurement data via the wireless interface (e.g. GSM network), (c) storing the 
data in its hard disk and (d) processing the measurement results and publishing them to the corresponding web 
site. 
The measurement data is stored in a Database (such as MS Access, SQL Server or MySQL) after their checking 
and processing. Therefore the full historical record for every measurement site is kept on the Server. In addition,  
a Web Server (such as MS IIS or Apache) hosts the web site.  
 
c. The Web Site 
The Web Site contains both static and dynamic pages and it aims at presenting the measurement results for every 
monitored site. It also provides thorough information concerning the electromagnetic radiation issue. Through 
the web site the user may view electric field strength graphs with custom time interval selection and statistical 
quantities about the measurements. Furthermore, a comparison of the measured quantity with the Greek 
legislation reference levels is presented. A feedback form can be also available to the public in order for them to 
express questions or comments to the administrators of the system. 

III. The “Hermes” Monitoring Network 

a. General Description 
A monitoring network based on the principles described above has been developed and operating since 
November 2002. The system at its present state (April 2006) comprises 27 remote monitoring stations spread  all 
over Greece (23 active and 4 inactive) and two control units located in two University laboratories (National 
Technical University of Athens – NTUA and Aristotle University of Thessaloniki – AUTH). The stations are 
located at schools, universities, public authorities’ buildings and private flats. The following figure depicts the 
spreading of the monitoring stations. 
 

 
 

Figure 2 : “Hermes” Monitoring Network 

I'
'-t==: r'~~.

-­~­lot_In;='"



AN EM RADIATION MONITORING NETWORK IN GREECE 
 

 747

 
The measuring devices record the broadband electric field strength quantity for the range 100 KHz - 3 GHz [10]. 
Three slightly different monitoring units’ models are used.  
 
• EE4070 - WB model which records the Electromagnetic Field Strength in the band 100 KHz - 3 GHz 
• EE4070 - SL which records the field strength for three bands: 100 KHz - 3 GHz, GSM-900 Band and 

GSM1800 + UMTS band. 
• MCE410 - SL, which records the field strength for two bands: 100 KHz - 3 GHz and 900 MHz - 3 GHz. 
 
A detailed description of the specific units and the measurement procedure can be found in [11]. In the following 
figures several measurement sites are presented.  
 

 

 

 

 
 

 

 
 

Figure 3: EE4070-WB Station at 
Koskinou, Rhodes 

Figure 4: EE4070-SL Station at 
Menemeni, Thessaloniki

Figure 5: MCE410-SL station at Heraklion, 
Crete 

 
Regarding the “ad-hoc” measurements, the guidelines proposed in the ECC recommendation [12] serve as the 
basis for our measurement procedure. A set of directional antennas covering the frequency range of 20 MHz – 3 
GHz and a Spectrum Analyzer for measuring the received RF Power comprise the measurement apparatus (see 
Figure 6). Each frequency band is scanned and the power of each RF source, such as a FM or TV radio stations, 
a GSM channel etc is recorded. After the needed processing the total exposure levels and the contribution of 
each frequency band are estimated. A similar procedure is performed if we substitute the Spectrum Analyser 
with a Selective Radiation Meter such as the one presented in [13] and the directional antennas with broadband 
isotropic triaxial E-field probes (see Figure 7). 
 

 

 
 

Figure 6:  “Ad-Hoc” Measurement 
Apparatus (Spectrum Analyser based)

 

 
 

Figure 7:  “Ad-Hoc” 
Measurement 

Apparatus (SRM based) 
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b. Measurement results 
 
On the Web Site, both broadband and narrow-band measurement results are presented. The broadband 
measurements are updated on a daily base. Below, at first a table containing the most significant information 
about the monitoring stations is given. Afterwards in the following figures sample diagrams from the web site 
are drawn (Figure 8 - Figure 11). Finally, cumulative results regarding all the stations are presented (Figure 12 - 
Figure 13). 

Table 1 : Stations informative table 

Station 
ID Site Name Activation 

date 

Mean 6-min 
Average value of 

electric field 

Standard 
deviation of 
electric field 

Maximum  6-min 
Average value of 

electric field 

Number of 
recorded 

measurements 
Status 

1 1st & 6th Pr. Schools at 
Holargos 

November 18, 
2002 1.6 0.1 2.7 77,603 Inactive 

2 2nd & 3rd Pr. Schools at 
Holargos 

November 18, 
2002 1.9 0.1 2.3 77,609 Inactive 

3 5th Primary School at 
Holargos 

November 22, 
2002 2.6 0.2 3.2 72,726 Inactive 

4 1st Primary School at 
Zefiri March 31, 2003 1.7 0.2 2.5 263,276 Active 

5 High School at Zefiri April 1, 2003 1.7 0.6 8.9 250,005 Active 

6 Municipal Office of 
Psinthos April 23, 2003 0.9 0.8 5.8 209,517 Active 

7 Municipal Office of 
Koskinou April 23, 2003 1.5 0.3 4.0 209,808 Active 

8 First Aid Station of 
Faliraki April 23, 2003 0.0 0.1 1.5 91,620 Inactive 

9 Building of E.C.E. 
School 

November 6, 
2003 2.9 0.2 4.6 172,585 Active 

10 5th Primary School at 
Renti 

November 10, 
2003 0.7 0.1 1.0 209,315 Active 

11 Kindergarten at Renti November 10, 
2003 1.5 0.3 2.1 206,892 Active 

12 1st Primary School at 
Renti 

November 10, 
2003 1.1 0.5 4.3 193,026 Active 

13 Kalithies, DEYAK May 11, 2004 0.1 0.2 1.1 155,210 Active 

14 1st Primary School at N. 
Erithrea July 7, 2004 2.5 0.3 3.5 129,941 Active 

15 2nd & 3rd Pr. Schools at 
N. Erithrea July 7, 2004 2.5 0.2 3.1 132,297 Active 

16 Esperia Build. - Town 
Planning Build. October 5, 2005 1.6 1.0 3.5 45,115 Active 

17 Dimokratias Avenue October 5, 2005 2.1 1.0 7.8 44,061 Active 

18 1st Primary School at 
Ilion 

November 21, 
2005 2.2 0.1 2.9 33,872 Active 

19 3rd High School of 
Argostoli 

December 21, 
2005 0.1 0.4 6.5 18,336 Active 

20 A.U.TH., Building of 
School of Science 

November 1, 
2003 1.3 0.2 3.5 206,279 Active 

21 A.U.TH., Rectorate 
Building 

February 27, 
2004 3.7 1.4 17.7 173,067 Active 

22 City Hall of Menemeni June 12, 2004 2.7 0.5 7.7 155,283 Active 

23 City Hall of N. 
Michaniona June 9, 2004 0.9 0.2 1.8 153,406 Active 

24 High School of N. 
Michaniona June 4, 2004 1.8 0.4 3.4 163,964 Active 

25 1st and 2nd High Schools 
of Naoussa 

November 16, 
2004 0.7 0.2 2.1 123,851 Active 

26 City Hall of Lefkimi July 22, 2005 1.7 0.3 3.0 57,957 Active 

27 2nd Primary School of 
Lefkimi July 22, 2005 0.8 0.2 1.7 63,977 Active 

 
 
In Figure 8 the measured points correspond to 6-minute average electric field (E-field) values as is proposed in 
[5]. An immediate comparison with the reference levels can be done based on this diagram. Moreover the 
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variation of the field during one day or a longer period is distinguishable. The time span can vary from 1 hour to 
the whole measurement period (several years). In Figure 9(a) and 9(b), the mean and the maximum of the total 
set of 6-min average E-field values are presented and compared with the corresponding reference levels, for both 
EE4070 – SL and MCE410 – SL models. 
 

Sample measurement results from two “ad-hoc” measurements are depicted in Figure 10. Specifically, one can 
see how many times below the safety values were the measured field values, in terms of the Power Flux Density 
(Watt/m2) (Figure 10(a)) and in terms of the Electric Field Strength (V/m) (Figure 10(b)), for each frequency 
band such as FM, TV, GSM900, UMTS etc. The total exposure level is also evaluated and presented. The 
comparison between the results of Figures 9(b) and 10(b) (which correspond to the same measurement site) 
shows that the values of the monitoring station measurements are close to the “ad-hoc” measurement values. In 
addition, Figure 11 illustrates the percentage contribution of each frequency band to the total EMR exposure 
level. 

Finally, the last two diagrams (Figure 12 and Figure 13) present cumulative results regarding the mean 6-min 
average E-field strength (continuous measurements) and the exposure level in terms of the Power Flux Density 
extracted by “ad-hoc” measurements. 

 

 
Figure 8: Sample Electric Field Strength Diagram (Broadband) 
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(b) 

Figure 9. (a) Sample Mean Electric Field Strength Diagram for Selective Stations (MCE410 – SL model). 
(b) Sample Mean Electric Field Strength Diagram for Selective Stations (EE4070 – SL model) 

 

 
(a)

 
(b) 

Figure 10: (a) Sample of Power Density Measurement Results conducted with SRM (Narrow-Band). (b) Sample 
Equivalent Electric Field Strength Measurement Results conducted with Spectrum Analyzer (Narrow-Band) 
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