
 

29 
 

Lekar a technika – Clinician and Technology 2021, vol. 51(1-4), pp. 29–34, DOI: 10.14311/CTJ.2021.1.04 
ISSN 0301-5491 (Print), ISSN 2336-5552 (Online) 

ORIGINAL RESEARCH 

INVESTIGATION OF EXTREMELY LOW-FREQUENCY MAGNETIC 

FIELD BIOEFFECT AT CELLULAR LEVEL CONCERNING ICNIRP 

GUIDELINES AND EXPOSURE LIMITS 

Marek Bajtos1, Roman Radil1, Klaudia Hargasova2,3, Zuzana Judakova1, 
Lucia Carnecka1, Ladislav Janousek1 

1Department of Electromagnetic and Biomedical Engineering, University of Zilina, Zilina, Slovakia 
2Department of Systems Biology and Engineering, Silesian University of Technology, Gliwice, 

Poland 
3Biotechnology Center, Silesian University of Technology, Gliwice, Poland 

Abstract 
The article deals with the possible influence of an extremely low-frequency magnetic field on cellular structures. The 
work is carried out to verify the change of growth dynamics of exposed samples by application of a time-varying magnetic 
field, with a specified action value of magnetic flux density, valid in the European Union. The frequency of applied field 
was preliminarily confirmed as biologically active, under conditions for Ion Parametric Resonance theory, in 
experimental work focused on targeting Ca2+ ions bound in specific positions on cellular membranes of eukaryotic cells. 
In thirty experiments, the authors use the dynamics of growth over a time horizon of eight hours to elucidate the effect of 
the field on the proliferation activity of the cells. Since living beings are exposed to similar electromagnetic fields daily, 
the presented article shed some light on whether, or not the irradiation has brought a statistically significant effect under 
conditions specified in ICNIRP guidelines and recommendations. 
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Introduction 

All living organisms, including human beings, are 
exposed daily to various types of electromagnetic fields 
(EMF), which are characterized by parameters such as 
electric field intensity, magnetic flux density, or 
frequency. In today's fast-paced and technologically 
advanced society, with an increasing number of 
electrical devices, the importance of effectively 
investigating the effects of extremely low-frequency 
electromagnetic fields (ELF-EMF) on living organisms, 
beginning at the cellular level, should be carefully 
considered. 

Many studies have shown a negative effect of these 
fields on organisms [1, 2], therefore, it is important to 
precisely define the exposure limit values for the 
individual field parameters. Exposure to ELF-EMF, 
which is defined within the frequency range of  

0–300 Hz according to WHO [3], can be associated with 
various diseases, such as malignancies, or cardio-
vascular and neurological disorders [4–7]. ELF-EMF is 
manifested mainly by non-thermal effects [6–10], 
a description of which is problematic. Nevertheless, the 
biological effect of ELF-EMF is observed even under 
these conditions of low-level electric intensity, magnetic 
flux density, and frequency, but its mechanism remains 
unclear and represents an unresolved biophysical 
and social issue. Despite the lack of wide scientific 
acceptance, there are still some research groups, which 
proposed plausible physical mechanisms of ELF-EMF 
action on biological samples at the cellular and sub-
cellular levels. 

One of these theories is based on ion parametric 
resonance (IPR). The model describes the mechanism of 
a parallelly combined time-varying (AC) and static (DC) 
magnetic field (MF) action on specific ions in biological 
structures (cells, tissues...). Activity in biological 
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structures is controlled by chemical reactions induced 
by enzymes (specific proteins) and certain ions act as 
cofactors within these reactions. The IPR model states, 
that during ion resonance, the activity of the transformed 
ions can change predictably in proportion to the 
frequency of time-varying MF and its magnetic flux 
density BAC. If no biological ion resonates, the size of 
BAC will not affect the biological activity of the structure 
[11]. For resonance activity of a specific ion, the 
following applies: 

𝑓𝑓AC =
1
𝑛𝑛
𝑞𝑞
𝑚𝑚
𝐵𝐵DC
2𝜋𝜋

.
 

(1) 
where fAC is the frequency in [Hz] of the time-varying 
magnetic field, q is the electric charge in [C] of a specific 
ion, m is the mass of the ion [kg] and BDC is the value of 
the static magnetic field, in the case of this article 
represented by magnetic flux density of geomagnetic 
field [T]. According to Belova and Panchelyuga [12], 
the most pronounced biological response could be 
observed at 1.8 times the ratio of these fields, and thus it 
holds that: 

𝐵𝐵AC = 1.8 ∙ 𝐵𝐵DC,
 

(2) 
where BDC is the value of the Earth's magnetic flux 
density, which in our case was measured in the incubator 
where the experiments were performed, as 39 µT. 

Another theory dealing with the action of ELF-EMF 
is the mechanism of radical pairs. Several authors [13–
15] assume that changes in the concentration of radicals 
due to magnetic field can be in the range of 2–40%, 
depending on the parameters of the field and the length 
of exposure. An imbalance in the concentration of 
radicals can lead to the initiation of various diseases 
(disruption of lipid structures, proteins, DNA…). The 
mechanism of radical pairs suggests that MF can affect 
the concentration of radicals, which could be of clinical 
importance in various fields of medicine. 

As aforementioned, research results within this 
scientific area provide some ambiguities, but these could 
be understood as strong motivational factors. Therefore, 
the presented work compares and discusses experi-
mental results in terms of currently valid standards and 
recommendations regarding ELF-EMF exposure limits 
in the European Union. The main attention was paid 
to experimental verification of selected parameters 
combination of time-varying extremely low-frequency 
magnetic field (ELF-MF), which were defined as 
follows: 

- frequency of the ELF-MF, which was proven by our 
preliminary experiments, as biologically active [16]; 

- the magnitude of magnetic flux density, related to its 
action value in the specified frequency band of ELF-
MF following national and international standards 
and specifications. 

The experimental part is performed by irradiation of 
eucaryotic cells, Saccharomyces cerevisiae. 

Materials and Methods 

The International Commission for Non-Ionizing 
Radiation Protection (ICNIRP) has specified basic 
limits and reference levels for short-term irradiation of 
CNS (Central Nervous System). These limits are 
presented in Table 1. 

Table 1: Reference levels for general public exposure to 
time-varying electric and magnetic fields (unperturbed 
rms values) [17]. 

Frequency range E (V/m) B (μT) 
0 Hz–1 Hz - 4 ∙ 104 
1 Hz–8 Hz 10 000 3.2 ∙ 104/f2 
8 Hz–25 Hz 10 000 5000/f 
0,025 kHz–0,8 kHz 250/f 5/f 
0,8 kHz–3 kHz 250/f    6.25 
3 kHz–150 kHz 87     6.25 
150 kHz–1 MHz 87   0.92/f 
1 MHz–10 MHz 87/f1/2     0.92/f 
10 MHz–400 MHz 28 0.092 
400 MHz–2 GHz 1.375 ∙ f1/2     0.0046 ∙ f1/2     
2 GHz–300 GHz 61 0.2 

To protect society from the possible negative effect of 
ELF-EMF, recommendations of ICNIRP for reference 
levels have been accepted by European Union for this 
purpose (1999/519/EC). For experimental verification 
of biological activity, one action value of magnetic flux 
density of 100 µT was chosen, concerning the directive 
2013/35/EU, as well. The value corresponds to the 
power line frequency (50 Hz) and falls within the range 
highlighted in Table 1. 

I r rad iat ion system  

Irradiation was performed using an exposure system, 
which incorporates a RIGOL DG4162 generator, the 
signal of which was amplified by HUBERT A 1100-16 
amplifier and fed to an incubator containing 2 elongated 
solenoid coils (1 m each). The signal was connected to 
one exposure coil, while the other served as a control. 
For the continuous monitoring of the driving current, the 
KEYSIGHT Infinii Vision MSO-X 3012A oscilloscope 
was used. To achieve the specified magnitude of MF, 
the coil was driven by a harmonic sinusoidal current of 
28.13 mA. The experimental setup can be seen in Fig. 1. 
There were 5 Erlenmeyer flasks in the cavity of each coil 
enabling to perform 5 pair experiments at a time, which 
is schematically shown in Fig. 2. The orange set in 
Fig. 2 was labeled as exposed, and the blue set as 
control. 
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Fig. 1: Experimental set-up. A – PCR box, B – optical 
microscope, C – two identical MF applicators, D – EMF 
excitation system, which incorporates signal generator, 
amplifier HUBERT A 1100-16 (DC-1MHz), and digital 
multimeter for electric current monitoring, 
E – incubator Q-cell. 

 
Fig. 2: Schematic representation of the signal input to 
the coil in incubator, where G – generator, 
A – amplifier, O – oscilloscope. 

Cult ivat ion protoco l  and temper ature  
monitor in g  

The model organism of experiments were yeast cells 
of Saccharomyces cerevisiae, since their genome has 
been sequenced, its genetics is easy to manipulate, and 
these cells have a similar structure to higher eukaryotic 
cells. 

For yeast cultivation and propagation YPD (Yeast-
Extract-Peptone-Dextrose) solution was used. Sub-
stances required to prepare the YPD medium include 2% 
peptone, 1% yeast extract, 2% glucose, and 95% 
distilled water. 

Prior to each experiment, a 24-hour pre-cultivation 
process at chamber temperature was performed, fol-
lowed by dilution to achieve an equal initial concentra-
tion of experimental samples. Afterward, the 8 hours of 
continuous irradiation was performed with temperature 
in the incubator set at 30 °C, maintaining the same 

ambient conditions for both control and exposed 
samples. 

The temperature for experiments was chosen based on 
[18], where authors found that the optimal temperature 
for the fastest Saccharomyces Cerevisiae initial growth 
is within the interval of 30 °C to 35 °C. Since yeasts are 
sensitive to temperature changes, it is even one of the 
most important factors influencing the growth and 
proliferation of their cultures, it is necessary to keep it at 
a constant level. This was achieved by temperature 
monitoring using a control device developed by the 
authors. The setup incorporates an Arduino platform and 
two DS18B20 sensors, which were used, for exposed 
and control samples temperature monitoring during an 
8-hour experiment. Data were real-time displayed on the 
OLED display SSD1306 and stored in a file on an SD 
card. 

Evalu at ion method  

The evaluation methodology was established on 
a manual count of cells on Bürker chambers, followed 
by a calculation of the growth coefficient, which 
indicates how many times more, resp. fewer yeast cells 
have been observed within the solution after the 
experiment duration. An example of one exposed 
sample growth coefficient calculation is represented by 
equation (3): 

           𝐸𝐸X =
∑ 𝐸𝐸after (𝑖𝑖)
6
𝑖𝑖=1

∑ 𝐸𝐸before (𝑖𝑖)
6
𝑖𝑖=1

 ,
 

(3) 

where Eafter stands for the number of cells in the 6 Bürker 
chambers after the experiment, while Ebefore represents 
the number of cells from 6 counting squares before the 
experiment for the exposed sample. EX is the partial 
growth coefficient for the exposed sample. The same 
calculation applies to each exposed and control sample. 
A more detailed description of this methodology could 
be found in the previous work of the authors [19]. 

Results 

The comparison of growth coefficients of the 25 
individual experiments is shown in Fig. 3. The blue bar 
shows the ratio between the concentration of cells in the 
control, non-irradiated samples, and the orange bar 
shows the ratio between the concentration of cells in the 
exposed, irradiated samples. Error bars show standard 
error, calculated from the standard deviation. The 
standard deviation for the set of data Control 
after/before was 2.32 and for data Exposed after/before 
2.31. In the set of 5 preliminary experiments, the value 
of BAC was changed to strictly follow the IPR theory. 
The value of the parallel component of the magnetic flux 
density of time-varying MF was set to 70.2 µT and its 
frequency to 29.89 Hz, which corresponds to the IPR 
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model resonance-based predictions calculation for the 
calcium ions Ca2+ resonant frequency. In this set of 
experiments, the standard deviation for the Control 

after/before data equals 0.34 and 0.43 for the Exposed 
after/before data. Results after 8 hours of irradiation are 
presented in Fig. 4. 

 
Fig. 3: Comparison of growth dynamics for 25 control and exposed experiments (fAC = 29.89 Hz, BAC = 100 µT). 

 
Fig. 4: Comparison of growth dynamics for each of 5 
preliminary experiments: control (blue bar) and 
exposed (orange bar) samples (fAC = 29.89 Hz, 
BAC = 70.2 µT). 

Discussion and Conclusion 

From the presented results could be concluded, that 
in thirteen experiments, the stimulation effect of the 
MF on the proliferative activity of yeast cultures was 
observed, in twelve experiments this effect could be 
defined as proliferative inhibition. The results were 
indicated by the statistical evaluation, where the 
Willcoxon (Mann-Whitney) test was used, which at the 
5% level of significance accepts the null hypothesis, 
and thus it could be concluded, there is no statistically 
significant difference between the growth coefficients 
of exposed and control samples. In general, the 

presented results suggest that ELF-MF with a frequen-
cy value of 29.89 Hz and signal amplitude of 100 μT 
after 8 hours of irradiation did not show a statistically 
significant effect on the proliferation response of S. 
Cerevisiae cultures. However, since our research 
suggests the existence of a fundamentally selective 
mechanism of influence on biological samples, we 
must admit, that the first set of 25 experiments was 
performed with signal amplitude, which was selected 
as an action value for ELF-EMF for the power line 
frequency (50 Hz). The combination of frequency and 
magnetic flux density in the main set of experiments 
did not meet the exact conditions for ion parametric 
resonance theory, which predicts, that magnetic flux 
density for targeting calcium cations at power line 
frequency, should be set at 70.2 μT, what is currently 
the target of further investigations of authors. The 
logic, or motivation behind the magnetic flux density 
change at the frequency of 29.89 Hz could be found in 
the results of previously published works by authors 
[19, 20]. The research of mentioned works was focused 
on low-frequency MF magnetic flux density change 
maintaining one so-called bioactive frequency of 
driving signal, which resulted in interesting obser-
vations of cell cultures growth inhibition. 

The results of 25 experiments described within this 
work are still in good correlation with previous works 
of authors [19, 20], and other research groups [21, 22], 
which point to the selective response of biological 
systems to the application of external ELF MF. Simply, 
if the combination of ELF-MF parameters does 
not fulfill certain specific conditions, the biological 
reaction would be weak, or would not occur at all. 

https://doi.org/10.14311/CTJ.2021.1.04


 

33 
 

Lekar a technika – Clinician and Technology 2021, vol. 51(1-4), pp. 29–34, DOI: 10.14311/CTJ.2021.1.04 
ISSN 0301-5491 (Print), ISSN 2336-5552 (Online) 

ORIGINAL RESEARCH 

The biological reaction selectivity is also supported 
by data set of preliminary experiments which meet the 
demands of the IPR predictive model of magnetic field 
interactions with biological systems targeting Ca2+ 

ions. The data show a statistically significant effect of 
growth stimulation in the whole experimental series, 
but still, further research must be conducted to 
statistically prove obtained results. 

Finally, in future experiments, it would be interesting 
to appropriately change the frequency of the signal by 
magnetic flux density corresponding to IPR theory 
targeting different ions. For 70.20 μT this would lead 
to frequencies of 16.8917 Hz targeting chloride anions, 
20.7607 Hz for iron cations, 18.258 Hz for zinc cations, 
and 593.6943 Hz for hydrogen cation H+ or 85.7006 Hz 
for lithium cations, where all mentioned ions are 
present in the human body [11]. 

Apart from the IPR theory, fields with magnetic flux 
density with magnitudes of thousands of µT are used in 
magnetic therapy. It could be appropriate to increase 
the value of the investigated MF magnitude in the 
experimental protocol, but also the frequency 
accordingly, and monitor the effect of the field with 
new parameters. 

The future direction of work could be found, 
especially in long-term exposure of samples to 
extremely low-frequency magnetic fields and to focus 
on irradiation of one sample for weeks or for months, 
to see if there is any possibility of cumulative effect. 
Although the original 8 hours of irradiation represents 
the time when the yeast cultures are the most 
metabolically active, at extremely low frequencies 
a more pronounced effect could be observed in long-
term exposure. On the contrary, at higher frequencies 
and amplitudes of the field (915.66 Hz, 1.195 mT, and 
2.33 mT), a statistically significant effect has been 
observed after the specified eight hours in our previous 
works [19, 20]. 
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