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Q2 (perspective): research entity. Basis: peer-reviewed research, cited with links.

Questions addressed: 5(p), 6, 12, 16.

Q5(p), signal characteristics a classification system should account for. All digital wireless communication signals
are emitted as on/off pulses repeated at extremely low frequency (ELF) rates, with intense variability in amplitude,
shape, duration and repetition frequency; they are not continuous-wave radiofrequency carriers. These ELF
pulsations were recorded directly from a Wi-Fi router and from 4G and 5G phones in Panagopoulos, Litovsky and
Chamberlin 2026 (Electromagnetic Biology and Medicine, https://doi.org/10.1080/15368378.2026.2654072;
response to comments: https://doi.org/10.1080/15368378.2026.2707966). Human-made fields are also fully
polarized and coherent, unlike natural fields (Panagopoulos, Johansson and Carlo 2015, Scientific Reports,
https://doi.org/10.1038/srep14914). Modulation, pulse characteristics, duty cycle, polarization and low-frequency
variability therefore belong in any exposure classification.

Q6 and Q12, evidence of effects below current limits, and a mechanism. In human peripheral blood lymphocytes, a
15-minute exposure to real mobile phone emissions at a power density about 136 times below the current ICNIRP
limit was genotoxic by itself and significantly enhanced the chromosomal damage induced by gamma radiation,
beyond the sum of the two exposures (Panagopoulos 2024, General Physiology and Biophysics,
https://doi.org/10.4149/gpb_2023036). Related findings: synergy with a high caffeine dose (2020,
https://doi.org/10.4149/gpb_2020036) and comparison of DNA damage from mobile telephony versus power-line
fields in Drosophila cells (2019, https://doi.org/10.1016/j.mrrev.2019.03.003). The Ion Forced Oscillation and
Voltage-Gated Ion Channel mechanism explaining how these fields trigger oxidative stress and DNA damage is set
out in Panagopoulos et al. 2021 (International Journal of Oncology, https://doi.org/10.3892/ijo.2021.5272) and 2025
(Frontiers in Public Health, https://doi.org/10.3389/fpubh.2025.1585441), both open access.

Q16, research priorities. Combined exposure to wireless fields with other stressors (ionizing radiation, chemicals)
produced more damage than the sum of the separate exposures in the studies above. Research on combined
exposures, and standardized measurement of the ELF components of wireless emissions, are the gaps these
results point to.

The attached interview (Pineault, September 18, 2024, https://theemfguy.com/emf-dangers-panagopoulos) sets out
Dr. Panagopoulos's views on these questions in his own words.

Attached: the interview; PDFs of the cited papers. Edited volume: Electromagnetic Fields of Wireless
Communications: Biological and Health Effects, CRC Press, 2022, https://www.routledge.com/Electromagnetic-Fiel
ds-of-Wireless-Communications-Biological-and-Health-Effects/Panagopoulos/p/book/9781032061764. Full
publication list: https://www.researchgate.net/profile/Dimitris-Panagopoulos-3

https://www.regulations.gov/comment/HHS-OASH-2026-0397-3190
https://doi.org/10.1080/15368378.2026.2654072
https://doi.org/10.1080/15368378.2026.2707966
https://doi.org/10.1038/srep14914
https://doi.org/10.4149/gpb_2023036
https://doi.org/10.4149/gpb_2020036
https://doi.org/10.1016/j.mrrev.2019.03.003
https://doi.org/10.3892/ijo.2021.5272
https://doi.org/10.3389/fpubh.2025.1585441
https://theemfguy.com/emf-dangers-panagopoulos
https://www.routledge.com/Electromagnetic-Fields-of-Wireless-Communications-Biological-and-Health-Effects/Panagopoulos/p/book/9781032061764
https://www.routledge.com/Electromagnetic-Fields-of-Wireless-Communications-Biological-and-Health-Effects/Panagopoulos/p/book/9781032061764
https://www.researchgate.net/profile/Dimitris-Panagopoulos-3


EMF Dangers: “The Evidence Today Is
Overwhelming And Indisputable”
Interview with EMF-biophysicist Dr. Dimitris J. Panagopoulos

By Nick Pineault  |  Published September 18, 2024  |  https://theemfguy.com/emf-dangers-panagopoulos/

Years after writing “The Non-Tinfoil Guide to EMFs”, where I argued that our current use of human-made
EMFs (cell phones, Wi-Fi, Bluetooth, cell towers, etc.) is reckless, irresponsible and one of the very likely
root causes of the modern epidemic of chronic disease… I still find myself regularly arguing with “skeptics”
who tell me that:

There are no credible scientific studies showing that human-made EMFs cause harm

Anyone who argues that EMFs might be dangerous should wear a tinfoil hat and is delusional or
paranoiac

There are zero known mechanisms that could explain how “low levels” of EMFs can cause harm

Human-made EMFs from phones, Wi-Fi or Bluetooth gadgets are “non-ionizing”, and therefore cannot
possibly damage your DNA or cause any kind of harm

Sunshine exposes you to an incredible amount of of radiation, which demonstrates that cell phones
could not possibly harm you at such low levels of power

I see one form or another of the arguments above being used by PhDs in physics, medical doctors,
professional “skeptics”, science writers, and of course, electrical engineers.

Instead of arguing with them – Hey, I’m just a citizen journalist trying my best to figure things out after all!
– I decided to ask one of the most recognized scientists in the field of the biological and health effects of
EMFs what he thinks.

Are human-made EMFs safe or dangerous? Are there mechanisms that could explain EMF damage? Have I
lost my mind? Was Elon Musk right after all?

I sent several questions to EMF-biophysicist Dr. Dimitris J. Panagopoulos. Here’s what he had to say.

EMF-biophysicist Dr. Dimitris J. Panagopoulos works at the Choremeion Research Laboratory, Medical
School, National Kapodistrian University of Athens, Greece. His experiments were among the first that
showed damaging effects of microwaves and other types of man-made EMFs on DNA and reproduction.
His theory on the biophysical mechanism of action of EMFs on cells also known as “ion forced-oscillation
mechanism” is considered the most plausible. He has explained why man-made polarized EMFs are much
more damaging than natural unpolarized EMFs, and why highly varying Real exposures from mobile
phones and other microwave devices are much more damaging than simulated exposures with invariable
parameters.1

Definitions:

WC: Wireless Communication (mobile/smart phones, Wi-Fi, Bluetooth, cell towers, etc.)
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EMFs: Electromagnetic Fields

RF: Radio-Frequency radiation (mobile/smart phones, Wi-Fi, Bluetooth, cell towers, etc.)

VGICs: Voltage-Gated Ion Channels

mV: Millivolts

ROS: Reactive Oxygen Species

OS: Oxidative Stress

EHS: Electro-hypersensitivity

AC: Alternating Current

Anthropogenic EMFs: Human-made electromagnetic fields (including Wireless Communication, but
also other types like dirty electricity, AC electric fields, AC magnetic fields, power line electric and
magnetic fields, etc.)

MT: Mobile Telephony (mobile/“smart” phones)

km: Kilometers

1) Your recent paper “Mobile telephony radiation exerts genotoxic action and
significantly enhances the effects of gamma radiation in human cells”
showed that radiofrequency radiation enhanced the genotoxic action of
gamma radiation.
Considering that planes are now filled with Wi-Fi (radiofrequency) emissions, what are the implications of
this study on pilots or flight attendants, or passengers?

The experiments described in this paper showed that wireless communication (WC) electromagnetic fields
(EMFs)/radiation act synergistically with ionizing (gamma) radiation. Similarly, previous experiments
(Panagopoulos 2020)3 have shown that they also act synergistically with caffeine. This means that
combined exposure to various stressors induces significantly more biological damage than the
exposure to the separate stressors.

And, in fact, more than that: The combined exposure in both cases (with gamma or caffeine) induced more
aberrations than the sum of the aberrations induced by the separate exposures. Today, people are exposed
daily not only to WC EMFs, but also to a variety of other stressors like chemicals, pharmaceuticals,
psychological stress, etc.

On airplanes during flights, people are exposed to increased levels of ionizing radiation of cosmic and solar
origin. Every form of ionizing radiation is significantly more genotoxic and carcinogenic than man-made
EMFs. The use of “smart” phones, tablets, and other devices connecting wirelessly to the Internet during
flights makes all people exposed in the plane even more vulnerable to the increased ionizing radiation.

Moreover, the electromagnetic radiation from the WC devices gets trapped and increased within the metallic
cage of the plane which acts like a “Faraday cage” exposing every passenger and crew member to
significant EMF levels. If authorities were to protect public health, the use of WC devices should be
strictly prohibited not only in airplanes but also in all public transport vehicles (trains, buses, etc.).
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I should also say that all types of WC EMFs (from mobile/cordless phones, Wi-Fi, etc.) are not simply
radiofrequency (RF) emissions. They consist of modulated RF (300 kHz-300 GHz) EMFs emitted in the
form of on/off pulses repeated at various Extremely Low Frequency (ELF: 0-3000 Hz) rates, and displaying
intense variability in intensity, frequency and other parameters, mainly in the Ultra Low Frequency (0-3 Hz)
band. In other words they are a combination of high and low (RF/ELF/ULF) frequency emissions.

2) It has been claimed recently that “power level is irrelevant” when it comes
to the biological effects of man-made electromagnetic radiation.
The argument included, for example, the idea that “It takes little or no power to
interfere with life” and that “low power can be more harmful than high power”.

Do you agree with these statements?

No, I do not agree.

The effects of all anthropogenic EMFs, including WC, are dose-dependent and increasing with increasing
power density (intensity) levels in the vast majority of the cases. But they are not always increasing
linearly (doubling the exposure level does not necessarily double the effect). Occasionally, so-called
“window” effects have been reported in the literature – where an effect can become maximal within certain
values of the exposure parameters and be diminished for both lower and higher values. Several scientists
including myself have reported such effects (Panagopoulos et al. 2010).4

The “window” effects are due to the fact that living tissue does not always respond linearly to an applied
stressor/EMF. For example, the voltage-gated ion channels (VGICs) which are the natural EMF-sensors in
all animal and plant cell membranes do not respond to any voltage change in the membrane, but only to
membrane voltage changes of approximately between 30 and 100 millivolts (mV).

For greater voltage changes, the ion flow through the channel saturates. This is an energy saving mechanism
which acts as a natural protection for the cell. I have argued that the explanation behind the “window”
effects reported for a long time in the literature is actually the existence of this corresponding window (30-
100 mV) in the gating (opening/closing) of the VGICs (Panagopoulos et al 2021)5, and possibly also other
biological “windows” or resonance phenomena that have not been yet discovered or are not yet understood.

In conclusion, the existence of non-linear effects in biology is a fact, but this does not justify
statements that the power level is irrelevant.

If the power level was irrelevant, that would mean that whether you are exposed to a cellular base station
antenna at a distance of 1 kilometer (km) or at a few meters would make no difference. That would also
mean that keeping a mobile phone at a distance by using the speakerphone function or air-tube headsets
during calls makes no difference compared to using the mobile phone close to the head/body, which is a
totally misleading and dangerous idea.

That also would justify the current absence of any precaution in the use of WC devices, and the current
practice of installing antennas anywhere close to houses and workplaces without keeping a safe distance of
at least several hundred meters – depending on the emitting power.
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3) In 2021, you published a landmark paper6 where you demonstrated to have
arrived at a “complete picture […] of how human‐made EMF exposure may
indeed lead to DNA damage and related pathologies, including cancer.”
Can you please explain, in layman terms, how these human-made EMF exposures
(including WC/wireless communications) impact human cells?

This paper addresses the biophysical mechanism of action of EMFs on cells. It explains how polarized and
coherent (human-made) EMFs, including WC EMFs, can cause dysfunction of voltage-gated ion channels
(VGICs). The VGICs (the natural EMF sensors in living organisms) are the most abundant class of ion
channels in all animals (and plants), which demonstrates that all living organisms are basically
electromagnetic in nature.

All processes in cells are initiated and mediated by ion flows (endogenous electric currents) through cells,
tissues, and cell membrane ion channels. Irregular opening and closing (dysfunction) of VGICs as shown by
this mechanism alters ionic concentrations in cells, triggering the (over)production of reactive oxygen
species (ROS) by specific enzymes in the cells which normally produce ROS for physiological purposes, as
e.g. protection from infectious microorganisms.

These enzymes are activated by alterations in the concentrations of various ions in the cells, like calcium,
potassium, sodium, or proton ions. Prolonged overproduction of ROS in the cells is a condition of
irritation/inflammation called oxidative stress (OS) which may easily result in various pathologies.

A relatively mild such “pathology” is what is called Electro hypersensitivity (EHS) at its first stages.
Actually, in my view, this is not a pathology but a healthy reaction to an unnatural exposure which is
the totally polarized and coherent (man-made) EMFs. If the person does not minimize the exposure at the
early stages of EHS occurrence, the initial healthy reaction may become a serious pathology with
unbearable symptoms. Continuing OS/ROS overproduction due to continuing exposure is connected with
DNA damage induced by certain ROS which are particularly damaging, like the hydroxyl free radical or the
peroxynitrite7.

Those ROS can easily damage DNA and any other critical biomolecule. Irreparable DNA damage can lead
to cell death or mutations, which in turn may lead to reproductive problems, organic diseases and cancer.
Therefore, the biophysical mechanism initiates a cascade of biochemical events resulting in oxidative stress
(OS) in the cells and the various pathologies reported in the literature. The OS was long ago reported to be
induced by anthropogenic EMF exposure, and this paper explained why and how this occurs.

The same biophysical mechanism explains most if not all reported EMF bioeffects, including the “window”
effects. It has also explained the ability of sensitive individuals to sense upcoming thunderstorms
(Panagopoulos and Balmori 2017)8 and the ability of certain animals to sense upcoming earthquakes
(Panagopoulos et al 2020)9 – through the action of the natural EMFs associated with these phenomena.

Lately, the same mechanism has explained one of the most known scientific problems: How migrating
animals orient and navigate over thousands of kilometers (km) on Earth, finding exact locations by sensing
the intensity and the direction of the geomagnetic field. Unfortunately, my coworkers and I have had
problems publishing this paper – just like we had problems publishing other papers before (papers that have
now become widely accepted and cited by hundreds of other studies).
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Sadly, conflicts of interest and corruption in science have not left many of the major science journals
unaffected. Certain people do not want this mechanism to be widely known and established. Instead, they
favor other theories which are complicated and impossible, leading science nowhere. In fact, the adverse
biological and health effects of human-made EMFs can now be thoroughly explained and confirmed, but
they do not want this fact to be widely accepted – even though every true expert admits it.

They prefer to seed confusion, doubt, and ignorance in the public. Many scientists also promote this
confusion in various ways whether they know it or not, by supporting, for example, impossible theories that
lead nowhere.

4) I keep coming across statements like “non-ionizing radiation cannot
possibly cause DNA damage” (from PhDs in physics), even though you and
many of your colleagues have proven this to be completely false decades
ago.
How do you think we’ll be able to pierce this veil of ignorance?

Such erroneous statements are made because some physicists and engineers confuse living tissue with
inanimate matter. Living tissue does not respond to EMFs and other stressors like inanimate matter. It is
far more complicated than that. A relevant statement would be “non-ionizing radiation cannot directly cause
DNA damage”. But it can do that indirectly in living cells by causing VGIC dysfunction, which alters ionic
concentrations in the cells – triggering the production of ROS as I explained above.

Then, the ROS can readily damage DNA and other critical biological molecules, as shown by many
experimental studies where animals and cells were exposed to man-made EMFs. Actually, Wireless
Communication (WC) EMFs from mobile phones and other devices/antennas cause oxidative stress
(OS) and DNA damage within minutes. This in turn explains epidemiological studies that have connected
man-made EMF exposure with cancer. [Nick’s note: For example, this 2018 review from Miller et al. shows
that radiofrequency radiation should be re-classified as a Class 1 Definite carcinogen]10

The above provides a full explanation of the biological mechanisms, but furthermore, the confidence of
some people/scientists who claim that anthropogenic EMFs, at frequencies below those of infrared
radiation, cannot cause ionization (break chemical bonds), comes from the erroneous and misleading
assumption of modern quantum physics that any EMF consists of photons, regardless of how it is generated.

Based on this assumption, microwaves and other forms of anthropogenic EMFs, which have lower
frequencies than infrared and visible light, “do not possess enough energy in their photons” to produce
ionization. But anthropogenic EMFs do not consist of photons, as I have argued before (Panagopoulos
2018).11

They consist of continuous waves like those described by classical electromagnetism, not quantum physics.
Continuous waves are not instantaneous emissions (photons). They can have durations that are trillions of
times longer, and therefore, they may possess much greater energy than that of a photon, even when their
frequency is much lower.
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5) In your 2019 paper “Comparing DNA damage induced by mobile telephony
and other types of man-made electromagnetic fields”12, you confirmed your
previous work that real mobile telephony (MT) devices cause more DNA
damage than other types of man-made EMFs (ELF 50/60 Hz magnetic or
electric fields).
Can you explain why these tests were conducted on Drosophila (fruit flies), and how
applicable these results are to human beings?

These experiments were conducted on fruit flies because this insect is one of the best-studied and one of the
most common laboratory animals in biology. They are small, clean and easy to keep in the lab, with a very
good timing of developmental processes under controlled conditions, and a lifetime of about a month –
which allows us to observe systemic (whole body) effects much faster than in humans or other animals, on
top of many other advantages.

Most importantly, their cells – like in all insects – are essentially the same as mammalian (including human)
cells. They have identical types of cell membranes, proteins, ion channels, intracellular organelles,
nuclei, DNA, and the same ions controlling all cellular processes.

Considering that all biological and health effects are initiated within the cells, an effect found in Drosophila
is absolutely expected to be found in mammals, including humans, and vice-versa. Even though its lifetime
is too short to develop cancer, this animal is used for cancer research due to its genetic similarities with
mammals and humans.

In my experiments, DNA damage was found in both fruit fly and human cells, to a similar degree, after they
were exposed to mobile phone radiation or other types of human-made EMFs. As you noted, it was shown
that mobile phone EMFs cause more damage than power line EMFs [Nick’s note: AC electric and magnetic
fields], which have been linked to cancer for a long time.13

6) Many EMF scientists have faced systematic attacks throughout their
career.14

Considering that you co-authored and edited the most thorough book15 ever written on
the biological and health effects of human-made EMFs in 2023, do you feel that things
are changing, now that the published literature is becoming harder and harder to
ignore?

Indeed, some of the pioneer scientists who first reported DNA damage and other important biological
effects in the 1990s and early 2000s after exposing biological samples to anthropogenic EMFs were
unethically attacked by hired “scientists”. They were even accused that they had falsified their data!

Today, hundreds of peer reviewed published studies have confirmed these effects. Sadly, as far as I know,
those who accused them did not face legal consequences and the harm made to the scientists was not
restored. The evidence today is overwhelming and indisputable, and, as you said, it is becoming harder
and harder to ignore.
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The recent book is an evidence-based source of knowledge for all those who want to know the truth in this
highly battled scientific field, those who want to understand the science, and protect themselves, their
people, and the environment. I very strongly recommend it to everyone.

References

1. https://www.researchgate.net/profile/Dimitris-Panagopoulos-3

2. https://pubmed.ncbi.nlm.nih.gov/38099580/

3. https://pubmed.ncbi.nlm.nih.gov/33226362/

4. https://pubmed.ncbi.nlm.nih.gov/20397839/

5. https://pubmed.ncbi.nlm.nih.gov/34617575/

6. https://pubmed.ncbi.nlm.nih.gov/34617575/

7. https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2248324/

8. https://pubmed.ncbi.nlm.nih.gov/28558424/

9. https://pubmed.ncbi.nlm.nih.gov/32070887/

10. https://pubmed.ncbi.nlm.nih.gov/30196934/

11. https://www.researchgate.net/publication/327578880_Man-Made_Electromagnetic_Radiation_Is_Not_Quantized

12. https://pubmed.ncbi.nlm.nih.gov/31416578/

13. https://iopscience.iop.org/article/10.1088/0952-4746/21/3/604

14. See a few examples here: https://www.memon.eu/en-EN/blog/mobile-phone-study

15. https://www.routledge.com/Electromagnetic-Fields-of-Wireless-Communications-Biological-and-Health/Panagopoul
os/p/book/9781032061757

7 / 7

https://www.researchgate.net/profile/Dimitris-Panagopoulos-3
https://pubmed.ncbi.nlm.nih.gov/38099580/
https://pubmed.ncbi.nlm.nih.gov/33226362/
https://pubmed.ncbi.nlm.nih.gov/20397839/
https://pubmed.ncbi.nlm.nih.gov/34617575/
https://pubmed.ncbi.nlm.nih.gov/34617575/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2248324/
https://pubmed.ncbi.nlm.nih.gov/28558424/
https://pubmed.ncbi.nlm.nih.gov/32070887/
https://pubmed.ncbi.nlm.nih.gov/30196934/
https://www.researchgate.net/publication/327578880_Man-Made_Electromagnetic_Radiation_Is_Not_Quantized
https://pubmed.ncbi.nlm.nih.gov/31416578/
https://iopscience.iop.org/article/10.1088/0952-4746/21/3/604
https://www.memon.eu/en-EN/blog/mobile-phone-study
https://www.routledge.com/Electromagnetic-Fields-of-Wireless-Communications-Biological-and-Health/Panagopoulos/p/book/9781032061757
https://www.routledge.com/Electromagnetic-Fields-of-Wireless-Communications-Biological-and-Health/Panagopoulos/p/book/9781032061757


INTERNATIONAL JOURNAL OF ONCOLOGY  59:  92,  2021

Abstract. Exposure of animals/biological samples to 
human‑made electromagnetic fields (EMFs), especially in the 
extremely low frequency (ELF) band, and the microwave/radio 
frequency (RF) band which is always combined with ELF, 
may lead to DNA damage. DNA damage is connected with 
cell death, infertility and other pathologies, including cancer. 
ELF exposure from high‑voltage power lines and complex 
RF exposure from wireless communication antennas/devices 
are linked to increased cancer risk. Almost all human‑made 
RF EMFs include ELF components in the form of modulation, 
pulsing and random variability. Thus, in addition to polariza‑
tion and coherence, the existence of ELFs is a common feature 
of almost all human‑made EMFs. The present study reviews 
the DNA damage and related effects induced by human‑made 

EMFs. The ion forced‑oscillation mechanism for irregular 
gating of voltage‑gated ion channels on cell membranes by 
polarized/coherent EMFs is extensively described. Dysfunction 
of ion channels disrupts intracellular ionic concentrations, 
which determine the cell's electrochemical balance and 
homeostasis. The present study shows how this can result in 
DNA damage through reactive oxygen species/free radical 
overproduction. Thus, a complete picture is provided of how 
human‑made EMF exposure may indeed lead to DNA damage 
and related pathologies, including cancer. Moreover, it is 
suggested that the non‑thermal biological effects attributed to 
RF EMFs are actually due to their ELF components.

Contents

1.	 Introduction
2.	� Biophysical action of polarized/coherent EMFs resulting 

in voltage‑gated ion channel (VGIC) dysfunction and 
disruption of cell electrochemical balance

3.	� Biochemical processes activated by irregular gating of 
VGICs, leading to DNA damage

4.	 Discussion

1. Introduction

Experimental and epidemiological findings connecting 
exposure of living organisms to ELF and complex RF 
human‑made EMFs with genetic damage, infertility and 
cancer. There is a plethora of experimental findings connecting 
the in vivo or in vitro exposure of experimental animals or 
cells to extremely low frequency (ELF) (3‑3000  Hz) or 
radio‑frequency (RF)/microwave (300 kHz‑300 GHz) electro
magnetic fields (EMFs), with genetic damage/alterations 
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PANAGOPOULOS et al:  EMFs: VOLTAGE-GATED ION CHANNEL DYSFUNCTION AND DNA DAMAGE2

(DNA damage, chromosome damage and mutations, among 
others), cell death and related effects (1‑4). Most findings concern 
exposure to wireless communication (WC) EMFs [from mobile 
phones/antennas, cordless domestic phones (DECT: digitally 
enhanced cordless telecommunications), internet (Wi‑Fi: wire‑
less fidelity) or ‘Bluetooth’ wireless connections, among others], 
which necessarily combine RF/microwave carrier frequencies 
with ELF pulsing and modulation, and ultra low frequency 
(ULF) (0‑3 Hz) random variability of the signal. Today, almost 
all technical RF EMFs (not only of WC, but also from radars, 
radio and television antennas, among others) contain ELF/ULF 
components in the form of on/off pulsations, modulation, and 
signal variability. These are usually called simply ‘RF’, but actu‑
ally they are a combination of RF and ELF/ULF (4).

The number of experimental‑laboratory studies showing 
genetic damage and related effects induced by human‑made 
ELF or RF (combined with ELF) EMFs on a variety of 
organisms/cell types under different experimental conditions 
has rapidly increased, especially in recent years (5‑55).

Several of the aforementioned findings involve DNA 
damage and consequent cell death in reproductive cells 
of different animals, resulting in decreased reproduction. 
In particular, the effects of pulsing WC EMFs on the DNA 
of reproductive cells, as reported by different studies on a 
variety of animals (25,30,31,36,40,41,46), display a marked 
similarity and explain other findings that connect WC EMF 
exposure with insect, bird and mammalian (including human) 
infertility (56‑64), or declines in bird and insect populations 
(especially bees) during the past 15 years (65‑69). A significant 
decrease in reproduction (decrease in egg laying or embryonic 
death) after exposure to mobile telephony  (MT) radiation 
was identically observed in fruit flies (30,40,57,58), chicken 
eggs  (61), birds  (65‑67), and bees  (63). Similar effects are 
reported for amphibians (70,71), rats (31,62), and human sperm 
(decreased number and motility of spermatozoa)  (59,60). 
These markedly similar findings in different organisms by 
different research groups can be explained by the observed 
cell death in reproductive cells after DNA damage, as seen in 
fruit fly ovarian cells (30,40,41,46), human sperm cells (36), 
mouse and rat sperm cells (25,31). Decreased reproduction 
after DNA damage and cell death in reproductive cells or 
embryonic death induced by purely ELF EMF‑exposure is 
also reported (4,9,14,22,47).

At the same time, epidemiological/statistical studies 
increasingly link man‑made EMF exposure with health prob‑
lems, genetic damage and cancer in human populations. More 
specifically, ELF EMFs from power lines and high‑voltage 
transformers (mainly 50‑60 Hz plus additional frequencies 
due to harmonics, noise and discharges, among others) are 
linked with childhood leukemia (72‑82) for magnetic field 
intensities down to 2 mG (0.2 µT) (76,82), or distances from 
power lines up to 600 m (81), and electric field intensities down 
to 10 V/m (78). RF exposure from various antennas always 
containing ELF components, especially MT antennas, is 
linked to various forms of cancer. Hallberg and Johansson (83) 
found a connection between skin cancer (melanoma) incidence 
in humans and residential exposure to radio broadcasting 
antennas, while two  recent studies found significantly 
increased genetic damage in the peripheral blood lymphocytes 
of people residing in the vicinity of MT base antennas (84,85). 

During the past 15  years, epidemiological studies have 
found an increasing association between mobile or cordless 
phone use and brain tumors in humans (86‑98). Moreover, 
during the past 20 years, statistical studies have found asso‑
ciations between exposure to MT base station antennas and 
devices, and reported symptoms of un‑wellness referred to as 
‘microwave syndrome’ or ‘electro‑hypersensitivity’ (EHS). 
The symptoms include headaches, fatigue, sleep disorders, 
etc. (99‑107). A high percentage (~80%) of EHS self‑reporting 
patients were recently found with increased oxidative stress 
(OS) [intracellular increase in free radicals/reactive oxygen 
species (ROS)] in their peripheral blood (108).

A review of studies involving exposure to complex 
RF  EMFs with ELF pulsation/modulation revealed that 
93% of them reported induction of OS/ROS overproduction in 
biological systems (109).

Induction of cancer in experimental animals by long‑term 
MT exposure, including ELF pulsations, has also been 
reported  (110,111). A recent study of the USA National 
Toxicology Program (NTP) found that rats exposed for 2 years, 
9 h per day, in the near‑field of simulated 2nd generation (2G) 
or 3rd generation (3G) MT emissions, developed brain cancer 
(glioma) and heart cancer (malignant schwannoma), with both 
lower and higher radiation levels than the officially accepted 
limits (112). Moreover the study found significantly increased 
DNA damage (strand breaks) in the brains of exposed 
animals (113), confirming that DNA damage is closely related 
to carcinogenesis. An Italian life‑span exposure study of rats 
in a simulated 2G MT far‑field also found induction of heart 
schwannomas and brain glial tumors, confirming the results of 
the NTP study (114).

These findings on animal carcinogenicity along with the 
epidemiological cancer findings on humans, the DNA damage 
and OS findings, and the adverse effects on reproduction due 
to DNA damage in the gametes or embryonic death, point 
towards the same direction, i.e., that human‑made EMF expo‑
sure causes OS and DNA damage that may lead to cancer, 
reproductive declines and related diseases. It is important to 
note that the exposure levels in the vast majority of all the 
aforementioned studies (1‑114) were significantly below the 
officially accepted exposure limits for ELF and RF EMFs, 
which have been set to prevent discharges on humans in 
the case of ELF and heating of living tissues in the case of 
RF (115,116).

At the same time, several other studies have reported 
no effects of ELF or RF EMFs in all the aforementioned 
end‑points (1‑4,47,57,115‑124), especially studies that employed 
simulated MT/WC exposure from generators with invariable 
parameters (intensity, frequency and pulsations, among others) 
and no modulation or random variability. By contrast, more 
than 95% of the studies that employed real‑life MT/WC expo‑
sure from commercially available devices (mobile/cordless 
phones and Wi‑Fi, among others) with high signal variability 
found effects (4,121,122). Regardless of real‑life or simulated 
exposure, the majority of experimental studies (more than 
70%) both in the RF (combined with ELF) and purely ELF 
bands do find effects (4,109,123,124). In a recent review of 
138 RF studies with frequencies >6 GHz evaluating potential 
effects of the under deployment 5th generation (5G) MT/WC 
system, it was not specifically examined whether there were 
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ELF components in the exposure and what type, or whether 
there was any similarity between the signals produced by 
generators in the studies, and those of the 5G, apart from the 
carrier frequency. While most of the reviewed studies reported 
effects, they were criticised in this review for not being ‘inde‑
pendently replicated’ and for employing ‘low quality methods 
of exposure assessment and control’ (125). Thus, despite the 
incomplete review methodology, the authors of the review 
attempted to downgrade any reported effects.

Under the increasing weight of scientific evidence, 
the International Agency for Research on Cancer (IARC) 
has for a long time now classified both ELF and RF EMFs 
as possibly carcinogenic to humans (group 2B)  (117‑119). 
Based on additional scientific evidence after the 2011 IARC 
classification for RF EMFs, several studies have suggested 
that RF/WC EMFs should be re‑evaluated and classified as 
probably carcinogenic (group 2A) or carcinogenic (group 1) 
to humans (92,97,126,127). As already emphasized, in the 
vast majority of studies characterized as ‘RF’, the ELF/ULF 
components were present.

While the reported effects in the vast majority of the above 
studies (1‑124) induced by ELF or complex RF (containing 
ELF) EMFs were not accompanied by any significant heating 
of the exposed living tissues, it is well established that purely 
RF/microwave EMFs cause heating of exposed materials 
(e.g.  microwave ovens). The heating becomes significant 
for high power/intensity (≥0.1 mW/cm2) and high frequency 
(at GHz range) microwaves (128). In addition, purely RF EMFs, 
which are of very limited technological use, are scarcely 
reported to induce non‑thermal effects, and it is questionable 
in such cases, whether the presence of any ELFs was carefully 
excluded (129).

DNA damage and related pathologies. It is well documented 
that DNA damage is connected with cell senescence (cell aging 
and loss of replicative capacity), cell death, neurodegenerative 
diseases and aging of an organism, and is the main cause of 
carcinogenesis induced by environmental stressors (3,130‑138). 
DNA damaging events take place at any time in the cells of 
any living organism due to a variety of events (such as expo‑
sure to ultraviolet radiation, natural radioactivity or cytotoxic 
chemicals), but efficient DNA repair mechanisms have evolved 
to provide protection. Damage in the DNA is any modifica‑
tion in a nucleotide base, deoxyribose, a break in a covalent 
bond between deoxyribose and nucleotide base, or a break in a 
phosphodiester bond in one or both strands (3,130‑139).

Replication of damaged (or inaccurately repaired) DNA 
that may occur before repair or blocking can lead to gene 
mutations, which will then give rise to altered proteins. 
Mutations in oncogenes, tumor‑suppressor genes, DNA repair 
genes or genes that control the cell cycle can generate a clonal 
cell population with a distinct ability to proliferate. DNA 
methylation that may prohibit the expression of DNA repair 
genes and synthesis of related proteins can result in inaccurate 
(‘error‑prone’) DNA repair. Many such events, which may 
accumulate over a long period of time in cases of chronic 
exposure to carcinogens, can lead to genomic instability and 
cancer (133,134,136,139).

When the genomic DNA of a cell is damaged by an external 
stressor and the damage is either not reparable or inaccurately 

repaired, the following outcomes are possible: i) The cell 
dies (necrosis) or is led to suicide (induced apoptosis). In the 
case of cell types with the ability to proliferate, the organism 
compensates for their loss by creating new cells, practically 
with no adverse consequences apart from energy consump‑
tion, which may lead to accelerated aging when such events 
occur at a high rate. In the case of cell types that do not have 
ability to proliferate, such as neural cells or chondrocytes, the 
loss of a significant number of cells will probably result in 
the inability of certain tissues/organs to operate normally. In 
the case of neural cells, this may lead to neurodegenerative 
diseases such as Alzheimer and Parkinson, and autoimmune 
disorders, among others. ii) The cell does not die but survives 
with modified DNA. In the case of somatic cells that prolif‑
erate, the modified genome will reproduce itself. Even though 
the organism may recognize such mutant cells as foreign and 
try to isolate them and remove them, they strive to survive 
and may start proliferating uncontrollably, initiating cancer. 
In the case of reproductive cells (oocytes and spermatocytes), 
this may lead to mutated new organisms that may be problem‑
atic in many ways or cancer‑prone. In both cases (somatic or 
reproductive cells) cell senescence is an alternative pathway 
for eliminating surviving genetically defective cells. Thus, 
cells with irreparably damaged genomic DNA will result 
in cell senescence, cell death, cancer or mutated offspring, 
depending on cell type and specific biological/environmental 
conditions (3,4,122,130‑132,135-137).

The duration of cancer development (latency period) 
after irreparable DNA damage may be a number of years, 
depending on the organism and the type of cancer. The latency 
period for gliomas (a type of brain cancer) is usually >20 years 
in humans (140). This probably explains why only during the 
past ~15 years epidemiological studies have started showing 
an association between mobile phone use and cancer (86), 
whereas cancer from power lines, which are several decades 
older than MT/WC, has been indicated long before (72).

Purpose of the present study. As aforementioned, a growing 
number of experimental and epidemiological/statistical 
findings connect man‑made EMF exposure with genetic 
damage and cancer, and this involves the breakage of 
chemical/electronic bonds in molecules/atoms, in other 
words ionization. The human‑made EMFs with frequencies 
up to the lower limit of infrared (0‑3×1011 Hz) discussed in 
the present study cannot directly cause ionization, except for 
very strong field intensities (≥106 V/m) (141,142). Such field 
intensities rarely exist environmentally, apart from atmo‑
spheric discharges (lightning) or in very close proximity to 
high‑voltage power lines and transformers. The question there‑
fore is how human‑made EMFs at environmental intensities 
are capable of damaging DNA and other biological molecules. 
Obviously they have the ability of breaking chemical bonds 
indirectly through the action of some primary biophysical 
mechanism(s) and subsequent initiation of intracellular 
biochemical processes.

Visible and infrared natural light cannot break chemical 
bonds, even though they expose us at higher frequencies 
and radiation intensities than human‑made EMFs in 
daily life  (143). There must be a unique property of the 
human‑made EMFs that makes them capable of inducing 
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adverse biological/health effects and ionization, in contrast 
to natural infrared and visible light. This unique property is 
that human‑made EMFs/radiation are totally polarized and 
coherent, meaning that they possess net electric and magnetic 
fields, apart from radiation intensity, which exert forces on 
any electrically charged (or polar) particle/molecule such as 
mobile/dissolved ions and charged macromolecules in any 
biological system (143).

The purpose of the present study is to suggest a realistic 
primary biophysical mechanism for polarized and coherent 
EMFs at environmentally relevant intensities, to impair cellular 
function and initiate plausible intracellular biochemical 
processes resulting in genetic damage and carcinogenesis, as 
reported in the aforementioned studies.

2. Biophysical action of polarized/coherent EMFs result-
ing in voltage‑gated ion channel (VGIC) dysfunction and 
disruption of cell electrochemical balance

It has been shown that polarized/coherent EMFs, even at very 
low field intensities in the ULF and ELF bands, can cause 
irregular gating of electro‑sensitive ion channels or VGICs 
on the cell membranes through the ‘ion forced‑oscillation 
mechanism’ (143‑146), with consequent disruption of the cell's 
electrochemical balance (the electrical and osmotic equilibrium 
maintained by specific concentrations of all dissolved/mobile 
ions across all cell membranes according to the Nernst equa‑
tion) (144,147,148). Since, as explained, ELF/ULF components 
exist also in the complex WC/RF EMFs, this mechanism, 
which will be thoroughly reviewed next, accounts for the 
biological effects of the vast majority of human‑made (polar‑
ized and coherent) EMFs.

The mechanism is based on molecular/physical data, and 
the forces on mobile ions, in the vicinity of the voltage‑sensors 
of VGICs, exerted by an applied polarized oscillating EMF. 
The oscillating field will force mobile ions to oscillate on 
parallel planes and in phase with the field. This coordinated 
motion of electrically charged particles exerts electric forces 
on the voltage‑sensors, similar to the forces exerted on them 
by changes in the transmembrane electric field known to 
physiologically gate these channels, and thus the channels 
are gated irregularly by the applied EMF. The forces are 
proportional to the amplitude of the forced‑oscillation, and 
thus, the amplitude is a direct measure of the bioactivity of the 
applied EMF. It has been shown that the amplitude (bioactivity) 
is proportional to EMF intensity, inversely proportional to 
EMF frequency and doubles for pulsed EMFs. The validity 
of the proposed mechanism has been verified by numerical 
testing, while other previously suggested mechanisms have 
failed to pass the same test  (149,150). Repeated irregular 
gating of electro‑sensitive ion channels disrupts cellular 
electrochemical balance and homeostasis (147,148), leading to 
overproduction of ROS/free radicals as described next.

It is known from a plethora of experimental data that the 
most bioactive EMFs are the lower frequency ones (ELF/ULF). 
In numerous cases of induced biological effects by complex 
RF EMFs modulated by ELFs, it has been found that the 
modulation (ELF) and not the carrier (RF) is responsible 
for the recorded effects. In addition, it has been repeatedly 
found that pulsing RF EMFs with ELF pulse‑repetition rates 

are more active biologically than continuous (non‑pulsed) 
fields of identical other parameters  (1‑5,44,45,47,151‑159). 
These findings are in direct agreement with the described 
mechanism.

Biological molecules of critical importance such as ions, 
water molecules, proteins, nucleic acids and lipids, among 
others, are either polar or carry a net electric charge (147,148). 
The net electric field from an infinite number of individual 
electric pulses of random polarization and/or random phase 
(as e.g. photons of natural light) tends to zero at any moment 
(and similarly the net magnetic field).

	 (1)

Thus, non‑polarised/incoherent EMFs (as e.g. light and 
cosmic microwaves) at any radiation intensity cannot cause any 
parallel/coherent oscillation of charged/polar molecules (143). 
On the contrary, polarized and coherent (human‑made) oscil‑
lating EMFs force all charged/polar molecules in biological 
tissue to oscillate on planes parallel to their polarization and in 
phase with them. This is crucially important for understanding 
the mechanism described. The forced‑oscillation will be most 
intense on the mobile ions, the smallest charged particles 
dissolved in large concentrations in the cytosolic and extracel‑
lular aqueous solutions in all living cells/tissues controlling 
practically all cellular/biological functions (147,148).

Even though all molecules move randomly with much 
greater velocities/displacements due to thermal energy, this has 
no biological effect other than increasing tissue temperature. 
By contrast, a polarized and coherent oscillation of much lower 
energy than average thermal molecular energy can initiate 
biological effects (143‑145).

The majority of cation channels (Ca2+, K+, Na+ and H+, 
among others) on the membranes of all animal cells are 
voltage‑gated (147,148). These ion channels convert between 
open and closed states when the electrostatic force on their 
voltage sensors, due to transmembrane voltage changes, 
exceeds some critical value. The voltage sensors are four 
symmetrically arranged, transmembrane, positively charged 
α‑helices, each one named S4. The S4 helices occupy the 4th 
position in a group of 6 parallel α‑helices (S1‑S6). The channel 
consists of four identical such groups in symmetrical positions 
around the pore of the channel. The S5‑S6 helices of the four 
groups form the pore walls (147,148). More specifically, the 
sensors are positive Lys and Arg amino acids in the S4 helices. 
Changes in the transmembrane voltage of the order of ~30 mV 
are normally required to gate electrosensitive channels (change 
their status from opened to closed and vice‑versa) (160,161). 
Among the S1‑S4 α‑helices, the S4 helices are the closest to 
the pore‑forming S5‑S6 helices, being <1 nm in distance from 
the pore (162,163). Several ions may interact simultaneously 
at any instant with an S4 sensor from a distance of the order 
of 1 nm, as, except for the ion(s) that may be passing through 
the pore any moment or are just outside the gate ready to 
pass, a few more ions are bound close to the pore at specific 
ion‑binding sites (e.g. three in potassium channels) (164,165). 
Proton voltage‑gated channels studied more recently also 
contain S4 transmembrane helices with charged Arg 
residues as voltage‑sensors, similar to the metallic cation 
channels (166,167).
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Let us consider four identical mobile ions at distances 
of the order of 1 nm from the channel‑sensors (S4) and an 
externally applied oscillating EMF. The average electric (and 
magnetic) force on each ion due to any non‑polarized EMF is 
zero (Eq. 1). By contrast, the force due to a polarized field with 
an electrical component E, is F=Ezqe, (with zqe the electric 
charge of the ion).

In the most usual and simplest case of a sinusoidal 
alternating electric field, E=Eo sinωt, the motion (forced‑
oscillation) equation of a mobile ion is as follows (143‑146):

	 (2)

where mi is the mass of the ion, r is the displacement of the 
ion due to the forced‑oscillation, z is the valence of the ion 
(z=1 for K+, Na+ or z=2 for Ca2+ ions), qe=1.6×10‑19C is the 
elementary charge, β is the damping coefficient (being within 
channels  6.4z×10‑12 kg/s, with Em (~107 V/m) the 
transmembrane electric field, and uo=0.25 m/s the velocity of 
the ion through an open channel calculated from patch‑clamp 
measurements of channel ion‑currents). ωo=2πνo (νo the ion's 
oscillation self‑frequency accepted to be equal to the recorded 
spontaneous intracellular ionic oscillation frequencies on the 
order of 0.1 Hz), ω=2πν (ν the frequency of the applied field) 
and Eo is the intensity amplitude of the applied oscillating 
field. Detailed calculations of the parameters are provided in 
Panagopoulos et al 2000 (144).

The right part of Eq. 2 is the force on the ion due to the 
applied E‑field. The first term of the left part  is the 
resultant force on the ion, the second term  is a damping 
force and the third term (mi ωo

2 r) a restoration force exerted 
by the medium (144,145). While an oscillating ion close to 
the S4 sensors exerts gating forces on them, it receives zero 
opposite force, as the S4 charges are paired with opposite 
charges from adjacent helices of the channel (148). Eq. 2 is 
a second‑order linear differential equation with constant 
coefficients, which is solvable once we know the values of the 
different parameters.

The general solution of Εquation 2 (144) is:

	 (3)

The constant term  in the solution represents a constant 
displacement of the ion and has no effect on the oscillating 
term cosωt. This constant displacement represents 
a jump of the whole oscillation at a distance equal to the 
amplitude, in other words it doubles the amplitude  
of the oscillation at the moment when the field is applied 
or interrupted. For pulsed fields (such as the vast majority 
of human‑made complex RF/microwave EMFs, especially 
those employed in modern WC), this interruption/repeti‑
tion occurs constantly with every repeated pulse. Therefore, 
pulsed fields are predicted to be twice as bioactive as 
continuous/non‑pulsed fields of the same other parameters, 
and this explains a plethora of experimental findings showing 
increased bioactivity of pulsed compared with non‑pulsed 
RF EMFs, which were previously unexplained (44,45,154, 
155,157‑159).

Ignoring the constant term in Eq. 3, the amplitude of the 
forced‑oscillation is:

	 (4)

An oscillating ion of charge zqe (whose motion is 
described by Eq. 3) close to the S4 helices of a voltage‑gated 
channel exerts a force F on the effective charge q of each S4, 
as described by Coulomb's law: , (r here is the 
distance of the oscillating ion from the S4). The ion displaced 
by dr during its oscillation, induces an additional force dF on 
each S4 sensor:

	 (5)

While in the case of a random/chaotic movement of the 
ion due to e.g. thermal motion , and , 
in the case of a coordinated polarized and coherent forced‑
oscillation, the sum force on each S4 from all four ions, is:

	 (6)

The effective charge of each S4 domain is found to be: 
q=1.7qe (161). The force on this charge exerted by a change 
of 30 mV in the transmembrane voltage required normally to 
gate the channel, is calculated to be (144): dF=8.16×10‑13 N.

The displacement of one single‑valence ion within the 
channel corresponding to this minimum force, according to 
Eq. 5 (for z=1, ε @ 4, and r ~1 nm), is: dr=4×10‑12 m.

The dielectric constant within proteins is significantly 
lower than in the aqueous solutions (4/80), and ion concentra‑
tion in cells is of the order of 1 ion per nm3 (144,147,148).

For 4 single‑valence ions oscillating on parallel planes 
and in phase with an applied polarized (and coherent) oscil‑
lating field, the minimum displacement is (according to 
Eq. 6) reduced to: dr=10‑12 m. The corresponding necessary 
displacement for ions outside the channel would be about 
20‑fold higher due to the higher dielectric constant of the 
aqueous solutions.

Thus, a crucial finding has been reached: Any 
external polarized and coherent oscillating EMF (like all 
technical/human‑made EMFs) able to force mobile ions to 
oscillate with amplitude

	 (7)

is able to irregularly gate VGICs on cell membranes.
For z=1 (e.g. K+ ions), and replacing qe, β by their values in 

Condition 7, we get:

Eo≥0.25ν×10‑3	 (8)	 (ν in Hz, Eo in V/m)

For double‑valence cations (z=2) (e.g. Ca2+) the condition 
becomes:

Eo≥1.2ν×10‑4	 (9)	 (ν in Hz, Eo in V/m)

For pulsed fields (such as all MT/WC fields) the right part 
of Condition 9 is further divided by 2, becoming:

Eo≥0.6ν×10‑4	 (10)	 (ν in Hz, Eo in V/m)



PANAGOPOULOS et al:  EMFs: VOLTAGE-GATED ION CHANNEL DYSFUNCTION AND DNA DAMAGE6

It is clear that the amplitude of the forced‑oscillation given 
by Eq. 4 is the critical parameter to determine the ability of a 
polarized/coherent EMF to induce biological/health effects. We 
shall name it ‘Bioactivity of the EMF’ or ‘EMF‑Bioactivity’. 
Thus:

	 (11)

where  ≅ 4×10‑9 C·s/kg is a constant quantity 
(depending upon the membrane electric field Em and the 
velocity of the ion through an open channel uo), Eo is the 
intensity amplitude and ν is the frequency of the applied 
electric field. We shall name k the ‘bioactivity constant’.

Thus, a most reasonable and elegant result is reached, that 
the bioactivity of a polarized oscillating EMF is proportional 
to its maximum intensity (Eo) and inversely proportional to 
its frequency (ν), meaning that lower frequency fields are 
predicted to be more bioactive than higher frequency ones 
of the same intensity and waveform. Although this result 
was obtained considering the most usual/simple case of 
harmonically oscillating polarized EMFs, it is evident that 
non‑harmonically oscillating polarized fields can also be 
approximately described in terms of their bioactivity by Eq. 11.

For pulsed EMFs with harmonically oscillating carriers, 
the amplitude doubles and so does the bioactivity:

	 (12)

The same mechanism explains the biological action of 
polarized oscillating magnetic fields as well, if we replace in 
Eq. 2 the electric force FE=Ezqe, by a magnetic force:

FB=B u zqe	 (13)

exerted on an ion with charge zqe, moving with velocity u, verti‑
cally to the direction of a magnetic field of intensity B (in which 
case the magnetic force is maximum). In the simplest (and 
most usual) case of an alternating magnetic field B=Bosinωt 
with intensity amplitude Bo and based on the same reasoning 
as aforementioned, corresponding bioactivity conditions are 
obtained for an oscillating magnetic field.

For one single‑valence ion moving through an open 
channel vertically to the direction of the applied magnetic 
field with u=uo=0.25 m/s (the velocity calculated for ions 
moving through an open channel) (144) and for the case of 
a continuous oscillating magnetic field, the corresponding 
bioactivity condition is:

	 (14)	 (ω in rad/s, u in m/s, Bo in T),

from which is obtained:

Bo ≥ 4×10‑3 ν	 (15)	 (ν in Hz, Bo in T), or

Bo ≥ 4×103 ν	 (16)	 (ν in Hz, Bo in µT)

For double‑valence ions the right part of Condition 16 is 
divided by 2:

Bo ≥ 2×103 ν	 (17)	 (ν in Hz, Bo in µT)

For double‑valence ions and pulsing magnetic field the 
right part of Condition 17 is further divided by 2, and the 
bioactivity condition becomes:

Bo ≥ 103 ν	 (18)	 (ν in Hz, Bo in µT)

It should be noted that apart from the drift velocity of the 
ion through the channel (uo=0.25 m/s) that is accepted as initial 
velocity, the ion will acquire an additional velocity dr/dt due to 
the forced‑oscillation. From Eq. 3, the following is obtained:

	 (19)

(or respectively:  for a sinusoidal magnetic 
field)

The corresponding magnetic force due to this additional 
velocity, Bzqe(dr/dt), is negligible (more than 108 times smaller) 
compared with the damping force β(dr/dt), and thus, it is not 
taken into account in Eq. 2.

The maximum  of this additional velocity 
is independent of the frequency of the field (ω), and is much 
smaller for usual field intensities than the ion velocity through 
an open channel (uo=0.25 m/s), which in turn is more than 
103  times smaller than its corresponding average thermal 
velocity ukT (168). Thus, the described ion forced‑oscillation 
does not add to tissue temperature and this mechanism is 
‘non‑thermal’, in contrast to the known heating ability of the 
high intensity microwaves  (128). The non‑thermal nature 
of human‑made EMF‑bioeffects, including those of low 
power modulated/pulsing RF/microwaves, in contrast to 
high power microwaves, has also been discussed in previous 
studies (169,170).

This theory allows certain predictions for the bioactivity 
of some human‑made EMFs widely present in the modern 
environment: For the sinusoidal alternating (continuous) 50‑Hz 
E and B fields of high‑voltage power lines with intensities of 
the order of E ~10 kV/m and B ~0.1‑1 G (or ~10‑100 µT) at 
close distances (10‑20 m) from such lines the conditions 9 and 
17 for double valence cations (e.g. Ca2+) give: Eo≥6×10‑3 V/m 
or Eo≥6 mV/m (which is satisfied by more than 106 times), and 
Bo≥105 µT, which is not satisfied, showing that the recorded 
effects from high‑voltage power lines are due to the electric 
rather than the magnetic component of the resultant EMF, 
in contrast to what is usually considered. Thus, the electric 
component of power line EMFs is certainly capable of inducing 
biological effects in living organisms according to the mecha‑
nism presented, even for intensities down to 1‑10 V/m, which 
exist in most homes and work places.

For the pulsing ELF E and B fields of MT/WC EMFs with 
a pulsing repetition frequency of ~100 Hz (3G/4G MT, DECT), 
E ~10 V/m and B ~1 mG (or ~0.1 µT) (30,40,54,55), the bioac‑
tivity conditions 10 and 18 respectively give: Eo≥6×10‑3 V/m 
or Eo≥6 mV/m, which is satisfied by more than 103 times, and 
Bo≥105 µT, which is not satisfied for direct action, but it may 
be satisfied by the magnetically induced electric field, which 
is significant in this case due to the short rise/fall times of 
the pulses (143). Similar results are obtained for the 217‑Hz 
pulsing E/B fields of 2G MT (30,40).

For Wi‑Fi and Bluetooth wireless connections with a 
pulsing frequency of ~10  Hz, E  ~1  V/m and B  ~0.1  mG 
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(or ~0.01  µT)  (171), the bioactivity conditions 10 and  18 
respectively give: Eo≥0.6×10‑3 V/m or Eo≥0.6 mV/m, which is 
satisfied by more than 103 times, and Bo≥104 µT, which is not 
satisfied for direct action.

The aforementioned numerical examples show that it is the 
electric field that seems to be the bioactive component of an 
EMF and not the magnetic field, in contrast to what has been 
considered before by health agencies (117). The magnetically 
induced electric field can also be bioactive in the case of ELF 
pulses of WC signals with short rise/fall times (143).

The bioactivity conditions 9 and 10 for continuous and 
pulsed electric fields respectively are depicted in Fig. 1. The 
region above line 1 (including the line) represents the bioactive 
combinations of intensity amplitude (Eo) and frequency (ν) for 
pulsed fields, and above line 2 (including the line) for contin‑
uous fields. The ELF electric field of power lines, 2G/3G/4G 
MT, DECT, WiFi and ‘Bluetooth’, lie within the bioactive 
region predicted by the presented theory.

3. Biochemical processes activated by irregular gating of 
VGICs, leading to DNA damage

Irregular gating of ion channels and ROS. Irregular gating 
of VGICs by oscillating polarized and coherent ELF EMFs 
as described [and originally in  (143‑146)] has been veri‑
fied experimentally for calcium (Ca2+), potassium (K+) and 
sodium (Na+) VGICs (172‑174). This can alter intracellular 
ionic concentrations, disrupting the electrochemical 
balance of the cell and leading to DNA damage by OS/ROS 
overproduction (175‑179).

Most ROS are free radicals. Free radicals are highly 
unstable molecules containing an unpaired electron, which 
is denoted by a dot (•), and have a tremendous tendency to 
chemically react with surrounding molecules and/or with each 

other in order to couple the unpaired electron and become 
stable. This is the reason why they have extremely short 
lifetimes. Most ROS react rapidly with surrounding biomol‑
ecules inducing chemical alterations (180). Overproduction 
of ROS in living cells due to EMF exposure has been reli‑
ably documented, with two important ROS found after EMF 
exposure being superoxide anion  (O2

•‑) and nitric oxide 
(NO•) (109). These may result in hydroxyl radical (OH•) and 
peroxynitrite (ONOO‑) correspondingly, both of which ROS 
are very reactive with biological molecules and specifically 
DNA, as discussed next. ONOO‑ may interact directly with 
DNA, as, similarly with NO•, it can be diffused everywhere in 
the cell (181). Superoxide anion radical (O2

•‑) is catalyzed by 

superoxide dismutase enzymes in the cytosol or the mitochon‑
dria and is converted to hydrogen peroxide (H2O2) (109,182):

2O2
•‑

 + 2H+ → H2O2 + O2	 (20)

H2O2 is a critical molecule in oxidative damage since it can 
move to any intracellular site (including the nucleus), where it 
can be converted to the most potent OH•, which can damage 
any biological molecule, including DNA (183‑187).

DNA damage by ROS leading to mutations and disease 
has been well studied  (188,189). Pall  (190), in a review of 
EMF‑bioeffects studies with calcium channel blockers, 
noted a connection between voltage‑gated calcium chan‑
nels (VGCCs) and NO•/ONOO‑ overproduction. This 
verified earlier observations of EMF‑induced effects on 
intracellular calcium concentrations, and the unique role of 
VGCCs (1,151‑153,191,192).

It is known that the intracellular redox status can activate 
Ca2+, Na+ and K+ channels in order to reinstate homeo‑
stasis  (178), and inversely, activation of these channels 
determines the redox status and the electrochemical balance 

Figure 1. E‑field bioactivity diagram showing the bioactive combinations of electric field intensity and frequency capable of inducing biological/health effects 
according to the ion forced‑oscillation mechanism for dysfunction of voltage‑gated ion channels in cells. The ELF electric fields of power lines, 2G/3G/4G 
MT, DECT, Wi‑Fi and Bluetooth, are within the bioactive region (above lines 1 and 2). Line 1 refers to pulsed fields, such as the ELF pulsations of WC EMFs 
(Condition 10), while line 2 refers to continuous (non‑pulsed) fields such as those from power lines (Condition 9). 
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of the cell  (179). Multiple studies have found connections 
between the impaired function of calcium, potassium, sodium 
and chloride channels with the induction of OS and related 
pathologies  (175‑177). These studies provide additional 
evidence for the validity of the presented biophysical mecha‑
nism (143‑146).

Calcium signaling and mitochondrial ROS production. 
Alteration of intracellular ionic concentrations will affect 
key cellular signaling pathways, including the Ca2+ signaling 
system, which regulates a variety of cellular functions including 
cell proliferation, differentiation, the ROS regulatory system 
and apoptosis (192‑196). Impaired function of VGCCs in the 
plasma or in the mitochondrial membranes leading to critical 
changes in cytosolic or mitochondrial concentrations of Ca2+ 
ions, such as those following EMF exposure, is connected with 
pathogenesis and cytotoxicity (195,196).

Voltage‑gated anion channels in the outer membrane 
of the mitochondria regulate Ca2+ entry into the inter‑
membrane space and in the matrix, which is crucial for 
mitochondrial ROS production. Increased level of Ca2+ 
stimulates O2

•‑ production by the electron transport chain in 
the mitochondria and/or activation of nitric oxide synthase 
(NOS), to generate more NO•. NO• inhibits complex IV of the 
electron transport chain, triggering production of even more 
ROS (109,193). ROS overproduction in the mitochondria can 
damage DNA both in the mitochondria and the nucleus, and 
initiate a signaling cascade leading to apoptosis, as found in 
human spermatozoa after MT EMF exposure (36). Moreover, 
increased concentrations of NO• in living cells due to activa‑
tion of NOS at different locations of the cell may lead to 
formation of ONOO‑ (181,182).

Regulation of apoptosis is crucial for anticancer 
control  (197). However, excessive apoptosis, induced by 
increased ROS levels, is connected with inflammatory 
diseases and cancer (198). When overproduction of ROS in 
a cell overloads the capacity of the antioxidant system of the 
cell, the cell/organism is under OS. This condition may lead to 
significant DNA damage with consequent genomic instability 
and carcinogenesis (182,183,194‑198).

K+ channels have also been shown to be involved in 
the activation of apoptosis  (194), and voltage‑gated Ca2+ 

and K+  channels have been shown to be connected with 
cell proliferation and carcinogenesis (199). Thus, cytosolic 
concentrations of Ca2+ and K+ ions play major roles in cellular 
function and metabolism. In addition, voltage‑gated calcium 
and potassium channels play important roles in iron entry into 
the cells. Iron catalyzes the production of OH• via the Fenton 
reaction and thus, impaired function of these channels can 
promote cellular toxicity (200‑202).

NADPH oxidase and ROS production. Apart from the effect 
of EMFs on metallic cation voltage‑gated channels (such as 
Ca2+, Na+ and K+), proton (H+) voltage‑gated channels will be 
affected as well, as they operate in a very similar way (166,167). 
This in turn would affect the function of NADPH oxidase, a 
plasma membrane enzyme found in abundance in all cells, 
which normally generates ROS for the elimination of invading 
microorganisms (203,204). The activity of NADPH oxidase 
is strongly associated with H+ channels and it may even act 

directly as a H+ voltage‑gated channel due to its gp91phox 
transmembrane subunit (205,206). NADPH oxidase generates 
an electron flux for the reduction of extracellular O2 to 
O2

•‑ (203,207).
NADPH oxidase is activated by cytosolic Ca2+ and possesses 

a Ca2+‑binding site in addition to its H+ voltage‑gated channel 
(gp91phox transmembrane region) (204). Thus, perturbation of 
intracellular concentrations of either H+ or Ca2+, after irregular 
gating of their voltage‑gated channels, will affect the function 
of NADPH oxidase and trigger irregular ROS production.

NADPH oxidase has been reasonably suggested as a 
primary target of EMF exposure in living cells. In 2007, 
Friedman et al (208) found rapid ROS production in cultured 
cells after a few min of exposure to RF EMF emitted by a 
generator.

Na+/K+‑ATPase and ROS production. Impaired function of 
Na+, K+, Mg2+ and Ca2+ voltage‑gated channels may also affect 
the function of the Na+/K+ pump (ATPase) and Ca2+ pumps 
in the plasma membranes of all cells. The ion pumps (active 
ion transporters) across all cell membranes in coordination 
with the ion channels (passive ion transporters) determine the 
membrane voltage, the volume of the cell and the electrochem‑
ical balance (147,148). A positive‑feedback amplification loop 
between Na+/K+‑ATPase signaling and ROS production by the 
mitochondria was experimentally demonstrated in primary 
cultures of cardiac myocytes (209). Na+/K+‑ATPase became 
a target for ROS‑initiated signaling, and in turn, stimulation 
of Na+/K+‑ATPase signaling function led to increased ROS 
production. This model can definitely be associated with 
dysfunction in living cells under EMF‑exposure.

Therefore, it is clearly indicated that irregular gating 
of VGICs on plasma and intracellular membranes due to 
EMF‑exposure will most likely trigger ROS overproduction 
and consequent cellular damage. Although plenty of data 
connecting ion channel dysfunction and the induction of cell 
death or cancer have been available for a long time (194,199), 
the connection between the dysfunction of VGICs and ROS 
overproduction (175‑179,190‑192) leading to DNA damage has 
not perhaps gained the attention it deserves.

Apart from action via ROS/free radicals, DNA damage may 
be brought about by irregular activation of DNases after altera‑
tion of intracellular ionic concentrations. Of the two forms of 
endonucleases implicated in the initiation of apoptosis, one 
of them is Ca2+‑dependent (DNase I). An increased level of 
intracellular Ca2+ in some cases is associated with increased 
apoptosis, possibly due to the activation of DNase  I  (210). 
Thus, the possible activation of DNase I by increased levels of 
intracellular Ca2+ may be an alternative way for DNA damage 
and related pathologies.

ROS and DNA damage. OH• is considered the most potent 
oxidant of DNA. The main mechanism for OH• production 
involves the iron‑catalyzed conversion of H2O2 via the Fenton 
reaction (211): Fe2+ is oxidized by H2O2 to Fe3+, producing an 
OH• radical and a hydroxide ion (OH‑) (Eq. 21). Fe3+ is then 
reduced back to Fe2+ by another molecule of H2O2, producing a 
hydroperoxyl radical and a proton (Eq. 22).

Fe2+ + H2O2 → Fe3+ + OH• + OH‑	 (21)
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Fe3+ + H2O2 → Fe2+ + HOO• + H+	 (22)

The net effect is the conversion of two hydrogen peroxide 
molecules to produce two different oxygen‑radical species, 
with water (H+ + OH‑) as a byproduct.

2H2O2 → OH• + HOO• + H2O	 (23)

The OH• radical reacts with any biological molecule in its 
immediate environment, including DNA. For example, it can 
break macromolecules (R‑R or R‑H) or abstract atoms from 
them (such as the various hydrogen atoms of the deoxyribose) 
by breakage of covalent bonds. This results in chemical 
alterations of the macromolecules and production of new free 
radicals (R• or RO•):

R‑R + ΟΗ• → ROH + R•	 (24)

RΗ + ΟΗ• → R• + H2O	 (25)

or RΗ + OΗ• → RO• + Η2	 (26)

The new free radicals will further react with other 
molecules resulting in additional chemical alterations. 
Corresponding evidence for DNA damage by ONOO‑ is avail‑
able as well (181).

In conclusion, there is a clear sequence of events starting 
from the irregular gating of VGICs by EMFs up to DNA 
damage and related pathologies, including carcinogenesis.

4. Discussion

The present study reviewed experimental and epidemio‑
logical findings connecting exposure to purely ELF, and RF 
(containing ELF) human‑made EMFs, with DNA damage and 
related pathologies, including cancer. It is documented that 
both such types of human‑made EMF‑exposure can induce 
OS  (3,34,36‑39,43,45,109), DNA damage  (1‑55,84,85) and 
infertility (56‑71). It is also documented that the same types 
of EMF‑exposure are linked with increased cancer risk both 
in humans and experimental animals (72‑83,86‑98,110‑114).

We attempted to provide a complete, plausible explanation 
of these DNA damage‑related findings on a biophysical and 
biochemical basis. According to the ion forced‑oscillation 
mechanism for dysfunction of VGICs (143‑146), human‑made 
(polarized and coherent) ELF/ULF EMFs or the ELF/ULF 
modulation/pulsing/variability components of modern RF/WC 
EMFs can alter intracellular ionic concentrations by irregular 
gating of VGICs on cell membranes. This leads to immediate 
OS by ROS (over)production in the cytosol and/or the mito‑
chondria, which can damage DNA when cells are unable to 
reinstate electrochemical balance (normal intracellular ionic 
concentrations). Consequently, DNA damage can lead to 
reproductive disabilities, neurodegenerative diseases, aging, 
genetic alterations and cancer.

According to the presented biophysical mechanism, the 
bioactivity of a polarized/coherent EMF is proportional to its 
intensity, inversely proportional to its frequency and doubles 
for pulsed fields, meaning that the ELF/ULF EMFs and even 
more the pulsing RF EMFs with ELF pulsations such as all WC 

EMFs, are predicted to be the most bioactive. This explains 
the recorded effects of purely ELF EMFs (1‑5,9,13‑18,22,47,​
50,72‑82,117,212) and those of modulated/pulsing/variable 
RF EMFs  (1,3,4,6‑8,19‑21,23‑46,48,49,51‑55,57‑71,84‑107,​
109‑114,118,121‑126). As emphasized, all types of RF expo‑
sure from all types of antennas and WC devices (WC EMFs) 
necessarily combine RF carrier signals with ELF/ULF 
components in the form of pulsing, modulation and random 
variability. The RF carrier signal alone does not contain 
information. The information is always contained in the ELF 
signals that modulate the RF (4). Significant experimental 
evidence shows that the bioactive parameters in a complex 
signal are its ELF components, and that non‑modulated and 
non‑pulsed RF signals alone do not usually induce biological 
effects  (4,44,45,151‑159), apart from heating when they 
possess high enough frequency and intensity (128,168‑170). 
Therefore, the present study suggests that the vast majority 
of non‑thermal effects attributed till now to various types 
of RF EMF‑exposure, are actually due to their ELF/ULF 
components.

The presented biophysical mechanism and the provided 
numerical examples show that it is the direct ELF electric 
fields (and the magnetically induced electric fields in the case 
of sudden pulses), not the magnetic, that are the bioactive 
components, in contrast to what has been considered before 
by health agencies  (117), and in agreement with previous 
experimental findings (191). Although electric fields are less 
penetrating in living tissue than magnetic fields, penetration 
depends upon the inverse square root of frequency, and thus 
ELF electric fields are significantly penetrating. Penetration 
depends also upon the inverse square root of the medium 
conductivity  (213). Even though seawater is much more 
conductive than living tissue, ELF electromagnetic waves 
(thus both the electric and the magnetic parts of the waves) 
are penetrating several meters into seawater, accommodating 
communications with submarines (214). Moreover, it is known 
that isolated tissues respond to externally applied pulsed or 
sinusoidal ELF electric fields at very low thresholds (~10‑3 V/m) 
similar to those predicted by this theory (143,215‑217). This 
evidence shows that ELF electric fields penetrate enough 
to induce effects into living tissue, even at very low field 
intensities. Finally, skin cells, nerve terminals, eyes and organs 
close to the surface, such as the brain and heart, are directly 
exposed to externally applied EMFs. For all these reasons, no 
distinction is made between externally applied ELF electric 
fields and internally induced ones.

The ion forced‑oscillation mechanism/theory was 
described in the present study by realistic equations based 
on the forces exerted on mobile ions in the vicinity of the 
voltage‑sensors of VGICs on cell membranes by externally 
applied human‑made (polarized) EMFs. The solution of the 
basic Eq. 2 resulted in bioactivity conditions connecting the 
intensity of an applied polarized EMF with its frequency. The 
bioactivity conditions 8‑10, and 16‑18, provided the bioactive 
intensity‑frequency combinations for continuous and pulsed 
electric and magnetic fields. The final numbers explain almost 
all the experimental and epidemiological findings connecting 
biological/health effects with human‑made EMF‑exposure.

Although the mechanism was first published in 2000 (144) 
based on the available data on the structure and function of the 
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VGICs, newer details on the roles of S1‑S6 helices, channel 
structure, relaxation, hysteresis and gating, have not refuted but 
verified and extended that knowledge (162,163,165,218‑221).

What is more difficult to explain is the existence of 
non‑linear phenomena such as the increased bioactivity 
‘windows’ reported occasionally in the EMF‑bioeffects 
literature, where certain effects are intensified within certain 
values of an EMF‑exposure parameter (intensity in most 
cases, or frequency)  (1,40,151‑153,222). The existence of 
‘windows’ shows that the response of living cells/organisms 
to EMFs is not generally proportional to the aforementioned 
EMF‑parameters. Non‑linear responses of living cells have 
not been explored in depth and it will take a number of years 
until they are. A possible explanation of observed intensity 
‘windows’ according to the described mechanism has been 
suggested as being due to an existing upper limit in the 
membrane gating voltage change (222). Indeed, such an upper 
limit seems to exist. The VGICs respond to membrane voltage 
changes from ~30 mV (minimum) to ~100 mV (maximum) 
where the conductivity of the channel saturates  (218,221). 
Apart from this possible explanation, no other explanation for 
the observed ‘window’ effects has been provided so far.

An effect not included in the bioactivity Eqs. 11 and 12 is 
the increased bioactivity of highly and unpredictably varying 
exposure such as those from WC devices (including mobile 
phones and Wi‑Fi) and corresponding antennas (4,121,122). 
The described mechanism results in accurate predictions 
when the applied EMFs have constant parameters (intensity 
and frequency, among others). When the parameters are 
highly and unpredictably variable, the mechanism, and any 
possible mechanism, can only estimate effects according to 
the average and maximum exposure values of the varying 
EMFs. Finally, the bioactivity equations include field (and 
tissue) parameters and not exposure variables such as 
exposure duration or intermittence, which are also very impor‑
tant (16,17,19,41,55,122). One way to include such parameters 
is to multiply the right parts of Eqs. 11 and 12 by certain 
coefficient(s), which would be estimated experimentally. This 
could be a subject for future development of the theory.

This theory has successfully explained for the first time the 
sensing of upcoming earthquakes by animals, and the sensing 
of upcoming thunderstorms by sensitive individuals through 
the action of the partially polarized natural EMFs associated 
with these phenomena (146,223).

Any ‘mechanism’ in science (particularly in physics) 
must be based on simple and reasonable postulates, and must 
necessarily be expressed quantitatively (by solvable equa‑
tions and numbers). The values of the different parameters 
in the equations must be based on physical/molecular data. 
Qualitative descriptions alone or incomplete quantitative 
descriptions based on incomplete or unsolvable equations 
do not constitute a ‘mechanism’. The presented biophysical 
mechanism (143‑146) is the only one that fulfills the afore‑
mentioned criteria in the case of EMF‑induced bioeffects. 
Previous important attempts on mechanisms focusing on ions 
moving inside membrane channels or other proteins (224‑227) 
were not successful, mainly for the following reasons: 
i) They had not taken into account damping and restoration 
forces (224,226), or did not calculate them (225,227). The 
difficulty was not related with considering such forces, as this 

is standard in oscillation mechanics, but with calculating their 
parameters such as β and ωo, or the maximum velocity of the 
ion (uo) within a channel. ii) They did not consider coordinated 
motion of several ions oscillating in parallel and in phase 
due to polarization and coherence, exerting additive forces 
on channel sensors, which prevail against the greater but 
chaotic forces due to the random thermal motion of the ions. 
iii) They focused on magnetic fields and magnetically induced 
electric ones, and ignored externally applied electric fields, 
which eventually seem to be more bioactive (191). iv) They 
did not result in numbers for field intensity versus frequency 
necessary to affect cells, although some experimental reports 
have indicated bioactive frequencies close to those predicted 
by Liboff's ion cyclotron resonance (ICR) model (224,228), 
possibly indicating some additional/secondary resonance 
mechanism involving ICR phenomenon (169). v) Apart from 
the study by Balcavage et al  (226), there was no focus on 
the gating of VGICs, which is by far a more probable event 
to initiate biological effects, but simply on the motion of ions 
within channels/proteins.

Several other suggestions on possible mechanisms also 
face problems on fundamental issues  (229‑231). What is 
termed by Pall ‘VGCC activation mechanism’ and presented 
as his own discovery is none other than the mechanism 
presented here. A commentary paper/letter to the editor was 
published on this major ethical issue  (129). An extended 
review of suggested mechanisms has been written by Creasey 
and Goldberg (169).

It has been claimed that the ELF components of complex 
RF‑ELF EMFs of WC need to be ‘demodulated’ in order to 
be sensed by living organisms (232). ‘Demodulated’ or not, 
the fact is that the ELF components of modulated/pulsed WC 
signals can be directly sensed by both ELF meters/spectrum 
analyzers and living organisms (40,55).

Although there have been successive publications of this 
mechanism since 2000 (144), the subject is of great impor‑
tance and in each consecutive publication additional important 
aspects are elucidated and/or refined. In our previous study 
in 2002 (145), the mechanism was extended to include oscil‑
lating magnetic fields and the thermal noise problem was 
discussed in more depth, while in 2015 (143) the mechanism 
was applied to reveal the importance of polarization/coher‑
ence in the bioactivity of man‑made EMFs. In 2017 (223) and 
2020 (146), it was applied to explain the sensing of upcoming 
thunderstorms and earthquakes, respectively, by sensitive 
humans/animals. In the present study, several aspects are 
further refined, including: i) The distance of S4 sensors from 
the channel pore; ii) more details on damping coefficient β 
and bioactivity constant k (Eq. 11); iii) further explanation of 
the role of the constant term in the solution (Eq. 3); iv) the 
similarity of proton voltage‑gated channels with the other 
VGICs; v) numerical examples demonstrating the ability of 
the pulsing ELF electric and magnetic fields of 2G/3G/4G 
MT, DECT, Wi‑Fi, Bluetooth, and the power line ELF fields to 
induce biological/health effects; vi) the velocity of oscillating 
ions; vii) bioactivity diagram extended to intensities down to 
10‑5 V/m; and viii) discussion on other suggested mechanisms.

Moreover, the present study documented how the impaired 
function of VGICs on the membranes of living cells triggers 
(over)production of free radicals/ROS, such as the most potent 
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OH• produced by H2O2 via the Fenton reaction, and ONOO‑ 

produced by NO•. These are considered the main damaging 
species for DNA and other critical biological molecules. It is 
estimated that approximately two‑thirds of the DNA damage 
caused by ionizing radiation is due to OH• (233,234). Although 
OH• can only diffuse at distances comparable to the length of a 
macromolecule, H2O2 can move to any intracellular site. Thus, 
even though the most potent OH• due to its high reactivity has 
an extremely short lifetime (of the order of 10‑9‑10‑4 s depending 
on the presence of other molecules) it can be formed by H2O2 
at any location within the cell (including the nucleus) and act 
instantly upon DNA or other macromolecules (233,234). As for 
NO•/ONOO‑, they can be diffused anywhere in the cell and thus 
directly affect any molecule, including DNA (181). Even though 
the present study identified specific pathways of ROS over‑
production or the release of DNases connected with disrupted 
ionic concentrations in EMF‑exposed cells, the exact molecular 
mechanisms need to be further explored and elucidated.

Finally, the present study discussed how unrepaired/misre‑
paired DNA lesions/damage such as strand breaks, covalent 
bond breakage or nucleotide base damages, lead to cell senes‑
cence, cell death or mutations, and related pathologies, including 
cancer. Even though effective mechanisms have evolved in all 
animals/cells for repairing DNA damage induced by environ‑
mental stressors, it is very different when the damaging events 
are isolated or random (e.g. radioactive particles or γ‑photons of 
cosmic/natural radioactivity, or sporadic x‑ray diagnostic expo‑
sure), compared with persisting/repeated exposure to cytotoxic 
agents, even when these agents are relatively weaker. Exposure 
to human‑made EMFs and especially to the most detrimental 
ones from WC antennas/devices and high‑voltage transmission 
lines (4) has become a new reality in modern life. Billions of 
people are exposed to such EMFs on a daily basis. Although 
they are less cytotoxic than radioactivity or certain cytotoxic 
chemicals, they represent the most persistent daily cytotoxic 
stressors against which any repair mechanisms cannot be effi‑
cient enough. By contrast, previously existing cytotoxic agents 
expose us randomly as isolated events. When an organism is 
constantly under OS due to a totally new cytotoxic agent such 
as human‑made EMFs, no protective mechanism, evolved in the 
billions of years of biological evolution to protect from natural 
(non‑polarized) EMFs/radiation or isolated hazardous events, 
can be effective enough.

The repair capability of cells in response to DNA damage 
is crucial for the final outcome. The threshold of damage 
above which it becomes irreparable depends on cell type 
and the health and status of the organism. An organism 
with poor health and/or under stress and inflammation due 
to OS is expected to have decreased repair capability and 
increased cancer risk. Epigenetic effects such as altered gene 
expression may also lead to cellular dysfunction and carcino‑
genesis (133,235,236).

Both DNA damage and alterations in protein synthesis, 
especially increased levels of stress proteins, are reported to be 
induced similarly by both ELF and pulsing RF EMFs (237,238). 
However, the effects of pulsing RF were attributed to the 
carrier frequency, and it was not considered that perhaps in 
both cases (ELF and pulsing RF) the ELF components might 
be responsible for the effects, as suggested now by the present 
study.

To the best of our knowledge, the present study provides for 
the first time a complete and precise biophysical/biochemical 
picture to explain the great number of experimental and epide‑
miological findings connecting human‑made EMF exposure 
with DNA damage and related pathologies such as cancer, 
infertility and neurodegenerative diseases.

The long‑existing experimental and epidemiological find‑
ings connecting exposure to human‑made EMFs and DNA 
damage, infertility and cancer, are now explained by the 
presented complete mechanism. The present study should 
provide a basis for further research and encourage health 
authorities to take measures for the protection of life on Earth 
against unrestricted use of human‑made EMFs.
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Exposure to anthropogenic electromagnetic fields (EMFs), especially those of wireless 
communications (WC) has increased tremendously. This is an unprecedented 
phenomenon throughout biological evolution because, all anthropogenic EMFs, 
being fully polarized, coherent, and, especially WC EMFs, highly variable, differ 
substantially from the natural EMFs. WC EMFs consist of Microwave (MW) carrier 
waves, modulated, by Extremely Low Frequency (ELF) signals, and included in on/
off pulses repeated at various ELF rates. Moreover, they exhibit intense random 
variability, mainly in the Ultra Low Frequency (ULF) band. Thus, WC EMFs are 
a combination of MW and ELF/ULF EMFs. The combination of polarization/
coherence and intense low-frequency (ELF/ULF) variability seems to be the key 
to EMF-bioactivity. Epidemiological and laboratory studies highlight a connection 
between ELF or WC EMF exposure and cancer, infertility, electro-hypersensitivity, 
and various other pathologies. Studies also find DNA damage and Oxidative Stress 
(OS) which explain these pathologies. While man-made EMFs cannot directly 
ionize molecules, they are capable of doing this indirectly in biological tissue, by 
triggering the biosynthesis of Reactive Oxygen Species (ROS) which can damage 
biomolecules, including DNA. The (over)production of ROS and the consequent 
OS are triggered by irregular gating of Voltage-Gated Ion Channels (VGICs) in the 
cell membranes as described by the Ion Forced Oscillation (IFO)-VGIC mechanism: 
Mobile ions within VGICs forced to oscillate by the applied ELF/ULF EMFs exert 
forces on the voltage sensors of the VGICs, similar to or greater than the forces that 
physiologically gate those channels, resulting in their irregular gating (dysfunction). 
Dysfunction of ion channels disrupts intracellular ionic concentrations. This triggers 
ROS overproduction and OS by the ROS-generating systems/enzymes in the cells, 
such as the electron transport chain (ETC) in the mitochondria, or the NADPH/
NADH oxidases (NOXs), the Nitric Oxide synthases (NOS), etc. The IFO-VGIC 
mechanism and the consequent OS constitute a comprehensive mechanism that 
explains all known adverse biological and health effects reported to be induced 
by anthropogenic EMFs.
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1 Introduction

1.1 Unique physical properties of 
anthropogenic and especially WC EMFs: 
Polarization/coherence, combination of 
frequency bands, modulation, pulsation, 
variability

All man-made electromagnetic fields (EMFs) and corresponding 
electromagnetic radiation (EMR) are fully polarized and coherent as 
they are produced by electric/electronic circuits/antennas with specific 
geometrical shapes. Moreover, most anthropogenic EMFs and 
especially those generated by Wireless Communication (WC) devices/
antennas [mobile/“smart” phones and corresponding base antennas, 
cordless domestic (DECT: Digitally Enhanced Cordless 
Telecommunications) phones, “wireless fidelity” (Wi-Fi) routers for 
wireless Internet connection, “bluetooth” wireless connection among 
electronic devices etc.], are oscillating and highly variable at each 
moment, especially in their intensity. All types of WC EMFs consist of 
Microwave (MW) carrier waves (300 MHz-300 GHz), modulated, 
mainly by Extremely Low Frequency (ELF: 3–3,000 Hz) or Very Low 
Frequency (VLF: 3–30 kHz) signals, and included in on/off pulses 
repeated at various ELF rates. Moreover, they exhibit intense random 
variability in their signal amplitudes with frequencies in the Ultra Low 
Frequency (ULF: 0–3 Hz) band. The MW band is part of the wider 
Radio Frequency (RF: 300 kHz–300 GHz) band. Therefore, even 
though all WC EMFs are usually referred to simply as “RF” EMFs, in 
fact they are a combination of RF/MW, ELF and ULF EMFs (1–4). 
Figure 1A shows 2nd generation (2G) mobile telephony (MT) Global 
System for Mobile telecommunication (GSM) basic frame repetition, 
nominally 217 Hz, pulsations. Variability in both pulse amplitude and 
repetition frequency is evident as in all real-life WC signals. Newer 

systems 3G, 4G, 5G have basic frame repetition frequency (nominally) 
at 100 Hz and exhibit increasing variability in their pulsations/signals 
due to the increasingly higher amounts of variable information they 
carry (speech, images, video, Internet, etc.) (3). Figure 1B shows 100 
and 200 Hz pulsations from a DECT phone.

These unique features make all anthropogenic, and most of all WC 
EMFs very different than the natural EMFs which only in specific cases 
are partially polarized and/or partially coherent to a small degree (3, 5). 
The geomagnetic field (GMF) and geoelectric field (GEF) are significantly 
polarized and coherent but static, with no significant variability. During 
magnetic storms, approximately every 11 years, there is a variability of 
about 20% in their normal intensities and then there are increased rates 
of disease and mortality in the human/animal populations (6).

It seems that the combination of polarization/coherence and 
low-frequency variability is the key to EMF-bioactivity. Polarized and 
coherent EMFs/EMR (in contrast to, e.g., light and other types of 
natural EMFs/EMR) possess net electric and magnetic fields, in addition 
to radiation intensity, which exert forces on every electrically charged/
polar particle/molecule such as the mobile ions and the charged/polar 
macromolecules in all biological systems. It is those unique features that 
make all anthropogenic EMFs, and most of all WC EMFs, significantly 
more adversely bioactive than natural EMFs (3, 5, 7).

It has been repeatedly documented that modulated (especially in 
amplitude) or pulsed RF EMFs are significantly more bioactive than 
non-modulated or non-pulsing fields of the same carrier frequency and 
the same intensity with that of the pulses (8–29). [For reviews see (3, 30)]. 
In all cases, the reported effects were not accompanied by any significant 
heating of the exposed biological tissues, in other words they were 
“non-thermal.” This evidence implies that the non-thermal biological 
effects of WC EMFs are due to the included ELF pulsation/modulation.

In addition, ELF EMFs alone have been found independently to 
be bioactive, similarly to RF EMFs modulated or pulsed by ELFs, 

FIGURE 1

(A) 217 Hz (“frame repetition”) pulses from a GSM mobile phone. (B) 100 and 200 Hz pulses from a cordless domestic (DECT) phone [adapted from 
Pedersen (4)].
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providing additional confirmation that actually the ELF pulsation and 
modulation EMFs are responsible for the non-thermal effects of WC 
EMFs and not the RF carrier EMFs (11, 18, 31–48). Again, in all cases, 
the described effects were non-thermal.

The evidence that the ELF/ULF and not the RF carriers of the 
anthropogenic/WC EMFs are those that induce the non-thermal 
effects, is in line with the fact that the physiological electrical activity 
in all forms of life is restricted to ULF/ELF EMFs. There is no 
physiological RF EMF in the living organisms, neither in the natural 
environment, despite the confusion and misinformation among the 
scientific community for the opposite (6, 49–52). The so called “cosmic 
microwaves” are actually infrared radiation reaching the Earth with a 
lower frequency due to the Doppler effect (50, 53). Thus, it is evident 
that the non-thermal biological and health effects attributed to “RF” 
EMFs are actually due to their included ELF pulsations, modulation, 
and variability. And there is practically no RF EMF in any technical 
application that is not combined with ELFs. All modern digital “RF” 
EMFs contain ELF pulsations, i.e., not only WC systems but also 
radars and radio/television broadcasting systems (3, 4, 7, 50, 54–56). 
Even though this is well documented it has escaped attention, and still 
authors look for different mechanisms for ELF and “RF” EMFs (57–
59). Authors who report that they have found non-thermal EMF 
effects by non-modulated and non-pulsed RF carrier signals alone but 
do not provide the signal waveform [as, e.g., (60)], either are unaware 
of the existence of pulsations produced by almost every existing RF 
generator, or the effects they report are due to the onset and offset of 
the RF exposure (18, 56).

1.2 Anthropogenic ELF and WC EMFs: 
Biological and health effects

Multiple experimental findings associate exposure of laboratory 
animals or cells to man-made ELF or WC EMFs/EMR with Oxidative 
Stress (OS) due to Reactive Oxygen Species (ROS) overproduction, 
genetic damage/alterations (DNA damage, chromosome damage, 
mutations, etc.), cell senescence (cell aging and loss of replicative capacity), 
cell death, and related effects [see reviews in (7, 18, 43, 50, 61–66)].

More specifically, numerous in  vivo or in  vitro experimental-
laboratory studies have shown genetic damage and related effects induced 
by man-made ELF or WC EMFs on a variety of organisms/cell types 
under various experimental conditions, especially in recent years. 
Representative such studies are (15, 16, 33–38, 42, 67–126). If we add 
studies that found induction of OS and/or cell senescence, the list becomes 
much longer (62–64, 127–133).

Several of these studies have found OS, and/or DNA damage with 
consequent cell death in reproductive cells of various animals, 
resulting in decreased reproduction or embryonic death. In particular, 
effects of WC EMFs on the DNA of reproductive cells reported by 
several studies on a variety of animals display a remarkable similarity 
(68, 71, 72, 74, 75, 97–99, 107, 115, 117, 125, 130). The genetic damage 
found in reproductive cells explains other findings that connect WC 
EMF exposures with insect, bird, and mammalian (including human) 
infertility (121, 134–144), miscarriages (145), or declines in bird and 
insect populations (especially bees) during the past 20 years (146–
150). Significant decrease in reproduction (reduced egg laying, 
reduced development of reproductive cells, or embryonic death) after 
exposure to MT radiation, was identically observed in fruit flies (97, 

98, 141, 142), chicken or quail embryos (71, 125, 151), bovine oocytes 
(137), birds (147, 148, 150), and bees (143). Similar effects are reported 
for amphibians (152, 153), rats and mice (107, 121, 135, 136, 138), and 
human sperm (decreased number and motility of spermatozoa) (134, 
144). These remarkably similar findings in various animals and 
humans by different research groups can be explained by the cell death 
in reproductive cells or embryonic death after DNA damage observed 
in mouse or rat sperm cells (68, 107), fruit fly ovarian cells (72, 97–99), 
human sperm cells (74, 75), and quail embryos (71, 125).

It is again remarkable that the effects of purely ELF EMFs on 
reproductive cells and reproduction are very similar to those of WC 
EMFs (31, 33, 36–38, 42, 45, 46), further implicating ELF EMFs as a 
key bioactive agent.

Apart from the laboratory findings on genetic damage and infertility, 
epidemiological studies increasingly link man-made ELF or WC EMF 
exposures with health problems, genetic damage, and cancer in human 
populations. More specifically, ELF EMFs from power lines and high-
voltage transformers (50–60 Hz) are linked to childhood leukemia and 
other cancer types (154–167) for magnetic field intensities down to 2 
mG (0.2 μT) (159, 161), or distances from power lines up to 600 m 
(157), and electric field intensities down to 10 V/m (155). WC EMFs 
from various antennas, especially radio broadcasting and MT antennas, 
have been linked to various forms of cancer (168–171) and genetic 
damage (113, 172, 173). During the past 15–20 years epidemiological 
studies find an increasing association between mobile or cordless phone 
use and brain tumors in humans (174–185). For a review of EMF 
carcinogenicity studies see Yakymenko and Tsibulin (171).

Moreover, during the past 25 years, other epidemiological studies 
find association between exposure to MT/WC antennas/devices with 
reported symptoms of un-wellness referred to as “microwave 
syndrome,” or “electro-hypersensitivity” (EHS). The symptoms include 
headaches, fatigue, sleep disorders, and various other adverse effects 
(169, 186–196). A high percentage (~80%) of EHS self-reporting 
patients were found with increased OS in their peripheral blood (197). 
EHS symptoms have been reported to increase dramatically among 
people exposed to 5G WC antennas, and the ambient RF EMF levels 
in cities have also been found to increase significantly during the past 
2 years, after the beginning of 5G rollout (198, 199).

Cancer in experimental animals after chronic exposure to MT/
WC EMFs has also been reported (200, 201). A study of the US 
National Toxicology Program (NTP) found that exposure of rats to 
simulated 2G or 3G MT emissions (2 years, 9 h per day) induced brain 
cancer (glioma) and heart cancer (malignant schwannoma) for both 
lower and higher radiation levels than the officially accepted limits 
(202). The study also found significantly increased DNA damage 
(strand breaks) in the brains of exposed animals (124) confirming the 
tight link between DNA damage and carcinogenesis. An Italian life-
span exposure study of rats to a simulated 2G MT EMF also found 
induction of heart schwannomas and brain glial tumors, confirming 
the results of the NTP study (203).

Other studies have reported no effects of ELF or RF/WC EMFs in 
all of the above end points [see reviews in (3, 18, 42, 43, 61–65, 141, 
171, 204–213)], especially studies that employed simulated MT/WC 
exposures from generators with invariable parameters and no 
modulation. By contrast, more than 95% of the studies that employed 
real-life MT/WC exposures, from commercially available devices 
(mobile/cordless phones, Wi-Fi, etc.) with high signal variability, find 
effects (3, 7, 206, 209, 210, 214–216).

https://doi.org/10.3389/fpubh.2025.1585441
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org


Panagopoulos et al.� 10.3389/fpubh.2025.1585441

Frontiers in Public Health 04 frontiersin.org

Regardless of real-life or simulated exposures, the majority of 
experimental studies (approximately 70%) either with “RF” (combined 
with ELF) or purely ELF EMFs do find effects (62–64, 206, 208). 
Jagetia (64) did an extensive review of laboratory studies addressing 
genotoxic effects of either ELF or RF/WC EMFs in a variety of 
biological systems, and found that among 207 studies, 144 (69.6%) 
found statistically significant genotoxic effects. The vast majority of 
reported effects were non-thermal, and the vast majority of employed 
EMFs contained ELF/ULF components.

The recorded human and animal carcinogenicity, the DNA/
genetic damage, the OS findings, and the reproductive declines due to 
DNA damage in ovarian or sperm cells or embryonic death, all point 
toward the same direction: Man-made EMFs induce OS and DNA 
damage, infertility, cancer, and other related pathologies. The reason 
why the same effects are observed in a wide variety of animals such as 
mammals, birds, insects, etc., and humans, is that all biological and 
health effects initiate in cells and all cells are essentially identical in all 
animals, humans, and even plants. They have identical membranes, 
ions, ion channels and pumps, biomolecules such as DNA, RNA, 
proteins, etc., water, ROS, identical cellular organelles such as nuclei, 
mitochondria, ribosomes, endoplasmic reticulum, etc., and very 
similar metabolic processes and regulatory mechanisms. These 
similarities at the cellular level between all animals and humans are 
much more fundamental than differences in volume, mass, shape, 
macroscopic functions, intelligence, etc. As a result, any effect induced 
by EMFs in animal cells such as OS, DNA damage, etc., is expected to 
be induced also in the human cells, and vice-versa (7, 66).

The exposure levels in the vast majority of all the aforementioned 
studies were significantly below the officially accepted exposure limits 
for ELF and RF EMFs, which are recommended by a private 
organization called the International Commission on Non-Ionizing 
Radiation Protection (ICNIRP) to prevent discharges on humans in 
the case of ELF and acute heating of living tissues in the case of RF/
WC EMFs. It is remarkable that this organization arbitrarily ignores 
the overwhelming evidence of non-thermal effects which constitute 
the vast majority of effects of anthropogenic EMFs, and yet, 
governments adopt its recommendations instead of following the 
Precautionary Principle which dictates the obvious, that no new 
technology should be  applied unless those who promote it have 
proven its safety beyond any doubt (50, 217–226).

The International Agency for Research on Cancer (IARC) branch 
of the World Health Organization (WHO), has, since long time, 
classified both ELF and “RF” (in fact WC) EMFs as possibly 
carcinogenic to humans (Group 2B) (204, 205, 227). Based on additional 
scientific evidence after the 2011 IARC classification for “RF” EMFs, 
several studies have argued that “RF”/WC EMFs should be re-evaluated 
and classified as probably carcinogenic (Group 2A) or carcinogenic 
(Group 1) to humans (50, 63, 64, 66, 118–120, 171, 179, 182, 183, 218, 
219). Moreover, studies have asked for the urgent application of the 
Precautionary Principle, stricter exposure limits, especially for WC 
EMFs, and a moratorium on 5G rollout (50, 215, 217, 218, 225, 228).

1.3 Ionization in living tissue by 
“non-ionizing” EMFs

As indicated by the long list of laboratory and epidemiological 
studies, man-made EMF exposures are linked to OS, genetic damage, 

infertility, EHS, and cancer. Damage to DNA or other biological 
molecules involves breakage of chemical bonds and chemical 
alterations, in other words ionization. Man-made EMFs with 
frequencies up to the low limit of infrared (0–3 × 1011 Hz) examined 
here cannot directly break chemical bonds and cause ionization, 
except for very strong field intensities (≥106 V/m) (229, 230). Such 
field intensities are rarely present in the environment, apart from very 
close proximity to high-voltage power lines and transformers, or very 
close to atmospheric discharges (lightning). How are then man-made 
EMFs at environmental intensities capable of ionizing DNA and other 
biological molecules? What is the unique property that makes 
man-made EMFs capable of inducing adverse biological/health effects 
in contrast to natural EMFs including light? It has been shown that 
this unique property is polarization and coherence combined with low 
frequency (ULF/ELF) variability (2, 3, 5, 7).

In the present work we provide an updated description of how 
man-made EMFs at non-thermal levels are capable of inducing 
dysfunction of Voltage-Gated Ion Channels (VGICs) in cell 
membranes, triggering ROS overproduction and OS, which in turn is 
responsible for most, if not all, known adverse biological/health effects 
including DNA damage and related pathologies. Thus, ionization of 
biological molecules occurs indirectly after man-made EMF exposure, 
mediated by the produced ROS in the cells (2, 210).

2 Anthropogenic ELF or WC EMFs and 
OS: Experimental evidence

Yakymenko et  al. (62) reviewed 100 published experimental 
studies that examined OS in living cells from a wide variety of 
organisms (humans, rats, mice, rabbits, quail embryos, plants etc.) 
exposed in vitro or in vivo to RF/WC EMFs. From those studies, 93 
found increased OS expressed as activation of key pathways generating 
ROS overproduction, peroxidation, oxidative damage of DNA, 
changes in activity of antioxidant enzymes, etc. In a more recent 
update, Yakymenko and Tsibulin (63) found that among 131 published 
peer-reviewed studies looking for oxidative effects of RF/WC EMFs at 
non-thermal intensities, in most cases pulsed/modulated by ELF 
EMFs, 124 (95%) confirmed statistically significant oxidative effects 
on various types of biological systems. And among 39 published 
studies on oxidative effects of purely ELF EMFs, 36 of them (92%) also 
found significant oxidative effects induced by the exposure. Therefore, 
it is well-documented that anthropogenic EMF exposures cause ROS 
overproduction and OS in living cells, which in turn is responsible for 
the observed DNA damage, infertility, cancer, and other 
related pathologies.

Even though ROS at sub-toxic levels in the cells act as signaling 
molecules involved in various physiological cellular processes, they 
can also damage biological molecules (such as lipids, proteins, and 
nucleic acids) causing various diseases when they are in excess (231–
234). Most ROS are free radicals. Free radicals are extremely unstable 
and reactive molecules containing an unpaired electron denoted by a 
dot (•) in their chemical formula. They possess a very strong tendency 
to chemically react with other molecules and/or with each other in 
order to couple their unpaired electron, balance electron spins, and 
become stable. This extreme reactivity is the reason why they have 
extremely short lifetimes. Most ROS react rapidly with surrounding 
biomolecules, causing chemical alterations (235, 236).
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Two important initial free radical ROS found in cells after 
exposure to man-made EMFs are the superoxide anion (O2•−) and the 
nitric oxide (NO•) (62, 63, 125). The superoxide anion free radical 
may be converted into hydroxyl radical (OH•), or react with nitric 
oxide to form peroxynitrite (ONOO−). Both products (especially the 
hydroxyl radical) are very reactive ROS with biological molecules, 
especially DNA (62, 125, 237, 238).

3 Biochemistry of ROS

3.1 ROS sources in the cells: Identity and 
function: Dependence on ion 
concentrations

3.1.1 Mitochondria
A major source of ROS in all cells is the Electron Transport Chain 

(ETC) in the inner membrane of the mitochondria (62, 65, 234, 235, 
239), likely contributing 50–80%, or even 90% of total cellular ROS 
production under normal conditions (240). Electron leakage from 
Complexes I  and III of the ETC is a significant source of ROS, 
especially superoxide anion free radical (O2•−) after adherence to 
molecular oxygen (241):

	
− −+ →2 2O e O • 	 (1)

Certain cell types such as neurons or spermatozoa have high 
energy demands and thus high mitochondrial activity, making them 
particularly susceptible to OS from mitochondrial ROS production 
(65, 242).

The large amounts of energy (in the form of Adenosine 
Triphosphate-ATP) required for the maintenance of a cell’s aerobic life 
are generated predominantly by oxidative phosphorylation in the 
mitochondria at the expense of molecular oxygen, which is reduced 
to water by 2 electrons per water molecule terminating in complex IV 
of the ETC [2H+ + 1/2O2 + 2e− → H2O] (65). However, a fraction of 
the electrons will ‘leak’ from the ETC and partially reduce oxygen 
(Equation 1). The result is that a small amount (~2%) of oxygen 
during this process is converted to superoxide anion radical, hydrogen 
peroxide and related ROS. Cells and tissues reliant on oxidative 
phosphorylation have evolved effective antioxidant measures to keep 
these modest ROS levels in check and inhibit OS. Nevertheless, 
perturbation of electron flow and/or the homeostasis of the 
mitochondrial environment can dramatically elevate the risk of 
OS. This is exemplified in spermatozoa, where minimal cytoplasm and 
abundant substrates for oxidative chemistry offer a platform for 
run-away levels of ROS with minimal perturbation of their 
mitochondrial environment (65, 243). Electron leakage from the ETC 
in spermatozoa under WC EMF exposure was recorded to be sourced 
from complex III, as this was tested in parallel with the use of complex 
III-inhibitors (115). See Miller et al. (65) for a more detailed view on 
mitochondrial ETC and ROS production.

When considering the mitochondrial origins of OS, Ca2+ plays a 
key role. Physiological increases in mitochondrial Ca2+ can stimulate 
ATP production when energy demands are high, however this can 
also result in elevated ROS generation. Excessive Ca2+ accumulation 
can lead to mitochondrial dysfunction and a drop of ATP 

production, but importantly, further elevates ROS production and 
apoptotic factors (244). Ca2+ can act upon the mitochondria through 
its regulatory activity on key mitochondrial specific dehydrogenases, 
such as pyruvate dehydrogenase, which is an intrinsic mediator of 
electron flow through the ETC and influences ROS production 
(245). Therefore, careful control of Ca2+ levels in the mitochondria 
is a key factor in ROS homestasis, with any dysfunction of Ca2+ 
channels induced by EMFs potentially leading to 
ROS overproduction.

Voltage-gated anion channels in the outer membrane of the 
mitochondria regulate Ca2+ entry into the intermembrane space and 
the matrix. While increased levels of Ca2+ in the mitochondria 
stimulate O2•− synthesis by the ETC, the presence of the other “initial” 
ROS, NO•, inhibits complex IV of the ETC causing additional electron 
leakage and increased O2•− production (235, 244). Thus, the two 
important primary ROS (NO• and O2•−) act in synergy in the 
mitochondria, and increased levels of NO• stimulate further 
production of O2•−.

ROS overproduction in the mitochondria may damage DNA both 
in the mitochondria and the nucleus, and may initiate a signaling 
cascade leading to apoptosis. In turn, excessive apoptosis induced by 
increased ROS levels, has been linked to inflammatory diseases and 
cancer (246).

3.1.2 NADPH/NADH oxidases (NOXs)
These plasma membrane enzymes, found in abundance in all cells, 

normally generate ROS for the elimination of invading 
microorganisms. NAD(P)H oxidase is an enzyme exhibiting different 
affinities for its two substrates; Nicotinamide Adenine Dinucleotide 
Phosphate (NADPH), and Nicotinamide Adenine Dinucleotide 
(NADH), with the NADPH substrate being the most common (247–
251). The NOXs catalyze the production of superoxide anion free 
radical by transferring electrons to oxygen from NAD(P)H according 
to the reaction:

	 ( ) ( )+ − ++ → + +2 2NAD P H 2O NAD P 2O • H 	 (2)

Thus, they also generate an ETC for the reduction of extracellular 
O2 to O2•−. The activity of NOX is intimately connected with H+ 
channels and the enzyme may even act as a H+ VGIC itself, due to its 
gp91phox transmembrane subunit (252–254).

NOXs are also activated by cytosolic Ca2+ and possess a Ca2+-
binding site, apart from their H+ voltage-gated channel (gp91phox 
domain) (251). Thus, perturbation of intracellular concentrations of 
either H+ or Ca2+, after irregular gating of their VGICs, can affect NOX 
function and trigger ROS (over)production.

NOXs may contribute 10–30% of total ROS production in 
neurons under basal conditions. However, their contribution can 
increase significantly during neuronal activation or inflammation. 
NOXs, particularly NOX2 and NOX4, are expressed in neurons and 
play roles in synaptic plasticity, neuronal signaling, and 
neuroinflammation. Their activity can be upregulated in response to 
various stimuli, leading to increased ROS production (255).

Some NOX isoforms, such as NOX2 in phagocytes, are directly 
activated by Ca2+ through interactions with regulatory subunits like 
p47phox and p67phox, and increased intracellular Ca2+ levels can 
promote ROS production. Ca2+ can also indirectly regulate NOX 
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activity through various signaling pathways, such as those involving 
protein kinase C and other kinases (256).

The NOXs have been identified as a key target for man-made 
EMFs. Friedman et  al. (257) found rapid ROS production by the 
NADH oxidase in cultured cells after a few min exposure to simulated 
mobile phone EMF.

A common function in the NOXs and the mitochondria is the 
generated ETC. In both cases, the primary ROS produced is 
superoxide anion radical (O2•−), which may finally convert to hydroxyl 
radical (OH•), or peroxynitrite (ONOO−) as shown below 
(Equations 3–7).

3.1.3 Nitric oxide synthases (NOS)
These are specific enzymes found in various locations in all animal 

and plant cells, and as denoted by their name, produce nitric oxide 
free radicals (NO•). Several NOS enzymes have been well described, 
such as the neuronal NOS (nNOS), or the endothelial NOS (eNOS) 
which are plasma membrane enzymes. Their activation seems to 
be  dependent on intracellular calcium levels and calmodulin. 
Increased levels of intracellular Ca2+ stimulate NO• synthesis by the 
NOS. NO• is ubiquitous in cells and tissues in all vertebrates as an 
intercellular messenger and certain studies suggest that it is not 
particularly toxic by itself, but it may easily be  converted to 
peroxynitrite which is particularly toxic (237, 258). Increases in Ca2+ 
and NO• levels in cells have been found to be triggered very rapidly 
(within a few seconds) by EMF exposure (259), with the induction of 
DNA damage by peroxynitrite blocked by NOS inhibitors (260) and 
antioxidants (238, 261, 262). While nNOS and eNOS, are Ca2+-
dependent enzymes activated by increased intracellular Ca2+ levels, 
and promoting NO• production, under certain conditions NOS can 
become “uncoupled” due to substrate depletion or cofactor deficiency, 
triggering the cell machinery to produce O2•− instead of NO• by other 
ROS sourses/enzymes (263).

3.1.4 Xanthine oxidase (XO)
Xanthine Oxidase (XO) is another important source of ROS in the 

cytoplasm of living cells. XO catalyzes the oxidation of hypoxanthine 
to xanthine and then to uric acid, producing superoxide anion radical 
(O2•−) and hydrogen peroxide (H2O2) as byproducts. XO is involved 
in purine metabolism and can be a significant source of ROS under 
certain conditions, such as ischemia–reperfusion injury (264).

3.1.5 Other ROS-generating/promoting enzymes
Such enzymes in cells are, e.g., cytochrome P450 (CYP), 

lipoxygenases, cyclooxygenases, myeloperoxidases and others (240). 
They may contribute to ROS generation differently under different 
physiological conditions. For example, CYP is localized in the 
endoplasmic reticulum and is crucial for the metabolism of various 
endogenous and exogenous compounds, including drugs, steroids, 
and fatty acids. CYP reactions can generate ROS as byproducts, 
particularly during the catalytic cycle when oxygen is activated (265).

The ionic balance within a cell (also called electrochemical 
balance) is most crucial for ROS production, and both ion channels 
and pumps can trigger ROS production by the above described ROS 
sources. The ion pumps (active ion transporters) such as the Na+/K+ 
pump (ATPase), in coordination with the ion channels (passive ion 
transporters) determine the membrane voltage, the electrochemical 
balance, the cell’s homeostasis, the redox status (concentrations of 

reducing and oxidizing molecules), and the cell’s volume among other 
functions. Ca2+ and K+ channels are involved in cell proliferation, 
apoptosis, and carcinogenesis (266, 267). In addition, they are both 
involved in iron entry into the cells (268–270). Iron catalyzes the 
production of OH• via the Fenton reaction and thus, impaired 
function of these channels can promote cellular toxicity. Dysfunction 
of Na+, K+, Mg2+, and Ca2+ VGICs will affect the function of the Na+/
K+ pump (ATPase), and Ca2+ pumps in the plasma membranes of 
all cells.

In addition to its role as an ion pump, Na+/K+-ATPase operates as 
a signal regulator, transducing signals from the plasma membrane to 
the intracellular organelles and acting as a normalizer of the Na+/K+ 
balance in cells after, e.g., VGIC dysfunction (231, 234, 271). It has 
long been shown that the activity of the Na+/K+-ATPase is affected by 
ELF EMFs (44, 272, 273), and that changes in its activity are linked to 
ROS production by the mitochondria and in turn, increased 
mitochondrial ROS production stimulates the signaling function of 
the enzyme forming a positive amplification feedback loop (274, 275). 
Thus, changes in the activity of the Na+/K+-ATPase due to 
EMF-induced dysfunction of VGICs can stimulate ROS production 
by the mitochondria and the process can be amplified by increasing 
ROS levels (2, 210).

3.2 ROS action on DNA and other 
biological molecules

DNA damage induced by OS/ROS leading to mutations and 
disease has been well documented since long time. The effects of ROS 
on DNA commonly result in altering the nucleotide bases which 
directly affects their paring elevating mutational load, altering a sugar 
(deoxyribose), breaking a covalent bond between deoxyribose and 
nucleotide base, and causing single- and double-strand breaks, further 
increasing the repair burden on the affected cells and tissues (2, 210, 
243, 276–279).

We have described the evidence regarding the generation of 
primary ROS, NO• and O2•−, by the ROS sources in the cells after 
anthropogenic ELF or WC EMF exposure (section 2). These initial 
ROS are converted to other even more potent ROS, hydroxyl radical 
and peroxynitrite, which we call “final” ROS, and are those that mainly 
damage DNA and other biological molecules.

3.2.1 Peroxynitrite
Increased concentrations of NO• and O2•− within a cell lead to 

peroxynitrite (ONOO−) overproduction after reaction among the two 
initial ROS, as follows:

	
− −+ →2NO• O • ONOO 	 (3)

Peroxynitrite is a strong non-free radical ROS which can 
damage critical molecules including DNA (280). Both nitric oxide 
and peroxynitrite can diffuse anywhere within the cell and, thus, 
act directly on DNA or other molecules. The effects of 
peroxynitrite on DNA include base and sugar oxidative 
modifications, and DNA single-strand breaks (258, 281). Of the 
four DNA bases, guanine is the most vulnerable to peroxynitrite 
(282). DNA single-strand breaks caused by peroxynitrite is a 
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well-documented effect which can be prevented by use of calcium 
channel blockers and antioxidants (238, 258, 261, 262, 283). Pall 
(238) noted a connection between EMF-induced dysfunction of 
Voltage-Gated Calcium Channels (VGCCs) and NO•/ONOO− 
overproduction. Peroxynitrite can also decompose easily in the 
presence of H+ to form OH• and NO2• (284, 285):

	
− ++ → + 2ONOO H OH• NO •	 (4)

3.2.2 Hydroxyl radical
The superoxide anion radical (O2•−) produced by the 

mitochondria or the NOXs, is catalyzed by superoxide dismutase 
(SOD) in the cytosol or the mitochondria converting to hydrogen 
peroxide (H2O2) (248, 280, 286):

	 2 2 2 22O • 2H H O O
SOD

− ++ → +
	 (5)

H2O2 can move to any cellular site, including the nucleus, where 
it can be converted to the most potent hydroxyl radical (OH•) which 
can damage any biological molecule, including DNA (287–291).

OH• is considered the most potent oxidant of DNA. It is mainly 
produced by iron-catalyzed conversion of H2O2 via the Fenton 
reaction (292): Fe2+ is oxidized by H2O2 to Fe3+, producing a OH• 
radical and a hydroxide ion (OH−). Fe3+ is then reduced back to Fe2+ 
by another H2O2 molecule, producing a hydroperoxyl radical (HOO•) 
and a proton. The net effect is the conversion of two hydrogen 
peroxide molecules to produce OH• and HOO•, with water (H+ + 
OH−) as a byproduct (2, 210):

	 → + +2 2 22 H O OH• HOO• H O	 (6)

Another way for OH• production is the Haber-Weiss 
reaction (293):

	
− −+ → + +2 2 2 2O • H O O OH• OH 	 (7)

The OH• radical can break biological macromolecules (R-R or 
R-H) in its immediate environment or subtract atoms from them 
(such as the various hydrogen atoms of the deoxyribose molecule) by 
breakage of covalent bonds. This results in chemical alterations in the 
macromolecules and production of new free radicals such as R• or 
RO• (2, 210, 294, 295).

	 − +ΟΗ → +R R • ROH R •	 (8)

	 2R • R• H OΗ +ΟΗ → + 	 (9)

	 2R • RO•OΗ + Η → +Η 	 (10)

The new free radicals will further react with other molecules and 
with each other resulting in additional chemical alterations.

A more specific example is the action of OH• on DNA that 
results in the breakage of the DNA chain (single- or double-strand 
breaks). The backbone of each strand of the DNA is formed by 
phosphodiester bonds between two successive deoxyribose (DOX) 
molecules and a phosphate (–PO4–) between them. For a strand 
breakage, the phosphodiester bond needs to break. The double-
strand breaks (breakage of both strands of the double helix at the 
same point) are the most severe and in most cases irreparable 
damages that lead to DNA fragmentation, mutations, cell death etc. 
The breakage of the phosphodiester bond by two hydroxyl radicals 
can be written as:

	

( ) ( ) ( ) ( )
( ) ( ) ( ) ( )

4 i 1i 3 5

3 i 1i 3 5

b DOX – PO – DOX b – 2OH•

b DOX –OH PO HO – DOX O b –

´ ´

´ ´

+

+

 − + → 
   − + + −    	

(11)

By (b) we denote the DNA bases connected to the DOXi and 
DOXi + 1 molecules. (3΄) and (5΄) are the carbon atoms in successive 
deoxyribose molecules that form the phosphodiester bond with the 
phosphate. In the products of the reaction, PO3 is separated from 
the DNA molecule and is not anymore part of the phosphodiester 
bond that kept the strand intact. The second base is oxidized by the 
hydroxyl radical as well (to form O-b) in addition to the breakage 
of the strand (296). The breakage forms OH at the terminals of the 
broken strands. The TUNEL (Terminal deoxynucleotide transferase 
dUTP Nick End Labeling) assay used in biology to detect 
fragmented DNA, specifically detects the free OH terminals of the 
broken strands (42, 97, 98).

4 Anthropogenic EMFs and VGICs

4.1 VGICs: Most sensitive electromagnetic 
sensors in living organisms

Previous studies have hypothesized the existence of specific 
electro/magneto-sensor organs/cells in animals/humans in order to 
explain the biological effects of EMFs [see review in (297)]. This is not 
necessary, as all cells in all animals including humans and even plants 
are equipped with the most sensitive EMF-sensors which are no other 
than the VGICs, the most abundant class of ion channels in all cell 
membranes (231, 234, 271, 297, 298).

Normally VGICs convert between open and closed states by 
membrane voltage changes dV ≥ 30 mV which exert forces on their 
voltage-sensors. More specifically VGICs respond to changes between 
⁓30 and ⁓100 mV. The voltage sensors of the VGICs are four 
symmetrically arranged, transmembrane, positively charged parallel 
α-helices (subunits), each one named S4. They occupy the 4th position 
in a group of 6 parallel α-helices (S1-S6), and are the closest helices to 
the pore apart from the S5-S6 helices which form the pore walls. The 
channel consists of four identical such groups (main units I-IV) in 
symmetrical positions around the pore of the channel (Figure 2). The 
sensors are positive Lys and Arg amino-acids in the S4 helices. The 
effective (net) charge on each S4 has been calculated to be q = 1.7qe, 
where qe is the elementary charge. The positive charges of the S4 
sensors are paired with negative charges from adjacent helices so that 
the net charge on the walls of the pore is zero. The ions pass dehydrated 
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and in single file through the channel gate, the narrowest part of the 
pore (Figure 2). At least four dehydrated mobile ions are very close to 
the S4 sensors at a distance of less than 1 nm, as, except for the ion(s) 
that may be passing through the gate any moment or is just outside 
the gate ready to pass, at least three more are bound in specific 
ion-binding sites very close to the gate (234, 297, 299–304).

4.2 Anthropogenic EMFs and VGIC 
dysfunction: The IFO-VGIC mechanism

A biophysical mechanism for EMF-induced biological effects has 
been described in Panagopoulos et  al. (2, 5, 297, 305, 306), and 
Panagopoulos (302). It explains, in standard physics and biology, how 
polarized, coherent and slow-varying (ULF/ELF/VLF) EMFs, even at 
very low field intensities, can cause irregular gating (opening/closing) 
of VGICs in cell membranes with consequent disruption of the cell’s 
electrochemical balance, redox state and homeostasis. As ELF/ULF/
VLF EMFs are basic components of the WC EMFs, this mechanism 
accounts for the biological effects of the vast majority of all man-made 
(polarized, coherent, and varying) EMFs.

While VGICs are normally gated by ⁓30–100 mV voltage 
changes in the very strong transmembrane field, in other words 
respond to field changes between 3 × 106 and 107 V/m, they may 
also respond to very weak polarized, coherent, and slow-varying 
EMFs down to ⁓10−5 V/m via the forced-oscillation such EMFs 
induce on mobile ions in close proximity (<1 nm) to the sensors 
(ion forced-oscillation: IFO). This occurs because the force 
exerted on the S4 sensors by oscillating ions in close proximity, 
depending upon the inverse third power of the distance between 
charges (see Equation 12 below), is much greater than a direct 
force from an externally applied EMF which depends upon the 
first power of the applied field (2, 5, 297). The aforementioned 
(at least) four ions close to the pore gate, once forced to oscillate 
in parallel and in phase, exert constructive coordinated forces on 
the S4 sensors able to gate the channel (Figure 3).

Forces exerted by an external polarized EMF on any mobile ion 
within any VGIC, cause a displacement dr of the ion from its “initial” 
position which in turn exerts an additional Coulomb force dF on the 

S4 voltage-sensors of the VGIC which can result in the opening/
closing (gating) of the channel (2, 5, 297, 305, 306) (Figure 3). This 
additional Coulomb force on each S4 sensor due to the ion 
displacement dr is given by the equation:

	
3

·
2

eq zqdF dr
rπεε°

= −
	

(12)

with q = 1.7 qe the effective (net) charge of the S4 sensor, zqe the mobile 
ion charge with z the ion valence (e.g., z = 1 for K+, Na+ or z = 2 
for Ca2+ ions), qe = 1.6 × 10−19C the elementary charge, 
εo = 8.854 × 10−12 N−1m−2C2 the vacuum permittivity, ε ⁓ 4 the relative 
permittivity of the ion channel, and r = 1 nm the “initial” distance 
between the two charges (2, 299, 305–308).

In the simplest case of a harmonically oscillating applied EMF, the 
maximal ion displacement in one direction during its oscillation is 2A 
(A the amplitude of the forced oscillation). By solving the 
corresponding differential equation [see (302, 305)] we get that for an 
applied electric field,

	

o eE zqA
βω

=
	

(13)

where Eo is the intensity amplitude (maximal value) of the applied 
field, ω = 2πν (ν the frequency of the applied field), and β the 
damping coefficient during the ion oscillation (found to be within 
channels m e

o

E zq
u

β =  ≅ 6.4z × 10−12kg/s, with Em ~ 107 V/m the 
transmembrane electric field, and uo = 0.25 m/s the ion 
maximal velocity through an open channel).

When the VGIC is gated physiologically by membrane voltage 
changes dV ≥ 30 mV, the minimum force on each voltage sensor 
that causes gating is calculated to be  dF = 8.16 × 10−13 N, 
which, according to Equation 12, corresponds to a minimum 
coordinated displacement dr of four z-valence ions within the 
channel at ~1 nm distance from the sensors (2, 297), dr = 10−12/z 
(in m), and thus in order for an applied electric field to be able to 
gate the VGIC, the max ion displacement (2A) must satisfy 
the condition:

FIGURE 2

Schematic representation of a VGIC with its four main units, the 
pore, and the gate in opened state. Each main unit consists of six 
parallel α-helices (S1–S6). The voltage-sensors of the VGIC are the 
four S4 helices, one in each main unit, in symmetrical positions 
around the pore [adapted from Panagopoulos et al. (297)].

FIGURE 3

Forces dF exerted on the S4 positive charges in a VGIC due to the 
displacement dr of an oscillating ion in the channel pore [adapted 
from Panagopoulos et al. (297)].
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	 βω
−≥ 122 10 /o eE zq z

	
(14)

For double-valence cations (z = 2) (e.g., Ca+2), this condition 
finally becomes:

	 ( )40.6 10 in Hz, in V/mo oΕ ν ν Ε−≥ ×
	 (15)

This is the condition for electric fields in order to be bioactive 
with respect to field frequencies, and is represented in logarithmic 
scales (logΕo, logν) by the area above the line (including the line) 
in Figure  4 (“bioactive region”). The intensity-frequency 
combinations of all known anthropogenic EMF sources linked to 
adverse biological/health effects are within the predicted bioactive 
region. As the frequency of the applied EMF increases from ULF/
ELF to VLF/LF (Low Frequency: 30–300 kHz) the required 
minimum field intensity in order to be  able to induce effects 
increases considerably, and purely RF/MW EMFs need to have very 
high intensities (hundreds or thousands of V/m) in order to 
be bioactive.

The maximal ion displacement (2A) expresses the potential of the 
applied EMF to cause VGIC gating and initiate biological effects, in 
other words it represents the biological activity (or bioactivity) of the 
applied EMF:

	 βω
= 2 o eE zqEMF bioactivity

	
(16)

Thus, the IFO-VGIC mechanism finds that the biological activity 
of an EMF is proportional to its maximum intensity and inversely 
proportional to its frequency, meaning that the reported effects in the 

literature are induced by low-frequency (ULF/ELF/VLF), and not high 
frequency (purely RF/MW), EMFs. Moreover, it finds that pulsing 
EMFs are significantly more bioactive than corresponding continuous-
wave (non-pulsing) EMFs (see analysis in (2, 297, 302)).

According to the IFO-VGIC mechanism, VGICs respond to 
changes of polarized, coherent and slow-varying electric fields down 
to ⁓10−5–10−4 V/m, which is in impressive agreement with the 
threshold intensities of ELF man-made EMFs reported to induce 
biological effects in cell/tissue cultures (309, 310), and be sensed by 
electrosensitive animals (311, 312).

Apart from the electric fields, in fast moving animals/humans, the 
magnetic fields become increasingly bioactive with increasing 
velocities, and the same mechanism has explained animal orientation 
and navigation in the GMF (297).

It is known that living organisms are not particularly affected 
by static electric or magnetic fields but mostly by oscillating/
varying (and polarized) ones. This is consistent with the IFO-VGIC 
mechanism, as VGICs are not gated by the normal static voltage/
electric field across the cell membrane, but only by membrane 
voltage changes of the order of 30% in this voltage/field that cause 
membrane depolarization. In other words, VGICs do not respond 
simply to the presence of an invariable (static) electric field, 
otherwise they would open/close chaotically all the time and no 
life could be maintained. The same holds for the static magnetic 
fields, which can become bioactive with a variable animal velocity 
(297). This is the reason why the GMF and the GEF are not 
particularly bioactive under normal conditions but they become 
bioactive when ⁓20% changes in their normal intensities occur 
during magnetic storms (3, 6, 7, 297).

Thus, the IFO-VGIC mechanism predicts that polarized/coherent 
and slow-varying EMFs cause VGIC dysfunction (irregular gating), 
and this is today verified by many experimental studies [see (313–
317), and reviews (44, 210, 238, 298, 318)].

FIGURE 4

Graph (in logarithmic scales) showing the bioactive combinations of EMF intensity and frequency (above line) as predicted by the IFO-VGIC 
mechanism. The intensity-frequency combinations of all known anthropogenic EMF sources linked to adverse bioeffects are within the predicted 
bioactive region (2, 302).
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5 VGIC dysfunction leading to OS: 
Connecting the dots for a 
comprehensive mechanism of 
EMF-induced biological and health 
effects

How can the initial ROS (O2•− and NO•) generated after EMF 
exposure be produced by VGIC dysfunction? This was a missing link 
until recently when we specifically looked for such evidence (2, 210). 
We realized that even though plenty of data connecting impaired ion 
channel function and induction of cell death or cancer had been 
available for a long time (266, 267), and even though most ion 
channels, especially cation channels, are VGICs, the connection 
between VGIC dysfunction induced by EMF exposure and OS (2, 210, 
238, 319–322) leading to DNA/cellular damage, had escaped the 
necessary attention.

Many studies have found a connection between Ca2+, K+, Na+, 
and Cl− VGIC dysfunction with OS and related pathologies (238, 
319, 321, 322). It is repeatedly shown that VGIC dysfunction 
induced by anthropogenic EMFs can trigger immediate ROS 
generation in the cells with this effect significantly diminished by 
the use of specific ion channel blockers (238, 259, 314, 316). Recent 
research further confirms the connection between VGIC 
dysfunction and ROS (over)production. For example, ROS 
overproduction through the activation of NADPH oxidase by 
extracellular tau-protein in co-cultures of neurons and astrocytes 
was reduced in the presence of nifedipine, inhibitor of Ca2+ VGIC 
(323). Epithelial cell death associated with elevation in ROS was 
prevented by lidocaine, a well-known Na+ VGIC inhibitor with 
antioxidant effects (324). Induced ROS production in murine 
microglia was inhibited in a dose-dependent manner by K+ VGIC 
blockage, and to a more limited degree, by Cl− channel 
blockage (325).

Various pathological conditions, including neurodegenerative 
diseases, termed “channelopathies”, were discovered to be caused by 
ion channel dysfunction. Impairment of either voltage- or ligand-
gated ion channels has been identified as a cause of neurological 
diseases. The ion channels involved include Ca2+, K+, and Na+ VGICs 
(318, 326). Multiple studies have documented the connection between 
Ca2+, K+, Na+, and Cl− channel dysfunction and the development of 
OS-related pathologies (321). Ion channel dysfunction leading to OS 
is also a common cause of degenerative Central Nervous System 
(CNS) diseases of various genetic etiologies, and is a common factor 
in neurological disorders. The role of ion channels in 
neurodegenerative disorders associated with OS has now been 
recognized, as the ion channels undergo functional adjustments in 
such conditions (318, 327).

It is evident that the function of ion pumps and channels 
controls the intracellular concentrations of mobile ions, and in 
turn the function of the cellular systems/enzymes that produce 
ROS (2, 210). Any dysfunction in ion channels will affect the 
otherwise carefully controlled intracellular ionic concentrations, 
disrupting the cell’s electrochemical balance and homeostasis, 
including the intracellular redox status which is an index of the 
ROS content in the cell. From the evidence highlighted here, it 
follows that disturbance of ion homeostasis can trigger OS by ROS 
overproduction and subsequent DNA damage. Inversely, the 
intracellular redox status can alter the gating properties of ion 

channels and trigger opening or closing of Ca2+, Na+, and K+ 
channels in order to reinstate homeostasis (318, 331). Ion channels 
are thus gate keepers of redox status, and the cell’s electrochemical 
balance and homeostasis (305, 328).

For example, Ca2+ is a critical signaling factor, regulating many 
cell functions including cell proliferation, differentiation, and 
apoptosis (233, 244, 267, 329). Alterations in intracellular Ca2+ 
levels are decoded by Ca2+-sensors, which initiate signaling for 
various physiological processes (330). Alterations in Ca2+ 
homoeostasis and signaling are often associated with various 
pathological conditions, including cancer. The ROS regulatory 
system is closely linked to the Ca2+ signaling system which operates 
by changes in intracellular Ca2+ concentrations. Dysfunction of 
Ca2+ channels in the plasma or the mitochondrial membrane will 
disrupt the signaling system and increase ROS levels in any cell, 
potentiating harmful effects including cytotoxicity and resulting in 
pathogenesis of various disorders (44, 244, 321, 322, 328, 330, 331). 
Inversely, ROS can significantly affect calcium concentration in the 
cell by modifying the function of Ca2+ channels (233).

Increased levels of intracellular Ca2+ in some cases are 
associated with increased apoptosis, probably due to activation of 
Ca2+ dependent DNase I (332). This may be an alternative pathway 
for DNA damage and related pathologies. Changes in normal Ca2+ 
levels in the mitochondria can induce release of cytochrome C, a 
mitochondrial protein which is a signaling molecule for apoptosis 
in the cytoplasm, which then goes on to initiate apoptosis in the 
cell, and activation of nucleases which will cause DNA 
damage (330).

The effect of man-made EMFs, especially ELF, or RF pulsed or 
amplitude-modulated by ELF signals, on calcium concentrations 
in exposed cells and the unique role of the calcium VGICs or 
VGCCs in EMF-induced bioeffects have been well-documented for 
long time (8–10, 18, 22, 44, 238, 298, 314–316, 333–341), and 
explained by the IFO-VGIC mechanism (2, 5, 297, 305, 306). 
Dysfunction of VGCCs will cause alterations in the intracellular 
calcium concentrations, impairment of the Ca2+ signaling system 
and consequent ROS overproduction.

Walleczek (44) reviewed many studies showing effects of ELF 
EMFs on cells of the immune system revealing the critical role of 
intracellular calcium. But until that time, the site of interaction of 
EMFs with cells was unknown, even though the facts were pointing 
toward the calcium ion channels in the cell membranes as a most 
reasonable explanation. At the same time, Liburdy (315) in a series 
of pioneering experiments showed that calcium influx in 
lymphocytes which occurred within minutes after the onset of ELF 
EMF exposures, was due to an effect on the calcium channels in 
the cell plasma membranes (most of which are voltage-gated), and 
not due to release from intracellular stores.

Apart from the effect of EMFs on Ca2+, Na+, K+, etc. VGICs, 
proton (H+) VGICs will be similarly affected (342, 343). This in 
turn will disturb the function of NOXs triggering ROS generation 
(section 3.1.2). Thus, not only VGCCs, but all VGICs are the sites 
where the effects of man-made EMFs on cells take place (2, 210).

Besides many other adverse effects, ROS can also affect ion 
channels themselves. For example, many ion channels contain cysteine 
residues with highly reactive thiol (SH) groups. These are particularly 
susceptible to oxidation by ROS. Oxidation of cysteine residues can 
lead to formation of disulfide bonds. This can alter the channel 
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conformation and affect channel gating. Another effect of ROS on 
VGICs can be the formation of sulfenic, sulfinic, or sulfonic acids: 
These modifications can change the channel’s structure and function, 
potentially leading to channel inactivation or altered ion permeability 
(318). Oxidation of K+ channels by ROS is a common event in the 
aging brain (344). Therefore, ion channel dysfunction leads to ROS 
overproduction, and ROS further amplify ion channel dysfunction. 
Obviously, we have a vicious circle here, where VGIC dysfunction 
leads to OS in cells, and this in turn disrupts the ion channels even 
more, leading to even more pronounced OS.

The balance of the various mobile ions in a cell is closely linked to 
and, in fact, determines the cell’s homeostasis. ROS production in all 
cells initiates after imbalance of ion concentrations. Dysfunction of 
ion channels or pumps due to any reason, including EMF-exposure, 
can readily cause ionic imbalance, ROS overproduction and 
OS. Figure 5 shows the biochemical processes related with OS, and 
initiated after EMF-induced dysfunction of VGICs and imbalance of 
ion concentrations.

It is thus well documented that ion channel dysfunction 
causes OS, and here we make the case that the OS found after 
anthropogenic and especially WC EMF exposure is induced after 
VGIC dysfunction. We have a clear sequence of events starting 
from irregular gating of VGICs by man-made EMFs up to OS, 
cell/DNA damage and related pathologies including infertility 
and carcinogenesis. Therefore, a comprehensive mechanism of 
EMF-induced bioeffects can be  clearly delineated, with a 
biophysical stage causing VGIC dysfunction and ionic imbalance, 
and a subsequent biochemical stage resulting in OS-related 
pathogenesis. Figure 6 shows a schematic representation of the 
described comprehensive mechanism initiated by EMF-induced 
dysfunction of VGICs, and resulting in OS and cellular damage.

6 Discussion

We have reviewed experimental and epidemiological studies 
referring to the biological and health impacts of anthropogenic ELF 
and WC EMF exposures. We  find once again that it is well 
documented that both purely ELF and WC/RF (containing ELF) 
man-made EMFs induce OS and genetic damage, which can lead to 
related pathologies, such as infertility and cancer in both humans 
and animals.

We have documented that all anthropogenic EMFs referred to as 
“RF,” especially WC EMFs, apart from their RF emissions (carrier 
waves), emit ELF/ULF/VLF EMFs in the form of modulation, 
pulsation, and variability, and thus, in fact, are a combination of RF 
and ELF/ULF/VLF EMFs.

Some authors confuse “pulsation” with exposure intermittence. 
Zahumenska et  al. (373) applied an intermittent exposure 
(6 × 10 min) to a continuous-wave LF EMF (87–207 kHz), with 
10-min pauses between exposure periods, and claimed they studied 
effects of pulsed EMF, finding no significant difference from the 
absence of effects with an uninterrupted exposure (1 × 60 min). 
This is not the case. In a “pulsing field” the on/off pulsations are 
inherent in the signal and occur at ELF/VLF rates usually of the 
order of hundreds/thousands pulsations per second, whereas in the 
“intermittent” exposure as in this case, the field/signal is 
interrupted externally by a timer, or even manually by use of a 
switch. While pulsed EMFs are, in almost all cases, found to 
produce significantly greater effects than continuous-wave 
(non-pulsed) EMFs, an intermittent exposure to any EMF may 
produce smaller effects than an uninterrupted exposure to the same 
EMF when the intermittence interval is long enough (e.g., 
≥10 min) to allow the exposed organism repair damages and/or 

FIGURE 5

Schematic diagram of the OS processes initiated in living cells after anthropogenic EMF exposure and dysfunction of VGICs. Genetic/cell damage is 
executed by the generated “final” ROS [adapted from Panagopoulos et al. (210)].
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adapt to the stressor (72). By confusing pulsation with intermittence 
one may draw completely misleading conclusions. Zahumenska 
et al. (373) actually found no effect by use of a continuous-wave LF 
EMF, which was expected, but they claimed the found no effect 
with a “pulsed” EMF. A definition of the various physical 
parameters of EMFs can be found in Panagopoulos and Margaritis 
(345) and Panagopoulos et al. (3).

We have explained that all man-made EMFs are fully polarized and 
coherent, with low-frequency (ELF/ULF/VLF) intensity variations in 
the vast majority of cases, meaning they possess net electric and 
magnetic fields oscillating (at ELF/ULF/VLF rates) in single directions 
and in phase. This condition induces parallel and coherent 
low-frequency forced oscillations of mobile ions and other charged/
polar molecules in living tissues. The IFO-VGIC mechanism has 
described how such oscillations induce dysfunction of VGICs in the 
membranes of all cells resulting in altered intracellular ionic 
concentrations (2, 5, 297, 305, 306).

According to the IFO-VGIC mechanism, the non-thermal 
biological/health effects reported in the literature, are induced 
specifically by the low-frequency (ULF/ELF/VLF), and not the high-
frequency (purely RF/MW), EMFs. This explains why, in the absence of 
low-frequency modulation/pulsation/variability, the non-thermal 
effects, attributed before to “RF” EMFs, disappear. It follows that purely 
RF/MW EMFs can only induce heating of biological tissues at 
adequately high intensities and frequencies approaching infrared (2, 3). 
An overview of VGIC structure and function, and the IFO-VGIC 
mechanism has been provided in section 4.

It is important to note that VGICs are not gated by direct forces on 
their S4 sensors by externally applied EMFs. That would require applied 
fields of the order of the transmembrane fields (~107 V/m) (56). The 
reason why even very weak (down to 10−5–10−4 V/m) ULF/ELF 
anthropogenic fields can gate VGICs is that due to their polarized and 
coherent character combined with low frequency variability, they can 
induce parallel and coordinated low frequency forced oscillations of 
mobile ions within the channels. And the forces exerted on the S4 
sensors by several oscillating ions in close proximity (≤1 nm), 
depending upon the inverse third power of the distance (Equation 12), 
are much greater than direct forces from externally applied EMFs. In 

other words, due to the IFO phenomenon in close proximity to the 
VGIC-sensors, the forces are enormously amplified. This is a key point 
in understanding the IFO-VGIC mechanism.

It is thus, polarization and coherence combined with low frequency 
variability that make anthropogenic EMFs able to irregularly gate (open 
or close) VGICs, the most sensitive EMF sensors and the most abundant 
class of ion channels in all cell membranes of all living organisms. This 
causes perturbation of ionic concentrations in the cells which in turn 
triggers (over)production of ROS. ROS can readily cause ionization/
chemical alterations in living tissue, i.e., breakage of chemical bonds, 
and DNA damage.

We described biochemical processes initiated in living cells by 
dysfunction of VGICs due to man-made EMF-exposure, leading to 
altered intracellular concentrations of critical ions such as Ca2+, Na+, K+, 
H+, etc., and disruption of the cell’s electrochemical balance, redox state, 
and homeostasis. This leads to immediate production of the two initial 
ROS, superoxide anion (O2•−) and nitric oxide (NO•), which can then 
be easily converted to the powerful “final” ROS peroxynitrite (ONOO−) 
and/or hydroxyl radical (OH•), which can damage DNA or any other 
biological molecule.

It is remarkable that the same “final” ROS that ultimately cause 
biological damage in the case of EMFs (“non-ionizing” radiations), 
hydroxyl radical and peroxynitrite, are also found in the case of 
exposure to ionizing radiations. It is estimated that about 2/3 of the 
DNA damages caused by ionizing radiation are due to OH• (276, 294, 
295, 346–348). This provides an answer to claims that “non-ionizing” 
anthropogenic EMFs cannot possibly cause biological damage. It comes 
that the same ROS that actually execute the biological damage in most 
cases, are produced by either ionizing radiation or “non-ionizing” 
EMFs/EMR. This is related with the fact that in most cases the action of 
radiation in biological tissue is indirect. The external agent causes 
impairment of cell homeostasis and in response, the cell generates ROS 
which execute the damage.

ROS sources in cells are the ETC in the mitochondria, the ETC in 
the NOXs in the plasma membrane, the NOS enzymes at various 
locations in the cell, and various other secondary sources (described in 
section 3.1). All ROS sources/promoters are affected by the intracellular 
concentrations of cations like Ca2+, K+, Na+, H+, with most cation 

FIGURE 6

Comprehensive mechanism of anthropogenic EMF-induced bioeffects.
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channels being voltage-gated (VGICs) (231, 234, 271). Therefore, all 
ROS sources in cells can be  affected by man-made EMFs. It is 
remarkable that in all cases reported so far in the literature, 
anthropogenic EMF exposures increase and not decrease ROS/OS in 
cells. This is an additional indication that the cells perceive 
anthropogenic EMFs as a disturbance.

Even though many of the details of the ion signaling that triggers 
ROS generation by the above sources are still unexplored, we do know 
that the triggering involves changes in the intracellular ionic 
concentrations. Since man-made EMFs have the ability to cause 
dysfunction of VGICs, the basic parts of the entire process leading to 
DNA damage and related pathologies are already identified, and the 
dots are already connected revealing the complete EMF-induced 
bioeffects mechanism.

Several questions still need to be addressed. For example, we did not 
discuss the state of the antioxidant system (AOS) under the condition 
of chronic OS due to long-term EMF exposure. As the production of 
ROS at physiological levels is an essential part in any cell’s life, the role 
of the AOS is to limit the level of ROS under the OS threshold where 
damage would ensue. Moreover, the AOS controls the activity of repair 
enzymes. Cells/organisms with compromised antioxidant capacity or 
high energy demands are particularly vulnerable to OS, and, 
subsequently, to man-made EMFs. Many studies have revealed 
significant changes in activity of key antioxidant enzymes under 
modulated and/or pulsed RF/WC EMF exposure [see reviews in (62–
64)]. And while in many cases the changes in activities of antioxidant 
enzymes may be induced by ROS overproduction in the exposed cells, 
they may also be  affected by ionic imbalances related to VGIC 
dysfunction. For example, Ca2+ can influence the activity of transcription 
factors like NF-κB and Nrf2, which regulate the expression of 
antioxidant genes (349). Further, disruption of Na+/K+ gradients can 
indirectly affect Ca2+ homeostasis through the Na+/ Ca2+ exchanger, 
which can operate in both directions depending on the ion 
gradients (350).

When overproduction of ROS in a cell exceeds the capacity of its 
AOS, the cell/organism is under OS. A sustained or repeated such 
condition leads to DNA/cellular damage. Intracellular ions, particularly 
Ca2+, affect the activity of AOS and DNA repair enzymes. For example, 
some DNA repair pathways are Ca2+-dependent. Disruption of Ca2+ 
homeostasis can therefore impair DNA repair capacity, making cells 
more susceptible to DNA damage (351). Unrepaired/misrepaired DNA 
lesions such as strand breaks, covalent bond breakage, or nucleotide 
base and sugar damages, can lead to cell senescence, cell death, or 
mutations, and related pathologies such as aging, infertility, 
neurodegenerative diseases, and cancer (2, 61, 210, 233, 280, 290).

The processes initiated in living cells due to VGIC dysfunction in 
their cell membranes resulting in OS, genetic damage, and related 
pathologies provide an explanation for the plethora of biological and 
health effects reviewed in the Introduction (section 1.2). Moreover, the 
dysfunction of VGICs caused by man-made EMF exposure and leading 
to OS can also explain EHS, as EHS is accompanied by OS (197, 352), 
and in fact it is likely due to chronic OS. The pathophysiological changes 
in the CNS observed to accompany EHS [see (190)] can be explained 
by the fact that neurons have higher percentages of VGICs, as VGICs 
(specifically Na+ and K+ VGICs) are the mediators for the transmission 
of the nerve impulses (231, 271).

Several studies have found that ELF EMFs induce epigenetic 
changes in cells, commonly resulting in altered gene expression. Such 

changes include methylation/de-methylation of genes via activation/
deactivation of methyltransferase enzymes, post-translational 
modification of histone proteins, and alteration of microRNA expression 
(353–355). Epigenetic changes can induce significant alterations in cell 
function and consequently the health of an organism. Since ROS affect 
cell signaling (232) related also with epigenetic changes (320, 354), the 
reported epigenetic effects induced by anthropogenic ELF EMFs can 
be due to ROS signaling, and the presented mechanism of EMF-induced 
ROS (over)production provides an explanation for this. For example, 
EMF-induced ROS may interfere with DNA or histone 
methyltransferases and histone deacetylases, resulting in modifications 
of the epigenome at various regions, including the promoter regions of 
tumor suppressor genes, resulting in their silencing/inactivation, and 
leading to cancer promotion (356, 357).

Like us, Blank and Goodman (57, 58) also noted that both ELF and 
“RF” (actually WC) EMFs produce similar effects, especially in inducing 
synthesis of stress proteins in cells very rapidly (within a few min). For 
us, an apparent explanation of the common ELF and RF/WC EMF 
effects that escaped attention, is that “RF” EMFs affect cells not by their 
carrier (RF) components, but by their ELF components of pulsing and 
modulation. As this study shows, actually only the ELF EMFs are those 
that induce the non-thermal biological effects, and they do not act 
directly on DNA, but indirectly through VGIC dysfunction and 
consequent induction of OS (2, 210). Further, it follows that purely RF 
EMFs can only induce heating at adequately high intensities and 
frequencies (3).

As documented here, anthropogenic EMFs at environmentally 
existing levels can ionize living tissue through the action of the 
generated ROS/OS. It is through the action of ROS the damage found 
in the DNA after anthropogenic and especially WC EMF exposures. 
There is a tight link between anthropogenic EMF-exposures, VGIC 
dysfunction, OS, and DNA/cellular damage.

For cells with irreparably damaged genomic DNA, possible 
outcomes are, cell senescence or cell death (which may result in aging, 
organic/neurodegenerative diseases, and/or reproductive difficulties), 
cancer, or mutated offspring (Figure 7), depending on cell type, the 
specific biological/environmental conditions, and the state of the 
organism (2, 210). Thus, DNA damage induced by OS explains the 
pathologies linked to chronic exposure to anthropogenic EMFs, such as 
infertility and cancer.

Man-made EMFs, and especially the most detrimental ones from 
WC antennas/devices and high-voltage electric power lines, have 
become a new reality in modern life exposing billions of people on a 
daily basis (7, 50). Even though they are significantly less cytotoxic than 
radioactivity or certain toxic chemicals, they represent an evolutionary 
novel and most persistent daily cytotoxic agent, against which, existing 
repair mechanisms may not be  efficient enough. Especially in 
individuals who are already genetically or epigenetically compromised.

Therapeutic effects of man-made EMFs have also been reported in 
the literature, especially of pulsing ELF EMFs and specifically in bone 
fracture healing (238, 358–363). Altered intracellular calcium levels 
have also been reported to accompany such effects, and the same 
biophysical mechanism of induced VGIC gating seems to be involved 
in both the detrimental and therapeutic effects of man-made EMFs 
(238, 359, 363). Several authors speak of therapeutic effects of pulsing 
ELF EMFs without specifying or discussing which parameter of the 
EMF exposure might be the therapeutic one (364–366). This might lead 
to the false impression that any EMF with ELF/ULF pulsations may 
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be therapeutic, which, of course, is not the case, as, e.g., all WC EMFs 
consist of such pulsations, and yet are the most detrimental. Some other 
authors suggest that there are specific “beneficial” or “detrimental” 
frequencies in the ELF range (367) without considering the IFO-VGIC 
mechanism published for almost 25 years (and already referenced by 
more than a thousand other publications), which clearly shows 
according to generally accepted mathematics, physics, and biology, that 
the bioactivity of polarized, coherent, and oscillating EMFs, is 
proportional to field intensity and inversely proportional to field 
frequency, which makes all ULF/ELF frequencies very bioactive rather 
than only some specific ones (2, 5, 297, 305, 306). Thus, the basis of EMF 
bioactivity is not some specific frequencies, but polarization and 
coherence combined with low frequency variability (at any ULF/ELF 
frequency), with the lower the frequency the more bioactive the field 
(Equation 16). Once an EMF is polarized, coherent, and slow varying, 
we cannot exclude the possibility of resonance phenomena taking place 
at specific physiological ULF/ELF frequencies. However, we would not 
expect such phenomena, if they occur, to be  particularly intense, 
especially under actual damping conditions within cells and ion 
channels (368).

In our opinion, a condition for an applied EMF in order to have a 
therapeutic action is, to simulate natural EMFs or physiological 
endogenous cellular signals. Once we know that the most bioactive 
polarized and coherent EMFs are the ULF/ELF ones, the critical issue 
for an applied ULF/ELF EMF is whether its included frequencies (and 
other parameters such as waveform, polarity, etc.) reinforce or cancel 
the endogenous physiological electrical activity of the cells which is 
responsible for the specific therapeutic action (49, 210, 369). The basic 
frequency of the natural atmospheric “Schumann” electromagnetic 
resonances (7.83 Hz) and its harmonics are detected in the human/
animal brain activity, and the physical parameters of electromagnetic 
brain activity and atmospheric lightning display remarkable similarities 
(369–371). Thus, we have suggested (210) that the therapeutic effects of 
pulsed EMFs are expected to be  optimal at pulsing frequencies 
coinciding with the Schumann frequencies, or the endogenous ionic 

oscillations in cells (49). Indeed, Yan et al. (372) found that pulses at an 
ELF repetition rate coinciding with the basic Schumann frequency 
7.83 Hz inhibit proliferation and induce apoptosis of cancer cells while 
this does not occur with normal cells. This needs to be further verified 
and certainly, there are important limitations: All anthropogenic EMFs 
are fully polarized and coherent something that does not occur with the 
natural EMFs which are only partially polarized on certain occasions 
(5). This seems to be the reason why the vast majority of effects of 
anthropogenic EMFs are detrimental, whereas the vast majority of 
natural EMFs can be beneficial.

In conclusion, the IFO-VGIC mechanism that explains VGIC 
dysfunction, and the subsequent OS, provide a comprehensive 
biophysical/biochemical mechanism explaining the plethora of 
experimental and epidemiological findings connecting 
anthropogenic EMF exposures with OS, DNA/cellular damage and 
related pathologies such as poor health, EHS, infertility, organic/
neurodegenerative diseases, cancer, etc. Even though the 
mechanistic details of how exactly the ionic perturbations stimulate 
ROS production by their sources need to be further explored, the 
basic scheme of the complete EMF-bioeffects mechanism is 
revealed already. The long existing experimental and 
epidemiological findings connecting exposure to man-made EMFs 
and DNA damage, infertility, and cancer, are now explained by the 
presented comprehensive mechanism. We  hope this provides a 
better understanding of the involved science, a basis for future 
research, and the establishment of biologically relevant EMF 
exposure guidelines for effective protection of public health and 
the environment.
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FIGURE 7

Schematic diagram with the possible consequences of irreparable genomic DNA damage in the cells of a living organism. The arrows with dashed lines 
mean that the effects can be induced in a lesser degree [adapted from Panagopoulos et al. (210)].
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Glossary

AOS - Antioxidant System

ATP - Adenosine Triphosphate

CNS - Central Nervous System

CYP - Cytochrome P450

DECT - Digitally Enhanced Cordless Telecommunications

DOX - Deoxyribose

EHS - Electro-hypersensitivity

ELF - Extremely Low Frequency

EMF - Electromagnetic Field

EMR - Electromagnetic Radiation

ETC - Electron Transport Chain

GEF - geoelectric field

GMF - geomagnetic field

GSM - Global System for Mobile telecommunications

IFO - Ion Forced Oscillation

LF - Low Frequency

MT - Mobile Telephony

MW - Microwave

NADH - Nicotinamide Adenine Dinucleotide

NADPH - Nicotinamide Adenine Dinucleotide Phosphate

NOS - Nitric Oxide Synthase

NOX - NADH/NADPH Oxidase

OS - Oxidative Stress

RF - Radio Frequency

ROS - Reactive Oxygen Species

SOD - Superoxide Dismutase

VGCC - Voltage-Gated Calcium Channel

VGIC - Voltage-Gated Ion Channel

VLF - Very Low Frequency

WC - Wireless Communication

Wi-Fi - Wireless Fidelity

ULF - Ultra Low Frequency

XO - Xanthine Oxidase

2G, 3G, 4G, 5G - Second, Third, Fourth, Fifth Generation of MT/WC
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Polarization: A Key Difference 
between Man-made and Natural 
Electromagnetic Fields, in regard 
to Biological Activity
Dimitris J. Panagopoulos1,2,3, Olle Johansson4 & George L. Carlo5

In the present study we analyze the role of polarization in the biological activity of Electromagnetic 
Fields (EMFs)/Electromagnetic Radiation (EMR). All types of man-made EMFs/EMR - in contrast to 
natural EMFs/EMR - are polarized. Polarized EMFs/EMR can have increased biological activity, due to: 
1) Ability to produce constructive interference effects and amplify their intensities at many locations. 
2) Ability to force all charged/polar molecules and especially free ions within and around all living 
cells to oscillate on parallel planes and in phase with the applied polarized field. Such ionic forced-
oscillations exert additive electrostatic forces on the sensors of cell membrane electro-sensitive ion 
channels, resulting in their irregular gating and consequent disruption of the cell’s electrochemical 
balance. These features render man-made EMFs/EMR more bioactive than natural non-ionizing 
EMFs/EMR. This explains the increasing number of biological effects discovered during the past few 
decades to be induced by man-made EMFs, in contrast to natural EMFs in the terrestrial environment 
which have always been present throughout evolution, although human exposure to the latter ones 
is normally of significantly higher intensities/energy and longer durations. Thus, polarization seems 
to be a trigger that significantly increases the probability for the initiation of biological/health effects.

Man-Made EMR is more Active biologically than Natural Non-Ionizing EMR.  A large 
and increasing number of studies during the past few decades have indicated a variety of adverse 
biological effects to be triggered by exposure to man-made EMFs, especially of radio frequency  
(RF)/microwaves, and extremely low frequency (ELF). The recorded biological effects range from alter-
ations in the synthesis rates and intracellular concentrations of different biomolecules, to DNA and pro-
tein damage, which may result in cell death, reproductive declines, or even cancer1–7. Under the weight of 
this evidence the International Agency for Research on Cancer (IARC) has classified both ELF magnetic 
fields and RF EMFs as possibly carcinogenic to humans8,9. The intensities of radiation and durations 
of exposure in all these studies were significantly smaller than those of corresponding exposures from 
natural EMFs in the terrestrial environment. Moreover, the field intensities applied in the studies were 
several orders of magnitude smaller than physiological fields in cell membranes, or fields generated by 
nerve and muscle excitations10,11.

Solar EMR intensity incident upon a human body ranges normally between 8 and 24 mW/cm2 
(depending on season, atmospheric conditions, geographical location, etc) while corresponding intensity 
from a digital mobile phone handset upon a human head during “talk” emission is normally less than 
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0.2 mW/cm2  (Refs.  6,12,13). Similarly, terrestrial electric and magnetic fields, or infrared radiation from 
every human body at normal temperature, have significantly larger incident intensities and exposure 
durations on any human than most artificial EMF sources14–16. Why is then the first beneficial while 
the latter seem to be detrimental? In the present study we shall attempt to explain theoretically that 
the increased adverse biological action of man-made EMFs is due to the fact that they are polarized in 
contrast to the natural ones.

Man-Made EMR is Polarized, while Natural EMR is not.  A field/wave is called linearly polarized 
when it oscillates on a certain plane which is called the “polarization plane”. A combination of linearly 
polarized fields/waves can give circularly or elliptically polarized fields/waves.

Natural EMR/EMFs (cosmic microwaves, infrared, visible light, ultraviolet, gamma rays) and several 
forms of artificially triggered electromagnetic emissions (such as from light bulbs with thermal fila-
ments, gas discharge lamps, x-rays, lasers, etc.) are not polarized. They are produced by large numbers 
of molecular, atomic, or nuclear transitions of random orientation and random phase difference between 
them (except for the lasers which are coherent). These are de-excitations of molecules, atoms, or atomic 
nuclei17. Each photon they consist of oscillates on a distinct random plane, and therefore it has a different 
polarization. Moreover the different photons are not produced simultaneously but they have random 
phase differences among them.

In contrast, man-made electromagnetic waves are produced by electromagnetic oscillation circuits 
(“Thomson” circuits), forcing free electrons to oscillate back and forth along a metal wire (electric cir-
cuit). Thus, they are not produced by excitations/de-excitations of molecules, atoms, or nuclei, and 
because the electronic oscillations take place in specific directions/orientations they are polarized (most 
usually linearly polarized). The plane of polarization is determined by the geometry of the circuit. [Lasers 
are coherent light emissions, not necessarily polarized, and condensed within a narrow beam with high 
intensity, but they may also be polarized]. Superposition of two fields of identical frequency and linear 
polarizations, equal amplitudes, and a phase difference 90° between them, or superposition of three such 
fields with a phase difference 120° between each two of them, and with specific geometrical arrangement, 
results in a circularly polarized field of the same frequency. The above combinations with unequal ampli-
tudes results in elliptically polarized field of the same frequency18. Circularly and elliptically polarized 
50–60 Hz electric and magnetic fields are formed around 3-phase electric power transmission lines. These 
fields are accused for an association with cancer7,8.

Oscillating polarized EMFs/EMR (in contrast to unpolarized) have the ability to induce coherent 
forced-oscillations on charged/polar molecules within a medium. In case that the medium is biological 
tissue, the result is that all charged molecules will be forced to oscillate in phase with the field and on 
planes parallel to its polarization19,20. Several oscillating electromagnetic fields of the same polarization - 
such as the fields from different antennas vertically oriented - may also produce constructive interference 
effects and thus, amplify at certain locations the local field intensity, and the amplitude of oscillation 
of any charged particle within the medium (and within living tissue). At such locations, living tissue 
becomes more susceptible to the initiation of biological effects21.

Only coherent polarized fields/waves of the same polarization and frequency are able to produce 
standing interference effects (fringes of maximum and minimum intensity)22. When the polarization is 
fixed (e.g. vertically oriented antennas) but there are differences in coherence and/or frequency between 
the sources, the interference effects are not standing at fixed locations, but change with time creating 
transient peaks at changing locations.

Natural light from two or more different sources does not produce interference effects, except under 
the specific conditions of the Young experiment, where the light from a single source passes through two 
identical slits which - in turn - become two identical-coherent secondary sources18,23.

Unpolarized electromagnetic radiation can become polarized when it passes through anisotropic 
media, as are certain crystals. In fluids (gases and liquids) the molecules are randomly oriented, and 
macroscopically are considered isotropic inducing no polarization in the electromagnetic waves trans-
mitted through them. Unpolarized natural light can become partly polarized to a small average degree 
after diffraction on atmospheric molecules, or reflection on water, mirrors, metallic surfaces, etc.18. Thus, 
living creatures exposed to natural radiation since the beginning of life on Earth, although have been 
exposed to partially polarized light at a small average degree under certain circumstances24,25, have never 
been exposed to totally polarized radiation as is EMR/EMFs of modern human technology.

Field Intensity versus Wave Intensity of electromagnetic waves.  A plane harmonic electro-
magnetic wave in the vacuum or the air has electric and magnetic field intensity components, given by 
the equations:

ω= ( − ) ( )E E k r tsin 1w0

ω= ( − ) ( )B B k r tsin 2w0
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r is the distance from the source, t is the time, ω =  2πν =  kw · c, is the circular frequency of the wave (ν 
the frequency), and kw(= 2π/λ) is the wave number (λ the wavelength).

The velocity of the electromagnetic wave (and of any wave), is:

λ ν= ⋅ ( )c 3

The wave intensity 


J  (“Poynting vector”), is:

ε ε= = × ( )
� � �� ��
J c E c E B 40

2 2
0

And the average value of its amplitude:

ε= ( )J c E1
2 5ave 0 0

2

Thus, the wave intensity depends upon the square of the electric field intensity.

Superposition of Electromagnetic Waves/Fields
Superposition of Unpolarized EMR/EMFs.  Consider two incoherent, unpolarized electromagnetic 
rays with electric components E1, E2, reaching a certain point P in space at a certain moment t in time. 
Let us assume for simplicity that the two waves are plane harmonic. The two vectors 

��
E1, 
��
E 2 due to the 

different polarizations oscillate on different planes. Since the two waves are not polarized, their polariza-
tions vary randomly with time. The total angle φ between the two vectors each moment is determined 
by the different polarizations, plus the different phases, and varies randomly in time.

The resultant electric field 
��
E (electric component of the resultant electromagnetic wave) each moment 

at point P, is given by the equation:

φ= + + ( )E E E E E2 cos 61
2

2
2

1 2

E varies with time due to the temporal variations of E1, E2, cos φ. But the average value of cos φ is zero:

∫π φ φ = ,
π

d1
2

cos 0
0

2

and the averages of E2, E1
2, and E2

2 are /E 20
2 , /E 201

2  and /E 202
2  respectively (E0, E01, E02 the amplitudes of 

E, E1, E2).
The average resultant electric field is then:

= ( + ) = + (= )E E E E E E1
2

or constantave 01
2

02
2

0
2

01
2

02
2

and (according to Eq. 5):

= + (= ) ( ), ,J J J constant 7ave ave ave1 2

Even when the two component waves have the same frequency and phase, due to the randomly 
changing polarizations, the result is still the same.

Thus, the total time average wave intensity due to the superposition of two (or more) rays of random 
polarizations (natural EMR/EMFs) is the sum of the two individual average intensities, and it is con-
stant at every point and - macroscopically - there is no local variation in the resultant intensity, i.e. no 
interference effects.

Wave Intensity versus Field Intensity of Unpolarized EMR.  Although the sum average wave 
intensity due to superposition of natural unpolarized waves is the sum of individual average intensities 
each one depending on the square amplitude of individual electric field (Eq.  7), the sum electric field 
from an infinite number of individual waves (as e.g. with natural light), is zero:

∑ = + + + … + =
( )→∞ =

�� �� �� �� ��
E E E E Elim 0

8n i

n

i n
1

1 2 3

Let us explain this in more detail: Consider many photons of natural unpolarized light superposed 
on each other at a particular point in space. Let us assume for simplicity that these photons have equal 
amplitudes and are of the same frequency but have different polarizations meaning that their electric 
vectors have all possible orientations forming angles between each two of them from 0° to 360°. Since all 
possible orientations have equal probabilities, the superposition of a large number of such equal vectors 
applied on the same point in space will be the sum of vectors applied on the centre of a sphere with 
their ends equally distributed around the surface of the sphere. The sum of an infinite number of such 
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vectors (all applied on the same point – centre of the sphere – and with their ends evenly distributed at 
all points of the sphere surface) tends to become zero.

In other words, at any given location, any moment, the sum electric field of a large number of incident 
photons of random polarization tends to be null, since the individual vectors are in all possible directions 
diminishing each other when superimposed (destructive interference of electric vectors). Similarly for 
the sum magnetic field:

∑ =
→∞ =

��
Blim 0

n i

n

i
1

Thus, the result of superposition of a large number of incident natural waves is increased wave inten-
sity, but negligible electric and magnetic fields approaching zero with infinite number of individual 
waves/photons. Since the electric forces on charged particles depend directly on electric and magnetic 
field intensities ( , )

�� ��
E B , but not on the wave intensity 



J, unpolarized EMFs/EMR cannot induce any net 
forced-oscillations on any charged particles (e.g. biological molecules). They may only induce heat, i.e. 
random oscillations in all possible directions due to momentary non-zero field intensities, but this does 
not result to any net electric or magnetic field, or to any net forced-oscillation of charged molecules.

Superposition of Coherent Polarized Waves/Fields of the same polarization.  When two or 
more waves/fields of the same polarization and frequency are in addition coherent, in other words, when 
their phase difference at the location of superposition is:

ϕ π= , ( = , , , …), ( )n n2 with 1 2 3 9

the result is constructive interference, meaning that the resultant wave has an amplitude (intensity) equal 
to the sum of amplitudes of the single waves that interfere at the particular location.

When two waves of same polarization have opposite phases at another location, in other words, when 
their phase difference is:

ϕ π= ( + ) , ( )n2 1 10

then the result of their superposition is destructive interference, i.e. a wave of the same polarization but 
with diminished intensity.

The electrical components of two such waves (plane harmonic waves of the same polarization and fre-
quency) reaching a certain location after having run different distances r1, and r2 from their two coherent 
sources, are given by the equations:

ω= ( − ) ( )E E k r tsin 11w1 01 1

ω= ( − ) ( )E E k r tsin 12w2 02 2

Again, the amplitude E0 of the resultant electric field 
��
E (electric component of the resultant electro-

magnetic wave), is:

ϕ= + + ( )E E E E E2 cos 130 01
2

02
2

01 02

where ϕ = ( − )π
λ

r r2
1 2  depending in this case only upon the difference in the distances run by the two 

waves, and not upon polarization.
At any location where: ϕ =  2nπ, Eq. 13 gives:

= + + (= + ) ( )E E E E E E E2 140 01
2

02
2

01 02 01 02

At these locations we have constructive interference.
At any location where: ϕ =  (2n +  1)π, Eq. 13 gives:

= + − (= − ) ( )E E E E E E E2 150 01
2

02
2

01 02 01 02

At these locations we have destructive interference.
The intensity of the resultant wave at any location is:

= + ( )
  

J J J 161 2

The amplitude of the resultant wave intensity will be, correspondingly:

ε= ( + ) ( )J c E E 170 0 01 02
2
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(at the locations of constructive interference), and

ε= ( − ) ( )J c E E 180 0 01 02
2

(at the locations of destructive interference).
Thus, at the locations of constructive interference, the electric field vectors of the two waves/fields 

are parallel and in the same direction, and both the resultant field and the resultant wave intensity are 
maximum (Eqs. 14 and 17).

For two identical sources (E01 =  E02): E0 =  2E01 and ε= =J c E J4 40 0 01
2

01
For N identical sources:

= ( )E N E 190 01

and:

= ( )J N J 200
2

01

This is why series of parallel RF/microwave antennas are often used to produce high-intensity beams 
in certain directions18.

At the locations of destructive interference the electric field vectors of the two waves are anti-parallel, 
and thus, both the resultant field and the resultant wave intensity are minimum (Eqs.  15 and 18). For 
identical sources (E01 =  E02): E =  0, J =  0.

Thus, for N number of polarized coherent electromagnetic sources of the same polarization, fre-
quency, and different intensities, with electric components E1, E2, …, EN, it comes that at the locations 
of constructive interference, the resultant electric field is the sum electric field from all the individual 
sources (e.g. antennas):

= + + + … + ( )E E E E E 21N1 2 3

The bigger the number of coherent superimposed waves/fields (from the same or different sources), 
the higher and narrower the peaks18. That situation can create very sharp peaks of wave and field intensi-
ties at certain locations, not easily detectable by field meters, where any living organism may be exposed 
to peak electric and magnetic field intensities. Such locations of increased field/radiation intensity, also 
called “hot spots”, were recently detected within urban areas, due to wave/field superposition from 
mobile telephony base towers21. Any location along the midperpendicular to the distance d between two 
antennas is a location of constructive interference in the case of two identical antennas.

Thus, the difference between superposition of unpolarized and polarized electromagnetic waves/
fields, is that while in the first case we have increased average wave intensity but zeroed net fields at any 
location, in the second case we have increased both wave intensity and fields at certain locations where 
constructive interference occurs. This difference is of crucial importance for understanding the differ-
ences in biological activity between natural and man-made EMFs/non-ionizing EMR.

Induction of Forced-Oscillations in living tissue by Polarized EMFs
All critical biomolecules are either electrically charged or polar11. While natural unpolarised EMF/EMR 
at any intensity cannot induce any specific/coherent oscillation on these molecules, polarized man-made 
EMFs/EMR will induce a coherent forced-oscillation on every charged/polar molecule within biological 
tissue. This is fundamental to our understanding of the biological phenomena. This oscillation will be 
most evident on the free (mobile) ions which carry a net electric charge and exist in large concentra-
tions in all types of cells or extracellular tissue determining practically all cellular/biological functions11. 
Although all molecules oscillate randomly with much higher velocities due to thermal motion, this has 
no biological effect other than increase in tissue temperature. But a coherent polarized oscillation of even 
millions of times smaller energy than average thermal molecular energy26 can initiate biological effects.

A forced-oscillation of mobile ions, induced by an external polarized EMF, can result in irregular gat-
ing of electrosensitive ion channels on the cell membranes. That was described in detail in Panagopoulos 
et al.19,20. According to this theory - the plausibility of which in actual biological conditions was verified 
by numerical test27 - the forced-oscillation of ions in the vicinity of the voltage-sensors of voltage-gated 
ion channels can exert forces on these sensors equal to or greater than the forces known to physio-
logically gate these channels. Irregular gating of these channels can potentially disrupt any cell’s elec-
trochemical balance and function11, leading to a variety of biological/health effects including the most 
detrimental ones, such as DNA damage, cell death, or cancer28.

Most cation channels (Ca+2, K+, Na+, etc) on the membranes of all animal cells, are voltage-gated11. 
They interconvert between open and closed state, when the electrostatic force on the electric charges of 
their voltage sensors due to transmembrane voltage changes, transcends some critical value. The voltage 
sensors of these channels are four symmetrically arranged, transmembrane, positively charged helical 
domains, each one designated S4. Changes in the transmembrane potential on the order of 30 mV are 
normally required to gate electrosensitive channels29,30. Several ions may interact simultaneously each 
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moment with an S4 domain from a distance on the order of 1 nm, since - except for the single ion that 
may be passing through the channel pore when the channel is opened - a few more ions are bound close 
to the pore of the channel at specific ion-binding sites (e.g. three in potassium channels)31. Details on the 
structure and function of cation electrosensitive channels can be found in11,29,31.

Consider e.g. four potassium ions at distances on the order of 1 nm from the channel-sensors (S4), 
and an externally applied oscillating EMF/EMR. The electric (and the magnetic) force on each ion due 
to any unpolarized field is zero (Eq. 8). In contrast, the force due to a polarized field with an electrical 
component E, is F =  Ezqe. For a sinusoidal alternating field Ε =  Ε0 sin ωt, the movement equation of a 
free ion of mass mi, is19,20:

λ ω ω+ + =
( )

m d r
dt

dr
dt

m r E zq tsin 22i i e

2

2 0
2

0

where r is the ion displacement due to the forced-oscillation, z is the ion’s valence (z =  1 for potassium 
ions), qe =  1.6× 10−19 C the elementary charge, λ the damping coefficient for the ion displacement (cal-
culated to have a value within a channel λ ≅ . × /−6 4 10 Kg s12 ), ω0 =  2πν0  (ν0  the ion’s oscillation 
self-frequency taken equal to the ion’s recorded spontaneous intracellular oscillation frequency on the 
order of 0.1 Hz), ω =  2πν (ν the frequency of the field/radiation), and E0 the amplitude of the field19,20.

The general solution of Eq. 22, is19,20:

λω
ω

λω
= + ( )r

E zq
t

E zq
cos 23

e e0 0

The term 
λω

E zqe0  in the solution, represents a constant displacement, but has no effect on the oscillating 
term ω

λω
tcos

E zqe0 . This constant displacement doubles the amplitude 
λω

E zqe0  of the forced-oscillation at the 
moment when the field is applied or interrupted, or during its first and last periods, and the ion’s dis-
placement will be twice the amplitude of the forced-oscillation. For pulsed fields (such as most fields of 
modern digital telecommunications) this will be taking place constantly with every repeated pulse. Thus, 
pulsed fields are - theoretically - twice more drastic than continuous/non-interrupted fields of the same 
other parameters, in agreement with several experimental data1,32.

The amplitude of the forced-oscillation (ignoring the constant term in Eq. 23), is:

λω
= ( )A

E zq
24

e0

The force acting on the effective charge q of an S4 domain, via an oscillating single-valence free cation, 
is: = ⋅

πεε

⋅
F

q q

r
1

4
e

0
2 , (r is the distance of the free ion from the effective charge of S4). Each oscillating 

cation displaced by dr, induces a force on each S4 sensor:

πεε
= −

⋅

( )
dF

q q

r
dr

2 25
e

0
3

While in the case of a non-polarized applied field ∑ =
d r 0, and ∑ =

��
dF 0, in the case of a polarized 

applied field, the sum force on the channel sensor from all four cations, is:

πεε
= −

⋅
dF

q q

r
dr4 2 e

0
3

This is an even more crucial difference between polarized and unpolarized EMFs in regard to biological 
activity than the ability of interference.

The effective charge of each S4 domain is found to be: q =  1.7 qe
30. The minimum force on this charge 

required normally to gate the channel - equal to the force generated by a change of 30 mV in the mem-
brane potential30 - is calculated19 to be:

= . × .−dF 8 16 10 N13

The displacement of one single-valence cation within the channel, necessary to exert this minimum 
force is calculated from Eq. 25 to be:

= × −dr 4 10 m12

For 4 cations oscillating in phase and on parallel planes due to an external polarized field/radiation, 
the minimum displacement is decreased to: dr =  10−12 m.

Therefore, any external polarized oscillating EMF able to force free ions to oscillate with amplitude 
≥

λω
−10 m

E zq 12e0 , is able to irregularly gate cation channels on cell membranes. For z =  1 (potassium ions), 
and substituting the values for qe, λ on the last condition, we get:
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≥ . × ( )−E v0 25 10 260
3

(ν in Hz, Ε0 in V/m)
For double-valence cations (z =  2) (e.g. Ca+2) the condition becomes,

≥ × ( )−E v 10 270
4

(ν in Hz, Ε0 in V/m)
[An in depth description of the briefly presented mechanism can be found in19,20.]

For electric power fields (ν =  50 Hz), Condition 27 becomes,

≥ . / ( )E 0 005V m 280

Thus, power frequency EMFs with intensities exceeding 5 mV/m are potentially able to disrupt cell 
function. For N number of EMF-sources of the same polarization (e.g. N number of parallel power lines) 
the last value is divided by N (according to Eq. 19) at the locations of constructive interference, and thus 
even more decreased. Such minimum power frequency field intensity values are abundant in urban daily 
environments, and even more close to high-voltage power transmission lines7.

For pulsed fields the second part of Condition 27 is divided by 2, and becomes:

≥ . × ( )−E v0 5 10 290
4

(ν in Hz, Ε0 in V/m).
For digital mobile telephony fields/radiation emitting ELF pulses with a pulse repetition frequency 

ν =  217 Hz (among other ELF frequencies they transmit)33, Condition 29 becomes:

≥ . / ( )E 0 01V m 300

For the pulse repetition frequency of ν =  8.34 Hz (also included in mobile telephony signals)33,34, 
Condition 29 becomes:

≥ . / ( )E 0 0004V m 310

As is evident from the described mechanism, the field does not gate the channel by forces exerted 
directly on the channel sensors. It would take a field on the order of the transmembrane field 
(106–107 V/m) for that. It is the mediation of the oscillating free ions in close proximity to the S4 channel 
sensors that allows such weak fields to be able to exert the necessary forces to gate the channel.

Thus, ELF electric fields emitted by mobile phones and base stations stronger than 0.0004 V/m are 
also potentially able to disrupt the function of any living cell. This ELF intensity value is emitted by 
regular cell phones at distances up to a few meters and base stations at distances up to a few hundred 
meters6,34,35. For N number of mobile telephony antennas vertically oriented, the last value is divided by 
N (according to Eq. 19) at locations of constructive interference.

We do not distinguish between externally applied EMFs and internally induced ones within living 
tissue, especially in the case of ELF for the following reasons: 1. Living tissue is not metal to shield 
from electric fields and certainly is not ferromagnetic metal (Fe, Co, Ni) to shield from magnetic fields. 
Moreover, it is known that especially ELF fields cannot be easily shielded even by Faraday cages and in 
order to significantly minimize them it is recommended to totally enclose them in closed metal boxes6. 
Thus, ELF electric fields penetrate living tissue with certain degree of attenuation, and magnetic fields 
penetrate with zero attenuation. 2. Even in case that the ELF fields are significantly attenuated in the 
inner tissues of a living body, the eyes, the brain, the skin cells, or the myriads of nerve fiber terminals 
that end up on the outer epidermis, are directly exposed to the field intensities measured externally on 
the surface of the living tissue.

It has been shown that tissue preparations (such as bovine fibroblasts or chicken tendons) respond 
to externally applied pulsed or sinusoidal ELF electric fields (by changes in DNA or protein synthesis 
rates, proliferation rates, alignment with respect to the field direction, etc), at very low thresholds 
~10−3 V/m1,36–38. These thresholds are very close to those predicted by the present study.

Except for direct electric field exposure by an external field, there can be an electric field within tissues 
induced by an externally applied oscillating magnetic one, which as explained penetrates living tissue 
with zero attenuation. Tuor et al.34 measured ELF magnetic fields from cell phones on the order of 1 G 
(= 10−4 T) at 217 Hz. This can induce electric fields on the order of ~0.1 V/m within the human body, as 
can be shown by application of Maxwell’s law of electromagnetic induction:

∫⋅ = − ⋅ ( )
�� � �� �∮ E d l d

dt
B u dS 32l

ind S N
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(
��
B, 
��
Eind, the magnetic and the induced electric field intensities respectively, 



d l  an incremental length 
along a closed path l of induced electric field circulation enclosing a surface S. uN is the unit vector 
vertical to the surface S).

Assuming 
��
Eind parallel to and independent of l, 

��
B vertical to and independent of S, and l a circular 

path of radius α including the surface S, Eq. 32 becomes:

∫= −∮E dl dB
dt

dSind
l S

which gives:

α= . ( )E dB
dt

0 5 33ind

(Eind in V/m, B in T, α in m).
By replacing in the last equation α =  0.20 m (a reasonably large radius for a circumference within an 

adult human body), and = /1T sdB
dt

, [according to Tuor et al.34], we get Eind ~ 0.1 V/m. This is the induced 
electric field intensity within a human body by the 217 Hz pulses of mobile telephony, and it is about ten 
times larger than the minimum estimated value able to initiate biological effects at this frequency accord-
ing to Condition 30.

Discussion
In the present study we showed that polarized EMFs/EMR, such as every type of man-made EMF, have 
the ability to create interference effects and amplify their field intensities at specific locations where con-
structive interference occurs, and that this phenomenon cannot occur with natural EMFs/EMR which 
are not polarized.

Any location at equal distances from identical sources (antennas), in other words any location along 
the midperpendicular to the distance d between the two sources, is a location of constructive interference 
and increased field and wave intensities. As the number of sources (e.g. antennas) increases, the ampli-
fication of the resultant field intensities (E, B) at certain locations increases too (Eq. 19), and for a large 
number of sources field intensities may become very sharp. This explains theoretically the detected “hot 
spots” from mobile telephony base stations in urban environments21. The result of field superposition 
at those locations are standing waves (i.e. they do not change with time) when the two or more sources 
of the same polarization are in addition coherent (i.e. same frequency, same phase difference). Within 
biological tissue, at those locations of constructive interference we can have increased biological activity 
due to the polarized EMFs.

The most usual case is, when the multiple incident fields/waves are of the same polarization but not 
coherent (i.e. different frequency and/or varying phase difference), as e.g. the waves from all different 
radio, television, and mobile telephony antennas vertically oriented. Then, the resultant fields/waves are 
not standing but timely varying, creating momentary constructive interference at unpredictably different 
locations each moment. This fact may represent an extraordinary ability of man-made/polarized EMFs 
to trigger biological effects.

Using the forced-oscillation mechanism19,20 we showed that the resultant force exerted on the S4 
sensors of electrosensitive ion channels on cell membranes by several ions forced to oscillate on parallel 
planes and in phase by an applied polarized EMF (and even more by constructively superimposed fields 
from several polarized EMF-sources), is able to irregularly gate these channels. The result can then be 
the disruption of the cell’s electrochemical balance, leading to a variety of biological/health effects28. This 
is in contrast to the null force exerted by any number of ions oscillating on non-parallel random planes 
and with different phases from each other due to any number of non-polarized applied EMFs, and in 
contrast to the null force exerted by the random thermal movement of the same ions20,26.

In experiments testing the role of different polarization types on the biological activity of RF 
EMR, exposure of E. coli to 51.76 GHz radiation resulted in inhibition of DNA repair when linear or 
right-handed circularly polarized radiation was used, while left-handed circularly polarized radiation 
caused no effects. Exposure to 41.32 GHz similar EMR was reported to reverse the effect: In this case, 
only linear or left-handed circularly polarized radiation inhibited the DNA repair39. In both frequencies, 
the right-handed or the left-handed circularly polarized radiation induced a greater effect than the line-
arly polarized radiation. When the structure of the DNA was altered by ethidium bromide intercalation, 
a change in intensity of the effect of polarization was reported40. Chromatin condensation (a sign of 
cell death) was induced by elliptically polarized 36.65 GHz microwave radiation. The effect increased 
with intensity. Right-handed polarization induced a stronger effect than left-handed41. These experi-
ments show that not only linear but circular and elliptical polarizations are important parameters for 
the biological action of EMR, and that molecular structure of biomolecules may be important for the 
interaction between polarized EMF and the biological tissue. In all these studies there was no compari-
son with unpolarised field of identical other parameters, but only comparison between different types of 
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polarization. Again, it is important to note that circularly and elliptically polarized 50–60 Hz EMFs are 
formed around 3-phase power transmission lines.

Experiments with non-polarized and polarized EMFs/EMR of identical other characteristics (inten-
sity, frequency, waveform, etc) on certain biological models should be performed to test the validity of 
the present theoretical study. This should be the subject of a future experimental study.

The present theoretical analysis shows that polarized man-made EMFs/EMR can trigger biological 
effects while much stronger and of higher energy (frequency) unpolarized EMFs/Non-Ionizing EMR 
(e.g. heat, or natural light) cannot.

This is the reason why polarized microwave radiation of maximum power 1 W emitted by a mobile 
phone can damage DNA and cause adverse health effects2,3,5,6,35, while non-polarized infrared, visible, and 
ultraviolet radiation from a 100 W light bulb, or ~400 W infrared and visible EMR from a human body14,16, 
cannot. Similarly with solar EMR the intensity of which incident on a human body (~8–24 mW/cm2) is 
hundreds of times higher than radiation intensity incident from e.g. a cell phone on a user’s head/body 
during a usual phone-conversation with the handset in touch with the head (less than 0.2 mW/cm2), or 
incident intensities from other RF, ELF sources of human technology6,7,12,13. The total daily duration 
of human exposure to the sunlight is also much longer normally than the total daily duration of cell 
phone exposure during conversations5,6,12,13. Moreover the frequency (energy) of sunlight is also sig-
nificantly larger than any man-made RF or ELF frequencies. Yet, there are no adverse biological effects 
due to normal/non-excessive exposure to sunlight. On the contrary, it is beneficial and vital/necessary 
for human/animal health, in contrast to cell phone radiation. Similarly, there are no adverse biological 
effects due to exposure (mainly in the infrared and visible regions) from one human body to another 
(with an incident intensity ~20 mW/cm2)16. Although all animals on Earth have adapted throughout 
evolution to exposures to EMFs from the sun and the earth, these fields are non-polarized (even though 
natural light may become partially polarized in a small average degree due to atmospheric scattering 
or reflections). Moreover, terrestrial electric and magnetic fields are mainly static, emitting very weak 
non-polarized ELF radiation due to slight variations in their intensities. However, larger variations on the 
order of 20% of their normal intensities due to solar activity with a periodicity of about 11 years result in 
increase of human/animal health incidents15. Therefore, living organisms on Earth are adapted to natural 
(non-polarized or even partially polarized) EMFs since the beginning of life, but not to variations in 
their normal intensities on the order of 20%, and thus we would not expect them to adapt to man-made 
(totally polarized) EMFs/EMR. The present study explained how this difference in polarization results in 
corresponding differences in biological activity between natural and man-made EMFs.

Increased biological activity does not necessarily result in observable biological/health effects, since 
there are adaptive mechanisms operating at cellular-tissue-organism levels in response to ever occurring 
changes. However, these mechanisms may not always be totally effective, especially when the organism 
is under additional stress or increased metabolic needs (e.g. sickness, childhood/development, old age, 
etc.). Then exposure to polarized (man-made) EMFs may considerably increase the probability for the 
initiation of adverse health effects. The effect of polarized EMF-exposure may even be beneficial in 
certain cases of applied static or pulsed electric or magnetic fields of specified orientation and intensi-
ties that enhance the action of endogenous physiological fields within living cells/organisms e.g. during 
development, wound healing, bone fracture healing etc.38,42.

The role of polarization in the ability of EMFs/non-ionizing EMR to induce biological effects, as 
described in the present study, is - up to today - largely underestimated in the EMF-bioeffects literature. 
Thus, we believe that the present study contributes significantly towards a better understanding of the 
mechanisms underlying EMF-bioeffects.
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Biophysical mechanism of animal 
magnetoreception, orientation and 
navigation
Dimitris J. Panagopoulos1,2, Andreas Karabarbounis3 & George P. Chrousos1,4

We describe a biophysical mechanism for animal magnetoreception, orientation and navigation 
in the geomagnetic field (GMF), based on the ion forced oscillation (IFO) mechanism in animal cell 
membrane voltage-gated ion channels (VGICs) (IFO-VGIC mechanism). We review previously suggested 
hypotheses. We describe the structure and function of VGICs and argue that they are the most sensitive 
electromagnetic sensors in all animals. We consider the magnetic force exerted by the GMF on a 
mobile ion within a VGIC of an animal with periodic velocity variation. We apply this force in the IFO 
equation resulting in solution connecting the GMF intensity with the velocity variation rate. We show 
that animals with periodic velocity variations, receive oscillating forces on their mobile ions within 
VGICs, which are forced to oscillate exerting forces on the voltage sensors of the channels, similar or 
greater to the forces from membrane voltage changes that normally induce gating. Thus, the GMF in 
combination with the varying animal velocity can gate VGICs and alter cell homeostasis in a degree 
depending, for a given velocity and velocity variation rate, on GMF intensity (unique in each latitude) 
and the angle between velocity and GMF axis, which determine animal position and orientation.

Keywords  Geomagnetic field, Animal magnetoreception, Orientation, Navigation, Electromagnetic fields, 
Voltage-gated ion channels, Ion forced-oscillation mechanism

Abbreviations
ELF	� Extremely Low Frequency
EMF	� Electromagnetic field
ESR	� Electron Spin Resonance
GEF	� Geoelectric field
GMF	� Geomagnetic field
IFO	� Ion forced oscillation
RF	� Radio Frequency
ULF	� Ultra Low Frequency
VGIC	� Voltage-gated ion channel
VLF	� Very Low Frequency

Geomagnetic field and navigation—animal migration
It is widely accepted that animals have a sense of orientation on Earth which allows them to migrate toward 
specific directions, travel long distances and find specific locations, with most migratory animals (including 
birds) migrating at night1–4. The biophysical explanation of this phenomenon has been a great challenge in 
science and, especially after the early 1970s, one of the hottest topics in bioelectromagnetics/electromagnetic 
biology with hundreds of scientific publications trying to explore and resolve this mystery1,2,5,6. It was reasonable 
to assume that such an ability is related to the sensing of the geomagnetic field (GMF), which is mainly static 
with specific orientation and a magnetic axis forming an angle of a few degrees with the Earth’s geographic 
north–south axis and reversed polarity, i.e. the geomagnetic north pole is close to the geographic south pole and 
vice-versa. The intensity of the GMF is maximal at the poles and minimal at the equator having an average value 
at intermediate latitudes of ~ 0.5 G or ~ 50 μT5–7. Magnetic compasses, which are thin magnets rotating around 
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a vertical axis in their center, orient parallel to the GMF lines indicating the geomagnetic south which is very 
close to the geographic north pole. This is how people have been navigating for centuries by use of magnetic 
compasses since they were discovered in the ancient times.

During the past fifty years, several hypotheses for mechanisms of animal magnetoreception have been 
proposed, related mainly to a) biogenic magnetite found in living organisms, b) light-sensitive chemical 
magnetoreception, and c) electromagnetic induction. There are certain weaknesses in those hypotheses which 
we believe is one reason why the phenomenon of animal magnetoreception and navigation has remained 
unexplained to this day1,3,4,8–11. According to1, “determining how animals orient themselves using Earth’s 
magnetic field can be even more difficult than finding a needle in a haystack. It is like finding a needle in a stack 
of needles.”

Suggested hypotheses for a mechanism of animal magnetoreception
The first hypothesis is based on the existence of magnetite nanoparticles (Fe3O4) in living organisms12,13. Such 
particles were first found in denticle caps of chitons and in magnetotactic bacteria14–18. Later it was reported that 
they were also detected in certain other species including humans, birds and bees1,9,11,13. It was suggested that 
chains of magnetite crystals called magnetosomes found in the aforementioned organisms, reoriented by the 
GMF could act as compass needles subserving their magneto-sensing ability. It was claimed that magnetosome 
chains anchored to nerve cell membranes near mechanically-gated ion channels were present in fish10,19,20, 
and was hypothesized that these chains aligned under the action of the GMF they could possibly cause gating 
(opening/closing) of such ion channels1,3,4,9–13,21–24. Yet, despite the many publications on magnetite-based 
magnetoreception, no numerical calculations of the force/torque exerted by the GMF on magnetosomes were 
presented or shown to produce the pressure required to open/close mechanically-gated ion channels. Neither was 
shown how exactly this pressure is exerted on such ion channels by reorientation of magnetosomes supposedly 
anchored in the plasma membrane. Thus, suggestions on magnetite-based magnetoreception remain largely 
hypothetical, and in our view, complicated and unlikely. Ernst and Lohmann25 observed orientation changes 
(lasting at least 10 h after exposure) in Caribbean spiny lobster (Panulirus argus) in response to magnetic pulses 
that could theoretically cause magnetite rotation. But the effect could also be due to the fact that electromagnetic 
pulses affect cells in various ways and initiate a plethora of biological effects26–29. Thus, the observed effect 
may be compatible with, but does not actually confirm the magnetite hypothesis. In a series of experiments 
Malkemper et al.30 found no evidence of magnetite-based magnetoreceptor in the pigeon ear and suggested that 
any possible inner ear magnetoreceptor would likely be activated by electromagnetic induction. This is in line 
with Treiber et al.31, and Edelman et al.32 who found that structures previously suggested as strong candidates 
for magnetite-based magnetoreceptors in pigeons were macrophages or non-magnetite iron accumulations. 
Moreover, Edelman et al.32 correctly pointed out that in order for magnetic particles to be magnetoreception 
sensors they should be found inside cells at exactly the same location and be associated with nerve tissue in 
many individuals (in fact in all) of a certain species, which is definitely not the case with the animals in which 
magnetosomes have been found. Thus, even though Kirschvink et al.10 claimed that magnetite biomineralization 
is common in all living organisms including all animals and is the key for magnetoreception, this is apparently 
not the case, apart perhaps from the magnetotactic bacteria, in which magnetosome chains of similar length 
to the bacteria were clearly detected, and may indeed orient like magnetic needles in the GMF, dragging and 
orienting in this way the entire organism.

The second hypothesis suggests that a light stimulus on a cryptochrome protein, a photoreceptive molecule 
in the retina of bird eyes, induces the formation of pairs of free radicals (atoms/molecules each one having 
an unpaired electron) which, in the presence of a magnetic field, align their spin momentums parallel or 
antiparallel to the field, and, in this case, the GMF may change a radical pair from a singlet (parallel spins) to a 
triplet (antiparallel spins) state and vice-versa. Then the corresponding signal related to changes in the singlet/
triplet yield is transferred to some hypothetical specialized sensory cell type that recognizes the GMF intensity 
and direction4,10,11,33–38. This possibility has been specifically examined for birds and is considered the most 
prevailing hypothesis, supposedly supported by chemical, physical, and biological facts4,39,40. But it has never 
been explained how exactly the singlet/triplet yield in a sensory cell could provide the animal with the sense of 
the GMF intensity and direction. Moreover, all free radicals are extremely bioactive because of their unpaired 
electron and have an extremely short lifetime (usually ~10–11-10–7s)41–44. How do they provide sufficient time 
for a complicated biological event to take place? Certain authors refer to “long-lived” radical pairs4 but they do 
not report their molecular identity or how much longer are their lifetimes than those of ordinary free radicals. 
Most importantly, how can light which is non-ionizing, apart from vacuum ultraviolet which gets absorbed 
in the upper atmosphere, induce the formation of radical pairs which is ionization? The only known physical 
effect that induces the formation of radical pairs with non-ionizing radiation is the Electron Spin Resonance 
(ESR) effect, in which the formation of free radical pairs with opposite electronic spins is induced by Radio 
Frequency (RF)/microwave (300 kHz-300 GHz) radiation (usually 9–36 GHz) in the presence of a very strong 
and spatially inhomogeneous magnetic field with corresponding intensities ranging between 100 μT and 1.3 T 
(already significantly stronger than the GMF which actually is locally homogenous). The equation connecting 
the frequency (ν) with the magnetic field intensity (B) in the ESR effect in the case of free electrons, is:

	
hν = gs

qeℏ
2me

B

(gs is the spectroscopic splitting factor, qeℏ
2me

 = 9.27 × 10–24 J/T the Bohr’s magnetone with qe, me the electronic 
charge and mass respectively and ħ = h/2π, h the Planck’s constant)45. If a radical pair is to be formed by visible 
light, this would require about four orders of magnitude even stronger magnetic field (than 100 μT—1.3 T), 
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which is at least 20,000 times stronger than the GMF. The above facts make extremely unlikely the formation of 
radical pairs by light in the presence of the GMF, if not impossible. Furthermore, if light is necessary for animals 
to be able to orient and navigate, why most migratory animals (including birds) migrate at night? The argument 
provided by Mouritsen4that light-dependent magnetoreception could (hypothetically) be activated by just a few 
photons and such a quantity of light is always present, is not convincing. Even if birds migrating during the night 
receive a few photons in darkest nights, what about migrating fish at the bottom of oceans or animals moving 
underground with literally no photons present? And why should an important sense be based on a trigger 
that is limitedly available or not available at all? In our view, this hypothesis is also completely conjectural and 
unrealistically complicated. It is unlikely that nature would work via complicated and thus, energy-consuming 
mechanisms, when it could work in simpler and more economic terms (Occam’s razor or law of parsimony)46. 
We searched for the facts supporting the hypothesis that magnetoreception requires light4,33,34. We did find 
evidence that bird orientation is affected by light37, which is reasonable, as birds definitely use visual landmarks 
as complementary cues for their navigation, but we found no evidence that bird or other animal orientation 
requires light and that it cannot occur without it. Therefore, it is mystifying to us that dozens of publications insist 
on a hypothesis that combines magnetoreception with light sensitivity. An experimental study that showed birds 
losing their orientation in the presence of “electromagnetic noise”47and was reported3to support the radical-pair 
hypothesis states that “the effects might be explained if hyperfine interactions in light-induced radical pairs or 
large clusters of iron-containing particles are involved”. Thus47, provided neither proof nor support of the radical-
pair or the magnetite hypotheses, but simply speculated that perhaps the recorded effect could be explained by 
one of these two hypotheses. Another study found that an Extremely Low Frequency (ELF) magnetic field (300 
μT, 50 Hz) shortened the 24-h circadian period in fruit flies and that this effect did not occur in mutated flies 
that could not produce cryptochrome48. This result was also interpreted as supporting the role of cryptochrome 
in magnetically sensitive behaviour (and, thus, the radical pair magnetoreception hypothesis) which is again 
not the case, as the circadian period in all forms of life on Earth is controlled by the 24-h light periodicity, the 
sensing of which involves cryptochrome/photoreceptive proteins. If the authors studied magnetic field effects 
not related to circadian rhythms and light they would find no dependence on cryptochrome, as is the case with 
the vast majority of the recorded ELF magnetic field effects on living organisms6,7,26–29,49,50.

The third hypothesis is based on the Faraday-Henry law of electromagnetic induction51 which states that 
when the magnetic flow through a surface S enclosed by a closed conductive line l changes with time, a voltage 
(and consequently an electric field) is induced along the closed line. The law implies that any accelerating animal 
movement in a static and locally homogenous magnetic field such as the GMF will induce an electric field 
in its body. In this way, the magnetic field would be converted into an electric signal detectable by putative 
voltage-sensing cells/organs named electroreceptors, such as the ampullae of Lorenzini in elasmobranches 
(e.g. sharks, rays, etc.)1,52–55, or the inner ear, or the olfactory epithelium tissue of birds23,56. This scenario has 
not been investigated in invertebrate species, because no “identified” electroreceptors have been attributed to 
these animals57. Electromagnetic induction has been studied in elasmobranches58,59and was recently proposed 
to underlie the navigation of pigeons30,60, as suggested earlier56. It is considered that for animals to be able 
to sense the GMF via electromagnetic induction, large internal ring-shaped structures filled with conductive 
liquid would be needed which are more likely to exist in aquatic animals, and, thus, for terrestrial animals 
another mechanism should be sought4. But in all living organisms, including terrestrial mammals, including 
humans, there are endogenous weak electric currents consisting of ion flows through cells, cell membranes, 
and whole tissues/organs, controlling practically all cellular/tissue functions. These endogenous physiological 
currents flow through the extracellular and intracellular aqueous solutions and through ion channels in the 
plasma membranes61–63. Therefore, while electromagnetic induction is an apparent physical effect, we do not see 
why specific tissue structures are needed for electromagnetic induction to take place in any animal.

The possibility of electromagnetic induction in the GMF as a mechanism for animal orientation/navigation 
has not been considered so far in accordance with the voltage-gated ion channels (VGICs) and the ion forced-
oscillation (IFO)-VGIC mechanism, which is an accepted biophysical mechanism for electromagnetic field 
(EMF)-bioeffects44,64–67. By contrast, it was considered in relation to some hypothetical unknown organ or cell 
type (“electroreceptor”) presumably located in the eyes34or in the olfactory epithelium23. But the eyes or any 
sensory tissues are connected to neurons that transport the electromagnetic signals to the brain, and nerve cells 
have higher percentages of VGICs in their plasma membranes than other types of cells49,68,69.

Apart from the various hypotheses for a mechanism to explain animal magnetoreception, orientation and 
navigation with the weaknesses discussed above, the experimental work in the field is extensive, sophisticated, 
and important by itself1–4,9–11,15–25,30–32,34–40.

Animal sensors for magnetoreception
The existence of specific organs to detect EMFs seems to be a common assumption among many researchers who 
study animal electro/magnetoreception4. Threshold electric field values that can be detected by various animals/
organisms have been reported in papers to be as low as 10–5-10–4 V/m and even lower for certain species such as 
the elasmobranches (~10–6 V/m)1,70.

But why should there be specific organs (receptors) to detect EMFs when all animals and plants/trees are 
equipped with the most sensitive EMF-sensors, in large numbers in all membranes of each of their trillions of cells, 
which are no other that the VGICs, the most abundant class of transmembrane proteins forming ion channels 
in the cell membranes in all cells of all animals68,69? It seems that this fact has escaped researchers’ attention 
even though certain studies had long ago indicated the importance of VGICs as potential EMF sensors71–73. 
Also, it seems that our published theoretical model has escaped attention, even though it has demonstrated, by 
equations and accurate numerical calculations based on molecular data on the structure and function of VGICs, 
that polarized and coherent applied oscillating EMFs, especially in the lower frequency bands, namely Ultra 
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Low Frequency (ULF: 0–3 Hz), ELF (3–3000 Hz), and Very Low Frequency (VLF: 3–30 kHz), can induce gating 
(opening/closing) in VGICs at very low threshold intensities (down to ~10–5 V/m)44,64–66. Instead, complicated 
scenarios involving specific hypothetical organs supposedly serving as “electroreceptors” or “magnetoreceptors” 
have been considered and developed. While several studies have considered the involvement of ion channels in 
the final steps of eliciting a cellular effect in combination with the various suggested hypothetical mechanisms3,10, 
only a few recent studies have suggested a critical role of the VGICs, mostly in combination with electromagnetic 
induction-based magnetoreception58–60, and even those few studies, did not consider our detailed theoretical 
model.

The suggestion we have introduced that VGICs serve as the sensitive EMF detectors in animals44,64–66does 
not contradict the existence of specific structures in certain animals such as the ampullae of Lorenzini in 
elasmobranches1,52,53which may act as signal amplifiers in those animals, collecting and amplifying signals 
from many VGICs and many cells. The existence of amplifying mechanisms in certain species may explain 
their enhanced electromagnetic sensitivity compared to other animals and to the VGIC sensitivity that we have 
theoretically calculated1,44,66.

VGICs: The most sensitive electro/magnetoreceptors. Structure and function. Purpose of the 
study
It is known that VGICs convert from open to closed states and vice-versa by membrane voltage changes 
dV ≥ 30 mV which exert forces on their voltage-sensors (more specifically VGICs respond to changes between 
~30 and ~100  mV). The voltage sensors of the VGICs are four symmetrically arranged, transmembrane, 
positively charged α-helices (subunits), each one named S4. They occupy the 4th position in a group of 6 parallel 
α-helices (S1-S6) (Fig. 1). They are the closest helices to the pore apart from the S5-S6 helices which form the 
pore walls. The channel consists of four identical such groups (units I-IV) in symmetrical positions around the 
pore of the channel (Fig. 1, 2a, b). More specifically, the sensors are positive Lys and Arg amino-acids in the S4 
helices. The effective (net) charge on each S4 sensor has been calculated to be q = 1.7qe, where qeis the elementary 
charge. The positive charges of the S4 sensors are paired with negative charges from adjacent helices so that the 
net charge in the pore of the channel is zero. The ions pass dehydrated and in single file through the channel 
pore. The narrowest part of the pore is called the pore gate. At least four dehydrated mobile ions are very close 
any moment to the S4 sensors at a distance of the order of 1 nm, as – except for the ion(s) that may be passing 
through the pore gate any moment or is just outside the pore gate ready to pass – at least three more are bound 

Fig. 2.  Schematic representation of a VGIC (a) closed; (b) opened.

 

Fig. 1.  Schematic cross-section of a VGIC with the four units (I-IV) in symmetrical positions around the 
channel pore. Each unit consists of six parallel α-helices/subunits (S1-S6). The voltage-sensors of the VGIC are 
the four S4 positively charged helices ( +) one in each unit. The S4 are the closest to the pore-forming S5-S6 
helices having less than 1 nm distance from the pore (modified from74).
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at specific ion-binding sites very close to the gate67,69,74–78. While VGICs are normally gated by ~30–100 mV 
voltage changes in the very strong transmembrane field, in other words respond to field changes between 3 × 106 
and 107 V/m, they may also respond to very weak polarized, coherent, and varying EMFs down to ~10–5 V/m 
via the forced-oscillation such EMFs induce on mobile ions in close proximity (< 1 nm) to the sensors. This 
happens because the force exerted on the S4 sensors by oscillating ions in close proximity, depending upon 
the inverse third power of the distance between charges (see Eq. 2 below), is much greater than a direct force 
from an externally applied EMF44. The aforementioned (at least) four ions close to the pore gate, once forced 
to oscillate in phase, exert constructive forces on the S4 sensors able to gate the channel, and this is a critical 
point for understanding the described IFO-VGIC mechanism (Fig. 3). The ion transit time through an open 
VGIC (e.g. a VGIC sodium channel) is calculated to be ~0.4 × 10-7s64,65,67, and the time needed for the channel 
to open/close is ~2.5 × 10-5s69. This gives enough time to any polarized EMF oscillating with a frequency up to 
~100 kHz to interact with the channel sensors during just one semi period and cause gating (opening/closing) 
with subsequent alterations in intracellular ionic concentrations and cell redox state and homeostasis (Fig. 4).

We have shown in the IFO-VGIC mechanism by precise numerical calculations that VGICs respond 
to changes of polarized and coherent electric fields down to ~10–5-10–4V/m44,65–67, which is in impressive 
agreement with the reported threshold intensities for man-made EMFs to be sensed by various animals and 
cell/tissue cultures1,70,79,80, and very close to the increased sensitivity of elasmobranches. VGICs exist in great 
numbers in all cell membranes of all living cells. Moreover, as mentioned already, their numbers/percentages are 
significantly greater in neurons (nerve cells) as the Na+ and K+ VGICs are necessary for the transmission of the 
nerve impulses, and especially in brain neurons49,68,69.

The purpose of this theoretical study is to test whether the IFO-VGIC mechanism can explain the sensing of 
the GMF by moving animals, and specifically, whether it can explain the sensing of their direction and position 
in relation to the GMF, which are both necessary for orientation and navigation.

Biophysical mechanism of animal orientation and navigation
Applying the IFO-VGIC theory to the problem
Consider an animal, e.g. a bird, moving in any direction parallel to the Earth’s surface with a drift velocity 
uan ~ 20 m/s (Fig. 5). Every charged particle in its body, and specifically a mobile ion of charge zqe (z the ion 
valence, and qe the elementary charge) within a VGIC and close to the S4 sensors (at a reasonable distance 
of ~1 nm) in a plasma membrane in any cell of this animal, is subjected to a magnetic force by the GMF of 
magnitude,

Fig. 4.  A cell with inward and outward ion flows through VGICs in its plasma membrane and consequent 
alterations in intracellular concentrations of critical ions (K+, Na+, Ca2+, etc.).

 

Fig. 3.  Schematic representation of the forces dF exerted on the S4 positive charges in a VGIC due to 
displacement dr of an oscillating ion in the channel pore.
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	 FB = zqeuan × Bg, or FB = zqeuan Bg sin φ� (1)

(φ is the angle between the animal velocity uan and the GMF intensity Bg).
This magnetic force is vertical to the animal velocity and would result in a curved motion of the ion within 

the channel protein. The radius of this curve (r = miuan/zqeBg) depending upon ion mass (mi), charge (zqe), 
velocity (uan), and Bg is calculated to be of the order of 0.1 m. This is too large compared to the available space 
for an ion within a channel protein (a few Å), and thus we can reasonably accept that the ion’s displacement dr 
within the channel due to the magnetic force is practically linear.

Such magnetic forces will be exerted on any mobile ion in the animal’s body and specifically within any VGIC, 
causing a displacement dr from its “initial” position which in turn exerts an additional Coulomb force dF on the 
S4 voltage-sensors of the VGIC which may result in the opening/closing (gating) of the channel64,65,73 (Fig. 3). 
This additional Coulomb force on each S4 sensor due to the ion displacement dr is described by the equation:

	
dF = − q · zqe

2πεεor3 dr� (2)

with q = 1.7 qe the effective (net) charge of the S4 sensor, zqe the mobile ion charge, εo = 8.854⋅10–12 N-1 m-2C2 the 
vacuum permittivity, ε ~4 the relative permittivity of the ion channel, and r= 1 nm the “initial” distance between 
the two charges75,81.

The minimum required force on the S4 charge, perpendicular to the membrane, generated by a change of 
30 mV in the transmembrane voltage required to gate the channel normally, is calculated to be44,64–66:

	 dF = 8.16 × 10−13 N� (3)

This force, according to Eq. 2, corresponds to a minimum required displacement of one z-valence ion within the 
channel along the direction of the channel axis44,64–67:

	 dr = 4 × 10−12/z (in m)� (4)

According to the IFO-VGIC mechanism and the standard oscillation mechanics, the equation that describes the 
motion of this mobile ion in an animal moving with velocity uan forming an angle φ with the GMF intensity Bg, 
with the forces exerted on it, is written as:

	
mi

d2r

dt2 + β
dr

dt
+ mi ω2

o r = zqeBguan sin φ� (5)

where mi is the ion mass (e.g. mi ~ 3.8 × 10–26 kg for sodium ions), r the ion position during its displacement 
due to the applied magnetic field, z the ion valence, qe = 1.6 ×  10−19 C the elementary charge, β the damping 
coefficient (found to be within channels, β = Emzqe

uo
 ≅ 6.4z ×  10−12 kg/s, with Em ~ 107 V/m the transmembrane 

electric field, and uo = 0.25 m/s the maximum ion velocity through an open channel), and ωo = 2πνo (νothe ion’s 
oscillation self-frequency)44,64,65,67.

Fig. 5.  Magnetic force FB on electrically charged particles (mobile ions) in the cells of a migrating bird on 
Earth flying with velocity uan in a direction forming angle φ with the geomagnetic field intensity Bg which 
is unique at every latitude. For any given velocity magnitude and velocity variation rate, the magnetic force 
depends upon φ and Bg (direction of motion and latitude), providing the migrating animal with the sense of 
its direction and position on Earth. (N: geographic north pole. S: geographic south pole. MN: magnetic north 
pole. MS: magnetic south pole).
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The right part of Eq. 5 is the magnetic force on the ion. The first term of the left part (mi 
d2r
dt2 ) is the resultant 

force, the second term (β dr
dt ) is a damping force, and the third term (miωo

2r) a restoring force exerted by the 
medium44,64–66. These are the standard forces in a forced-oscillation equation, with their parameters depending 
on the specific system.[Note: The damping force is always opposite to the velocity of the particle. The restoring 
force is always directed toward the equilibrium position and it is a function only of the position of the particle. 
Any particle within a material medium displaced from a considered position will receive a restoring force toward 
its initial position.]

In order for an applied polarized and coherent electric or magnetic field to be able to gate (open/close) a 
VGIC it has to be oscillating/varying in time. Invariable static fields such as the very strong cell membrane 
field or the geomagnetic and the geoelectric field (GEF) do not normally cause VGIC gating and subsequent 
initiation of biological/health effects. Those fields only induce biological/health effects during 20–30% changes 
in their intensities taking place physiologically during membrane depolarizations, or during magnetic storms 
respectively6,7,82. In the case of an oscillating/varying magnetic force, Eq. 5 describes a forced-oscillation of the 
ion (IFO). In the simplest case of a harmonically oscillating magnetic force FB = FBo sinωt with amplitude FBo and 
circular frequency ω = 2πν (ν the frequency) due to a harmonically varying animal velocity,

	 uan = uano sin ωt� (6)

in a direction forming an angle φ with the GMF Bg, the solution of Eq. 5 describing the forced-oscillation of the 
mobile ion is44,64,65,67:

	
r = Bguanozqe sin φ

βω
cos ωt + Bguavezqe sin φ

βω
� (7)

Since the animal velocity varies but is always in one direction, sinωt > 0, or 0 < ωt < π. This does not affect Eq. 7. 
In this case uano is the average velocity (~ 20 m/s) which varies with animal movement, e.g. in birds with winging.

The first term of the solution (Eq. 7) is an harmonically oscillating term with an amplitude

	
A = Bguanozqe sin φ

βω
� (8)

and the second is a constant term equal to this amplitude A. The constant term displaces the whole oscillation 
at a distance equal to A. Thus, the moment when the variable force is applied (i.e. when the animal acceleration, 
e.g. winging, starts) there is a sudden-instant push of the whole oscillation at a distance equal to A due to this 
constant term (Fig. 6). For pulsing fields with on/off pulses this instant push takes place repeatedly at the onset 
of every next pulse, making the pulsing fields considerably more bioactive than corresponding continuous-wave 
fields. The maximum displacement of the ion in one direction during the forced-oscillation is always 2A (Fig. 6).

When the temporal variation in the velocity is not harmonic but periodic in general, the result is still the 
same, with the time dependence of the varying term not harmonic but simply periodic.

Therefore, in order for an applied oscillating EMF to be able to induce biological effects via opening/closing 
of VGICs it must be able to displace a z-valence mobile ion at a distance equal or greater to the distance given by 
Eq. 4, in other words it must induce an IFO that satisfies the condition

	 2A ≥ 4 × 10−12/z (in m)� (9)

Hence, the potential of an EMF to induce VGIC gating is proportional to the IFO amplitude, and thus, 
proportional to its intensity and inversely proportional to its frequency (Eq. 8).[Note: In previous publications 
we wrote A ≥ 4 × 10–12 m for a single-valence ion and considered a double amplitude (2A) only for pulsed fields. 
Actually, the max displacement is always 2A whether the field is continuous-wave or pulsed.]

Fig. 6.  Representation of the ion oscillation (displacement r from initial position with respect to time) due to 
a harmonically varying applied electric or magnetic force (solid line) (as described by Eq. 7 in the case of the 
GMF). The same oscillation without the constant term in Eq. 7 is represented by the dashed line. In both cases 
the maximum ion displacement in one direction during the oscillation is 2A (A the oscillation amplitude). The 
moment the force is applied there is an instant displacement of the whole oscillation at a distance equal to A.
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Let us accept that uan varies by ± 50% from the average velocity uano due to the bird’s winging (which is a 
reasonable variation for a moving animal), with the bird winging a few times within 1 s (accelerating), and then 
continuing without winging (decelerating) for another 9 s which is a usual case for a flying bird/moving animal, 
and that this mode of winging is repeated during its flight (Fig. 7). In such a realistic case the basic frequency of 
velocity variation is 0.1 Hz.

What is necessary for an animal/human to navigate is a coordinate system with a reference axis (which in 
this case is the GMF axis) and a zero point on it. Then, in cyclic coordinates in two dimensions, the location and 
orientation at each point of the journey is determined by a) the distance from the zero point, and b) the angle 
between animal velocity and the reference axis. We may reasonably accept that the zero point is the starting 
point, usually the home or birthplace of the animal.

In the following, instead of the resultant GMF intensity Bg, we shall consider separately the effects of its 
horizontal (Bg//) and vertical (Bg⊥) components which have unique values at every specific location along the 
GMF axis (i.e. at every different latitude).

Sensing the direction of motion (angle between velocity and Bg//)
The intensity of the horizontal component of the GMF Bg// at a specific location required to gate a VGIC oriented 
parallel to the magnetic force via one z-valence ion moving with a periodically varying animal velocity of average 
value uano = 20 m/s in a direction forming an angle φ with Bg//, must satisfy Condition 9:

	
2

Bg //uanozqe sin φ

βω
≥ 4 × 10−12/z (ω in rad/s, uan in m/s, Bg //in T)� (10)

Replacing uano by 0.5 uano to incorporate the velocity variation, and substituting the values of the various 
parameters, we get:

	 Bg// sin φ ≥ 0.5 × 10−4ν/z (ν in Hz, Bg//in T),� (11)

or

	 Bg// sin φ ≥ 50ν/z (ν in Hz, Bg// in µT)� (12)

For four double-valence ions acting simultaneously on the S4 sensors, the right part is divided by 8 and the 
condition becomes:

	 Bg// sin φ ≥ 6.25ν (ν in Hz, Bg// in µT)� (13)

Substituting ν by 0.1 Hz, we finally get, approximately:

	 Bg// sin φ ≥ 0.6µT� (14)

which is the final condition for the magnitude of the horizontal component Bg// of the GMF at a specific location 
to be sensed by an animal moving horizontally with an average velocity uan ~ 20 m/s forming an angle φ with 
Bg//. For sinφ = 1, this final condition is well satisfied (by ~ 25–58 times), since Bg// ~ 15–35 μT at North African 
and European latitudes83.

In this case the animal velocity is vertical to Bg//. Thus, when the animal moves vertically to Bg//, i.e. 
approximately in the east–west direction, its motion in the GMF causes a maximum effect on VGIC gating, which 

Fig. 7.  Periodic variation in the velocity uan of a migrating bird with respect to time: Increase in the velocity 
from 0 to 1 s by three flutters, slowing down for the next 9 s with no fluttering, acceleration by another three 
flutters between 10th and 11th s, and so on.

 

Scientific Reports |        (2024) 14:30053 8| https://doi.org/10.1038/s41598-024-77883-9

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


may be sensed by the animal as a type of mild cellular stress. The effect on VGIC gating and the corresponding 
cellular stress will diminish as the angle between the animal velocity and the Bg// decreases from ± π/2 to zero 
depending on sinφ, and thus, the sensing will be different for every different direction of the animal motion, and 
the effect will be zero when the animal moves along Bg//. Because Cond 14 for sinφ = 1 or φ = ± π/2 is satisfied 
by ~ 25–58 times, it comes that for 0 < φ < π/2 it is still satisfied enough to provide the animal with a direction 
sensitivity of ~1.5–3.6 degrees which is reasonable and adequate for migration.

Thus, it seems that a migrating animal senses zero stress and has a most relaxed journey when it moves along 
the north–south direction of the GMF (along Bg//). The migrating animal receives a mild stress when it moves 
in any other direction, with this mild stress increasing as φ changes from 0 to ± π/2 and becoming maximum 
with φ = ± π/2 when the animal moves vertically to Bg//. This automatically provides the animal with the sense of 
direction in its motion. Whether the direction is left or right with regard to Bg// we may assume it is known to a 
migrating animal, as all animals and humans have the sense of right and left at any moment.

Therefore, we have shown that animal acceleration parallel to the earth surface with any angle other than 0 
(or 180) degrees from the horizontal component of the GMF induces a magnetic force on mobile ions in VGICs 
in their brains/bodies capable of altering VGIC state, and, consequently, cell homeostasis. This magnetic force 
depends upon the horizontal component of the GMF (Bg//) which has a unique value at every different latitude, 
the animal velocity (uan), the angle between these two vectors, and the magnitude and rate of velocity variation. 
For any given values of Bg//, velocity, and velocity variation, it depends only upon sinφ as shown by Cond. 14, 
providing the animal with the sense of direction (i.e. orientation).

Sensing the latitude (position along Bg//)
Sensing the declination of its velocity from the GMF north–south axis alone is not enough for a migrating animal 
to navigate. For this, the additional sensing of its position along the north–south axis (latitude) is required. Here 
comes the role of the vertical component of the GMF Bg⊥: Let us consider a drifting animal (e.g. bird, mammal, 
fish, insect, etc.) accelerating in any direction parallel to the Earth surface and thus vertically to the vertical 
component of the GMF Bg⊥. In this case sinφ = 1, and the requirement for a static magnetic field and an animal 
average velocity uano = 20 m/s varying periodically by ± 50% in order to be able to cause VGIC gating (opening/
closing) is (as Cond 13):

	 Bg⊥ ≥ 6.25ν (ν in Hz, Bg⊥ inµT)� (15)

and again, for the accepted basic rate of 0.1 Hz in the ± 50% variation of the average velocity, the condition 
becomes approximately

	 Bg⊥ ≥ 0.6µT� (16)

The final Condition is well satisfied (by ~ 50–83 times), since Bg⊥~ 30–50 μT (for North Africa – Europe, or USA 
– Canada latitudes)83, and thus, the animal can sense the vertical component of the GMF during its motion. 
This effect is independent of the direction of animal motion and only depends upon the magnitude of the GMF 
vertical component Bg⊥, which is (alike Bg//) unique for every different location along the north–south direction 
(latitude). Thus, the animal can sense the latitude of each location along its motion. As the animal moves from 
the meridian toward the poles, the magnitude of the vertical component of the GMF Bg⊥ increases and vice-
versa, and this provides a unique sense of its position along the GMF north–south axis.

We note that, according to our calculations, the effect of sensing the latitude is about twice stronger than 
the maximum effect of sensing the direction of motion (Cond. 16 is satisfied by 50–83 times, while Cond. 14 is 
satisfied by 25–58 times when sinφ = 1).

Electromagnetic induction and its complementary role in sensing the latitude
As we showed, the GMF can directly induce a biological response related to the declination of animal velocity 
from the GMF north–south axis and the latitude of the location. A similar effect in sensing the latitude can be 
elicited indirectly by the magnetically induced electric field Eind in the accelerating animal body according to the 
Faraday-Henry law of electromagnetic induction (Maxwell’s third equation of EMF):

	

∮

l

E⃗ind · d⃗l = − d

dt

∫

S

B⃗ · u⃗N dS� (17)

(B⃗, E⃗ind, the magnetic and the induced electric field intensities respectively, d⃗l an incremental length along a 
closed conductive path l of induced electric field circulation in the animal body enclosing a surface S, and u⃗N  
the unit vector vertical to S).

The left part of Eq. 17 represents the circulation of the induced electric field along the closed line l, and the 

right part is the temporal change of the magnetic flow 
∫
S

B⃗ · u⃗N dS through the enclosed surface S.

Let us consider S parallel to the Earth surface. In this case the horizontal component of the GMF Bg// has no 
effect as the second part of Eq. 17 is zero. Since Bg⊥ is vertical to and independent of S and can be considered 
invariable in time at the specific location, and assuming Eind parallel to and independent of l, Eq. 17 becomes:
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Eind

∮

l

dl = −Bg⊥
dS

dt � (18)

Assuming for simplicity that l is by average a circular path of radius r including the surface S, and active S swept 
by the magnetic flow (considering S as an ellipse the one half axis of which r΄ is in the direction of motion with 
its length varying in time proportionally to the animal’s acceleration a, thus dr΄/dt = aκ, and S = πrr΄, with r the 
other half axis) depending on animal acceleration*, we get

	 Eind2πr = Bg⊥πr aκ� (19)

or

	 Eind = (Bg⊥/2) aκ� (20)

(Eind in V/m, Bg⊥ in T, r in m, a in m/s2, and κ a proportionality coefficient).*[Note: For a > 0, r΄ > r; for a < 0, 
r΄ < r; and for a = 0, r΄ = r. Since acceleration/deceleration interchange during motion, we may accept that 
average r΄equals r.]

Interestingly, we see that the induced electric field in the animal body is independent of r, the radius of the 
circular path, and thus independent of the animal’s size, depending only upon Bg⊥ and a.

By replacing in Eq. 20, a = 20 m/s2 the magnitude of bird acceleration during its flight that we have accepted 
(2 × 0.5 × 20 m/s2), and κ = 1 s for simplicity, we get:

Eind (in μV/m) = 10Bg⊥ (in μT), and for Bg⊥ ~ 30–50 μT, we get Eind ~ 300–500 μV/m, or

	 Eind ∼ (30 − 50) × 10−5 V/m� (21)

This is the induced electric field intensity along a closed conductive path in the body/brain of a flying bird/
moving animal.

According to the IFO-VGIC mechanism, in order to be able to cause VGIC gating, the induced electric field 
Eind with circular frequency ω = 2πν (ν the frequency) and in the case of four z-valence ions oscillating in parallel 
and in phase, must satisfy the condition44,64–67:

	
Eindzqe

βω
≥ 10−12/z� (22)

where qe = 1.6 ×  10−19 C the elementary charge, and β the damping coefficient (being within an ion channel 
β ≅ 6.4 z ×  10−12 kg/s). For double-valence ions we get:

	 Eind ≥ 1.2ν × 10−4 (ν in Hz, Eind in V/m)� (23)

Substituting ν = 0.1 Hz, the variation rate in animal velocity, the condition finally becomes:

	 Eind ≥ 1.2 × 10−5 V/m� (24)

The final condition provides the minimum induced electric field required to elicit a biological effect via VGIC 
gating and, as we can see, the calculated Eind (Eq. 21) is greater by ~ 25–42 times.

Therefore, it comes that the effect of the magnetically induced electric field Eind due to electromagnetic 
induction is about 50% smaller than the direct effect of the vertical component of the GMF Bg⊥ (which satisfies 
the corresponding Cond. 16 by ~ 50–83 times), and thus, Εind contributes complementarily to the sensing of the 
latitude by the moving animal.

Altogether, it comes that the sensing of latitude by a migrating animal, via both the direct effect of Bg⊥ and 
the indirect effect of Eind, is about 3 times stronger than the maximum sensing of its direction of motion via Bg//.

The case of stationary or slow-moving animals that quickly move their heads/bodies
The above numerical results refer to fast moving animals that accelerate towards the direction of their journeys 
(such as birds, fishes, wild mammals, hunting dogs, etc.). Yet, the described mechanism can also work for animals 
that move slowly or they are even confined/tethered but quickly move their heads/bodies perpendicularly to 
their body axis, i.e. left–right or up-down with respect to their body axis. In such a case we can assume similar 
movement rates as in Fig. 7, i.e. an animal that moves its body perpendicularly to its body axis three times 
left–right per second and then remains still for the next few seconds and all this is repeated every 10 s. We may 
assume a reasonable average left–right (or up-down) velocity of its head/body of approximately 1 m/s and a 
corresponding acceleration of approximately 12 m/s2. We have 20 times smaller velocity than in the previous 
calculations (for Cond. 14, 16, and Eq. 21) but we now have 100% variation in the velocity (it varies from –uano 
to uano) , and applying Cond. 10 we get approximately ten times weaker effect. Specifically we get Bg// sinφ ≥ 500ν 
/z (ν in Hz, Bg// in μT) instead of Cond 12, which for four double-valence ions, it becomes Bg// sinφ ≥ 62.5ν, 
and for ν = 0.1 Hz, we finally get approximately Bg// sinφ ≥ 6 μT which is satisfied by ~ 2.5–5.8 times for sinφ = 1 
(which is now the case when the animal body axis is parallel to the GMF north–south axis). This shows that 
even a confined or tethered animal with zero velocity forward can still sense its orientation with respect to the 
GMF north–south axis by quickly moving its head/body perpendicularly to its body axis. Similarly, we can 
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get a corresponding condition to Cond 16 (with approximately ten times weaker effect) for the sensing of the 
latitude (vertical GMF component) Bg⊥ ≥ 6 μT, (satisfied by ~ 5–8.3 times), but only when the animal moves its 
head/body left–right (sinφ = 1) and not up-down, as in the latter case sinφ = 0 and there is no effect. Finally we 
can get a corresponding equation to Eq. 20 for the induced electric field in its head/body, in this case due to 
the horizontal GMF component Eind = (Bg// /2) aκ with ~ 1.7 times weaker effect due to the smaller acceleration 
(20/12). This gives Eind ~ (18–29) × 10–5 V/m (instead of Eq. 21) which satisfies Cond 24 by ~ 15–24 times. In 
this case the induced electric field complements the sensing of the horizontal GMF component (orientation).

Thus, even stationary (confined/tethered) animals that quickly move their heads/bodies can sense their 
position and orientation in a lesser but still significant degree than the fast-travelling animals. In fact, all animals 
in some degree move their heads/bodies perpendicularly to their body axis during their journeys, increasing in 
this way their sensitivity of navigation.

Figure  8 shows a graphical summary of the mechanism described above for animal magnetoreception, 
orientation, and navigation.

Discussion
Review articles have underscored the inability of previously suggested biophysical mechanisms to explain animal 
magnetoreception, orientation and navigation on Earth1,3,4,10, and more specifically, the “lack of biophysical 
mechanism through which the weak GMF might lead to the controlled depolarization of a sensory nerve 
membrane”10. In the present study we have described such a biophysical mechanism, even though we did not 
consider membrane depolarization specifically, but VGIC gating, which is a closely connected event, as VGICs 
are normally gated by membrane voltage-changes (including depolarizations) and vice-versa68,69,77. Specifically, 
we have described a biophysical mechanism of controlled VGIC-gating in the animal cells, due to magnetic (or 
magnetically induced) forces depending on animal position and direction of motion, and consequent alterations 
of intracellular concentrations of critical ions (K+, Na+, Ca2+, etc.). These controlled alterations in cell homeostasis 
provide the animal with the sense of orientation and position on Earth and, thus, with the ability of navigation.

We have shown that the angle between animal velocity and GMF axis (direction of motion) as well as the 
position along the GMF axis (latitude) can be sensed by moving and periodically accelerating animals on Earth. 
The sensing is accomplished via the change elicited by the horizontal and vertical components of the GMF 
intensity and the induced electric field in the electrochemical balance of the plasma membranes in the animal 
cells, which in turn determines redox state and homeostasis in all cells, including neural. Hunting dogs have 
been observed to run a fast curse of 20–30 m before taking the direction to return home50,84. By doing this, 
they seem to activate their biological compass and their sense of orientation and position as the present study 
describes. Since nerve cells, especially in the brain, have higher percentages of VGICs than other types of cells/
tissues, they are reasonably expected to be more affected in their electrochemical balance/homeostasis by EMFs 
including the GMF.

As repeatedly reported in the EMF-bioeffects literature, living organisms are not particularly affected by 
static electric or magnetic fields but mostly by oscillating/varying (and polarized) ones. This is of particular 
importance for understanding the IFO-VGIC mechanism, and the essence of the biological effects of EMFs, as 
the VGICs are not gated by the normal voltage/electric field across the cell membrane, but only by membrane 

Fig. 8.  Graphical Summary of the mechanism of animal magnetoreception, orientation, and navigation.
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voltage changes of the order of 30% in this voltage/field that cause membrane depolarization. In other words, 
VGICs do not respond simply to the presence of an invariable (static) electric field. The same holds for the 
static magnetic fields. This is the reason why the GMF and the GEF are not particularly bioactive under normal 
conditions but they become bioactive when ~20% changes in their normal intensities occur during magnetic 
storms6. Biological effects from static electric or magnetic fields have been reported in the literature and they 
may be due to either very strong intensities that can directly interfere with the endogenous electric currents in 
cells and tissues, or to the onset/removal of the static field exposure, or to various other fields in the form of noise 
that most of the times coexist with the static fields and are due to the electric/electronic circuits that are used 
to generate the static fields. This should be investigated by those groups who have reported biological effects of 
static electric or magnetic fields.

As most people have observed, birds wing only sporadically during flight. They usually wing a few times and 
then fly a long distance for several seconds without winging. Similarly, fishes and other aquatic animals move 
their bodies/tails left–right or up-down a few times and then drift for several seconds while their bodies are still. 
As the present study shows, this is obviously done not only for energy saving reasons, but also for activating 
their sensing of orientation and position. We showed that according to the IFO-VGIC mechanism, the lower 
the winging (or body movement) rate (frequency of velocity variation) the stronger the induced effect and the 
corresponding sensing of their orientation and position. This comes from the IFO-VGIC theory44,64–67 which 
shows that the bioactivity of an applied EMF, represented by the amplitude of the ion forced oscillation, is 
inversely proportional to its frequency (Eq. 8). The physical explanation of this result is that, due to inertia, the 
higher the frequency of the applied force, the smaller the amplitude of the forced oscillation, as the ion cannot 
follow the fast changes of the force, except if its oscillation amplitude becomes smaller.

The effect in a moving animal’s brain/body due to periodic acceleration within the GMF, as estimated in the 
present study, varies according to the animal’s velocity, and acceleration, with velocity variation rates in the ULF 
(0–3 Hz) range. The dependence on velocity, velocity variation, and frequency (variation rate) is shown in Eqs. 1, 
5, 20, and Conditions 10, 13, 15. The forces exerted on the VGIC S4 voltage sensors are slow-varying at ULF 
rates, arising from the variations in the animal velocity. The slow-varying forces are in a specific direction related 
to the direction of motion, and thus are polarized which is a condition for the application of the IFO-VGIC 
mechanism66,67. These polarized slow-varying electromagnetic forces arising whenever the animal accelerates 
(e.g. when a bird flutters) or decelerates, are applied on the VGIC S4 sensors in the plasma membranes of various 
cells at different angles with respect to the channel axes depending on the orientation of each VGIC. Those 
channels that their axes are oriented parallel to the forces (vertically to the GMF intensity) will receive forces on 
their voltage-sensors most effective in altering their channel state from opened to closed and vice-versa.

Our present study shows that animals/living organisms do not need specific organs/cells for sensing polarized 
EMFs (including the GMF), as they are all equipped with VGICs in great numbers in all their cell membranes, 
especially in neurons/brain cells, which according to the IFO-VGIC mechanism can sense ELF/ULF electric 
fields down to ~10–5 V/m44,64–67. This explains all known EMF-bioeffects including magnetoreception. Yet, this 
does not contradict the role of specific organs in certain electrosensitive animals that move slower than e.g. birds 
such as the ampullae of Lorenzini in elesmobranches which may further amplify VGIC signals.

We demonstrated by accurate calculations that migrating animals can sense; a) their direction of motion with 
respect to the GMF north–south axis through the effect exerted on them by the horizontal component of the 
GMF (Bg//), and b) their latitude through the direct effect exerted on them by the vertical component of the GMF 
(Bg⊥), and complementarily through the indirect effect of the corresponding induced electric field. These effects 
on animals take place through the variations in the force exerted on their VGIC sensors due to corresponding 
variations in their velocity.

Because the GMF varies by less than 1 μT over distances of several km along the GMF north–south direction, 
and we have shown (Cond. 14) than the weakest magnetic field a moving animal can detect is ~0.6 μT, migrating 
animals may not sense differences within less than ~10 km along the axis, and therefore they use additional 
senses such as vision, smell, etc., and environmental signals, such as differences in humidity, temperature, 
altitude/atmospheric pressure, etc. to find exact locations2,4,6. Perhaps this difficulty in sensing the latitude by a 
migrating animal due to the small differences in GMF intensity per km is the reason why the sensitivity in the 
latitude (resulting from the combined effect of Bg⊥ and Eind) is found to be about 3 times higher than the max 
sensitivity in the direction of motion.

It should be noted that in the solution  (Eq. 7) of the differential equation (Eq. 5) for the ion forced-oscillation 
due to the oscillating force exerted by the externally applied EMF (in this case the GMF), the constant term 
does not actually increase the ion maximum displacement which is always twice the amplitude of the forced 
oscillation (Cond. 9) but it doubles the ion displacement only during the first semi-period, and displaces 
the whole oscillation at a distance equal to its amplitude. With a pulsing field emitting on/off pulses, the 
displacement of the whole oscillation is repeated in a unique direction with the onset of every successive pulse. 
Most importantly, the pulse repetition frequency is always significantly smaller than the carrier frequency within 
the pulses, making the pulsed EMF exposure significantly more bioactive, as bioactivity is inversely proportional 
to the frequency according to the IFO-VGIC theory (Eq. 8, 10). These are the reasons why pulsing EMFs are 
found in many studies to be more bioactive than uninterrupted (continuous-wave) EMFs of the same intensity 
and carrier frequency. For a review of comparison studies between pulsing and corresponding continuous-wave 
manmade EMFs with respect to their bioactivity, see85.

Even though for standing animals/humans on Earth, it has been shown that a ULF/ELF electric field may be 
more bioactive than a magnetic field of the same frequency and waveform in inducing VGIC gating26,44,64,65,67, 
the magnetic field becomes increasingly bioactive for moving animals, especially fast moving ones such as birds, 
or humans in fast moving vehicles, as the magnetic force on the ions close to VGIC sensors is proportional to the 
animal/human velocity (Eq. 1). This increases the bioactivity of magnetic fields in the case of moving animals/
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humans than in the case of stationary ones. Indeed, for a still stationary animal, the maximum ion velocity is that 
through an open ion channel (0.25 m/s)64,67, while in the case of a moving animal with u = 20 m/s the velocity 
of the ions and the corresponding GMF force on them is 80 times greater. In cases of stationary or very slowly 
moving animals the effect of the magnetic field (including the GMF) can again become significant when the 
animal quickly moves its head/body left–right or up-down with respect to its body axis.

Certainly, anthropogenic ELF/ULF magnetic fields of similar magnitude to the GMF, e.g. from electric power 
transmission lines, wireless communication base antennas/towers, etc., can interfere locally with the GMF 
distorting its intensity and/or direction, and thus disrupting the ability of animals to orient and navigate25,47,55,86.

We showed that the IFO-VGIC mechanism can explain the orientation and navigation ability of the moving 
and accelerating animals on Earth. This may contribute significantly to resolving the problem of animal 
magnetoreception, which has been a mystery for centuries and has remained as such until today, despite the 
systematic research on this during the past 50–60 years (see1–4,10).

We showed that the IFO-VGIC mechanism plausibly explains animal magnetoreception, orientation and 
navigation according to established physical laws, molecular/biological data, and accurate mathematical 
operations. Additional confirmation on the validity of this mechanism is: a) Already in Panagopoulos et al. 
(2002)65 (Fig. 3) it was shown that the intensities and frequencies used in many experiments that had shown 
ELF EMF bioeffects in cells and animals were within the bioactive values predicted by this theory. Since then, 
it has been shown that this theory explains most (if not all) recorded bioeffects including oxidative stress 
and genetic damage induced by anthropogenic ELF EMFs44,67. b) The same mechanism has explained the 
sensing of upcoming thunderstorms by sensitive individuals87, and the sensing of upcoming earthquakes by 
animals88through the action of the partially polarized natural ULF/ELF EMFs associated with these phenomena. 
c) It is experimentally confirmed that ELF EMFs can gate VGICs in cell membranes of various cell types and 
alter intracellular ionic concentrations at very low field intensities49,89–92. d) It is experimentally confirmed that 
ELF EMFs induce biological effects in isolated tissues at very low threshold intensities (~ 10–3V/m)79,80 as those 
predicted by this theory. e) It is experimentally confirmed that ELF EMFs are sensed by animals at very low 
threshold intensities (~ 10–5-10–4V/m) coinciding with those predicted by this theory1,70. Such evidence does not 
exist for the previously published hypotheses.

For further and more specific experimental confirmation of the IFO-VGIC mechanism in animal orientation 
and navigation, an experimental setup could possibly consist of a) a proper biological system (e.g. cell cultures 
or isolated cells/neurons); b) similar conditions of motion as those described in our numerical calculations (e.g. 
as in Fig. 7 and/or for a stationary animal that quickly moves its head/body perpendicularly to its body axis); c) 
assessment of intracellular concentrations of critical ions (e.g. Ca2+, Na+, K+ etc.) and/or measurement of VGIC 
ion currents before and after motion, without and with use of channel blockers; d) testing of different motion 
orientations with respect to the north–south GMF axis.

In contrast to the previously suggested hypotheses to explain animal magnetoreception which restricted in 
qualitative descriptions on how these mechanisms might work at cellular level, our proposed mechanism results 
in accurate numerical predictions and a complete description of the VGIC-gating effect induced in the cells of 
a moving and periodically accelerating animal on Earth, depending on the specific values of GMF intensity, 
animal velocity, acceleration, and acceleration rate, which in turn determine animal orientation and navigation. 
While previously suggested hypotheses were unrealistically complicated, none of them had specifically shown 
how exactly migrating animals determine their direction and position and they only restricted in searching how 
the GMF could elicit a cellular/biological effect in general, without finding that either.

Kirschvink et al.10 stated that over the past years “a plethora of biophysical transduction hypotheses have been 
winnowed down to two or three that have experimental support: some form of electrical induction, specialized 
receptor cells involving biogenic magnetite …and that of weak-field magnetic effects on photochemically 
generated radical pairs in the eye”. But they did not consider our proposed mechanism which was already 
published64,65, as well as other previous publications focusing on the VGICs for the explanation of the effects 
of magnetic fields on living cells/organisms71–73. Moreover, they and others did not consider the vast and 
undeniable experimental evidence that environmentally existing anthropogenic polarized EMFs affect VGICs 
and consequently alter the cell redox status and homeostasis initiating a plethora of biological/health effects (see 
reviews in44,49,90,93).

The scientific literature contains already thousands of studies during the past 60 years presenting a panorama of 
biological/health effects of various types of man-made EMFs on a wide variety of animals (including humans) and cell/
tissue types, and in addition, a plausible biophysical mechanism explaining all those recorded effects is published for 
more than 20 years (having already been referenced in more than a thousand other publications altogether). Yet, the 
research focusing on the explanation of animal magnetoreception did not seem to be affected by the above scientific 
progress, and insisted on specific hypothetical mechanisms namely the magnetite and the radical pair hypotheses, 
even though it was admitted that there was no progress with resolving the problem in this way3,4,10,11,36,38.

Here, we have presented a plausible biophysical mechanism for animal magnetoreception, orientation and 
navigation, based on molecular data for the structure and function of VGICs in all animals, and combined with 
accurate mathematical calculations predicting that the GMF is indeed able to affect cell homeostasis and thus be 
sensed by migrating animals.

Data availability
All data generated or analyzed during this study are included in this published article and its references.
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