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Preface: To the Reader

At the end of the second decade of the twenty-first century, we evidence a dramatic 
increase of all means of mobile communications, which includes space signals, 
smartphones, and smart meters. Recent data indicate that the number of mobile 
devices surpasses 7.5 billion users. The integration between the mobile devices and 
smart home environments and the emerging advances in mobile phone technology 
including recent 4G and 5G modalities open the discussions on the potential hazard 
for the biosphere and mankind.

Unfortunately, the scientific, medical, and public health communities, after more 
than a quarter of century of discussions, still do not have a common opinion on the 
issue of if, and to what extent, the EMF from mobile communications represent a 
hazard for public health. The entire world population is exposed to various RF EMF 
signals. The problem here is that the population has no knowledge of the exposure or 
of the parameters of the received EMF. It would be correct to say that the international 
system for control and regulation had failed.

Obviously, it is impossible to evaluate the daily, monthly, and yearly rate of use, or 
the total value of the absorbed energy. This is even more important because mobile 
devices and cell phones may be seen in the hands of children as young as 1–3 years 
in age. It is already recognized that children have a unique vulnerability to external 
adverse factors of the environment.

As wireless broadband technology has evolved from generation to generation, the 
manufacturers were able to upgrade and adapt to necessary changes in the products. 
Today, the situation is different—the problem is not to upgrade—any new generation is 
basically new technology, and 5G is an especially deep step in the millimeter range of 
the electromagnetic spectrum. In addition to the new frequency range, the distribution 
of the signal requires a large number of antenna elements which need to be integrated 
into advanced device packaging. It is clear now that the standards for 5G are not yet 
available. Therefore, it is another jump in developing technology which will lead the 
entire biosphere and civilization to be exposed to new levels of electromagnetic pollution 
that are not defined and for which there are no standards and methods of control.

This was the reason that I started this project—to emphasize the necessity of 
terminology clarification, the specific absorption rate (SAR) use, and the thermal 
versus nonthermal effects.

Due to the courtesy of Drs. Rainer Nyberg and Lennart Hardell, I am able to open 
this book with the petition to the European Union that nearly 200 scientists from three 
continents signed asking that the 5G generation of mobile communications not be 
allowed before the standards for protection of the human population are developed 
and introduced.

This book would not be possible without the contribution of scientists from 
Europe and North America. Igor Belyaev and Carl Blackman helped in clarification 
of biological issues, Peter Gajšek, Jolanta Karpowicz, Dina Šimunić and Krzysztof 
Gryz wrote about the engineering problems. Biomedical engineer Lucas A. Portelli 
reported the recent advances in studying low-level thermal signals, while Henry Lai 
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offered the readers a summary of recent literature on the neurobiological effects of 
radio frequency radiation. Martin Pall proposed a possible mechanism explaining 
how cancer can be caused by microwave frequency EMF exposures. Yury Grigoriev 
and Natalia Khortzeva reported Russian experience in setting standards and the 
investigations of the RF EMF effects on children in Russian schools.

Dear reader, please do not forget that we are at the bottom of the ocean of 
electromagnetic waves. The mobile communication industry is creating newer and 
newer tools in order to eventually increase the speed of communications. Smartphones 
and smart meters significantly change the electromagnetic environment not only for 
occupational conditions, but in every home. Billions of people are even not informed 
about the fact that their homes and their organisms are subjected to the “new and 
advanced” technological development. This cohort includes babies and elderly people, 
schoolboys and professionals.

It is our duty, we biologists, physicists, engineers, and medical professionals need 
to help today and future generations in the creation of standards for healthy life. It is 
time to ring the bell. Please help.



ix

Editor

Marko S. Markov earned his BS, MS, and PhD from Sofia University, Bulgaria. He 
has been professor and chairman of the Department of Biophysics and Radiobiology 
of Sofia University for 22 years. He has been an invited professor and lecturer in a 
number of European and American academic and industry research centers.

Dr. Markov is well recognized as one of the world’s premier experts in clinical 
applications of electromagnetic fields. He has given 288 invited and platform 
presentations at more than 70 international meetings. His list of publications includes 
196 papers and 18 books.

Dr. Markov has more than 45 years’ experience in basic science research and 
more than 40 years’ experience in the clinical application of electromagnetic fields 
for treatment of bone and soft tissues pathologies and injuries.

His commercial affiliation started in Bulgaria with a series of contractual 
appointments and continued in the USA in his capacity as vice president of three 
companies involved in manufacturing and distribution of devices for magnetic field 
therapy. The spectrum of the signals ranges from static magnetic fields to 27.12 MHz. 
The clinical targets are in the area of bone and soft tissue problems, pain control, 
and innovation of the low frequency range for inhibition of angiogenesis and tumor 
growth. Recently, he introduced an analytical method for designing signals and 
devices for bioelectromagnetics research.

In 1981, Dr. Markov wrote his first book Professions of Laser. In 1988, he coedited 
with Martin Blank Electromagnetic Fields and Biomembranes published by Plenum 
Press. In 2004, he coedited a work published by Marcel Dekker, Bioelectromagnetic 
Medicine, together with Paul Rosch, President of the American Institute of Stress. In 
2006, together with Sinerk Ayrapetyan, he coedited Bioelectromagnetics: Current 
Concepts. In 2010, he coedited with Damijan Miklavcic and Andrei Pakhomov 
Advanced Electroporation Techniques in Biology and Medicine, published by CRC 
Press. His latest book, also published by CRC Press in 2015, Electromagnetic Fields 
in Biology and Medicine, is currently being translated in China.

Dr. Markov has edited seven special issues of two journals, The Environmentalist 
and Electromagnetic Biology and Medicine consisting of selected papers of biannual 
International Workshops on Biological Effects of Electromagnetic Fields.

Dr. Markov is cofounder of the International Society of Bioelectricity, the 
European Bioelectromagnetic Association (EBEA), and the International Society 
of Bioelectromagnetism. He has been a member of the Board of Directors of 
Bioelectromagnetics Society and an organizer of several NATO research meetings.



http://taylorandfrancis.com


xi

Contributors

Igor Belyaev
Department of Radiobiology
Cancer Research Institute
Biomedical Research Center
Slovak Academy of Science
Bratislava, Slovak Republic

and

Laboratory of Radiobiology
General Physics Institute
Russian Academy of Science
Moscow, Russia
Email: Igor.Beliaev@savba.sk

Carl Blackman
Department of Cancer Biology
Wake Forest Baptist Medical Center
Winston-Salem, North Carolina
Email: carl.blackman@gmail.com

Peter Gajšek
Institute of Nonionizing Radiation (INIS)
Ljubljana, Slovenia
Email: peter.gajsek@inis.si

Yury G. Grigoriev
Russian National Committee on 

Non-ionizing Radiation Protection
Scientific Council of RAS on 

Radiobiology
Moscow, Russia
Email: profgrig@gmail.com

Krzysztof Gryz
Laboratory of Electromagnetic 

Hazards
Central Institute for Labour 

Protection – National Research 
Institute (CIOP-PIB)

Warszawa, Poland
Email: krgry@ciop.pl

Jolanta Karpowicz
Laboratory of Electromagnetic Hazards
Central Institute for Labour 

Protection – National Research 
Institute (CIOP-PIB)

Warszawa, Poland
Email: jokar@ciop.pl

Natalia I. Khorseva
N.M. Emanuel Institute of Biochemical 

Physics
Russian Academy of Sciences
and
Space Research Institute
Russian Academy of Sciences
Moscow, Russia
Email: sheridan1957@mail.ru

Henry Lai
Department of Bioengineering
University of Washington
Seattle, Washington
Email: hlai@u.washington.edu



xii Contributors

Marko S. Markov
Research International
Williamsville, New York
Email: msmarkov@aol.com

Martin L. Pall
Professor Emeritus of Biochemistry and 

Basic Medical Sciences
Washington State University
Working from home in Portland, Oregon
Email: martin_pall@wsu.edu

Lucas A. Portelli
Kirsus Institute
Zürich, Switzerland
Email: lucasportelli@gmail.com

Dina Šimunić
Faculty of Electrical Engineering and 

Computing
University of Zagreb
Zagreb, Croatia
Email: dina.simunic@fer.hr



5G Appeal

The following text is a reproduction of the Appeal for Moratorium 
of 5G technology sent to the European Union and Council of 
Europe from more than 190 scientists and doctors worldwide.



xiv 5G Appeal



xv5G Appeal



xvi 5G Appeal



1

1 Mobile Communications 
and Public Health

Marko S. Markov

1.1 INTRODUCTION

Recent research on the distribution of mobile devices indicated that at present their 
number surpasses 7.5 billion users especially with increasing distribution of smart-
phones and electronically driven utility meters. Tighter integration between the mobile 
devices and smart home environments will ultimately provide the infrastructure with 
a wide range of applications, further personalizing consumer and citizen interaction 
with the world around them. The emerging advances in mobile phone technology, 
including recent 4G and 5G modalities, open the discussions on the potential hazard 
for the biosphere and mankind.

Unfortunately, the scientific, medical, and public health communities at present 
(after more than a quarter of a century of discussions) do not have a common opinion 
on the issue if, and to what extent, the EMF from mobile communications represent 
a hazard for public health, including identification of the conditions and parameters 
at which the exposure of the population to these microwaves became chronic. The 
clarification had been basically searched for the signal emitted by base stations and 
practically no attention was paid to the mobile devices themselves. The base stations 
operate 24/7 and expose the entire biosphere (including the human population) to 
various electromagnetic signals. The problem here is that the population is exposed 
to this radiation with no knowledge of the exposure or of the parameters of the 
received EMF. It would probably be correct to say that the international system for 
control and regulation has failed. In order to get a license, the manufacturers need to 
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2 Mobile Communications and Public Health

follow some artificially created guidelines which are basically far away from the care 
for the health of users of mobile devices, for the entire population, and even for the 
biosphere. Every discussion starts with “thermal effects” and the possibility to create 
overheating of the critical organs in human organisms, mainly the brain.

The influence of radio frequency electromagnetic fields (RF EMF) on the brain 
when mobile phones are in use could vary with periodicity, carrier frequency, and 
modulation. Thus, it is difficult, if not impossible, to evaluate the daily, monthly, 
and yearly rate of use, including the total value of the absorbed energy. Therefore, 
even the epidemiological studies performed with a large cohort of participants could 
not provide reliable information. The other problem is connected to the gender and 
age of the user, the life style use, and the business use of mobile phones. Therefore, 
mobile phones should be relegated to the sources of EMF that cannot be properly 
characterized, despite the already proven potential hazard of this emission.

Several specific problems have arisen in respect to the health of a small, but very 
important fraction of the human population: children. (IARC, 2002; WHO, 2003; 
Markov, 2012; Markov and Grigoriev, 2013; Grigoriev and Khorseva, 2014; Grigoriev 
and Grigoriev, 2013). This is even more important because mobile devices and cell 
phones may be seen in the hands of children as young as 1–3 years in age. It is already 
recognized that children have a unique vulnerability to external adverse factors of 
the environment (WHO, 2003). There is no way to assess and predict the potential 
damage to children’s brains exposed to RF radiation. The industry is offering now 
new toys and various electronic games based upon Internet access and these toys are 
now in the hands of 1-year old children. A recent report of the National Toxicology 
Program (NTP) provides more information about the possibility of cancer promotion 
as result of exposure to the microwave EMF of cellular communications.

1.2 EVOLUTION OF THE SMARTPHONE

The use of mobile communications started in the late 1980s with bulky devices that 
quickly became popular; the public demand and industry interest led to transfer of the 
bulky telephone to small devices and later to smartphones. Today, smartphones are 
difficult to simply call “phones.” They are portable, powerful computers which are 
“on” immediately after the battery is installed. When the user switches the phone “off,” 
it basically means nothing. The unit is “on” 24/7 receiving and emitting information, 
data, etc. In less than 10 years, simple mobile phones became smartphones with 
increasing capacity, frequency range, number of users, and so on. They have changed 
the way of communications between individuals in their everyday and business uses. 
They became the universal controller of household and business facilities. A new 
term was created, IoT (Internet of Things), bringing the business people, retirees, and 
even small children into this miracle world of wireless communication.

It is clear now that the future of mobile communications belongs to the 
smartphones. If in 2015 there were 3.5 billion subscribers, the prediction for 2022 
shows 6.8 billion users. It is expected that the data used by a single smartphone will 
rise by 8 times up to 1 GB/month (Gillenwater, 2017). To handle this increase of the 
mobile data network, providers offer 2G, 3G, 4G, and the coming 5G generations 
which elevate the carrier frequency bands. Not going into technicalities, I should 
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point out that the peak to average power ratio will exceed 4.5 dB and will be 
introduced as a new power standard (Power class 2) that doubles the output power 
to 26  dBm to overcome the greater losses at high frequency bands. Thermal 
performance becomes critical at this higher power and the dissipation of the 
additional heat becomes very important (Gillenwater, 2017). So far, the industry 
does not speak about the extent to which this technical issue will potentially elevate 
biological importance and hazards.

As wireless broadband technology has evolved from generation to generation, the 
manufacturers were able to upgrade and adapt to necessary changes in the products. 
Today, the situation is different—the problem is not to upgrade—any new generation 
is basically new technology, especially 5G which is a step deeper in the millimeter 
range of the electromagnetic spectrum. In addition to the new frequency range, the 
distribution of the signal requires a large number of antenna elements which need 
to be integrated into advanced device packaging. It is clear now that the standards 
for 5G are not yet available. Therefore—it is another jump in developing technology 
which will lead the entire biosphere and civilization to be exposed to new levels of 
electromagnetic pollution which are not defined, which have no standard, and have no 
methods of control. As with the entire development of wireless communication, the 
industry is pushing to first develop mobile devices and networks and then to further 
develop the standards (Oltman, 2017).

We have been on this avenue for about a quarter of a century. Did we not learn 
something? For me, it is not clear as why the 5G generation is called the Internet of 
Things. Looks intriguing, doesn’t it? Consequently, smart operators and providers are 
learning all they can about 5G now to understand how they will need to evolve their 
backhaul strategy to create more effective and financially viable business models.

The industry is pushing for development of controversial legislation to expedite 
the distribution of this new technology. This new legislation is related to the fact 
that local governments and private citizens can not oppose the dense installations 
of antennas (at every 20 houses in urban areas). As result, the potential health risk 
for the population is ignored. Since the distribution of millimeter waves is blocked 
by buildings and even walls, it may be that at any school or office building, several 
transmitters will need to be placed on each floor of the building.

The FCC (Federal Communication Commission in USA) in 1996 introduced a 
limit for thermal effects from EMF of 1.5–100 GHz to be 1 mW/cm2 for 30 min 
of use. This limit was set 20 years ago and is related only to thermal effects. The 
engineering community of today continues claiming that nonthermal effects of 
EMF do not exist. This statement is absolutely incorrect and negates hundreds of 
publications reporting the nonthermal effects of EMF. I would emphasize here that 
most of the reports of the effects of millimeter waves have reported on short term 
exposure, while there is practically no information about long term exposure. Even 
short exposure to millimeter waves was reported to cause significant nonthermal 
effects (Betskii and Lebedeva, 2004).

The writings of more than 160 scientists with experience in the evaluation of the 
hazards of wireless communications (published in this book) demonstrate that scientific 
assessment of the development of this new way of communication has been learned 
from past experience. (See “5G Appeal” Introduction in front section of this book.)
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1.3  DEFINITIONS: BIOLOGICAL EFFECTS, 
HEALTH EFFECTS, HEALTH HAZARD

These three terms need special attention from any point of view: physics, engineering, 
biology, and medicine. Something here is wrong. Although a number of institutions 
assume the privilege of setting guidelines and standards, we do not have proper 
definitions of these categories. Moreover, by misusing the words, the scientific 
community has created havoc in discriminating what is a biological effect, what 
is a health effect, and what is a hazardous effect. Unfortunately, this was further 
transferred to the language and terminology of the policy, standard, and regulation 
bodies.

The industry publications as well as the papers from the engineering community 
have time and time again promoted the notion that the only harm might be the 
thermal effect. The “experts” claimed that there is no hazard from mobile phone 
radiation since the intensity levels are low and there is no thermal effect reported. 
Moreover, Nikita and Kiourri (2011) defined three types of physical effects: thermal, 
athermal, and nonthermal. The introduction of the term “athermal” is nonsense. By 
definition, athermal means the absence of temperature, which is impossible for any 
living system. The authors continue in this wrong direction with the statement of an 
athermal effect because even though the energy is capable of heating the tissue, the 
temperature does not increase because of tissue thermoregulation mechanisms. (In 
parallel, there are number of publications referring to “hot spots.”)

On the other hand, the WHO policy is that “not every biological effect is a health 
effect.” This is not a correct definition. Obviously, by saying “health effect,” WHO 
is considering the adverse effects in the sense of diseases, pathologies, and injuries. 
If the action of EMF is to be evaluated, the correct WHO statement should be “Not 
every biological effect initiated by EMF is a health hazard.” There is at least 
one reason for such a statement: the worldwide development of bioelectromagnetic 
medicine clearly indicates that properly chosen EMF/magnetic field (MF)/electric 
field (EF) and electric current may be beneficial in the treatment of various diseases 
and injuries, even when all other known medical treatments dramatically failed 
(Rosch and Markov, 2004; Barnes and Greenebaum, 2007; Markov, 2015).

There is an abundance of publications pointing out that some biological effects of 
EMF are reversible, while others are transient. “Transient” indicates biological effects 
which quickly disappear once the application is terminated. Reversible effects require 
a longer time to disappear.

So, the term “hazard” should be kept for irreversible effects caused by short or 
prolonged exposure to EMF. In the 1990s, the hazard was associated with the EMF 
of power and distribution lines. Lately, the power lines have been forgotten and 
discussions within the scientific community, policy makers, medical establishment, 
news media, and general public are mostly oriented toward cellular communications, 
mainly cell phones and base stations.

There are several international (International commission of non-ionization radiation 
protection [ICNIRP], International committee of electromagnetic safety [ICES]) 
and American (Institute of Electrical and Electronic Engineering [IEEE], American 
National Standard Institution [ANSI]) committees which more or less attempt to 
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direct the world standards. However, even the simple fact of the existence of several 
committees indicates the existence of a problem. There should be only one recognized 
and largely accepted standard institution which should develop various national and 
international standards. Following this idea, in the late 1990s, WHO initiated a project 
involving different laboratories, standard organizations, and countries called “EMF 
Project of Harmonization of Standards.” Basically, nobody opposes such an action, 
but everybody wants his standard to be in use. This, however, is the smallest problem.

The big problem is: Which standard should be used; that based on SAR which is the 
USA approach, or the ones based on the biological response as many scientists from 
Eastern Europe and the former Soviet Union requested? This is a problem with several 
faces: East versus West; Biophysics versus Engineering; Thermal versus NonThermal. 
What is curious is that all three basically reflect the last possibility. Why is this so?

Eastern standards are based upon biophysics (biological response) which assumes 
nonthermal mechanism(s). In contrast to the ICNIRP, the Russian safety standards for 
example, which are based on nonthermal effects, do not use SAR values but instead limit 
the duration of exposure and power flux density (PD, W/cm2) (SanPiN, 1996). Western 
standards are based on engineering/computation and assume thermal mechanisms only.

As pointed out earlier, heat based mechanisms exclude the possibility for the 
occurrence of nonthermal effects. In a document adopted by the International 
Committee of Electromagnetic Safety (ICES) cited by Cho and D’Andrea (2003), 
“Nonthermal RF biological effects have not been established and none of the 
reported nonthermal effects are proven adverse to health. Thermal effect is the only 
established adverse effect.” Interestingly enough, the same document started with, 
“The RF safety standards should be based on science.” There is no doubt that the 
standards should be based on science, but what science is this that neglects hundreds 
and hundreds of published results on the nonthermal effects of RF EMF?

It is interesting to know that the value of 100 W/m2 (10 mW/cm2) was proposed by 
the late Herman Schwan in his letter to the US Navy in 1953 as a safe limit for human 
exposure to microwave energy based on calculations (Foster, 2005).

Let me remind the reader, too, of the early statement of Becker (1990) that 
“Based solely on calculations, the magic Ture of 10 milliWatts per square centimeter 
was adopted by the air force as the standard for safe exposure. Subsequently 
the thermal effects concept has dominated policy decisions to the complete 
exclusion of nonthermal effects. While the 10 mW/cm2 standard was limited 
to microwave frequencies, the thermal concept was extended to all other parts 
of the electromagnetic spectrum. This view led to the policy of denying any 
nonthermal effects from any electromagnetic usage, whether military or 
civilian.” The majority of the international and national guidelines for the exposure 
limits of health protection are still based on the recommendations by the International 
Commission on Non-Ionizing Radiation Protection (ICNIRP) taking into account 
only the thermal effects resulting in tissue heating (ICNIRP, 1998). On the other hand, 
many studies in humans and animals have reported the biological and physiological 
effects of microwave radiation at levels of exposure below the thermal limits. The 
effects include cellular stress, increase in free radicals, changes in DNA, functional 
changes in the reproductive system, alterations in the brain bioelectrical activity, 
and learning and memory deficits in humans and animals (Valentini et al., 2007; 
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Blank and Goodman, 2009; De Iuliis et al., 2009; Juutilainen et al., 2011; Leszczynski 
et al., 2012; Lerchl et al., 2015). As Belyaev (2018) pointed out in this book “At chronic 
conditions, exposure to mobile phones may reproduce a number of real signals even 
during the same exposure session and thus provide a better possibility to assess 
detrimental effects from mobile telephony than experiments with fixed frequencies/
frequency bands/modulations, which evaluate only a minor part of real signals.” In 
addition, mobile phones emit not only MW but also extremely low frequency magnetic 
(ELF) EMF, which have also been shown to produce detrimental health effects and to 
interfere with MW effects (IARC, 2002; Belyaev, 2010). Szmigielski (2013) reviewed 
studies on the impacts of weak RF/MW fields, including cell phone radiation on 
various immune functions, both in vitro and in vivo. The bulk of available evidence 
clearly indicated that various shifts in the number and/or activity of immunocompetent 
cells are possible, although the results were inconsistent. In particular, a number of 
lymphocyte functions have been found to be either enhanced or weakened based on 
exposure to similar MW intensities although the other important variables of the 
experiments were different. The author concluded that, in general, short-term exposure 
to weak MW radiation may temporarily stimulate certain humoral or cellular immune 
functions, while chronic irradiation inhibits the same functions.

The ICNIRP guidelines for high frequency EMF (covering 100 kHz–300 GHz) 
was established in 1988—just at the time of the start of the development of mobile 
communications. Since this time, research on the GHz frequency region has started. 
The question arises—what are the scientific bases for such standards? Moreover, in 
2014, ICNIRP announced that a revision of the guidelines would be made then on 
December 7, 2017, the deadline was reset to the middle of 2018. Four years are needed 
for the revision of guidelines? It is not surprising that in the same note, ICNIRP 
declares that “…the 1998 guidelines remain protective…” and “…still provide 
protection against all known health effects of high frequency radiation…”. What 
will happen with 4G and 5G technologies that the industry aggressively distributes 
if the ICNIRP comes up with a revision and they are pronounced as hazardous? Will 
the standardization bodies follow the industry rules?

It is strange that on November 27, 2017, the EMF portal announced that “due to the 
lack of financial resources the site had to suspend import of any new radio-frequency 
and mobile phone-related articles as of now. The portal will continue to import other 
EMF papers.” To me, there is something suspicious here.

The problem here is that for ICNIRP, the only possible effects of high frequency 
EMF are thermal. Also, ICNIRP does not see any thermal effects possible. Period. 
Therefore, any non-ionizing radiation will possibly be applied over the human 
population.

Because they are well-funded and respond to the interests of influential political, 
military, and business circles, the supporters of the thermal mechanisms of action 
prevail so far. For how long will this continue?

1.3.1 SAR

We should emphasize the lack of clear understanding and use of the terminology, 
especially the specific absorption rate (SAR). It is obvious that the SAR is a useful 
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criterion and the only criterion which attempts to estimate the energy absorbed by 
the body. However, the name clearly indicates absorption and I personally wonder 
why for so many decades we, the entire bioelectromagnetics community, has used the 
SAR to clarify the energy delivered by the generating system, no matter how far the 
source is from the target, nor what the specific structure of this target is.

Up until today, SAR has more often been used to describe the energy delivered by 
the source of the electromagnetic field (EMF). One can only wonder how a device 
may be characterized by SAR. Let me repeat, the SAR identifies the amount of 
energy that is absorbed in a gram of tissue. The use of the SAR should be a measure 
of the absorbed energy, and this will result in a serious debate among researchers, 
since that would mean the safety standards would need to be restated in terms of 
internal energy absorption in addition to power density at the surface.

For more than half a century, a very serious group of policy makers and even 
scientists have been playing around with the term SAR. Let me repeat, SAR given 
in terms of Watts per Kilogram (W/Kg) or milliWatts per gram (mW/g) is assumed 
to provide a measure of absorbed energy in a given tissue. Once again, absorption, 
not delivery.

The aim of SAR is to assess the probability of temperature increase as result of the 
exposure of a biological body to EMF. This parameter is introduced in some “artificial” 
way. The problem is that it assumes homogeneous tissue, which biological bodies 
certainly are not. Basically, even from the point of equilibrium thermodynamics, 
such an approach is not appropriate. It is well known that the penetration of EMF 
is a function of the body size and dielectric properties as well as the parameters of 
the “arriving” field, not to mention energy dispersion and thermoregulation. Thus, 
by performing external measurement of EMF, it is hard to accept the estimation and 
spatial distribution of SAR (Bienkowski and Trzaska, 2015).

1.4 EMF INTERACTIONS WITH LIVING SYSTEMS

It would be plausible to start this section with the statement that “Life is a set of 
electromagnetic events performed in an aqueous medium.” This did not happen 
yesterday. It is a product of a long evolution of the physical conditions on our planet 
and adaptation of the electromagnetic nature of life to these conditions. Take as an 
example bird and fish navigation along a geomagnetic field and the “suffering” of 
microorganisms when deprived of the usual ambient magnetic and electric fields.

It is clear now that the whole biology and physiology of living creature(s) are based 
upon three types of transfer:

• Energy
• Matter
• Information

While the first two processes might be described in terms of classical (equilibrium) 
thermodynamics, the information transfer obviously needs another approach and this 
may be found in nonequilibrium thermodynamics. As the late Ross Adey (2004) wrote 
in his last paper, “Current equilibrium thermodynamics models fail to explain 



8 Mobile Communications and Public Health

an impressive spectrum of observed bioeffects at non-thermal exposure levels. 
Much of this signaling within and between cells may be mediated by free radicals 
of the oxygen and nitrogen species.” Cell signaling, signal transduction cascades, 
and conformational changes are events and processes that may be explained only by 
nonequilibrium thermodynamics.

For unicellular organisms, the cellular membrane is both detector and effector 
of physical and chemical signals. As a sensor, it detects altered conditions in the 
environment and further provides pathways for signal transduction. As an effector, 
the membrane may also transmit a variety of electrical, magnetic, and chemical 
signals to the neighboring cells with an invitation to “whisper together” as suggested 
by Ross Adey (2004). One condition is necessary here, that cells are tuned to the same 
signal. In general, this leads to resonance or a window hypothesis. What does this 
hypothesis actually mean? Exactly that a given tissue, organ or organism needs to be 
tuned to a given EMF signal. When the applied EMF has the parameters (amplitude 
or frequency, for example), the biological object will respond. If these parameters are 
beyond the resonance parameters, the target may not respond at all or the response 
will be not optimal/maximal.

It was shown that selected exogenous, weak, low frequency electric or magnetic 
fields can modulate certain important biochemical and physiological processes 
(Todorov, 1982; Detlavs, 1987; Carpenter and Ayrapetyan, 1994; McLean et al., 2003; 
Rosch and Markov, 2004, Barnes and Greenebaum, 2007; Markov, 2015). An estimate 
of detectable EMF exposure can, therefore, only be made if the amplitude and spatial 
dosimetry of the induced EMF at the target site are evaluated for each exposure system 
and condition (Markov, 2015). The electrostatic interactions involving different 
proteins are assumed to result primarily from polarization and reorientation of dipolar 
groups as well as changes in the concentrations of charged species in the vicinity of 
charges and dipoles. These effects could be well characterized for interactions in 
isotropic, homogeneous media. However, biological structures represent complex 
inhomogeneous systems for which the ionic and dielectric properties are difficult 
to predict. In these cases, factors such as the shape and composition of the surface and 
presence/absence of charged or dipolar groups appear to be especially important. The 
problem of the sensitivity of living cells and tissues to exogenous EMF is principally 
related to the ratio of the signal amplitude to that of thermal noise at the target site 
(Markov, 2006). It is clear now that in order for electric and/or electromagnetic field 
bioeffects to be possible, the applied signal should not only satisfy the dielectric 
properties of the target, but also induce sufficient voltage to be detectable above 
thermal noise (Markov and Pilla, 1995). Such an approach relies on conformational 
changes and transfer of information (Markov, 2004).

It appears useful to point out some features of the information transfer:

• Static EMF, time varying EMF, and pulsed EMF affect biological systems 
via information transfer.

• This information transfer can trigger various biochemical processes, ion 
binding, and signal transduction.

• The EMF information may be detected in an ion binding pathway via 
Larmor precession in the presence of thermal noise.
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• For oscillating or pulsed signals, MF information is encoded in the 
frequency/amplitude spectrum of the signal.

• Signal decoding occurs via the impedance of electrochemical processes at 
a cell surface subject to signal/noise ratio requirements.

1.4.1 THERMAL EFFECTS

There is a classical thermodynamics dogma, “You get energy, you will have heating.” 
Even if one accepts this statement, several questions remain to be answered:

• How does EMF heating occur within complex biological structures?
• Do we have a flow of heat?
• What happens at the interface between tissues with different dielectric 

properties?

These questions, which interpret the physics of interactions, should be 
complemented with at least two biological questions:

• What are the biological implications of heat generation?
• What is the cascade of events and the alterations in the signal transduction 

and in the enzyme reaction rate?

I would ask what heat is expected in elementary biochemical processes, such as 
the transport of ions through membranes or blood flow? Yes, energy is needed, but 
heating (or more precisely overheating) had never been observed. Why do we need 
to accept that the chemical factors can modulate biological activity, but forbid this 
for physical factors?

When the effects of magnetic fields are discussed, the issue of an induced electric 
field immediately appears on the scene. Although basically correct, this improperly 
shifts the emphasis from the primary to a secondary factor. The acting factor is the 
incident magnetic field and the biological effects should be analyzed from that point 
of view. One should not forget that when EMF is applied to a biological body, the 
electric component is shielded by the surface of the body creating surface electric 
current, while the magnetic component is capable of penetrating inside the body 
volume and will be distributed within the target without a change in the intensity 
(Otano-Lata et al., 1996).

Another problem is that engineers often (if not always) apply models that do not 
consider the fact that biological systems are heavily nonlinear systems and in such 
cases, nonlinear thermodynamics must be applied.

Material and ionic fluxes are territories that magnetobiology avoids. Energy 
interactions are always the focus of the research. However, transfer of information is 
constantly neglected in bioelectromagnetics, even though communication technologies 
are based upon modulation. Nobody is capable of estimating the SAR alteration 
inside the human brain that results from EMF modulation. This is not and cannot be a 
thermal effect. Here, one should introduce nonequilibrium thermodynamics in order 
to search for mechanisms of action, instead of classical, heat based thermodynamics.
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The occurrence of hot spots in which the temperature increase is significantly 
higher than in a neighboring cell cannot be explain by equilibrium thermodynamics. 
It is strange that the thermal approach accepts some features from classical 
thermodynamics, but neglects others. For example, the classical “kT” criterion is 
always used to deny the possibility of occurrence of biological responses to static 
and low frequency MF.

It is hard to understand why the papers on thermal mechanisms of high frequency 
EMF do not consider a set of parameters which more than 29 years ago had been 
pointed as important EMF characteristics (Markov, 1994; Valberg, 1995), such as 
vector, gradient, component, modulation, etc., but instead only emphasize the SAR 
values.

In addition, in order to understand the biological consequence of RF exposure, one 
must know whether the effect is cumulative, whether compensatory responses result, 
and if or when homeostasis will break down.

1.4.2 NONTHERMAL EFFECT

There is a whole series of biologically important modifications that appear under 
weak static or alternating EMF action that could be explained only from the 
view point of nonthermal mechanisms. The spectrum includes changes at various 
levels: alterations in membrane structure and function and changes in a number of 
subcellular structures such as proteins and nucleic acids, protein phosphorylation, cell 
proliferation, free radical formation, ATP synthesis, etc. (Basset, 1994; Adey, 2004). 
Another important evidence in favor of the nonthermal character of EMF interaction 
could be found in the systemic effects (Markov et al., 2004; Barnes and Greenebaum, 
2007; Markov, 2015). The wide range of reported beneficial effects of using electric 
current or EMF/EF/MF therapy worldwide shows that more than 3 million patients 
received relief from their medical problems. From bone unification (Detlavs, 1987; 
Basset, 1994), pain relief (Holcomb et al., 2003; Markov, 2004; Rosch and Markov, 
2004; Barnes and Greenebaum, 2007; Pilla, 2007) and wound healing (Vodovnik and 
Karba, 1992; Markov and Pilla, 1995; Pilla, 2007, 2015; Mayrovitz, 2015) to relatively 
new applications for victims of multiple sclerosis (Lapin, 2004), Parkinson’s, and 
Alzheimer’s diseases (Richter and Lozano, 2004), bioelectromagnetic medicine 
has an important place in twenty-first century medicine (Rosch and Markov, 2004; 
Markov, 2015).

Continuing with the review of nonthermal biological effects, I would point to the 
fact that the EMF effects are better seen within the systems out of equilibrium. The 
observation showed a kind of “pendulum effect”—the larger the deviation from 
equilibrium, the stronger the response is. Such regularity may be seen in changes in 
the cell cycle, signal transduction, free radical formation, and performance, as well 
as in therapeutic modalities.

It should be remembered that during evolution, living organisms developed 
specific mechanisms for perception of natural electric and magnetic fields. These 
mechanisms require specific combinations of physical parameters of the applied field 
to be detected by biological systems. In other words, the “windows” are means by 
which discrete MF/EMF are detected by biological systems. Depending on the level 
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of structural organization, these mechanisms of detection and response may be seen 
at different levels, for example, at membrane, cellular or tissue levels. Sometimes 
the “windows” function via signal transduction cascade, brain activity or the central 
nervous system (Markov, 2004). Neither of the above effects and mechanisms requires 
thermal contributions, but the biological response is evident. The sensitivity of the 
biological systems to weak MF has been described elsewhere, mainly in respect to 
the dependence of bioeffects on the amplitude or frequency of applied fields. It may 
be interesting to know that all early publications made a link between “windows” and 
information transfer (Adey, 1981, 1989; Markov, 1979, 1984, 1994).

Such “windows of opportunities” are very successfully used in magnetic and 
electromagnetic field therapies. This is sometimes based upon systematic research, 
but more often, selected magnetic/electromagnetic fields used for therapy are 
based upon the intuition of the inventor of the device and the medical staff. Why 
“selected?” Because these selected values of the physical characteristics of the MF/
EMF correspond to the “windows of opportunities.” Living systems are ready to 
detect, absorb, and utilize signals with specific characteristics and remain “silent” or 
unresponsive for the rest of the amplitude and/or frequency spectrum.

Resonance mechanisms, frequency, and intensity windows, as well as reports of 
modulated fields producing stronger or different effects than continuous wave fields, 
and the presence of effects that occur at very low intensities could be indications of 
nonthermal effects and cannot be explained by SAR or thermal effects.

An interesting approach to the mechanism of low-level microwave radiation was 
proposed by Hinrikus and his team (Hinrikus et al., 2008, 2011, 2015, 2017a,b). This 
model considers the microwave radiation as a physical stressor. Therefore, the physical 
approach is applied as a primary factor in this analysis. The basic physical model can 
be extended for further interpretation of biological effects. The content of water in 
various living tissue is high, about 80% (Foster and Schwan, 1995). Therefore, the 
water model has been frequently used for describing the properties of tissues. Without 
a doubt, low-level microwave radiation can rotate dipolar molecules and causes 
dipolar polarization of water and other dielectric materials. This is the fundamental 
starting point of the model. Foster and Schwan (1995) provide exhaustive information 
about the frequency-dependent dielectric properties of water. The calculations by 
the Debye model show that the relaxation time of free water at 20°C is picoseconds. 
A corresponding peak in ε" occurs around 16 GHz. Experimental data confirm that ε" 
keeps its value of around 80 up to GHz, decreases to around 40 at 10 GHz, and 
the rotation-related part of permittivity becomes negligible at frequencies close 
to 100 GHz. The upper response frequency is set by intermolecular forces that 
produce a rotational time constant of a few picoseconds. At greater frequencies, 
the orientational polarization becomes negligible and the dielectric constant has the 
frequency independent value of 1.8 determined only by the molecular polarization 
(Hasted, 1973). The values of relative permittivity measured at different frequencies 
showed a decrease with frequency for the major types of tissues: muscle, liver, lung, 
kidney, brain white and gray matter, blood, etc. (Foster and Schwan, 1995; Gabriel 
et  al.,  1996a,b). The measured relative permittivity of tissues is about 80–50 at 
frequencies of about 100 MHz–3 GHz and reaches values of 18–23 at the frequency 
of 35 GHz.
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Recently, the results of the US National Toxicology Program Carcinogenesis 
Studies of Cell Phone Radio Frequency Radiation confirmed an increased cancer risk 
in rats and mice. In the cases of confirmed low-level microwave radiation effects, a 
mechanism other than tissue heating should be involved. There is justified demand for 
the clarification of the nonthermal mechanisms of low-level microwave radiation effects.

1.5 MOBILE COMMUNICATIONS AND PUBLIC HEALTH

I want to make clear that the potential hazard of mobile communication is related 
more to the nonthermal effects of this physical factor (RF EMF), which was unknown 
to mankind until half a century ago. The cellular telephone delivers a power density of 
RF radiation that is 2 billion times greater than occurs naturally in the environment. 
The absorbed energy potentially could cause dangerous and damaging biological 
effects within the human brain. Biological effects initiated by non-ionizing radiation 
could be achieved via conformational changes of important biological molecules 
(proteins, nucleic acids) and structures (as biological membranes) directly or via 
signal transduction pathways.

The small cellular telephones effectively deposit large amounts of energy into small 
areas of the user’s head and brain. The major guidelines and standards established 
by the engineering community provide an approach and terminology which are not 
accepted by the physics and biological communities, but nevertheless remain the 
guiding rules (mainly for the industry). One can only wonder how it is possible to 
speak about the potential “health effects” of RF EMF instead of a “health hazard.” 
The misuse of the term “health effect” completely neglects the fact that physical/
chemical factors could have either positive (beneficial) or negative (hazardous) 
effects (Markov, 2012). We are suspicious that this is done on purpose in order to not 
alarm the general public about the hazards of the use of microwave radiation in close 
proximity to the human brain.

It has been pointed out elsewhere (Markov, 2006) that when the engineering 
committees stated “Nonthermal RF biological effects have not been established,” 
they were basically guiding science and society in the wrong direction. To deny the 
possibility of nonthermal effects is not reasonable, but more important is that they 
mixed “effect” and “hazard.” If nonthermal effects do not exist, why do societies such 
as Bioelectromagnetics society (BEMS) and European bioelectromagnetic association 
(EBEA) exist? What is discussed at any yearly meeting of BEMS? Why has the journal 
Bioelectromagnetics existed for 38 years? Why, since 1984, has another journal, 
Electromagnetic Biology and Medicine, published hundreds and hundreds of papers?

One of the first papers on the absorption of electromagnetic energy was published 
by Schwan and Piersol (1978), in which absorption was connected to the tissue 
composition. It is important to note once again that the composition of living tissues 
is very complex and varies from organ to organ and from person to person. From 
a biophysics point of view, the energy absorption also depends on the depth of 
penetration for the specific frequency range (for 825–845 MHz the penetration depth 
into brain tissue is from 2 to 3.8 cm) (Polk and Postow, 1986; Kane, 1995).

Forty-five years ago, Michaelson (1972) wrote, “It should be understood that a 
cumulative effect is the accumulation of damages resulting from repeated exposures 
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each of which is individually capable of producing some small degree of damage.” 
In other words, the repeated irritation of a particular biological area, such as a small 
region of the brain, can lead to irreparable damage.

The EMF effects on human tissues and the human brain specifically are strongly 
related to the tissue dielectric properties. However, these dielectric properties are 
basically not well known for the human brain, and especially for children’s brains. 
To better understand the problem of the hazard of RF EMF for the human brain, it 
will be useful to consider the structure of the human head. It is known that the human 
head is a complex structure of many different tissue types. Each of the tissues—skin, 
bone, cerebrospinal fluid, fat, brain, dura, etc., absorbs and reflects RF energy in its 
own way. In addition, the human head is far from having a uniform shape, volume or 
structure. Therefore, the RF EMF interacts with the human head in a nonuniform way 
depending on the specific location of the brain areas/volumes. Sage (2012) presented 
a remarkable review of the similarity of low dose effects of ionizing and non-ionizing 
radiation on the initiation of genotoxic effects, which are nonthermal.

Interestingly enough, the Parliamentary Assembly, Council of Europe, in its 
Resolution 1815 from 2011 recommends to “reconsider the scientific basis for the 
present electromagnetic fields exposure standards set by the ICNIRP, which have 
serious limitations and apply ‘as low as reasonably achievable’ (ALARA) principles, 
covering both the thermal effects and the nonthermal or biological effects of 
electromagnetic emissions or radiation” (Parliamentary Assembly, 2011).

1.5.1 “HOT SPOTS”

It is clear that “hot spot” is a term that scientists have introduced to describe exactly 
what is happening at specific locations within the brain or other tissues. Which 
regions of the brain will be subjected to “hot spot” absorption depend on a number 
of factors related to head size, shape, curvature, subcutaneous fat layer thickness, and 
internal skull structures as well as the parameters of the applied signal (especially 
frequency, pulsing, and modulation).

Some of the interior “hot spots” in the brain are related to the radius of curvature 
of the human head. First, one should recognize that human head is far from the 
ideal spherical shape that is used in the modeling. It is easy to assume that the 
radius of the curvature is different for a baby, a little child, a teenager or an adult 
individual. The energy absorption within the brain tissue was found to be about 
20 times greater than in the skull and subcutaneous fat. RF EMF energy can be 
concentrated into very high-intensity spots just as sunlight may be concentrated with 
a magnifying glass. The same effect occurs within living tissue at RF radiation “hot 
spot” locations. Please keep in mind that most, if not all of the biological effects, are 
nonlinear. Importantly, during short exposures from a few seconds to a few minutes, 
very little heat accumulation could take place. This is important in view of “hot 
spot” absorptions. If a “hot spot” was formed, a rapid energy absorption would have 
a maximum destructive effect because, as shown by Lin (1977), very little of the 
absorbed heat will have an opportunity to dissipate. “Because, microwave absorption 
occurs in a very short time, there will be little chance for heat conduction to take 
place.”
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At these “hot spots,” however, the heating is rapid and the cooling is slow. The 
inability of biological tissue to get rid of excess heat quickly and efficiently may be 
the mechanism leading to destructive exposure. If “hot spots” occur at microscopic 
regions within the brain, where there are no thermal or sensory receptors, there is 
no reason to expect that the body will attempt to compensate for the overheating. 
The human brain simply does not have the capacity to prevent the damage. Human 
brain tissue is the most sensitive to any change in the physical parameters of the 
environment. There is evidence that with an increase in temperature of only 0.5°C 
in specific locations, various adverse effects might occur, the most important of 
which are (1) increase in membrane permeability; (2) modification of normal cell 
metabolism through changes in the enzyme activity; and (3) tissue destruction and 
death.

Consider now the same structural features on the heads of children and smaller 
adults. The curved area behind and above the ears is more arched and the total width 
of the head is correspondingly reduced. Since “hot spot” absorption is a function 
of head curvature, children and some adults are more susceptible to this type of 
“hot spot” formation. Long before the introduction of cellular telephones, scientists 
obtained data indicating that children absorb approximately 50% more radiation 
within their heads than adults (Durney et al., 1979). Lin in 1976 placed the increased 
absorption effect into a better perspective when he reported that “hot spot” energy 
absorption can be as much as ten times higher at certain areas within the brain. 
From experiments performed using models of the human head, he reported energy 
absorptions in the center of the head that were even higher than absorption levels near 
the surface. This is a prime example of “hot spot” energy deposition.

The presence of nonuniform energy absorption that indicated the new type of “hot 
spot” was initially characterized by Schwan in 1972 (Schwan, 1972a,b). He suggested 
that when the diameter is smaller, the energy absorbing “hot spots” become more 
pronounced. The research found that for heads significantly smaller than that of a 
mature man, the “hot spot” effects increase and so does the amount of energy that 
is absorbed into the interior of the brain. Clearly, this indicates an increased risk of 
“hot spot” absorption within the brains of women and children, with small children 
being at maximum risk for “hot spot” absorption within their brains. It had also been 
reported by Schwan (1972a,b) that maximum “hot spot” energy absorption occurs 
in the frequency region around the cellular telephone frequencies. There were no 
cellular telephones on the market at that time.

Johnson and Guy (1972) report that “for human brain exposed to 918 MHz 
power, the absorption at a depth 2.3 times the depth of penetration (depth of 
penetration = 3.2 cm) is twice the absorption at the surface. This corresponds to a 
factor greater than 200 times that expected.” This means that at a depth within the 
human brain of about 7 cm, “hot spots” have energy absorption 200 times greater 
than would be the case if no “hot spot” existed.

During the past several decades, the absorption of RF energy in various body 
tissues has been investigated by homogeneous and/or heterogeneous models. Looking 
at these models, we were impressed that the most serious review of the models was 
done in 1978 by Durney et al. (1978). Interestingly enough, nearly 40 years later, this 
manual is the most comprehensive document on modeling RF absorption.
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1.5.2 PROTECT CHILDREN

For the first time during the whole period of civilization, massive electromagnetic 
radiation reaches the most critical system of the body—the brain and nervous system 
structures of the inner ear of the child and adolescent. Children and adolescents are 
exposed to conditions analogical with professionals and are at risk of being in the zone 
of constantly determining the impact of a harmful type of radiation, which makes 
the potential risk to the health of children very high (Grigoriev, 2012; Grigoriev and 
Khortzeva, 2018). At the 2001 WHO meeting on harmonization of standards,  I made 
a statement that allowing little children to use the cell phones is a crime against 
humanity (Markov, 2001). I think that it is still a valid statement.

Despite the large number of reports on the effects of RF EMF on human organisms, 
the publications on the potential hazard for the organisms of children are a relatively 
small fraction in the world literature. In most cases, the publications are based on 
epidemiological data collected by some surveys and quite frequently without having 
direct contact with children or their parents. Therefore, this approach passes the 
issues to statistics, not to science. One needs to operate with huge numbers in order to 
evaluate the presence or absence of an effect. But these numbers basically do not go to 
the biology, to the process of occurrence of one or another modification of the living 
tissue. Following this approach they state, “there is no conclusive and consistent 
evidence that nonionizing radiation emitted by cell phone is associated with cancer 
risk” (Boice and Tarone, 2011).

In the international meetings organized mainly by the WHO (Seol, 2001; Istanbul, 
2004; Sanct Petersburg, 2005; London, 2008; Brussel, 2013), there were special 
sessions related to the hazards of RF EMF for children. However, the approach of 
engineering and standard creation authorities to the evaluation of RF hazards for 
children using cellular phones does not account for the specifics of the developing 
brain.

We would like to point to the study of Wiart et al. (2008) that utilized MRI data 
obtained in different French hospitals for the creation of six child head models at 
different ages (5, 6, 8, 9, 12, 15 years). In publication 66 of the ICNIRP (1998, 2009), 
an adult human model was scaled for reference to that of a 10-year old child. The 
most widely accepted database of human tissue (Gabriel et al., 1996a,b) lacks data 
for children. Not only is there a lack of information for children’s brains, but for 
children’s tissues in general.

There are several models scaling adult models down to children heads, which 
appears to be wrong. This approach does not account for geometrical differences, 
and what is more important, the anatomical and physiological differences between 
an adult brain and a developing brain of a child. Nikita and Kiourri (2011) published 
barograms that express 37% difference in local SAR for adult and child brains. If 
the data really present SAR for the brain of adults and children—in accordance with 
the engineering approach, these values should be similar. If not—as the case is—it 
means that the scaling exercises should be forgotten and forbidden.

The same authors stated that “in the case of canonical models, the child model 
is perfectly proportional to an adult model.” This is possible only in theoretical 
(more likely mathematical) modeling when no one take into account the specifics of 
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geometry, composition, and development of children’s heads and brains. It is even 
written that Koulouridis and Nikita (2004) obtained a children’s model through 
uniform deformation of spherical adult head models. I should remind the authors 
that an adult head is spherical, nor is the brain composition of adults and children 
homogeneous.

Several publications on cell phone dosimetry in children (ICNIRP, 2009; Christ 
et al., 2010a,b) reported a higher SAR for children’s brains which is correctly attributed 
to the geometrical difference in the heads of children and adults. Scientists working 
in the dosimetry areas proposed different explanations for the fact that different 
laboratories concluded that SAR in children’s brains is higher, smaller or equal to 
the SAR in adult brains.

More than 40 years ago, Joines and Spiegel (1974) analyzed human head models 
composed of six layers: skin, subcutaneous fat, skull, dura, cerebrospinal fluid, and 
brain tissue. The total thickness of the five layers that surround the brain is assumed 
to be 1.10 cm. However, we must keep in mind that the layers could vary significantly 
from one human head to another. What is more important, the proportion of these 
five layers changes during a child’s aging. As the models become more complex and 
increasingly representative of an actual human head, the findings continue to indicate 
that the energy absorption is much higher than previously thought.

The range of sizes includes almost all human heads. It is clear that what was first 
observed as a danger to those with smaller cranial structures, most notably including 
children, has been extended by additional studies to include nearly all humans. Of 
course, the most dramatic “hot spot” peaks are within the smaller heads.

It would be plausible to point out the Russian experience in studying the hazards 
of the RF EMF for children and the legislation in this direction. In 2001, the Russian 
National Committee for protection from non-ionizing radiation recommended that 
children under the age of 18 as well as pregnant women not use mobile phones. These 
recommendations had further been incorporated into the Hygienic Norms for EMF 
of mobile communications (SanPiN 2.1.8/2.2.4.1190-03, valid from 2003). In 2004, 
Grigoriev suggested that a precautionary principle must be applied for evaluation 
of hazards for children. Beginning in 2006, a number of studies of RF EMF effects 
on children have been conducted in Russia. These longitudinal studies of effects of 
microwave radiation were oriented mainly toward the evaluation of the cognitive 
functions of different aged children by using a complex of psychophysiological tests. 
It has been detected that an increase in the time of the reaction to light or sound 
signals, disturbances in the phonematic association, decrease of the work ability, 
faster occurrence of fatigue, and increase of time for completion of the task has been 
associated with a simultaneous decrease of accuracy (Grigoriev and Khorseva, 2014; 
Grigoriev and Khorseva, 2018).

Since the industry and unfortunately, the scientific community, do not have 
appropriate care for the health of children, the responsibility is on parents. Look what 
has happened: Children in kindergarten or primary school are considering a mobile 
phone as a nice toy and play with it for hours and hours. At that age, their body and 
more importanty their brain is not yet developed. Who may be so brave as to claim 
that the use of a mobile phone at that age is not dangerous? Who may predict what 
would happen with these “users” 20–30–50 years later?
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As WHO postulated, we should know that children are more sensitive to all factors 
of the environment than adults: “Children differ from adults. Children are uniquely 
vulnerable when they grow and develop, they have ‘windows of susceptibility’: 
periods when their organs and systems may be particularly sensitive to the effect of 
certain environmental threats” (WHO, Backgrounder, 2003). Therefore, it should not 
be doubted that the developing brain is exposed to increasing irradiation during the 
formation of higher nervous activity. Society, in general, and scientists, in particular, 
should not forget this.

One thing that I think about when I listen to or read the epidemiologists papers on 
children’s exposure to RF radiation is that they do not take into account the fact that 
the cancer does not occur overnight and that there is a slow accumulation of damages 
that after a certain time may turn in a dangerous direction.

“These studies have not provided any sign that RF EMF emitted by cellular 
phones increases the chance for carcinogenesis” (Nikita and Kiourri, 2011). I 
certainly do not think that this statement is correct. At the risk of being confronted 
by epidemiologists, I should say that they do not do science, they do statistics. Look 
at any study performed by epidemiologists—it operates with huge numbers in order 
to evaluate the presence or absence of an effect. But these numbers basically do not go 
to biology, to the process of occurrence of one or another modifications of the living 
tissue. Then the epidemiological team claims “there isn’t consistent evidence for 
occurrence of the modification.” They also state “there is no conclusive and consistent 
evidence that nonionizing radiation emitted by cell phone is associated with cancer 
risk” (Boice and Tarone, 2011). It is remarkable that this paper was published after 
IARC defined RF as “possible cancerogenic for humans.” In another paper, (Markov, 
2012), the fact that the long-delayed publication of the INTERPHONE data resulted 
in a strange situation is discussed: two groups of participants in the project published 
papers that basically contradict each other. In addition, some epidemiologists wrote 
that the rates of tumor incidence in Swedish children decrease (over 50%) in the 
presence of increasing and substantial usage of cell phones (Aydin et al., 2011). This 
is another confirmation that the conclusion of epidemiological studies should not be 
trusted, especially since in most cases, the investigators are funded by the industry. 
The epidemiological community was separated in publications of the results of the 
INTERPHONE project. But they became surprised by the IARC classification of the 
RF microwave as possibly carcinogenic. The quick publication of Swerdlow et al. 
(2011) attempted to negate the classification and continue guiding the general public 
and scientific community.

The thermal approach to the absorbance of RF energy assumes that the energy 
is converted to heat, and the resulting heat, when sufficient, “cooks” the brain cells. 
Since nobody reported such a “cooking” effect it does not exist—this is the general 
conclusion of the epidemiology and industry supported papers.

However, a number of studies had pointed out that electromagnetic energy in the 
900 MHz region may be more harmful because of its greater penetrating capability 
compared to 2,450 MHz, therefore, more energy in the 900 MHz frequency range is 
deposited deep within biological tissue. In 1976, Lin concluded that 918 MHz energy 
constitutes a greater health hazard to the human brain than does 2,450 MHz energy 
for a similar incident power density.
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It is not difficult to envision that even one cubic centimeter of brain tissue 
(corresponding to 1 g) includes billions of molecules and interconnecting bonds. Each 
of these molecules or bonds may be susceptible to extremely high energy absorption 
under certain conditions even while other molecules, only a short distance away, 
might receive lower energy levels.

Let me remind the reader that studies of diathermy applications consistently show 
that electromagnetic energy at frequencies near and below 900 MHz is best suited 
for deep penetration into brain tissue. The depth of penetration is noticeably greater 
at this frequency range, which includes the cellular phone frequencies as compared 
with higher frequencies. What is also important is the proven fact that deep tissue 
heating is obtained without detecting significant heating in the surface tissues. By 
their nature, the frequencies that provide the best therapeutic heating would also be 
frequencies that could be the most hazardous to man in an uncontrolled situation. 
High absorption in inner tissue such as the brain occurs while fat and bone absorption 
is many times less (Johnson and Guy, 1972).

 Aside from the thermal issues, I should point out that the nonlinear properties 
of biological tissues could provide conditions for conformational changes in various 
important biological molecules via nonthermal effects (Markov, 2006). These changes 
could modify the entire signal transduction cascade.

I could agree that the first step in modeling the thermal effects should be the 
creation and building of tissue models. However, it sounds strange that this first step 
is addressed in papers published in 2011 (Nikita and Kiourri, 2011). Various models 
have been created in the decades before now, and surprisingly, they are neglected by 
the engineering community. More amazing is that these head models consist of only 
three layers: skin, fat, and muscle.

In addition, the dielectric properties of brain tissues are still not known with the 
degree of precision that would allow the accurate prediction of the absorbance of RF 
energy. If this is correct, how one can estimate the SAR? Despite the claims of IEEE 
and ICNIRP members, the experimental dosimetry is very insufficient for creating 
safety conditions for the users of mobile communications.

In 1994, I was planning to build a tissue phantom for evaluating the temperature 
effects caused by A 27.12 MHz pulsed electromagnetic field, approved by the food and 
drug administration (FDA) for therapeutic use. Richard Olsen, who was known to me as 
an expert in dosimetry of EMF, informed me that even placing a cadaver bone inside a 
liquid/gel model would not be accurate enough in respect to real tissues. Why in 2017 are 
we discussing the models without taking into account the complexity of the biological 
tissues, especially the human brain? From the physics and thermodynamics view point, 
biological tissues represent nonlinear systems (see White et al., 2011). The occurrence of 
a “hot spot” in response to RF radiation to a great extent corresponds to this nonlinearity.

Let me point to one very important fact: the manufacturers of diathermy devices 
should indicate the maximum safe distances and directions that must be maintained 
by therapists. Of course, if there must be defined some safe distance to be maintained 
from devices emitting 5.0 mW/cm2, then certainly we might expect some safe distance 
to be kept from devices emitting higher levels of RF radiation—portable cellular 
telephones. This should be especially true when suggesting the spacing between the 
portable device and a human head, and respectively, to the human brain.
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Since the human brain has little, if any, sensory capability, damage or trauma 
occurring internally will not be felt until the effects, such as heating, are so severe 
that they work their way outward. If tissue damage occurs within a localized region 
of the brain, it may be completely unnoticed. The threshold for irreversible skin 
damage is about 45°C which is also the temperature at which pain is felt. So, by the 
time a person exposed to RF radiation feels pain at the skin, that skin is irreversibly 
damaged as is the deeper tissue beneath the skin. Similarly, internal heating of brain 
tissue would not be sensed as a burning sensation. Likely, there would be no sensation 
at all. Interest in the ability to “sense” the presence of high levels of RF radiation 
motivated researchers to determine threshold levels for detecting heat sensations due 
to radiation exposure (Justesen, 1982).

Considering the lack of sensory detectors in the brain, we can expect that no 
warning of brain tissue destruction would be provided to a cellular telephone user 
until the damage was so extensive that the scalp, which absorbs very little energy, 
sensed heating. There is value in the research as they observed and documented an 
energy absorption “hot spot” associated with high electric fields at the tip of their 
antenna (Balzano et al., 1978a,b). One of the problems that needs to be stressed is 
that the brain did not absorb the energy uniformly.

In conclusion, today the entire biosphere and mankind are subjected to signals 
from space and terrestrial sources, unknown by numbers and by their physical 
characteristics. We are at the bottom of the ocean of electromagnetic waves. What is 
worse—this global “experiment” is conducted without protocol, monitoring, and the 
possibility to produce any protections. The mobile communication industry is creating 
newer and newer tools in order to eventually increase the speed of communications. 
Smartphones and smart meters significantly change the electromagnetic environment 
not only for occupational conditions, but in every home. Billions of people are not 
informed about the fact that their homes and they themselves are subjected to the 
“new and advanced” technological developments. This cohort includes babies and 
elderly people, schoolboys and professionals.

What is even worse, the new 5G mobile technology is being introduced even before 
the development of industrial standards. No health hazard estimation is planned, no 
guidance for protection and standards are developed. It is time to ring the bell.
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2.1 INTRODUCTION

It is universally accepted that radio frequency radiation (RFR) can cause tissue heating 
(thermal effects, TE) and that extremely low-frequency (ELF) fields, for example, 
50 and 60 Hz, can cause electrical current flows that shock and even damage or 
destroy tissues [1]. These factors alone are the underlying bases for present exposure 
standards. EMF exposures that cause biological effects at intensities that do not 
cause obvious thermal changes, that is, non-thermal effects (NTE), have been widely 
reported in the scientific literature since the 1970s, including beneficial applications 
in development and repair processes. The current public safety limits do not take 
modulation into account and thus are no longer sufficiently protective of public health 
where chronic exposure to pulsed or pulse-modulated signal is involved, and where 
sub-populations of more susceptible individuals may be at risk from such exposures.

2.1.1 MODULATION AS A CRITICAL ELEMENT

Modulation signals are one important component in the delivery of EMF signals to 
which cells, tissues, organs, and individuals can respond biologically. At the most basic 
level, modulation can be considered a pattern of pulses or repeating signals which have 
specific meaning in defining that signal apart from all others. Modulated signals have a 
specific ‘beat’ defined by how the signal varies periodically or aperiodically over time. 
Pulsed signals occur in an on–off pattern, which can be either smooth and rhythmic 
or sharply pulsed in quick bursts. Amplitude and frequency modulation involves two 
very different processes where the high frequency signal, called the carrier wave, has 
a lower frequency signal that is superimposed on or ‘rides’ on the carrier frequency. In 
amplitude modulation, the lower frequency signal is embedded on the carrier wave as 
changes in its amplitude as a function of time, whereas in frequency modulation, the 
lower frequency signal is embedded as slight changes in the frequency of the carrier 
wave. Each type of low-frequency modulation conveys specific ‘information,’ and 
some modulation patterns are more effective (more bioactive) than others depending 
on the biological reactivity of the exposed material. This enhanced interaction can be 
a good thing for therapeutic purposes in medicine, but can be deleterious to health 
where such signals could stimulate disease-related processes, such as increased cell 
proliferation in precancerous lesions. Modulation signals may interfere with normal, 
nonlinear biological functions. More recent studies of modulated RF signals report 
changes in human cognition, reaction time, brain-wave activity, sleep disruption, and 
immune function. These studies have tested the RF and ELF-modulated RF signals 
from emerging wireless technologies (cell phones) that rely on pulse-modulated 
RF to transmit signals. Thus, modulation can be considered as information content 
embedded in the higher frequency carrier wave that may have biological consequences 
beyond any effect from the carrier wave directly.

In mobile telephony, for example, modulation is one of the underlying ways to 
categorize the radio frequency signal of one telecom carrier from another (time 
division multiple access [TDMA] from code division multiple access [CDMA] 
from global system for mobile communications [GSM]). Modulation is likely a key 
factor  in determining whether and when biological reactivity might be occurring, 
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for example, in the new technologies which make use of modulated signals, some 
modulation (the packaging for delivery for an EMF ‘message’) may be bioactive, for 
example, when frequencies are similar to those found in brain wave patterns. If a 
new technology happens to use brain wave frequencies, the chances are higher that 
it will have effects, in comparison, for example, to choosing some lower or higher 
modulation frequency to carry the same EMF information to its target.

This chapter will show that other EMF factors may also be involved in determining 
if a given low-frequency signal directly, or as a modulation of a radiofrequency wave, 
can be bioactive. Such is the evolving nature of information about modulation. It 
argues for great care in defining standards that are intended to be protective of public 
health and well-being. This chapter will also describe some features of exposure 
and physiological conditions that are required in general for non-thermal effects to 
be produced, and specifically to illustrate how modulation is a fundamental factor 
which should be taken into account in public safety standards.

2.2 LABORATORY EVIDENCE

Published laboratory studies have provided evidence for more than 40 years on 
bioeffects at much lower intensities than cited in the various widely publicized 
guidelines for limits to prevent harmful effects. Many of these reports show EMF-
caused changes in processes associated with cell growth control, differentiation, 
and proliferation that are biological processes of considerable interest to physicians 
for potential therapeutic applications and for scientists who study the molecular 
and cellular basis of cancer. EMF effects have been reported in gene induction, 
transmembrane signaling cascades, gap junction communication, immune system 
action, rates of cell transformation, breast cancer cell growth, regeneration of damaged 
nerves, and recalcitrant bone fracture healing. These reports have cell growth control 
as a common theme. Other more recent studies on brain-wave activity, cognition, and 
human reaction time lend credence to modulation (pulsed RF and ELF-modulated 
RF) as a concern for wireless technologies, most prominently from cell phone use.

In the process of studying nonthermal biological effects, various exposure 
parameters have been shown to influence whether or not a specific EMF can cause a 
biological effect, including intensity, frequency, the coincidence of the static magnetic 
field (both the natural earth’s magnetic field and anthropogenic fields), the presence 
of the electrical field, and the magnetic field, or their combination and whether EMF 
is sinusoidal, pulsed or in more complex wave forms. These parameters will be 
discussed below.

Experimental results will be used to illustrate the influence of each EMF parameter, 
while also demonstrating that it is highly unlikely the effects are due to EMF-caused 
current flow or heating.

2.2.1 INITIAL STUDIES THAT DREW ATTENTION TO NTE

Several papers in the 1960s and early 1970s reported that ELF fields could alter 
circadian rhythms in laboratory animals and humans. In the latter 1960s, a paper 
by Hamer [2] reported that the EMF environment in planned space capsules could 
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cause human response time changes, that is, the interval between a signal and the 
human response. Subsequent experiments by a research group led by Adey were 
conducted with monkeys and showed similar response time changes and also 
electroencephalogram (EEG) pattern changes [3,4]. The investigators shifted the 
research subject to cats and decided they needed to use a radio frequency field to 
carry the ELF signal into the cat brain, and observed EEG pattern changes, ability to 
sense and behaviorally respond to the ELF component of RFR, the ability of minor 
electric current to stimulate the release of an inhibitory neurotransmitter, gamma 
amino-butyric acid (GABA), and simultaneous release of a surrogate measure, 
calcium ions, from the cortex [5,6]. At this time Bawin, a member of the research 
group, adopted newly hatch chickens as sources of brain tissue and observed changes 
in the release of calcium ions from in vitro specimens as a function of ELF frequency 
directly or as amplitude modulation (‘AM’) of RFR (RFRAM) [7–11]. Tests of both 
EMF frequency and intensity dependences demonstrated a single sensitive region 
(termed ‘window’) over the range of frequency and intensity examined. This series 
of papers showed that EMF-induced changes could occur in several species (human, 
monkey, cat, and chicken), that calcium ions could be used as surrogate measures for 
a neurotransmitter, that ELF fields could produce effects similar to RFRAM (note: 
without the ‘AM’, there was no effect although the RFR intensity was the same), and 
that the dose and frequency response consisted of a single sensitivity window.

Subsequent, independent research groups published a series of papers replicating 
and extending this earlier work. Initial studies by Blackman, Joines, and colleagues 
[12–25] used the same chick brain assay system as Bawin and colleagues. These papers 
reported multiple windows in intensity and in frequency within which calcium changes 
were observed in the chick brain experimental systems under EMF exposure. Three 
other independent groups offered confirmation of these results by reporting intensity 
and frequency windows for calcium, neurotransmitter or enolase release under EMF 
exposure of human and animal nervous system-derived cells in vitro by Dutta et al. 
[26–29], of rat pancreatic tissue slices by Albert et al. [30], and of frog heart by Schwartz 
et al. [31], but not frog heart atrial strips in vitro [32]. This series of papers showed that 
multiple frequency and intensity windows were a common phenomenon that required 
the development of new theoretical concepts to provide a mechanism of action paradigm.

2.2.2 REFINED LABORATORY STUDIES REVEAL MORE DETAILS

Additional aspects of the EMF experiments with the chick brain described by 
Blackman and colleagues above, also revealed critical co-factors that influenced the 
action of EMF to cause changes in calcium release, including the influence of the 
local static magnetic field, and the influence of physico-chemical parameters, such 
as pH, temperature, and the ionic strength of the bathing solution surrounding the 
brain tissue during exposure. This information provides clues for and constraints on 
any theoretical mechanism that is to be developed to explain the phenomenon. Most 
current theories ignore these parameters that need to be monitored and controlled 
for EMF exposure to produce NTE. These factors demonstrate that the current risk 
assessment paradigms, which ignore them, are incomplete and thus may not provide 
the level of protection currently assumed.
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2.2.3 SENSITIVITY OF DEVELOPING ORGANISMS

An additional study was also conducted to determine if EMF exposure of chicken eggs 
while the embryo was developing could influence the response of brain tissue from 
the newly hatched chickens. The detailed set of frequency and intensity combinations 
under which effects were observed were all obtained from hatched chickens whose 
eggs were incubated for 21 days in an electrically heated chamber containing 60-Hz 
fields. Thus, tests were performed to determine if the 60-Hz frequency of ELF fields 
(10 V/m in air) during incubation, that is, during embryogenesis and organogenesis, 
would alter the subsequent calcium release responses of the brain tissue to EMF 
exposure. The reports of Blackman et al. [19] and Joines et al. [25] showed that the 
brain tissue response was changed when the field during the incubation period was 
50 Hz rather than 60 Hz. This result is consistent with an anecdotal report of adult 
humans institutionalized because of chemical sensitivities, who were also responsive 
to the frequency of power line EM fields that were present in the countries where 
they were born and raised [33]. This information indicates there may be animal and 
human exposure situations where EMF imprinting during development could be an 
important factor in laboratory and epidemiological situations. EMF imprinting, which 
may only become manifest when a human is subjected to chemical or biological 
stresses, could reduce the ability to fight disease and toxic insult from environmental 
pollution, resulting in a population in need of more medical services, with resulting 
lost days at work.

2.3  FUNDAMENTAL EXPOSURE PARAMETERS: TO BE CONSIDERED 
WHEN ESTABLISHING A MODE (OR MECHANISM) OF ACTION 
FOR NONTHERMAL EMF-INDUCED BIOLOGICAL EFFECTS

2.3.1 INTENSITY

There are numerous reports of biological effects that show intensity “windows,” that 
is, regions of intensity that cause changes surrounded by higher and lower intensities 
that show no effects from exposure. One very clear effect by Blackman and colleagues 
is 16-Hz, sine wave-induced changes in calcium efflux from brain tissue in a test tube 
because it shows two very distinct and clearly separated intensity windows of effects 
surrounded by regions of intensities that caused no effects [17]. There are other reports 
for similar multiple windows of intensity in the radio frequency range [22,26,29,31]. 
Note that calcium ions are a secondary signal transduction agent active in many 
cellular pathways. These results show that intensity windows exist and they display an 
unusual and unanticipated “nonlinear” (nonlinear and non-monotonic) phenomenon 
that has been ignored in all risk assessment and standard setting exercises, save the 
NCRP 1986 publication [1]. Protection from multiple intensity windows has never 
been incorporated into any risk assessment; to do so would call for a major change 
in thinking. These results mean that lower intensity is not necessarily less bioactive 
or less harmful.

Multiple intensity windows appeared as an unexpected phenomenon in the late 
1970s and 1980s. There has been one limited attempt to specifically model this 
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phenomenon by Thompson et al. [34], which was reasonably successful. This modeling 
effort should be extended because there are publications from two independent 
research groups showing multiple intensity windows for 50, 147, and 450 MHz 
fields when amplitude modulated at 16 Hz using the calcium ion release endpoint 
in chicken brains in vitro. The incident intensities (measured in air) for the windows 
at the different carrier frequencies do not align at the same values. However, Joines 
et al. [23,24] and Blackman et al. [20] noted the windows of intensity align across 
different carrier frequencies if one converts the incident intensity to the intensity 
expected within the sample at the brain surface. This conversion was accomplished 
by correcting for the different dielectric constants of the sample materials due to the 
different carrier frequencies. The uniqueness of this response provides a substantial 
clue to theoreticians, but it is interesting and disappointing that no publications have 
appeared attempting to address this relationship. It is obvious that this phenomenon 
is one that needs further study.

2.3.2 FREQUENCY

Frequency-dependent phenomena are common occurrences in nature. For example, 
the human ear only hears a portion of the sound that is in the environment, typically 
from 20 to 20,000 Hz, which is a frequency “window.” Another biological frequency 
window can be observed for plants grown indoors. Given normal indoor lighting, 
the plants may grow to produce lush vegetation but not produce flowers unless 
illuminated with a lamp that emits a different spectrum of light partially mimicking 
the light from the sun. Thus, frequency windows of response to various agents exist 
in biological systems from plants to homo sapiens.

In a similar manner, there are examples of EMF-caused biological effects that 
occur in a frequency-dependent manner that cannot be explained by current flow 
or heating. The examples include reports of calcium ion efflux from brain tissue 
in vitro by Blackman and Joines and colleagues at low frequency [15,19] and at 
high frequency modulated at low frequency [20,35,24]. An additional example of an 
unexpected result is by Liboff [36].

In addition, two apparently contradictory multiple-frequency exposure results 
provide examples of the unique and varied nonthermal interactions of EMF with 
biological systems. Litovitz and colleagues showed that an ELF sinusoidal signal 
could induce a biological response in a cell culture preparation, and that the addition 
of a noise signal of equal average intensity could block the effect caused by the 
sinusoidal signal, thereby negating the influence of the sinusoidal signal [37]. Similar 
noise canceling effects were observed using chick embryo preparations [38,39]. It was 
also shown that the biological effects caused by microwave exposures imitating cell 
phone signals could be mitigated by ELF noise [40]. However, this observation should 
not be generalized; a noise signal is not always benign. Milham and Morgan [41] 
showed that a sinusoidal ELF (60-Hz) signal was not associated with the induction of 
cancer in humans, but when that sinusoidal signal was augmented by a noise signal, 
basically transients that added higher frequencies, an increase in cancer was noted 
in humans exposed over the long-term. Thus, the addition of noise in this case was 
associated with the appearance of a health issue. Havas [42–44] has described other 
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potential health problems associated with these higher frequency transients, termed 
“dirty power.” The bioactive frequency regions observed in these studies have never 
been explicitly considered for use in any EMF risk assessments, thus demonstrating 
the incomplete nature of current exposure guideline limits.

There are also EMF frequency-dependent alterations in the action of nerve growth 
factor (NGF) to stimulate neurite outgrowth (growth of primitive axons or dendrites) 
from a peripheral nerve-derived cell (PC-12) in culture shown by Blackman et al. 
[45,46] and by Trillo et al. [47]. The combined effect of frequency and intensity is also 
a common occurrence in both the analogous sound and the light examples given above. 
Too much or too little of either frequency or intensity shows either no or undesirable 
effects. Similarly, Blackman et al. [15] has reported EMF responses composed of 
effect “islands” of intensity and frequency combinations, surrounded by a “sea” 
of intensity and frequency combinations of null effects. Although the mechanisms 
responsible for these effects have not been established, the effects represent a here-to-
fore unknown phenomenon that may have complex ramifications for risk assessment 
and standard setting. Nerve growth and neurotransmitter release that can be altered by 
different combinations of EMF frequencies and intensities, especially in developing 
organisms like children, could conceivably produce over time a subsequent altered 
ability to successfully or fully respond behaviorally to natural stressors in the adult 
environment; research is urgently needed to test this possibility in animal systems.

Nevertheless, this phenomenon of frequency-dependence is ignored in the 
development of present exposure standards. These standards rely primarily on 
biological responses to intensities within arbitrarily defined engineering-based 
frequency bands, not biologically based response bands, and are solely based on 
energy deposition determinations.

2.4  STATIC MAGNETIC FIELD: A COMPLETELY UNEXPECTED 
COMPLEXITY

The magnetic field of the earth at any given location has a relatively constant intensity 
as a function of time. However, the intensity value, and the inclination of the field 
with respect to the gravity vector, varies considerable over the face of the earth. More 
locally, these features of the earth’s magnetic field can also vary by more than 20% 
inside manufactured structures, particularly those with steel support structures.

At the Bioelectromagnetics Society annual meeting in 1984 [48], Blackman 
revealed his group’s discovery that the intensity of the static magnetic field could 
establish and define those oscillatory frequencies that would cause changes in 
calcium ion release in his chick brain preparation. This result was further discussed 
at a North Atlantic Treaty Organization (NATO) Advanced Research workshop in 
Erice, Italy, in the fall of 1984 and by publications from that meeting and subsequent 
research: Blackman et al. [14,18] and Liboff et al. [36,49,50]. Substantial additional 
research on this feature was reported by Liboff and colleagues [50–52]. Blackman 
et al. also reported on the importance of the relative orientation of the static magnetic 
field vector to the oscillating magnetic field vector [21] and demonstrated a reverse 
biological response could occur depending on parallel or perpendicular orientations 
of the static and oscillating magnetic fields [53].
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There have been many attempts to explain this phenomenon by a number of 
research teams led by Smith [49], Blackman [15], Liboff [36,54], Lednev [55], 
Blanchard [56], Zhadin [57], del Giudice [58], Binhi [59–62], and Matronchik [63], 
but none has been universally accepted. Nevertheless, experimental results continued 
to report static and oscillating field dependencies for nonthermally induced biological 
effects in studies led by Zhadin [64,65], Vorobyov [66], Baureus Koch [67], Sarimov 
[68], Prato [69,70], Comisso [71], and Novikov [72].

With this accumulation of reports from independent, international researchers, 
it is now clear that if a biological response depends on the static magnetic field 
intensity and even its orientation with respect to an oscillating field, then the 
conditions necessary to reproduce the phenomenon are very specific and might 
easily escape detection (see e.g., Blackman and Most [73]). The consequences of 
these results are that there may be exposure situations that are truly detrimental 
(or beneficial) to organisms, but that are insufficiently common on a large scale 
that they would not be observed in epidemiological studies; they need to be 
studied under controlled laboratory conditions to determine impact on health and 
well-being.

2.5  ELECTRIC AND MAGNETIC COMPONENTS: BOTH 
BIOLOGICALLY ACTIVE WITH DIFFERENT CONSEQUENCES

Both the electric and the magnetic components have been shown to directly 
and independently cause biological changes. There is one report that clearly 
distinguishes the distinct biological responses caused by the electric field and by 
the magnetic field. Marron et al. [74] show that electric field exposure can increase 
the negative surface charge density of an amoeba, Physarum polycephalum, 
and that magnetic field exposure of the same organism causes changes in the 
surface of the organism to reduce its hydrophobic character. Other scientists have 
used concentric growth surfaces of different radii and vertical magnetic fields 
perpendicular to the growth surface to determine if the magnetic or the induced 
electric component is the agent causing biological change. Liburdy et al. [75], 
examining calcium influx in lymphocytes, and Greene et  al. [76], monitoring 
ornithine decarboxylase (ODC) activity in cell culture, showed that the induced 
electric component was responsible for their results. In contrast, Blackman et al. 
[77,78], monitoring neurite outgrowth from two different clones of PC-12 cells 
and using the same exposure technique used by Liburdy and by Greene, showed 
the magnetic component was the critical agent in their experiments. EMF-
induced changes on the cell surface where it interacts with its environment, can 
dramatically alter the homeostatic mechanisms in tissues, whereas changes in 
ODC activity are associated with the induction of cell proliferation, a desirable 
outcome if one is concerned about wound healing, but undesirable if the concern 
is tumor cell growth. This information demonstrates the multiple, different ways 
that EMF can affect biological systems. Present analyses for risk assessment and 
standard setting have ignored this information, thus making their conclusions of 
limited value.
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2.6  SINE AND PULSED WAVES: LIKE DIFFERENT 
PROGRAMS ON A RADIO BROADCAST STATION

Important characteristics of pulsed waves that have been reported to influence 
biological processes include the following: (1) frequency, (2) pulse width, (3) 
intensity, (4) rise and fall time, and (5) the frequency, if any, within the pulse ON 
time. Chiabrera et al. [79] showed that pulsed fields caused de-differentiation of 
amphibian red blood cells. Scarfi et al. [80] showed enhanced micronuclei formation 
in lymphocytes of patients with Turner’s syndrome (only one X chromosome), but 
no change in micronuclei formation when the lymphocytes were exposed to sine 
waves (Scarfi et al. [81]). Takahashi et al. [82] monitored thymidine incorporation in 
Chinese hamster cells and explored the influence of pulse frequency (two windows 
of enhancement reported), pulse width (one window of enhancement reported), 
and intensity (two windows of enhancement reported followed by a reduction in 
incorporation). Ubeda et al. [83] showed the influence of different rise and fall times 
of pulsed waves on chick embryo development.

2.6.1 IMPORTANCE FOR RISK ASSESSMENT

It is important to note that the frequency spectrum of pulsed waves can be represented 
by a sum of sine waves which, to borrow a chemical analogy, would represent a 
mixture of chemicals, any one of which could be biologically active. Risk assessment 
and exposure limits have been established for specific chemicals or chemical classes 
of compounds that have been shown to cause undesirable biological effects. Risk 
assessors and the general public are sophisticated enough to recognize that it is 
impossible to declare all chemicals safe or hazardous; consider the difference between 
food and poisons, both of which are chemicals. A similar situation occurs for EMF; 
it is critical to determine which combinations of EMF conditions have the potential 
to cause biological harm and which do not.

Obviously, pulse wave exposures represent an entire genre of exposure conditions, 
with additional difficulty for exact independent replication of exposures, and thus 
of results, but with increased opportunities for the production of biological effects. 
Current standards were not developed with explicit knowledge of these additional 
consequences for biological responses.

2.7 MECHANISMS

Two papers have the possibility of advancing understanding in this research area. 
Chiabrera et al. [84] created a theoretical model for EMF effects on an ion’s interaction 
with protein that includes the influence of thermal energy and of metabolism. Before 
this publication, theoreticians assumed that biological effects in living systems 
could not occur if the electric signal is below the signal caused by thermal noise, in 
spite of experimental evidence to the contrary. In this paper, the authors show that 
this limitation is not absolute, and that different amounts of metabolic energy can 
influence the amount and parametric response of biological systems to EMF. The 
second paper, by Marino et al. [85], presents a new analytical approach to examine 
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endpoints in systems exposed to EMF. The authors, focusing on exposure-induced 
lymphoid phenotypes, report that EMF may not cause changes in the mean values 
of endpoints, but by using recurrence analysis, they capture exposure-induced, 
statistically significant nonlinear movements of the endpoints to either side of the 
mean endpoint value. They provide further evidence using immunological endpoints 
from exposed and sham treated mice [86–88]. Additional research has emerged 
from this laboratory on EMF-induced animal and human brain activity changes that 
provides more evidence for the value of their research approach (Marino et al. [89–92], 
Kolomytkin et al. [93] and Carrubba et al. [94–98]). Further advanced theoretical and 
experimental studies of relevance to nonthermal biological effects are emerging; see, 
for example, reports by Binhi et al. [59–62], Zhadin et al. [64,65,99], and Novikov 
et al. [72]. It is apparent that much remains to be examined and explained in EMF 
biological effects research through more creative methods of analysis than have 
been used before. The models described above need to be incorporated into risk 
assessment determinations.

2.8  PROBLEMS WITH CURRENT RISK ASSESSMENTS: 
OBSERVATIONS OF EFFECTS ARE SEGREGATED BY ARTIFICIAL 
FREQUENCY BANDS THAT IGNORE MODULATION

One fundamental limitation of most reviews of EMF biological effects is that 
exposures are segregated by the physical (engineering/technical) concept of 
frequency bands favored by the engineering community. This is a default approach 
that follows the historical context established by the incremental addition of newer 
technologies that generate increasingly higher frequencies. However, this approach 
fails to consider unique responses from biological systems that are widely reported 
at various combinations of frequencies, modulations, and intensities.

When common biological responses are observed without regard for the 
particular, engineering-defined EMF frequency band in which the effects occur, 
this reorganization of the results can highlight the commonalities in biological 
responses caused by exposures to EMF across the different engineering-defined 
frequency bands. An attempt to introduce this concept to escape the limitations of 
the engineering-defined structure occurred with the development of the 1986 NCRP 
radio frequency exposure guidelines because published papers from the early 1970s 
to the mid 1980s (to be discussed below) demonstrated the need to include amplitude 
modulation as a factor in setting of maximum exposure limits. The 1986 NCRP 
guideline [1] was the one and only risk evaluation that included an exception for 
modulated fields.

The current research and risk assessment attempts are no longer tenable. The 
3-year delay in the expected report of the 7-year Interphone study results has made this 
epidemiological approach a 10-year long effort, and the specific exposure conditions, 
due to improved technology, have changed so that the results may no longer be 
applicable to the current exposure situation. It is unproductive to continue to fund 
epidemiological studies of people who are exposed to a wide variety of diversified, 
uncontrolled, and poorly characterized EMF in their natural and work environments. 
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In place of the funding of more epidemiological studies should be funding to support 
controlled laboratory studies to focus on the underlying processes responsible for the 
NTE described above, so that mechanisms or modes of action can be developed to 
provide a theoretical framework to further identify, characterize, and unify the action 
of the here-to-fore ignored exposure parameters shown to be important.

2.8.1  POTENTIAL EXPLANATION FOR THE FAILURE TO OPTIMIZE 
RESEARCH IN EMF BIOLOGICAL EFFECTS

Unfortunately, risk evaluations following the 1986 NCRP example [1] returned to 
the former engineering-defined analysis conditions, in part because scientists who 
reported nonthermal effects were not placed on the review committees, and in the 
terms of Slovic [100] “Risk assessment is inherently subjective and represent a blend 
of science and judgment with important psychological, social, cultural, and political 
factors….Whoever controls the definition of risk controls the rational solution to 
the problem at hand….Defining risk is thus an exercise in power.” It appears that 
by excluding scientists experienced with producing nonthermal biological effects, 
the usually sound judgment by the selected committees was severely limited in its 
breadth-of-experience, thereby causing the members to retreat to their own limited 
areas of expertise when forced to make judgments, as described by Slovic [100], 
“Public views are also influenced by worldviews, ideologies, and values; so are 
scientists’ views, particularly when they are working at limits of their expertise.” The 
current practice of segregating scientific investigations (and resulting public health 
limits) by artificial divisions of frequency dramatically dilutes the impact of the 
basic science results, thereby reducing and distorting the weight of evidence in any 
evaluation process (see evaluations of bias by Havas [101], referring to NRC 1997 
[102] compared to NIEHS 1998 [103] and NIEHS 1999 [104]).

2.9 SUGGESTED RESEARCH

Are there substitute approaches that would improve on the health effects evaluation 
situation? As mentioned above, it may be useful in certain cases to develop a 
biologically based clustering of the data to focus on and enrich understanding of certain 
aspects of biological responses. Some examples to consider for biological clustering 
include: (1) EMF features, such as frequency and intensity interdependencies, (2) 
common cofactors, such as the earth’s magnetic field or coincident application of 
chemical agents to perturb and perhaps sensitize the biological system to EMF, or (3) 
physiological state of the biological specimen, such as age or sensitive subpopulations, 
including genetic predispositionas described by Fedrowitz et al. [105,106], and for 
human populations recently reported by Yang et al. [107].

To determine if this approach has merit, one could combine reports of biological 
effects found in the ELF (including sub-ELF) band with effects found in the RF 
band when the RF exposures are amplitude modulated (AM) using frequencies in 
the ELF band. The following data should be used: (a) human response time changes 
under ELF exposure [2], (b) monkey response time and EEG changes under ELF 
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exposure [3,4], (c) cat brain EEG, GABA, and calcium ion changes induced by ELF 
and AM-RF [5–11,108], (d) calcium ion changes in chick brain tissue under ELF and 
AM-RF [7–25,35], and (e) calcium changes under AM-RF in brain cells in culture 
[26–28] and in frog heart under AM-RF [31]. The potential usefulness of applying 
biological clustering in the example given above even though AM is used is that 
the results may have relevance to assist in the examination of some of the effects 
reportedly caused by cellular phone exposures which include more complex types of 
modulation of RF. This suggestion is reasonable because three groups later reported 
human responses to cell phone emissions that include changes in reaction times—
Preece et al. [109,110], Koivisto et al. [111,112], and Krause et al. [113,114] – or to 
brain wave potentials that may be associated with reaction time changes—Freude 
et al. [115,116].

Subsequently, Preece et al. [117] tested cognitive function in children and found 
a trend, but not a statistically significant change in simple reaction time under 
exposure, perhaps because they applied a Bonferroni correction to the data (alpha 
for significance was required to be less than 0.0023). It would appear that a change 
in the experimental protocol might provide a more definitive test of the influence of 
exposure on simple reaction time because it is known that a Bonferroni correction 
is a particularly severe test of statistical significance, or as the author observed, “a 
particularly conservative criterion.”

Krause et al. [118] examined cognitive activity by observing oscillatory EEG 
activity in children exposed to cell phone radiation while performing an auditory 
memory task and reported exposure related changes in the ∼4–8 Hz EEG frequencies 
during memory encoding, changes in that range, and also ∼15 Hz during recognition. 
The investigators also examined cognitive processing, an auditory memory task or a 
visual working memory task in adults exposed to continuous wave (CW) or pulsed 
cell phone radiation on either the right or left side of the head, and reported modest 
changes in brain EEG activity in the ∼4–8 Hz region compared to CW exposure, but 
with caveats that no behavior changes were observed, and that the data were varying, 
unsystematic, and inconsistent with previous reports (Krause et al. [119]). Haarala 
and colleagues conducted an extensive series of experiments examining reaction 
time [120], short-term memory [121], short-term memory in children [122], and right 
versus left hemisphere exposure [123]. Although these studies did not support the 
positive effects from exposure reported by others, they provided possible explanations 
for the apparent lack of agreement.

Other research groups have also examined the effects of cell phone radiation 
on the central nervous system, including Borbely et al. [124], Huber et al. [125], 
Loughran et al. [126], and D’Costa et al. [127], who found changes in sleep EEG 
patterns and other measures during or after short-term exposures, while others, 
such as Fritzer et al. [128], who studied exposures for longer time periods, found 
no changes in sleep parameters, EEG power spectra, correlation dimension nor 
cognitive function. The work of Pritchard [129] served as the basis to examine 
correlation dimensions, which is opening a potentially fertile avenue for investigation. 
Although this approach provides more in depth information on ongoing processes 
and function, it has not yet been used to address potential consequences associated 
with long-term cell phone use.
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The papers published in the 1960s through 1991, described in earlier sections of 
this paper, foreshadowed the more recent publications in 1999 through 2008 showing 
response time changes or associated measures in human subjects during exposure to 
cell phone-generated radiation. It is unfortunate that essentially none of the earlier 
studies was acknowledged in these recent reports on cognition, reaction time, and 
other measures of central nervous system processes. Without guidance from this 
extensive earlier work, particularly those demonstrating the variety of exposure 
parameter spaces that must be controlled to produce repeatable experiments, the 
development of the mechanistic bases for nonthermal effects from EMF exposures 
will be substantially delayed. The omission of the recognition of the exposure 
conditions that affect the biological outcomes continues as recently as the National 
Academy of Science 2009 publication [130] of future directions for research, which 
emphasizes the modest perspective in the results from committee members working 
at the limits of expertise, as anticipated by Slovic [100].

Let us hope that subsequent national and international committees that consider 
future directions for EMF research include members who have performed and 
reported nonthermal effects in order to provide a broader perspective to develop 
programs that will more expeditiously address potential health problems as well as to 
provide guidance to industry on prudent procedures to establish for their technologies.

At present, we are left with a recommendation voiced in 1989 by Abelson [131] in 
an editorial in Science Magazine that addressed electric power-specific EMF, but is 
applicable to higher frequency EMF as well, to “adopt a prudent avoidance strategy” 
by “adopting those which look to be ‘prudent’ investments given their cost and our 
current level of scientific understanding about possible risks.”

2.10 CONCLUSIONS

There is substantial scientific evidence that some modulated fields (pulsed or 
repeated signals) are bioactive, which increases the likelihood that they could have 
health impacts with chronic exposure even at very low exposure levels. Modulation 
signals may interfere with normal, nonlinear biological processes. Modulation is a 
fundamental factor that should be taken into account in new public safety standards; 
at present it is not even a contributing factor. To properly evaluate the biological and 
health impacts of exposure to modulated RFR (carrier waves), it is also essential to 
study the impact of the modulating signal (lower frequency fields or ELF-modulated 
RF). Current standards have ignored modulation as a factor in human health impacts, 
and thus are inadequate in the protection of the public in terms of chronic exposure 
to some forms of ELF-modulated RF signals. The current Institute of Electrical 
and Electronic Engineers (IEEE) and International Commission on Non-Ionizing 
Radiation Protection (ICNIRP) standards are not sufficiently protective of public 
health with respect to chronic exposure to modulated fields (particularly new 
technologies that are pulse-modulated and heavily used in cellular telephony). The 
collective papers on modulation appear to be omitted from consideration in the recent 
World Health Organization (WHO) and IEEE science reviews. This body of research 
has been ignored by current standard setting bodies that rely only on traditional energy-
based (thermal) concepts. More laboratory as opposed to epidemiological research 
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is needed to determine which modulation factors and combinations are bioactive 
and deleterious at low intensities, and are likely to result in disease-related processes 
and/or health risks; however, this should not delay preventative actions supporting 
public health and wellness. If signals need to be modulated in the development of 
new wireless technologies, for example, it makes sense to use what existing scientific 
information is available to avoid the most obviously deleterious exposure parameters 
and select others that may be less likely to interfere with normal biological processes 
in life. The current membership on Risk Assessment committees needs to be made 
more inclusive by adding scientists experienced with producing nonthermal biological 
effects. The current practice of segregating scientific investigations (and resulting 
public health limits) by artificial, engineering-based divisions of frequency needs 
to be changed because this approach dramatically dilutes the impact of the basic 
science results and eliminates consideration of modulation signals, thereby reducing 
and distorting the weight of evidence in any evaluation process.
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3 Public Exposure to 
Radio Frequency  
Electromagnetic Fields

Peter Gajšek

3.1 INTRODUCTION

The increasing use of various wireless devices and development of new telecommunication 
technologies has resulted in a fundamental change of radio frequency electromagnetic 
fields (RF-EMF) exposure in the everyday environment. In the last three decades, a large 
number of scientific studies on the exposure assessment of the general public to RF-EMF 
in different environments were completed. The results of numerous exposure assessment 
studies come to almost the same conclusions: that public RF-EMF exposures in different 
micro environments are only a small fraction of existing RF exposure standards.

In particular due to the continuous introduction of new technologies which enable 
faster data transfers, mobile telephony base stations are being introduced in our 
living environment. In addition to mobile telephony, other wireless systems, such as 
Wi-Fi, broadband Worldwide Interoperability for Microwave Access (WiMAX) or 
Digital Video Broadcasting-Terrestrial (DVB-T) digital TV, are being upgraded or 
implemented. The exposure from sources such as base stations, Wi-Fi systems, radio 
or TV, and microwave links, is considered much lower than from mobile phones. 
For instance, wireless systems typically emit ten times less peak power than mobile 
phones (0.1–0.2 W). Mobile phones use low power transmitters that are less than 2 W 
at peak. But the typical output power of a mobile phone ranges from 0.01 to 0.1 W, 
which takes into account the operation of adaptive power control.
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Furthermore, the overall increase of the use of these systems implies a potentially 
higher exposure level. Thus, it is necessary to have a better knowledge of the real 
exposure pattern, taking into account all existing sources.

3.2 RF-EMF EXPOSURE ASSESSMENT

So far, various efforts have been made to determine the exposure of the general public 
to RF-EMFs due to broadcasting, wireless networks, and different RF-EMF emitting 
systems and devices in our daily environments. Different methods of exposure 
assessment have been used for RF-EMF including: characterization of exposure to 
RF-EMF based on activities and sources, personal exposure assessment, and spot 
or long-term RF-EMF measurements. This chapter is focused solely on personal 
exposure assessment and spot or long-term measurements in different environments 
that gained significant attention in the scientific community.

3.2.1 PERSONAL EXPOSURE ASSESSMENT

Although there have been considerable advances in exposure assessment in 
epidemiological studies carried out in recent years, further development of methods 
and techniques in this field remains key for the improvement of epidemiological 
studies investigating the effects of electromagnetic fields. Poorly characterized 
exposure reduces the conclusiveness of epidemiological studies, increasing the degree 
of uncertainty in risk estimates. Because people move, personal exposure assessment 
requires mobile measurements with a portable device (personal monitor—PM). 
This approach takes into consideration the behavior of individuals. All sources 
(fixed installations, mobile devices, indoor, outdoor) can be included. However, 
exposure from equipment used close to the body (Digital Enhanced Cordless 
Telecommunications [DECT], mobile phones, and other wireless consumer goods) 
cannot yet be reliably assessed. The statistical significance of personal exposure data 
strongly depends on the number of persons included in a measurement campaign.

The uncertainty analysis when using a PM is crucial and is mainly influenced by 
body shielding, residual uncertainties due to calibration, measurement errors due 
to true root mean square (RMS) response, and measurement artifacts (out-of-band 
pick-up). In addition, these PM measurements tend to underestimate or overestimate 
the actual RF-EMF exposure (Bolte et al., 2011; Iskra et al., 2011). A potential solution 
would be to determine correction factors based on the calibrations in order to correct 
the measurement results (Thielens et al., 2015). The total uncertainty can reach up 
to 25 dB (Neubauer et al., 2010). Röösli et al. (2008) have developed a method for 
estimating the mean field strength based on an assumption of log-normality in the 
distribution of the data. This regression on order statistics method seems to produce 
plausible estimates of the mean field exposure even when only a few values are above 
the detection threshold.

Many personal exposure assessment studies were performed in different micro 
environments such as schools, offices, homes or outdoor urban areas, to characterize 
typical personal exposure levels in these places (micro environmental studies) 
worldwide (Trček et al., 2007; Bolte et al., 2008; Joseph et al., 2008; Thuroczy et al., 
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2008; Frei et al., 2009a; Viel et al., 2009a; Urbinello et al., 2014a; Bhatt et al., 2016; 
Sagar et al., 2018). Some studies were population surveys in which the personal 
exposure distribution in the population of interest was determined. The strategies for 
the recruitment of the study participants as well as the data analysis methods differed 
between these studies, therefore, a direct comparison of their results is rather difficult.

Moreover, Joseph et al. (2010) performed a comparison study among the above 
mentioned results of RF-EMF measurement campaigns in different urban areas 
using PMs. The comparison study found that the exposure in all countries was of 
the same order of magnitude. All studies concluded that wireless communications 
are the largest source of exposure. In all countries, the mean exposure levels were 
found to be well below the International Commission on Non-Ionizing Radiation 
Protection (ICNIRP) exposure guidelines, with the highest exposure levels measured 
in transport vehicles (trains, cars, and buses).

Another personal measurement campaign was carried out in Germany (Thomas 
et al., 2008) involving 3022 children and adolescents. Exposure to GSM 900 and 
GSM 1800 uplink and downlink, DECT phones, and wireless local area network 
(WLAN) were taken into consideration in the measurements. A 24-hour RF-EMF 
exposure profile was generated using a PM. The majority of measured exposure 
values were below the detection limit (0.05 V/m, 82% of the values during waking 
hours). The overall exposure to RF-EMF in the considered frequency ranges was very 
low and ranged from a mean of 0.13% (all measurement values below the detection 
limit) to a mean of 0.92% of the ICNIRP reference level.

In their study, Bolte and Eikelboom (2012) reported that mean personal exposure 
to electric fields over 24 hours, excluding own mobile phone use, was 0.26 V/m. 
Daytime exposures were similar, whereas nighttime exposures were about half the 
magnitude, and evening exposures were approximately double. The main contribution 
to environmental exposure (calls by participant not included) were calls with mobile 
phones (37.5%) from cordless DECT phones and their docking stations (31.7%), and 
from the base stations (12.7%). The mean total exposure largely depends on phone 
calls of a high exposure level and short duration.

A residential RF-EMF exposure assessment was performed by Breckenkamp et al. 
(2012) using PMs to measure the electric field in fixed positions in bedrooms in 1348 
households in Germany. The measurements were performed in 12 frequency bands from 
88 MHz to 2.50 GHz. They found that DECT and Wi-Fi account for more than 80% of 
the total exposure level and are the most important single-exposure sources. However, 
mean levels of exposure to these sources were 0.09 V/m. Exposure from mobile phone 
base stations adds only 6.3% to total exposure with a mean exposure level of 0.03 V/m.

The demands for increased mobile phone signal coverage and signal capacity 
largely contributed to measured increases in outdoor environmental exposures of 
20%–57%. The multicenter study (Urbinello et al., 2014a) compared mean exposure 
levels in outdoor areas across four different European cities. Measurements using 
personal monitors were conducted in three different types of outdoor areas (central and 
noncentral residential areas and downtown). Measurements per urban environment 
were repeated 12 times during 1 year. Arithmetic mean values for mobile phone 
base station exposure ranged between 0.22 V/m (Basel) and 0.41 V/m (Amsterdam) 
in all outdoor areas combined. The 95th percentile for total RF-EMF exposure 
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varied between 0.46 V/m (Basel) and 0.82 V/m (Amsterdam) and the 99th percentile 
between 0.81 V/m (Basel) and 1.20 V/m (Brussels).

Sagar et al. (2016) have conducted an RF-EMF personal exposure assessment 
study by walking through 51 different outdoor micro environments in 20 different 
municipalities in Switzerland. Mean RF-EMF exposure (sum of 15 main frequency 
bands between 87.5 and 5875 MHz) was 0.53 V/m in industrial zones, 0.47 V/m in 
city centers, 0.32 V/m in central residential areas, 0.25 V/m in noncentral residential 
areas, 0.23 V/m in rural centers and rural residential areas, 0.69 V/m in trams, 
0.46 V/m in trains, and 0.39 V/m in buses. Major exposure contribution at outdoor 
locations was from mobile phone base stations (48% for all outdoor areas with respect 
to the power density scale).

In another review, Sagar et al. (2018) systematically reviewed the 21 published 
studies in peer review journals on the RF-EMF exposure assessment in different micro 
environments in Europe. The mean total RF-EMF exposures for spot measurements 
in “Homes” and “Outdoor” micro environments were 0.29 V/m and 0.54 V/m, 
respectively. In the personal measurements studies with trained researchers, the mean 
total RF-EMF exposure was 0.24 V/m in “Home” and 0.76 V/m in “Outdoor” micro 
environments. In the personal measurement studies with volunteers, the population 
weighted mean total RF-EMF exposure was 0.16 V/m in “Home” and 0.20 V/m in 
“Outdoor” micro environments.

Personal exposure data were collected across 34 micro environments located in 
urban, suburban, and rural areas in Australia and Belgium, and compared with that 
of similar micro environments in both countries (Bhatt et al., 2016). The personal 
exposure across urban micro environments was higher than in the rural or suburban 
micro environments. Likewise, exposure levels across the outdoor micro environments 
were higher than those for indoor micro environments. The five highest median 
exposure levels were: city center (0.248 V/m), bus (0.124 V/m), railway station 
(0.105 V/m), mountain/forest (rural) (0.057 V/m), and train (0.055 V/m) [Australia]; 
and bicycle (urban) (0.238 V/m), tram station (0.238 V/m), city centre (0.156 V/m), 
residential outdoor (urban) (0.139 V/m), and park (0.124 V/m) [Belgium]. Exposures in 
the GSM 900 MHz frequency band across most of the microenvironments in Australia 
were significantly lower than the exposures across the micro environments in Belgium.

In general, personal exposure assessment studies indicated that mobile phone base 
stations (downlink signals) are a major source of whole body exposure to RF-EMF. 
More specifically, mobile phone base stations are a dominant exposure source to the 
whole body in urban outdoor environments and on public transport.

The dominant source with respect to localized body exposure is, as expected, the 
mobile phone (uplink signal). Mobile phones are a dominant exposure source to the 
localized body on public transport (Viel et al., 2009b; Urbinello et al., 2014b; Gajšek 
et al., 2015; Sagar et al., 2018).

3.2.2 EXPOSURE ASSESSMENT OF CHILDREN: SLOVENIA CASE

A survey of personal exposure to RF-EMF in children/adolescents and their parents, 
which is a part of a Geronimo European Union (EU) funded project within FP7 
programme (7th Framework Programme for Research and Technological Development), 
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was completed in Slovenia. The main focus of the survey was to characterize the levels 
and range of exposure to RF-EMF in children and their parents and to analyze different 
activities related to the observed exposure patterns. A recent study of personal RF-EMF 
exposure included 49 children and one parent per child (total n = 98). Subjects carried 
portable PMs “ExpoM” for approximately 3 days. The RF personal monitors measured 
16 frequency bands between 87.5 MHz and 5.875 GHz, and each band corresponded 
to a source of RF-EMF with a measurement interval of 4 seconds. We defined 6 
general frequency bands named total, DECT, broadcast, uplink, downlink, and Wi-Fi. 
(Dynamic range: 0.005–5 V/m; True-RMS measurement). The exposure meters also 
recorded the geographic location using the Global Positioning System (GPS).

The devices were calibrated before the start of the measurements and after the 
measurements. Additionally, the participants kept a time-activity diary installed as 
an application on a smartphone provided by the study managers. The smartphone was 
operating in flight mode to prevent it from influencing the measurements. The diary 
contained predefined locations categorized into home, school, outdoors, train, bus, 
car, and various locations. At the end of the personal measurements, the participants 
filled in a questionnaire about their smartphone use during the measurement days and 
other potentially exposure relevant factors. This data can later be used to estimate 
contributions from near field sources to the personal exposure.

The study participants consisted of families who were willing to participate in 
a personal measurement study and were living in urban as well as in rural areas. 
The children were between 7 and 16 years old. In Slovenia, 49 pairs of children and 
parents have been successfully measured. The gender distribution for the children 
was 23 male and 26 females whereas for the parents 27 were male and 22 females.

The results are presented in six categories as follows:

• Uplink (mobile phone handset exposure): uplink frequencies (LTE800 
Uplink), (Uplink900), (Uplink1800), (Uplink1900), and (LTE2600 Uplink);

• Downlink (mobile phone base station exposure): downlink frequencies 
(LTE800 Downlink), (Downlink900), (Downlink1800), (Downlink2100), 
and (LTE2600 Downlink);

• Broadcasting: radio spectrum used for broadcasting (FM) and (DVB-T);
• DECT; frequency namely (DECT);
• WLAN (WLAN; ISM 2.4 GHz), and (WLAN; ISM 5.8 GHz);
• Total RF-EMF exposure: sum of mean E of all frequency bands.

Total mean electric field was 0.26 V/m, which is well below the international exposure 
limit. Exposure from downlink contributed most to the total exposure (46%) followed by 
broadcasting (32%) and mobile uplink signal (17%). Other signals (DECT, Wi-Fi, Wimax) 
consistently contributed very little to exposure across all studied cases (less than 2%).

Within exposure to general frequency bands, FM radio contributed the most 
to broadcast, while 900 MHz contributed the most to uplink and downlink. Mean 
personal RF-EMF exposure by technology was 0.11 V/m from uplink, 0.18 V/m 
from downlink (900 MHz—50%, 1800 MHz—27%, and 2100 MHz—18%), 
0.15 V/m from broadcasting, 0.07 V/m from DECT, and 0.08 from WLAN. Mean 
personal RF-EMF exposure by activity was 0.21 V/m at home, 0.18 V/m at school, 
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0.31 V/m at work, 0.38 V/m outside, 0.32 V/m during travel, and 0.27 V/m during 
other miscellaneous activities.

In general, parents were exposed to roughly 20% higher total mean values than 
children in all bands. The main difference was observed for uplink signals (up to fourfold) 
while for other technologies the exposure was not substantially different. This observation 
was due to frequent use of mobile phones by parents during the time of our measurements.

There was no difference between day versus night mean of total exposure of 
children while a significant difference in day/night exposure was observed among 
parents (ratio 1.8). Again, this difference could be attributed to parents’ frequent 
mobile phone use during the day. Uplink exposure was higher during weekends, 
downlink and Wi-Fi exposure was higher during weekdays, and exposure to the other 
frequency bands remained similar between weekdays and weekends. Within micro 
environments, uplink exposure was higher while children were traveling, broadcast 
and downlink exposure were higher while children were outside or travelling, and 
Wi-Fi was slightly higher while children were at home.

The mean of total exposure was slightly higher during weekends compared to 
weekdays, but there was variation between regions.

Mean exposures were highest while children were outside (0.43 V/m) or traveling 
(0.34 V/m), where downlink signals contributed most to the exposure over the 
measurement period (88%). Much lower mean exposures were found at home 
(0.24 V/m) or in school (0.21 V/m). However, total exposure at home contributed 
most to the total exposure over the measurement period. In addition, broadcasting 
was the second largest contributor to measurements, and this general frequency band 
was largely composed of the FM radio frequency band.

Figure 3.1 shows the distribution of the participants’ average exposures for parents 
and children according to 6 general frequency bands and workdays/weekends. The 
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arithmetic mean exposures of parents and children seem to be similar. The highest 
average personal exposures were found within the parents’ group. It is mainly elevated 
Uplink exposure which is responsible for these “outliers.”

Figure 3.2 shows the distribution of different frequency bands in different 
microenvironments.

3.2.3 SPOT AND LONG TERM RF-EMF MEASUREMENTS

RF exposure measurement campaigns have been carried out in many countries since 
the mid-1990s. These onsite (spot and long term) RF-EMF measurement campaigns 
were performed either as part of the planning permission process or upon request by 
the public or local authorities.

Narrowband and broadband measurement methods of assessing exposure levels to 
RF-EMF fields have been applied in the range from several MHz to 10 GHz. Most of 
them were focused on exposure in the frequency range of broadcasting and mobile 
telecommunications (base stations).

Large-scale measurement campaigns (audits/spot measurements) were carried 
out and long-term RF-EMF monitoring systems have been installed in different 
countries (Gotsis et al., 2008; Troisi et al., 2008; Tomitsch et al., 2009; Rufo et al., 
2011; Joseph et al., 2012). Spot measurements were conducted at one point in time at 
specific locations with stationary devices. The advantage of such exposure assessment 
is the use of sophisticated measurement devices according to strict standardized 
measurement protocols (international standards). The disadvantage of this method 
is limitation in the spatial resolution and in the variability of population exposure; it 
does not take into account the behavior of people. Analysis of temporal variability 
may be hampered by inaccuracy of the location of repeated spot measurements 
because RF-EMF may vary within a short distance.
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A cross-sectional study in urban and rural areas close to base stations Hutter et al. 
(2006) have shown that total RF-EMF exposure, including mobile telecommunication 
signals, was far below recommended levels (maximum 1.24 V/m). The mean value of 
electric field strength was slightly higher in rural areas (0.13 V/m) than in urban areas 
(0.08 V/m). This discrepancy is because of the fact that only those households were 
selected that were close to mobile phone base stations, and base stations in rural areas 
typically transmit higher power as they are required to transmit over greater distances.

In another study (Tomitsch et al., 2009), spot measurements were taken in 226 
households throughout Lower Austria. The overall RF-EMF electric field had an 
arithmetic mean of 0.39 V/m; 15% was due to indoor sources and 85% was attributed 
to outdoor sources. The highest values of RF-EMFs were caused by DECT telephone 
base stations (maximum 3.3 V/m) and mobile phone base stations (maximum 0.42 V/m).

Different locations close to the base stations and publicly accessible places (i.e., 
hospitals or schools) were investigated (Bornkessel et al., 2007). The maximum and 
minimum measured electric field strengths were 3.88 and 0.03 V/m, respectively. The 
mean values were 1.42 and 1.31 V/m when ignoring outliers.

An overall assessment of the nationwide monitoring networks measuring the RF 
spectrum in Greece showed that the mean electric field was 1.64 V/m. Gotsis et al. 
(2008) reported that this rather high value can be explained by the fact that the remote 
measurement stations were installed at sites near the base stations.

Similar national EMF monitoring network measurements were performed across 
all of Italy (Troisi et al., 2008). The overall results showed that 68.8% of recorded 
electric field strengths were <1 V/m, 22.6% were between 1 and 3 V/m, 6.3% were 
between 3 and 6 V/m, 2.2% were from 6 to 20 V/m, and <0.1% were >20 V/m.

On-site measurements in the frequency range between 0.5 MHz and 2200 MHz were 
also performed at 18 locations in Spain, where the median of electric field strength was 
found to be 0.17 V/m (Rufo et al., 2011). The mobile telephony frequency bands contributed 
most to total exposure (34.8%); radio broadcasting using frequency modulation (FM) 
technology and TV contributed to a lesser extent with 6.5% and 0.9%, respectively.

In situ exposure to base stations (downlink) serving emerging wireless technologies 
was assessed in three different countries at 311 locations, 68 indoor and 243 outdoor 
(Joseph et al., 2012) The highest total electric field value (3.9 V/m) was measured in 
a residential environment. The highest median exposures were measured in urban 
environments (0.74 V/m), followed by offices (0.51 V/m), industrial (0.49 V/m), suburban 
(0.46 V/m), residential (0.40 V/m), and rural (0.09 V/m) environments. The average 
contribution made to the total electric field by Global System for Mobile communications 
(GSMs) is >60%. With the exception of the rural environment, Universal Mobile 
Telecommunications System (UMTS) contributes on average 43%. Contributions of the 
emerging technologies Long Term Evolution (LTE) and WiMAX are on average <1%.

Rowley and Joyner (2012) reported a comparative analysis of data from surveys 
of mobile phone base stations in 23 countries worldwide. The analysis was based on 
more than 173,000 measurement results and covered the period from 2000 onward. 
The study shows that the global mean value was only 0.52 V/m, which is well below 
the international exposure limits.

Another comparative analysis of the results of spot or long-term RF-EMF 
measurements indicated that mean electric field strengths were between 0.08 and 
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1.8 V/m (Gajšek et al., 2015). The overwhelming majority of measured mean electric 
field strengths were <1 V/m. It is estimated that <1% were above 6 V/m and <0.1% 
were above 20 V/m. No exposure levels exceeded exposure limits.

Most population exposures from signals of broadcasting were observed to be 
weak because these transmitters are usually far away from exposed individuals and 
are spatially sparsely distributed. On the other hand, the contribution made to RF 
exposure from wireless telecommunications technology is continuously increasing 
and its contribution was above 60% of the total exposure.

3.2.4 MEASUREMENT CAMPAIGN IN SLOVENIA

A nationwide RF-EMF measurement campaign was performed on 60 different locations 
in Slovenia between March and September 2017. For the selection of the measurement 
sample points, a variety of different outdoor urban and rural environments was 
considered. The location of mobile phone base stations was taken into account in the 
selection of the measurement points. The measurement locations can be grouped into 
three categories due to the population density: urban, suburban, and rural areas. For 
each category, we performed 20 independent measurements. Spot measurements were 
assessed using frequency-selective narrowband measurements. The setup consisted of a 
tri-axial isotropic antenna Narda 3501 in combination with a spectrum analyzer Narda 
SRM 3006 in the frequency range of 27 MHz to 6 GHz. The measurement uncertainty 
was ±2,5 dB for the considered setup according to the standard EN (European 
standard) 50492. This uncertainty represents the expanded uncertainty evaluated using 
a confidence interval of 95%. The location of the maximal total electric field value at the 
site under consideration is identified through sweeping the area.

The frequency-selective narrowband measurements were performed for the most 
used frequency bands that are summarized in Table 3.1.

TABLE 3.1
Investigated Systems/Technology with 
Corresponding Frequency Bands

System/Technology Frequency Band (MHz)

FM radio broadcasting 87–108
Digital audio broadcasting 
(DAB) radio broadcasting

174–230

Link 380–470
DVB-T—broadcasting 470–790
800 base stations 790–862
GSM-R—railway 920–925
900 base stations 925–960
1800 base stations 1805–1880
2100 base stations 2110–2170
Wi-Fi 2400–2484
2600 2620–2690
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3.3 RESULTS OF THE MEASURING CAMPAIGN

The results of the measurements in the whole RF spectrum show that the exposure 
to different wireless systems is quite low in different populated areas in Slovenia. An 
overall assessment of the measurement data showed that the mean total electric field 
in urban areas was 1.79 V/m, in suburban areas 1.08 V/m, and in rural areas 0.9 V/m, 
respectively. In Figure 3.3, the maximal, median, mean, and minimal values of the 
electric field measured in different micro environments (urban, suburban, rural) are 
shown.

Exposure from downlink signals in the 900 MHz frequency band contributed 
most to the mean total exposure (urban areas 31%, suburban areas 59%, and rural 
areas 53%). Also exposure from downlink signals in the 1800 MHz frequency band 
contributed significantly to mean total exposure (urban areas 36%, suburban areas 
16%, and rural areas 10%).

In big cities (urban), the contribution of base stations in the 800 MHz frequency 
range to the total value of the electric field was 8%, in suburban areas 15%, and in 
rural areas 32%.

There are significant differences between different types of micro environments. 
In suburban and in rural areas, the contribution of base stations in the 1800 and 
2100 MHz frequency bands is significantly lower than the contribution of the same 
system in urban areas (Figure 3.3).

It is noticeable that the average values of Wi-Fi signals are significantly higher 
in larger cities compared to values in suburban and rural areas, although in absolute 
terms, these values are extremely small. This is expected because public Wi-Fi 
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networks that contribute significantly to exposure are usually employed in rural areas 
and only exceptionally in suburban areas, while Wi-Fi networks inside buildings 
contribute very little to the total exposure burden in different environments.

DVB-T technology causes higher exposures in rural and suburban areas than 
in larger cities, as DVB-T transmitters are usually located outside populated 
areas, therefore, are closer to the countryside than the larger city. Interestingly, 
the average values of FM radio transmitters are higher in urban areas, although it 
would be expected that the highest exposure would be identified in the countryside. 
These results indicate that the FM radio transmitters are also located closer to 
urban areas.

As already mentioned, the exposure from downlink signals in the 900 MHz 
frequency band contributed most to the mean total exposure (urban areas 81%, 
suburban areas 59%, and rural areas 53%). All base station systems in the 800, 900, 
1800, 2100, and 2600 MHz frequency bands together contribute more than 90% to 
the total electric field in all types of micro environments.

For all mobile signals, the values of the electric field in urban areas are significantly 
higher than in the rural areas. Uplink signals in the 800 MHz range have better signal 
coverage, so they are often installed in rural areas; therefore, their contribution in 
rural areas is comparable to that in urban areas.

For Wi-Fi networks, the difference between the electric field in urban versus rural 
areas is noticeable. For urban areas, the average values of the electric field due to 
Wi-Fi are 0.09 V/m, for the suburban areas 0.03 V/m, and for the rural areas 0.02 V/m.

The total measured values of the electric field vary considerably for different types 
of micro environments. The total mean value of all measurements was 1.26 V/m, 
while in urban areas it was 1.80 V/m, in suburban areas 1.10 V/m, and in rural areas 
0.90 V/m. On average, total exposure when taking into account all RF-EMF sources 
was twofold lower in rural areas in relation to urban areas. The main reason for 
this was the downlink signals from base stations which are numerous and densely 
installed in major cities (urban areas).

Measurements of RF-EMF in the wider area of Slovenia have shown that the 
typical values of the electric field due to the operation of wireless systems are low 
in all micro environments. For all 60 measurements made, the total average electric 
field was 1.3 V/m, which is a rather high value that can be explained by the fact that 
the measurements were selected at sites near the base stations.

3.4 PRECAUTIONARY MEASURES TO REDUCE EXPOSURES

With more and more research data available, it has become increasingly unlikely that 
exposure to RF-EMF, which is only a small fraction of the international guidelines, 
constitutes a serious health hazard, nevertheless, some uncertainty remains.

International guidelines are developed on the basis of the current scientific 
knowledge to ensure that the fields humans encounter are not harmful to health 
(ICNIRP, 1998). To compensate for uncertainties in knowledge (due, e.g., to 
experimental errors, extrapolation from animals to humans or statistical uncertainty), 
large safety factors are incorporated into the exposure limits. Because some studies 
suggest that that there may be health effects even if not supported by similar studies, 
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this may be a cause of concern for some people. Among the reasons put forward are 
concerns about health risks related to RF-EMF classification as possibly carcinogenic 
to humans (2B).

Despite the scientific uncertainty related to health risk assessment, some societies 
introduce the precautionary principle, a recommendation to consider action to avoid 
a possible harm even if it is not certain to occur.

It has been suggested that taking additional precautions to cope with remaining 
uncertainties may be a useful policy to adopt while science improves knowledge on 
health consequences. However, the type and extent of the cautionary policy chosen 
critically depends on the strength of evidence for a health risk and the scale and nature 
of the potential consequences. The precautionary response should be proportional to 
the potential risk. In this regard, an analysis of the balance between cost and potential 
hazards is essential.

The precautionary principle is sometimes suggested if an uncertain but 
scientifically plausible risk is identified. It should be noted that involving the 
precautionary principle to manage exposure is not a simple matter and there are many 
important details to consider. A range of options and their consequences (including 
the option to take no action) should be considered. Measures should be proportional 
to the potential risk, and consistent with measures taken in similar circumstances for 
other risks. Moreover, measures should be subject to review as more scientific data 
become available.

Adopting a precautionary principle requires weighing potential costs against 
benefits (or disadvantages against advantages) of actions. It is important that any 
precautionary measures being advocated do not contradict the scientific basis of 
health guidance and safety regulations.

A range of precautionary measures could be considered, depending on the strength 
of evidence suggesting that there may be health effects and the severity of those 
effects:

• Numeric standards are formal steps to limit both the occurrence and 
consequences of potentially risky events.

• Communication and engagement programs can be used to help people voice 
their concern, understand the issues, become involved in the process, and 
make their own choices about what to do.

• A formal monitoring process provides transparency in monitoring the results 
of research and measurement and the decisions being made by standard 
setters, regulators, and others.

• A decision to take no formal action may be appropriate where the risk is 
considered very small or the scientific evidence is very weak.

• Research is an appropriate response to fill gaps in knowledge, help identify 
potential problems, and to allow for a better assessment of risk in the future.

An effective system of risk communication and risk management needs to be 
developed among scientists, administration, industry (mobile operators), and the 
public. Such a system could help raise the level of information about exposure and 
reduce mistrust and fears. It is advised that governmental authorities could implement 
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inexpensive measures in the form of precautions to minimize public exposure to 
RF-EMF:

• The public should be transparently informed about state of science on health 
risks—especially on identified and confirmed health effects due to exposure 
to different technologies. Comprehensive information on EMF sources and 
exposure in the environment should be established on the national level. 
In this way, the public could be largely informed about the environmental 
burden and get an insight into the areas where RF-EMF exposure could 
exceed exposure limit values. Consequently, no additional RF-EMF sources 
would be permitted at such locations.

• Participation of local authorities and the public in the placement of new 
RF-EMF sources in the living environment (power lines and transformer 
stations, radars, base stations, broadcasting) must be permanent and 
constructive.

• When deciding on the place of installation of the RF-EMF source the spatial 
planning process, the visual impact and sensitivity of the public should be 
taken into account.

• Open communication during the planning process increases awareness of 
the public and its openness to such a placement.

• When designing wireless systems and issuing building permits, it is necessary 
for a new EMF source to determine its compliance zone according to the 
legally determined limit values and take into account all existing RF-EMF 
sources at the selected location in terms of total cumulative exposure.

Only frank communication between the owners of the EMS source, local 
authorities, and the public in the planning stages will help to understand the problem 
and will increase openness to installation of a new device. It is advised that mobile 
operators could also implement inexpensive measures in the form of precautions to 
minimize public exposure to RF-EMF:

• Mobile operators should take precautionary measures to optimize RF-EMF 
exposure through the optimization of the technical parameters of the 
individual base station: antenna height above the ground, output power, 
number of active channels, mechanical antenna tilt, gain, and radiation 
pattern of antenna.

• In the planning phase, special attention should be paid to areas of extended 
sensitivity (kindergartens, schools, daycare centers, etc.).

• It is necessary to increase the volume of information for the public, in 
particular on exposure assessment, health risks, risk management, and 
opportunities to reduce exposure in everyday life.

• The visual aspect and sensitivity of the public should also be taken into 
account.

• In their operation, operators should comply with the provisions of the 
relevant Code of Best Practice on Mobile Network Development including 
the sensitivity issues related to risk communication strategies.
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• Therefore, the whole planning process should be based on dialog-based 
solutions between the investor, the local communities, and public.

And finally, what could an individual do to minimize his or her own exposure to 
RF-EMF while research continues?

The international guidelines recommended by ICNIRP provide protection for the 
population as a whole, however, uncertainties in the science suggest some additional 
level of precaution is warranted, particularly for sources such as mobile phones where 
simple measures can be taken to reduce exposure.

The precautionary steps to reduce mobile phone exposure:

• Use headphones or a low-power Bluetooth hands-free kit (Power Class 2 
or 3) to reduce exposure to the head.

• Preferably use modern mobile networks such as LTE (4G) or UMTS (3G), 
whose radiation is lower than that of the old GSM technology. Telephoning 
with UMTS (3G) instead of GSM (2G) leads to significantly lower exposures 
in the head area.

• Inside or on a train, if possible, use a WLAN connection for telephoning or 
exchanging data.

• Using the phone in areas of good reception also decreases exposure as it 
allows the phone to transmit at reduced power.

• Moving the phone away from the body as when texting results in very much 
lower exposures than if a phone is held to the head.

• Excessive use of mobile phones by children should be discouraged.
• Keep calls short, making calls where the network signals are strong, and 

choose a phone with a low specific energy absorption rate (SAR) value 
quoted by the manufacturer.

At present, there is insufficient evidence in the science to substantiate the 
hypothesis that children may be more vulnerable to RF-EMF from mobile phones 
than adults. Irrespective of this, concerns have been raised about the possibility of 
greater vulnerability for children because of an increased susceptibility to health 
risks during developmental stages and because young people will use mobile phones 
for most of their lives. It is recommended that, due to the lack of any data relating to 
children and their long term use of mobile phones, parents encourage their children to 
limit their exposure by reducing call time, by making calls where reception is good, 
by using hands-free devices or speaker options or by texting.

3.5 CONCLUSION

In general, all the research studies related to exposure assessment of the general public 
to fixed RF-EMF sources in the environment including base stations, broadcasting, 
and wireless systems clearly demonstrated that the total mean value of the electric field 
was quite low and did not exceed 10% of the internationally recognized limit values.

It is expected that the strength and complexity of EMF exposures will increase 
continuously, especially in relation to expansion of the 5th generation of mobile 
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telephony and other emerging technologies that will use different frequency bands. An 
increasing number of devices and processes employing these frequencies (household 
appliances, telecommunication, etc.) have already been introduced into everyday life. 
Almost nothing is known about these exposures and potential exposure levels.

It is expected that global mobile data traffic will grow at a compound annual rate 
of 45% in the coming years, which represents a tenfold increase between 2016 and 
2022 (Ericsson, 2016). This increase is driven largely by the adoption of mobile video 
streaming. On top of that, the Internet of Things (IoT) is shifting from a vision to 
reality. The 29 billion connected devices by 2022 are expected to include 18 billion 
IoT or machine-to-machine (M2M) devices. Subsequently, the future 5G mobile 
networks will need to support new challenging and new use cases, which will demand 
more spectrum in ever higher frequency ranges.

Furthermore, emissions will continue to change in characteristics and levels due 
to new infrastructure deployments, smart environments, and novel wireless devices. 
Thus it is expected that the complexity of EMF exposures will increase in the future.

ACKNOWLEDGMENTS

The research leading to these results has received funding from the European 
Community’s Seventh Framework Programme (FP7/2007-2013) under grant 
agreement no 603794—the GERONIMO project.

REFERENCES
Bhatt CR, Thielens A, Billah B, Redmayne M, Abramson MJ, Sim MR, Vermeulen R, 

Martens L, Joseph W, Benke G. Assessment of personal exposure from radiofrequency-
electromagnetic fields in Australia and Belgium using on-body calibrated exposimeters. 
Environ Res 2016; 151: 547–563.

Bolte J, Pruppers M, Kramer J, Van der Zande G, Schipper C, Fleurke S et al. The Dutch 
exposimeter study: Developing an activity exposure matrix. Epidemiology 2008; 19: 
S78–S79.

Bolte J, Van der Zande G, Kamer J. Calibration and uncertainties in personal exposure 
measurements of radiofrequency electromagnetic fields. Bioelectromagnetics 2011; 32: 
652–663.

Bolte JF, Eikelboom T. Personal radiofrequency electromagnetic field measurements in the 
Netherlands: Exposure level and variability for everyday activities, times of day and 
types of area. Environ Int 2012; 48: 133–142.

Bornkessel C, Schubert M, Wuschek M, Schmidt P. Determination of the general public 
exposure around GSM and UMTS base stations. Radiat Prot Dosimetry 2007; 124: 
40–47.

Breckenkamp J, Blettner M, Schuz J, Bornkessel C, Schmiedel S, Schlehofer B et  al. 
Residential characteristics and radiofrequency electromagnetic field exposures from 
bedroom measurements in Germany. Radiat Environ Biophys 2012; 51: 85–92.

Ericsson Mobility Report 2016. November 2016, available at: https ://www .ericsson.
com/assets/ local/mobility-report /documents/2016/ericsson-mobility-report-
november-2016.pdf

Frei P, Mohler E, Burgi A, Frohlich J, Neubauer G, Braun-Fahrlander C et al. A prediction 
model for personal radio frequency electromagnetic field exposure. Sci Total Environ 
2009a; 408: 102–108.

https://www.ericsson.com/assets/local/mobility-report/documents/2016/ericsson-mobility-report-november-2016.pdf
https://www.ericsson.com/assets/local/mobility-report/documents/2016/ericsson-mobility-report-november-2016.pdf
https://www.ericsson.com/assets/local/mobility-report/documents/2016/ericsson-mobility-report-november-2016.pdf


62 Mobile Communications and Public Health

Gajšek P, Ravazzani P, Wiart J, Grellier J, Samaras T, Thuróczy G. Electromagnetic field 
exposure assessment in Europe radiofrequency fields (10 MHz–6 GHz). J Expo Sci 
Environ Epidemiol 2015; 25: 37–44.

Gotsis A, Papanikolaou N, Komnakos D, Yalofas A, Constantinou P. Non-ionizing 
electromagnetic radiation monitoring in Greece. Ann Telecommun 2008; 63: 109–123.

Hutter H-P, Moshammer H, Wallner P, Kundi M. Subjective symptoms, sleeping problems 
and cognitive performance in subjects living near mobile phone base stations. Occup 
Environ Med 2006; 63: 307–313.

ICNIRP. Guidelines for limiting exposure to time-varying electric, magnetic, and 
electromagnetic fields (up to 300 GHz). Health Physics 1998; 74: 494–522.

Iskra S, McKenzie R, Cosic I. Monte Carlo simulations of the electric field close to the body 
in realistic environments for application in personal radiofrequency dosimetry. Radiat 
Prot Dosimetry 2011 Nov; 147(4): 517–527.

Joseph W, Frei P, Roosli M, Thuroczy G, Gajsek P, Trcek T et al. Comparison of personal 
radio frequency electromagnetic field exposure in different urban areas across Europe. 
Environ Res 2010; 110: 658–663.

Joseph W, Verloock L, Goeminne F, Vermeeren G, Martens L. Assessment of RF exposures 
from emerging wireless communication technologies in different environments. Health 
Phys 2012; 102: 161–172.

Joseph W, Vermeeren G, Verloock L, Heredia MM, Martens L. Characterization of personal 
RF electromagnetic field exposure and actual absorption for the general public. Health 
Phys 2008; 95: 317–330.

Neubauer G, Cecil S, Giczi W, Petric B, Preiner P, Fröhlich J, Röösli M. The association 
between exposure determined by radiofrequency personal exposimeters and human 
exposure: A simulation study. Bioelectromagnetics 2010; 31(7): 535–545.

Röösli M, Frei P, Mohler E, Braun-Fahrlander C, Burgi A, Frohlich J et al. Statistical analysis 
of personal radiofrequency electromagnetic field measurements with nondetects. 
Bioelectromagnetics 2008; 29: 471–478.

Rowley J, Joyner K. Comparative international analysis of radiofrequency exposure surveys 
of mobile communication radio base stations. J Expo Sci Environ Epidemiol 2012; 22: 
304–315.

Rufo MM, Paniagua JM, Jimenez A, Antolın A. Exposure to high-frequency electromagnetic 
fields (100 kHz–2 GHz) in Extremadura (Spain). Health Phys 2011; 101: 739–745.

Sagar S, Dongus S, Schoeni A, Roser K, Eeftens M, Struchen B, Foerster M, Meier N, 
Adem S, Röösli M. Radiofrequency electromagnetic field exposure in everyday 
microenvironments in Europe: A systematic literature review. J Expo Sci Environ 
Epidemiol 2018; 28(2): 147–160.

Sagar S, Struchen B, Finta V, Eeftens M, Röösli M. Use of portable exposimeters to monitor 
radiofrequency electromagnetic field exposure in the everyday environment. Environ 
Res 2016; 150: 289–98.

SIST EN 50492:2009. Basic standard for the in-situ measurement of electromagnetic field 
strength related to human exposure in the vicinity of base stations, 2009.

Thielens A, Agneessens S, De Clercq H, Lecoutere J, Verloock L, Tanghe E, Aerts S, 
Puers R, Rogier H, Martens L, Joseph W. On-body calibration and measurements 
using a personal, distributed exposimeter for wireless fidelity. Health Phys 2015; 
108(4): 407–418.

Thomas S, Kuhnlein A, Heinrich S, Praml G, Nowak D, von Kries R et al. Personal exposure 
to mobile phone frequencies and well-being in adults: A cross-sectional study based on 
dosimetry. Bioelectromagnetics 2008; 29: 463–470.

Thuroczy G, Molnar F, Janossy G, Nagy N, Kubinyi G, Bakos J et al. Personal RF exposimetry 
in urban area. Ann Telecommun 2008; 63: 87–96.



63Public Exposure to Radio Frequency Electromagnetic Fields 

Tomitsch J, Dechant E, Frank W. Survey of electromagnetic field exposure in bedrooms of 
residences in lower Austria. Bioelectromagnetics 2009; 31: 200–208.

Trček T, Valic B, Gajsek P. Measurements of background electromagnetic fields in human 
environment. IFMBE Proceedings 11th Mediterranean Conference on Medical and 
Biomedical Engineering and Computing, vol. 16. MEDICON: Ljubljana, Slovenia, 
2007, pp. 222–225.

Troisi F, Boumis M, Grazioso P. The Italian national electromagnetic field monitoring network. 
Ann Telecommun 2008; 63: 97–108.

Urbinello D, Huss A, Beekhuizen J, Vermeulen R, Röösli M. Use of portable exposure meters 
for comparing mobile phone base station radiation in different types of areas in the cities 
of Basel and Amsterdam. Sci Total Environ 2014a; 468: 1028–1033.

Urbinello D, Joseph W, Huss A, Verloock L, Beekhuizen J, Vermeulen R, Martens L, Röösli M. 
Radio-frequency electromagnetic field (RF-EMF) exposure levels in different European 
outdoor urban environments in comparison with regulatory limits. Environ Int 2014b; 
68: 49–54.

Viel JF, Cardis E, Moissonnier M, de Seze R, Hours M. Radiofrequency exposure in the 
French general population: Band, time, location and activity variability. Environ Int 
2009a; 35: 1150–1154.

Viel JF, Clerc S, Barrera C, Rymzhanova R, Moissonnier M, Hours M et al. Residential 
exposure to radiofrequency fields from mobile phone base stations, and broadcast 
transmitters: A population-based survey with personal meter. Occup Environ Med 
2009b; 66: 550–556.



http://taylorandfrancis.com


65

4 Health Effects of  
Chronic Exposure  
to Radiation From  
Mobile Communication

Igor Belyaev

CONTENTS

4.1 Introduction ....................................................................................................66
4.2 Animal in vivo Studies ................................................................................... 67

4.2.1 Central Nervous System ..................................................................... 67
4.2.2 Cognitive Functions ............................................................................ 70
4.2.3 Immune Functions .............................................................................. 72
4.2.4 Sperm, Reproductive System, Fertility ............................................... 72
4.2.5 Other Tissues ...................................................................................... 75
4.2.6 Carcinogenesis .................................................................................... 79

4.3  Human Studies with Volunteers and Epidemiological Studies ...................... 81
4.3.1 Sperm, Reproductive System, and Fertility ........................................ 81
4.3.2 Hearing ............................................................................................... 82
4.3.3 Type 2 Diabetes Mellitus .................................................................... 82

4.4  Academic Performance, Sleepiness, Mental Health, and Subjective 
Well-Being ...................................................................................................... 83

4.5 Prenatal Exposure to Mobile Phone ...............................................................86
4.6 Carcinogenesis and Mobile Phone use ...........................................................87
4.7 Discussion .......................................................................................................90

4.7.1 Chronic Exposures to NT MW and Safety Guidelines ......................90
4.8  Combined Assessment of Nonthermal and Thermal Effects upon 

Chronic Exposures to Mobile Phone .............................................................. 91
4.8.1 New Technologies, 5G ........................................................................ 91

4.9 Conclusion ......................................................................................................92
Acknowledgments ....................................................................................................92
References ................................................................................................................92



66 Mobile Communications and Public Health

4.1 INTRODUCTION

Microwaves (MW, 300 MHz–300 GHz) or radio frequency (RF) radiation 
(3 kHz–300 GHz) induce a variety of biological and health effects which are 
commonly classified into thermal and nonthermal effects. Thermal effects are 
defined as those induced by elevation of temperature in the MW-exposed tissue. 
Thermal effects of acute exposure to MW are well characterized by the specific 
absorption rate (SAR, W/kg). Along with thermal MW effects, various biological 
responses to nonthermal (NT) MW, which are observed at the SAR values well 
below any measurable elevation of temperature, have been described by many 
research groups all over the world (1–6). Among many other variables, effects of 
NT MW strongly depend on frequency, modulation, polarization, and duration 
of exposure (7,8). It is generally accepted that all these parameters may be of 
importance for the effects of MW (4).

The SAR based safety limits adopted by the International Commission on Non-
Ionizing Radiation Protection (ICNIRP), 2 W/kg, protecting from thermal MW 
effects only (9). In contrast to the ICNIRP, the Russian safety standards, which are 
based on nonthermal effects, do not use SAR values but instead limit the duration of 
exposure and power flux density (PD) (10).

Mobile phones emit a variety of MW signals (hundreds and even thousands, 
depending on location and type of mobile communication), which are different in 
carrier frequencies or frequency bands and modulations. The emitting signals, for 
example, GSM frequency channels, can be changed even within the same exposure 
session/talk. While one MW frequency/frequency band/modulation can induce 
detrimental effects, another one can be inactive (8). The studies with real mobile 
phones, given that the electromagnetic field (EMF) emitted by a phone is measured, 
represent the most valuable type of studies for assessment of various health 
effects including cancer risks from mobile telephony. Exposure to commercial 
or test mobile phones is close by all physical factors (carrier frequency, type of 
modulation, pulsed-field variables, near/far field, et cetera) to real exposure of the 
human brain and thus may provide valuable data for health risk assessment. At 
chronic exposures with longer duration, exposure to mobile phone may reproduce 
a number of real signals even during the same exposure session and thus provide 
a better possibility to assess detrimental effects from mobile telephony than 
experiments with fixed frequencies/frequency bands/modulations, which evaluate 
only a minor part of real signals. In addition, mobile phones emit not only MW, 
but also static and extremely low frequency (ELF) magnetic fields (11–16), which 
have also been shown to produce detrimental health effects and to interfere with 
MW effects (4,8,17).

There were many studies performed recently with chronic exposure to NT MW. 
While some studies with mobile phones did not provide measurements of EMF, only 
refereeing the SAR values from the manuals, EMF fields were measured in other 
studies. Most of these studies consistently showed detrimental health effects, and thus 
confirmed studies with long-term animals’ MW exposure previously performed in 
Russia/The Soviet Union (18). This chapter represents an overview of recent studies 
on NT MW effects (SAR ≤ 2 W/kg) where EMF fields were measured.
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4.2 ANIMAL IN VIVO STUDIES
4.2.1 CENTRAL NERVOUS SYSTEM

Kesari et al. exposed 35-day old Wistar rats to MW from mobile phones for 2 h per 
day for a duration of 45 days, SAR being 0.9 W/Kg (19). A significant decrease in the 
levels of glutathione peroxidase and superoxide dismutase, and an increase in catalase 
activity were found in the exposed rats as compared to sham exposure. Moreover, 
protein kinase was significantly decreased in the hippocampus and whole brain of 
the exposed rats. Also, a significant decrease in the level of pineal melatonin and a 
significant increase in creatine kinase and caspase 3 were observed in the exposed 
group’s whole brains as compared with the sham exposure. Finally, MW exposure 
significantly increased the level of reactive oxygen species (ROS). The authors 
concluded that a reduction or an increase in antioxidative enzyme activities, protein 
kinase C, melatonin, caspase 3, and creatine kinase are related to overproduction of 
ROS in animals under chronic exposure to mobile phone radiation.

Haghani et al. elucidated the possible effects of prenatal exposure of female 
Wistar rats to EMF from mobile phones (pulsed 900 MHz, SAR varying 0.5–
0.9 W/kg, 6 h per day during gestation period) on the cerebellum of male and 
female offspring (20). Cerebellum-related behavioral dysfunctions were analyzed 
in offspring using motor learning and cerebellum-dependent functional tasks. 
Whole cell patch clamp recordings were used for electrophysiological evaluations. 
The results failed to show any behavioral abnormalities in rats chronically 
exposed to EMF from mobile phones. However, whole cell patch clamp recordings 
revealed decreased neuronal excitability of Purkinje cells in rats exposed to 
EMF. The changes were observed in after-hyperpolarization amplitude, spike 
frequency, half width, and first spike latency. The results showed that prenatal 
EMF exposure led to altered electrophysiological properties of Purkinje neurons. 
However, these changes might not be severe enough to alter the cerebellum-
dependent functional tasks.

Ikinci et al. investigated changes in the spinal cords of Sprague-Dawley male 
rat pups exposed for 1 h daily between postnatal days 21 and 46 to the 900 MHz 
EMF (whole body SAR 0.01 W/kg) (21). At the end of exposure, the spinal cords 
in the upper thoracic region were collected for biochemical, light microscopic 
(LM), and transmission electron microscopic (TEM) examination. EMF exposure 
significantly increased malondialdehyde and glutathione levels as compared to 
control and sham exposed rats. LM revealed atrophy in the spinal cord, vacuolization, 
myelin thickening, and irregularities in the perikarya of the exposed rats. Marked 
loss of myelin sheath integrity and invagination into the axon and broad vacuoles in 
axoplasm was induced by EMF exposure as revealed by TEM. The authors concluded 
that biochemical alterations and pathological changes may occur in the spinal cords 
of male rats following chronic exposure to 900 MHz EMF.

Aslan et  al. investigated possible pathological changes in the cerebellum of 
adolescent rats chronically exposed to 900 MHz EMF (13.4 V/m, the whole body 
SAR of 0.01 W/kg) 1 h daily for 25 days from postnatal days 21 through 46 (22). The 
cerebellums of animals were removed on postnatal day 47, then sectioned and stained 
with cresyl violet for histopathological and stereological analyses. Significantly fewer 
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Purkinje cells were found in the EMF exposed animals than in control and sham 
exposed rats. Histopathological evaluation revealed alteration of normal Purkinje cell 
arrangement and pathological changes including intense staining of neuron cytoplasm 
in the EMF exposed rats. The findings suggested that exposure to 900 MHz EMF for 
1 h/day during adolescence can disrupt cerebellar morphology and reduce the number 
of Purkinje cells in the brain of adolescent rats.

Kerimoglu et al. exposed Sprague-Dawley male rats to MW (900 MHz, 8.4 V/m, 
0.187 W/m2, whole body SAR 0.0067 W/kg, 1 h daily, days 21–59 throughout the 
adolescent period) and studied the 60-day old rat hippocampus (23). The left hemispheres 
were analyzed biochemically and the right hemispheres were subjected to stereological 
and histopathological evaluation. Histopathological examination revealed increased 
numbers of pyknotic neurons with black or dark blue cytoplasm in the brain of MW 
exposed rats. Fewer pyramidal neurons were found after MW exposure by stereological 
analysis. MW exposure increased malondialdehyde and glutathione levels, but decreased 
catalase levels in the brain. The data indicated that oxidative stress-related morphological 
damage and pyramidal neuron loss may be induced in the rat hippocampus following 
exposure to MW under given conditions throughout the adolescent period.

Deshmukh et  al. investigated the effects of MW exposure at three different 
frequencies (900, 1800, and 2450 MHz, SAR being 5.953 × 10−4, 5.835 × 10−4 
and 6.672 × 10−4 W/kg, respectively) for 90 days on cognitive function, heat shock 
protein 70 (HSP70) level, and DNA damage in brain of Fischer rats (24). Cognitive 
functions were tested for using elevated plus maze and Morris water maze, HSP70 
levels were estimated by enzyme-linked immunosorbent assay (ELISA), and DNA 
damage was assessed using alkaline comet assay. MW exposures at all frequencies 
led to decline in cognitive function and increased HSP70 level and DNA damage in 
the brain. The MW effects were significantly higher at 2450 MHz than at 900 MHz 
as measured with HSP70, tail length, the head and tail DNA content, the Olive tail 
moment, and the tail extent moment of the comets. The findings suggested that MW 
may lead to hazardous effects on the brain in dependence on frequency.

Gokcek-Sarac et al. studied effects of chronic exposure of young male albino Wistar 
rats to RF electromagnetic radiation (RF-EMR) at 900 and 2100 MHz (modulation 
frequency 217 Hz and pulse width 0.577 msec, 2 h/day, 5 days a week, for one week 
and ten weeks), on the hippocampal enzymes such as protein kinase A (PKA), Ca2+/
calmodulin-dependent protein kinase II alpha (CaMKIIalpha), cAMP response element-
binding protein (CREB), and p44/42 mitogen-activated protein kinase (MAPK) from the 
N-methyl-D-aspartate receptor (NMDAR) related signaling pathways (25). The electric 
field strengths over the rat’s head positioned 3.5 and 10 cm away from the antenna 
were 35.5 and 35.2 V/m for 900 and 2100 MHz RF-EMR, respectively. The average 
whole body SAR was 5.284 and 128 mW/kg for 900 and 2100 MHz, respectively. The 
average brain SAR was 0.66 and 0.27 W/kg for 900 and 2100 MHz, respectively. The 
hippocampal level/activity of selected enzymes was significantly higher after 10 week 
exposure as compared to 1-week exposures to RF-EMR at both 900 and 2100 MHz. 
Hippocampal level/activity of selected enzymes was significantly higher at 2100 MHz 
than at 900 MHz. The data indicated that chronic exposure of Wistar rats at different 
conditions had different effects on the protein expression of the hippocampus in 
dependence on duration of exposure.
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Sharma et al. evaluated the effects of prolonged exposure of 2-week aged Swiss albino 
mice to MW (10 GHz, 0.25 mW/cm2, 0.1790 W/kg, 2 h/day for 15 consecutive days) 
on developing mice brain (26). Various biochemical, behavioral, and histopathological 
parameters were analyzed in the exposed and sham exposed animals, which were 
autopsied either immediately after the completion of exposure or were allowed to 
attain 6 weeks of age for the follow-up study. Body weight showed significant changes 
immediately after exposure, whereas nonsignificant changes were observed in mice 
attaining 6 weeks of age. Brain weight, lipid peroxidation, glutathione, protein, 
catalase, and superoxide dismutase were found significantly altered in mice whole 
brain both immediately after exposure and in mice attaining 6 weeks of age. MW 
exposure affected spatial memory as measured using the Morris water maze test and 
histopathological parameters observed in the CA1 region of the hippocampus, cerebral 
cortex, and ansiform lobule of the cerebellum. The findings indicated that the brain 
of 2-week aged mice was sensitive to MW exposure as observed immediately after 
exposure and during follow-up study up to 6 weeks of age.

Tang et  al. exposed male Sprague-Dawley rats to continuous wave EMF at 
900 MHz, 1 mW/cm2, SAR varying between 0.016 (whole body) and 2 W/kg (locally 
in the head), for 14 or 28 days, 3 h daily (27). The Morris water maze test was used 
to examine spatial memory performance. Morphological changes were investigated 
in the hippocampus and cortex, and the Evans Blue assay was used to assess blood 
brain barrier (BBB). Immunostaining was performed to identify heme oxygenase-1 
(HO-1)-positive neurons and albumin extravasation detection. Western blot was used 
to determine HO-1 expression, expression of phosphorylated extracellular signal–
regulated kinase (ERK) and upstream mediator mkp-1. EMF exposure did not affect 
the behavior of the rats at 14 days but impaired their performance at 28 days. BBB 
permeability increased 14 days after exposure to EMF and to a higher level after 
28 days. Albumin uptake occurred more frequently in the cortex and hippocampal 
regions of brain in EMF exposed 28-d group than in the sham irradiated rats and 
EMF exposed 14-d group. Significant difference was found in HO-1 staining between 
the exposed rats and the sham exposed rats, as well as between the EMF 28-d group 
and the EMF 14-d group. Up-regulation of mkp-1 protein was observed at 28 days 
of exposure to EMF but not at 14 days. Dephosphorylation of ERK was detected in 
the rats at 28 days of exposure to EMF, and no difference between the nonexposed 
group and EMF 14-d group was observed. Taken together, the results demonstrated 
that chronic exposure to 900 MHz EMF for 28 days can significantly impair spatial 
memory and damage BBB permeability in rat by activating the mkp-1/ERK pathway.

Mugunthan et al. have investigated the effect of chronic exposure to radiations 
emitted from a 2G mobile phone (900–1800 MHz, SAR 1.6 W/kg, 48 minutes per 
day for a period of 30–180 days) in the hippocampus of mice (28). Random serial 
brain sections were analyzed for histomorphometric changes. The mean density 
of neurons in the hippocampus regions CA1, CA2 and dentate gyrus dorsal blade 
(DGDB) was significantly lower in the 2G exposed groups. However, the 2G exposed 
mice showed significantly higher density of neurons in CA3 and ventral blade/inferior 
limb (DGVB) regions. The mean nuclear diameter of neurons in the hippocampus 
region of CA1, CA2, CA3, DGDB, and DGVB showed lower nuclear diameter in 
2G exposed mice. The authors concluded that chronic exposure to 900–1800 MHz 
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frequency radiations emitted from 2G mobile phone could affect neuron density and 
decrease nuclear diameter in the hippocampus neurons of mice.

Finally, the emerging data have shown that chronic exposure to real signals from 
mobile communications under specific conditions can affect brain cells and important 
functions that may be related to various health effects including carcinogenesis.

4.2.2 COGNITIVE FUNCTIONS

Zhao et al. analyzed the effects of chronic exposure of Wistar rats to MW (average 
power densities of 2.5, 5, and 10 mW/cm2, SAR of 1.05, 2.1, and 4.2 W/kg, respectively, 
6 min daily for 1 month) on hippocampal structure and function (29). Learning and 
memory abilities were assessed by the Morris water maze. High performance liquid 
chromatography was used to detect neurotransmitter concentrations in the hippocampus 
and hippocampal structures were subjected to histopathological analysis. MW exposure 
significantly decreased learning and memory activity as analyzed 7, 14, and 30 days in 
all three MW exposure groups. Neurotransmitter concentrations of four amino acids 
(glutamate, aspartic acid, glycine, and gamma-aminobutyric acid) in the hippocampus 
were increased in the 2.5 and 5 mW/cm2 groups and decreased in the 10 mW/cm2 group. 
There was evidence of neuronal degeneration and enlarged perivascular spaces in the 
hippocampus of exposed animals. Mitochondria became swollen and cristae were 
disordered after MW exposure. The rough endoplasmic reticulum exhibited sacculated 
distension and there was a decrease in the quantity of synaptic vesicles. These findings 
suggested that the hippocampus can be injured by long-term microwave exposure 
followed by impairment of cognitive function due to neurotransmitter disruption.

Given the suggested link between EMF exposure, iron overload in the brain, 
and neurodegenerative disorders including Parkinson’s and Alzheimer’s diseases, 
Maaroufi et al. investigated co-exposure to MW (900 MHz, SAR 0.05–0.18 W/kg, 
1 h/daily) and iron overload (daily injection of 3 mg FeSO4 per kg body weight) 
during 21 consecutive days in Long-Evans rats (30). The co-exposed rats were tested 
in various spatial learning tasks (navigation task in the Morris water maze, working 
memory task in the radial arm maze, and object exploration task involving spatial 
and nonspatial processing). Biogenic monoamines and metabolites (dopamine, 
serotonin) and oxidative stress were measured. Rats exposed to MW were impaired 
in the object exploration task but not in the navigation and working memory tasks. 
They also showed alterations of monoamine content in several brain areas including 
the cerebellum and striatum, but mainly in the hippocampus. Rats that received 
combined treatment did not show greater behavioral and neurochemical deficits 
than MW-exposed rats. No oxidative stress was detected after treatments. These 
data indicated that MW affected the brain and cognitive processes but no synergistic 
effects were found between MW and iron overload in the brain.

Deshmukh et al. investigated the effects of chronic low-intensity MW exposure 
on cognitive function, heat shock protein 70 (HSP70), and DNA damage in rat brain 
(31). Male Fischer rats were exposed to MW for 180 days at 3 different mobile 
phone frequencies of 900, 1800, and 2450 MHz, SAR ranging 5.835 × 10−4–
6.672 × 10−4 W/kg. The rats were tested for cognitive function at the end of the 
exposure. The brain was analyzed for HSP70 by enzyme-linked immunotarget assay 
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and DNA damage using alkaline comet assay. The results showed declined cognitive 
function, elevated HSP70 level, and DNA damage in the brain of MW-exposed 
animals. The results indicated that chronic low-intensity microwave exposure in 
the frequency range of 900–2450 MHz may cause hazardous effects on the brain.

Schneider and Stangassinger exposed male and female rats to EMF at a frequency of 
900 MHz at GSM modulation or 1.966 GHz (Universal Mobile Telecommunications 
System [UMTS]) at 0.4 W/kg and analyzed memory performance of adult EMF-
exposed and sham exposed female rats (at 6 months of age) and male rats (at 3 and 
6 months of age) using a social discrimination procedure (32). The animals were 
exposed chronically for their entire lives to the far field linear polarized quasi-plane 
wave EMF. Differences in sniffing duration to the familiar and novel target rats were 
used to assess memory performance. EMF-exposed females exhibited no differences 
in sniffing duration compared with sham exposed controls. In contrast, the sniffing 
durations of EMF-exposed males at 3 months of age were significantly affected. 
At 6 months of age, GSM- but not UMTS-exposed male adults showed a memory 
performance deficit. This study showed that lifelong exposure to GSM EMF impairs 
social memory performance in adult male rats while lifelong exposure to UMTS 
EMF, with the same SAR, seems to display an age or exposure duration (3 months 
vs. 6 months) related adverse effect on the social memory retention.

Narayanan et al. investigated the effects of chronic EMF exposure from a mobile 
phone on spatial cognition and hippocampal architecture in prepubescent rats (33). Four 
weeks old male Wistar rats were exposed to EMF (GSM 900 MHz; SAR 1.15 W/kg with 
peak power density of 146.60 µW/cm2 at 3 cm from mobile phone) for 1 h/day, 28 days. 
Spatial cognition was evaluated by Morris water maze test. Hippocampal morphology 
was studied in hippocampal sections by H&E staining, cresyl violet staining, and Golgi-
Cox staining. CA3 pyramidal neuron morphology and surviving neuron count in CA3 
region were studied using H&E and cresyl violet stained sections. Dendritic arborization 
pattern of CA3 pyramidal neuron was investigated by concentric circle method. 
Progressive learning abilities were found to be decreased in EMF exposed rats. Memory 
retention test performed 24 h after the last training revealed minor spatial memory deficit 
in the EMF-exposed group. However, EMF-exposed rats exhibited poor spatial memory 
retention when tested 48 h after the final trial. EMF exposure affected the viable cell 
count in the dorsal hippocampal CA3 region and the dendritic arborization pattern of 
both apical and basal dendritic trees. Structural changes found in the hippocampus of 
EMF-exposed rats could be one of the possible reasons for altered cognition.

Junior et al. investigated potential effects of mobile phone radiation on the central 
nervous system (CNS) using behavioral tests (open field and object recognition) in male 
Wistar rats (60 days old), which were exposed to EMR from a Global System for Mobile 
(GSM) cell phone (1.8 GHz, 2 V/m, 25-second long phone calls, every 2 minutes, for 
3 days) (34). The exposed animals did not present anxiety patterns or working memory 
impairment, but stress behavior actions were observed upon exposure.

In some studies with chronic exposure to a specific RF signal generated by a signal 
generator (not by a mobile phone) neither neurodegenerative effects (35) nor effects 
on behavior and memory of exposed animals (36) were found.

In conclusion, most studies indicated that long-term chronic exposure to signals 
of mobile communications has a negative impact on cognition.
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4.2.3 IMMUNE FUNCTIONS

Szmigielski reviewed studies on the impacts of weak RF/MW fields, including cell 
phone radiation, on various immune functions, both in vitro and in vivo (37). The 
bulk of available evidence clearly indicated that various shifts in the number and/or 
activity of immunocompetent cells are possible, while the results were inconsistent. In 
particular, a number of lymphocyte functions have been found to be either enhanced 
or weakened based on exposure to similar MW intensities although other important 
variables of experiments were different. The author concluded that, in general, short-
term exposure to weak MW radiation may temporarily stimulate certain humoral 
or cellular immune functions, while chronic irradiation inhibits the same functions.

Ohtani et al. studied the effects of RF exposure (2.14 GHz wideband code division 
multiple-access (W-CDMA) signal, whole body SAR of 0.2 W/kg, for 20 h/day, 
7 days/week) for a total of 9 weeks spanning in utero development, lactation, and the 
juvenile period on the immune system in Sprague-Dawley rats (38). Flow cytometry 
revealed no RF-induced changes in the numbers of CD4/CD8 T cells, activated T 
cells or regulatory T cells among peripheral blood cells, splenocytes, and thymocytes. 
Expression levels of 16 genes that regulate the immunological Th1/Th2 paradigm 
were analyzed using real time polymerase chain reaction (PCR) in the spleen and 
thymus. The Il5 gene was significantly upregulated in spleen and thymus, while Il4 
and Il23a genes were significantly upregulated in thymus tissues only. ELISA showed 
no changes in serum IL-4 protein concentration. These data indicate no effects on 
immune-like T cell populations and T cell activation, while significant transcriptional 
effects of chronic RF exposure under given conditions were observed.

Kulaber et al. investigated changes in the thymic tissue of male Sprague-Dawley 
rats chronically exposed to MW (900 MHz, 8.86 V/m, 0.208 W/m2, 0.0067 W/kg) 
for 1 h every day between postnatal days 22 and 59 (39). On day 60, sections of 
thymus were assessed histologically and biochemically. MW exposure increased 
malondialdehyde (MDA) levels. Extravascular erythrocytes were observed in the 
medullary/corticomedullary regions in the sections of exposed rats. The findings 
indicated that MW exposure for 1 h/day on postnatal days 22–59 can increase tissue 
MDA and induce histopathological changes in the thymic tissue of male rats.

While the number of studies is still limited, available data indicate that chronic 
MW exposure may affect the immune system.

4.2.4 SPERM, REPRODUCTIVE SYSTEM, FERTILITY

Kesari and Behari chronically exposed Wistar rats to radiation from mobile phones 
(GSM 900 MHz, 0.9 W/kg, 2 h/day) for 45 days and analyzed the effects on sperm cells 
(40). EMF exposure significantly decreased the level of testosterone and increased 
caspase-3 activity, which is a marker of apoptosis. Distortions in sperm head and 
the mid-piece of sperm mitochondrial sheath were also observed by Transmission 
Electron Microscopy (TEM). A progeny from EMF-exposed rats showed a significant 
decrease in number and weight as compared with that of sham exposed animals.

Kumar et al. investigated the effect of 10 GHz chronic exposure (2 h per day 
for 45 days, power density 0.21 mW/cm2, SAR 0.014 W/kg) on male Wistar rats’ 
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reproductive systems (41). Chromosomal aberrations (CA) and micronuclei were 
determined in blood samples of exposed and sham exposed animals. Spermatozoa 
were analyzed for Caspase-3, DNA damage, testosterone, and by electron microscopy. 
Scanning electron microscopy revealed shrinkage of the lumen of the seminiferous 
tubules. Apoptotic bodies and increased caspase 3 were found in exposed animals. A 
flow cytometry examination showed formation of micronuclei body in lymphocytes 
of the exposed group. While no CAs were detected, comet assay revealed DNA 
strand breaks. Testosterone level was found to be significantly decreased along with 
a shrinkage of testicular size. This study has shown that chronic exposure at 10 GHz, 
0.21 mW/cm2, and SAR of 0.014 W/kg has potentially deleterious effects on blood 
and fertility of exposed male Wistar rats.

Tas et al. investigated the effects of long-term (3 h per day, 7 d a week, for one 
year) mobile phone exposure at 900 MHz (point, 1 g and 10 g SAR levels of testis 
and prostate were 0.0623 W/kg, 0.0445 W/kg and 0.0373 W/kg, respectively) on 
reproductive organs of Wistar Albino male rats (42). Epididymal sperm concentration, 
progressive sperm motility, abnormal sperm rate, all genital organs weights, and testis 
histopathology were evaluated. No effect of RF exposure was observed on sperm 
motility and concentration. Although histological examination showed similarities 
in the seminiferous tubules diameters in exposed and sham exposed animals, RF 
exposure decreased tunica albuginea thickness and the Johnsen testicular biopsy 
score. The authors concluded that long-term exposure to 900 MHz RF radiation alters 
some reproductive parameters. Of note, at least some of the reported effects might be 
dismissed by applying the adjustment for multiple comparisons.

Qin et al. investigated whether chronic exposure to RF (1800 MHz, PD 205 µw/
cm2, SAR 0.0405 W/kg) for 2 h/day for 32 days at different zeitgeber time (ZT) points 
(ZT0, ZT4, ZT8, ZT12, ZT16, and ZT20) affects circadian rhythms of reproductive 
functional markers in adult male Sprague-Dawley rats (43). Testicular and epididymis 
tissues were collected and assessed for testosterone levels, daily sperm production and 
sperm motility, testis marker enzymes gamma-glutamyl transpeptidase (gamma-GT) 
and acid phosphatase (ACP), cytochrome P450 side-chain cleavage (p450cc) mRNA 
expression, and steroidogenic acute regulatory protein (StAR) mRNA expression. These 
measurements revealed pronounced circadian rhythms in sham exposed animals. RF 
exposure disrupted the circadian rhythms decreasing testosterone levels, lowering daily 
sperm production and sperm motility, down-regulating activity of gamma-glutamyl 
transpeptidase (gamma-GT) and ACP, and altering mRNA expression of cytochrome 
P450 and StAR. The most significant changes were observed in rats exposed to RF at ZT0. 
The findings indicated potential adverse effects of RF exposure on male reproductive 
functional markers in terms of daily overall levels and circadian rhythmicity.

The effect of prolonged MW exposure (2G, 900–1900 MHz, 48 minutes per day 
for a period up to 180 days) cell phone on rats’ testis was evaluated (44). Body weight 
was found to be significantly reduced after 30, 60, and 120 days of exposure, mean 
testis weight was significantly reduced 30, 60, 90, 150, and 180 days of exposure, and 
the mean testis volume was significantly reduced in groups with 30, 60, and 90 days 
of exposure compared to sham exposed mice. In histological analysis, the mean 
density of seminiferous tubules was significantly lower in all exposure groups except 
for 30 days of exposure, the mean seminiferous tubule diameter was significantly 
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reduced in all exposure group except for 60 days of exposure, and the numbers of 
Sertoli cells/tubule and Leydig cells was significantly reduced in all exposure groups 
compared to the sham exposure groups. For Johnson testicular biopsy score count 
and testosterone level, all exposure groups were pooled and a significantly reduced 
serum testosterone level and mild histological changes compared to sham exposed 
animals were found. The authors concluded that chronic exposure of mice to the 
2G 900–1900 MHz mobile phone radiation might have detrimental effects on testes 
histology and function with possible consequences for fertility.

Kumar et al. chronically exposed male albino rats to EMF from a 3G cell phone 
(the frequency of the cell phone was fixed at 1910.5 MHz and kept in ‘talk mode,’ 
SAR varied from 0.28 to 0.0226 W/kg) for 60 days, two hours each day (6 days a 
week) and analyzed testicular functions (45). Significant decrease in sperm count, 
increase in the lipid peroxidation damage in sperm cells, reduction in seminiferous 
tubules and testicular weight, and DNA damage were revealed in rats following EMF 
exposure. The results demonstrated that exposure to the mobile phone radiation can 
negatively affect sperm functions via mechanisms that involve oxidative stress. The 
results suggest that mobile phone exposure adversely affects male fertility.

Liu et  al. investigated whether chronic exposure of rats to MW (900 MHz, 
0.66  ±  0.01 W/kg, 2 h/daily) for 50 days can trigger ROS, sperm cell apoptosis and 
affect semen morphology, concentration, and microstructure (46). The sperm count, 
morphology, apoptosis, ROS, and total antioxidant capacity (TAC), representing 
the sum of enzymatic and nonenzymatic antioxidants, were measured. Western 
blotting and reverse transcriptase PCR were used to determine the expression levels 
of apoptosis-related proteins and genes, including bcl-2, bax, cytochrome c, and 
capase-3. MW exposure increased ROS concentration and number of apoptotic sperm 
cells by 46.21% and 91.42%, respectively, while the TAC was decreased by 28.01%. 
MW exposure also significantly decreased the protein and mRNA expression of bcl-2 
and increased that of bax, cytochrome c, and capase-3. The data indicated that MW 
exposure altered expression levels of apoptosis-related genes and triggered sperm 
apoptosis through induction of ROS and bcl-2, bax, cytochrome c, and caspase-3 
signaling pathways.

Odaci and Ozyilmaz exposed Sprague-Dawley male rats to a 900 MHz EMF 
(whole body SAR 0.025 W/kg, 1 h daily, 30 days) and investigated EMF effects on 
the rat testicles (47). The levels of malondialdehyde, superoxide dismutase, catalase, 
and glutathione along with apoptotic index measured with terminal deoxynucleotidyl 
transferase dUTP nick end labeling (TUNEL) assay and histopathological damage 
scores were analyzed. EMF exposed rats exhibited vacuoles in seminiferous tubules 
basal membrane and edema in the intertubular space. Both seminiferous tubule 
diameters and germinal epithelium thickness were smaller, while apoptotic index 
was higher in the EMF exposed animals. The levels of malondialdehyde, superoxide 
dismutase, and catalase were increased in the EMF exposed rats as compared to the 
sham exposure group although glutathione was decreased. The authors concluded 
that chronic exposure to the mobile phone frequency of 900 MHz caused pathological 
alterations in rat testicular morphology and biochemistry.

Mugunthan et al. evaluated and compared effects of chronic exposure to 900–
1800 MHz radiation emitted from 2G cell phone and 1900–2200 MHz from 3G 
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cell phones on the testis of mice (48). Mice were intermittently exposed to 2G and 
3G radiation, 48 minutes per day (2 min per each 30 min 8.00 a.m. – 8.00 p.m.) 
for a period of 30–180 days. The highest SAR value for this standard handset was 
1.69 W/Kg (10 g). Measurements were performed at the end of 30, 60, 90, 120, 150, 
and 180 days of exposure. There was significant reduction of animal weight at first, 
second, and fourth months following chronic exposure to 2G and 3G cell phone 
radiation. The mean testis weight and volume of 2G and 3G radiation exposed mice 
were significantly reduced in the first three months. The comparison between 2G 
and 3G exposed groups showed no significant changes in mean body weight, mean 
testis weight, and mean testis volume. 2G and 3G chronic exposure decreased density 
of seminiferous tubules, mean seminiferous tubule diameter, and mean number of 
Sertoli and Leydig cells. Few changes were observed by microscopic analysis in the 
2G and 3G exposed mice. Chronically exposed mice had significantly lower serum 
testosterone at the end of first, second, third, fourth, and sixth months of 2G and 3G 
exposures while no difference was observed between the 2G and 3G exposed groups. 
The authors concluded that chronic exposure to radiation from 2G and 3G cell phones 
could cause changes in the seminiferous epithelium, reduction of serum testosterone 
level, and reduction in the number of Sertoli cells and Leydig cells.

To conclude, most in vivo studies with animals indicated that NT MW induce 
detrimental effects in sperm, which can affect fertility and may occur through 
induction of ROS and ROS-dependent molecular pathways.

4.2.5 OTHER TISSUES

Esmekaya et al. investigated whether chronic exposure to 900 MHz pulse-modulated 
RF fields (rectangular pulses with repetition frequency 217 Hz and pulse width 
0.576 ms, the whole body average SAR 1.20 W/kg, 20 min/day for three weeks) 
induce oxidative damage in lung, heart, and liver tissues of Wistar albino rats (49). 
They assessed oxidative damage by investigating lipid peroxidation (malondialdehyde, 
MDA), nitric oxide (NOx), and glutathione (GSH) levels, which are the indicators 
of tissue toxicity. MDA and NOx levels were increased significantly in liver, lung, 
testis, and heart tissues of the exposed group compared to sham exposed animals. 
Conversely, GSH levels were significantly lower in exposed rat tissues. The authors 
concluded that pulse-modulated RF radiation causes oxidative injury in liver, lung, 
testis, and heart tissues mediated by lipid peroxidation, increased level of NOx, and 
suppression of antioxidant defense mechanism.

Tsybulin et al. elucidated the effects of MW emitted by a commercial model 
of GSM 900 MHz cell phone on embryo development in quails (Coturnix coturnix 
japonica) (50). Fresh fertilized eggs were irradiated during the first 38 h or 14 days 
of incubation by a cell phone in a connecting mode activated continuously through 
a computer system. Each connection attempt lasted about 45 s. Exposure during 
38 h/14 days comprised of about 3000/26,900 calls. Maximum incident PD on the 
egg’s surface was 0.2 µW/cm2. The irradiation led to a significant increase in numbers 
of differentiated somites in 38-hour exposed embryos and to a significant increase 
in total survival of embryos from exposed eggs after 14 days exposure. The level of 
thiobarbituric acid (TBA) reactive substances was significantly higher in brains and 
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livers of hatchlings from the exposed embryos. An especially conspicuous increase was 
detected in brains, where the TBA levels were higher by 3.5 fold in comparison with 
the unexposed samples. Consequently, it pointed to the increased lipid peroxidation 
of hatchling’s tissues from exposed embryos, which is closely connected to levels of 
ROS. Thus, the observed effects of radiation from the commercial GSM 900 MHz 
cell phone on the developing quail embryos can be accounted for by the enhancement 
of metabolism provoked via peroxidation mechanisms due to radiation-induced ROS.

Ozorak et al. studied the effects of chronic exposures to EMF at 900 MHz, 1800 MHz, 
and 2.45 GHz (pulsed at 217 Hz, mean whole body SAR 0.18 ± 0.07 W/kg, 60 min/
day, 5 days per week) on oxidative stress and trace element levels in the kidney and 
testis in rats growing from pregnancy to 6 weeks of age (51). EMF exposure decreased 
the level of lipid peroxidation in the kidney and testis and the copper, zinc, reduced 
glutathione (GSH), glutathione peroxidase (GSH-Px), and total antioxidant status (TAS) 
values in the kidney, while iron concentrations in the kidney as well as vitamin A and 
vitamin E concentrations in the testis increased at the 4th week of exposure. Iron, 
vitamin A, and beta carotene concentrations increased in the kidney of EMF exposed 
animals, while the GSH and TAS levels decreased after five weeks of exposure. Iron 
concentrations in the kidney and the extent of lipid peroxidation increased in the EMF 
groups in the kidney and testis after six weeks of exposure, while copper, TAS, and 
GSH concentrations decreased at this time. EMF exposure did not induce any changes 
in the kidney’s concentrations of chromium, magnesium, and manganese. The authors 
concluded that chronic exposure to EMF caused oxidative damage by increasing the 
extent of lipid peroxidation and the iron level, while decreasing total antioxidant status, 
copper, and GSH values.

Eser et al. studied the histopathological and biochemical changes in the frontal 
cortex, brain stem, and cerebellum of Spraque-Dawley rats exposed to MW at 900, 
1800, and 2450 MHz (average SAR 1.04 W/kg) 1 h daily for 2 months (52). MW 
exposures induced degenerative changes, shrunken cytoplasm, and extensively dark 
pyknotic nuclei in the frontal cortex and brain stem, which were more profound 
at 2400 MHz. The levels of Total Oxidative Capacity and Oxidative Stress Index 
were significantly increased in the frontal cortex, brain stem, and cerebellum of 
MW exposed animals. The frontal cortex was more affected at 900 MHz. MW 
exposures significantly increased the IL-1beta level in the brain stem, while exposure 
at 900 MHz was statistically significantly most efficient. MW exposures induced 
caspase-3 immunoreactivity in the frontal cortex and brain stem, although the 
frequency of 2450 MHz was most efficient. The data indicated that chronic MW 
exposure caused histopathological changes in the frontal cortex, brain stem, and 
cerebellum and impaired the oxidative stress and inflammatory cytokine system in 
dependence on frequency.

Tsybulin et al. assessed the effects of low intensity radiation from a GSM (Global 
System for Mobile communication) 900 MHz cellular phone on early embryogenesis 
in dependence on the duration of exposure (53). Embryos of Japanese Quails were 
exposed in ovo to GSM 900 MHz cellular phone radiation (890–915 MHz carrier 
frequency, nonmodulated by any voice signal while maintaining a pulse modulation 
which is equivalent to an amplitude modulation simultaneously by 217 Hz and 
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harmonics, average power density 0.25 µW/cm2, SAR 3 µW/kg) during the initial 
38 h of brooding or alternatively during 158 h (120 h before brooding plus initial 38 h 
of brooding) interruptedly: 48 s on followed by 12 sec off intervals. A number of 
differentiated somites and DNA damage were assessed microscopically and by 
alkaline comet assay, respectively. Exposure significantly altered the number of 
differentiated somites. In embryos exposed during 38 h, the number of differentiated 
somites increased, while in embryos irradiated during 158 h, this number decreased. 
The lower duration of exposure led to a decrease in the level of DNA strand breaks in 
cells of 38-h embryos, while the higher duration of exposure significantly increased 
DNA damage as compared to the control. The authors concluded that effects of 
the GSM 900 MHz cellular phone radiation on early embryogenesis can be either 
stimulating or deleterious depending on the duration of exposure.

Ozgur et al. investigated effects of prenatal and/or postnatal chronic exposure 
to 1800 MHz RF radiation (pulsed with frequency of 217 Hz and a duty cycle of 
1:8 (pulse width 0.576 ms), corresponding to the dominant modulation component 
of the GSM, 0.1 W output power) on the blood chemistry and lipid peroxidation 
levels of New Zealand female and male infant rabbits (54). Thirty-six females and 
36 males were divided into four groups which were composed of nine infants each: 
(i) Group 1 was sham exposure; (ii) Group 2 was exposed to RF, 15 min daily for 7 
days in the prenatal period (between 15th and 22nd days of the gestational period) 
(prenatal exposure group); (iii) Group 3 was exposed to RF 15 min/day (14 days 
for male, whereas 7 days for female) after they reached 1-month of age (postnatal 
exposure group); (iv) Group 4 was exposed to RF for 15 min daily during 7 days in the 
prenatal period (between 15th and 22nd days of the gestational period) and 15 min/
day (14 days for male, whereas 7 days for female) after they reached 1-month of age 
(prenatal and postnatal exposure group). RF exposure affected serum lipid peroxidation 
level in both female and male rabbits and changed several biochemical parameters in 
blood (creatinine, uric acid, g-glutamyl transpeptidase (GGT), alanine transaminase 
(ALT), Albumin (ALB), and malondialdehyde (MDA) in males; urea, GGT, aspartate 
aminotransferase (AST), ALT, total protein (TP), MDA in females). Thus, the blood 
biochemistry of male and female infants was differently affected by RF exposure. The 
authors concluded that the whole body 1800 MHz GSM-like RF exposure may lead to 
oxidative stress and changes in some blood chemistry parameters.

Mugunthan et al. evaluated histological effects of chronic exposure to MW emitted 
from 2G (900–1900 MHz) cell phone on kidneys of mice (55). 21 days old mice were 
exposed to 2G MW, 48 minutes per day for a period up to 180 days. Animals were 
sacrificed at the end of 30, 60, 90, 120, 150, and 180 days of exposure and both 
kidneys were harvested and processed for histomorphometric study. MW exposure 
significantly reduced weight of kidney in mice exposed at the age of 21–51 days 
while kidney weight was significantly increased in the fifth month. In dependence 
on age and exposure time: (i) glomerulus showed dilated capillaries and increased 
urinary space; (ii) proximal convoluted tubule showed wider lumen with reduced cell 
size; (iii) brush border interrupted at places and vacuolated cytoplasm and pyknotic 
nuclei; and (iv) wider lumen with decreased cell size and marked basal striations were 
found in the distal convoluted tubule. The authors concluded that chronic exposure 
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to radiation from 2G cell phone could cause microscopic changes in glomerulus, 
proximal, and distal convoluted tubules of the kidney.

Çiftçi et  al. determined the effects of prenatal and postnatal exposure (2 h/
day during the periods of pregnancy, 21 days, and lactation, 21 days) to Wi-Fi 
radiation (2.45 GHz, pulsed with 217 Hz, SAR 0.009 ± 0.002 W/kg per head) on 
tooth and surrounding tissue development as well as the element levels in growing 
Wistar albino rats (56). The offspring of these dams were also exposed to radiation 
up to decapitation. On the 7th, 14th, and 21st days after birth, EMR-exposed and 
sham exposed male offspring rats were decapitated and the jaws were taken for 
histological and immunohistochemical examination. Caspase-3 was used in the 
immunohistochemical examination for apoptotic activity. On the last day of the 
experiment, the rats’ incisors were also analyzed. RF exposure induced no apoptotic 
activity. However, iron and strontium concentrations were increased in the Wi-Fi-
exposed group, whereas boron, copper, and zinc concentrations were decreased. 
There were no statistically significant differences in calcium, cadmium, potassium, 
magnesium, sodium or phosphorus values between the groups. Histological and 
immunohistochemical examinations revealed no effects of exposure to 2.45 GHz 
radiation on the development of teeth and surrounding tissues. Given that Zn, B, and 
Cu can act as antioxidants by decreasing ROS while the increased Fe levels trigger 
OH− formation, the authors concluded that the revealed alterations in the elemental 
composition of the teeth, especially affecting such oxidative stress-related elements 
as copper, zinc, and iron, suggest an imbalance in the oxidative stress condition in the 
teeth of growing rats exposed to Wi-Fi radiation. The authors noted that the animals 
were exposed to Wi-Fi radiation for a period which is equivalent to approximately 
10 years in humans. Thus it is clear that the exposure period of this study is of too 
short a duration to draw conclusions as to the effects of Wi-Fi exposure over a lifetime.

Olgar et  al. exposed Wistar male rats to 2.1 GHz EMF (217 Hz-pulse rate, 
SAR 0.83 W/kg, 2 h/day, 7 days/week, 10 weeks) and investigated nitric oxide 
(NO), contractility and beta-adrenergic (beta-AR) responsiveness of ventricular 
myocytes  (57). Sarcomere shortening and Ca(2+) transients were recorded in 
isolated myocytes loaded with Fura2-AM and electrically stimulated at 1 Hz, while 
L-type Ca(2+) currents (I(CaL)) were measured using whole cell patch clamping at 
36 ± 1°C. Cardiac NO levels were measured in tissue samples using a colorimetric 
assay kit. Fractional shortening and amplitude of the matched Ca(2+) transients 
were not changed in the EMF exposed rats. Although the basal I(CaL) density in 
myocytes was similar between exposed and sham exposed groups, the isoproterenol-
induced (10(−6) M) I(CaL) response was reduced in rats exposed to EMF. Moreover, 
EMF exposure led to a significant increase in nitric oxide levels in the rat heart. 
The authors concluded that long-term exposure to 2.1 GHz EMF decreases beta-AR 
responsiveness of ventricular myocytes through NO signaling.

Cao et al. studied whether circadian rhythms of the plasma antioxidants (Mel, 
GSH-Px, and superoxide dismutase [SOD]) are affected by chronic exposure of male 
Sprague Dawley rats to the 1.8 GHz RF (201.7 µW/cm2 power density, 0.05653 W/kg 
SAR) (58). The animals were exposed to RF for 2 h/day at six specific times during 
the 24 h light-dark cycle (3, 7, 11, 15, 19 and 23 h Greenwich Mean Time (GMT), 
respectively) for 32 consecutive days. The concentrations of three antioxidants 
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(Mel, GSH-Px and SOD) were determined in blood samples. RF exposure shifted 
circadian rhythms in the synthesis of Mel and antioxidant enzymes, GSH-Px, and 
SOD. The Mel, GSH-Px, and SOD levels were significantly decreased when RF 
exposure was given at 23 and 3 h GMT. The overall results indicate that there may 
be adverse effects of RF exposure on antioxidant function, in terms of both the daily 
antioxidative levels, as well as the circadian rhythmicity.

Zhu et al. exposed adult male Institute for Cancer Research (ICR) mice to MW 
(continuous wave 900 MHz, 1.6 mW/cm2, whole body average SAR 0.731 W/kg) for 
4 hour/day for 15 days (59). At the end of exposure, each mouse was caged with 3 
mature virgin female mice for mating. After 7 days, each male mouse was transferred 
to a fresh cage and mated with a second batch of 3 females. This process was repeated 
for a total of 4 consecutive weeks. All females were subjected to examination on the 
18th day of gestation and presumptive mating. The overall observations during the 
4 weeks of mating indicated that the unexposed female mice mated to MW-exposed 
male mice showed no significant differences in the percentage of pregnancies, total 
implants, live implants, and dead implants when compared with those mated with 
sham exposed mice. In contrast, female mice mated with GR-exposed males showed 
a consistent pattern of significant differences in the above indices in each and all 4 
weeks of mating. These data indicated an absence of dominant lethal mutations upon 
exposure of the germ cells of male mice to MW under given conditions.

Kuybulu et al. investigated oxidative stress and apoptosis in kidney tissues of 
male Wistar rats, which were chronically exposed to MW (2.45 GHz, pulsed with 
217 Hz, whole body SAR of 0.143 W/kg, 60 min/day) in pre- and postnatal periods 
(60). Exposure during the prenatal period increased renal tissue malondialdehyde 
(MDA) and total oxidant (TOS) levels and decreased total antioxidant (TAS) and 
superoxide dismutase (SOD) levels. Spot urine N-acetyl-beta-D-glucosaminidase 
(NAG)/creatinine ratio was significantly higher in animals exposed in both pre- and 
postnatal periods. Tubular injury was detected in most of the specimens in postnatally 
exposed animals. Immunohistochemical analysis showed low-intensity staining with 
Bax in cortex and high-intensity staining with Bcl-2 in cortical and medullar areas of 
prenatally exposed rats. Bcl2/Bax ratios of medullar and cortical area were higher in 
prenatally exposed rats than in sham exposed animals. These findings indicated that 
chronic MW exposure during pre- and postnatal periods may cause kidney injury.

In conclusion, available data encourage evaluation of risks for a wide spectrum of 
diseases before any new type of mobile communications is set up.

4.2.6 CARCINOGENESIS

In 2011, the International Agency for Research on Cancer (IARC) Working Group 
reviewed more than 40 studies in which the carcinogenicity of RF-EMF was assessed in 
rodents; among these studies were seven two-year oncogenicity bioassays (4,61). All these 
studies explored very few RF signals including the frequency of 2450 MHz and some 
frequencies within the frequency range of emissions from cell phones. An increased 
total number of malignant tumors were identified in RF-exposed animals in one of the 
seven chronic bioassays in animals exposed to RF-EMF for two years. Increased cancer 
incidences in exposed animals were noted in two of twelve studies with tumor-prone 
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animals and in one of eighteen studies using initiation-promotion protocols. However, 
four of six cocarcinogenesis studies provided evidence of increased cancer incidences 
after exposure to RF. Overall, the IARC Working Group concluded in 2011 that there 
is limited evidence in experimental animals for the carcinogenicity of RF-EMF (61).

One cocarcinogenesis lifetime study with mice suggested tumor-promoting effects 
of UMTS signals (62). Lerchl et al. have recently performed a replication of this study 
using higher numbers of animals per group and including two additional exposure 
levels (0 (sham), 0.04, 0.4, and 2 W/kg SAR) (63). This study confirmed and extended 
the originally published observations of tumor-promoting effects of life-long RF-EMF 
exposure. Numbers of tumors of the lungs and livers in RF-exposed animals were 
significantly higher than in sham exposed controls. In addition, lymphomas were also 
found to be significantly elevated by exposure. The same tumor-promoting effects 
were seen at nonthermal exposure levels (0.04, and 0.4 W/kg SAR), thus well below 
exposure limits for the users of mobile phones. The authors concluded that these 
findings may help explain the repeatedly reported increased incidences of brain 
tumors in heavy users of mobile phones.

A report has recently been released from The National Toxicology Program (NTP) 
under the National Institutes of Health (NIH) in USA on the largest ever animal 
2-year study on cell phone RF radiation and cancer (64). Rats were exposed to either 
GSM- or code-division multiple access (CDMA)-moduleated signals at 900 MHz 
beginning in utero (SAR 0, 1.5, 3, 6 W/kg, 9 h per day, 10 min on/off, 7 days per 
week). An increased incidence of glioma in the brain and malignant schwannoma 
in the heart was found in rats at all SAR values and both types of signal. This effect 
was statistically significant in males only. A statistically significant SAR-dependent 
trend for GSM and CDMA exposures in males was found. Comet assay showed a 
statistically significant increased trend and SAR-dependent increase of DNA damage 
in the frontal cortex of males. Acoustic neuroma or vestibular schwannoma is a 
similar type of tumor as the one found in the heart, although it is benign. Thus, 
this animal study supported human epidemiological findings on chronic exposure 
to RF radiation and brain tumor risk (5,65,66). The strength of the NTP study is in 
its: (i) long term exposure covering in utero period and comparable with life span, 
(ii) usage of GSM/CDMA modulations and intermittent exposure that is close to 
exposure from mobile phones in real life, and (iii) large animal group providing 
high statistical power. The limitation of this study is in using only one GSM and 
one CDMA frequency, 900 and 1900 MHz, respectively, from multiple frequency 
channels used in mobile communication. The previously reviewed data showed 
frequency dependent effects of nonthermal RF (8). In particular, our studies showed 
that the mobile phone frequency channels vary in their efficiency to affect human cells 
(67–69). In particular, the frequency of 915 MHz was shown to affect the blood brain 
barrier and inhibit DNA repair in rats and human cells, respectively. The frequency 
of 905 MHz was much less effective in experiments with human cells. Thus, some of 
mobile phone frequency channels may be more or less detrimental. The usage of only 
two frequencies from GSM/CDMA mobile communication in the NTP study might 
underestimate carcinogenic effects from everyday exposures to mobile phone RF at 
various frequency channels. The finding that increased cancer risks was revealed in 
RF-exposed males only is not a limitation of this study. According to IARC, ‘“the 



81Health Effects of Chronic Exposure to Mobile Communication

probability that tumors will occur may depend on the species, sex, strain, genetic 
background, and age of the animal, and on the dose, route, timing, and duration of 
the exposure. Evidence of an increased incidence of neoplasms with increasing levels 
of exposure strengthens the inference of a causal association between the exposure 
and the development of neoplasms.” p. 22 (4).

4.3  HUMAN STUDIES WITH VOLUNTEERS 
AND EPIDEMIOLOGICAL STUDIES

4.3.1 SPERM, REPRODUCTIVE SYSTEM, AND FERTILITY

Recent review included meta-analysis of 11 studies on human males of reproductive 
age (70). Based on this meta-analysis, mobile phone use was associated with 
deterioration in semen quality. The traits adversely affected were sperm concentration, 
sperm morphology, sperm motility, sperm viability, proportion of nonprogressive 
motile sperm, and slow progressive motile sperm. Direct exposure of spermatozoa 
to mobile phone radiation in in vitro studies also significantly deteriorated the sperm 
quality by reducing straight line velocity, fast progressive motility, hypo-osmotic 
swelling (HOS) test score, major axis, minor axis, total sperm motility, perimeter, 
area, average path velocity, curvilinear velocity, motile spermatozoa, and acrosome 
reacted spermatozoa. The strength of evidence for the different outcomes varied from 
very low to very high. The analysis shows that mobile phone use is possibly associated 
with a number of deleterious effects on human spermatozoa.

Al-Ali et  al. evaluated association of cell phone usage with erectile function 
(EF) in men (71). 20 men complaining of erectile dysfunction (ED) for at least six 
months (Group A), and 10 healthy men with no complaints of ED (Group B) were 
evaluated. Anamnesis, basic laboratory investigations, and clinical examinations were 
performed. All men completed the German version of the Sexual Health Inventory for 
Men (SHIM) for evaluation of the International Index of Erectile Function (IIEF), as 
well as another questionnaire designed for assessing cell phone usage habits. There 
was no significant difference between both groups enrolled regarding age, weight, 
height, and total testosterone. The SHIM scores of Group A were significantly lower 
than that of Group B. While total time spent talking on the cell phone per week 
was not significantly higher in Group A over B, men with ED were found to carry 
their ‘switched on’ cell phones for a significantly longer time than those without ED. 
The data indicated that the total time of chronic exposure to EMF of the cell phone 
might be more important than the relatively short duration of intense exposure during 
making cellular phone calls.

El-Helaly and Mansour studied the effects of cell phones usage on the quality of 
human semen from 262 male attending an andrology clinic for infertility evaluation 
(72). The study analyzed cell phone use, duration of daily use in minutes, and how the 
participants kept or handled their cell phones in relation to their bodies. Semen quality 
parameters of the participants did not differ significantly between cell phone users 
and cell phone nonusers. Also, semen quality parameters did not differ significantly 
according to daily use of cell phone in minutes or in years. Those who kept their cell 
phones in their trouser pockets had lower sperm motility compared to those who 
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kept their cell phone in their waist pouch, shirt pocket or in hands, but the diffidence 
was not statistically significant. This study failed to find any significant reduction of 
semen quality parameters in association with cell phone use.

Zilberlicht et al. investigated an association between characteristics of cell phone 
usage and semen quality in 106 men who underwent a first-time semen analysis as 
a part of infertility workup (73).Talking for ≥1 h/day and during device charging 
were statistically significantly associated with higher rates of abnormal semen 
concentration. Among men who reported holding their phones ≤50 cm from the 
groin, a nonsignificantly higher rate of abnormal sperm concentration was found 
(47.1% versus 11.1%). Multivariate analysis revealed that talking while charging 
the device and smoking were risk factors for abnormal sperm concentration. These 
findings suggested that certain aspects of cell phone usage may bear adverse effects 
on sperm concentration.

While not universal, available studies indicate that prolonged usage of mobile 
phone may affect human sperm and fertility.

4.3.2 HEARING

Few studies have recently evaluated the effects of chronic MW exposure on hearing 
(74–77). While these studies did not usually find any effects of using mobile phone 
up to 5 years on hearing, the latency of waves in auditory brainstem responses 
(ABR) was significantly prolonged in subjects using mobile phones for 10 years 
for a maximum of 30 min/day as compared to the control group in one study 
(76). The authors concluded that long term exposure to mobile phones may affect 
conduction in the peripheral portion of the auditory pathway. No endpoints relevant 
for carcinogenicity were evaluated in these studies and the number of participants 
enrolled to these studies was rather limited suggesting further investigations with 
a larger group.

4.3.3 TYPE 2 DIABETES MELLITUS

Meo et al. studied the association of exposure to RF EMF generated by mobile phone 
base stations for 6 h daily, five days in a week, with glycated hemoglobin (HbA1c), 
which is commonly used as a marker of hyperglycemia and an independent and reliable 
marker for diabetes mellitus, and occurrence of type 2 diabetes mellitus (78). For this 
study, 159 male students aged 12–17 years were recruited from two different elementary 
schools (school-1 and school-2). Mobile phone base stations were about 200 m away 
from each school. RF EMF was measured inside both schools; 9.601 nW/cm2 in school 
1 and 1.909 nW/cm2 in school 2. HbA1c was measured in blood samples collected 
from the students. The mean HbA1c for the students who were exposed to higher RF 
EMF was significantly higher than the mean HbA1c for the students who were exposed 
to lower RF EMF. Moreover, students who were exposed to higher RF EMF had a 
significantly higher risk of type 2 diabetes mellitus relative to their counterparts who 
were exposed to lower RF-EMF. These findings indicated that chronic exposure to 
RF-EMF of 9.601 nW/cm2 is associated with elevated levels of HbA1c and risk of type 
2 diabetes mellitus.
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4.4  ACADEMIC PERFORMANCE, SLEEPINESS, MENTAL 
HEALTH, AND SUBJECTIVE WELL-BEING

Lepp et al. investigated the relationships between total cell phone use and texting on 
Satisfaction with Life (SWL), Academic Performance (GPA), and anxiety in college 
students (79). Both cell phone use and texting were negatively related to GPA and 
positively related to anxiety while GPA was positively related to SWL and anxiety was 
negatively related to SWL. These findings indicate that increased use may negatively 
impact academic performance, mental health, and subjective well-being or happiness.

Byun et al. evaluated the association between mobile phone use and symptoms 
of Attention Deficit Hyperactivity Disorder (ADHD) considering the modifying 
effect of lead exposure (80). A total of 2422 children at 27 elementary schools in 
10 Korean cities were examined and followed up 2 years later. Parents filled in a 
questionnaire including the Korean version of the ADHD rating scale and questions 
about mobile phone use, as well as socio-demographic factors. The ADHD symptom 
risk for mobile phone use was estimated at two time points using logistic regression 
and combined over 2 years using the generalized estimating equation model with 
repeatedly measured variables of mobile phone use, blood lead, and ADHD symptoms, 
adjusted for covariates. Voice call use variables (number of outgoing calls per day, 
average time spent per voice call, and cumulative time spent for voice calls) showed 
increased risks for ADHD symptoms according to increasing mobile phone exposure. 
The ADHD symptom risk associated with mobile phone use for voice calls, but the 
association was limited to children exposed to relatively high lead after adjustment 
for several covariates. The authors concluded that simultaneous exposure to lead 
and RF from mobile phone use was associated with increased ADHD symptom risk.

Redmayne et  al. evaluated associations between self-reported use of wireless 
telephone and internet technology and well-being of New Zealand adolescents (81). 
The participants completed questionnaires in class about their mobile phone and 
cordless phone use, their self-reported well-being, and possible confounders. Parental 
questionnaires provided data on whether they had WiFi at home and cordless phone 
ownership and model. The 373 enrolled participants were reported to use analogue 
and digital cordless phones, the latter utilizing DECT, DECT6, Wideband Digital 
Enhanced Cordless Telecommunication (WDECT), Digital Signal Standard (DSS), 
and frequency hopping spread spectrum (FHSS) modulation systems. They were 
categorized in four groups: (A) nonusers of cordless phone, (B) analogue phone, (C) 
DECT and DECT6 phones, and (D) the remainder. The frequency ranges were (1) 
30–40 and 900 MHz, (2) 1.8 and 1.9 GHz, (3) 2.4 GHz, and (4) 5.8 GHz. Use of mobile 
phone and cordless phone ≥3 times weekly was associated with increased risk of 
headaches. Several cordless phone frequencies bands were statistically significantly 
related to tinnitus, feeling down/depressed, and sleepiness at school. This study 
revealed more statistically significant associations (36%) of mobile phone use and 
well-being than could be expected by chance (5%), with several of these associations 
being dependent on dose (number and duration of calls). The data also suggested 
apparent significance of some frequency bands or systems used by cordless phones.

Nathan et al. investigated an association between mobile phone use, especially 
at night, and sleepiness in a group of 191 US teenagers using a questionnaire 
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containing an Epworth Sleepiness Scale (ESS) modified for teens and questions about 
qualitative and quantitative use of the mobile phone (82). Multivariate regression 
analysis indicated that ESS score was significantly associated with being female, 
feeling a need to be accessible by mobile phone all of the time, and a past attempt to 
reduce mobile phone use. The number of daily texts or phone calls was not directly 
associated with ESS. The relationship between daytime sleepiness and mobile phone 
use was not directly related to the number of daily texts or phone calls, but may be 
related to the temporal pattern of mobile phone use.

Zheng et al. studied the association between mobile phone (MP) use and inattention 
in 7102 students in 4 middle schools (83). The mean age was 15.26 ± 1.77 years. 
Participants owned mobile phones at the time of the survey and had been using 
a mobile phone for a mean of 3.50 ± 2.48 years. Participants spent 57.36 ± 71.96 
minutes on entertainment and 8.64 ± 15.48 minutes on making calls daily. 
Inattention was assessed as defined for the Attention Deficit component of Attention 
deficit/Hyperactivity disorder (ADHD) by the Diagnostic and Statistical Manual of 
Mental. After adjustment for confounders, inattention in adolescents was significantly 
associated with MP ownership, the time spent on entertainment on mobile phone per 
day, the position of the MP during the day, and the mode of the mobile phone at night. 
The strongest association between inattention and the time spent on the mobile phone 
was among students who spent ≥60 minutes per day playing on their mobile phone. 
This data indicated association between mobile phone use and inattention in Chinese 
adolescents. The authors advised that decreasing mobile phone usage to ≤60 minutes 
per day may help adolescents to stay focused and centered.

In their cross-sectional study, Zheng et  al. investigated associations between 
mobile phone use and well-being among 746 children in the two primary schools 
in Chongqing, China (84). The average age of the participants in the survey was 
10.6 ± 0.6 years and the average year of mobile phone usage was 1.3 ± 1.5 years. 
Fatigue was significantly associated with the years of mobile phone usage and the 
daily duration of mobile phone calls. Headache was significantly associated with 
the daily duration of mobile phone calls. However, only the association between 
fatigue and mobile phone usage remained statistically significant after adjusting 
for confounders. There was no significant association between MP use and other 
physical symptoms (dizziness, sleeping problems, feeling low, heart beating fast) 
in children. This study indicated that there was a consistent significant association 
between mobile phone use and fatigue in children.

Huss et al. evaluated association of chronic exposure to RF-EMF with reported 
quality of sleep in 2361 Amsterdam born children, aged 7 years (85). When children 
were about five years old, school and residential exposure to RF-EMF from base stations 
was assessed with a geospatial model (NISMap) and from indoor sources (cordless 
phone/WiFi) using parental self-reports. Parents also reported their children’s use of 
mobile or cordless phones. When children were seven years old, sleep quality was 
evaluated with the Child Sleep Habits Questionnaire (CSHQ) filled in by parents. Of 
eight CSHQ subscales, sleep onset delay, sleep duration, night wakening, parasomnias, 
and daytime sleepiness were evaluated with logistic or negative binomial regression 
models, adjusting for child’s age and sex and indicators of socio-economic position of 
the parents. The remaining three subscales (bedtime resistance, sleep anxiety, sleep 



85Health Effects of Chronic Exposure to Mobile Communication

disordered breathing) were evaluated as unrelated outcomes (negative control). Sleep 
onset delay, night wakening, parasomnias, and daytime sleepiness were not associated 
with residential exposure to RF-EMF from base stations. Sleep duration scores were 
associated with RF-EMF levels from base stations. Higher mobile phone use was 
associated with less favorable sleep duration, night wakenings, and parasomnias, and 
also with bedtime resistance. Cordless phone use was not related to any of the sleeping 
scores. Based on inconsistent findings for different RF sources, which otherwise are 
well expected based on studies and mechanisms reviewed previously (2,3,8), the 
authors suggested that the revealed sleep disorders may also be potentially caused by 
other factors that are related to mobile phone usage such as the displacement of sleep 
by media use, physiological arousal when using media in the evenings or bright (blue) 
light from screens suppressing melatonin.

Schoeni et al. investigated association of memory performance in adolescents with 
the dose of RF exposure from mobile communication devices in their longitudinal 
epidemiological cohort study with 439 adolescents (86). Verbal and figural memory 
tasks at baseline and after one year were completed using a standardized, computerized 
cognitive test battery. Use of wireless devices was inquired by questionnaire and 
operator recorded mobile phone use data was obtained for a subgroup of 234 
adolescents. Exposure from cordless phone base stations, WLAN access points, and 
other people’s mobile phones were estimated by linear regression models calibrated 
on the personal measurement data available from 95 study participants. RF-EMF dose 
measures considering various factors affecting RF-EMF exposure were computed 
for the brain and the whole body. A substantial correlation was found between self-
reported mobile phone call duration and brain dose of the whole sample. In linear 
exposure-response models, an interquartile increase in cumulative operator recorded 
mobile phone call duration was associated with a decrease in figural memory 
performance score by 0.15 (95% CI: 0.33, 0.03) units. For cumulative RF-EMF brain 
and whole body dose, corresponding decreases in figural memory scores were 0.26 
(95% CI: 0.42, 0.10) and 0.40 (95% CI: 0.79, 0.01), respectively. Compared to the 
low exposure group (below median), significant decreases were observed in the 
high exposure group for brain dose (−1.16; 95% CI: −1.99, −0.34) and whole body 
dose (−0.86; 95% CI: −1.67, −0.05) of the whole sample and for the brain dose of 
the sample with operator data (−1.62; 95% CI: −2.63, −0.61). Stratified analyses 
according to the preferred side of mobile phone use revealed for the analyses of the 
figural memory test in the whole sample a stronger effect estimate for the brain dose 
of right side mobile phone users compared to the group of left side and no preference 
side users (change per interquartile range: −0.52 (95% CI: −0.82, −0.22) vs. 0.27 
(95% CI: −0.35, 0.89)). For the verbal memory test, the pattern tended to be reversed 
with somewhat stronger effect estimates for the left side users and those without a 
side preference compared to the right side users. Of note, during figural memory 
processes, encoding elicits bilateral prefrontal activity and retrieval increases the 
activity in bilateral or right-sided temporal regions and in bilateral prefrontal regions. 
In contrary, during verbal encoding increases in prefrontal and temporal brain 
activity in the left hemisphere can be seen. Stronger overall effects observed for 
figural memory processes predominantly involving the right hemisphere compared 
to the verbal memory tasks mostly involving the left hemisphere were compatible 
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with the fact that 81.2% of the study participants reported mainly used mobile phones 
on the right side, but only 18.8% on the left side or with no laterality preference. No 
exposure-response associations were observed for sending text messages and duration 
of gaming, which produced tiny RF-EMF emissions. Finally, the data indicated 
that negative effects on memory performance over one year were associated with 
cumulative duration of wireless phone use and more strongly with RF-EMF dose. 
Within various dose measures, stronger associations were observed for brain than 
for whole body dose. The laterality analyses indicated stronger associations for right 
side users for the figural memory task whereas the reverse pattern was seen for the 
verbal task.

In conclusion, several studies provided evidence that that long-term chronic 
exposure to signals of mobile communications may affect cognitive functions.

4.5 PRENATAL EXPOSURE TO MOBILE PHONE

Studies examining prenatal exposure to mobile phone use and its effect on child 
neurodevelopment showed different results depending on the child’s developmental 
stages. Adverse effects have been reported in later ages at 7 years (87,88), and 
11 years (89). However, no effects were reported for earlier ages, at 14 months (90), 
at 6 and 18 months (91), at 3 years (92) and 5 years (93). All these studies were based 
on retrospective assessment of cell phone use. Birks et al. have recently assessed 
this association in a multi-national analysis, using data from three cohorts with 
prospective data on prenatal cell phone use, together with previously published data 
from two cohorts with retrospectively collected cell phone use data (94). They used 
individual participant data from 83,884 mother-child pairs in the five cohorts from 
Denmark (1996–2002), Korea (2006–2011), the Netherlands (2003–2004), Norway 
(2004–2008), and Spain (2003–2008). Cell phone use was categorized into none, 
low, medium, and high based on frequency of calls during pregnancy reported by 
the mothers. Child behavioral problems were classified in the borderline/clinical 
and clinical ranges using validated cut-offs in children aged 5–7 years. Overall, 
38.8% of mothers, mostly from the Danish cohort, reported no cell phone use during 
pregnancy and these mothers were less likely to have a child with overall behavioral, 
hyperactivity/inattention or emotional problems. The trend of increased risk of child 
behavioral problems through the maternal cell phone use categories was observed 
for hyperactivity/inattention problems (OR for problems in the clinical range: 1.11, 
95% CI 1.01, 1.22; 1.28, 95% CI 1.12, 1.48, among children of medium and high 
users, respectively). This association was fairly consistent across cohorts and between 
cohorts with retrospectively and prospectively collected cell phone use data. The 
authors concluded that maternal cell phone use during pregnancy may be associated 
with an increased risk for behavioral problems, particularly hyperactivity/inattention 
problems, in the offspring.

Tan et al. assessed the association between maternal lifestyle factors and risk of 
threatened miscarriage in their recent case-control study in the largest maternity hospital 
in Singapore, with over 12,000 deliveries a year (95). Cases were 154 women with 
threatened miscarriage in the 5th to 10th weeks of gestation; controls were 264 women 
without threatened miscarriage. Lifestyle variables were: current and past cigarette 
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smoking, current second-hand cigarette smoke exposure, computer and mobile phone 
use, perceived stress, past contraceptive use, past menstrual regularity, and consumption 
of fish oils, caffeine, and alcohol. A positive association of threatened miscarriage with 
second-hand smoke exposure, computer usage (>4 hours/day), caffeine consumption 
and mobile phone usage (>1 hour/day) was found using multivariate analysis. Mobile 
phone use for 1–2 hours/day had an odds ratio (OR) of 2.94 (95% CI 1.32–6.53) and use 
for >2 hours/day had an OR of 6.32 (95% CI 2.71–14.75) as compared to <1 hour/day. 
Thus, longer duration of mobile phone use was associated with higher risk. The data 
suggested that prolonged mobile phone use correlated with threatened miscarriage and 
a dose-response relationship was observed.

Mahmoudabadi et al. investigated possible association between chronic exposure 
to electromagnetic fields of cell phones and spontaneous abortion (96). In this 
case-control study, 292 women who had an unexplained spontaneous abortion at 
<14 weeks gestation and 308 pregnant women >14 weeks gestation were enrolled. 
The data about socioeconomic and obstetric characteristics, medical and reproductive 
history, lifestyles, and use of cell phones during pregnancy were collected. The data 
on cell usage included the average calling time per day, the location of the cell phones 
when not in use, use of hands-free equipment, use of phones for other applications, 
the phone SAR reported by the manufacturer, and the effective SAR determined as 
average duration of calling time per day x SAR. This last parameter estimated the 
per day dose of RF exposure from a phone. All the data pertaining to mobile phones 
were different between the two groups except the use of hands-free devices. Logistic 
regression analysis revealed a significant association between the effective SAR (per 
day RF dose) with the risk of spontaneous abortions after adjustment for maternal 
age, paternal age, history of abortions, and family relationships. These findings 
suggested that use of mobile phones can be related to the early spontaneous abortions.

To conclude, the available data encourage warnings against prenatal usage of 
mobile communication.

4.6 CARCINOGENESIS AND MOBILE PHONE USE

Several epidemiological studies had examined the association between cell phone 
use and tumors in the parotid glands. These studies provided contradictory results. 
de Siqueira et  al. evaluated the available literature to determine their statistical 
significance using meta-analysis (97). Only three studies satisfied the criteria to be 
included in the meta-analysis. Using these independent samples representing 5087 
subjects from retrospective case-control studies, cell phone use was revealed to be 
associated with greater odds (1.28, 95%-confidence interval 1.09–1.51) to develop 
salivary gland tumor.

West et al. reported a case series of four young women aged from 21 to 39 with 
multifocal invasive breast cancer that raises the concern of a possible association with 
exposure to electromagnetic fields from cellular phones (98). All patients regularly 
carried their smartphones directly against their breasts in their brassieres for up to 
10 hours a day, for several years, and developed tumors in areas of their breasts 
immediately underlying the phones. While breast cancer occurring in women under 
the age of 40 is uncommon in the absence of family history or genetic predisposition 
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such as mutated BRCA1 and BRCA2, all patients had no family history of breast 
cancer, tested negative for BRCA1 and BRCA2, and had no other known breast 
cancer risks. Their breast imaging has shown clustering of multiple tumor foci in the 
breast directly under the area of phone contact. Pathology of all four cases revealed 
striking similarity; all tumors were hormone-positive, low-intermediate grade, having 
an extensive intraductal component, and all tumors have near identical morphology. 
The findings supported the notion that prolonged direct cellular phone contact may 
be associated with the development of breast carcinoma.

de Vocht analyzed the 1985–2014 incidence of selected brain cancer subtypes 
in England and compared to counterfactual ‘synthetic control’ time series were 
(99). More specifically, two specific hypotheses are addressed: (1) trends in 
histologically-defined brain cancers that have previously been linked to mobile 
phone exposure; malignant glioma and glioblastoma multiforme (Grade IV 
astrocytoma) or GBM4, and (2) malignant neoplasms of the temporal and parietal 
lobes, which receive the highest exposures, and for which the temporal lobe has 
especially been highlighted as an important location of interest. Annual 1985–
2014 incidence of malignant glioma, glioblastoma multiforme, and malignant 
neoplasms of the temporal and parietal lobes in England were modeled based 
on population-level covariates using Bayesian structural time series models 
assuming 5, 10, and 15 year minimal latency periods. Post-latency counterfactual 
‘synthetic England’ time series were nowcast based on covariate trends. The 
impact of mobile phone use was inferred from differences between measured 
and modelled time series. There was no evidence of an increase in malignant 
glioma, glioblastoma multiforme or malignant neoplasms of the parietal lobe 
not predicted in the ‘synthetic England’ time series. Malignant neoplasms of the 
temporal lobe, however, have increased faster than expected. A latency period 
of 10 years reflected the earliest latency period when this was measurable and 
related to mobile phone penetration rates, and indicated an additional increase 
of 35% (95% Credible Interval 9%:59%) during 2005–2014; corresponding to an 
additional 188 (95% CI 48–324) cases annually. The author concluded that a causal 
factor, of which mobile phone use (and possibly other wireless equipment) is in 
agreement with the hypothesized temporal association, is related to an increased 
risk of developing malignant neoplasms in the temporal lobe.

Few recent meta-analyses of available case-control studies have consistently shown 
that long term mobile phone use is associated with statistically significant increased 
risks of brain tumors while no such association is seen with shorter usage (5,6,66,100). 
The impact of study quality and source of finding has also been estimated.

Bortkiewicz et al. conducted a systematic review and meta-analysis of multiple 
works on the association between the use of mobile phones and brain cancer (66). 
The inclusion criteria were: original papers, case-control studies, published after 
the end of March 2014, measures of association (point estimates as odds ratio and 
confidence interval of the effect measured), and data on individual exposure. Twenty-
four studies (26,846 cases, 50,013 controls) were included in the meta-analysis. A 
significantly higher risk of an intracranial tumors (all types) was noted for the time 
from the first regular mobile phone use over 10 years (odds ratio (OR) = 1.25, 95% 
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confidence interval (CI): 1.04–1.52), and for the ipsilateral location (OR = 1.29, 95% 
CI: 1.06–1.57). The results indicated that long-term use of mobile phones increased 
risk of intracranial tumors, especially in the case of ipsilateral exposure.

Prasad et al. investigated whether the methodological quality of studies and 
source of funding can explain the variation in results for increased brain tumor 
risks accumulated in epidemiologic studies (6). Twenty-two case-control studies 
were included for systematic review. Meta-analysis of 14 case-control studies 
showed practically no increase in risk of brain tumor (OR 1.03 (95% CI 0.92–1.14)). 
However, for mobile phone use of 10 years or longer (or >1640 h), the overall 
result of the meta-analysis showed a significant 1.33 times increase in risk. The 
summary estimate of government funded as well as phone industry funded studies 
showed 1.07 times increase in odds, although it was not significant. The mixed 
funded studies did not show any increase in risk of brain tumor. Relationship 
between source of funding and log OR for each study was not statistically 
significant (p < 0.32, 95% CI 0.036–0.010). Meta-regression analysis indicated 
that the increased risk was significantly associated with methodological study 
quality (p < 0.019, 95% CI 0.009–0.09). Studies with higher quality showed a 
trend toward high risk of brain tumor, while lower quality showed a trend toward 
lower risk/protection. This data provided evidence linking mobile phone use and 
risk of brain tumors especially in long-term users while lower quality studies 
underestimated this risk.

Garlberg and Hardell used Bradford Hill’s viewpoints from 1965 on association 
or causation for assessment of glioma risk and use of mobile or cordless phones 
(65). All nine viewpoints were evaluated based on epidemiology and laboratory 
studies. (1) Strength: meta-analysis of case-control studies gave odds ratio 
(OR) = 1.90, 95% confidence interval (CI) = 1.31–2.76 with highest cumulative 
exposure. (2) Consistency: the risk increased with latency, meta-analysis gave in 
the 10+ years’ latency group OR = 1.62, 95% CI = 1.20–2.19. (3) Specificity: 
increased risk for glioma was in the temporal lobe. Using meningioma cases as 
a comparison group still increased the risk. (4) Temporality: highest risk was 
in the 20+ years’ latency group, OR = 2.01, 95% CI = 1.41–2.88, for wireless 
phones. (5) Biological gradient: cumulative use of wireless phones increased the 
risk. (6)  Plausibility: animal studies showed an increased incidence of glioma 
and malignant schwannoma in rats exposed to RF radiation. There is increased 
production of ROS from RF radiation. (7) Coherence: there is a change in the 
natural history of glioma and increasing incidence. (8) Experiment: antioxidants 
reduced ROS production from RF radiation. (9) Analogy: there is an increased risk 
in subjects exposed to extremely low-frequency electromagnetic fields (see also 
present report. V.). The authors concluded that RF radiation should be regarded as 
a human carcinogen causing glioma.

A growth in brain cancer incidence including most exposed temporary lobe was 
described by the cancer registers of some countries (101,102). However, comparison 
of these data with increased cancer risks from mobile telephony should be done with 
caution due to reported incompleteness of cancer registers in different countries, 
which may mask increased cancer incidence (101,103,104).
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4.7 DISCUSSION

4.7.1 CHRONIC EXPOSURES TO NT MW AND SAFETY GUIDELINES

The effects of exposure to NT MW depend on many biological and physical 
parameters including exposure duration (2,3,8). This dependence is a key reason for 
variability in the NT MW effects reported in different studies. However, many studies 
have consistently shown that significant biological and health effects are observed 
under prolonged durations of exposure (7,105). This chapter reviewed recent studies 
on health effects of chronic exposure to NT MW.

Available studies show that chronic exposure to NT MW may result in various 
health effects affecting the central nervous system, memory, leaning, reproductive 
system, fertility, and immune functions. Chronic exposure to NT MW from mobile 
communication at ≥10 years correlated with increased cancer risk. Overall, there 
is strong evidence that chronic exposure to NT MW from mobile communication 
adversely affects health. As far as the ICNIRP safety guidelines, which were adopted 
by many countries, are based on acute thermal MW effects only, they do not save the 
population from the adverse effects from chronic exposure to NT MW. Moreover, 
the SAR concept, which is only relevant to thermal effects and acute exposures, is 
not useful for protection against adverse effects from chronic exposures to NT MW. 
Thus, all available data strongly suggest that power density along with duration of 
exposure should be applied for safety limits (7,106).

Russia was the first country in the world to develop the safety standards for RF/
MW exposure, which were based on a 30-year research performed in several Soviet 
institutions. In these studies, different types of animals (mice, rats, rabbits, guinea pigs) 
were chronically exposed to NT MW at different PD, frequencies, and modulations. 
According to 40 Soviet studies selected by the Russian National Committee of 
Non-Ionizing Radiation Protection (RCNIRP) based on standard quality criteria, 
the unfavorable bioeffects were observed in animals under chronic MW exposures 
(18). The studied endpoints included histological analysis of tissues, central nervous 
system, arterial pressure, blood and hormonal studies, immune system, metabolism 
and enzymatic activity, reproductive system, teratogenic, and genetic effects. 
RCNIRP concluded that: (1) data on chronic MW exposure should be considered 
during development of guidelines; (2) application of SAR concept at nonthermal 
PD less than 100 µW/cm2 is questionable; (3) the role of other parameters such as 
modulation and duration of exposure should be taken into account; (4) development 
of safety guidelines would greatly benefit from the knowledge of the biophysical 
mechanisms for the NT MW effects. Based on multiple data on chronic exposure to 
NT MW, Soviet/Russian safety standards limited exposure by duration and power 
density PD while the SAR concept was not applied (10).

Significant progress has recently been reached in understanding the biophysical 
mechanisms for the NT MW bioeffects (2). Emerging evidence suggests that these 
nonthermal effects occur due to oxidative stress, induced intracellular signaling 
cascades, transmembrane processes, conformational changes, changes in gene/
protein expression, cellular metabolism, transmembrane signal transduction, and 
cell cycle progression (3).
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4.8  COMBINED ASSESSMENT OF NONTHERMAL AND THERMAL 
EFFECTS UPON CHRONIC EXPOSURES TO MOBILE PHONE

This chapter considered the effects of chronic exposure to nonthermal MW (less 
than or equal to 2 W/kg) only. However, the French government agency L’Agence 
Nationales des Fréquences (ANFR) reported that despite non-thermal SAR values 
less than 2 W/kg are commonly indicated in the manuals from mobile phone, most of 
them significantly exceed these values if used in contact with head (https ://data.anfr.
fr/explore/dataset/das-telephonie-mobile/?disjunctive.marque&disjunctive.modele). 
The ANFR tested hundreds of mobile phones for SAR when the phones operated at 
maximum power. If phones were measured at the distance of 15 mm from the body, 
the SAR complied with the ICNIRP guidelines of 2 W/kg. When the same phones 
were measured at 5 mm from the body, most, but not all phones complied. On the 
other hand, many phones had SAR levels above the ICNIRP guidelines in contact 
with the body. These new data complicate assessment of risks from chronic exposures 
to mobile phone suggesting consideration of the combined nonthermal and thermal 
effects.

4.8.1 NEW TECHNOLOGIES, 5G

New mobile communication technologies are implemented every 5–10 years 
without any test for potential health risks under chronic exposures. As soon as the 
laboratory and epidemiological studies have collected data on potential health risks 
of currently used technologies (e.g. brain tumor risks associated with 1G, 2G, and 
3G mobile communication), these signals are replaced by newer ones. However, 
given the dependence of MW effects on multiple parameters, generally established 
dependence of health effects on duration of chronic exposure, and latency time 
≥10 years, the obtained data on current and past technologies are almost useless 
for prediction of health risks for newer developed mobile communication signals. 
At the moment, 5G communications, which use extremely high frequency MW or 
millimeter waves (MMW, wavelength 1–10 mm), is planned to be introduced in 
many countries. It follows from multiple studies that MMW can affect biological 
systems and human health, both positively and negatively, under specific conditions 
of exposure at very low intensities below the ICNIRP guidelines (107–109). Various 
biological and health effects have been described, which commonly depend on 
multiple physical and physiological parameters. In particular, MMW inhibited 
repair of DNA damage induced by ionizing radiation under specific conditions of 
exposure (109). On other hand, MMW exposure at individually selected frequencies 
has been used in ex-USSR countries for treatment of various diseases since the 
1980s. For example, Sit’ko et al. described the frequency of 56.46 GHz, which was 
found during an ordinary search for therapeutic frequencies based on sensorial 
reactions of a patient with duodenal ulcer (110). A negative sensation (defined as 
spastic contraction of musculus quadricepts femoris) was repeatedly observed 
under applying MMW at this frequency. This sensory reaction allowed tracking 
the stomach meridian by using a static magnet at 4 mT. Exposure at the frequency 

https://data.anfr.fr/explore/dataset/das-telephonie-mobile/?disjunctive.marque&disjunctive.modele
https://data.anfr.fr/explore/dataset/das-telephonie-mobile/?disjunctive.marque&disjunctive.modele
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of 56.46 GHz worsened the health condition of the patient. Thus, this exposure was 
aborted and the patient received treatment at the resonance therapeutic frequency 
found by typical positive sensations reviewed by Kositsky et  al. (https ://www . 
salzburg.gv.at/gesundheit_/Documents/2001_kositsky_et_al._-_ussr_review-2.
pdf). After successfully healing the duodenal ulcer at the MMW resonance 
therapeutic frequency, the negative response of the patient to the frequency of 
56.46 GHz disappeared.

To what extent the 5G technology, the Internet of Things, will affect the biota and 
human health is definitely not known. However, based on the possible fundamental 
role of MMW in regulation of homeostasis (111,112) and almost complete absence of 
MMW in the atmosphere due to effective absorption suggesting lack of adaptation to 
this type of radiation, the health effects of chronic exposures to MMW may be more 
significant than for any other frequency range.

4.9 CONCLUSION

Chronic exposure to nonthermal microwaves (NT MW) may result in various health 
effects affecting the central nervous system, fertility, immune functions, and causing/
promoting cancer. Taken together, available studies indicate that response to NT MW 
depends on PD and duration exposure (7). The SAR based ICNIRP safety standards, 
which have been widely adopted for protection against acute thermal effects of MW, 
are insufficient to protect the public from chronic exposures to NT MW from mobile 
communication. New safety standards should commonly be adopted based on data 
from multiple studies on chronic exposures and mechanisms for nonthermal MW 
effects (106). It should be anticipated that definite parts of human population, such 
as children, pregnant women, and hypersensitive persons, which constitute about 
1%–10% of the general population in economically developed counties (113), could 
be especially vulnerable to chronic NT MW exposures. In general, new signals of 
mobile communication should be tested with chronic exposures before being put 
into practice.
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5 Can Electromagnetic Field 
Exposure Caused by 
Mobile Communication Systems 
in a Public Environment 
Be Counted as Dominant?

Jolanta Karpowicz, Dina Šimunić, and Krzysztof Gryz

5.1 INTRODUCTION

Various types of applications of the electromagnetic field (EMF) are used to improve 
the quality of life, as well as for industrial and medical purposes. The core of mobile 
(in other words wireless) communication technologies used for various purposes 
consists of the transfer of information via wireless links involving the emission and 
reception of EMF in the radio frequency band (RF), also called radio frequency 
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electromagnetic radiation. All users of such systems, as well as the entire population, 
are nowadays exposed to the radio frequency electromagnetic field (RF-EMF) emitted 
by mobile terminals (such as mobile phone handsets, wireless internet access  – 
tablets, laptops, routers, etc.) and their base stations which ensure the transmission 
of information between them. However, it needs to be pointed out that the same 
frequency bands – that is, RF-EMF from the frequency band (0.1–6000) MHz (in 
other words, frequencies from 100 kHz to 6 GHz), are also used by other technologies, 
such as radio and television broadcasting, cordless phones, wireless internet links, for 
example, in offices or schools, microwave heating, anti-theft systems, radio frequency 
identification (RFID) systems, security cameras, baby monitors, Bluetooth devices, 
ZigBee devices, other industrial, scientific or medical devices, and so on.

Considering the variety of mobile communication technologies, it may be extremely 
difficult to identify dominant sources of RF-EMF affecting a particular workplace 
or space accessible to the general public (such as offices, schools, libraries, public 
transport facilities, shopping infrastructure, open spaces in the city – where both 
workers and members of the general public, including children, may spend many 
hours a day). On the other hand – when considering protection measures to reduce 
electromagnetic exposure in the RF band or considering possible health adverse effects 
from such exposure – the difficult but core question is about the exposure components 
and which of them are dominant in order to address the conclusions and any safety 
actions to the proper (the real dominant) source of environmental hazard. Identifying 
the dominant sources of RF-EMF exposure is especially difficult because of dynamic 
changes in wireless communication technologies over the years, which have caused the 
continuous reorganisation of both the frequency pattern of emitted RF-EMF and the 
location and technical parameters of active (emitting) components of specific systems.

5.1.1 PHYSICAL PROPERTIES OF RF-EMF

The time-varying nonionizing EMF from extremely low frequency radiation 
(including power frequency 50/60 Hz), through the intermediate frequency, radio 
frequency and microwaves are discussed here. The boundary frequency at which 
ionization appears can be taken as 30 × 106 GHz (in other notation – photons of 
12.5 eV energy).

Systematic research and applications of electromagnetic energy were strongly 
triggered by the work of James Clerk Maxwell, who, in 1864, presented equations 
summarising all known laws on electricity and magnetism. Maxwell’s equations 
remain the basics of all systems operating with EMF, including wireless systems, as 
well as interactions between human beings and EMF. Minkowski’s form of the set 
of Maxwell’s equations, describing electromagnetic energy by electric and magnetic 
field vector quantities, consists of four vector fields: E(r,t), H(r,t), D(r,t) and B(r,t):

 
∇× = − ∂

∂
E(r, ) B rt

t
t( , )

 
(5.1)

 
∇× = + ∂

∂
H(r, ) J(r, ) D rt t

t
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(5.2)



103Can EMF exposure from mobile communication be counted dominant?

 ∇⋅ =D(r, ) (r, )t tρ  (5.3)

 ∇⋅ =B(r, ) 0t  (5.4)

where E and H are electric field strength and magnetic field strength, respectively; 
D and B are electric flux density and magnetic flux density, respectively; J is current 
density, and ρ is electric charge density.

The term EMF formally covers the complete set of field vectors (E, H, D, B), 
space- (r) and time-dependent (t). The SI units of the E and H fields are Volt per metre 
(V/m) and Ampere per metre (A/m), respectively; the D unit is Ampere-second per 
metre squared (As/m2), known as a Coulomb per metre squared (C/m2), and the B unit 
is Volt-second per metre squared (Vs/m2) called a Tesla (T).

The distribution of EMF around any source depends mostly on frequency and 
distance and the dimensions and geometrical pattern of the radiating structure 
(usually called an antenna), as well as objects present in the vicinity. In the area 
closest to the antenna, a reactive near field is formed. The reactive near field develops 
first into a reactive-radiative near field, and then into a radiative near field (known 
as a Fresnel zone). As shown in Figure 5.1, at a certain distance from the source, the 
electromagnetic wave transitions and propagates in the far or radiation field (known 
as the Frauenhofer zone).

Table 5.1 shows the scheme of four main EMF types developed at various 
distances from the emitting antenna located in a free space. When discussing safety 
issues concerning the use of mobile communication systems, the highest attention 
is drawn to the close proximity of EMF sources (the case of exposure from mobile 
terminals) or the far distance (the case of exposure from the base station), (Zradziński, 
2015b). The reactive near field appears near an antenna without the propagation (or 
radiation) of electromagnetic energy in a certain direction, because the electric 
field changes to a magnetic field and vice versa within the time period of the time-
changing signal. Wave impedance in the near field differs considerably from wave 
impedance of the far field (which is established as being approximately 377 V/A), 

e.g.
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       3 m @ 100 MHz
  0.30 m @ 1 GHz
  0.15 m @ 2 GHz
  0.05 m @ 6 GHz       

e.g. environmental
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FIGURE 5.1 Simplified scheme of the field distribution around EMF antenna in the free 
space.
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and does not actually exist as a concept of the radiating field. The radiation far field 
begins on the outer border of the Fresnel zone and propagates to infinity. The electric 
and the magnetic field vectors are time-synchronised in the spatial quadrature and 
are rectangular to the propagation direction of electromagnetic energy. The presence 
of objects reflecting EMF energy influences the EMF, even at large geometrical 
distances to antennas. This basically means that the far field parameters of EMF 
may not exist in a particular location in the real environment, even at a significant 
distance from the EMF source. So, in case of an assessment of EMF affecting the 
human body, both components – the E and H fields – need attention (Hansson Mild 
et al., 2009, ICNIRP, 1998, Karpowicz and Gryz, 2007).

5.1.2 BIOPHYSICAL INTERACTION BETWEEN RF-EMF AND THE HUMAN BODY

The physical interaction between EMF and human beings can be described via the 
direct and indirect effects (ICNIRP, 1998). The direct effects are a result of direct 
interaction of the EMF with the body, and may also be caused by environmental 
EMF. Indirect effects initially involve EMF interactions with another exposed object 
present in the vicinity of humans, and may result from physical contact between a 
person and an exposed object, such as a metallic structure present in the EMF, and 
as result of exposure being at a different electric potential where the contact results in 
what is known as contact current. It is highly complex to estimate the value of EMF 
induced inside the human body (by measurements or numerical calculations) while 
under exposure from certain EMF sources, and especially when more than one EMF 
source is present in the near environment (Hansson Mild et al., 2009, Zradziński, 
2013, 2015a,b). One of the main reasons for this is that EMF distribution around an 
emitting device and coupling with the exposed person heavily depends mainly on the 
environment around the antenna, the antenna structure and polarisation, the EMF 
frequency and modulation type, and the distance between the EMF source and the 
human body.

TABLE 5.1
Simplified Characteristics of Near and Far Field in the Vicinity of Antenna 
in the Free Space

Near Field Far Field

Reactive Reactive-Radiation Radiation Radiation

Inner border 0 λ 3λ 2D2/λ
Outer border λ 3λ 2D2/λ ∝
Power density, S S ≠ |E|·|H| S ≠ |E|·|H| S ≠ |E|·|H|

or
S = |E|2/η0

S = |E|·|H|
 = |E|2/η0

Wave impedance different from η0 in certain points/equals η0

in the whole 
space equals η0

Notes: λ – wavelength of EMF, D – dimension of antenna, η0 = 377 V/A – free-space wave impedance
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The established mechanisms of human biophysical interaction with EMF 
include: synapse activity alteration by cell membrane polarisation (phosphenes), 
peripheral and central nervous systems excitation by cell membrane depolarisation, 
muscle cell (skeletal) excitation by membrane depolarisation, electroporation, 
resistive (joule) heating, audio effects by thermoelastic expansion (Frey effect), and 
magnetohydrodynamic effects (IARC, 2002, IARC, 2013, ICNIRP, 1998, Reilly, 
1998). In the case of EMF at the frequencies used by mobile communication systems, 
the most relevant mechanism of biophysical interaction is the heating effect, which 
may cause a thermal effect in tissues (tissue heating or even serious burns caused by 
the absorbed electromagnetic energy in the whole body or in the localised area only). 
It happens when thermoregulation mechanisms of the body are not efficient enough 
to dissipate the heat deposed in tissues by EMF exposure. EMF exposures at levels 
that may be found in the environment accessible by the public are too weak to cause 
significant thermal effects in the whole body, and usually not even localised effects 
in any part of the body – evaluated in any 10 g of tissues, as defined by international 
guidelines (ICNIRP, 1998). However, it needs to be noted that with regard to any 
possible adverse health effects of EMF exposure, the scientific debate considers that 
nonthermal mechanisms of interaction (i.e., not related to the temperature rise in a 
body) may exist, especially when other environmental cofactors have an influence on 
the body (SCENIHR, 2009, 2015). EMF at levels of normal environmental exposure 
is not perceived by the human senses.

5.1.3 HEALTH AND SAFETY HAZARDS FROM ENVIRONMENTAL RF-EMF EXPOSURE

The health consequences of various interactions of EMF with the human body 
are not yet established, because the scientific background for an assessment 
considering such complex exposures is not sufficient – still nonsystematic and 
limited. It is based mainly on studies on the health impact from RF-EMF emitted 
by mobile phone systems, and limited studies on the health of workers from RTV 
broadcasting centres.

So far, the results of investigations are inconclusive – they still include a lot of 
uncertainty, but have not ruled out the possibility of adverse health effects from 
chronic exposure, especially to high levels (e.g., the development of tumours or 
malfunctions of the cardiovascular, nervous, and immunological systems are under 
consideration). For example, the results of epidemiological investigations linked the 
heavy use of mobile phone handsets with the more frequently diagnosed cancers 
in the head (Ahlbom et al., 2009, Bortkiewicz et al., 2017, Hardell et al., 2008, 
2016, IARC, 2013, ICNIRP, 2009, INTERPHONE Study Group, 2010, Szmigielski, 
2013). Such evidence was taken into consideration when the International Agency 
for Research on Cancer (IARC), affiliated to World Health Organisation (WHO), 
classified RF-EMF as an environmental factor that is possibly carcinogenic to 
humans – recognised as 2B classification (classification summarised as: a causal 
association is considered credible, but bias or confounding cannot be ruled out 
with reasonable confidence, and based mainly on risks associated with wireless 
phone use), (IARC, 2011, 2013). Other observations suggest, for example, that 
chronic, long-term (over years) RF-EMF exposure may also be a risk factor for 
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cardiovascular diseases (Bortkiewicz et al., 2012, Israel et al., 2013, Vangelova 
et al., 2006, Vesselinova,  2013). A specific environmental factor in that area is the 
long-term exposure to low-level complex RF-EMF from wireless communication 
systems – terminals and base stations. Thanks to the intensive development of 
wireless communication technologies with a growing number of various new types 
of communication devices, RF-EMF exposure has varied significantly over the 
years, and scientific knowledge on the health results of such exposure (especially 
chronic), and how far it may affect health when it is extended over years is still 
limited and needs to be continuously updated. This is why the topic of safe exposure 
conditions to EMF is still high in the focus of the general public and even medical 
doctors (healthychildren.org, 2015, Berg-Beckhoff et al., 2014).

A better understanding of the RF-EMF exposure pattern of subjects involved 
in studies is a key element for more systematic investigations. Further studies to 
improve the monitoring of complex RF-EMF exposure and to identify exposure 
profiles in the context of possible adverse health effects due to chronic exposure are 
covered, among other things, by recommendations from the Scientific Committee 
on Emerging and Newly Identified Health Risks (SCENIHR, 2009, 2015). Those 
studies need also to provide tools for identifying the dominant sources of RF-EMF 
affecting a particular workplace or a space accessible to the general public. The use of 
frequency-selective (recognising the types of sources emitting recorded components 
of exposure by EMF frequency), personal, pocket-sized exposure meters (known as 
personal exposimeters) and designed for autonomous long-terms, over hours or days, 
recordings of the variability of RF-EMF levels in real time, allow for more detailed 
investigations of the profiles of individual RF-EMF exposure – in comparison to 
classic measurement techniques, which involve broadband measurements (covering 
the total exposure only) of electric or magnetic field strengths in selected locations 
(i.e., spot EMF measurements). By exposimetric measurements, it is possible to 
record correlations between selected parameters of RF-EMF exposure and to identify 
the relative exposure contributions from various sources – covering the variability of 
exposure levels over the time of recording caused by a person’s movement or changes 
in the operation of RF-EMF sources (Gryz et al., 2014a,b,c, Gryz and Karpowicz  
2015, Karpowicz et al., 2017, Neubauer et al., 2010, Röösli et al., 2010).

On the other hand, the cumulative scientific background on the health impact of 
RF-EMF is raising public concern over EMF health hazards – both at the level of 
individuals and at a political level (e.g., European Parliament resolutions) – which 
indicates the need to take action to prevent any adverse health effects of EMF 
exposure among the population (European Council, 1999, European Parliament, 
2009, European Directive, 2013, healthychildren.org, 2015, IARC, 2013, SCENIHR, 
2015, Precautionary Policies and Health Protection 2001, WHO, 1993). It presents a 
challenge to public health experts to properly identify the most important problems 
related to EMF, to understand their nature, and to select the most efficient tools 
in order to eliminate health hazards. This problem may also be supported by the 
results of exposimetric studies. Further discussion on the state of the art in RF-EMF 
environmental exposures – sources and exposure profiles – presents what outcome 
of technical studies may support epidemiologists and decision makers in further 
decisions and actions on this environmental issue.



107Can EMF exposure from mobile communication be counted dominant?

5.2 SOURCES OF PUBLIC RF-EMF EXPOSURE

The novel wireless communications technologies grow every day and have changed 
over years. The oldest systems still functioning are radio and television broadcasting, 
though these too have recently undergone a change from analogue to digital 
technology.

FM broadcasting refers to radio broadcasting still using old-fashioned analogue 
frequency modulation (FM). The frequency band used is the very high frequency 
(VHF) band (87.5–108 MHz). FM radio waves propagate only to the visual horizon, 
which is also the radio horizon (usually 40–60 km) (ITU, 2001).

The term “analogue television” covers the television technology using analogue 
signals for transmitting video and audio, meaning that the rapid variations of 
amplitude, frequency or phase correspond to the brightness, colours, and sound on 
the transmitted program. Analogue signals propagate or are propagated in the VHF 
low-band or VHF band I (48–88 MHz), the VHF high-band or VHF band III (174–
216 MHz), and ultra-high frequency (UHF) band (470–806 MHz). The analogue 
television receiver reconstructs the signal from the time-varying signal with timing 
and synchronisation information.

“Digital TV” uses VHF band III with 7 MHz bandwidth and UHF band with 
8 MHz bandwidth (ITU-R, 2016).

Global System for Mobile Communications (GSM) is a European standard 
developed for 2G networks as a digital, circuit-switched network for duplex voice 
telephony in 1991, which in later phases was expanded to include data communications 
(General Packet Radio Services (GPRS) and Enhanced Data rates for GSM Evolution 
(EDGE), and bearing the name 2.5G) to become a global standard with a market 
share of over 90% in 2014 (3GPP, 2016).

GSM is based on the following network subsystems: base stations, network and 
switching, an optional GPRS part, and an operations support system. GSM is designed 
to be a cellular network with various cell sizes: from the largest (umbrella – covering 
the whole city and overcoming shadowed regions), through macro (covering up to 
35 km distance), micro, and pico to the smallest (femto – with very limited indoor 
coverage) cells. Most 2G GSM networks operate in the 900 MHz (for the mobile-to-
base: 890–915 MHz (uplink, UL); for the base-to-mobile: 935–960 MHz (downlink, 
DL)) and 1800 MHz bands (1710.2–1784.8 MHz (UL) and 1805.2–1879.8 MHz (DL)), 
but these networks in some countries may operate in the 450 MHz bands (e.g., 450.6–
457.6 MHz (UL) and 460.6–467.6 MHz (DL)). GSM is based on Time Division 
Multiple Access (TDMA) technology, with time slots independent of the operating 
frequency. Thus, there are eight full-rate or sixteen half-rate speech channels per 
radio frequency, which are combined into a TDMA frame. In the same time slot, half-
rate channels use alternate frames with the channel data rate for all eight channels of 
270.833 kbit/s, and the frame duration of 4.615 ms. The transmission handset power 
is limited to a maximum of 2 W in GSM900 and 1 W in GSM1800.

Universal Mobile Telecommunications System (UMTS) is the 3G mobile 
telecommunications technology, supporting conventional cellular voice, text, and 
multimedia messaging services. Due to the much higher speeds in comparison to GSM, 
UMTS supported a great expansion of internet access technology, including video calling, 
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e-mail, and web browsing. The UMTS complete network system consists of a radio access 
network, the same 2G core network, and a user authentication part. UMTS is a technology 
based on Code Division Multiple Access (CDMA), in a combination with a frequency-
division duplexing method. It uses a pair of 5 MHz wide channels. The used frequency 
bands are 1885–2025 MHz (UL) and 2110–2200 MHz (DL). The UMTS2100 is the 
most widely deployed UMTS band. The average transfer speed is ∼3.6 Mbits/s. In the 
ideal case, with implemented Evolved High Speed Packet Access (HSPA+) technology, 
the maximum theoretical data transfer rate is 42 Mbit/s. However, users can expect a 
transfer rate of up to 384 kbit/s for UMTS and 7.2 Mbit/s (later to 21 Mbit/s) for an HSPA 
downlink connection. If these values are compared to a single GSM circuit switched 
data channel with 9.6 kbit/s, it is a significant improvement in technology. The maximum 
transmission UMTS handset power is 2 W (ETSI TS125101, 2011).

Long Term Evolution (LTE) project (ETSI TS 136101, 2011) was launched to 
ensure user demand for higher data rates and quality of service, to improve the packet 
switch optimised system, to further decrease the roundtrip time and user costs, and 
to avoid the unnecessary fragmentation of technologies related to the frequency 
spectrum. The newly developed system (called the Evolved Packet System (EPS)) is 
purely Internet Protocol-based for both real time services and data communications 
services. It enables speeds of up to 100 Mbit/s for downlink and 50 Mbit/s for uplink, 
using another air interface technology with Orthogonal Frequency-Division Multiple 
Access (OFDMA) and higher order modulation of Quadrature Amplitude Modulation 
(QAM), actually up to 64 QAM, as well as even larger bandwidths (up to 20 MHz). In 
the downlink with spatial multiplexing, the highest rate can be up to 300 Mbit/s. The 
downlink and uplink technologies are different in relation to power radiation. The 
downlink uses OFDMA, which is a multicarrier technology, depicted in Figure 5.2.

The available bandwidth is subdivided into a multitude of mutual orthogonal narrowband 
subcarriers, which can be shared among multiple users. On the other hand, this means 
that the power consumption is increased for the sender due to the high peak-to-average 
power ratio. It also means that the required power amplifiers are quite expensive because 
of the high requirements on linearity. The fixed part of the network can perform it without 
problem, but the handsets could be very expensive, even prohibitively so. Therefore, 
a different frequency access was chosen for the connection of the user to the network 
recognised as Frequency Division Multiple Access (FDMA), used in the mode of: Single 
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FIGURE 5.2 Subdivision of band into a multitude of mutual orthogonal narrowband 
subcarriers (OFDMA).
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Carrier – Frequency Division Multiple Access (SC-FDMA). As shown in Figure 5.3, the 
SC-FDMA has a signal with single carrier characteristics, and thus with a low peak-to-
average power ratio. LTE uses a frequency range from 700–2700 MHz (i.e., 0.7–2.7 GHz). 
The available bandwidths are also flexible, starting with 1.4 MHz up to 20 MHz. LTE 
supports time-division duplex technology (TDD) in eight frequency bands, and frequency-
division duplex (FDD) in 15 frequency bands. The transmitter handset power is 0.2 W.

The third generation (3G) standard (UMTS) and the fourth generation (4G) 
standard (LTE), which followed the 2G standard, were meant to be developed to 
become global standards.

Digital Enhanced Cordless Telecommunications (or, as before, Digital European 
Cordless Telecommunications, DECT), was developed in Europe for supporting 
cordless telephone systems (ETSI, 2005). DECT is usually used as a single-cell cordless 
phone to an analog telephone line, or as a Private Branch Exchange (PBX) for small 
offices and home systems. However, DECT can be used also for various purposes (e.g., 
for connection of different kinds of sensors, such as baby monitors).

Technical operation of DECT is designed as an FDMA / TDMA system. The 
frequency band used for the DECT system (e.g., in Europe: 1880–1900 MHz) is 
divided up into 10 frequency channels, and an additional 24 time slots per every frame 
of 10 ms are used. On the top of this, DECT applies TDD technology, which uses 
different time slots for transmission and reception in the same frequency channel. This 
is why it is possible for DECT to provide 12 duplex speech channels in each frame and 
120 carriers, where each of them can support 32 kbit/s. The maximum power for both 
the base stations and portable unit is 250 mW. This means that the portable unit usually 
radiates up to 10 mW during the call, since it is using only one out of 24 time slots.

Wireless Fidelity (Wi-Fi) is a technology for Wireless Local Area Networking 
(WLAN) where the system operation is based on Institute of Electrical and Electronics 
Engineers (IEEE) standard number 802.11 (ISO/IEC/IEEE 8802–11, 2012, IEEE Std 
802.11-2016, 2016). Wi-Fi most commonly uses the Industrial, Scientific, and Medical 
(ISM) radio bands: 2.4 GHz (central frequencies: 2.412–2.484 GHz) and 5.7 GHz 
(central frequencies: 5.745–5.825 GHz). The transmitted power in the European Union 
is limited to 0.1 W, and in the US to 1 W. In the past, the so-called “WiFi 2G” and 
“WiFi 5G” (meaning that it is not a mobile 5G) was divided relative to frequency and 
the kind of technology (IEEE 802.11–2007, 2007). The very new generation combines 
the two technologies in the best manner, which means that the dual-band wireless 
technology is applied (IEEE 802.11ac, 2013). This newest generation is compatible 
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with all the older devices at 2.4 GHz, but still has the advantages of the bandwidth 
rated up to 450 Mbit/s in the 2.4 GHz band and up to 1300 Mbit/s in the 5 GHz band.

The Radio Frequency Identification (RFID) system is widely used for the 
automatic identification of objects, animals, and people and for various tasks in the 
world of the Internet of Things (IoT).

The RFID system consists of readers or interrogators and tags. A reader or 
interrogator is a piece of equipment that will activate an adjacent tag and read its data. 
RFID tags can be read-only with an already assigned number which is used as a key 
for the database, read/write with information written by the system user, or once-
write/multi-read with information written by the user. Basic RFID tags are made of 
three parts: an antenna to transmit/receive the data; an integrated circuit for storing 
and processing data; and a direct current (DC) power collector from the incident 
reader signal. RFID tags can be passive (without a battery), active (battery-powered) 
or battery-assisted passive. From the side of human exposure to EMF, as well as of 
interference with other devices, the highest RF power is generated by the RFID system 
with passive tags due to them having the highest transmitted power level (ETSI, 2014).

RFID systems operate in different frequency bands. In the low-frequency (LF) band 
(125–134.2 kHz and 140–148.5 kHz), LF-RFID tags can be used globally without a 
licence, and in the high-frequency (HF) band (ISM band – 13.56 MHz), HF-RFID tags 
can be used the same way. In the UHF band (865–928 MHz), UHF-RFID tags cannot 
be used globally uniformly, but they are defined for every country, depending on the 
country’s regulations. In Europe, RFID operation is restricted to the band 865–868 MHz 
in such a way that readers are required to monitor a channel before transmitting (Listen 
Before Talk, (LBT-RFID)); this requirement has led to some restrictions on performance. 
In North America, UHF can be used unlicensed for 902–928 MHz (±1 MHz from the 
915 MHz centre frequency), but restrictions exist for transmission power. The UHF band 
also includes 433 MHz and ISM band 2.45 GHz. RFID systems may use also the super-
high frequency (SHF) band (ISM 5.8 GHz and UWB 3.1–10 GHz).

RFID in the band 865–868 MHz provides fifteen channels, three of 100 mW, ten of up 
to 2 W, and two of up to 500 mW. The current plan provides for an LBT-RFID system so 
that only one device in a radio space can occupy a channel at a time. If the interrogators 
transmit 2 W in a high density RFID environment, a maximum of 10 interrogators can 
operate simultaneously. In the case of more than 10 interrogators transmitting at the 
same time, they have to share time on the same channels. It can happen that at busy sites, 
all ten of the high power channels are occupied for extended periods of time.

5.3  CURRENT MEASUREMENT TECHNIQUES INVOLVED 
IN THE PUBLIC RF-EMF EXPOSURE EVALUATION

The measurement techniques used for the public RF-EMF exposure control are 
nowadays usually continuously and automatically carried out in the studied frequency 
range. For the case of RF sources, the frequency range should cover all frequencies 
of all the sources in the considered area (van Deventer et al., 2006). In recent years, 
the frequency band between 80 MHz and 3 GHz was used. However, this is no longer 
sufficient, given that WiFi at 5 GHz band and 5G networks are coming to the market 
more and more in various versions.
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The measurements of RF-EMF components emitted by base stations or broadcasting 
antennas (the case of whole body EMF exposure) are usually taken in the far distance 
to antennas, where far field EMF may be expected and power density may be converted 
from the measurements of only one component of EMF. However, as mentioned, 
for the human body exposure evaluation, there are significant limitations to such 
an approach. Therefore, it is not justified to use W/m2 or mW/cm2 notations in any 
presentation of the results of measurements of E-field strength, which are an acceptable 
equivalent to V/m notation when assessing real ‘far-field’ exposure only. Additionally, 
in measurements of RF-EMF emitted by mobile communications terminals (the case 
of localised EMF exposure), it is important to take into account the fact that exposure 
is in the near field area and the direct coupling between a human body and the EMF 
source needs evaluation for both purposes – an evaluation of the hazards caused by 
exposure, as well as the direct coupling between the measurement devices and the 
human body (Gryz et al., 2014a,b,c, Gryz and Karpowicz, 2015, Hansson Mild et al., 
2009, Karpowicz et al., 2010, Karpowicz and Šimunić, 2009).

The usual measurement equipment is a device consisting of a measurement probe 
(broadband and/or narrowband in the frequency response), a frequency selective 
measuring instrument (monitor), measurement automation, and housing to protect 
the instrument from mechanical and atmospheric damage (Šimunić, 2001). This 
measurement device should be calibrated as a complete system in the reference 
EMF of a well-known level, spatial distribution, frequency, and modulation – at the 
measurement frequencies. The total measurement uncertainty depends on various 
factors that may be related to the probe and the measurement device (type of 
measuring instrument, type of measurement probe, calibration, isotropy, linearity, 
noise, mismatch, influence of temperature and humidity), related to the environment 
(perturbation and influence of the body) and related to post-processing (time- and 
spatial averaging). In general, the total measurement uncertainty needs to be counted 
at least 20% in environmental RF-EMF measurements.

This is most widely used measurement technique involving broadband measurements 
of electric and magnetic fields in the environment, but does not provide data for 
consideration regarding the contribution to total RF-EMF exposure caused by particular 
sources emitting EMF. The use of body-worn, personal, RF-EMF frequency-selective 
exposure meters (known as exposimeters, or more precisely electric field (E-field) 
exposimeters) is a suitable, still-developing investigation method that may assist the 
analysis of RF-EMF exposure with respect to the significance of particular sources. 
The main goal for the design of such devices was to establish a relationship between 
an individual person’s exposure parameters and their activities when the contribution 
of various sources is assessed, excluding the personal use of mobile phone handsets 
which cause localised exposure to the palm and head (through classical phone use) and 
which have to be assessed by SAR values (Electromagnetic-Fields-A-Hazard-to-Your-
Health.aspx, Gajsek et al., 2013, Joseph et al., 2010, Neubauer et al., 2010, Röösli et al., 
2010). However, these devices may also be used to examine the parameters of RF-EMF 
exposure in selected locations, including variability over many hours of monitoring.

The environmental investigations discussed in this article have been performed 
in the RF-EMF from the frequency band 27 MHz–6 GHz, with the use of spectrum 
analysers and exposimeters. The used frequency-selective exposimeters of electric 
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field (E-field) – EME SPY series (from Satimo, France) – are portable, pocket-sized 
(not exceeding 500 g), battery-powered, RF-EMF data loggers of the root-mean-
square (RMS) value of E-field strength in the frequency range from 88 MHz to 2500 
(5850) MHz. Each predefined frequency band of the exposimeters corresponds to 
the most common RF-EMF applications currently in use in the public environment 
(Table 5.2), which help identify dominant components of exposure and evaluate 
the relative levels of exposure from various sources. The measurement results also 
cover the total RMS value of E-field exposure – representing the value almost equal 
to broadband measurement results covering each frequency component. Some 
examples of RF-EMF components of exposure that are not covered by the mentioned 
exposimetric measurements are: citizens band radio (CB  radio) (27 MHz), amplitude 
modulation radio (AM radio) (100–300 kHz), short-wave radio (several MHz), 
analogue radiophones (approximately 150 MHz), radio links (operating at frequencies 
exceeding 6 GHz, for example, approximately 18 GHz, 60 GHz), and almost any 
pulsed signal (because of the relatively slow sampling rate of exposimeters). The data 
logger of exposimeters is equipped with a nonvolatile internal memory to store samples 
of measurement results and actual real time recording with a programmable sampling 
rate of which the fastest is several seconds. The exposimeters are able to operate 
autonomously without charging for up to many days (dependent on the sampling 

TABLE 5.2
Predefined Measurement Frequency Bands of Frequency-Selective 
Exposimeters used in Environmental Investigations on RF-EMF 
Exposures from Various Mobile Communication Systems

Label Frequency Band, MHz The use of Frequency Bands

FM 88–108 FM radio broadcasting
TV3 174–233 TV VHF band broadcasting
Tetra
(I, II, III)

380–400
410–430
450–470

Mobile communications system 
for closed groups

TV4&5 470–830 (470–770) TV UHF band broadcasting
LTE 800 791–821 and 832–862 LTE network (UL and DL bands)
GSM 900
(GSM + UMTS 900)

880–915 and 925–960 Digital cellular network (UL and 
DL bands)

DCS 1800
(GSM 1800)

1710–1785 and 1805–1880 Digital cellular network (UL and 
DL bands)

DECT 1880–1900 Digital enhanced cordless 
tele-communications of short 
distance

UMTS 2100 1920–1980 and 2110–2170 Digital cellular network (UL and 
DL bands)

WLAN/ WiFi 2G 2400–2500 (2400–2483) Wireless local area network, e.g., 
access to internet

LTE 2600 2500–2570 and 2620–2690 LTE network (UL and DL bands)
WiFi 5G 5150–5850 Internet access
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rate and the quality of batteries). Investigations involving the use of exposimeters in 
various environments (ongoing in the authors’ research activities since 2011) have 
included a systematic study on the relationship between the results of exposimetric 
investigations and unperturbed RF-EMF, the metrological properties of frequency-
selective exposimeters, and RF-EMF exposure profiles in various environments (Gryz 
et al., 2012, Gryz et al., 2014a,b,c, Gryz and Karpowicz, 2015). It must also be pointed 
out that misinterpretations may result from focusing only on the maximum recorded 
value, which may come from any irregular function of the exposimeter, influence 
from the EMF source, reflecting objects or the human body. Because of that, a more 
stable parameter characterising the upper level of RF-EMF exposure is advised as 
the measurement outcome – that is, the use of particular percentiles from recorded 
values – the most frequently used are 75th or 95th percentiles of the recorded data set 
(Gryz et al., 2014a,b,c, Gryz and Karpowicz, 2015, Neubauer et al. 2010).

5.4  EXAMPLES OF RF-EMF EXPOSURE SCENARIOS 
WITH RESPECT TO VARIOUS COMPONENTS 
OF DAILY EXPOSURE OF INDIVIDUALS

Frequency-selective exposimeters (with predefined frequency measurement ranges, 
dedicated to investigating RF-EMF from typical wireless telecommunication systems) 
were used to evaluate the stationary and mobile components of RF-EMF exposure 
in the public accessible environment where various mobile communication systems 
were being used. The main aim of the work was to analyse the pattern of RF-EMF 
exposure in the context of identified mobile services available in particular locations 
and the results of more precise frequency analysis of frequency composition of 
RF-EMF (Figures 5.4 and 5.5).

Examples of the results of studies discussed further were selected to draw attention 
to the exposure conditions in which exposure components from mobile phone systems 
may be not dominant in the total exposure in a particular location or of a particular 
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FIGURE 5.4 Electric field strength versus frequency, recorded by RF-EMF spectrum 
analyser in the 0.08–3 GHz frequency band.
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person. The variability of the level of RF-EMF exposure was analysed by calculating 
the statistical parameters of registered over time exposimetric profiles: minimum, 
maximum, and median values, and the range between the 5–95th percentiles – from 
profiles registered in each frequency range as well as the total level of exposure (Gryz 
et al., 2014a,b,c, Gryz and Karpowicz, 2015).

A well-known situation where mobile phone RF-EMF signals may be less significant 
than other components of RF exposure is the environmental influence from nearby 
radio-television high power (long distance) broadcasting centres that may be located in 
a rural area or in a city centre. The first example is RF-EMF exposure recorded near 
an RTV broadcasting tower located in a rural area where the following frequencies 
of emitters have been identified by spectrum analyser: FM radio (88–107.5 MHz); 
TV3 and TV4&5 (223–794 MHz); mobile phone base stations (915–960 MHz, and 
1820–1870 MHz). All the EMF emitters were located at a height of 50–90 m from 
the ground. In this kind of environment, the dominant component in the recorded 
RF-EMF exposure was the contribution from the FM radio (Figure 5.6). Other sources 
of EMF were much lower or negligible because the RTV tower was located far from 
other radiation sources and far from users of mobile communication services.

A similar profile of RF-EMF exposure is expected in the vicinity of RTV 
broadcasting centres located inside a city. Examples of the results of investigations 
of RF-EMF exposure covering the locations in a city with a downtown broadcasting 
centre were collected from measurements in an urban area with ∼2 million habitants. 
In this kind of location, exposure with a dominant FM radio component may be 
found – an example of measurements on the 15th floor of an apartment building located 
downtown near to the broadcasting centre is shown in Figure 5.7. A small difference to 
the previous example consists of weaker TV signals, because digital emissions were 
already introduced to the broadcasting centre under consideration. In both cases, there 
is almost no uplink signal, because no users of mobile communication systems were 

Relative level of signals near RTV broadcasting center
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FIGURE 5.5 Electric field strength versus time, recorded by RF-EMF exposimeter near the 
radio-television broadcasting center located in the rural area.
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present near the measurement location (except for the personnel taking measurements 
and the inhabitants of the apartment). Almost the entire RF-EMF exposure comes 
in such situations from external sources not controlled by individuals. The opposite 
situation is found in rural areas located far from broadcasting installations and mobile 
networks base stations – where almost all the RF-EMF exposure is under the control 
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FIGURE 5.6 The components of RF-EMF exposure recorded near the RTV broadcasting 
centre located in rural area (outdoor measurements); whiskers: min–max, bars: 5%–95%.
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FIGURE 5.7 The components of RF-EMF exposure recorded near the RTV broadcasting centre 
located in downtown of the city (indoor measurements); whiskers: min–max, bars: 5%–95%.
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of individuals who may decide to use an RF-EMF emitter or not (such as mobile phone 
handsets, WiFi emitters, routers, etc.), (Figure 5.8).

The RF-EMF exposure profile changes where it concerns locations where other, 
especially many, users of mobile communication services are present. The example 
of such locations may be in city centres, where the influence of many emitters – 
RTV broadcasting antennas, mobile networks base stations antennas, mobile phone 
handsets of many users, wireless Internet access users, and so on – can reasonably be 
expected. Examples of such complex exposure situations are summarised in Figure 
5.9, which covers samplings split into subsets recorded during: (a) rides on a public 
bus; (b) walks along various locations in the city centre; and (c) participation in the 
meeting with approximately 70 users of various wireless communication tools. The 
investigations cover a set of locations that represents the variability of typical exposure 
conditions in the urban area (during a daily commute to/from home/hotel/school/
office/job/shopping/etc.), as well as the frequent situation of being in a large room 
with many users of mobile communication tools, such as public library, museums, 
waiting halls, shopping galleries, and so on. When both LTE and Wi-Fi systems are 
available in a particular location, where many users of mobile phones, laptops, and 
tablets are simultaneously connected to the internet and using voice communications, 
the RF-EMF exposure level may double or triple (Karpowicz et al., 2017).

Special attention is needed with respect to the proper interpretation of frequency 
selective measurements in parallel multi-channel measurements (such as in the 
presented examples of exposimetric measurements). The results of recording of a 
particular frequency band may come from various other sources using the same 
frequency band (an example of such a situation is recording RF-EMF emitted by 
a kitchen microwave oven at 2450 MHz frequency, which may be recorded to the 
frequency bands labelled as WiFi) (Lopez-Iturri et al., 2015). However, it may also 
happen that a recorded signal is from a mobile phone network, but partly appears 
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in the frequency bands labelled in a different way, such as recordings to a DECT-
frequency band – during indoor and outdoor measurements as well (see Figures 5.6 
and 5.7). In both cases, such recordings were the result of what is known as crosstalk, 
where the signals in fact come to the DECT band of exposimeter from neighbouring 
DCS and UMTS bands (as shown in details by Gryz et al., 2012).

In the case of locations where a DECT phone is one of the RF-EMF sources, the 
recorded DECT component of exposure is usually much more significant and exists 
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during the use of the DECT phone, as well as when it is not in use (e.g., during the night 
in an empty office). It happens because a DECT phone usually consists of two sources 
of RF-EMF – a base station which is permanently active, and a cordless handset which 
is active only during phone calls (Figure 5.10). This is significant also in that cross-talks 
may cause the DECT signal recording partly to neighbouring frequency bands (e.g., the 
recordings in the DSC frequency band shown in Figure 5.10 comes from a DECT phone).

RF-EMF exposure inside the underground metro infrastructure (tubes and stations) 
has been identified as an example of an environment where some specific parameters 
of the exposure profile are expected, such as: relatively short distances between base 
stations’ (BTS) antenna locations (in the walls or ceilings of underground stations) and 

Big city down town – office with DECT phone(a)

(b) Big city down town – office with DECT phone
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FIGURE 5.10 The components of RF-EMF exposure recorded in the office room where 
DECT cordless phone is used (indoor measurements); whiskers: min–max, bars: 5%–95%.
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humans present on platforms, a crowd of mobile handset users on the platforms and 
in metro cars, and also a waveguide-like structure of a tube for RF-EMF propagation. 
Additionally, external to the metro infrastructure, the RF-EMF signals may be reduced 
in comparison to the locations on the ground because of shielding effects from the 
ground above the tube (Figures 5.11 and 5.12). Similar relations between RF-EMF 
exposure components are also expected in other locations, such as traffic or railway 
tunnels, aeroplanes, underground parking areas or sport halls (Aguirre et al., 2014, 
2015, de Miguel-Bilbao et al., 2015, Gryz and Karpowicz, 2015, Hardell et al., 2016).

As a result of such exposure conditions, a significant component of RF-EMF 
exposure registered inside underground metro infrastructure came from mobile phone 
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terminals of users who were present near the volunteer performing the exposimetric 
measurements (UL signals) – exposure inside the metro needs to be considered as 
a composition of “far-field” (from BTS) and ‘near-field’ (from mobile phone and 
Internet terminals) components (Hansson Mild et al., 2009, Karpowicz and Gryz, 
2007). Similar conditions may be found in other public transportation facilities (such 
as buses, trams, trains, aeroplanes), and also in crowded locations like meeting rooms, 
shopping centres, libraries, and city centres visited by many habitants or tourists.

5.5 DISCUSSION AND CONCLUSIONS

The level of exposure to RF-EMF recorded in the discussed investigations performed 
in environments accessible to the public is usually significantly lower than the general 
public exposure limits provided by international guidelines and legislation established 
in various countries (4–61 V/m) (Council Recommendation, 1999, Gryz et al., 2014a, 
Stam, 2011). It is worth noting that, when approaching RF emitting antennas, especially 
BTS of mobile networks or RTV broadcasting, over a short distance the level of 
RF-EMF increases and may even significantly exceed the mentioned limits. However, 
the investigations show that in locations where many users of mobile communication 
tools are present in a crowded space, the components of RF-EMF exposure caused by 
their activities (which significantly vary over time) may together exceed components 
from the stationary emitters of RF-EMF (such as mobile networks base stations and 
RTV broadcasting antennas). Furthermore, other studies showed that local hot spots of 
exposure may also be created in such locations as a result of the multipath propagation 
of RF-EMF. Together, this is significant in the context of the safety of the vulnerable 
population, such as individuals with medical implants and users of telemedicine body 
worn sensors, because it may cause local hot spot overexposure with respect to the limit 
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of radio frequency exposure, which may influence the function of electronic devices. 
In order to avoid medical device malfunction, it is usually recommended to maintain a 
distance from the transmitting terminals (handsets) greater than 1 m. At such distances, 
medical device malfunction is extremely rare because exposure is kept below the level 
of 3 V/m – recommended by the International Electrotechnical Commission (IEC) 
standard regarding electromedical devices (standard IEC60601-1-2) (International 
Electrotechnical 2007, Pantchenko et al., 2011, de Miguel Bilbao et al., 2015). The 
discussed situations determining RF-EMF exposure components also need attention 
when any protection measures with respect to RF-EMF exposure is considered in order 
to ensure that they are properly addressed to the dominant components of exposure.

It is also important to keep in mind that the rapidly developing mobile communication 
services are including continuously higher frequencies – AM and FM radio transmissions 
initially operated at kHz and MHz frequencies and analogue radiophones and cellular 
phones started from frequencies 27–450 MHz, whereas today’s digital cellular phones 
use frequencies up to 2.2 GHz and wireless internet access explores frequencies up to 
almost 6 GHz, where the next generation of cellular phones is also going to be. Even 
much higher frequencies are explored by radio links, almost up to 100 GHz.

Electromagnetic Quantities and Corresponding SI Units

Symbol Quantity Unit

H Magnetic field strength ampere per metre (A/m)
B Magnetic flux density tesla (T)
E Electric field strength volt per metre (V/m)
U Voltage volt (V)
I Current ampere (A)

σ Conductivity siemens per metre (S/m)

λ Wavelength meter (m)

ε Permittivity farad per metre (F/m)

f Frequency hertz (Hz)
t Time second (s)
SAR Specific energy absorption rate watt per kilogram (W/kg)

Submultiple and Multiple Units Applicable in the 
Environmental EMF Discussion

Prefix to Unit Symbol
Submultiple or Multiple 

Meaning

nano n ×10−9 (×0.000 000 001)
micro µ (micro) ×10−6 (×0.000 001)
milli m ×10−3 (×0.001)
— — ×100 (×1)
kilo k ×103 (×1000)
mega M ×106 (×1000 000)
giga G ×109 (×1000 000 000)
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ABBREVIATIONS

AIMD  Active Implantable Medical Devices
Bluetooth  an Anglicised version of the Scandinavian Blåtand/Blåtann (Old 

Norse blát۠nn), the epithet of the tenth-century king Harald 
Bluetooth who united dissonant Danish tribes into a single 
kingdom and, according to legend, also introduced Christianity; 
Bluetooth radio is a wireless standard that enables various 
network topologies, including point-to-point broadcast and mesh.

AM  Amplitude Modulation
AM radio Amplitude Modulation Radio
BTS  Base Transceiver Station
CB  Citizen’s Band
CB radio Citizens Band radio
CDMA  Code Division Multiple Access
CENELEC  European Committee for Electrotechnical Standardization
CW  Continuous Wave
DC Direct Current
DECT  Digital Enhanced Cordless Telecommunications (or, as before, 

Digital European Cordless Telecommunications)
DL  Downlink
EC  European Commission
EDGE  Enhanced Data rates for GSM Evolution
EMC  Electromagnetic compatibility
EMF  Electromagnetic Field
EP  European Parliament
EPS  Evolved Packet System
ETSI  European Telecommunications Standards Institute
EU  European Union
FDD  Frequency-Division Duplex
FDMA  Frequency Division Multiple Access
FM  Frequency Modulation
GPRS  General Packet Radio Services
GSM  Global System for Mobile Communications
HF  High Frequency
HF-RFID  RFID in High Frequency band
HSPA+  Evolved High Speed Packet Access
ISM radio bands  Industrial, Scientific, and Medical radio bands
IARC  International Agency for Research on Cancer
ICNIRP  International Commission on Non-Ionizing Radiation Protection
IEC  International Electrotechnical Commission
IEEE Institute of Electrical and Electronics Engineers
ITU  International Telecommunication Union
IoT  Internet of Things
IQR  Interquartile Range
LBT-RFOD  Listen Before Talk RFID
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LF  Low Frequency
LF-RFID  RFID in Low Frequency band
LTE  Long Term Evolution
MW  Microwave
OFDMA  Orthogonal Frequency-Division Multiple Access
QAM  Quadrature Amplitude Modulation
PBX  Private Branch Exchange
PM  Pulsed-Modulation
RF  Radio frequency
RF-EMF  Radio frequency Electromagnetic Field
RFID  Radio frequency Identification
RMS  Root-Mean-Square
RTV  Radio Television – public broadcasting
SC-FDMA  Single Carrier – Frequency Division Multiple Access
SHF Super-High Frequency
TDMA  Time Division Multiple Access
TDD  Time-Division Duplex
VHF  Very High Frequency
UHF  Ultra High Frequency
UHF-RFID  RFID in Ultra High Frequency band
UL  Uplink
UMTS  Universal Mobile Telecommunications System
WHO  World Health Organisation
WiFi  Wireless Fidelity
WLAN  Wireless Local Area Network
ZigBee  high-level communication protocols used to create personal area 

networks with small, low-power digital radios, such as for home 
automation, medical device data collection, and other low-power 
low-bandwidth needs, designed for small scale projects which 
need wireless connection – the name refers to the waggle dance 
of honey bees after their return to the beehive
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6.1 INTRODUCTION

In the last 100 years, devices and methodologies with the novel capability of artificially 
depositing substantial amounts of energy in biological systems in nonconventional 
ways have been introduced. Two vehicles used to inject such energy are electromagnetic 
fields (i.e., Radio Frequency [RF], light) and ultrasound. Exposures are performed 
in the civil (environmental sources and personal devices), industrial (occupational 
sources), medical (e.g., Magnetic Resonance Imaging (MRI), High Intensity Focused 
Ultrasound (HIFU), Hyperthermia), security (e.g., airport scanners), and military 
(e.g., Active Denial System, or similar nonlethal weapons) contexts.

While the energy deposited can engage in complex interactions with cellular 
systems, a common denominator is the generation of heat in the tissue. Some 
experiments have shown that excessive thermal exposures can be deleterious to 
cellular systems, depending on their duration, specific temperature, and the tissue type 
in particular (e.g., neural tissue is more sensitive than muscle tissue). Because of this, 
scientists, industry executives, and regulators have generated safety standards which 
contain sets of recommendations to limit the energy deposition with the intention to 
keep tissue temperatures within what is currently considered as “safe” margins. In 
the case of exposures to RF fields, safety standards with such recommendations have 
been in place since the 60s. However, although these standards are a reasonably good 
start for safety, they have been built and maintained around the same paradigm since 
their inception: tissue damage only occurs after temperature thresholds have been 
breached for certain amounts of time.

An immediate consequence of such assumption is the disregard of the possibility 
of any substantial biological relevance of thermal transients. Yet, thermal transients 
are ubiquitous to RF field exposures in real situations (and therefore chronic in 
nature). For example, consider an RF field exposure within the allowed limits, which 
is generally modulated (e.g., on-off-on-off…). This intermittence invariably results 
in thermal transients in the tissue because of the heat being passively (or actively) 
redistributed in the tissue and the surrounding environment. Therefore, at the cellular 
level, this fundamental “heat-in-heat-out” process generates in the exposed tissue 
what is described in the title of this chapter: a thermal signal. As a result, cells in 
the exposed tissue are unavoidably exposed to a combination of the original energy 
injected (e.g., RF electromagnetic field) and its associated heat component (i.e., the 
RF-induced thermal signal) in unison.

Therefore, given this possibility alone, the study of small thermal signals becomes 
necessary to guarantee human safety in the context of RF exposures, including mobile 
communications. Nevertheless, to this day, the mere idea of the potential biological 
relevance of thermal signals in general is not considered by the scientific community 
or by safety experts and the experimental data exploring the effects of thermal signals 
are surprisingly scarce. Since this is the case, one might ask: What could be the true 
relevance of these thermal signals from the cellular and physiological point of view? 
How could the information contained in thermal signals transduce into biochemical, 
biological, and ultimately good (or bad) health effects?

This chapter will analyze the current paradigm that the current RF safety standards 
are built upon. Additionally, a brief review of our current knowledge on thermal 
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sensitivity of biological systems is put into context of thermal signals in an attempt 
to provide a basis for contemplating their potential biological relevance. Finally, some 
recommendations on ways to further our currently weak understanding of the true 
biological relevance of thermal signals are presented.

6.2 THE CURRENT RF SAFETY PARADIGM

Over the years, several groups of international experts including scientists, industry 
executives, and regulators have generated guidelines and recommendations with 
the intention to avoid RF exposure hazards (RF meaning c.a. 100 KHz–300 GHz). 
For this, a fundamental realization made by experts is that a direct consequence of 
the absorption of energy in biological tissue is the instantaneous generation of heat 
resulting in a rise in temperature in situ. As a result, tissues are unavoidably exposed 
to a combination of the RF (electric and magnetic) fields and their associated thermal 
components simultaneously. These two distinct physical exposures have led to 
grouping the potentially hazardous biological effects of low-level RF exposures into 
corresponding categories to assess their potential health hazards: thermal effects and 
nonthermal effects (Barnes et al., 2015; Barnes, 2017; Foster, 2000, 2017; Markov, 
2006; Sheppard et al., 2008).

Historically, the existence or relevance of nonthermal effects has been challenged 
by a part of the scientific community questioning the quality of the evidence on 
effects of low-level electric and magnetic fields on biochemical reactions or structures 
(Portelli, 2018). As a result, protection from potential hazards of nonthermal effects 
has not been a basis for the delineation of safety guidelines and recommendations. 
Instead, new scientific developments in this area have only been monitored and 
catalogued by the experts for the last ∼50 years. On the other hand, the recognition 
that: excessive thermal doses can be potentially deleterious to several aspects of the 
biological systems in the human body has been widely accepted. Thus, protection 
from thermal effects has been the common denominator that underlies the conception 
and improvement of the multiple guidelines and recommendations in today’s safety 
standards for RF exposures.

Good examples of safety standards are those prepared by the International 
Commission on Nonionizing Radiation Protection (ICNIRP), the institute of 
Electrical and Electronics Engineers (IEEE) and the International Electrotechnical 
Commission (IEC) from which most national limits are primarily derived (Ahlbom 
et al., 1998; ICNIRP, 2009; IEC, 2013; IEEE, 2005). Several differences between 
standards can be pointed out and the recommendations are undergoing constant 
revision, actualization, and complementation through expert recommendations 
(Colombi et al., 2015; Foster et al., 2017; Hashimoto et al., 2017; Lin, 2006; Morimoto 
et al., 2016; Kodera et al., 2018). Interestingly, the metric of choice by the regulators is 
not based on the currently recognized biologically-relevant quantity itself: RF-induced 
temperature and time-of-exposure of tissues (hence, thermal dose). Instead, safety 
standards provide limited “basic restrictions” for energy deposition in tissues in terms 
of specific absorption rate (SAR) or incident power density (IPD) (f > 3–10 GHz) to 
indirectly observe thermal dose limits recommendations. SAR (measured in (J/s)/Kg 
or W/Kg) is a conventional way to characterize energy deposition in tissues in terms 
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of the proportion to the localized electric field magnitude and on the tissue physical 
characteristics at the site of exposure. Such a relation is shown in Equation 1:

 SAR E srms= =α α ρ2 ; /  (6.1)

where s (S/m) is the conductivity, ρ (Kg/m3) is the mass density, and Erms (V/m) is the 
electric field magnitude (Foster et al., 1998). As a first approximation, the temperature 
rate-of-change (∆T/dt) in tissue due to RF exposures can be expressed in terms of 
SAR as follows:

 ∆ σ β βT dt E c SAR c SAR crms/ / / /= = = =2 1;  (6.2)

where c is the tissue specific heat capacity (J/Kg · °C). However, in a real situation, 
the tissue temperature (and therefore thermal dose) is only partially related to the 
energy deposited, and therefore, to SAR. This is because during and after the thermal 
energy is deposited, it is redistributed and dissipated dynamically via a number of 
active and passive mechanisms inherent to physical (conduction, convection, radiation, 
evaporation) and biological systems (thermogenesis, thermoregulation) which depend 
on many factors (Charkoudian, 2003; Moros, 2012). Therefore, estimations of the 
dynamics of heat distribution at the surface of and inside a biological system subjected 
to thermal energy deposition is routinely done via improved versions of the bio-heat 
equation, initially proposed by Pennes in 1948 (Pennes, 1948). However, just as the 
accuracy of SAR estimations depends on trueness of the determination of the in situ 
electric fields and on the electrical properties of tissues, the accuracy of thermal 
estimations depends on the trueness of the representation of the thermoregulatory factors 
and heat redistribution mechanisms present (i.e., blood circulation, basal metabolism, 
clothing insulation, vasodilation response, etc.). For humans, a contemporary and 
practical list of such factors is well described by Laakso et al. (2011).

To determine the SAR limits that keep local and global thermal doses within 
the currently agreed safe limits, steady-state analyses are performed from which 
correlations between the thermal dose and SAR can be extracted (Hashimoto et al., 
2017). In some cases, numerical simulations prepared for dose determination can have 
more realistic dynamic introduction of such parameters depending on the physical 
variables in the model (e.g., increasing the local perfusion by a function which depends 
on temperature (Foster et al., 2016; Kellogg, 2006; Kodera et al., 2018)) (Murbach 
et al., 2017). However, it is important to understand that deleterious thermal dose 
effects are interpreted, analyzed, and catalogued from a “threshold” perspective 
only below which no deleterious effects are expected to occur (according to the 
present expert consensus, see “The thermal dose model” section below). Therefore, 
time-dependent temperature changes (thermal transients) are not considered relevant 
to human safety as long as thermal doses do not exceed such thresholds. Nevertheless, 
as mentioned before, such transients are an integral part of RF exposures.

6.2.1 THE GENESIS OF LOCALIZED THERMAL SIGNALS IN BIOLOGICAL TISSUE

An unavoidable result of the antagonistic thermal processes occurring in a human 
body exposed to RF (energy in versus energy out) is the generation of thermal 
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transients (or, perhaps more appropriately, thermal signals). Consider the generic 
case of a simple intermittent RF signal (e.g., on-off-on-off…) imposed on a human 
tissue (see Figure 6.1). Depending on the intensity and duty-cycle of the imposed RF 
field, a modulated thermal signal is set to appear on the exposed tissue as a result of 
the energy deposition and the active and passive heat redistribution by physical and 
physiological means.

These RF-induced thermal signals are always part of the exposures from the 
cellular perspective to one degree or another, even if the exposures are within what 
is considered safe limits, and their magnitudes in biological tissue can be substantial 
from the microdosimetric point of view.

6.2.2  CURRENT MODELS AND APPROXIMATIONS AND 
THE MICRODOSIMETRIC PERSPECTIVE

Currently, exposure restrictions rely on models which are based on certain (presumably 
adequate) degree of spatio-temporal approximations. These approximations are 
certainly convenient from the practical point-of-view of computation and measurements 
since they substantially simplify or avoid many technical difficulties. Nevertheless, 
these approximations can obscure some important microdosimetric aspects of energy 
deposition (i.e., localized hot-spots and thermal transients are smoothed out). This 
results in exposure assessments reporting levels of exposure which can be many 
times below the true exposures as they are “low-pass filtered” in time and space 
(Lin, 2006). In the case of spatial approximations, these are introduced by model 
simplifications and by averaging. Regulatory restrictions are based on averages of the 
energy deposited over volumes (e.g., over any 10 g of tissue (10gSAR), head (hdSAR), 
whole body (wbSAR) or areas (IPD) depending on frequency) which are numerically 
correlated with the temperature elevation (Morimoto et al., 2016). However, such 
averaging (in the order of several mm) can “smooth out” thermal variations contained 
within these domains.

However, energy deposited in biological tissue is inherently inhomogeneous 
because of several factors. One of them is the field inhomogeneities introduced by 

Imposed RF field Point A

Biological tissue
“hot spot” Heat redistribution

Heat 
dissipation

RF envelope
Temperature 
(point A) = T(t)RF(off )

RF(on)

∆T/dt(RF(on))

∆T/dt(RF(off ))

RF(on) RF(on) RF(on) Time

RF(off )RF(off )T
RF

FIGURE 6.1 Imposition of RF signals in tissue is inherently accompanied by a related 
thermal signal in situ. (a) Conceptual representation of the “heat-in-heat-out” process that 
exists as a result of imposition of modulated RF fields in tissue. (b) Conceptual representation 
of the localized and time-dependent thermal signal resulting from intermittent RF field 
exposure. Its characteristics are subject to the dynamics which are involved in energy 
deposition, redistribution, and dissipation.
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details in the sources (plane waves, dipoles, arrays, Planar Inverted-F Antennas 
(PIFAs), and other complex antennas, see Figure 6.2) (Douglas et al., 2016; El 
Halaoui et  al., 2017). Also, the inhomogeneities introduced by frequencies, 
polarizations, and spatial differentials when near the complex structures of the 
human body (e.g., phone against the head in different locations and positions) can 
be substantial. Due to this complexity alone, fields can vary greatly from point-to-
point in the body generating minute hot-spots where energy deposition can be many 
times greater (and usually is) than the averaged SAR value reported to the authorities 
(Bernardi, 2000; Laakso et al., 2017). Additionally, volumes with increased levels 
of complexity (such as the pinna) sometimes result in such averages being done over 
volumes which do not contain any tissue. In other cases, the complicated tissues 
are radically simplified by removing these structures from the model altogether 
(Morimoto et al., 2016). As a result, a certain device may meet the compliance 
requirement while still inducing hot-spots (and steep gradients) inside the tissue 
which are many times greater (e.g., 20X) than the reported value and outside the 
allowed limits. Therefore, it would be common that a mobile phone may report SAR 

51.7 GHz 47.0 GHz

46.0 GHz50.0 GHz

49.0 GHz

4 4

2(cm) (cm)2
4 4

2(cm) (cm)2

44.0 GHz

E

(a) (d)

(b) (e)

(c) (f )

FIGURE 6.2 RF exposures in tissue are inherently inhomogeneous. These examples (a–f) show 
the frequency-dependent relative heating rate distribution resulting from irradiating a flat surface 
with a 17 × 26 mm2 rectangular horn antenna. The area of each frame is 32 × 32 mm2. (From 
Khizhnyak EP, Ziskin MC 1994. IEEE Transactions on Biomedical Engineering 41(9):865–73.)
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under 2 W/Kg (restriction for the general public) while having hot spots as high as 
40 W/Kg in substantial amounts of tissue (Lin, 2006; Schmid, 2015). Nevertheless, 
one should note that the real exposures may be much larger than this example (20X 
factor) given the fact that all numerical estimations are based on models which are 
simplified approximations of the real structures involved. In fact, biological tissues 
which have architectures with mm and sub-mm complexities are usually represented 
as homogeneous when modeled numerically. Yet, energy absorption differences only 
become apparent when the models are refined to accommodate the necessary level 
of detail (e.g., substantial reflections due to differences between the minuscule layers 
of the skin (Alekseev et al., 2008; Zhadobov et al., 2015), differential absorption by 
helical sweat glands (Betzalel et al., 2017; Feldman et al., 2008), etc.; See Figure 6.3).

In the case of temporal approximations, regulatory restrictions are based on 
averages over time (e.g., over several minutes to 10 seconds on the higher end 
(300 GHz), with many details depending on frequency and on the specific standard). 
Roughly, these times are based on simplified numerical models exposed to standard 
RF exposures until the temperature within the hot-spot of greatest exposure reaches 
a steady-state (step-response) (Bernardi, 2000). Additionally, in the case of exposures 
shorter than the averaging time, limits which are several times higher are accepted 
(e.g., ×1000 IPD for occupational exposure) (Laakso et  al., 2017). However, in 
practice, even within these limits, thermal transients (>0.1°C/s) can be achieved by 
exposures within the limits proposed by the standards. A thorough deduction can be 
found in an excellent review by Foster et al. in which they distinguish the mechanisms 
and rates by which the heat is redistributed in homogeneous tissue when exposed to 
microwaves, deriving simple models and time constants which are relevant depending 
on the time of observation. They note that, for the first seconds of exposure, the 
energy is only slowly redistributed almost exclusively by conduction to the nearest 
tissues. This process is relatively independent of physiological changes (i.e., blood 
perfusion, etc.), resulting in a global heat distribution process which can be much 
slower than the sharp rate at which energy is deposited (even when within the allowed 
exposure limits) (Foster et al., 1998, 2017). Coincidently, such sharp transients were 
observed by Morimoto et al., utilizing complex numerical 3D models for frequencies 
from 1 to 30 GHz (Morimoto et al., 2017). Larger transients were predicted by Laakso 
et al. on an extended frequency range (up to 300 Ghz). By utilizing human models 
with some structural complexity, they clearly show absorption hot-spots with sharp 
temperature rise times whose magnitudes are at least three times higher than the 
mean temperature. Furthermore, these patterns of temperature rise were highly 
nonuniform, as expected, with frequency and polarization dependence (Laakso et al., 
2017). Therefore, from the microdosimetric perspective, the appearance of hot-spots 
and transients is clearly dependent on model complexity, getting more pronounced as 
the model’s complexity becomes closer to the true biological architectures.

While these artifacts (hot-spots and transients) can be many times greater 
than the stipulated safety limits within the “restrictions for the general public,” 
they can be even more pronounced under specialized applications (i.e., industrial 
(occupational, military, medical) simply because safety limits are much greater 
(if there are any limits at all). For example, RF exposures on medical imaging 
applications can be an order of magnitude higher than occupational exposure and 
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nearly 50 times higher than the guidelines for the general public (Murbach et al., 
2015). In addition, signals can be substantially amplified by other factors like the 
presence of metallic implants which can collect RF energy along its conductive 
structure, modifying the imposed fields (Lekner, 2013) and depositing localized 
heat at the implant-tissue interface. Such implants can be active (e.g., cardiac 
pacemakers and defibrillators, deep brain stimulators, generic neurostimulators) 
or passive (e.g., stents, screws, plates, shoulder, knee, hip replacements, etc.) and the 
resulting thermal deposition would depend on the multiple geometric and material 
details of the imposed field, implant, and subject in question (Acikel et al., 2011; 
Murbach et al., 2015; Shellock et al., 2000). Numerical and practical assessments of 
SAR levels in the vicinity of simple generic implants have shown spatial gradients 
on the order of 5–6 dB/mm (320%–400%/mm). More complex spatial distributions 
(likely with larger gradients) are possible in the case of real implants with multiple 
electrodes (Nordbeck et al., 2009; Yao et al., 2017). Furthermore, while assessments 
are typically made for Continuous Wave RF exposures, gradient coils can also 
introduce significant eddy-current-induced heating which is oscillatory as a result 
of the coils’ intermittent switching (∆t ≈ 125 µS) (Brühl et al., 2017; Graf et al., 
2007; Zilberti et al., 2015, 2017).

Based on the premises presented, it is not hard to imagine that tissues exposed to 
a modulated RF signal which exists within the allowed regulations are also exposed 
to a related thermal signal in the order of several hundredths of °C with periods 
in the order of seconds or less (depending on the specificities of the exposure and 
physiological factors). In addition, significantly large energy depositions (hence also 
large ∆T/dt) are certainly possible when purposely operating outside of the safety 
standards. For example, characterization of hyperthermia experimental setups shows 
∆T/dt in the order of c.a. 0.001–1°C/sec in vivo (Griffiths et al., 1986; Lara et al., 
2017; Raaijmakers et al., 2017) and up to 3°C/sec with more focused modalities (i.e., 
nanoparticles) (Cherukuri et al., 2010; Deatsch et al., 2014). In the case of superficial 
energy deposition, enough intensities can generate pain (activate cutaneous nociceptor 
neurons) in only a few seconds (94 GHz (CW), ∆T/dt = 3.3°C/s) (Walters et al., 2000). 
Today, military applications such as the “active denial system” described by Kenny 
et al. can use this principle to elicit a reflexive reaction (Kenny et al., 2008). Naturally, 
much larger transients and inhomogeneities are routinely generated in applications 
whose purpose is ablation (>20°C/s) (Rijkhorst et al., 2011; Worthington et al., 2016) 
or in vitro experimentation with small volumes (50°C/sec) (Mihran et al., 1990) with 
technologies involving ultrasound. Lasers can introduce enough focused energy to 
induce temperature transients some orders of magnitude larger in smaller volumes. 
(Izzo et al., 2008; Shapiro et al., 2012).

6.2.3 THE THERMAL DOSE MODEL

In the same way as structural, spatial, and temporal approximations can obscure 
potentially important microdosimetric details, approximations and assumptions 
from the biological perspective can obscure potentially important physiological 
reactions. In this regard, there are several assumptions which are made in order to 
conveniently summarize the biological responses to a presumably adequate degree. 
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As mentioned before, safety standard recommendations are based on restricting the 
thermal dose. A proposed model describing the known limits for thermal damage is 
the isoeffect dose cumulative equivalent min 43 (CEM43 or t43) that comes from the 
consolidation of results from animal experimental data. This model assumes first-
order kinetics (Arrhenius relation, see Equation 6.3), assuming, in principle, that 
thermal damage increases linearly with time and exponentially with temperature 
(Dewhirst et al., 2003).

 CEM tR Tc43 43= −  (6.3)

where t is the time of exposure at temperature Tc and R is a constant. Therefore, 
each tissue can be assigned a CEM43 which represents the maximum thermal dose 
(time-temperature combination) above which such tissue could sustain damage. 
Some established therapies (i.e., the several hyperthermia modalities), for example, 
make use of such deleterious thermal ranges as a treatment of malignant diseases. 
This is done by exposing specific tissues to steady-state temperatures above 37°C at 
specifically prescribed times-of-exposure, solo or as an adjuvant to other therapies 
(Hildebrandt et al., 2002; van Rhoon et al., 2013; van der Zee et al., 2017).

6.2.4  THE THERMAL DOSE MODEL LIMITATIONS: LOW-LEVELS OF THERMAL 
DAMAGE AND THE THERMAL DAMAGE THRESHOLD PERSPECTIVE

There are multiple traditional concerns with this model, and a good review of such 
concerns was eloquently presented by Foster and colleagues (Foster et al., 2011) 
and briefly reiterated more recently (Sienkiewicz et al., 2016). A concern of specific 
interest to this chapter is the apparently large uncertainty about the effects of 
chronic exposures to low-level thermal doses. In this regard, one must notice that the 
CEM43 model, in principle: identifies thermal doses producing a specified amount 
of damage, instead of a threshold below which no damage occurs. Therefore, the 
possibility that such a threshold may not exist, and damage may not stop but it may 
occur in lesser degree as the thermal dose is lower could be substantial.

In this regard, animal and human data for low-levels of thermal dosage is 
surprisingly scarce. In fact, most of the data supporting this model comes from 
experiments in which tissues have been almost exclusively heated above 41°C and 
sometimes above 43°C in rather acute exposures. Additionally, the data utilized is 
based on animals of several species which have substantially different physiologies 
and thermoregulatory capabilities leading to not only inherently different thermal 
set-points (e.g., mouse is 37°C while guinea pig is 39.0–39.5°C), but also significantly 
different sensitivities to heat across different tissues and organs which are not 
necessarily representative of those of humans (especially at lower levels). As a result, 
extrapolating CEM43 to low-levels of thermal exposure (or low-levels of thermal 
damage) could introduce substantial levels of uncertainty since it is unsupported 
by data. This makes the prediction power of CEM43 doubtful for low-levels of 
thermal damage at low thermal doses, even if the assumption that the first-order 
kinetics followed by all tissues at low thermal doses is correct (which may not be 
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true (Pawar et al., 2016)). Coincidently, CEM43 has been unsuccessful in describing 
secondary physiological responses of thermal damage (e.g., edema or ex vivo thermal 
coagulation) (Dewey, 1994, 2009). Therefore, while it is a likely possibility that the 
current thermal dose model is not only inadequate to predict low-levels of thermal 
damage, it is a certainty that its inception does not contemplate the possibility of 
chronic physiological effects which depend on the properties of intermittent thermal 
signals within (or outside) the currently recommended “safe” limits.

6.3  FROM THERMAL DAMAGE TO THERMAL 
SIGNALING: A NEW PARADIGM

The approximations and assumptions described before in which dosimetric and 
biological models are based on are certainly useful and convenient for guaranteeing 
safety under the classical thermal hazard paradigm, which establishes rather acute 
hazard thresholds. On the other hand, thermal signals are an unavoidable reality in 
the context of RF interactions with the human body and the current safety perspective 
could inevitably limit our ability to determine existing harmful (and perhaps useful) 
effects of low-level (and chronic) thermal exposures. In this regard, the existence 
of thermal transients is recognized by leaders in the expert community and 
recommendations for the limitation of their existence have been published (Foster 
et al., 2017; Laakso et al., 2017). However, such recommendations emerge from 
the same original paradigm of limiting temperature from reaching certain levels 
(hence doses) which are known to (or that could) be deleterious in the traditional, 
rather acute sense. This is understandable and adequate in the sense that the mere 
concept of “low-level thermal signals” is not considered by the scientific community 
as something of (potential) biological importance. As a result, neither biological nor 
health effects have been established from which recommendations for human safety 
(or therapeutics) can be made. Nevertheless, it is an undeniable fact that such thermal 
signals are always present, to some degree or another, in RF exposures. Therefore, 
should the current paradigm be complemented to accommodate the possibility that 
sufficiently relevant biological and/or health effects may emerge from exposure to 
such signals?

In order to start answering such a question, one may want to consider the question 
of how a biological or health effect could come into existence from such apparently 
subtle signals. Could such signals be (biologically) amplified? Could they substantially 
modulate biochemical or physiological processes from the biological perspective? 
In principle, cellular systems are perhaps the most complex (and minute) sensors we 
know with almost incredible abilities for amplification. Based on these building blocks, 
biological organisms can sense and respond to minute stimuli to guard their (and the 
entire system’s) homeostatic state, making amplification of subtle environmental (and 
biochemical) signals fundamental for complex biological system survival. To anchor 
this perspective, consider that at the cellular level, for example, an action potential (or 
subthreshold oscillations) can be generated following contact with only a few molecules 
of neurotransmitter or the oxidative burst introduced by immune cells after an encounter 
with signs of invasion (Dahlgren et al., 1999; Kandel et al., 2000). These amplification 
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capabilities become greatly enhanced when considering collections of cells which can 
work in harmony. In such cases, extremely small signals captured by a single or small 
number of cells can be followed by substantial cascades of biochemical responses 
(hormones, neurotransmitters, etc.) at the level of the entire organism within seconds. 
This is evident, for example, in the thermoregulatory processes. Although local and 
systemic thermoregulatory effects (e.g., vasodilation, etc.) are delayed by physical 
and physiological restrictions (several seconds to minutes), the sensory and regulatory 
signals (e.g., neural, hormonal) are in fact triggered immediately via extremely sensitive 
physiological sensors and can last for much longer times. Cells with amplification 
capabilities are also densely packed in astonishingly small volumes. For example, 
consider a 10gSAR cube (the current standard SAR averaging standard) situated in the 
face of an average human. Within the projection of the area of such a cube (c.a. 4.6 cm2), 
the human face would contain tens of thousands of neural ramifications (only in the 
skin) (Nolano et al., 2013). The same is true for the external part of the ear (pinna) which 
is usually disregarded in numerical models, measurements and some safety standards 
(Morimoto et al., 2016; Kodera et al., 2018). In fact, most cellular structures (µm-range) 
are at least 3–4 orders of magnitude smaller (Iggo, 1974) than this area where differential 
absorption can generate very localized “hot spots,” as shown in the previous section, 
which may be large (and fast) enough to be of relevance to biological processes.

Therefore, from a sensory perspective, how sensitive are biological systems to 
subtle thermal challenges? With this in mind, the next section will try to compile 
existing information to question the possible biological relevance of small thermal 
signals.

6.4  BIOLOGICAL SYSTEMS THERMAL SENSITIVITY AND 
REGULATION UNDER THERMAL CHALLENGES

Temperature is one of the fundamental macroscopic properties of matter as it describes 
the average kinetic energy of its fundamental particles. As such, its concept permeates 
basically all aspects of every form of living organism playing a fundamental role in 
many (if not all) of the physicochemical phenomena that lead to life (Precht; 2013; 
Schrödinger; 1944).

At a fundamental level, chemical (and bio-chemical) reaction rates are governed 
by forms of the Arrhenius equation, where the temperature dependency is 
exponential (Arrhenius, 1889; Dewey, 1994; Jorjani et al., 1999; van’t Hoff, 1884). 
This results in living organisms’ basic biochemical machinery being particularly 
sensitive to small temperature changes. Additionally, the kinetics of the cellular 
complement of proteins (proteome) and cellular structures function within very 
narrow temperature ranges as a result of their fundamental tendency towards 
optimization (Sen et al., 2014). In fact, optimization levels can be such that the 
organism death may be only a few degrees away from its optimal physiological set-
point (e.g., humans c.a. ≥ 1.5°C from set-point (core = 36.5–37.5°C)) (Dill et al., 
2011). In addition, as thermodynamically open systems, living organisms must 
continuously exchange energy and matter with the surrounding environment which is 
variable and inhomogeneous (Walleczek et al., 2006). This has pressured organisms 
to develop various methods for compensation for such unpredictable variations and 
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inhomogeneities to maintain their temperature, however, at great expense (Somero 
et al., 1971; Ruoff et al., 2003). For example, homeotherms maintain their core 
temperature in tight ranges either autonomously (endotherms, i.e., most mammals, 
birds), by significantly intensifying metabolic rates (thermogenesis) or behaviorally 
(ectotherms, i.e., most hibernators, estivators, kleptotherms) by migrating to 
locations where the environment provides temperature ranges at which their basal 
metabolism is sufficient to maintain body temperature (thermoneutrality) (Kokolus 
et al., 2013). Interestingly, the modern human is a special case of homeotherm, 
which has partially shifted thermoregulatory control from its body to the artificial 
environment (temperature regulated dwellings) behaviorally, demanding c.a. 9 to 
28 times more energy at a high environmental cost (Hill et al., 2013; Nedergaard 
et al., 2007). In contrast, some of the complex mesophyles (Poikilotherms, i.e., 
most fish, amphibians) can function at wider core temperature ranges (spending 
c.a. 15–30 times less energy than homeotherms), but at the cost of supplementary 
and redundant cellular and molecular feedback systems (mostly neural) (Abrams 
et al., 1982; Caplan et al., 2014; Rinberg et al., 2013; Robertson et al., 2012; Sen 
et al., 2014; Soofi et al., 2014; Warzecha et al., 1999). Some animals have evolved 
in curious ways around conserving their original thermoregulatory mechanisms. 
For example, the whale has evolved to still maintain 37°C but minimized a surface 
area-to-volume ratio (gigantothermy) (Meekan, 2017). Costs of chronic exposure to 
subthermoneutral temperatures can be substantial. For example, chronic exposures 
were shown to induce stress with measurable biological consequences like enhanced 
tumor growth in mice (Eng et al., 2015; Kokolus et al., 2013).

Within the complexity of a biological system, some tissues are more sensitive 
to thermal differentials than others. In the case of most homeotherms, the shell 
temperature (skin, subcutaneous tissue, skeletal muscle) is considerably less strictly 
controlled (e.g., possible variability > 3°C) than the core temperature (abdominal, 
thoracic, and cranial cavities). Core temperature differentials as low as 1 to 2°C have 
been widely regarded as harmful under various conditions (i.e., fever, hypothermia). 
Of the tissues residing in the core, the neural systems appear to be the most 
thermally regulated (Busto et al., 1987; Childs, 2008). Within the spatio-temporal 
limitations of current temperature measurement instrumentation and techniques, core 
thermoregulatory processes (especially within neural systems) have been shown to 
regulated in the vicinities of 0.1°C with great capability for amplification against 
movements from the set-point for humans (Adair, 2008; Kräuchi, 2002; Lim et al., 
2008). Such regulation capability is dependent on the high sensitivity of thermal 
regulation systems of core temperatures. Blood flow changes can happen in the order 
of seconds and the brain thermal response is slower (several tens of seconds). Brain 
temperature inhomogeneity (colder in the peripherals) is kept within tight ranges 
(c.a. 0.001–0.2°C) by quick and localized blood flow injections in the event of 
increased metabolic heat production tied to augmented functional activity. During 
active periods, the compensation introduced depends on the location in the brain 
(deep regions cool down while peripheral regions heat up) as a result of arterial 
blood inflow, the main purpose of which (besides oxygenation) is thermal regulation 
(McElligott et al., 1967; Sukstanskii et al., 2006; Werner et al., 1988). This behavior 
has many times been associated with specialized neural structures within the brain 
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which are generally also in charge of the detection of other environmental cues like 
salt, light, CO2, and pheromones (Biron et al., 2008; Boulant et al., 1986; Bretscher 
et al., 2011; Saito et al., 2014; Warzecha et al., 1999). This great capacity for core 
thermal regulation happens, in part, by help of the shell (skin, etc.) working as a buffer 
with greater thermal sensitivity, tolerance, and flexibility to rapidly sense, adapt, and 
counteract changes with time constants in the tens of seconds (Kellogg, 2006). This is 
consistent with the behavioral thermoregulation data available for hundreds of animal 
species (including humans) showing distinctive animal sensitivity to environmental 
temperature (Dell et al., 2011, 2013).

Additionally, biological systems present many times oscillatory behavior. This 
can be partly due to their need to maintain homeostatic levels, making them reliable 
on feedback control loops at the molecular, cellular, organ, and system levels. 
Coincidently, sustained autonomous temperature oscillations around their optimal set-
point are known to exist (under steady environmental conditions) for many organisms 
from cyanobacteria and plants to humans (Morf, 2013; Yoshida et al., 2009). In 
humans, for example, circadian (i.e., daily c.a. 24 h ± 0.5°C) and circamensal (i.e., 
menstrual c.a. 28 d ± 0.5–1.0°C) as well as circannual (i.e., seasonal c.a. ± 0.3/0.4°C) 
cycles have been identified which are directly affected by endogenous (i.e., health, 
reproductive) as well as exogenous (i.e., weather, environment) status (Hammel 
et al., 1968; Keatinge et al., 1986; Kelly, 2006, 2007; Kräuchi et al., 2014; Rubin 
et al., 1987; Shiraki et al., 1986; Webb, 1992). Other mammals also present circadian 
fluctuations with magnitudes that can be much greater than ±1°C, depending on 
species (Brown et al., 2002; Giannetto et al., 2012; Refinetti, 1995, 1999, 2016). This 
is also true at the organ level. For example, rhythmic subcortical fluctuations are 
inherent to the mammalian (cat) brain (0.001–0.003°C @ 5–12 cycles/min) which 
are not correlated to breathing rate or blood pressure (McElligott et al., 1967). Other 
oscillations of the same order are also observed in the brain of monkeys (Hayward 
et al., 1968). More recently, some authors pointed out that some animals’ bodies 
(including humans) are able to purposely generate and maintain thermal gradients 
by creating small regions of lower temperature with important biological purpose. 
For example, differences in the order of 0.5°C have been recorded in vivo to tissues 
surrounding follicles at distinguishable developmental stages (Ye et al., 2007). Also, 
the existence of intracellular gradients has been proposed by several authors using 
more nonconventional methods (Benit et al., 2017).

6.4.1 POTENTIAL BIOLOGICAL RELEVANCE OF THERMAL SIGNALS

Under the premises presented in the previous section, it is clear that we know that 
a multiplicity of biological structures from the molecular to the organ level are 
sensitive to small thermal differentials (Ezquerra-Romano et al., 2017). However, the 
capabilities for sensitivity and regulation presented were focused under “conventional” 
thermal challenges (∆T) and not under thermal variabilities like those that can be 
generated with modulation or intermittence of the heating source. However, it is clear 
that from the cells’ perspective that RF exposures are accompanied by thermal signals 
which are localized in space and are time-dependent. Therefore, while an issue of 
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potential importance to basic science and public health is to estimate how small of 
a thermal transient (∆T/dt) (and therefore thermal signal T(t)) can have biological 
relevance, only a minuscule fraction of thermobiology experiments were directed 
towards exploring these effects.

Nevertheless, a good start for answering this question is to look at the potential 
mechanisms which are rooted on the underlying physicochemical properties 
and interactions of matter under transient thermal conditions. One such interaction 
is given by the Nernst Equation which describes the relationship between chemical 
concentrations and electrical potentials across a semipermeable membrane (Vidal-
Iglesias et al., 2012). For potassium concentrations, this equation would look like this:

 [ ]K K ein out

qV
kT= ⎡⎣ ⎤⎦  

(6.4)

where [Kin] is the concentration of potassium inside the cell, [Kout] is the concentration 
of potassium outside of the cell, q is the charge of the electron, V is the voltage 
across the membrane, k is Boltzmann’s constant, and T is the absolute temperature. 
Interestingly, little work is needed to show these parameters’ dependence on ∆T/dt. 
This was done by Prof. Frank Barnes in 1984 (Barnes, 1984). Using the same equation 
and assuming some approximate values for pacemaker cells from Aplysia, he was 
able to predict current flow through cell membrane in the order of 5 nA as a result of 
imposing ∆T/∆t = 0.1°C/sec. Additionally, as a reference, he stated that experiments 
previously performed had shown that currents as small as 2 nA injected through a 
microelectrode would bias such pacemaker cells from cutoff to saturation, and that 
currents of tenths of nA would change their firing rate. While many more details can 
be considered in order to predict such dependencies more accurately (Rabbitt et al., 
2016), this simple calculation not only showed that, in principle, phyisico-chemical 
potentials should be affected by thermal transients which are well within technical 
feasibility, but also that biological relevance of such transients was quite likely.

Coincidently, practical experiments showed changes in the firing rate of pacemaker 
cells from the ganglion of Aplysia Califorrnica induced by ∆T/dt of about 1°C/sec 
and that such changes were comparable to the injection of about 1 nA into the cell. 
Interestingly, the total ∆T in such experiments were little as 0.1°C, hinting to a real 
dependence of the effect on ∆T/dt rather than on just ∆T (Barnes et al., 2007; Chalker, 
1982). Similar observations were made for the large parietal ganglion of the central 
nervous system of Limnea stagnalis where a substantially slower increase in temperature 
(1°C/min or slower) increased the firing rate of the pacemaker cell and a rapid increase 
in temperature (0.1°C/sec or faster), decreased or stopped the firing (Bol’shakov et al., 
1986). This hints at further underlying mechanistic complexity which can be perhaps 
explained by the existence of competing chemical reactions at different rates (Barnes, 
1974; Barnes et al., 2018). Later, an excellent cohort of experimental reports came from 
Ziskin laboratory dealing with the study of biological effects of low-intensity mm waves 
(30–300 GHz). As a control for their experiments on mm waves (which induce heating), 
Zisking, Alekseev, and colleagues exposed neurons to changing rates of temperature 
by conductive heat transfer. With this method they determined the lower threshold for 
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causing recordable changes in the firing rate of the pacemaker neuron of Lymnaea 
(snail) to be in the vicinities of 0.0025°C/sec (Alekseev et al., 1997).

In mammals, early on, experiments by Iggo et al. demonstrated sensitivities for 
monkey (and human) neurons in the order of 0.05°C/sec (Iggo, 1962). Interestingly, 
a well performed group of experiments by Blick et al., later revisited by Riu et al., 
appear to suggest lower thresholds on human sensitivity. While they interpreted 
these results as being a result of the net temperature change (∆T), thresholds can be 
calculated in the order of 0.005–0.013°C/sec (depending on penetration depth) (Blick 
et al., 1997; Riu et al., 1997). More recently, further evidence of neural activation was 
presented by Green et al., showing effects on transitions at 0.5 and 4.0 °C/s on human 
sensation. Here, neural activation was suspected to be linked to certain involvement 
of various temperature sensitive ion channels (TRP) which were highly rate sensitive 
(Green et al., 2010). Further evidence supporting the involvement of ion channels 
sensitive to temperature (Patapoutian et al., 2003) was proposed some groups. For 
example, a method of stimulation called magneto-thermal genetic stimulation was 
tested for the first time in freely behaving rats. In this method, heat is delivered to the 
neural cell membranes with high specificity by imposing alternating magnetic fields 
with membrane-bound synthesized superparamagnetic nanoparticles. The ∆t/dt 
introduced ranged from 0.1 to 1.0°C/s depending on the area density of nanoparticles 
on the genetically modified cells inducing differential changes in action potentials 
in vitro and multiple distinguishable behavioral changes in vivo depending on the 
area of the brain stimulated (Munshi et al., 2017). More interestingly, a group of 
experiments on Drosophila larvae showed the possible interaction of Ca2+ with TRP 
channels on sensing rates in the order of 0.02–0.5°C/s. Of special interest is that more 
marked responses were shown as rates were increased (high-pass filter behavior) 
providing a signal which correlates to the size of the needed reaction (Luo et al., 
2017). Interestingly, nonexcitable cells are also known to respond to spatio-temporal 
thermal gradients (Shapiro et  al., 2012). For example, human fibrosarcoma cell 
cultures (HT1080) were shown to have proliferation effects (>20%) when cultured at 
an oscillating temperature (max. ∆t/dt = 0.6°C/s) (Portelli et al., 2017).

It is perhaps important to note that while all these effects are observed, the 
understanding of their reasons is still limited due to the complexity of the many 
microscopic events occurring simultaneously in the cell. Traditionally, the 
electrophysiological model used to explain nerve activity modulation is given by 
the Hodgkin and Huxley model which considers voltage-dependent conductances 
(Hodgkin et al., 1952; Kandel et al., 2000). In essence, this model is only based 
on a simplified lumped-element model built on empirical observations rather than 
on basic thermodynamics (which some might call “curve fitting” in a relaxed 
academic environment). In contrast, many other physicochemical phenomena are 
observed in real cells during action potentials. For example, mechanical and thermal 
transients (0.00002–0.04°C/s, depending on technical details) have been observed 
to operate as part of a passing action potential in in vitro experiments on olfactory 
nerves (Böckmann et al., 1996; Tasaki et al., 1989, 1992) accompanied by minute 
mechanical perturbations in the medium. This being the case, there have been 
multiple attempts to reconcile these details with the Hodgkin and Huxley model. 
However, progress has been limited due to the inherent limitations imposed by 
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the model not being based on fundamental thermodynamics (i.e., not considering 
changes in temperature, lateral tension, pH, etc.). Some efforts have been made 
to derive such expressions from thermodynamic perspectives to integrate thermal 
sensitivities with little success (Forrest, 2014). Fortunately, much more complex 
models which include the details and concepts to reconcile the multiplicity of 
simultaneous thermal and nonthermal phenomena known to be associated with 
neural activity have been proposed. The most prominent of these is perhaps the 
Heimburg–Jackson model which proposes the action potential propagation to be of 
the nature of a piezo electric wave (a localized density excitation that propagates 
in the axon bilipid membrane without any distortion (soliton wave)). While several 
aspects of theory are currently under scientific scrutiny (Appali et al., 2012; Hasani 
et al., 2015), its fundamentals are able to explain many observed phenomenon like 
the transient and reversible lipid channel formation, mechanical change in thickness 
of nerves, change in temperature, and even the reason for the anesthetics effects in 
the medical practice (Andersen et al., 2009; Blicher et al., 2009; Heimburg et al., 
2007, 2015; Heimburg, 2008, 2010; Laub et al., 2012; Mosgaard et al., 2012, 2013). 
Although much work is still necessary, one can surmise that under such a model, the 
temperature dependence (∆T and ∆T/dt) of the factors involved in action potential 
generation and propagation becomes obvious.

In view of the facts presented, one can see that sensitivity to temperature changes 
is an inherent aspect of classical physicochemical theory. Since the cell is a collection 
of dynamic biochemical reactions and structures, it would not be surprising that 
signals formed by collections of temperature changes (∆T and ∆T/dt) can have some 
degree of influence on the dynamics or function of such biochemical reactions and 
structures, and therefore, on the biological system as a whole. Therefore, in essence, 
every biochemical reaction can be seen as a thermal transducer which can act as a 
handle into the cellular processes.

6.4.2 FROM THERMAL SIGNAL INTO BIOLOGICAL AND HEALTH EFFECTS

An interesting example of biological amplification via transduction of thermal signals 
in the skin resulting in biological and health effects relevant to this discussion is 
the therapeutic application of mm waves by therapists in Eastern Europe and 
the former Soviet Union (Betskii et al., 2004; Pakhomov et al., 2000). In short, 
15–30 min exposures on body points of high neural density (sometimes associated 
with acupuncture points) have shown stimulation of the nervous system and immune 
activation followed by endogenous opioid release in animals and humans, resulting 
in analgesic and multiple immune effects at an organism level (Egot-Lemaire et al., 
2011; Ziskin, 2013). The many empirical observations of the therapeutic potential of 
such exposures led Dr. Marvin Ziskin and his colleagues in the west to perform many 
experiments (for 25 years) to unveil the mechanism of action. Their results suggested 
that the effects observed are mostly thermally-mediated through the absorption in 
water at the most external skin layers (<0.5 mm thick) (Haas et al., 2017; Ziskin, 
2013), perhaps with only some exceptions (Habauzit et al., 2014). They noted that 
stimulation most likely occurred at free nerve endings extending into the epidermis 
as well as residing immunocompetent cells (i.e., Langerhans, keratinocytes).
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These experiments propose the potential for amplification of thermal signals at 
the levels of the skin into full body responses. In practice, exposures can be much 
longer and include areas with higher neural density (face, hands), potentially inducing 
similar or greater responses. While this is perhaps the only set of data along these 
lines, its existence is intriguing and compelling for further investigation, not only for 
its potential therapeutic applications, but also for its relevance to the widespread use 
of mobile communications and must be pursued further.

From the last section, it is evident that thermal signals are always, to some degree 
or other, an inseparable aspect of RF exposures. Therefore, in view of the effects 
described above, and without making any assumption of the true biological relevance 
of RF fields themselves (a topic that is known as “nonthermal effects”) one can 
hypothesize that these secondary thermal signals associated with RF exposure may 
work at the cellular level as a signaling vehicle for information transfer. Therefore, 
one may hypothesize that under certain conditions, exposures to such signals may 
artificially force physiological responses of relevance (e.g., stress) which may add up 
over time.

6.4.3  RESONANCE AND OTHER FORMS OF INTERACTION 
WITH DYNAMIC BIOCHEMICAL SYSTEMS

In the case where thermal signals are transferring information to the cell (meaning 
that the amount of energy is infinitesimally small), one may consider other ways 
in which such information is amplified into the biological effects observed. In this 
regard, many examples of such amplification potential can be found at the molecular, 
cellular, organ, and organism levels. One of such ways may be through resonant 
processes. As one may surmise, thermal oscillatory behavior present in most complex 
organisms (discussed earlier in this chapter) is driven or in close relationship to 
underlying biochemical oscillations. Such oscillations appear to be fundamental to 
life. In fact, a growing body of evidence indicates that biochemical signaling encodes 
information in oscillatory signals rather than in constant ones (Dolmetsch et al., 
1998; Tostevin et al., 2012). Examples of biochemical oscillations can be observed 
from scales that vary from complete organism and usually slow oscillations (lasting 
hours to days) (e.g., circadian) to more rapid ones (e.g., insulin, heart, brain chemical 
oscillations) all the way down to the cellular and even intracellular level in the second 
and subsecond range (action potentials, intracellular ion concentrations, subthreshold 
neural oscillations, etc.) (Bergsten, 2002; Brasen et al., 2010; Buzsáki et al. 2004; 
Ehrengruber et al., 1996; Falcke et al., 2003; Koshiya et al., 1999; Matsumoto et al., 
2016; Maroto et al., 2008; Novák et al., 2008; Rapp, 1979; Slaby et al., 2009; Smelder 
et al., 2014; Stark et al., 2007).

Substantial effects on such oscillatory systems can be caused with an infinitesimal 
amount of energy given that it is delivered timely (resonance). For example, Wachtel 
showed how neural firing patterns of pacemaker cells can be synchronized (entrained) 
with relatively weak and periodic electrical stimuli. In addition, Wachtel showed how 
increasing amounts of intracellular and intercellular current were needed when the 
frequency of the periodic electrical signal differed from the natural frequency of the 
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cells (Wachtel, 1985). This phenomenon is expected according to the properties of 
synchronization (or injection locking and pulling) of autonomous oscillators whose 
properties have been widely studied because of their relevance to various physical 
and chemical systems (Adler, 1946; Paciorek, 1965; Razavi, 2004). In essence, any 
oscillatory system has a frequency (or group of frequencies) at which it oscillates best, 
or in other words, the frequency at which the energy input needed to make it osculate 
is minimum (we call this the natural frequency, see Figure 6.4). Consequently, 
pressing the system to oscillate at another frequency, although possible, would take 
more input energy than at its natural frequency to account for the extra strain imposed 
in the system. Nonlinearities in the oscillating system can introduce dependencies on 
the amplitude of the driving signal (Donoso et al., 2012).

Interestingly, artificially generated environments with oscillating thermal 
signals have been shown to entrain and synchronize the autonomous circadian 
oscillators in plants (Eckardt, 2005), nematodes (Van der Linden et al., 2010), 
and insects (Glaser et  al., 2005). Similarly, several reports have shown that 
interaction with unorganized cellular cultures is possible by introducing 
thermal oscillations of the same order as those generated in vivo (e.g., as low as 
±0.3/0.4°C for humans) (Hammel et al., 1968; Keatinge et al., 1986; Kelly, 2006, 
2007; Kräuchi et al., 2014; Rubin, 1987; Shiraki et al., 1986; Webb, 1992). Some 
hypothesize that this responsiveness may come from the absence of synchronizing 
biochemical signals found in vivo, making these (unorganized) cells in culture 
more susceptible to those of thermal origin. For example, cultures of peripheral 
cells (human fibroblasts) autonomous oscillators have been shown to be able to be 
synchronized in vitro by small temperature fluctuations (c.a. ± 0.5°C) mimicking 
daily body temperature fluctuations as effectively as with other chemical signals 
(Saini et al., 2012). Similar results were observed for rats’ suprachiasmatic nucleus 
cells (c.a. ± 0.75°C), rat fibroblasts (c.a. ± 1.25°C), mice fibroblasts (c.a. ± 1.5°C), 
and even cyanobacteria (c.a. ± 7.5°C) (Herzog et al., 2003; Sladek et al., 2013; 
Yoshida et al., 2009). Furthermore, thermal signals (c.a. ± 1.25°C, 1/7–1/25 Hz) 
have been shown to inhibit growth rates of human fibrosarcoma cells in culture 
in a frequency dependent manner, hinting at a possible interaction with ongoing 

Energy (cost) Linear Nonlinear

Input frequency

FIGURE 6.4 Energy cost for driving an oscillator with an external signal. The energy 
needed for driving the oscillator (cost) is minimized at the oscillator natural frequencies. 
Nonlinearities may also make the natural oscillation amplitude (and sequence) dependent.
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oscillatory biochemical signals (Portelli et al., 2017). Furthermore, the intrinsic 
complexity and nonlinearity of biological systems (especially neural networks) 
can show special nonlinear resonance traits by responding to special combinations 
and sequences of stimuli (Hayashi, 2014; Izhikevich et al., 2003). Another way 
of transduction of thermal transients into biological systems may be through 
interaction with competing chemical reactions which have different time constants. 
Such a case can lead to substantial biochemical differences induced by long versus 
short thermal transients (Barnes, 1974).

Therefore, in similar ways to those shown by these examples, the injection of 
periodic thermal signals could, under the specific conditions necessary, resonate, 
entrain, synchronize, interrupt or disturb biochemical oscillators resulting in 
substantial biological effects which could be of enough magnitude to elicit health 
effects. This makes the potential scientific relevance of these stimuli substantial.

6.4.4 OTHER FACTORS OF POTENTIAL BIOLOGICAL RELEVANCE

One has to consider that in practice, there are several factors which determine the 
ultimate thermal signals delivered at the cell level (e.g., clothing, humidity, etc.). 
In the case of cellular phones, Straume and colleagues have measured superficial 
temperatures increases by several degrees as a result of direct contact (and pressure) 
from the phone on the skin. They note that this effect resulted from reduced cooling 
from air circulation as well as heat conduction due to power dissipation within the 
phone (Straume et al., 2005). Therefore, in such cases, the total thermal signal delivered 
to the outer tissues of the human head and face will result in a complex spatiotemporal 
combination of this factor, the RF-induced heat and the redistribution and dissipation 
of such heat via active and passive physical and physiological mechanisms. Therefore, 
a SAR or IPD restriction may indeed be insufficient to guarantee safe thermal levels 
of such superficial tissues under the current paradigm.

Another factor of potential interest is how fast the energy is deposited. This factor 
could have some potential biological relevance via the Thermoacoustic Effect in 
which transient tissue volume differentials are introduced by the rate-of-change of 
the energy deposition (∆SAR/dt). In other words, this will result in a pressure wave 
(sound) deposited into the biological system generated as a result of a sudden change 
in temperature (Xia et al., 2014). As a reference, a simple thermodynamics calculation 
shows that a maximum SAR deposition of 0.25 W/Kg achieved in 1 µS (tslope(on)-RF 
in Figure 6.5) yields an instantaneous pressure transient with magnitudes around 
20 Pascals (in soft tissue) and frequencies in the range of a few hundred kilohertz. 
Interestingly, this would be enough to allow thermoacoustic tomography on an MRI 
scanner as it is about 20 dB above thermal noise. In practice, much higher pressures 
are possible depending on the commercial equipment in use (Winkler et al., 2017) 
or other energy deposition modalities (light, ultrasound). As a comparison, note that 
neuromodulation has been achieved in vitro and in vivo in animals and humans with 
high spatial specificity (mm range) although with significantly larger intensities (Lee 
et al., 2016; Mehić et al., 2014; Mueller et al., 2014). Nevertheless, just as with thermal 
signals themselves, one might wonder how low these signals should be before their 
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biological effects are negligible from a physiological point of view, considering low-
level chronic exposures.

6.5  GETTING STARTED: ESTABLISHING THE TRUE IN VITRO AND 
IN VIVO BIOLOGICAL RELEVANCE OF THERMAL SIGNALS

The study of thermal signals may open a myriad of possibilities. Noninvasive, 
nonchemical interaction with biochemical signals could be a fantastic tool for 
cellular manipulation and signaling. One such possibility is the synchronization or 
entrainment of cellular cycles or other biochemical processes (e.g., metabolic, ionic 
concentrations, sub-threshold oscillations, etc.) which may lead to the improvement 
or generation of new tools in the scientific, industrial or therapeutic arenas (Katriel, 
2008; Kuramoto, 1975). However, experimentation with thermal signals in vitro is not 
easy. One of the common obstacles is the thermal transients and oscillations which 
are inherent to laboratory rooms and equipment (incubators, etc.). Such oscillations 
and transients can be of the same order (or much larger) than the signals whose effects 
are summarized in the past section (i.e., ∆T > 1°C) (Portelli, 2017). In fact, these 
variations are such that one may contemplate this being one of the reasons behind the 
irreproducibility of much of the published biological research (Begley et al., 2012; 
Freedman et al., 2014).

In such variable baseline conditions, it is practically impossible to study the 
effect of small thermal signals without specialized equipment. However, designing, 
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FIGURE 6.5 Thermoacoustic effect principle. (a) SAR resulting from imposing a pulsed RF 
electromagnetic field in tissue. (b) Corresponding thermal signal (T(t)) in tissue). Notice how the 
rate-of-change of SAR can also influence the thermal rate-of-change, modifying the resulting 
thermal signal. The representation of the thermal transients is an approximation for reference 
and is not to scale. Real transients are typically more complex with nonlinear transitions.
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building, calibrating, and operating the necessary equipment require extraordinary 
effort and expertise. One may contemplate that this combination of factors may very 
well have discouraged research in this area. Nevertheless, the methods responsible 
for the results presented in this chapter are useful to continue and expand this novel 
branch of Thermobiology.

In essence, a system that can generate thermal signals is based in two factors: 
getting the heat in and getting the heat out of certain target volume. In this regard, 
an advantage of in vitro experimentation is the malleability of the thermal properties 
of the sample which can be orders of magnitude different from those found in vivo, 
allowing to mobilize heat more efficiently. For example, choosing a small thermal 
capacity of a culture container makes it susceptible to rapid temperature changes 
without the need for much energy. However, to achieve rapid changes, there needs to 
be a good heat transfer coefficient between this container and the driving heat (cold) 
source. Additionally, real time monitoring from the culture perspective during the 
entire experiment (not only exposure) is fundamental, since cells respond to their 
immediate environment, even during times of normal incubation (which may far 
exeed the experimental exposures (Portelli, 2018). Therefore, specialized incubation 
applications are needed that minimize the residual thermal variations below the levels 
being studied.

An example of such a system was proposed by Portelli and colleagues in which 
multiple cultures are placed on a Peltier-based system which can induce or extract 
heat from the culture. An important feature of such a system is the ability to monitor 
cells’ temperatures at the culture level and to control the thermal signal delivered 
depending on the direction of the applied electric current (with a thermal constant 
of c.a. 2 seconds) (Portelli et al., 2010, 2011, 2017). Along the same lines, mm wave 
exposures are an attractive method for studying transient and periodic temperature 
effects. By also using microscale thermocouples, Zhadobov and colleagues have 
recently produced such an exposure system which is suitable for studying short 
pulses on adherent cell cultures (in monolayer), demonstrating good agreement 
with numerical models (Zhadobov et al., 2017). Other embodiments of mm wave 
exposure systems can be found in the work by Ziskin, Alekseev, and colleagues 
(Ziskin, 2013). Previous systems proposed are capable of introducing pulsed heat 
via an intermittent pulse of microwaves into water pipe generating a heated block of 
flowing water which feeds the culture container water jacket, transferring the heat 
transient into the cells (Chalker, 1982; Barnes, et al., 2007). Recently, some work has 
gone into miniaturization of resistive and semiconductor thermal devices (50–1 mm) 
which could potentially sustain cultures in smaller areas or in a lab-on-chip context 
(Fernandes et al., 2016; Reverter et al., 2014).

On a related note, the effect of thermal signals might be one of the reasons behind 
the irreproducibility of low-level RF experimental reports which is commonplace in 
the field of bioelectromagnetics (Foster et al., 2011; Portelli, 2017). This argument 
may be that as a part of the uncertainty of RF exposure, systems and conditions 
would also lead to large uncertainties in the thermal signal imposed on cells due 
to differentials in heat deposition and removal of the specific exposure systems 
and methods utilized. In this regard, some authors have performed numerical 
simulations on RF-exposed culture containers showing sufficient differentials in 
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energy deposition warranting convection within the liquid medium. Such flow, 
for example, might create local concentrations of nutrients affecting cultures in a 
differential way (Paffi et al., 2015a,b).

Interestingly, several authors have worked in characterizing, cataloguing, 
comparing, and explaining the exposures and effects of pulsed light and ultrasound 
exposures, generating exposure systems and methods which may be of importance 
to study the effects of thermal signaling. In the case of light pulses, microstimulation 
with such systems has the ability to introduce very localized (mm range) thermal 
transients of the order of several tens to thousands of °C/s (Chu et al., 2015; Ibsen 
et al., 2015; Luan et al., 2014; Ter Haar et al., 2013; Urdaneta et al., 2017). Recently, 
optical neuromodulation is a field gaining momentum in the scientific community 
both as a scientific novelty and also as a wishful alternative to electrical stimulation 
and its associated limitations. In fact, nondestructive action potential generation and 
phase-locking are some commonly achieved effects in culture. In this regard, there 
is a sufficient amount of research with reasonable agreement with the hypothesis that 
the effects correspond to charge redistributions that are thermally-mediated (∆T/
dt) by water energy absorption (Duke et al., 2012, 2013; Izzo et al., 2008; Norton 
et al., 2013; Rabbitt et al., 2016; Shapiro et al., 2012; Thompson et al., 2014; Wells 
et al., 2007). Similar effects can be elicited by ultrasound pulses where less localized 
thermal transients on the order of 50 °C/s can be achieved in culture. However, in this 
case, the source of the effects observed are perhaps also dependent on the mechanical 
aspect of this stimulus (Mihran et al., 1990).

Finally, just as with any other form of biological research, the downside of in vitro 
experimentation is its possible low relevance to in vivo situations. While some in vivo 
effects have been already exposed by the extensive work initially performed at Ziskin 
laboratory on thermal stimulus at the levels of the skin (Ziskin, 2013), much remains 
to be done in this area to fully explain the mechanisms and explore optimal exposure 
modalities. In the case of stimulation of deeper tissues, an obvious possibility is 
the intermittent use of hyperthermia exposures. Characterization of hyperthermia 
experimental setups shows ∆T/dt in the order of c.a. 0.001–1°C/sec in vivo (Griffiths 
et al., 1986; Lara et al., 2017; Raaijmakers et al., 2017) and up to 3°C/sec with more 
focused modalities (i.e., nanoparticles) (Cherukuri et al., 2010; Deatsch et al., 2014). 
Another possibility is the use of focused ultrasound in the same intermittent way (Lee 
et al., 2016; Mehić et al., 2014; Mueller et al., 2014; Ter Haar, 2013). Nevertheless, to 
this day, there are no studies looking at the potential benefits (or deleterious effects) 
of intermittent hyperthermia exposures in any modality.

6.6 CONCLUSIONS

It is an undeniable fact that complex biological systems, from the molecular to the 
full organism level, are built around very rigorous thermal specifications making 
them very sensitive and responsive to small temperature changes in their internal or 
external vicinity. Hence, thermal signals which are invariably linked to the imposition 
of RF fields have the potential to be accompanied by compensatory biochemical 
responses from tissue at a local or global level in the organism. Such thermal signals 
might initially have modest effects on biochemical reactions and structures, however, 
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these effects may then be amplified by the biological system into relevant biological 
and health effects.

From the public health perspective, a necessary question to answer is: what 
are the biological effects of chronic exposures to low-level thermal signals and 
what are the relative health risks? (i.e., compared to a smoking certain number of 
cigarettes a day, for example). However, to date, our currently poor understanding 
about the true biological relevance of thermal signals is insufficient to draw useful 
scientific conclusions which can affect decisions, recommendations, and policy to 
protect the public from potential hazards. In fact, the amount of data available is 
much less than would be considered the bare minimum. How “small” a thermal 
signal is can only be judged from a biological system perspective by generating 
the appropriate set of experiments and interpreting them from a paradigm that 
includes this possibility. While, in essence, the characteristics of this thermal 
signal will be a result of the antagonistic thermal processes (heat-in versus heat-
out) specific to the details of the exposure, the need for consideration of the effects 
from the cellular spatio-temporal scale might require significant amounts of effort 
and complications. However, such apparent complications, in return, may hold 
substantial scientific, industrial, and therapeutic potential at best or understanding 
of realistic safety thresholds at worst.

Therefore, in view of the pervasiveness and potential relevance of low-level thermal 
signals, the paradigm centered around the notion of a “thermal damage threshold” on 
which the current safety standards and recommendations for mobile communications 
are currently based might be incomplete. For this reason alone, basic research in this 
area is imperative. Therefore, scientists and executives who are seriously concerned 
about the implications of mobile communications on public health must consider 
directing their scientific resources towards unveiling the true biological relevance 
of RF-induced small thermal signals to such a degree as these are directed towards 
the study of RF-induced “thermal” and “nonthermal” effects. In this regard, thermal 
signals may not only appear as a secondary effect in other instances of intermittent 
energy deposition (ultrasound or light), but it could also be purposely generated to 
achieve therapeutic levels, should these exist.

Moving forward, perhaps we must only recognize one simple but righteous 
universal truth: things will be as simple as they are instead of as simple as we need 
them to be. Or in other words: the fact that the conventional approximations and 
models we utilize from the dosimetric and biological points of view are convenient 
and apparently adequate for our purposes or technical limitations does not mean that 
they are sufficiently representative of the complex reality of biological systems and 
their response to subtle and chronic physical stimuli.

ACKNOWLEDGMENTS

This work was only funded by my own personal resources and based on experience 
and discussions which were acquired thanks to the interactions with the work of 
multiple scientists and friends over the years. Many of them are part of the references. 
To all of them, thank you.



153Low-Level Thermal Signals

REFERENCES
Abrams TW, Pearson KG 1982. Effects of temperature on identified central neurons that 

control jumping in the grasshopper. Journal of Neuroscience 2(11):1538–53.
Acikel V, Atalar E 2011. Modeling of radio-frequency induced currents on lead wires during MR 

imaging using a modified transmission line method. Medical Physics 38(12):6623–32.
Adair ER 2008. Reminiscences of a journeyman scientist: Studies of thermoregulation in 

non-human primates and humans. Bioelectromagnetics 29(8):586–97.
Adler R 1946. A study of locking phenomena in oscillators. Proceedings of the IRE 34(6):351–7.
Ahlbom A, Bergqvist U, Bernhardt JH, Cesarini JP, Grandolfo M, Hietanen M, Mckinlay AF 

et al. 1998. Guidelines for limiting exposure to time-varying electric, magnetic, and 
electromagnetic fields (up to 300 GHz). Health Physics 74(4):494–521.

Alekseev SI, Radzievsky AA, Logani MK, Ziskin MC 2008. Millimeter wave dosimetry of 
human skin. Bioelectromagnetics 29(1):65–70.

Alekseev SI, Ziskin MC, Kochetkova NV, Bolshakov MA 1997. Millimeter waves thermally 
alter the firing rate of the Lymnaea pacemaker neuron. Bioelectromagnetics 18(2):89–98.

Andersen SS, Jackson AD, Heimburg T 2009. Towards a thermodynamic theory of nerve pulse 
propagation. Progress in Neurobiology 88(2):104–13.

Appali R, van Rienen U, Heimburg T 2012. A comparison of the Hodgkin-Huxley model and 
the soliton theory for the action potential in nerves. Advances in Planar Lipid Bilayers 
and Liposomes 16:275–99.

Arrhenius S 1889. Über die Reaktionsgeschwindigkeit bei der Inversion von Rohrzucker durch 
Säuren. Zeitschrift für physikalische Chemie 4:226–48.

Barnes FS 1974. Biological damage resulting from thermal pulses. In: Wolbarsht ML (ed) 
Laser Applications in Medicine and Biology (pp. 205–221). Springer, New York.

Barnes FS 1984. Cell membrane temperature rate sensitivity predicted from the Nernst 
equation. Bioelectromagnetics 5(1):113–5.

Barnes FS 2017. External electric and magnetic fields as a signaling mechanism for biological 
systems. In: Markov M (ed) Dosimetry in Bioelectromagnetics. CRC Press, Boca Raton, 
FL, 157–170.

Barnes FS, Greenebaum B (eds) 2007. Biological and Medical Aspects of Electromagnetic 
Fields. CRC Press, Boca Raton, FL.

Barnes FS, Greenebaum B 2015. The effects of weak magnetic fields on radical pairs. 
Bioelectromagnetics 36(1):45–54.

Barnes FS, Kandala S. 2018. Effects of time delays on biological feedback systems and 
electromagnetic field exposures. Bioelectromagnetics (in press).

Begley CG, Ellis LM 2012. Drug development: Raise standards for preclinical cancer research. 
Nature 483(7391):531–3.

Benit P, Ha HH, Keipert S, El-Khoury R, Chang YT, Jastroch M, Jacobs H, Rustin P, Rak 
M 2017. Mitochondria Are Physiologically Maintained At Close To 50 C. bioRxiv, 
p.133223.

Bergsten P 2002. Role of oscillations in membrane potential, cytoplasmic Ca2+, and 
metabolism for plasma insulin oscillations. Diabetes 51(suppl 1):S171–6.

Bernardi P, Cavagnaro M, Pisa S, Piuzzi E 2000. Specific absorption rate and temperature 
increases in the head of a cellular-phone user. IEEE Transactions on Microwave Theory 
and Techniques 48(7):1118–26.

Betskii OV, Lebedeva NN 2004. Low-intensity millimeter waves in Biology and Medicine. 
In: Rosch P, Markov M (eds) Clinical Application of Bioelectromagnetic Medicine, 
New-York, USA; Marcel Dekker Inc 741–760.

Betzalel N, Feldman Y, Ishai PB 2017. The Modeling of the Absorbance of Sub-THz 
Radiation by Human Skin. IEEE Transactions on Terahertz Science and Technology 
7(5):521–8.



154 Mobile Communications and Public Health

Biron D, Wasserman S, Thomas JH, Samuel AD, Sengupta P 2008. An olfactory neuron responds 
stochastically to temperature and modulates Caenorhabditis elegans thermotactic 
behavior. Proceedings of the National Academy of Sciences 105(31):11002–7.

Blicher A, Wodzinska K, Fidorra M, Winterhalter M, Heimburg T 2009. The temperature 
dependence of lipid membrane permeability, its quantized nature, and the influence of 
anesthetics. Biophysical Journal 96(11):4581–91.

Blick DW, Adair ER, Hurt WD, Sherry CJ, Walters TJ, Merritt JH 1997. Thresholds of 
microwave-evoked warmth sensations in human skin. Bioelectromagnetics 18(6):403–9.

Böckmann M, Hess B, Müller SC 1996. Temperature gradients traveling with chemical waves. 
Physical Review E 53(5):5498.

Bol’shakov MA, Alekseyev SI 1986. Change in the electrical activity of the pacemaker neurons 
of L. stagnalis with the rate of their heating. Biophysics 31:569–71.

Boulant JA, Dean JB 1986. Temperature receptors in the central nervous system. Annual 
Review of Physiology 48(1):639–54.

Brasen JC, Barington T, Olsen LF 2010. On the mechanism of oscillations in neutrophils. 
Biophysical Chemistry 148(1):82–92.

Bretscher AJ, Kodama-Namba E, Busch KE, Murphy RJ, Soltesz Z, Laurent P, de Bono M 
2011. Temperature, oxygen, and salt-sensing neurons in C. elegans are carbon dioxide 
sensors that control avoidance behavior. Neuron 69(6):1099–113.

Brown SA, Zumbrunn G, Fleury-Olela F, Preitner N, Schibler U 2002. Rhythms of 
mammalian body temperature can sustain peripheral circadian clocks. Current Biology 
12(18):1574–83.

Brühl R, Ihlenfeld A, Ittermann B 2017. Gradient heating of bulk metallic implants can be a 
safety concern in MRI. Magnetic Resonance in Medicine 77(5):1739–40.

Busto R, Dietrich WD, Globus MY, Valdés I, Scheinberg P, Ginsberg MD 1987. Small 
differences in intraischemic brain temperature critically determine the extent of 
ischemic neuronal injury. Journal of Cerebral Blood Flow & Metabolism 7(6):729–38.

Buzsáki G, Draguhn A 2004. Neuronal oscillations in cortical networks. Science 
304(5679):1926–9.

Caplan JS, Williams AH, Marder E 2014. Many parameter sets in a multicompartment 
model oscillator are robust to temperature perturbations. Journal of Neuroscience 
34(14):4963–75.

Chalker RB 1982. The effect of microwave absorption and associated temperature dynamics 
on nerve cell activity in Aplysia, M.S. thesis. University of Colorado Boulder.

Charkoudian N 2003. Skin Blood Flow in Adult Human Thermoregulation: How It Works, 
When It Does Not, and Why. Mayo Clin Proc 78:603–12.

Cherukuri P, Curley SA 2010. Use of nanoparticles for targeted, noninvasive thermal destruction 
of malignant cells. In: Grobmyer S, Moudgil B. (eds) Cancer Nanotechnology. Methods 
in Molecular Biology (Methods and Protocols), vol 624. Humana Press.

Childs C 2008. Human brain temperature: Regulation, measurement and relationship with 
cerebral trauma: Part 1. British Journal of Neurosurgery 22(4):486–96.

Chu PC, Liu HL, Lai HY, Lin CY, Tsai HC, Pei YC 2015. Neuromodulation 
accompanying  focused ultrasound-induced blood-brain barrier opening. Scientific 
Reports 5:15477.

Colombi D, Thors B, Törnevik C 2015. Implications of EMF exposure limits on output power 
levels for 5G devices above 6 GHz. IEEE Antennas and Wireless Propagation Letters 
14:1247–9.

Dahlgren C, Karlsson A 1999. Respiratory burst in human neutrophils. Journal of 
Immunological Methods 232(1):3–14.

Deatsch AE, Evans BA 2014. Heating efficiency in magnetic nanoparticle hyperthermia. 
Journal of Magnetism and Magnetic Materials 354:163–72.



155Low-Level Thermal Signals

Dell AI, Pawar S, Savage VM 2011. Systematic variation in the temperature dependence of 
physiological and ecological traits. Proceedings of the National Academy of Sciences 
108(26):10591–6.

Dell AI, Pawara S, Savagea VM 2013. The thermal dependence of biological traits. Landscape 
36:37.

Dewey WC 1994. Arrhenius relationships from the molecule and cell to the clinic. International 
Journal of Hyperthermia 10(4):457–83.

Dewey WC, Diederich CJ 2009. Hyperthermia classic commentary: Arrhenius relationships 
from the molecule and cell to the clinic’by William Dewey. International Journal of 
Hyperthermia 25(1):21–4.

Dewhirst MW, Viglianti BL, Lora-Michiels M, Hanson M, Hoopes PJ 2003. Basic principles 
of thermal dosimetry and thermal thresholds for tissue damage from hyperthermia. 
International Journal of Hyperthermia 19(3):267–94.

Dill KA, Ghosh K, Schmit JD 2011. Physical limits of cells and proteomes. Proceedings of 
the National Academy of Sciences 108(44):17876–82.

Dolmetsch RE, Xu K, Lewis RS 1998. Calcium oscillations increase the efficiency and 
specificity of gene expression. Nature 392(6679):933–6.

Donoso G, Ladera CL 2012. Nonlinear dynamics of a magnetically driven Duffing-type 
spring–magnet oscillator in the static magnetic field of a coil. European Journal of 
Physics 33(6):1473.

Douglas MG, Portelli L, Carrasco E, Christ A, Jain N, Kuster N 2016. Comprehensive 
validation and uncertainty evaluation of new SAR measurement technologies. In 
Proceedings of the 10th European Conference on Antennas and Propagation (EuCAP 
2016), Davos, Switzerland, April 11–15, 2016.

Duke AR, Jenkins MW, Lu H, McManus JM, Chiel HJ, Jansen ED 2013. Transient and selective 
suppression of neural activity with infrared light. Scientific Reports 3: Article no. 2600.

Duke AR, Peterson E, Mackanos MA, Atkinson J, Tyler D, Jansen ED 2012. Hybrid electro-
optical stimulation of the rat sciatic nerve induces force generation in the plantarflexor 
muscles. Journal of Neural Engineering 9(6):066006.

Eckardt NA 2005. Temperature entrainment of the Arabidopsis circadian clock. The Plant 
Cell 17(3):645–7.

Egot-Lemaire SJ, Ziskin MC 2011. Dielectric properties of human skin at an acupuncture point 
in the 50–75 GHz frequency range: A pilot study. Bioelectromagnetics 32(5):360–6.

Ehrengruber MU, Deranleau DA, Coates TD 1996. Shape oscillations of human neutrophil 
leukocytes: Characterization and relationship to cell motility. Journal of Experimental 
Biology 199(4):741–7.

El Halaoui M, Kaabal A, Asselman H, Ahyoud S, Asselman A 2017. Multiband Planar 
Inverted-F Antenna with Independent Operating Bands Control for Mobile Handset 
Applications. International Journal of Antennas and Propagation. 2017: 13 pages. 
Article ID 8794039. https ://doi.org/10.1155/2017/879403.

Eng JW, Reed CB, Kokolus KM, Pitoniak R, Utley A, Bucsek MJ, Ma WW, Repasky 
EA, Hylander BL 2015. Housing temperature-induced stress drives therapeutic 
resistance in murine tumour models through β2-adrenergic receptor activation. Nature 
Communications 6:6426.

Ezquerra-Romano I, Ezquerra A 2017. Highway to thermosensation: A traced review, from 
the proteins to the brain. Reviews in the Neurosciences 28(1):45–57.

Falcke M, Malchow D (eds) 2003. Understanding Calcium Dynamics: Experiments and 
Theory. Springer, New York.

Feldman Y, Puzenko A, Ishai PB, Caduff A, Agranat AJ 2008. Human skin as arrays of 
helical antennas in the millimeter and submillimeter wave range. Physical Review 
Letters 100(12):128102.

https://doi.org/10.1155/2017/879403


156 Mobile Communications and Public Health

Fernandes J, Dinis H, Gonçalves LM, Mendes PM 2016. Microcooling Solution Development 
and Performance Assessment for Thermal Neuromodulation Applications. IFESS La 
Grande Motte, France.

Forrest MD 2014. Can the thermodynamic Hodgkin-Huxley model of voltage-dependent 
conductance extrapolate for temperature? Computation 2(2):47–60.

Foster KR 2000. Thermal and nonthermal mechanisms of interaction of radio-frequency 
energy with biological systems. IEEE Transactions on Plasma Science 28(1):15–23.

Foster KR, Lozano-Nieto A, Riu PJ, Ely TS 1998. Heating of tissues by microwaves: A model 
analysis. Bioelectromagnetics 19(7):420–8.

Foster KR, Morrissey JJ 2011. Thermal aspects of exposure to radiofrequency energy: Report 
of a workshop. International Journal of Hyperthermia 27(4):307–19.

Foster KR, Ziskin MC, Balzano Q 2016. Thermal response of human skin to microwave 
energy: A critical review. Health Physics. 111(6):528–41.

Foster KR, Ziskin MC, Balzano Q 2017. Thermal modeling for the next generation of 
radiofrequency exposure limits: Commentary. Health Physics 113(1):41–53.

Freedman LP, Inglese J 2014. The increasing urgency for standards in basic biologic research. 
Cancer Research 74(15):4024–29.

Giannetto C, Fazio F, Vazzana I, Panzera M, Piccione G 2012. Comparison of cortisol and 
rectal temperature circadian rhythms in horses: The role of light/dark cycle and constant 
darkness. Biological Rhythm Research 43(6):681–7.

Glaser FT, Stanewsky R 2005. Temperature synchronization of the Drosophila circadian 
clock. Current Biology 15(15):1352–63.

Graf H, Steidle G, Schick F 2007. Heating of metallic implants and instruments induced by 
gradient switching in a 1.5-Tesla whole-body unit. Journal of Magnetic Resonance 
Imaging 26(5):1328–33.

Green BG, Akirav C 2010. Threshold and rate sensitivity of low-threshold thermal nociception. 
European Journal of Neuroscience 31(9):1637–45.

Griffiths H, Ahmed A, Smith CW, Moore JL, Kerby IJ, Davies RM 1986. Specific absorption 
rate and tissue temperature in local hyperthermia. International Journal of Radiation 
Oncology* Biology* Physics 12(11):1997–2002.

Haas AJ, Le Page Y, Zhadobov M, Sauleau R, Dréan YL, Saligaut C 2017. Effect of acute 
millimeter wave exposure on dopamine metabolism of NGF-treated PC12 cells. Journal 
of Radiation Research 24:1–7.

Habauzit D, Le Quément C, Zhadobov M, Martin C, Aubry M, Sauleau R, Le Dréan Y 2014. 
Transcriptome analysis reveals the contribution of thermal and the specific effects in 
cellular response to millimeter wave exposure. PloS One 9(10):e109435.

Hammel HT, Pierce JB 1968. Regulation of internal body temperature. Annual Review of 
Physiology 30(1):641–710.

Hasani MH, Gharibzadeh S, Farjami Y, Tavakkoli J 2015. Investigating the Effect of Thermal 
Stress on Nerve Action Potential Using the Soliton Model. Ultrasound in Medicine & 
Biology 41(6):1668–80.

Hashimoto Y, Hirata A, Morimoto R, Aonuma S, Laakso I, Jokela K, Foster KR 2017. On the 
averaging area for incident power density for human exposure limits at frequencies over 
6 GHz. Physics in Medicine and Biology 62(8):3124.

Hayashi C 2014. Nonlinear Oscillations in Physical Systems. Princeton University Press, 
New Jersey.

Hayward JN, Baker MA 1968. Role of cerebral arterial blood in the regulation of brain 
temperature in the monkey. American Journal of Physiology—Legacy Content 
215(2):389–403.

Heimburg T 2008. Thermal Biophysics of Membranes. John Wiley & Sons, Hoboken, NJ.
Heimburg T 2010. Lipid ion channels. Biophysical Chemistry 150(1):2–2.



157Low-Level Thermal Signals

Heimburg T, Jackson AD 2007. On the action potential as a propagating density pulse and the 
role of anesthetics. Biophysical Reviews and Letters 2(01):57–78.

Heimburg T, Jackson AD 2015. On soliton propagation in biomembranes and nerves. 
Proceedings of the National Academy of Sciences of the United States of America 
102(28):9790–5.

Herzog ED, Huckfeldt RM 2003. Circadian entrainment to temperature, but not light, in the 
isolated suprachiasmatic nucleus. Journal of Neurophysiology 90(2):763–70.

Hildebrandt B, Wust P, Ahlers O, Dieing A, Sreenivasa G, Kerner T, Felix R, Riess H 2002. 
The cellular and molecular basis of hyperthermia. Critical Reviews in Oncology/
Hematology 43(1):33–56.

Hill RW, Muhich TE, Humphries MM 2013. City-scale expansion of human thermoregulatory 
costs. PloS One 8(10):e76238.

Hodgkin AL, Huxley AF 1952. A quantitative description of membrane current and 
its application to conduction and excitation in nerve. The Journal of Physiology 
117(4):500–44.

Ibsen S, Tong A, Schutt C, Esener S, Chalasani SH 2015. Sonogenetics is a non-invasive 
approach to activating neurons in Caenorhabditis elegans. Nature Communications 6: 
8264.

Iggo A 1962. An electrophysiological analysis of afferent fibres in primate skin. Acta 
neurovegetativa 24(1–4):225–40.

Iggo A 1974. Cutaneous receptors. In: Hubbard JI (ed) The Peripheral Nervous System. 
Springer, Boston, MA, 347–404.

Institute of Electrical and Electronics Engineers (IEEE) 2005. Standard for Safety Levels 
with Respect to Human Exposure to Radio Frequency Electromagnetic Fields, 3 kHz–
300 GHz. IEEE, Piscataway, NJ, C95.1.

International Commission on Non-Ionizing Radiation Protection (ICNIRP) 2009. ICNIRP 
statement on the “guidelines for limiting exposure to time-varying electric, magnetic, 
and electromagnetic fields (up to 300 ghz)”. Health Physics 97(3):257–8.

International Electrotechnical Commission (IEC) 2013. Medical electrical equipment - Part 
2–33: Particular requirements for the basic safety and essential performance of magnetic 
resonance equipment for medical diagnosis. IEC Standard 60601–2–33, Edition 3.1.

Izhikevich EM, Desai NS, Walcott EC, Hoppensteadt FC 2003. Bursts as a unit of neural 
information: Selective communication via resonance. Trends in Neurosciences 26(3):161–7.

Izzo AD, Walsh JT, Ralph H, Webb J, Bendett M, Wells J, Richter CP 2008. Laser stimulation 
of auditory neurons: Effect of shorter pulse duration and penetration depth. Biophysical 
Journal 94(8):3159–66.

Jorjani P, Ozturk SS 1999. Effects of cell density and temperature on oxygen consumption rate 
for different mammalian cell lines. Biotechnology and Bioengineering 64(3):349–56.

Kandel E.R., Schwartz J.H., Jessell T.M. (eds) 2000. Principles of Neural Science. McGraw-
Hill, New York.

Katriel G 2008. Synchronization of oscillators coupled through an environment. Physica D: 
Nonlinear Phenomena 237(22):2933–44.

Keatinge WR, Mason AC, Millard CE, Newstead CG 1986. Effects of fluctuating skin 
temperature on thermoregulatory responses in man. The Journal of Physiology 
378(1):241–52.

Kellogg DL 2006. In vivo mechanisms of cutaneous vasodilation and vasoconstriction 
in humans during thermoregulatory challenges. Journal of Applied Physiology 
100(5):1709–18.

Kelly GS 2006. Body temperature variability (Part 1): A review of the history of body 
temperature and its variability due to site selection, biological rhythms, fitness, and 
aging. Alternative Medicine Review 11(4):278.



158 Mobile Communications and Public Health

Kelly GS 2007. Body temperature variability (Part 2): Masking influences of body temperature 
variability and a review of body temperature variability in disease. Alternative Medicine 
Review 12(1):49.

Kenny JM, Ziskin M, Adair B, Murray B, Farrer D, Marks L, Bovbjerg V 2008. A Narrative 
Summary and Independent Assessment of the Active Denial System. Applied Research 
Laboratory, Penn State.

Khizhnyak EP, Ziskin MC 1994. Heating patterns in biological tissue phantoms caused 
by millimeter wave electromagnetic irradiation. IEEE Transactions on Biomedical 
Engineering 41(9):865–73.

Kodera S, Gomez-Tames J, Hirata A 2018. Temperature elevation in the human brain and skin 
with thermoregulation during exposure to RF energy. BioMedical Engineering Online 17:1.

Kokolus KM, Capitano ML, Lee CT, Eng JW, Waight JD, Hylander BL, Sexton S et al. 
2013. Baseline tumor growth and immune control in laboratory mice are significantly 
influenced by subthermoneutral housing temperature. Proceedings of the National 
Academy of Sciences 110(50):20176–81.

Koshiya N, Smith JC 1999. Neuronal pacemaker for breathing visualized in vitro. Nature 
400(6742):360–633.

Kräuchi K 2002. How is the circadian rhythm of core body temperature regulated?. Clinical 
Autonomic Research 12(3):147–9.

Kräuchi K, Konieczka K, Roescheisen-Weich C, Gompper B, Hauenstein D, Schoetzau A, 
Fraenkl S, Flammer J 2014. Diurnal and menstrual cycles in body temperature are 
regulated differently: A 28-day ambulatory study in healthy women with thermal 
discomfort of cold extremities and controls. Chronobiology International 31(1):102–13.

Kuramoto Y 1975. Self-entrainment of a population of coupled non-linear oscillators. In: 
Araki H. (ed) International Symposium on Mathematical Problems in Theoretical 
Physics. Lecture Notes in Physics, vol 39. Springer, Berlin Heidelberg, 420–422.

Laakso I, Hirata A 2011. Dominant factors affecting temperature rise in simulations of human 
thermoregulation during RF exposure. Physics in Medicine and Biology 56(23):7449.

Laakso I, Morimoto R, Heinonen J, Jokela K, Hirata A 2017. Human exposure to pulsed fields 
in the frequency range from 6 to 100 GHz. Physics in Medicine & Biology 62(17):6980.

Lara NC, Haider AA, Wilson LJ, Curley SA, Corr SJ 2017. Unique heating curves generated 
by radiofrequency electric-field interactions with semi-aqueous solutions. Applied 
Physics Letters 110(1):013701.

Laub KR, Witschas K, Blicher A, Madsen SB, Lückhoff A, Heimburg T 2012. Comparing 
ion conductance recordings of synthetic lipid bilayers with cell membranes 
containing TRP channels. Biochimica et Biophysica Acta (BBA)-Biomembranes 
1818(5):1123–34.

Lee W, Kim HC, Jung Y, Chung YA, Song IU, Lee JH, Yoo SS 2016. Transcranial focused 
ultrasound stimulation of human primary visual cortex. Scientific Reports 6:34026.

Lekner J 2013. Conducting cylinders in an external electric field: Polarizability and field 
enhancement. Journal of Electrostatics 71(6):1104–10.

Lim CL, Byrne C, Lee JK 2008. Human thermoregulation and measurement of body temperature 
in exercise and clinical settings. Annals Academy of Medicine Singapore 37(4):347.

Lin JC 2006. A new IEEE standard for safety levels with respect to human exposure to radio-
frequency radiation. IEEE Antennas and Propagation Magazine 48(1):157–9.

Luan S, Williams I, Nikolic K, Constandinou TG 2014. Neuromodulation: Present and 
emerging methods. Frontiers in Neuroengineering 7:27.

Luo J, Shen WL, Montell C 2017. TRPA1 mediates sensation of the rate of temperature change 
in Drosophila larvae. Nature Neuroscience 20(1):34–41.

Markov M 2006. Thermal vs. nonthermal mechanisms of interactions between electromagnetic 
fields and biological systems. In: Ayrapetyan SN, Markov MS (eds) Bioelectromagnetics 
Current Concepts. NATO Security through Science Series, vol 5. Springer, Dordrecht.



159Low-Level Thermal Signals

Maroto M, Monk N (eds) 2008. Cellular Oscillatory Mechanisms. Springer, New York.
Matsumoto N, Okamoto K, Takagi Y, Ikegaya Y 2016. 3-Hz subthreshold oscillations of CA2 

neurons In vivo. Hippocampus. 26(12):1570–1578.
McElligott JG, Melzack R 1967. Localized thermal changes evoked in the brain by visual and 

auditory stimulation. Experimental Neurology 17(3):293–312.
Meekan M 2017. Why do whale sharks get so big?. Australasian Science 38(3):34.
Mehić E, Xu JM, Caler CJ, Coulson NK, Moritz CT, Mourad PD 2014. Increased anatomical 

specificity of neuromodulation via modulated focused ultrasound. PLoS One 9(2):e86939.
Mescher AL. 2013. Junqueira’s Basic Histology: Text and Atlas. McGraw-Hill, New York.
Mihran RT, Barnes FS, Wachtel H 1990. Temporally-specific modification of myelinated 

axon excitability in vitro following a single ultrasound pulse. Ultrasound in Medicine 
& Biology 16(3):297–309.

Morf J, Schibler U 2013. Body temperature cycles: Gatekeepers of circadian clocks. Cell 
Cycle 12(4):539.

Morimoto R, Hirata A, Laakso I, Ziskin MC, Foster KR 2017. Time constants for temperature 
elevation in human models exposed to dipole antennas and beams in the frequency range 
from 1 to 30 GHz. Physics in Medicine and Biology 62(5):1676.

Morimoto R, Laakso I, De Santis V, Hirata A 2016. Relationship between peak spatial-
averaged specific absorption rate and peak temperature elevation in human head in 
frequency range of 1–30 GHz. Physics in Medicine and Biology 61(14):5406.

Moros E (ed) 2012. Physics of Thermal Therapy: Fundamentals and Clinical Applications. 
CRC Press, Boca Raton, FL.

Mosgaard LD, Jackson AD, Heimburg T 2012. Low-Frequency Sound Propagation in 
Lipid Membranes. In: Aleš I. (ed) Advances in Planar Lipid Bilayers and Liposomes. 
Academic Press, New York, 6, 51–74.

Mosgaard LD, Jackson AD, Heimburg T 2013. Fluctuations of systems in finite heat reservoirs 
with applications to phase transitions in lipid membranes. The Journal of Chemical 
Physics 139(12):09B646_1.

Mueller J, Legon W, Opitz A, Sato TF, Tyler WJ 2014. Transcranial focused ultrasound 
modulates intrinsic and evoked EEG dynamics. Brain Stimulation 7(6):900–8.

Munshi R, Qadri SM, Zhang Q, Rubio IC, del Pino P, Pralle A 2017. Magnetothermal genetic 
deep brain stimulation of motor behaviors in awake, freely moving mice. Elife 6:e27069.

Murbach M, Neufeld E, Samaras T, Córcoles J, Robb FJ, Kainz W, Kuster N 2017. Pregnant 
women models analyzed for RF exposure and temperature increase in 3 T RF shimmed 
birdcages. Magnetic Resonance in Medicine 77(5):2048–56.

Murbach M, Zastrow E, Neufeld E, Cabot E, Kainz W, Kuster N 2015. Heating and Safety 
Concerns of the Radio-Frequency Field in MRI. Current Radiology Reports 3(12):45.

Nedergaard J, Bengtsson T, Cannon B 2007. Unexpected evidence for active brown adipose 
tissue in adult humans. American Journal of Physiology-Endocrinology and Metabolism 
293(2):E444–52.

Nolano M, Provitera V, Caporaso G, Stancanelli A, Leandri M, Biasiotta A, Cruccu G, Santoro 
L, Truini A 2013. Cutaneous innervation of the human face as assessed by skin biopsy. 
Journal of Anatomy 222(2):161–9.

Nordbeck P, Weiss I, Ehses P, Ritter O, Warmuth M, Fidler F, Herold V et al. 2009. Measuring 
RF-induced currents inside implants: Impact of device configuration on MRI safety of 
cardiac pacemaker leads. Magnetic Resonance in Medicine 61(3):570–8.

Norton BJ, Bowler MA, Wells JD, Keller MD 2013. Analytical approaches for determining 
heat distributions and thermal criteria for infrared neural stimulation. Journal of 
Biomedical Optics 18(9):098001.

Novák B, Tyson JJ 2008. Design principles of biochemical oscillators. Nature Reviews 
Molecular Cell Biology 9(12):981–91.

Paciorek LJ 1965. Injection locking of oscillators. Proceedings of the IEEE 53(11):1723–7.



160 Mobile Communications and Public Health

Paffi A, Apollonio F, Liberti M, Sheppard A, Bit-Babik G, Balzano Q 2015a. Culture medium 
geometry: The dominant factor affecting in vitro RF exposure dosimetry. International 
Journal of Antennas and Propagation. 2015: 10 pages. Article ID 438962. http ://dx.doi.
org/10.1155/2015/438962.

Paffi A, Liberti M, Apollonio F, Sheppard A, Balzano Q 2015b. In vitro exposure: Linear and 
non-linear thermodynamic events in Petri dishes. Bioelectromagnetics 36(7):527–37.

Pakhomov AG, Murthy PR 2000. Low-intensity millimeter waves as a novel therapeutic 
modality. IEEE Transactions on Plasma Science 28(1):34–40.

Patapoutian A, Peier AM, Story GM, Viswanath V 2003. ThermoTRP channels and 
beyond:  Mechanisms of temperature sensation. Nature Reviews Neuroscience 
4(7):529–39.

Pawar S, Dell AI, Savage VM, Knies JL 2016. Real versus artificial variation in the thermal 
sensitivity of biological traits. The American Naturalist 187(2):E41–52.

Pennes HH 1948. Analysis of tissue and arterial blood temperatures in the resting human 
forearm. Journal of Applied Physiology 1(2):93–122.

Portelli LA. 2018. Overcoming the irreproducibility barrier: Considerations to improve the 
quality of experimental practice in the effects of Low-Level electric and magnetic 
fields on in vitro biological systems. In: Barnes FS, Greenebaum B (eds). Handbook of 
Biological Effects of Electromagnetic Fields, 4 ed. CRC Press, Boca Raton, FL.

Portelli L, Kausik A, Barnes F, Martino C 2011. Study of the effects of pulsed temperature 
stimulus on fibrosarcoma HT1080 cells. The Bioelectromagnetics Society (BEMS) 
Annual Meeting Halifax, Canada.

Portelli L, Rengnath L, Martino C, Barnes F 2010. Study of the effects of pulsed temperature 
stimulus on fibrosarcoma HT1080 cells. In Proceedings of the 32nd Annual Meeting of 
the Bioelectromagnetics Society.

Portelli LA 2017. Uncertainty sources associated with low-frequency electric and magnetic 
field experiments on cell cultures. In: Markov M (ed) Dosimetry in Bioelectromagnetics. 
CRC Press, Boca Raton, FL, 25–68.

Portelli LA, Kausik A, Barnes FS 2017. Effects of small and rapid temperature oscillations 
on adherent cell cultures: Exposure system, experimental method and a pilot study on 
human cancer cells. In EMBEC & NBC 2017 (pp. 707–710). Springer, Singapore.

Precht H 2013. Temperature and life. Springer Science & Business Media, New York, NY.
Raaijmakers EAL, Mestrom RMC, Sumser K, Salim G, van Rhoon GC, Essers J, Paulides 

MM 2017. An MR-compatible antenna and application in a murine superficial 
hyperthermia applicator. International Journal of Hyperthermia 1–7. DOI: 
10.1080/02656736.2017.1369.

Rabbitt RD, Brichta AM, Tabatabaee H, Boutros PJ, Ahn J, Della Santina CC, Poppi LA, Lim 
R 2016. Heat pulse excitability of vestibular hair cells and afferent neurons. Journal of 
Neurophysiology 116(2):825–43.

Rapp P 1979. An atlas of cellular oscillators. Journal of Experimental Biology 81(1):281–306.
Razavi B 2004. A study of injection locking and pulling in oscillators. IEEE Journal of Solid-

State Circuits 39(9):1415–24.
Refinetti R 1995. Rhythms of temperature selection and body temperature are out of phase in 

the golden hamster. Behavioral Neuroscience 109(3):523.
Refinetti R 1999. Amplitude of the daily rhythm of body temperature in eleven mammalian 

species. Journal of Thermal Biology 24(5):477–81.
Refinetti R 2016. Circadian Physiology. CRC Press, Boca Raton, FL.
Reverter F, Prodromakis T, Liu Y, Georgiou P, Nikolic K, Constandinou T 2014. Design 

considerations for a CMOS Lab-on-Chip microheater array to facilitate the in vitro 
thermal stimulation of neurons. In 2014 IEEE International Symposium on Circuits 
and Systems (ISCAS) (pp. 630–633), Melbourne, Australia. IEEE.

http://dx.doi.org/10.1155/2015/438962
http://dx.doi.org/10.1155/2015/438962


161Low-Level Thermal Signals

Rijkhorst EJ, Rivens I, Haar GT, Hawkes D, Barratt D 2011. Effects of respiratory liver motion 
on heating for gated and model-based motion-compensated high-intensity focused 
ultrasound ablation. In Proceedings of the 14th International Conference on Medical 
Image Computing and Computer-Assisted Intervention-Volume Part I (pp. 605–612), 
New York, Springer-Verlag.

Rinberg A, Taylor AL, Marder E 2013. The effects of temperature on the stability of a neuronal 
oscillator. PLoS Computational Biology 9(1):e1002857.

Riu PJ, Foster KR, Blick DW, Adair ER 1997. A thermal model for human thresholds of 
microwave-evoked warmth sensations. Bioelectromagnetics 18(8):578–83.

Robertson RM, Money TG 2012. Temperature and neuronal circuit function: Compensation, 
tuning and tolerance. Current Opinion in Neurobiology 22(4):724–34.

Rubin SA 1987. Core temperature regulation of heart rate during exercise in humans. Journal 
of Applied Physiology 62(5):1997–2002.

Ruoff P, Christensen MK, Wolf J, Heinrich R 2003. Temperature dependency and temperature 
compensation in a model of yeast glycolytic oscillations. Biophysical Chemistry 
106(2):179–92.

Saini C, Morf J, Stratmann M, Gos P, Schibler U 2012. Simulated body temperature rhythms 
reveal the phase-shifting behavior and plasticity of mammalian circadian oscillators. 
Genes & Development 26(6):567–80.

Saito S, Banzawa N, Fukuta N, Saito CT, Takahashi K, Imagawa T, Ohta T, Tominaga M 
2014. Heat and noxious chemical sensor, chicken TRPA1, as a target of bird repellents 
and identification of its structural determinants by multispecies functional comparison. 
Molecular Biology and Evolution 31(3):708–22.

Schmid G, Kuster N 2015. The discrepancy between maximum in vitro exposure levels and 
realistic conservative exposure levels of mobile phones operating at 900/1800MHz. 
Bioelectromagnetics 36(2):133–48.

Schrödinger E 1944. What Is Life? the Physical Aspect of the Living Cell and Mind. Cambridge 
University Press, Cambridge.

Sen S, Murray RM 2014. Negative Feedback Facilitates Temperature Robustness in 
Biomolecular Circuit Dynamics. bioRxiv. 007385.

Shapiro MG, Homma K, Villarreal S, Richter CP, Bezanilla F 2012. Infrared light excites cells 
by changing their electrical capacitance. Nature Communications 3:736.

Shellock FG 2000. Radiofrequency energy-induced heating during MR procedures: A review. 
Journal of Magnetic Resonance Imaging 12(1):30–6.

Sheppard AR, Swicord ML, Balzano Q 2008. Quantitative evaluations of mechanisms of 
radiofrequency interactions with biological molecules and processes. Health Physics 
95(4):365–96.

Shiraki KE, Konda NO, Sagawa SU 1986. Esophageal and tympanic temperature responses 
to core blood temperature changes during hyperthermia. Journal of Applied Physiology 
61(1):98–102.

Sienkiewicz Z, van Rongen E, Croft R, Ziegelberger G, Veyret B 2016. A closer look at 
the thresholds of thermal damage: Workshop report by an ICNIRP task group. Health 
Physics 111(3):300.

Slaby O, Lebiedz D 2009. Oscillatory NAD (P) H waves and calcium oscillations in 
neutrophils? A modeling study of feasibility. Biophysical Journal 96(2):417–28.

Sládek M, Sumová A 2013. Entrainment of spontaneously hypertensive rat fibroblasts by 
temperature cycles. PloS One 8(10):e77010.

Smedler E, Uhlén P 2014. Frequency decoding of calcium oscillations. Biochimica Et 
Biophysica Acta (BBA)-General Subjects. 1840(3):964–9.

Somero GN, Hochachka PW 1971. Biochemical adaptation to the environment. American 
Zoologist 11(1):159–67.



162 Mobile Communications and Public Health

Soofi W, Goeritz ML, Kispersky TJ, Prinz AA, Marder E, Stein W 2014. Phase maintenance in a 
rhythmic motor pattern during temperature changes in vivo. Journal of Neurophysiology 
111(12):2603–13.

Stark J, Chan C, George AJ 2007. Oscillations in the immune system. Immunological Reviews 
216(1):213–31.

Straume A, Oftedal G, Johnsson A 2005. Skin temperature increase caused by a mobile phone: 
A methodological infrared camera study. Bioelectromagnetics 26(6):510–9.

Sukstanskii AL, Yablonskiy DA 2006. Theoretical model of temperature regulation in the 
brain during changes in functional activity. Proceedings of the National Academy of 
Sciences 103(32):12144–9.

Tasaki I, Byrne PM 1992. Heat production associated with a propagated impulse in bullfrog 
myelinated nerve fibers. The Japanese Journal of Physiology 42(5):805–13.

Tasaki I, Kusano K, Byrne P 1989. Rapid mechanical and thermal changes in the garfish 
olfactory nerve associated with a propagated impulse. Biophysical Journal 
55(6):1033–40.

Ter Haar G 2013. Safety first: Progress in calibrating high-intensity focused ultrasound 
treatments. Imaging in Medicine. 5(6):567.

Thompson AC, Stoddart PR, Jansen ED 2014. Optical stimulation of neurons. Current 
Molecular Imaging 3(2):162–77.

Tostevin F, Ronde W, Wolde PR 2012. Ten. Reliability of Frequency and Amplitude Decoding 
in Gene Regulation. Phys Rev Lett. 108(10):108104.

Urdaneta ME, Koivuniemi AS, Otto KJ 2017. Central nervous system microstimulation: 
Towards selective micro-neuromodulation. Current Opinion in Biomedical Engineering 
4:65–77.

Van der Linden AM, Beverly M, Kadener S, Rodriguez J, Wasserman S, Rosbash M, Sengupta 
P 2010. Genome-wide analysis of light-and temperature-entrained circadian transcripts 
in Caenorhabditis elegans. PLoS Biology 8(10):e1000503.

van der Zee, J. van Rhoon, GC 2017. Hyperthermia with radiotherapy and with systemic 
therapies. In: Veronesi U, Goldhirsch A, Veronesi P, Gentilini O, Leonardi M (eds) 
Breast Cancer (pp. 855–862). Springer, Cham.

Van Rhoon GC, Samaras T, Yarmolenko PS, Dewhirst MW, Neufeld E, Kuster N 2013. CEM43° 
C thermal dose thresholds: A potential guide for magnetic resonance radiofrequency 
exposure levels? European Radiology 23(8):2215–27.

van’t Hoff JH 1884. Etudes de Dynamique Chemique. Muller & Co., Amsterdam.
Vidal-Iglesias FJ, Solla-Gullón J, Rodes A, Herrero E, Aldaz A 2012. Understanding the 

Nernst Equation and other electrochemical concepts: An easy experimental approach 
for students. Journal of Chemical Education 89(7):936–9.

Wachtel H 1985. Synchronization of neural firing patterns by relatively weak ELF fields. 
In: Grandolfo M, Michaelson SM, Rindi A (eds) Biological Effects and Dosimetry of 
Static and ELF Electromagnetic Fields (pp. 313–328). Ettore Majorana International 
Science Series. Springer, Boston, MA.

Walleczek J (ed). 2006. Self-Organized Biological Synamics and Nonlinear Control: 
Toward Understanding Complexity, Chaos and Emergent Function in Living Systems. 
Cambridge University Press, New York.

Walters TJ, Blick DW, Johnson LR, Adair ER, Foster KR 2000. Heating and pain sensation 
produced in human skin by millimeter waves: Comparison to a simple thermal model. 
Health Physics 78(3):259–67.

Warzecha A, Horstmann W, Egelhaaf M 1999. Temperature-dependence of neuronal 
performance in the motion pathway of the blowfly Calliphora erythrocephala. Journal 
of Experimental Biology 202(22):3161–70.



163Low-Level Thermal Signals

Webb P 1992. Temperatures of skin, subcutaneous tissue, muscle and core in resting men in 
cold, comfortable and hot conditions. European Journal of Applied Physiology and 
Occupational Physiology 64(5):471–6.

Wells J, Kao C, Konrad P, Milner T, Kim J, Mahadevan-Jansen A, Jansen ED 2007. Biophysical 
mechanisms of transient optical stimulation of peripheral nerve. Biophysical Journal 
93(7):2567–80.

Werner J, Buse MO 1988. Temperature profiles with respect to inhomogeneity and geometry 
of the human body. Journal of Applied Physiology 65(3):1110–8.

Winkler SA, Picot PA, Thornton MM, Rutt BK 2017. Direct SAR mapping by thermoacoustic 
imaging: A feasibility study. Magnetic Resonance in Medicine 78(4):1599–606.

Worthington A, Peng P, Rod K, Bril V, Tavakkoli J 2016. Image-Guided High Intensity 
Focused Ultrasound System for Large Animal Nerve Ablation Studies. IEEE Journal 
of Translational Engineering in Health and Medicine 4:1–6.

Xia J, Yao J, Wang LV 2014. Photoacoustic tomography: Principles and advances. 
Electromagnetic waves (Cambridge, Mass.). 147:1.

Yao A, Zastrow E, Kuster N 2017. Robust experimental evaluation method for the safety 
assessment of implants with respect to RF-induced heating during MRI. 32nd URSI 
GASS, Montreal, Canada.

Ye J, Coleman J, Hunter MG, Craigon J, Campbell KH, Luck MR 2007. Physiological 
temperature variants and culture media modify meiotic progression and developmental 
potential of pig oocytes in vitro. Reproduction 133(5):877–86.

Yoshida T, Murayama Y, Ito H, Kageyama H, Kondo T 2009. Nonparametric entrainment of 
the in vitro circadian phosphorylation rhythm of cyanobacterial KaiC by temperature 
cycle. Proceedings of the National Academy of Sciences 106(5):1648–53.

Zhadobov M, Alekseev SI, Le Dréan Y, Sauleau R, Fesenko EE 2015. Millimeter waves as a 
source of selective heating of skin. Bioelectromagnetics 36(6):464–75.

Zhadobov M, Alekseev SI, Sauleau R, Le Page Y, Le Dréan Y, Fesenko EE 2017. Microscale 
temperature and SAR measurements in cell monolayer models exposed to millimeter 
waves. Bioelectromagnetics 38(1):11–21.

Zilberti L, Arduino A, Bottauscio O, Chiampi M 2017. The underestimated role of gradient 
coils in MRI safety. Magnetic Resonance in Medicine 77(1):13–5.

Zilberti L, Bottauscio O, Chiampi M, Hand J, Lopez HS, Brühl R, Crozier S 2015. Numerical 
prediction of temperature elevation induced around metallic hip prostheses by traditional, 
split, and uniplanar gradient coils. Magnetic Resonance in Medicine. 74(1):272–9.

Ziskin MC 2013. Millimeter waves: Acoustic and electromagnetic. Bioelectromagnetics 
34(1):3–14.



http://taylorandfrancis.com


165

7 How Cancer Can Be Caused 
by Microwave Frequency 
Electromagnetic Field (EMF) Exposures
EMF Activation of Voltage-Gated  
Calcium Channels (VGCCs) 
Can Cause Cancer Including  
Tumor Promotion, Tissue Invasion, and 
Metastasis via 15 Mechanisms

Martin L. Pall

CONTENTS

7.1 Introduction .................................................................................................. 166
7.2 Microwave/Lower Frequency EMFs Act via Activation of Voltage-

Gated Calcium Channels (VGCCs) Leading to Downstream Effects .......... 166
7.3 Microwave and Lower Frequency EMFs Cause Single Strand and 

Double Strand Breaks in Cellular DNA ....................................................... 168
7.3.1 How DNA Strand Breaks Are Produced by Peroxynitrite and 

Free Radicals and How This Leads to Cancer ................................. 169
7.4 DNA Base Changes Following EMF Exposure ........................................... 169
7.5  Role of EMF-Induced Ornithine Decarboxylase in Causing Cancer ........... 170
7.6  Role of EMF-Induced Melatonin Deficiency in Causing Cancer ................. 171



166 Mobile Communications and Public Health

7.1 INTRODUCTION

Twenty nine different reviews [1–29], 24 of which were peer reviewed, provide a 
massive amount of evidence and opinion that microwave frequency EMFs are 
carcinogenic. Such EMFs not only produce initiation of the process of carcinogenesis, 
but also act as tumor promoters [2,3,14,16], a process also supported by two recent 
studies [30,31]. This vast amount of evidence and opinion on carcinogenicity of 
microwave frequency EMFs should, in the author’s opinion, be definitive. However, 
if there are any questions about this, such questions should have been resolved by the 
25 million dollar National Institute of Toxicology study on cancer causation by 2G 
cell phone radiation in rats [32]. This study showed that such radiation causes both 
gliomas and normally quite rare heart schwannomas as well as cellular DNA damage 
which may act as initiators of the process of carcinogenesis.

Despite all of this evidence and opinion, the National Cancer Institute [33] stated 
that “No mechanism by which ELF-EMFs or radiofrequency radiation could cause 
cancer has been identified” and industry-friendly organizations have even claimed 
there could not be such mechanisms. Similarly, the 2014 Canadian Report on 
Electromagnetic Fields [34] included cancer in their statement that, “At present, there 
is no scientific basis for the occurrence of acute, chronic and/ or cumulative adverse 
health risks from RF field exposure at levels below the limits outlined in Safety 
Code 6.” This issue of mechanism is the focus of this review. But before getting to 
that issue, we need to consider how such EMFs act in the cells of our bodies in order 
to determine what downstream effects of such action can be carcinogenic.

7.2  MICROWAVE/LOWER FREQUENCY EMFS ACT VIA 
ACTIVATION OF VOLTAGE-GATED CALCIUM CHANNELS 
(VGCCs) LEADING TO DOWNSTREAM EFFECTS

There is a large literature showing that EMF exposures produce large changes in 
calcium fluxes and large increases in calcium signaling [35,36]. This led to the 
suggestion by W.R. Adey that the main target of the EMFs is in the plasma membrane 
of cells, producing such calcium changes as follows: “Collective evidence points to cell 
membrane receptors as the probable site of first tissue interactions with both extremely 
low frequency and microwave fields for many neurotransmitters, hormones, growth-
regulating enzyme expression, and cancer-promoting chemicals. In none of these 
studies does tissue heating appear to be involved causally in the responses” (from a talk 
at the Royal Society of Physicians, London May 16–17, 2002, quoted in Reference 37).
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The main EMF target was identified by the author initially from two studies cited in 
Reference 35 and then later 24 [38] and then 26 [39] studies. Each of these 26 studies 
showed that EMF effects could be blocked by calcium channel blockers, drugs that 
are specific for blocking the voltage-gated calcium channels (VGCCs). Five distinct 
classes of blockers were used in these studies, each class with a distinct structure and 
binding to a distinct site when acting as a calcium channel blocker. Each of the five 
is thought to be highly specific for blocking the VGCCs. When a blocker blocked or 
greatly lowered one effect it also blocked or greatly lowered other effects that were 
measured in the same study [38]. It follows from these various studies that EMFs 
act via activation of the voltage-gated calcium channels and that channel activation 
produces most if not all of the effects seen. Among the EMFs shown to act in this way 
are not only microwave frequency EMFs, such as those produced by various wireless 
communications devices which are the focus of this review, but also extremely low 
frequency EMFs such as 50 or 60 Hz EMFs from our power wiring [38]. It follows 
that effects in common produced by both types of EMFs, including cancer, may be 
explained as being caused by downstream mechanisms triggered by VGCC activation.

Such downstream mechanisms are produced by VGCC activation starting with 
increased intracellular calcium [Ca2+]i (Figure 7.1) [38–43]. The downstream 
mechanism that is most relevant to the cellular DNA damage produced by EMF 
exposure is the peroxynitrite pathway (lower right) producing reactive free radicals 
which attack the DNA. This pathway has been shown in four studies cited in reference 
38 to be elevated following EMF exposure, such that 3-nitrotyrosine levels, a marker 
for peroxynitrite, are elevated. Other carcinogenic effects of EMF exposure are 
thought to involve both this pathway and also excessive [Ca2+]i signaling (down-
facing arrow, near center of Figure 7.1), as discussed below.

Before leaving this issue, it is important to discuss why the VGCCs are so sensitive 
to activation by these low-intensity EMFs. The VGCCs have a voltage sensor which is 
made up of 4 alpha helixes in the plasma membrane, with each helix having 5 positive 
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FIGURE 7.1 EMFs act via downstream effects of VGCC activation to produce 
pathophysiological and therapeutic effects. (Modified from Pall ML 2015. Rev Environ Health 
30:99–116. With permission.)
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charges on it, for a total of 20 positive charges [39]. Each of these charges is within 
the lipid bilayer part of the plasma membrane. The electrical forces on the voltage 
sensor are very high for three distinct reasons [39,42,43]. (1) The 20 charges on the 
voltage sensor make the forces on voltage sensor 20 times higher than the forces on 
a single charge. (2) Because these charges are within the lipid bilayer section of the 
membrane where the dielectric constant is about 1/120th of the dielectric constant of 
the aqueous parts of the cell, the law of physics called Coulomb’s law predicts that 
the forces will be approximately 120 times higher than the forces on charges in the 
aqueous parts of the cell. (3) Because the plasma membrane has a high electrical 
resistance whereas the aqueous parts of the cell are highly conductive, the electrical 
gradient across the plasma membrane is estimated to be concentrated about 3000-
fold. The combination of these effects means that comparing the forces on the voltage 
sensor with the forces on singly charged groups in the aqueous parts of the cell, the 
forces on the voltage sensor is approximately 20 × 120 × 3000 = 7.2 million times 
higher [39]. The physics predicts, therefore, extraordinarily strong forces activating 
the VGCCs via the voltage sensor. It follows that the biology tells us that the VGCCs 
are the main target of the EMFs and the physics tells us why they are the main target. 
Thus the physics and biology are pointing in the same direction.

EMFs have been shown to act in plants very similarly to how they act in animals, 
via activation of calcium channels in the plasma membrane of cells [43]. Although 
the plant channels are somewhat different from the animal VGCCs, they are thought 
to be channels regulated by a similar voltage sensor, such that the voltage sensor may 
well be the universal target of the low intensity EMFs [43].

7.3  MICROWAVE AND LOWER FREQUENCY EMFs CAUSE SINGLE 
STRAND AND DOUBLE STRAND BREAKS IN CELLULAR DNA

Single strand breaks in cellular DNA are primarily detected through what are 
sometimes called alkaline comet assays of the DNA, a method that can give a measure 
of such breaks when they occur in large numbers even in single cells. Double strand 
breaks in cellular DNA are detected by their ability to produce chromosome breaks 
and rearrangements, including the production of micronuclei.

Reviews of studies of single strand breaks in cellular DNA [38,39,44–49] and 
double strand breaks in cellular DNA [39,44–50] have been published earlier and no 
further review of the primary literature will be given here.

Breaks in cellular DNA produce large increases in polyADP-ribose polymerase 
(PARP) activity, which has roles in repairing these breaks. While to my knowledge 
there have been only three studies of PARP following microwave frequency EMF 
exposure [51–53], each of them found such increased PARP activity.

In Reference 38, a number of studies are discussed where a particular research 
group using a consistent methodology and the same EMF found that different cell 
types differed from one another in whether EMF exposure produced detectable 
increases in single strand DNA breaks. On p. 106 of Reference 39, it was found that 
studies of other types of EMF-dependent DNA damage also showed variations from 
one cell type to another. Studies discussed in Reference 38 also showed that free 
radical scavengers and other agents that act through gene regulation to lower levels 
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of peroxynitrite and also free radicals enzymatically, greatly lower the production 
of single stranded breaks in cellular DNA following EMF exposure. These provide 
substantial evidence that the DNA strand breaks are produced by free radical attack 
on  the DNA backbone. It will be argued below that these regulatory responses 
protecting the DNA from the EMF effects is Nrf2 [54], where raising Nrf2 lowers 
peroxynitrite and free radicals produced from peroxynitrite and also increases the 
repair of lesions produced by some free radical attacks on DNA. These studies 
support the view that the DNA strand breaks are produce through free radical attack 
on the DNA. Specifics will follow.

In addition, in some but not other studies, pulsed EMFs were shown to be much more 
active than are nonpulsed (also known as continuous wave) EMFs. This is consistent 
with many studies reviewed earlier, showing the pulsed EMFs are, in most cases, more 
biologically active than are continuous wave EMFs [39,55–61]. This effect of pulsations 
is very important because wireless communication devices communicate via pulsations 
with “smarter” devices and communicate more information, therefore producing still 
greater pulsations and therefore, being, at least potentially, much more dangerous.

7.3.1  HOW DNA STRAND BREAKS ARE PRODUCED BY PEROXYNITRITE 
AND FREE RADICALS AND HOW THIS LEADS TO CANCER

DNA strand breaks and also DNA base changes are produced by peroxynitrite [62–
64], acting through free radical breakdown products with the chemistry discussed in 
References 62–68. As shown in the peroxynitrite/free radical/oxidative stress pathway 
(see Figure 7.1), both peroxynitrite and its CO2 adduct, nitrosoperoxycarbonate, break 
down and release free radicals. Peroxynitrite breaks down to release the hydroxyl 
radical and NO2 radical. Nitrosoperoxycarbonate breaks down to produce the 
carbonate radical and NO2 radical. Strand breaks in DNA occur due to hydrogen 
extraction from deoxyribose sugars in the DNA backbone. Most such extraction is 
performed by the hydroxyl radicals, but the carbonate radicals have some activity 
as well [68]. In contrast, carbonate radicals are more active in producing the base 
changes in the DNA [68], which are considered in the next section.

Double strand breaks are linked to cancer, in part because mutations that produce 
deficiencies in double strand breaks repair and produce cancer-prone phenotypes [69]. 
Double strand breaks have carcinogenesis roles in producing specific chromosomal 
rearrangements, including the Philadelphia chromosome, including many less 
specific rearrangements, deletions of tumor suppressor genes, gene amplification 
(including of oncogenes), copy number of mutations via aberrant recombination, and 
deletion or aberrant DNA replication processes leading to duplications and various 
other aberrations. Single strand breaks are less well understood but may cause copy 
number mutations via aberrant recombination.

7.4 DNA BASE CHANGES FOLLOWING EMF EXPOSURE

There is one base change that has been shown to occur following EMF exposure, 
as well as several other such changes that are expected to occur but have not been 
studied or not been adequately studied. The change that has been shown to occur is the 
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oxidation of the guanine base in the DNA to form either 8-hydroxydeoxyguanosine 
(often abbreviated 8-OHdG) or 8-oxo-dihydrodeoxyguanosine (often abbreviated 
8-oxodG). These two are rapidly interconvertible such that they flip back and forth 
from one form to another. I will refer to them both, therefore, as 8-OHdG although 
you will see these other designations in the literature and sometimes they are 
both referred to by the base rather than the deoxynucleoside. When the 8-OHdG 
is formed in the DNA, much of it, but not all, is rapidly excised from the DNA 
via a DNA repair mechanism, so that free 8-OHdG can be measured either in the 
blood or cerebrospinal fluid or in tissue fluids. Elevated 8-OHdG in these fluids is 
considered to be both an indication of oxidative stress and also as an indication of 
oxidative attack on the cellular DNA. Some studies following EMF exposure have 
shown elevated 8-OHdG in the cellular DNA [70–74] and other studies have shown 
elevated levels of free 8-OHdG in the body fluids [73,75–84]. One of these studies [70] 
also detected formamidopyrimidine elevation in the DNA following EMF exposure 
and Reference 85 also detected these oxidized bases in cellular DNA following EMF 
exposure. Reference 86 detected elevated levels of two of these formamidopyrimidine 
bases and also 8-OHdG following extremely low frequency EMF exposure. Because 
such extremely low frequency EMFs also act via VGCC activation [38] as do the 
microwave frequency EMFs, it is to be expected that similar EMF responses may be 
found. In summary, we have 16 studies each showing increased 8-OHdG following 
microwave frequency EMF exposure. 8-OHdG in cellular DNA should be considered 
to be an established effect of EMF exposure. The rate limiting step in the formation of 
8-OHdG is hydrogen extraction from the guanine base in the DNA and this extraction 
is thought to be produced by the carbonyl radical [68], derived from the CO2 adduct 
of peroxynitrite, nitrosoperoxycarbonate. We have, then, a plausible mechanism for 
the formation of this compound following EMF exposure.

There are other DNA base changes that are produced by peroxynitrite, but we will 
only discuss one of these. 8-nitrodG is produced by peroxynitrite breakdown products and 
is thought to have a major role in inflammatory carcinogenesis. It has never been tested 
for following EMF exposure to my knowledge. However, because 8-nitrotyrosine levels, 
considered a marker of peroxynitrite elevation, has been shown to be elevated following 
EMF exposures [38], and the chemistry of formation of 3-nitrotyrosine is almost identical 
to the chemistry of formation of 8-nitrodG, it is my opinion that it is highly likely that 
8-nitrodG will be found to be elevated following suitable EMF exposures. Both 8-OHdG 
and 8-nitrodG are known to be mutagenic, producing both transition mutations and also 
the usually functionally more damaging transversion mutations, it may be expected that 
each of them contributes mutationally to EMF cancer causation.

7.5  ROLE OF EMF-INDUCED ORNITHINE 
DECARBOXYLASE IN CAUSING CANCER

Ornithine decarboxylase (ODCase) is an enzyme where increased activity has an 
important role in cancer [87–90]. Studies have shown that difluoromethylornithine 
and other ODCase inhibitors have substantial anticancer activity [88–90]. Studies 
have also shown that pulsed microwave frequency EMFs raise ODCase [91–95]. Two 
reviews included studies on EMFs raising ODCase [15,96].
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Four of these studies of the EMF-ODCase connection have suggested that 
EMF-caused increased ODCase has an important role in EMF cancer causation 
[15,91,94,96], including specifically that ODCase may have a role in cell phone caused 
cancer [96]. It is quite possible, therefore, that increased ODCase activity following 
EMF exposure has an important role in EMF cancer causation.

ODCase activity is rapidly increased by oxidative stress, a process antagonized by 
antioxidants [97–100], suggesting that EMF exposures can increase ODCase activity 
via oxidative stress (see Figure 7.1).

7.6  ROLE OF EMF-INDUCED MELATONIN DEFICIENCY 
IN CAUSING CANCER

Melatonin has been shown to be useful for both cancer prevention and cancer 
treatment [101–104]. Melatonin levels, which are usually high at night, have a role in 
producing sleep coordinated with the circadian rhythm. It has been shown to be often 
depleted at night by microwave and lower frequency EMF exposures [95,96,105–111]. 
These findings argue, therefore, that melatonin depletion, as suggested previously 
[95,96], is likely to have a role in EMF-caused carcinogenesis.

How then might melatonin act to help prevent or treat cancer? It is the author’s 
opinion that melatonin probably acts both by raising both Nrf2 activity [112,113] 
and by raising adenosine monophosphate-activated protein kinase (AMPK) activity 
[114,115]. Nrf2 has important cancer preventive activity [116,117] and AMPK has 
important cancer treatment activity [118,119].

How then might EMFs act via VGCC activation to lower nocturnal melatonin 
levels? Probably by raising intracellular calcium [Ca2+]i which both increases the 
release of melatonin precursor serotonin [120] from the pineal gland and also by 
disrupting the circadian rhythm control [121,122].

7.7  EMF PRODUCED ELEVATED NF-KAPPA B ACTIVITY 
IS INVOLVED IN MULTIPLE MECHANISMS 
OF CANCER CAUSATION

Studies have shown that microwave frequency EMF exposures can produce substantial 
increases in nuclear factor-kappaB (NF-kappaB) activity [123–127]. This should 
not be surprising because it has been known for over 25 years that oxidative stress 
produces increases in NF-kappa B activity [128]. NF-kappa B produces proliferation 
of pre-malignant and malignant cells, prevents apoptosis of cancer cells, promotes 
angiogenesis of solid tumors, and stimulates invasion including metastasis [129–133]. 
Consequently, the rise in NF-kappa B activity following EMF exposure may be a 
major pathway of action of cancer causation produced by EMF exposures.

NF-kappa B activity may explain part of the findings in the two previous sections 
on ODCase and cancer and also on melatonin and cancer. Part of the activity of 
oxidative stress in raising ODCase is mediated by the role of oxidative stress in 
raising NF-kappa B, which raises, in turn, ODCase [99,134]. Melatonin, as you may 
recall, produces much of its anticancer effects by raising the levels of both Nrf2 and 
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AMPK. Both Nrf2 and AMPK lower the activity of NF-kappa B, providing a partial 
further explanation for the anticancer activities of melatonin.

7.8  EMF CAUSED TUMOR PROMOTION VIA DISRUPTION 
OF GAP JUNCTIONS

The overall hypothesis being explored here is that gap junction disruption has an 
important role in tumor promotion and that free radicals and other oxidants activate 
AP-1 which increases transcription of matrix metalloproteinase (MMP) genes, 
leading to degradation of both gap junctions and tight junctions.

Many reviews have documented the role of gap junctions in preventing tumor 
promotion [135–140] and therefore the role of gap junction disruption in causing 
tumor promotion. MMPs have important roles in degrading the proteins making up 
gap junctions [135–140] and also tight junctions [141,142]. AP-1 is a transcription 
factor activated by free radicals and other oxidants which acts to increase 
transcription of MMP-9 and other MMPs [136–140,143,144]. Such MMP increases 
may well explain the breakdown of the blood-brain barrier that occurs following EMF 
exposures [141,142,145]. It follows from the above in this paragraph, that the each of 
the mechanisms in our overall hypothesis here is well documented, such that we can 
explain how EMFs, acting via the peroxynitrite/free radical/oxidative stress pathway, 
outlined in Figure 7.1 can lead, to tumor promotion via gap junction disruption.

Gap junction and tight junction disruption also have an important role in tissue 
invasion including metastasis [135–140,146], thus producing other important types 
of dysfunction that help cause tumor progression.

7.9  DOUBLE STRAND BREAKS, TUMOR PROMOTION, 
AND GENE AMPLIFICATION

Gene amplification of oncogenes has been known for about 40 years to have a 
role  in carcinogenesis. It is thought that gene amplification has a role in tumor 
promo tion [147–152]. Tumor promoters including phorbol ester tumor promoters 
stimulate gene amplification [148–152]. These findings suggest that other effects 
that stimulate gene amplification that are produced by EMF exposures, including 
double strand DNA breaks (reviewed in References 153–155) and possibly single 
strand DNA breaks [156], can also act to stimulate tumor promotion following 
EMF exposure.

7.10 OTHER CALCIUM MEDIATED ACTIONS IN CANCER

Because VGCC activation acts in the cell predominantly via excessive [Ca2+]i, 
reviews on cancer and calcium can be used to search for additional types of evidence 
arguing that such activation can have roles in cancer causation. Elevated [Ca2+]i 
has been shown to have such roles in a broad range of activities in tumorigenesis 
and progression including tumor initiation, aberrant proliferation, cell migration, 
progression, metastasis, and angiogenesis [157–164].
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Genetic evidence also implicates excessive [Ca2+]i in carcinogenesis, including 
cancer causation due to mutations activating T-type VGCCs [165]. Other such 
gene mutations that raise [Ca2+]i and cause cancer include mutations in the TRP 
superfamily of receptors, Orai channels, and calcium ATPase pumps in both the 
sarcoplasmic reticulum (SERCA) and the plasma membrane (ATP2A2 and ATP2C1) 
and store-operated calcium channels [166–169]. Each of these types of cancer causing 
mutations produce increases in [Ca2+]i, showing that elevated [Ca2+]i has a key role 
in carcinogenesis.

Specific, cancer causing mechanisms produced as downstream effects of excessive 
[Ca2+]i are described in Table 7.1.

7.11 SUMMARY: 15 DISTINCT EMF-INITIATED CAUSES OF CANCER

This paper is based on three important findings. First, that microwave and lower 
frequency EMFs act via activation of VGCCs. Second, 29 different reviews have 
concluded that such EMFs cause cancer, raising the question of how VGCC activa-
tion can cause cancer. Third, because VGCC activation acts mainly via increased 
[Ca2+]i, it is reasonable to assume that cancer causation occurs via increased 
calcium signaling and via other downstream effects of [Ca2+]i. This paper finds 
that there are multiple mechanisms that fit each of these two descriptions that cause 
cancer based on the cancer literature. Many of them come from the downstream 
effects involving the peroxynitrite/free radical/oxidative stress pathway and one 
of the important consequences of that pathway, elevated NF-kappa B. Those 
downstream effects are similar or identical to the effects that are central to 
inflammatory carcinogenesis in the literature. But, in addition, there are cancer 
causing effects that are caused by excessive calcium signaling and these are also 
discussed here.

These mechanisms are listed below. Mechanisms 1–6 are all reported to be 
raised following EMF exposures and are, therefore, particularly plausibly involved 
in EMF-caused carcinogenesis. Each of these 15 is produced as a consequence 
of either the peroxynitrite/free radical/oxidative stress pathway of action of as a 
consequence of excessive calcium signaling. Each is, therefore, highly plausible 
because each of these pathways of action are well documented downstream effects 
of EMF exposures.

 1. Formation of single strand breaks in cellular DNA and
 2. Double strand breaks in cellular DNA. The double strand breaks have 

multiple roles in carcinogenesis. The single strand breaks may generate 
chromosomal rearrangements and copy number mutations via aberrant 
recombination events. Double strand breaks are known to help cause gene 
amplification events and single strand breaks may also have roles in gene 
amplification.

 3. Oxidized bases, of which 8-OHdG has been by far the most studied, 
which produce point mutations including transversion mutations. 8-OHdG 
is produced via peroxynitrite breakdown product free radicals including 
hydroxyl and carbonate radicals. These same free radicals have roles in 
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generating both single strand breaks and double strand breaks in cellular 
DNA.

 4. Increased ODCase produced following EMF exposures is an additional 
mechanism likely to be involved in EMF-caused carcinogenesis. Increased 
ODCase is caused by oxidative stress.

TABLE 7.1
Additional [Ca2+]i-Mediated Cancer-Related Activities

Citation(s) Cancer-Related Activity

[170,171] Calcium-dependent phosphatidylserine flippase activity; this calcium-dependent enzyme 
activity controls, in turn, many different cancer cell surface markers, while placing 
substantial levels of phosphatidylserine on the outer surface of the plasma membrane 
specifically in cancer cells. This, in turn, makes the cancer cells resistant to immune 
surveillance.

[172–179] The calcium/calmodulin-dependent protein kinase, CaMKII controls the progress through 
the cell cycle in many different types of cancer.

[180–182] CaMKII activity is also stimulated by oxidation of methionine residues in the enzyme to 
methionine sulfoxide, a process that is greatly increased in oxidative stress. It follows 
that the cell cycling activated by CaMKII (see immediately above) can also be increased 
by oxidative stress.

[183–192] c-src, viewed as being one of the most important cellular oncogenes causing human 
cancer, is activated by calcium binding to calmodulin [183–185]. c-src a tyrosine protein 
kinase, phosphorylates a tyrosine residue on L-type VGCCs, leading to large increases 
in the sensitivity of the VGCCs to activation [186–188]. This suggests that these 
mechanisms may constitute a positive feedback loop, leading to excessive [Ca2+]i 
levels that may be substantially higher than those obtained by the direct impact of EMFs 
on the VGCCs. A second somewhat similar positive feedback loop occurs as a 
consequence of reactive oxygen species that are elevated under oxidative stress, also 
activates the L-type VGCCs [189–192]. It may be suggested, therefore, that these 
mechanisms may not only contribute to cancer causation, but also to electromagnetic 
hypersensitivity (EHS).

[159] In a much broader pattern than the c-src connection, immediately above, Marchi and 
Pinton [159] reviewed various studies showing that calcium up-regulates multiple 
cellular oncogenes and down-regulates multiple tumor suppressor genes, thus 
stimulating large numbers of mechanisms involved in causing cancer.

[193,194] Calpains are calcium-activated, cysteine proteases which are viewed, therefore, as calcium 
receptors. An excellent review of calpains and cancer [193] describes the complex and 
often divergent roles of calpains in cancer—roles that are sufficiently complex and 
divergent, that in most cases, this reviewer cannot summarize them. The one exception to 
that is the role [193] where “the positive role played by calpains in tumor cell migration 
and invasion has been well established” often leading to metastasis. Investigations show 
that calpain activity is correlated with invasion and that calpain inhibition leads to lowered 
cell migration and invasion. Calpains function in this role by increasing the activity of 
several proteins involved in cell movement as well as degrading the extracellular matrix. In 
the latter function, calpains act along with the matrix metalloproteinases (MMPs) which 
are discussed above in this paper. The role of calpains in tissue invasion and metastasis is 
confirmed in a recent review [194] on calpains in breast cancer.
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 5. Lowered melatonin levels follow EMF exposures. Melatonin has anti-
cancer activities which are thought to be produced primarily via melatonin-
mediated increases in Nrf2 activity and increases in AMPK activity. Nrf2 
helps prevent cancer and AMPK helps treat cancer.

 6. Increased NF-kappaB activity is produced by oxidative stress which occurs 
following EMF exposure. NF-kappaB has multiple roles in cancer causation. 
NF-kappa B produces proliferation of premalignant and malignant cells, 
prevents apoptosis of cancer cells, promotes angiogenesis of solid tumors, 
and stimulates invasion including metastasis. NF-kappaB also helps 
explain 4 and 5 above. NF-kappaB acts to raise ODCase. Part of the cancer 
prevention or cancer treating actions of Nrf2 and AMPK is that they both 
act to lower NF-kappaB.

 7. EMF-induced tumor promotion via gap-junction disruption, where oxidative 
activation of AP-1 induces increased proteolysis of both gap-junction 
and tight junction proteins, leading to gap-junction disruption and tumor 
promotion.

 8. EMF-induced disruption of gap-junctions and tight junctions (see 7 
immediately above) also has a key role in increasing tumor invasion and 
metastasis.

 9. Tumor promotion via double strand breaks in cellular DNA and consequent 
gene amplification of cellular oncogenes. The other mostly calcium-linked 
mechanisms all come from Table 7.1.

 10. The calcium-dependent enzyme, phosphatidylserine flippase, produces 
substantial levels of phosphatidylserine on the outer surface of cancer cells, 
producing many cancer-specific cell surface markers and resistance of the 
cancer cells to immune surveillance.

 11. The calcium/calmodulin dependent protein kinase, CaMKII, controls 
progress through the cell cycle in many types of cancer cells.

 12. CaMKII activity is stimulated by oxidation of methionine residues in the 
protein, caused by oxidative stress; it follows that this critically important 
activity in cancer cells is both produced directly by elevated [Ca2+]i, and 
also oxidative stress.

 13. The cellular oncoprotein c-src is activated by calcium binding to calmodulin 
and it acts in turn to raise the sensitivity of the L-type VGCCs to voltage 
activation. It follows that this may produce a positive feedback loop, leading 
to amplified [Ca2+]i levels. Oxidants also sensitize the VGCCs to activation, 
suggesting an additional positive feedback loop.

 14. March and Pinton [159] reviewed a broad pattern of calcium effects, where 
calcium raised the activity of cellular oncoproteins and, in addition, lowered 
the activity of tumor suppressor proteins.

 15. Calpains, calcium-activated cysteine proteases, increase tumor cell 
migration and tissue invasion leading to metastasis.

We have, then, 15 well-documented mechanisms by which EMFs acting via VGCC 
activation can cause cancer. It is complete and utter to nonsense, therefore, to claim 
there are no such mechanisms.
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8 A Summary of Recent 
Literature (2007–2017) 
on Neurobiological Effects of 
Radio Frequency Radiation

Henry Lai

8.1 INTRODUCTION

Neurological effects are caused by changes in the nervous system. Factors that act 
directly or indirectly on the nervous system causing morphological, chemical or 
electrical changes in the nervous system can lead to neurological effects. The final 
manifestation of these effects can be seen as psychological/behavioral changes, for 
example, memory, learning, and perception. The nervous system is an electrical 
organ. Thus, it should not be surprising that exposure to electromagnetic fields could 
lead to neurological changes. Morphological, chemical, electrical, and behavioral 
changes have been reported in animals and cells after exposure to nonionizing 
electromagnetic fields (EMF) across a range of frequencies. The consequences 
of physiological changes in the nervous system are very difficult to assess. We 
do not quite understand how the nervous system functions and reacts to external 
perturbations. The highly flexible nervous system could easily compensate for 
external disturbances. On the other hand, the consequence of neural perturbation is 
also situation-dependent. For example, an EMF-induced change in brain electrical 
activity could lead to different consequences depending on whether a person is 
watching TV or driving a car.

The following is a summary of the research literature on the neurological effects of 
exposure to radio frequency radiation (RFR), a part of the EMF spectrum that is used 
in wireless communications, published between 2007 and 2017. The database came 
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from a survey of the Medline and understandably does not include all the relevant 
papers published during the period.

8.2 THE STUDIES

There are many new studies on human subjects. Many of them are on changes in 
brain electrical activities after exposure to cell phone radiation. Bak et al. (2010) 
(Global System for Mobile Communication [GSM] 935 MHz, 217 Hz pulses, 20 min, 
0.0052 mW/cm2) reported effects on event-related brain potentials. Maganioti et al. 
(2010) (900 MHz and 1800 MHz, 45 min) further reported that RFR affected the 
gender-specific components of event-related potentials (see also Hountala et al., 2008). 
Croft et al. (2008) (GSM 895 MHz, modulated at 217 Hz, 0.11 W/kg over 10 gm 
tissue, 30 min) reported changes of the alpha wave power of electroencephalogram 
(EEG). They (Croft et al., 2010) further reported that effects differed between 2-G 
and 3-G cell phone transmission systems (2-G 894.6 MHz 217-Hz modulation, 
0.7 W/kg over 10 gm tissue; 1900-MHz 3-G-modulated signal, 1.7 W/kg over 10 gm 
tissue; 55 min) on resting alpha activity in young adults. They observed effects 
after exposure to 2G but not 3G cell phone radiation, whereas Leung et al. (2011) 
(conditions similar to Croft et al. (2010)) found similar EEG effects (delayed ERD/
ERS responses of the alpha power) with both 2G and 3G radiations. However, it is 
difficult to compare the 2-G and 3-G exposure conditions with different specific 
absorption rate (SAR) and energy distributions. Ghosn et al. (2015) (GSM 900 MHz, 
peak SAR 0.93 W/kg, 26 min) also reported GSM EMF affected the alpha band of 
resting human EEG. Lustenberger et al. (2013) (900 MHz RFR pulsed with 500 msec 
bursts, spatial peak SAR 0.15 W/kg over 10 gm tissue) found increased slow-wave 
activity in humans during exposure to pulse-modulated RFR toward the end of the 
sleep period. Vecchio and associates reported that cell phone RFR affected EEG 
and the spread of neural synchronization conveyed by inter-hemispherical functional 
coupling of EEG rhythms (Vecchio et al., 2007) (GSM signal at 902.4 MHz, 8.33 
and 217 Hz modulations, peak SAR 0.5 W/kg, 45 min) and modulated event related 
desynchronization of alpha rhythms and enhanced human cortical neural efficiency 
(Vecchio et al., 2012a) (exposure conditions same as Vecchio et al., 2007). Naziroğlu 
and Gümral (2009) (2450 MHz pulsed at 217 Hz, 1.73 W/kg, 60 min/day for 28 
days) reported a significant change in cortical EEG spikes in rats after chronic RFR 
exposure. RFR exposure modulated the spontaneous low frequency fluctuations in 
some brain regions (Lv et al., 2014a) (2573 MHz, spatial peak SAR 0.9 and 1.07 W/
kg over 10 gm tissue, 30 min) and the synchronization patterns of EEG activation 
across the whole brain (Lv et al., 2014b) (exposure conditions similar to Lv et al., 
2014a) in humans. An interesting finding is that RFR could interact with the activity 
of brain epileptic foci in epileptic patients (Tombini et al., 2013; Vecchio et al., 
2012b). Roggeveen et al. (2015a,b) (1929.1–1939.7 MHz, 0.69 W/kg, 15 min) reported 
significant changes in several bands of human EEG and detection of radiation peaks 
when exposed to the RFR from a 3G mobile phone. These effects were observed only 
when the phone was placed on the ear and not on the heart. Yang et al. (2017) reported 
a reduction in spectral power in the alpha and beta bands in the frontal and temporal 
cortical regions of humans exposed to Long-Term Evolution (LTE) cell phone 
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radiation. However, no significant effect on human EEG was reported by Perentos 
et al. (2007) (continuous wave [CW] RFR 15 min, pulsed RFR 15 min) and Trunk 
et al. (2013) (1947-MHz 3G UMTS, 1.75 W/kg 2 cm from surface of head model, 
30 min), Trunk et al. (2014) (1947-MHz 3G UMTS signals, peak SAR 1.75 W/kg, 
15 min)), and Kleinlogel et al. (2008a,b) (1950 MHz UMTS (SAR 0.1 and 1 W/kg) 
and pulsed 900 MHz GSM (1 W/kg), ∼30 min) also reported no significant effects 
on resting EEG and event-related potentials in humans after exposure to cell phone 
RFR. Furthermore, Krause et al. (2007) (902 MHz CW or pulsed at 217 Hz, pulse 
width 0.577 msec, averaged SAR 0.738 W/kg over 10 gm of tissue, peak 1.18 W/kg) 
reported no significant effect of cell phone radiation on brain oscillatory activity, and 
Inomata-Terada et al. (2007) (800 MHz TDMA, 0.054 W/kg over 10 gm of tissue, 
30 min) concluded that cell phone radiation does not affect the electrical activity of 
the motor cortex.

There are studies on the effects of cell phone radiation on EEG during sleep. 
Changes in sleep EEG have been reported by Hung et al. (2007) (GSM 900 MHz, 
SAR over 10 gm of tissue varied from <0.001 to 0.133 W/kg depending the mode 
the cell phone was in, during sleep), Loughran et  al. (2012) (894.6 MHz pulse-
modulated at 217 Hz, peak spatial SAR 0.674 W/kg over 10 gm of tissue, 30 min 
prior to sleep), Lowden et al. (2011) (GSM 884 MHz, spatial peak SAR 1.4 W/kg, 
3 hr prior to sleep), Regel et al. (2007) (pulse-modulated GSM 900 MHz signal, 0.2 
or 5 W/kg, 30 min prior to sleep), and Schmid et al. (2012a,b) (900 MHz modulated 
at 2 Hz, 2 W/kg). No significant effect was reported by Fritzer et al. (2007) (GSM 
900 with 2, 8, 217, 1733 Hz modulations, peak SAR within head 1 W/kg, during 
sleep), Mohler et al. (2010, 2012) (no details on exposure conditions), and Nakatani-
Enomoto et al. (2013) (W-CDMA-like signal, SAR over 10 gm tissue in the head 
and brain 1.52 and 0.13 W/kg, respectively, 3 hr). Loughran et al. (2012) provided 
an interesting conclusion in their paper: “These results confirm previous findings 
of mobile phone-like emissions affecting the EEG during non-rapid eye movement 
(REM) sleep. Importantly, this low level effect was also shown to be sensitive to 
individual variability. Furthermore, this indicates that “previous negative results are 
not strong evidence for a lack of an effect…”. More recently, Lustenberger et al. 
(2015) (900 MHz, 2 Hz pulse, peak spatial SAR 2 W/kg over 10 gm tissue, 30 min) 
reported pulsed-RFR-exposure-related increases in delta-theta EEG frequency range 
in several fronto-central brain areas in humans during non-REM sleep. Increase 
in REM sleep (Pelletier et  al., 2013) (CW 900 MHz, 1 V/m, 0.0001–0.0003 W/
kg, 5 weeks) and increases in duration and frequency of slow-wave sleep (Pelletier 
et al., 2014) (exposure conditions same as Pelletier et al., 2013) have been reported 
in developing rats after chronic RFR exposure. Mohammed et al. (2013) reported 
a disturbance in REM sleep EEG in the rat after long term exposure (1 hr/day for 
1 month) to a 900-MHz modulated RFR.

Studies on the effects of RFR on the blood-brain barrier continued. Increase in 
blood-brain barrier permeability in animals after exposure to RFR was first reported 
in the 1970s. Such change could lead to entry of toxic substances into the brain. On the 
other hand, the possibility of using RFR to open up the blood-brain barrier to facilitate 
entry of therapeutic drugs into the brain has also been explored. In the last decade, the 
Salford group in Sweden continued to confirm their earlier findings on blood-brain 
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barrier permeability and cell death in the brain (Eberhardt et al., 2008; Nittby et al., 
2008a, 2009). Effects were observed after a single exposure (2 hr) to RFR at low SAR 
(0.00012–0.12 W/kg). In the meantime, there are several studies reporting effects of 
RFR on the blood-brain barrier. Sirav and Seyhan (2009, 2011) reported increased 
blood-brain barrier permeability in the rat after a 20-min exposure to continuous 
wave 900 and 1800 MHz RFR. The SARs in the 2011 study were 0.00426 W/kg for 
900-MHz and 0.0014 W/kg for 1800 MHz. Interestingly, the effect was observed 
only in male and not female rats. In a more recent study, Sirav and Seyhan (2016) 
studied the effects of pulse-modulated (217 Hz, 557 µs) 900-MHz and 1800-MHz 
RFR at 0.02 W/kg. They reported an increase in blood-brain barrier permeability in 
male rats after 20 min of exposure to either 900-MHz or 1800-MHz pulsed RFR, 
whereas an effect was found in female rats only after exposure to the 900-MHz field. 
Tang et al. (2015) also reported an increase in blood-brain barrier permeability in 
rats after repeated exposure (14 or 28 days, 3 hr/day) to a 900 MHz field (brain SAR 
2 W/kg). They suggested the involvement of the mkp-1/extracellular signal regulated 
kinase (ERK) for the effect. Wang LF et al. (2015), using an in vitro model, reported 
broadening of tight junctions in ECV304 cells and astrocytes. The authors implied the 
involvement of the vascular endothelial growth factor (VEGF)/Flk-1-ERK pathway in 
the effect. There is a related series of experiments on human subjects by Söderqvist 
et al. (2009a,b,c). The authors reported a leakage of the blood-cerebrospinal fluid 
barrier and not the brain-brain barrier in subjects exposed to cell phone or cordless 
phone radiation. There are studies that reported no significant effect of RFR exposure 
on the blood-brain barrier. Kumlin et al. (2007) reported no neuronal cell death and 
significant change in the blood-brain barrier in juvenile rats after exposure to RFR 
(900 MHz, 0.3–3 W/kg, 2 hr/day, 5 days/week, 5 weeks). de Gannes et al. (2009) 
reported no significant effect on blood-brain barrier permeability and apoptosis of 
brain cells in rats after a 2 hr exposure to GSM 900 MHz at brain SAR of 0.14 and 
20 W/kg. Finnie et al. (2009a,b) also reported no significant effects on the blood-brain 
barrier (based on expression of the water channel protein AQP-4 in the brain) in mice 
after exposure to RFR (900 MHz, 4 W/kg, 60 min or 60 min/day, 5 days/week for 
104 weeks). More recently, Poulletier de Gannes et al. (2017) reported no significant 
changes in blood-brain barrier and neuronal degeneration in rats after a single (2 hr) 
or repeated (2 h/day, 5 days/week for 4 weeks) exposure to GSM-1800 and UMTS-
1950 signals up to a brain average SAR of 13 W/kg. However, an increase in albumin 
leakage was observed at 50 days after exposure in the brain of rats repeatedly exposed 
to both RF signals at 13 W/kg. Regarding “dark neurons” in the brain of rats exposed 
to RFR reported by Salford et al. (2003), which is apparently related to change in 
the blood-brain barrier, there are five reports showing an increase in dark neurons 
(Eberhardt et al., 2008; Jorge-Mora et al., 2013; Kerimoğlu et al., 2016a; Köktürk 
et al., 2013; Odacı et al., 2016), whereas de Gannes et al. (2009), Grafström et al. 
(2008), and Masuda et al. (2009) did not observe such an effect in the brain of RFR-
exposed animals.

Related to the blood-brain barrier is a group of studies on astrocyte and microglia. 
These are cells in the blood-brain barrier that support the endothelial cells that form 
the barrier. Effects of RFR on these cells could conceivably affect the function 
of the blood-brain barrier. RFR-induced effects of astrocytes have been reported by 
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Ammari et al. (2008a, 2010), Brillaud et al. (2007), Choi and Choi (2016), Liu et al. 
(2012), Lu et al. (2014), Maskey et al. (2010b, 2012), and Zhao et al. (2007), whereas 
no significant effect was reported by Bouji et al. (2012), Chen et al. (2014), Kumari 
et al. (2017) and Watilliaux et al. (2011). In studies on microglia, Hao et al. (2010), 
He et al. (2016), Lu et al. (2014) and Yang et al. (2010) reported effects of RFR 
exposure, whereas no significant effect was reported by Finnie et al. (2010), Hirose 
et al. (2010), and Watilliaux et al. (2011).

There are studies on the effects of cell phone radiation and the auditory system. 
Most research (Bhagat et al., 2016; Gupta et al., 2015; Kwon 2009, 2010a,b; Parazzini 
et al., 2009; Stefanics et al., 2007, 2008) reported no effects, which seems to agree 
with the pre-2007 studies in this area. However, there are two reports by Kaprana 
et al. (2011) and Khullar et al. (2013) showing effects on auditory brainstem response, 
two papers by Panda et al. (2010, 2011) that concluded: “Long-term and intensive 
GSM and Code-Division Multiple Access (CDMA) mobile phone use may cause 
damage to cochlea as well as the auditory cortex.,” and a paper (Mandalà et al., 2014) 
reporting an effect on auditory-evoked cochlear nerve response. Maskey and Kim 
(2014) reported a decrease in neurotrophins that are important in the regulation of 
neuron survival in the superior olivary complex, a neural component of the auditory 
system, in mice after chronic exposure to RFR. Velayutham et al. (2014) reported 
hearing loss in cell phone users and Sudan et al. (2013) observed weak associations 
between cell phone use and hearing loss in children at age 7. These effects may not 
be caused by the radiation. However, there is a study (Seckin et al., 2014) showing 
structural damage in the cochlea of the rat after prenatal exposure to RFR. And 
Özgür et al. (2015) reported neuronal degeneration in the cochlear nucleus of the 
auditory system in the rat after chronic exposure to RFR. Kwon et al. (2010b) reported 
that short-term exposure to cell phone radiation did not significantly affect the 
transmission of sensory stimuli from the cochlea to the midbrain along the auditory 
nerve and brainstem auditory pathways, and (Kwon et al., 2010a) no significant effect 
on auditory sensory memory in children. More recently, Çeliker et al. (2017) also 
reported no significant change in auditory brainstem responses, but increases in 
neuronal degeneration and apoptosis in the cochlear nucleus in rats exposed to a 
2100-MHz field for 30 days.

There are several studies that showed neurological changes in humans after use 
of wireless devices, but those changes apparently were not caused by exposure to the 
radiation. Abramson et al. (2009) reported changes in cognitive functions in young 
adolescents. (“The accuracy of working memory was poorer, reaction time for a 
simple learning task shorter, associative learning response time shorter and accuracy 
poorer in children reporting more mobile phone voice calls.”). Arns et al. (2007) 
observed more focused attention in frequent cell phone users, which was probably a 
“cognitive training effect.” Yuan et al. (2011) reported morphological changes in the 
brain of adolescents with “internet addiction disorder.”

There are several studies showing differential effects of different waveforms. 
This is an important consideration in understanding how EMF interacts with living 
organisms. Croft et al. (2010) reported that 2G, but not 3G, cell phone radiation 
affected resting EEG. Hung et al. (2007) showed that 2, 8, 217 Hz-modulated RFR 
differentially affected sleep. López-Martín et al. (2009) reported that modulated and 



192 Mobile Communications and Public Health

nonmodulated RFR had different effects on gene expression in the brain. Nylund 
et al. (2010) found that different carrier frequencies (900 MHz verses 1800 MHz) 
had different effects on protein expression. Schmid et al. (2012a) concluded that 
“modulation frequency components (of an RFR) within a physiological range may 
be sufficient to induce changes in sleep EEG.” Mohammed et al. (2013) reported 
that EEG power spectrum during REM sleep is more susceptible to modulated 
RFR than the slow wave sleep (SWS). Schneider and Stangassinger (2014) reported 
different effects of 900-MHz and 1.966-GHz EMFs on social memory functions in 
the rat. Zhang et al. (2008) reported that an intermittent exposure to RFR had a more 
potent effect on gene expression in the brain than continuous exposure. Apparently, 
extremely low frequency (ELF) modulation plays a role in determining the biological 
effects of RFR. One can find many studies showing the same neurological effects of 
RFR described above in animals exposed to extremely low frequency electromagnetic 
field (ELF EMF) (e.g., Carrubba et al., 2007, 2010; Cook et al., 2009; Cui et al., 2012; 
Perentos et al., 2008). This is of considerable importance, since all cell phone signals 
are modulated by low frequency components. Furthermore, effects can also depend 
on the modulation frequency. Bawin et al. (1975) reported an increase in efflux of 
calcium ions from chick brain tissue after 20 min of exposure to a 147-MHz RFR 
(1–2 mW/cm2). The effect occurred when the radiation was sinusoidally amplitude 
modulated at 6, 9, 11, 16, or 20 Hz, but not at modulation frequencies of 0, 0.5, 3, 25, 
or 35 Hz. Blackman et al. (1979) also reported a “modulation-frequency window” in 
RFR-induced calcium ion efflux from brain tissue.

On the neurological effects of RFR, there are many papers published in the last 
decade indicating that oxidative stress played a role in the effects observed: Akbari 
et al. (2014), Bodera et al. (2015), Cetin et al. (2014), Dasdag et al. (2009, 2012), Del 
Vecchio et al. (2009a,b), Deshmukh et al. (2013), Dragicevic et al. (2011), Eser et al. 
(2013), Gao et al. (2013), Ghazizadeh and Naziroğlu (2014), Hidisoglu et al. (2016), 
Hu S et al. (2014), Hu (2016), İkinci et al. (2016), Imge et al. (2010), Jing et al. (2012), 
Kerimoğlu et al. (2016a,b), Kesari et al. (2011), Kim JY et al. (2017), Liu et al. (2011), 
Maaroufi et al. (2014), Megha et al. (2012), Meral et al. (2007), Motawi et al. (2014), 
Narayanan et al. (2014), Nazıroğlu and Gümral (2009), Nazıroğlu et al. (2012), 
Nirwane et al. (2016), Othman et al. (2017), Qin et al. (2014), Saikhedkar et al. 
(2014), Sharma et al. (2017), Shehu et al. (2016), Sokolovic et al. (2009), Varghese 
et al. (2017), Xu et al. (2010), Yang et al. (2010), Dragicevic et al. (2011) reported a 
decrease in mitochondrial free radical production in the hippocampus and cerebral 
cortex of the mouse after RFR exposure.) There was one study (Poulletier de Gannes 
et al., 2011) that found no significant oxidative stress in brain cells after exposure 
to Enhanced Data rate for GSM Evolution (EDGE) signal. Kang et  al. (2014) 
reported that “neither combined RF radiation alone nor combined RF radiation with 
menadione or H2O2 influences the intracellular reactive oxygen species (ROS) level 
in neuronal cells.” The mediating roles of cellular free radicals and oxidative status 
on the biological effects of EMF are worth looking into. Interestingly, there is a 
study (Cao et al., 2015) showing that RFR interacts with circadian rhythmicity on 
antioxidative processes in the rat.

An important issue that has been extensively debated in the media is whether 
children are more vulnerable to the effect of cell phone radiation than adults. The 
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claim that children have thinner skulls and thus absorb more energy is not valid. 
And the claim that a child’s head absorbs more energy from a cell phone is also 
debatable. It is quite possible that the pattern of energy distribution of cell phone 
energy absorption in the head is significantly different between a child and an adult 
(cf. Christ and Kuster, 2005; Christ et al., 2010; Gandhi et al., 2012). Scientific 
data on whether a child is biologically more vulnerable to cell phone radiation is 
sparse. There are several studies that indicate that animals (including humans) of 
different ages respond differently to cell phone radiation. Bouji et al. (2012) reported 
differences in neuro-immunity, stress, and behavioral responses to GSM signals 
between “young adult” (6 weeks old) and “middle age” (12-month old) rats. Croft 
et al. (2010) showed that GSM signals affected certain electrical activities of the brain 
in young human adults (19–40 years old), but not in adolescents (13–15 years old) or 
elderly (55–70 years old) subjects. Leung et al. (2011) reported that performance in 
a cognitive test was affected by GSM signal in adolescents, but not in young or old 
human subjects. Noor et al. (2011) reported differences in neurochemical responses 
to 900-MHz RFR between adult and young rats. And Vecchio et al. (2010) found 
differences in brain electric activities between young and elderly human subjects 
responding to GSM signals. It must be pointed out that although these studies 
reported an age-dependent effect of cell phone radiation, they do not necessarily 
imply that children are more vulnerable to cell phone radiation than adults. There 
are several papers showing effects of exposure to RFR during perinatal periods on 
the development and functions of the nervous system (Aldad et al., 2012; Bas et al., 
2013; Cetin et al., 2014; Daniels et al. 2009; Divan et al., 2008, 2011, 2012; Erdem 
Koç et al., 2016; Gao et al., 2013; Haghani et al., 2013; İkinci et al., 2013; Jing 
et al., 2012; Köktürk et al., 2013; Lee and Yang, 2014; Odacı et al., 2008, 2013, 
2016; Othman et al., 2017; Rağbetli et al., 2009, 2010; Razavinasab et al., 2014; 
Zareen et al., 2009; Zhang et al., 2015). These studies point to the vulnerability of 
the development nervous system to RFR. The cerebellum seems to be a structure 
especially vulnerable to the exposure (Eser et al. 2013; Haghani et al., 2013; Köktürk 
et al., 2013; Odacı et al., 2016; Rağbetli et al., 2010). Chen et al. (2014) reported 
that exposure to an 1800-MHz RFR impaired neurite outgrowth of embryonic 
neural stem cells, which play a critical role in brain development. More recently, Xu 
et al. (2017) reported that the effect of exposure to an 1800-MHz field on stem and 
progenitor cell proliferation in the hippocampus of mouse depended on the age of the 
animal. Stem cells play an important role in embryonic development. And it turns 
out that they are very sensitive to electric current, particularly in their migration in 
the body during organogenesis. It has been suggested that electric current can be 
used as a guidance of migration of stem cells for the treatment of neurodegenerative 
diseases (Feng et al., 2017). On the other hand, disturbance of stem cells by induced 
electric currents of electromagnetic fields can cause defects in pre- and postnatal 
development. This can occur at low intensities of the field. Indeed, there are reports 
on effects of extremely low frequency (ELF) magnetic and electric fields on stem 
cells (Bai et al., 2013; Choi et al., 2014; Cho et al., 2012; Kim et al., 2013; Takahashi 
et al., 2017). ELF EMF is more effective in generating induced electric currents.

With these physiological changes in the brain, what behavioral effects have been 
reported? Data are summarized in Table 8.1.
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A majority of the animal studies reported effects, whereas more human studies 
reported no significant effects. This may be caused by several possible factors: 
(a) Humans are less susceptible to RFR than are animals. (b) It may be more difficult 
to do human than animal experiments, since it is, in general, easier to control the 
variables and confounding factors in an animal experiment. (c) In the animal studies, 
the cumulative exposure duration was generally longer and studies were carried out 
after exposure, whereas in the human studies, the exposure was generally one time 
and testing measurements were carried out mostly during exposure. This raises the 
question of whether the effects of RFR are cumulative. This consideration could 
have very important implications on real life human exposure to EMF. However, 
it must be pointed out that neurophysiological and behavioral changes have been 
reported in both animals and humans after acute (one time) exposure to RFR, and 
most of the human EEG studies mentioned above are acute exposure experiments. 
(d) Most of the human studies are head exposure experiments whereas most of the 
animal studies involved whole body exposure. Could this have made a difference? 
Does it mean that effects of RFR on other parts of the body can also affect the 
nervous system? (e) The nervous system has the capability to adapt to perturbations. 
Physiological changes in the nervous system do not always manifest as behavioral 
effects, for example, see Haghani et al. (2013) (changes in electrophysiology of 
cerebellar Purkinje cells after RFR exposure without behavioral effect in rats) 
and Schmid et al. (2012a) (RFR exposure induced EEG change but did not affect 
cognitive test performance in human subjects). It may be that the human brain has 
higher capability to tolerate and adapt to perturbations than other animals. (f) In 
the animal studies, the effects studies were mostly learning and memory functions. 
The hippocampus in the brain, particularly the cholinergic system, plays a major 
role in learning and memory functions. Various studies indicated that RFR affected 
electrical activities/morphology/chemistry of the hippocampus in animals (Aboul 
Ezz et al., 2013; Ammari et al., 2008a,c, 2010; Barcal and Vozeh, 2007; Barthélémy 
et al., 2016; Bas et al., 2009; Baş et al., 2013; Carballo-Quintás et al., 2011; Choi 
and Choi, 2016; Erdem Koç et al., 2016; Fragopoulous et al., 2012; Gevrek, 2017; 
Gökçek-Saraç et al., 2017; Hao et al., 2013; Hassanshahi et al., 2017; Hu et al., 2014; 
İkinci et al., 2013; Kerimoğlu et al., 2016b; Kesari et al., 2011; Kim JH et al., 2017b; 
Kim JY et al., 2017; Kumari et al., 2017; Li Y et al., 2012;  Li H et al., 2015; López-
Martín et al., 2009; Lu et al., 2012; Maskey et al., 2010a,b, 2012; Megha et al., 2015; 
Mugunthan et al., 2016; Narayanan et al., 2010, 2014, 2015; Ning et al., 2007; Nittby 
et al., 2008a; Odacı et al., 2008; Rağbetli et al., 2009; Razavinasab et al., 2014; Şahin 
et al., 2015; Saikhedkar et al., 2014; Sharma et al., 2017; Tang et al., 2015; Tong 
et al., 2013; Wang H et al., 2013, 2015, 2017; Wang K et al., 2017; Wang LF et al., 
2016; Xiong et al., 2015; Xu et al., 2017; Yang et al., 2012; Zhang et al., 2017). As 
early as 1987, we (Lai et al., 1987) have reported that RFR affected the cholinergic 
system in the hippocampus of the rat leading to spatial learning and memory deficits. 
Interestingly, the effect of RFR on the hippocampus apparently involves a sequence 
of neurological responses in the brain, including activation of endogenous opioids 
and release of the stress hormone corticotropin releasing factor (Lai, 1994). Thus, it 
is not surprising that “learning and memory” functions are affected in the rodents by 
RFR since in most of the studies, the Morris water maze was used to study learning 
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and memory functions. The water maze measures spatial memory, a function that 
specifically involves the hippocampus. In the human studies listed above, the most 
common effect studied was cognitive functions. Since the exposure in most of these 
human studies was localized in the brain, particularly in the temporal cortical area, 
it is questionable whether the psychological tests used were appropriate.

8.3 DISCUSSION

 1. A major concern is that in some of the studies, details of the exposure 
setup and dosimetry are not provided. This is important since details of the 
independent variables are very important in interpreting the validity of the 
experimental results, that is, dependent variables. In many of these studies, a 
cell phone was used in the exposure of animals and humans. But information 
on how the cell phone was activated, in many instances, was not provided. 
Thus, the amount of energy deposited in the body was not known. Some 
studies used the phone in “stand-by” mode. Mild et al. (2012) reported that 
when a stationary cell phone is on “stand-by” mode, it actually infrequently 
emits a very small amount of energy. It is very surprising that in all papers 
on the effects of RFR on EEG mentioned at the beginning of this paper, 
only two provided significant information on the exposure parameters. 
This is alarming. It may indicate that the researchers did not understand the 
properties of the entity that they were studying. It is good that competent 
researchers from other disciplines are contributing to the advancement of 
bioelectromagnetics. But I sincerely think that EMF researchers should get 
acquainted with the physics of nonionizing electromagnetic fields.

 2. Most of the studies were carried out with relatively high levels of RFR 
compared to environmental levels. However, if you look through the 
narratives, there are studies that reported effects at very low level, for 
example, Bak et al., (2010). Indeed, biological/health effects of RFR at levels 
much lower than most international RFR-exposure guidelines, for example, 
International Commission on Non-ionizing Radiation Protection (ICNIRP), 
have been reported (see table 1 in Levitt and Lai, 2010). This raises the 
question on whether the guidelines used in most countries nowadays are 
actually obsolete and new exposure guidelines have to be set.

 3. Thus, there is ample evidence that RFR exposure affects the nervous 
system from both acute and long-term exposure experiments. Brain electric 
activities, nerve cell functions and chemistry, and behavior can be affected. 
Some explanatory mechanisms for these effects have emerged. One 
consistent finding is that animals exposed to RFR suffered from memory and 
learning deficits. These effects can be explained by the results of numerous 
reports that showed RFR affected the hippocampus, a brain region involved 
in memory and learning. However, the location and configuration of the 
human hippocampus are quite different from those of a rodent. There have 
not been many studies on the effect of RFR on the human hippocampus. 
Several studies did report deficits in memory in human subjects exposed to 
RFR, particularly on short-term memory, a function specifically related to 
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the hippocampus. One recent study (Deniz et al., 2017) showed that chronic 
cell phone use did not significantly affect the volume of the hippocampus 
in human subjects. But, the subjects showed poorer attention which is 
probably not related to the hippocampus. An interesting fact is that learning 
and memory deficits have also been reported in insects that do not have a 
hippocampus. Another related aspect is that several papers (Adrendash et al., 
2010, 2012; Banaceur et al., 2013; Dragicevic et al., 2011) have indicated 
that RFR exposure could reverse some of the defects in an animal model 
of Alzheimer’s disease, a neurological disorder involving degeneration of 
cholinergic innervations in the hippocampus. Interestingly, a similar claim 
has been reported (Hu et al., 2016) with exposure to extremely low frequency 
magnetic field.

 4. Another very consistent finding is that RFR affects free radical metabolism 
in the brain. This may explain some of the cellular and physiological effects 
of RFR on the nervous system. As a matter of fact, oxidative changes in 
cells and tissues after exposure to RFR is a very common phenomenon (cf. 
Yakymenko et al., 2016). This happens in many organs of the body and can 
provide explanation of many reported biological effects of RFR.

 5. Many of the effects of RFR on the nervous system, for example, on the 
hippocampus, oxidative effects, and behavioral effects are also observed 
with exposure to extremely low frequency electromagnetic field (cf. my 
section on the neurological effects of ELF EMF in the Bioinitiative 
Report, www.bioinitiative.info/bioInitiativeReport2012.pdf). There has 
been speculation whether biological effects observed with low frequency 
modulated RFR were actually caused by the modulation. There are two 
reports published in the last decade that seemed to refute this hypothesis. 
Perentos et al. (2013) reported in human EEG “…a suppression of the global 
alpha band activity was observed under the pulsed modulated RF exposure, 
and this did not differ from the continuous RF exposure. No effect was seen 
in the extremely low frequency condition.” This means that pulsing is not 
essential for the effect observed. Schmid et al. (2012b) compared the effects 
of a 2-Hz modulated 900-MHz field with a 2-Hz magnetic field on human 
sleep EEG. Both fields affect sleep EEG, but not identically. The authors 
concluded that “the study does not support the hypothesis that effects of 
radio frequency exposure are based on demodulation of the signal only.” 
However, in another study, Schmid et al. (2012a) concluded in a study on 
sleep EEG “…that modulation frequency components within a physiological 
range may be sufficient to induce these effects.” In our earlier studies (e.g., 
Lai and Singh, 1995), we found that continuous wave and pulsed RFR 
produced different effects. Indeed, different effects produced by continuous 
wave and modulated RFR with the same frequency, exposure conditions, 
and SAR is a strong indication of the existence of “nonthermal” effects. 
Another question is whether one type of modulation is different from 
another in causing biological effects. Cell phone technology advances from 
one generation to another. Do the research data of a 3G phone apply to 4G 
or 5G phone radiation? RFR is a complex entity. Its biological effects depend 

www.bioinitiative.info/bioInitiativeReport2012.pdf


205A Summary of Recent Literature (2007–2017)

on many of its physical properties, for example, frequency, direction of the 
incident waves relative to the object exposed, dielectric properties, size and 
shape of the exposed object, polarization of the waves, and so on. Thus, it is 
unlikely that one can easily extrapolate the effects from one form of RFR to 
another. An assumption that 3G radiation is safe does not necessary imply 
that 5G radiation is safe. Each one of them has to be investigated separately.

 6. An important area of research is on how RFR in the environment affects 
humans and wildlife. Environmental RFR level has become higher and 
higher over the past decades due to the employment of RFR wireless 
devices. Take the example of Bak et al. (2010) mentioned above, an effect on 
human event-related brain potential was reported after 20 min of exposure 
to a GSM signal at a power density of 0.0052 mW/cm2. This is very close 
to the levels found in some cities. The highest power density of ambient 
RFR measured near schools and hospitals in Chandigarh, India, was 
reported to be 0.001148 mW/cm2 in 2012 (Dhami, 2012). The maximum 
total RFR power density emitted by FM and TV broadcasting stations and 
mobile phone base stations in centers of the major cities in the West Bank-
Palestine was 0.00386 mW/cm2 (Lahham and Hammash, 2012). One also 
has to take into consideration that exposure in the Bak et al. (2010) study 
was acute (20 min), whereas environmental exposure is chronic. Related to 
the neurological effect is the magnetic sense possessed by many species of 
animals. It is essential for their survival. Interference by RFR of magnetic 
compass orientation in animals has been reported (e.g., Landler et  al., 
2015; Malkemper et al., 2015; Pakhomov et al., 2017; Schwarze et al., 2016; 
Vácha et al., 2009). Understanding the effects could help in preserving the 
ecosystem and ensure survival of the species on this earth.
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9 Radiobiological Arguments 
for Assessing the 
Electromagnetic Hazard 
to Public Health for the Beginning 
of the Twenty-First Century
The Opinion of the Russian Scientist

Yury G. Grigoriev

9.1  CARESSING ELECTROMAGNETIC SMOG IN THE PAST, 
AND NOW: UNCONTROLLED ELECTROMAGNETIC 
CHAOS IN THE HUMAN ENVIRONMENT

The author of this chapter began his journey in science as a radiobiologist from the 
first difficult steps in the implementation of the State Program for nuclear energy in 
Russia—in 1949. There were high requirements for the implementation of scientific 
programs, the shortness of time, the clarity of tasks, strict implementation of the 
schedule, and a complete absence of meaningless discussions. A special role 
was given to experimental studies on both large (dogs) and small (rats and mice) 

CONTENTS

9.1 Caressing Electromagnetic Smog in the Past, and Now: Uncontrolled 
Electromagnetic Chaos in the Human Environment .................................... 223

9.2 Study of the Biological Effect of Non-Ionizing Electromagnetic 
Radiation of Nonthermal Intensity in the Regime of Acute Experiments ... 227

9.3 Chronic Effects of RF EMF with Non-Thermal Intensity ...........................228
9.4 Conclusions ................................................................................................... 233
References ..............................................................................................................234



224 Mobile Communications and Public Health

animals. Strict protocol conditions were created for general and local irradiation 
of animals, mainly with gamma radiation, with the assessment of applied and 
absorbed doses, and with dosimetry monitoring. It was important to create a 
clinical picture of various forms of radiation sickness to develop methods for the 
prevention and treatment of this serious disease. The Institute of Biophysics has a 
clinic for treatment of patients who received acute radiation in emergency situations 
in industry (both in terms of the area of the irradiated body and the amount of 
absorbed dose).

Working daily in this specific scientific and at the same time practical atmosphere, 
I was able to cope 37 years later with the problems that occurred in the first days 
after the Chernobyl accident (April 26, 1986). It was my duty to receive patients from 
the Chernobyl nuclear power plant, to organize their sanitation and hospitalization, 
to prevent additional radiation exposure from other patients because of their very 
strong “contamination” with radioactive substances, and to ensure subsequent 
treatment.

A total of 259 patients and 23 donors were hospitalized. On May 15, 1986, I was 
included in the Government Commission for the liquidation of the accident at the 
Chernobyl nuclear power plant and on the same day flew to the Chernobyl nuclear 
power plant. The situation changed dramatically when I immersed myself in assessing 
the health risks of non-ionizing electromagnetic radiation, which received at that time 
the harmless name “electromagnetic smog,” and began to be constantly present in the 
human habitat. Initially, these were different broadcasting stations, emissions from 
space objects, power lines, and household appliances, and special attention was paid 
to radar stations. The population living near airports was sometimes irradiated with 
EMF exceeding the permissible levels, but this was tolerated.

In the 1960s, with the development of the television and radio network in 
the USSR, there arose a practical need to ensure the safety of the population in 
conditions when relatively large sources of RF EMF were located on the border or 
on the territory of residential buildings. The Kiev Institute of Communal Hygiene 
was leader of this program. Under the leadership of M.G. Shandala, the State 
Program on the Justification of permissible levels of Non-Ionizing Radiation of 
the Radio Frequency Range for the population was launched. Unique experiments 
were  conducted, lasting up to several months, using low nonthermal levels of 
exposure. We received very valuable results which have been published in numerous 
peer-reviewed journals of the USSR (Shandala and Vinogradov, 1982; Vinogradov 
and Dumansky, 1974, 1975).

In 1997, we reanalyzed all early publications and once again confirmed that the 
results obtained were correctly chosen for the basis for the standardization of RF 
EMF exposure for the population in the USSR. The reader can find the results of this 
generalization in the International Science and Technology Center (ISTC) report in 
Russian and English (ISTC, 2003).

However, even before the era of mobile communication, in the United States, 
doubt was expressed about the reliability of the results of these experiments. At 
the same time, western authors proceeded from the elementary postulate that the 
human body can not react to nonthermal exposure, claiming that there are no 



225Radiobiological Arguments for Assessing the Electromagnetic Hazard

known mechanisms for nonthermal exposure and therefore our results were not 
correct.

There was a very complicated situation with EMF standards. The differences in 
the standards between the USSR and the USA were significant; their magnitudes 
differed by three orders of magnitude. Considering this, a Soviet-American group 
of well-known specialists was established. The head of the Soviet group was 
M.G. Shandala. From the US side, very well-known experts were included (professors 
Guy, Fry, Lai, McRae), and others. I was able to take part in the working meeting 
of this group three times. However, we were unable to reach a common opinion for 
standard recommendation.

Various joint commissions were created, numerous international meetings, round 
tables, and informal forums were held which claimed only thermal effects. This 
view was actively supported by industry. Promoting this concept, the WHO Advisory 
Committee, ICNIRP, IEEE, ANSI have defended only one concept—thermal effects. 
Based on these positions, the WHO Advisory Committee, ICNIRP, and IEEE 
became completely scientifically bankrupt (Decision of the Parliamentary Assembly 
of the Council of Europe May 2011 with a demand to revise the standards. More 
than 25 countries adopted stricter standards—Belgium, Brazil, Spain, Israel, Italy, 
Canada, United Kingdom, etc.).

With the increasing use of mobile communications among the population, many 
specialists have neglected radiobiological concepts, for example, the concept of 
a critical organ or critical system, the possibility of accumulating bioeffects, the 
degree of residual damage, and long-term effects. The novelty of the almost daily 
life-long exposure to RF EMF of the human brain did not receive attention, and the 
precautionary principle proposed by WHO, that children are at risk, was completely 
disregarded. It was the first time in human civilization to include children into a risk 
group (Grigoriev, 2014; Markov and Grigoriev, 2015).

Until now, isolated studies have been carried out without taking into account the 
basic radiobiological arguments to assess the dangers of mobile communication for 
public health. This occurs against the backdrop of periodically appearing publications 
that mobile communication is not dangerous to the health of the population, which is 
outrageous. Attempts are still being made to assert that mobile communication does not 
have a negative impact on children. Naturally, the increase in the geometric proportion 
of the general anthropogenic background of RF EMF comes primarily because of the 
increase in the number of base stations (BS). However, the transition to the 5G standard 
will lead to a further sharp increase in the number of base stations and additional 
irradiation. The standard 5G will use low frequencies (6–3.7 Hz), medium frequencies 
(3.7–24 Hz), and high frequencies (24–26 GHz and higher). The antennas of the 
millimeter signals are planned to be installed on any residential house and in schools. 
According to information from the US, in California, up to 50,000 new millimeter base 
stations should be installed (Moskowitz, 2017). A declaration of the world scientific 
community has already been signed with a recommendation to officials in the European 
Union to introduce a moratorium on the deployment of 5G telecommunication networks 
until the potential risks to human health and the environment are fully investigated by 
scientists independent of the industry (EU 5G Appeal, 10 August, 2017).
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Really, today there is round-the-clock exposure of the population to different 
carrier frequencies and with different modulations.

Mobile phones (MT) are open sources of electromagnetic radiation which are 
accessible to all population groups. They can be purchased in almost any store 
without the availability of guidance materials. With the use of MT, local irradiation 
of the brain and nervous receptive structures of the inner ear predominantly occurs. 
For the first time in the whole period of civilization, the brain became a critical 
organ. The variety of mobile phones and other gadgets expands the geography of their 
uncontrolled use. The proposed tariffs increase the duration of the conversation and 
thus increase the total absorbed dose by the brain.

The most basic principles of protection are not brought to the consciousness of 
the population in an accessible form: protection by time and distance. And this 
means that one needs to talk less on the mobile phone, the conversation should be 
short and business oriented, and, if possible, keep the phone away from the ear or use 
a speakerphone or an appropriate headset.

Sometimes we see a substitution in the significance of the results. For example, an 
attempt is made to study the unfavorable effects from the electromagnetic radiation 
of the BS. The intensity of the RF EMF of BS is extremely low and additionally there 
are a lot of other factors affecting the test population. In fact, there is a substitution of 
concepts! At the same time, some authors try to introduce these “effective instruments 
of protection” into schools, accompanied by the words that with these instruments 
make it safe to use mobile phones without restrictions. In this electromagnetic chaos, 
an attempt is made to profit from the sale of many so-called local means of protection 
(covers, stickers, etc.).

Thus, in just 25 years, there was a global breakthrough in the use of wireless 
communication by the population which significantly changed the situation of man-
made electromagnetic pollution of the external environment and the methodology for 
assessing the health risks for the all population groups.

Twenty-five years ago, when the era of mobile communication had only begun, the 
steps and technogenic pollution of the environment was well predicted, there were 
normative documents, and the concept of the thermal effect of RF EMF was accepted 
as an axiom. This situation was characterized as an innocuous “electromagnetic 
smog.”

Now, 25 years later, this situation can be characterized as “electromagnetic chaos,” 
which is beginning to be realized by the main scientific community and government 
circles. In fact, this is the era of “electromagnetic” lawlessness of electromagnetic 
pollution of the environment.

It is clear that the scientific community and public health services were not 
prepared for an epochal change in communication among the population, which is 
directly related to the constant additional impact of RF EMF on the body of the 
population.

We observe the complete confusion of both scientists and governmental officials 
in many countries that take opposite sides or simply ignore a situation that can 
be characterized as “electromagnetic chaos” in the habitat of the population. We 
can characterize this situation as a global uncontrolled experiment (Markov and 
Grigoriev, 2013).
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9.2  STUDY OF THE BIOLOGICAL EFFECT OF NON-IONIZING 
ELECTROMAGNETIC RADIATION OF NONTHERMAL 
INTENSITY IN THE REGIME OF ACUTE EXPERIMENTS

The first experiments with biological model systems were held in our laboratory 
of the Institute of Biophysics of the USSR Ministry of Health in 1977, primarily to 
confirm the hypothesis of a possible biological effect of the electromagnetic field of 
a nonthermal intensity.

We selected the basic models based on participation in the central nervous system 
(CNS) response. This choice was influenced by earlier studies of Yu. Kholodov published 
in 1975–1992, in which he showed the high radiosensitivity of the CNS to various types of 
permanent, alternating magnetic fields and electromagnetic fields of various frequencies.

Back in 1996, we pointed to the necessity of evaluation of the biological effects 
of complex EMF generation regimes and of various types of modulation (Grigoriev 
et al., 1995). A number of experiments in our laboratory were carried out using 
various modes of modulation and a structurally complicated electromagnetic signal. 
There were reasons to suppose that the complication from the electromagnetic signals 
due to modulation or changes in other parameters would lead to a “forced” response 
of the organism when the RF EMF is exposed to a very low nonthermal intensity.

As a deputy director, I succeeded in attracting a large team of researchers, 
including specialists in various fields: radiobiologists, biophysicists, physiologists, 
electrophysiologists, morphologists, physicists, and engineers. A unique irradiator 
base was created. Several anechoic chambers were built; a number of EMF generators 
were purchased. Serious attention was paid to the importance of dosimetry of EMF.

A large series of studies was performed on the characteristic of changes in the total 
bioelectrical activity of the brain under conditions of acute single and repeated effects of 
RF EMF with various regimes, including modulation and a more complex structure of 
the electromagnetic signal. The research was conducted on volunteers (mobile phone 
users), on rabbits, small laboratory animals (rats), and brain sections (Lukyanova, 2015).

In our laboratory, beginning in 1983, studies were carried out on the effect 
of memory formation during irradiation with RF EMF of chickens used as an 
imprinting model (Grigorev et al., 1984, Grigoriev and Stepanov, 1998; 2000). 
Previously, this model was not used to study the biological effect of RF EMF. 
The purpose of this study was to evaluate the formation of memory in chickens 
after preliminary exposure to electromagnetic fields of low nonthermal levels, and 
establish the so-called dose relationship between different levels of RF EMF and 
functional changes (substitutions) in the most sensitive system—in the brain in 
accordance with the criterion of memory disorder. Experiments showed the direct 
effect of RF EMF on the brain with nonthermal intensity (Grigoriev and Stepanov, 
1998; 2000).

Another study was carried out with 10 volunteers—users of mobile phones under 
short-term EMF exposure of the head (Grigoriev et al., 1999). The standard MNT-50, 
GSM-900, and GSM-180, output power 1.0, 0.25 and 0.12 W, respectively, were applied. 
There were repeated exposures with single times of 5, 10, and 20 minutes. Prior to, 
during, and after the exposure, the EEG was recorded for 2 hours; the condition of 
the cardiovascular system was checked, muscle tone was assessed, psychological tests 
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were performed, and blood from the vein was used to characterize possible changes in 
hormonal status. Changes in the bioelectrical activity of the brain were observed–an 
increase in the power of the alpha rhythm. These changes were not permanent and 
persisted for the first 60–120 minutes after the completion of RF EMF exposure.

It was shown that 300 µW/cm2, with a complex mode of modulation (pulse repetition 
frequency 0.16 Hz, pulse duration 16 ms, rectangular shape, 100% modulation depth) 
and bioelectric activity in the parietal-occipital and antero-central regions induced 
more significant changes than after exposure to only one carrier frequency (1.5 GHz) 
in continuous mode (Lukyanova, 2002). Based on numerous experiments, we came to 
the conclusion that the burst-pulse mode is more efficient than the continuous mode 
without modulation.

Lukyanova (1999) registered pre-convulsive electroencephalography activity in 
rabbits after exposure to EMF 1.2 GHz in pulsed mode, meander, 100 Hz, 400 µW/cm2 
in impulse. Based on the results of our studies, as well as the results obtained by other 
authors, we came to the conclusion that RF EMF of low intensity can have a synchronizing 
effect on the bioelectric processes in the brain, which can lead to the development of 
convulsive syndrome.

In our laboratory, it was shown that the influence of a certain form of modulation of the 
carrier electromagnetic field or complex regimes of the active EMF leads to the possibility 
of developing a convulsive syndrome in rabbits (Grigoriev and Sidorenko, 2010).

It is necessary to pay attention to the statement about the renewal of nerve cells in 
the hippocampus. In the adult hippocampus, neurogenesis is carried out continuously, 
and this process serves as the neurobiological basis for the formation of new memory 
(Van Praag et al., 2002). It is established that the hippocampus, which retains the 
ability of neurogenesis, plays a key role in the formation of long-term memory, 
information, and its distribution in the higher parts of the brain. From these results 
follows the assumption of a possible increased sensitivity of nerves.

Unfortunately, acute experiments with short-term exposure to RF do not allow to 
draw conclusions about the degree of danger of cellular communication for public 
health due to the impossibility of assessing the classical radiobiological criterion–the 
process of accumulation of adverse consequences and the development of long-term 
consequences. However, the results presented in this chapter allow us to affirm that 
RF EMF of low intensity, nonthermal level causes a biological response, which was 
taken into account when assessing standards for chronic exposure conditions.

9.3  CHRONIC EFFECTS OF RF EMF WITH 
NON-THERMAL INTENSITY

The mobile communication user subjects his brain every day to a local electromagnetic 
exposure, and his whole body is irradiated around the clock and for life. In this 
regard, the evaluation of the development of the body’s response in the process of 
chronic long-term exposure acquires special significance (Gigoriev, 1997, 1999; 
Belyev and Grigoriev, 2007; Markov and Grigoriev, 2013; Markov, 2015; Grigoriev 
and Grigoriev, 2016).

The deterioration in the health of the population is difficult to connect with the 
impact of EMF from base stations, since the population is faced with numerous other 
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factors of the environment. With this in mind, experiments simulating the chronic 
impact of RF EMF are gaining importance.

Earlier in this paper, we pointed out that a special program in the Institute of 
Communal Hygiene in Kiev produced unique results in experiments on the chronic 
effect of RF EMF with nonthermal intensity. On the basis of these data it was 
concluded that RF EMF of nonthermal intensity in conditions of chronic long-term 
RF EMF action can lead to the development of adverse reactions.

However, in the West, probably because of neglecting publications in Russian 
language, the notion that nonthermal RF EMF intensities can not cause any biological 
effect was introduced. With a persistence worthy of imitation, experts did not get 
acquainted with these results and did not use the results obtained in the USSR when 
developing international regulatory documents for RF EMF. A single point of view was 
promoted that only thermal effects are possible with the subsequent conclusion that the 
existing technogenic levels of the electromagnetic field in the habitat of the population 
do not pose a danger to general health. US scientists visited our laboratory under the 
sign “Show all your data.” We showed the data, but after many days of discussions, they 
still had only one hypothesis: only the thermal effect of RF EMF (Figure 9.1).

This one-sided interpretation of the thermal effect steadily persisted during the 
years. It is time to break this monotonous trend. The first to do this were the scientists 
of Austria. G. Oberfeld in 2010 organized a round table with the participation of 
American scientists S. Sage and C. Blockman, scholars of other countries, and the 
author of the article. A proposal was made to reduce the allowable level to 1 µW/cm2.

The author of this article in 2014 proposed to WHO to reproduce experiments 
using the nonthermal level of high-frequency EMF, performed by M.G. Shandala and 

FIGURE 9.1 A badge of the US delegation member M. Murphy in Russia with a request 
(in Russian): “Show me the data.”
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his colleagues. We suggested that this experiment be carried out under the auspices 
of WHO and the Scientific International Monitoring Committee. In 2005, our offer 
was accepted.

Two previously conducted experiments with low levels of RF EMF on 
immunological effects were chosen, the results of which were mentioned earlier 
in this chapter (Vinogradov and Dumansky 1974, 1975; Shandala and Vinogradov, 
1982).

The previously used protocol was implemented and in addition, the modern 
conditions of RF EMF exposure and dosimetry methods were created. In addition, 
more correct planning of all stages of the study using a blind method was carried 
out. The program and protocol of the experiment, with a detailed description of all 
stages of the study, were coordinated with WHO and approved by an independent 
Scientific Review Committee, which included scientists from the United States, Italy, 
and Germany.

In coordination with WHO, the leading institution was chosen to be our laboratory 
of the Institute of Biophysics. The irradiation of animals and dosimetry was performed 
with the participation of French specialists. The conditions of EMF action guaranteed 
a uniform irradiation of all groups of experimental animals in equal absorbed doses.

The work with animals during the quarantine period (14 days) and the whole 
period of exposure (30 days) was performed by a “neutral” (not interested in the 
results) radiobiological laboratory of ionizing radiation of the Institute of Biophysics. 
The employees of this laboratory were not familiar with the tasks of the experiment, 
which ensured the implementation of the blind method in the entire experiment and 
in subsequent work with experimental encrypted material by other performers.

The experiment started in October 2006. The entire cycle of the experiment, 
including the processing of the samples, analysis of the results, and the preparation 
of the conclusion were carried out with the active participation of the Scientific 
Supervisory Committee–external observers representing scientists from Germany 
(J. Bushmann), Italy (C. Pioli), and the United States (R. Sypnewski), and also with 
the active all round assistance of the former head of the WHO International Program, 
“EMF and Health,” M. Repacholi.

The experiment was entirely implemented by the WHO protocol and the framework 
of the international program required three years of work (2005–2007). The report 
on the results of the experiment and the general conclusion were submitted to WHO 
and to the Committee on Scientific Observations. The main results of this experiment 
are published in Grigoriev et al. (2010a).

“This study was conducted using the methodology of the original experiments 
conducted in the USSR (Vinogradov and Dumansky, 1974, 1975; Shandala and 
Vinogradov, 1982). Autoimmunity was evaluated using the original methodology 
developed in the USSR (Vinogradov and Dumansky, 1974, 1975; Shandala and 
Vinogradov, 1982). The original methodology was a CFT, however, our study was 
expanded to include the ELISA test. The Russian study was conducted in accordance 
with WHO recommendations on RF biological research and Good Laboratory 
Practice (GLP) principles. The results of our immunology study using the CFT and 
ELISA tests partly confirmed the results of the Soviet research groups on the possible 
induction of autoimmune responses (formation of antibodies to brain tissues) and 
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stress reactions from RF EMF exposure (30-day exposure for 7 h/day for 5 days/
week at a power density of 5 W/m2), that is, long-term non-thermal RF exposure. The 
results of our study on prenatal development of offspring suggested possible adverse 
effects of the blood serum from exposed rats (30-day exposure for 7 h/day for 5 days/
week at a power density of 5 W/m2) on pregnancy and embryo–fetal development 
in rats, in agreement with the earlier results of Shandala and Vinogradov (1982), 
although the model used by Shandala and Vinogradov (1982), which was intentionally 
replicated here, is not considered an appropriate one for assessing human health 
effects from RF exposure.”

The main results of this experiment were published in the journal Radiation 
Biology, Radioecology RAS in 2010 in five reports in Russian (Grigoriev et  al. 
(2010b), Message 1; Grigoriev et al. (2010c), Message 2; Ivanov et al. (2010) Message 
3; Grigoriev et al. (2010d), Message 4; Lyaginskaya et al. (2010), Message 5); as well 
as in English (Grigoriev et al. Bioelectromagnetics, 2010a).

Consequently, we obtained the results confirming the validity of the database used 
in 1956 in order to justify the standards for RF EMF in the USSR—10 µW/cm2, which 
have not changed so far in Russia.

These data allow us to conclude that the immune system can be considered as a 
critical system when evaluating the biological effect of RF EMF of low intensity. 
The above results, indicating the presence of dose dependency under the influence 
of low intensity RF EMF, make it possible to use the results in the development of 
regulatory documents.

Earlier, we analyzed the risk of developing so-called somatic long-term effects 
under the action of various factors, including the chronic effect of RF EMF of 
low nonthermal intensities (Grigoriev et  al. (2003)). One of the reasons for the 
development of this type of long-term consequences may be a decrease in the body’s 
compensatory reserves and, as a consequence, acceleration of the aging processes. 
Previous studies have shown that long-term adverse effects as a result of prolonged 
exposure to RF EMF can be expressed in an increase in the incidence of morbidity 
from the main body systems (central nervous, cardiovascular, immune, etc.) and 
exert additional influence on the deterioration of public health. In a number of other 
studies with prolonged exposure to RF EMF, an earlier development of age-related 
disorders in the body and a possible reduction in life expectancy were noted (Tyagin, 
1971; Nikitina, 2004). Bondareva and Zolkina (2017) evaluated the thermal effect of 
electromagnetic radiation from a mobile phone in the area of the auricle. All phones 
used in the experiment had a significantly lower SAR value than the standard set. In 
the experiment, 20 people aged 22–71 years, who for half an hour were talking on 
a mobile phone, participated. The results showed that the tympanic membrane was 
heated with 2.52 ± 0.2°C. Topographically, auditory and vestibular nerve receptor 
structures are located directly behind the tympanic membrane and cannot escape the 
heating. Given the daily repeated impact on these structures, we can expect adverse 
manifestations of hearing and vestibular disorders in “heavy users” of mobile phones.

The population has been using mobile communication for more than 25 years. To 
date, according to epidemiological studies, a carcinogenic effect is possible in the 
users of cell phones, which has been identified as a specific adverse manifestation of 
the effect of RF EMF.
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Over the past ten years, there has been an active discussion among the world 
community about the possibility of developing brain cancer among users of cell 
phones. At the same time, a number of international organizations have diametrically 
opposing points of view. For example, the WHO International Agency for Research 
on Cancer (IARC), published in May 2011 a press release in which RF EMF mobile 
phones are referred to as the promoters of brain glioma tumors in group 2B. However, 
at the meetings of the WHO Advisory Committee on the International Program 
“EMF and Public Health” in 2011 and 2012, an opinion was promoted that there is 
no confidence in this IARC decision.

Of course, most of the negative opinions on this issue are formed under the influence 
of industry and financial interests. Unfortunately, many scientists participate in 
lobbying for their interests. As a result, the world lobbying syndicate was established, 
with constant financial support, which prevents objectively informing the population 
about the possible adverse effects of RF EMF on public health.

A group of Swedish scientists led by Hardell L. has been conducting complex 
epidemiological studies for over 15 years on the analysis of the development of brain 
tumors in cellular communication users. The authors pointed out the increased risk 
of developing brain tumors in mobile phone users with a “waiting period” of 10 years 
with a risk from 1.3–1.8. An increased risk of astrocytoma and acoustic neurinoma on 
the ipsilateral side of the brain has been found. The risk of developing brain tumors 
increases up to 5 times in people who started using cell phones and portable phones at 
the age of 8–10 years, and the development of the tumor depends on the duration of the 
use of the cell phone. Hardell L. and co-authors consider it necessary to classify the 
promoter activity of EMF cell phones in group 1, “as carcinogenic to humans.” (Hardell 
et al., 2015). Of course, long-term consequences are important radiobiological criteria.

At the beginning of 2016, a statistical report was published on data obtained in the 
USA on the basis of the materials of the National Cancer Institute (NCI), the National 
Cancer Registry Program (NPCR), and the United States Agency international 
development (USAID) epidemiological surveillance program for 2008–2012. 
Conclusions were drawn about the increase in the development of brain tumors in 
the US population of different age groups for the period 2000–2010. The authors of 
these materials believe that the increase in brain tumors was significant and associate 
this growth with the use of cellular communication (Gittleman et al., 2015; Ostrom 
et al., 2015).

In May 2016, a report was published on the results of a large-scale experiment 
conducted in the framework of the US National Toxicology Program (NTP) 
(Microwave News, May 2016; http ://bit.ly/WSJsaferemr). The report is presented 
by the National Institute of Environmental Health (NIEHS US). For 18 years, since 
1999, the Scientific Program of this experiment has been developed, an independent 
form of financing for this project has been determined, an appropriate experimental 
base has been created and, finally, a two-year experiment was conducted. This 
program was financed by the US Government and the cost of this experiment 
amounted to $25 million.

The rats were exposed to the RF EMF of cell phones every 10 minutes, followed 
by a 10-minute break for 18 hours, resulting in nine hours per day for two years. Two 
GSM and CDMA standards were used. The frequency of the signals was 900 MHz.

http://bit.ly/WSJsaferemr


233Radiobiological Arguments for Assessing the Electromagnetic Hazard

Four groups were used for each type of cell phone standard: resulting in three 
experimental groups of 180 rats and a control group—shame exposure (90 rats). The 
lowest intensity of exposure was SAR 1.5 W/kg, the other two groups were exposed 
with intensities of SAR 3 and 6 W/kg, which eliminated tissue heating, that is, the 
“thermal effect.”

This study showed a statistically significant increase in the incidence of cancer 
among rats that were electromagnetically exposed to GSM or CDMA signals for two 
years. As a result of exposure, tumors were developed in 30 of the 540 rats (5.5%), or 
in one of the 18 rats exposed to the EMF of the cell phone. In addition, some rats were 
diagnosed with precancerous hyperplasia. Thus, in 46 of the 540 rats, or in one of the 
12 rats exposed to the EMF of the cell phone, cancer or precancerous cell hyperplasia 
developed. The development of tumors was directly dependent on the intensity of 
EMF. A significant dose-effect relationship was obtained.

In a group of rats exposed to EMF of a low-intensity cellular phone (1.5 W/kg), 
12 of 180 rats, or one of 15 rats developed tumors or pretumor cell hyperplasia. In 
the group of rats with the highest exposure (6 W/kg), in 24 out of 180 rats, or in one 
of the 8 male rats, a cancer or premalignant hyperplasia developed. Irradiated rats 
developed two types of tumors: gliomas and schwannoma. Both types of tumors were 
previously detected in cell phone users during epidemiological studies. It is very 
important that “none of the unirradiated control rats had the development of 
any type of tumor.”

The results showed that nonthermal levels of RF EMF can cause the development of 
tumors in the brain. This conclusion contradicts the current INCRIP recommendations, 
which recommend a permissible level for a cell phone of 2.0 W/kg. Thus, the results 
of a unique two-year experiment to assess the possible development of brain tumors 
in cell phone users (US National Toxicology Program—NTP, 1999–2016) have 
increased the reliability of the global conclusion about possible health risks to the 
EMF population when using cellular communication and the impact of EMF RF 
nonthermal intensity.

Concerned about the hesitancy of WHO and the widespread global adoption of 
wireless technology, more than 200 EMF scientists from 40 countries submitted 
a petition in May 2016 to the United Nations, WHO, and world leaders to review 
EMF safety levels in the light of recent research and warn the public about the risks 
associated with exposure to RF EMF.

9.4 CONCLUSIONS

At present, there are no unified approaches to assessing the health hazards of the RF 
EMF of mobile communications. There is a wide variation in the permissible RF EMF 
levels. The possibility of developing long-term consequences is underestimated. The 
technical solutions for the creation of new types of wireless communication outrun 
scientific research to assess the danger to the public. The precautionary principle is 
ignored when placing base stations. There is a desire to ensure that all schools use Wi-Fi.

The large spread, uncontrolled, use of this connection by all groups of the 
population, including children, continues although the mobile phone is an open 
source of radiation, and the critical body is the user’s brain.
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In conditions of the existing electromagnetic chaos, it is necessary to inform 
the population that mobile communication in the absence of self-control can be 
dangerous for health, and as an independent choice for the population, it is necessary 
to introduce the category of “voluntary risk.”

We must finally stop the electromagnetic chaos.
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10 A Longitudinal Study of 
Psychophysiological  
Indicators in Pupils Users of 
Mobile Communications  
in Russia (2006–2017)
Children Are in the Group of Risk

Yury G. Grigoriev and Natalia I. Khorseva

10.1 INTRODUCTION

We would start this paper by asking several principle questions. WHY does 
mankind allow, for the first time in the history of civilization, the child’s brain 
to be exposed daily to radio frequency electromagnetic fields, why are devices 
that are potential sources of electromagnetic radiation sold in stores and are 
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freely accessible to children, why do children use sources of radio frequency 
electromagnetic fields without control and at their sole discretion (Grigoriev and 
Khorseva, 2014)? Why do the international forums need to return to school cable 
links and to abandon Wi-Fi (Reykjavik Appeal on wireless technology in schools, 
2017)? Why has an international group of experts of the European Cancer and 
Environment Research Institute (ECERI) proposed to create an international 
group of scientists and lawyers to discuss the possibility that the deliberation of the 
electromagnetic pollution may be considered by the International Criminal Court 
(ICC) as a true crime against the health of the population? (ECERI Newsletter. No. 
6, June 2017)? Why has the lack of real action aimed at reducing electromagnetic 
effects on the children been replaced by endless years of fruitless discussions? 
(Grigoriev and Grigoriev, 2013).

10.2  THE REAL SITUATION CAN BE ASSESSED AS THE 
PERFORMANCE OF A GLOBAL, UNRESTRAINED 
EXPERIMENT INVOLVING CHILDREN

We should admit the fact that the largest group of users of mobile communication is 
small children and teens who “must” have a connection almost 24 hours a day. If in 
2009 in the work of Khurana and coworkers, the fact that the use of a mobile phone 
starts at the age of three looked sensational (Khurana et al., 2009), the studies that 
Kabali and coworkers conducted in the US showed that more than a third of babies 
six months old start to use computerized toys, including smartphones and tablets, and 
by the age of two years, the mobile devices are in use by the vast majority of children 
(Kabali et al., 2015).

However, there is still no way to evaluate and predict the potential damage to the 
brain of children by this early exposure to EMF. In this regard, the precautionary 
principle and WHO IARC classification should apply in discussing the potential 
dangers for children with the “use today and tomorrow of the cellular communication 
device.”

10.2.1 SOURCES OF EXPOSURE TO RF EMF CHILDREN

First of all, the base stations represent a constant source of technogenic environmental 
pollution. They generate RF EMF round the clock almost during the entire life of the 
human population, including children.

Next is the impact on children’s health of the number of sources of WiFi as well as 
many varieties of gadgets. Even if one considers this irradiation to be of less intensity, 
we have the case of absorbed radiation energy from different sources acting together 
and initiating various effects which are difficult to predict and assess.

There are publications that WiFi affects the brain activity of children and can 
reduce working memory (Maganioti et al., 2010; Papageorgiou et al., 2011). From our 
view point, the authors’ assumption requires additional confirmation.

In 2015, Lukyanova compiled and analyzed studies published during the last 
40 years on changes in bioelectrical activity of brain and other reactions of the central 
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nervous system to RF electromagnetic fields with nonthermal intensity (Lukyanova, 
2015). The author came to the conclusion that nonthermal RF EMF at the short-term 
exposure may be characterized as a weak nonspecific irritant. In addition, WiFi can 
affect the brain of children in cases where it comes from laptops on their knees 
(Findlay and Dimbylow, 2010).

The most dangerous source of RF EMF is the mobile phone because the brain of 
the individual is directly exposed to the microwave radiation: the cerebral cortex, 
subcortical structures, receptor nerve structures of the vestibular, and auditory and 
visual analyzers. In 1996, Gandhi showed that the maximum value of the absorbed 
dose (SAR) in a child’s brain is almost 2 times higher than that of an adult and there 
is a greater depth of penetration into the brain structures (Gandhi, 1996) (Figure 10.1).

This is because the child has a smaller head size, thinner skull, and brain tissue has 
a larger specific conductivity than that of adults (Ghandhi and Kang, 2002). Moreover, 
the child holds the phone more tightly to his ear, due to the lack of cartilage in the ear. 
The domestic measurements showed that during the use of mobile telephone (MT) 
in adults the heating of the external auditory canal occurs (Berezina, 2015).

During the postnatal development of human tissues, the number and size of cells 
increase, and the proportion of water content decreases. Such changes generally lead 
to significant changes in the dielectric properties of tissues. The results show that the 
maximum SAR levels in the brain tissues of small children (3 months) are 61% and 
78% higher than in adults (Mohammed et al., 2017).

It is necessary to remember that children’ organisms are in the process of constant 
development, and no one can predict the problem of remote consequences which may 
be the result of exposure to RF EMF at an early age.

In 2003, the WHO formulated a conclusion that children are more vulnerable 
to environmental factors than adults: “Children differ from adults. Children 
have unique vulnerabilities when they grow and develop; there are ‘Windows of 
susceptibility’: periods when their organs and system may acquire a special sensitivity 
to the effects of certain environmental threats.” (WHO, Backgrounder N 3, 2003, 5p.).

This should be considered in the hazard assessment and the availability of a 
cumulative process in conditions of chronic and repeated impacts.

FIGURE 10.1 Distribution of absorbed energy in the brains of adults and children of different 
ages (5 and 10 years) using mobile phone. (From Gandhi O P et al. 1996. IEEE Trans Microw 
Theory Tech. 44(10): 1884–1897.)
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10.2.2  RADIOBIOLOGICAL EVALUATION OF THE POTENTIAL 
HEALTH EFFECTS OF RF EMFS ON CHILDREN

Even before the wide spread use of mobile communication, during the 1970s–1980s 
in the USSR, experimental studies to characterize the age-related sensitivity to 
EMFs were carried out. The results of these studies showed that the organisms of 
young animals are more sensitive to RF radiation (Chernova, 1982; Chernova and 
Kuzminskya, 1979; Kazarin and Shvaiko, 1983, 1988; Pol’ka, 1989).

Further studies by Russian scientists demonstrated that chronic RF EMF exposure 
comparable by intensity with the MT irradiation disturbed the creation of conditioned 
reflexes and consolidation of memory trace, and also revealed changes in neurons in 
many brain structures, including the cerebral cortex, hippocampus, and basal ganglia 
(Navakatikyan, 1988, 1992; Pryakhin et al., 2007).

Similar studies outside the USSR have registered in young rats the increase in the 
permeability of the blood-brain barrier (BBB) to the albumin and as a consequence, 
histochemical changes in the nerve cells of the brain (Salford et al., 2003a,b).

Recently published data suggests that the cells of the hippocampus of the adult 
brain maintain the ability to divide, that is, continuing neurogenesis, and this process 
serves as the neurobiological basis for the formation of new memory. It was also 
found that the hippocampus, which retains the ability for neurogenesis, plays a key 
role in the formation of long-term memory, in the integration of the obtained memory 
by brain information, and its distribution in the higher parts of the brain. As a result, 
the constantly dividing cells of the hippocampus may have a unique susceptibility 
to physical factors of the environment, including the radiation from mobile phones 
(Choi and Choi, 2016; Li et al., 2012; Narayanan et al., 2010; O’Connor et al., 2010), 
although not all researchers adhere to these conclusions (O’Connor et al., 2010).

The existence of the accumulation of changes/effects during repeated or long-
term chronic exposure is one of the most important criteria for assessing the risk 
of exposure to RF EMF from mobile phones for the population when developing 
appropriate standards. This was facilitated by the results of a cycle of long-term 
epidemiological studies of Swedish scientists led by Hardell.

With increasing the time of active use of mobile phones by the population, there 
is very strong evidence, presented as publications and documents of a number of 
authoritative agencies and scientific forums, about the possibility of the development 
of brain tumors among users of MT (Hardell et al., 2004, 2009, 2013; Hardell and 
Carlberg, 2015; IARC, 2011; Lahkola et al., 2008; US NPCR, 2015). The authors 
concluded that for the users of cellular phones, the risk of brain tumor development 
increases with a “waiting period” of 10 years having a risk value of 1.3–1.8. An 
increased risk of developing astrocytomas and acoustic neuromas on the ipsilateral 
side of the brain was discovered. The risk of developing brain tumors increases up to 
5 times in people who began using cell and portable phones at the age of 8–10 years, 
and the development of the tumor depends on the duration of cell phone usage.

In 2011, the International Agency for Research on Cancer (IARC) classified radio 
frequency electromagnetic fields in group 2B as a possible carcinogen based on an 
increased risk for glioma (IARC WHO. Classifying radio frequency electromagnetic 
fields as possibly carcinogenic to humans (Press release No. 208, 31 May 2011, 3 p.), 
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IARC specifically noted that this decision is of great importance for the population, 
especially for users of mobile phones among young people and children.

In 2015, the results of three national programs of the United States (National Program 
of Cancer Registries (NPCR), a program of the National Cancer Institute (NCI) and the 
program for epidemiological observations (SER)) for the assessment of brain cancer in 
the populations of different age groups for the period 2000–2010 were published (de 
Salles et al., 2006; Ghandhi and Kang, 2002; Gittleman et al., 2015; Ostrom et al., 2015). 
A significant increase in the incidence of primary malignant brain tumors and central 
nervous system (CNS) in American children (0–14 years) was found between 2000 and 
2010, with an annual percent change (APC) of 0.6%. In adolescents (15–19 years), there 
was a significant increase in the incidence of primary malignant brain tumors.

Doubts in the possibility of the development of brain tumors among users of MT 
forced Swedish scientists to publish two papers in 2017, which reanalysed previously 
obtained results, with the consideration of many possible methodological errors 
(Carlberg and Hardell, 2017a,b). It evaluated the power of scientific data to determine 
whether there is a causal relationship between a risk factor and the associated 
development of gliomas of the brain and using a wireless phone (Hardell and 
Carlberg, 2015). The authors present convincing arguments in favor of the conclusion 
that glioma is caused by RF radiation. The authors strongly recommended a review 
of current regulatory guidelines for RF exposure in order to protect the population 
from the effects of low frequency radiation.

Also in 2016, a preliminary report on the results of a two year large-scale 
experiment on rats conducted under the National Toxicology Program of the United 
States (NTP) was published (Microwave News, May 2016; http ://bit.ly/WSJsaferemr) 
and performed by the National Institute of Environmental Health United States (US 
NIEHS). This program was funded by the US Government with the costs amounting 
to 25 million dollars.

Male rats were exposed to RF EMFs of cell phones every 10 minutes with a 
subsequent 10-minute break for 18 hours, resulting in nine hours a day for two years. 
Two standards from GSM and CDMA with a frequency of 900 MHz were used.

For each type of standard cell phone, there were four groups: three experimental 
groups of 180 rats and the control group for sham exposure (90 rats). The lowest 
intensity of exposure amounted to SAR 1.5 W/kg, and the remaining two experimental 
groups were exposed to SAR 3 and 6 W/kg, which excluded the heating of tissue, that 
is, the “thermal effect.”

The study showed a significant increase in cancer rates among rats that were 
subjected to the electromagnetic influence of GSM or CDMA signals for two years. 
In the control group, the development of tumors was not found.

These results clearly demonstrate that nonthermal levels of RF EMFs can cause 
development of tumors in the brain. It should be noted that epidemiological observations 
are used not only to predict the occurrence of brain tumors when children use MT, but 
also to investigate the possible development of other somatic disorders. The authors 
state that there is a correlation between the registered violations and the mode of use 
of MT. However, these publications raise a lot of questions because their results are not 
based on the experience of the authors themselves, and the methodology of individual 
observations was not used (Anttila et al., 2006; Carter et al., 2016; Chernenkov and 

http://bit.ly/WSJsaferemr
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Gumenyuk, 2009; George et al., 2015; Huss et al., 2015; Hysing et al., 2015; Inyang 
et al., 2010a,b; Kheifets and Repacholi, 2005; Sillanpaa and Anttila, 1996; Sudan 
et al., 2012, 2013; Tomas, 2010; Van den Bulck, 2007; Zheng et al., 2015).

In addition, the research of the influence of the EMF RF mobile phones on the 
psychophysiological parameters of children and adolescents and the results obtained 
are highly ambiguous (Calvente et al., 2016; Curcio et al., 2008; Schoeni et al., 
2015a,b; Thomas et al., 2010).

We have data from our own experience of the long-term monitoring of children as 
users of MT, where we were in constant personal contact with children, their parents, 
and teachers. The results of these studies are presented below.

10.3  PSYCHOPHYSIOLOGICAL INDICATORS AS MARKERS OF 
THE IMPACT OF EMF RF MOBILE PHONES TO THE CENTRAL 
NERVOUS SYSTEM OF CHILDREN AND ADOLESCENTS

In our studies, we used psychophysiological indicators, because in this situation, the 
“critical organ” is the child’s brain. Previously, on a large amount of statistical material 
(more than 3500 children and adolescents), it was shown that psychophysiological 
indicators, along with other medical indicators, are very sensitive markers in other 
exposures to a number of unfavorable environmental factors (Khorseva, 2004). The 
study was conducted in the Lyceum 10 and 17, in the city of Khimki, Moskow region. 
It is important to note that in addition to the main group of children who used MT 
(1161), a control group of children and adolescents not using MT (370 people) was 
formed. The presence of a control group is an undeniable advantage of our studies.

10.3.1 THE MAIN RESULTS OF OUR TEN-YEAR STUDY

The psychophysiological parameters were recorded both with the use of the automated 
workplace of the psychophysiologist and with the help of a computer program 
developed by us, LUM (Local Universal Monitoring).

10.3.1.1 Hearing Analyzer
For studying the effect of mobile phone electromagnetic radiation on the auditory 
system, we used the parameters of a simple audiomotor reaction, since it was 
established that the determination of the time of simple sensorimotor reactions quite 
clearly reflects the functional relationships in the cerebral cortex. In our studies, we 
applied a complex of characteristics of a simple audiomotor reaction. It included 
recording the change in reaction time and the degree of its instability (variability, in 
the stereo- and mono-presentation of the audio signal), as well as the level of violations 
of phonemic perception. The latter parameter was developed by Khorseva. The index 
is obtained empirically and reflects the wrong perception of similar sounding or 
similar in articulation speech sounds, manifested in the pass/substitution of letters, 
the permutation of the syllables, the wrong reading or uttering words, etc. (Khorseva 
and Zakharova, 2011a,b).

We described for the first time the effects of changing the phonemic perception, 
the laterality of their changes, the number of missed signals, and the time change 
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of a simple audiomotor reaction in MT child users. The effect of increasing the 
time of a simple audiomotor reaction in comparison with the age dynamics in both 
stereo and mono-presentation of the sound signal was manifested only when it 
achieved a certain total time of use of the child of MT. In our study, this total time 
is 360 minutes, provided that the child started using a mobile phone at the age of 7. 
For children older than 9 years, the effect of slowing the age-related dynamics of the 
audiomotor reaction is observed at a higher total exposure to 750 min (Grigoriev and 
Khorseva, 2014).

It is shown that for all children, MT users increased the number of violations of 
phonemic perception. In 79.3% of cases, we registered a contralateral effect, that is, 
an increase in the number of disorders recorded on the side opposite the impact of 
EMF RF of the mobile phone.

Next, we traced the age characteristics of this effect. It has been established that 
with age, the frequency of manifestations of the contralateral effect of changes in the 
number of violations of phonemic perception as a whole for each age group decreases.

Our results are in good agreement with the work of the otolaryngologists Panda 
et al. (2007, 2010, 2011), who for several years, conducted a study of the auditory 
analyzer for mobile phone users. It has been shown that if the MT is used more than 
one hour a day for more than four years, dysfunction of the auditory analyzer occurs: 
a decrease in the perception of high-frequency sounds (s, f, h, t, z), which may indicate 
a violation of the phonemic perception.

10.3.1.2 The Visual Analyzer
Investigations of the effect of electromagnetic radiation from the MT on the visual 
analyzer were carried out using such indicators as visual acuity in near vision, speed 
of visual discrimination, and the time of a simple visual-motor reaction (SVMR).

It was found that such indicators as visual acuity and speed of visual discrimination 
in children users of MT were not different from the control group, that is, apparently 
these indicators were not sensitive to the radiation of MT.

Further, an analysis was made of the effect of the slowing down of the dynamics of 
a simple visual-motor reaction with both binocular and monocular presentation of a 
light signal. In contrast to the parameters of a simple auditory motor reaction (PSRM), 
for which the effect of slowing dynamics was detected with a total usage time of the 
mobile phone by the child, 360 min, the total time of use for a simple visual-motor 
reaction (PZMR) was 730 min. Such effects were found in children aged 7 years.

One more effect, which we observed for both the SSRM and the PZMR, should 
be especially noted. With short duration of use of MT (up to six months) and intense 
daily use up to 2 min/day, we noted a decrease in the response time of both auditory 
and motor-motor reactions, which may be related to the child’s central nervous system 
stress response to a new type of external effect, radiation from an MT. A further 
increase in the duration of use and the daily load leads to the effects described above. 
These effects were observed for all age groups.

10.3.1.3 Fatigue and Working Capacity
In our studies, we recorded fatigue indicators (through the index of muscular 
tension, determined with the help of tremorometry) and working capacity (through 



244 Mobile Communications and Public Health

the parameters of the tapping test), which are objective not subjective methods. In 
the course of longitudinal studies, it was found that, in comparison with the control 
group, an increase in fatigue was registered for children in 39.7% of cases, and in 
30.3% of cases this increase was significant. Parameters of working capacity for 
children decreased in 50.7% of cases.

It can be seen that for schoolboy from the test group at the fourth year of 
observations, an indicator of working capacity has decreased the lower of limit of the 
age norm, while schoolboy for the control group, parameters of the working capacity 
are within normal limits (Figure 10.2).

In further studies, we were using the parameters of a ten fingers chaotic tapping 
test using the computer program LUM (Local Universal Monitoring). This program 
provides for the registration of more than 20 parameters, including the total number 
of clicks, and characterizes the level of development of fine motor skills of the hand 
and working capacity (patent of the Russian Federation No. 2314743). It should 
be especially emphasized that the data of children and teenage mobile users were 
processed on the basis of the normative indicators of children and adolescents of the 
control groups.

In general, only in 8.5% from all data (1364 measurements) is at the level of 
formation of fine motor skills and working capacity within the limits of the age norm 
for children and adolescents 7–11 years of age (we examined children and adolescents 
7 years old—311 people, 8–348 people, 9–339 people, 10–311 people). This situation 
already affects the performance of written work, the handwriting of children and 
adolescents.

Given that the level of motor skills and the formation of cognitive processes are 
directly dependent, one can expect changes in attention and memory in children 
and adolescents. In this regard, a special place is occupied by studies of the possible 
impact on cognitive functions of the RF EMF from mobile phones.

10.3.1.4 Cognitive Functions. Arbitrary Attention and Semantic Memory
Our studies, providing dynamic observations of changes in attention and memory 
rates, revealed the stress response of a new environmental factor (MT radiation). With 
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a short duration of MT use (up to six months), and daily intensity up to 2 min/day, 
we recorded an improvement in the parameters of cognitive processes (increasing 
productivity and accuracy, reducing the time of the task). We recall that similar 
effects were also revealed for simple audio and visual motor responses.

Nevertheless, with the increase in the duration and total time of MT use by 
children, it was noted that not only the stability parameters of arbitrary attention 
decreased (productivity indicators worsened by 14.3% and accuracy indicators by 
19.4%), but semantic memory also decreased (decreased the accuracy factor by 
19.4%, increased in time by 30.1%). Below is an example of changing individual 
indicators of arbitrary attention and semantic memory in a schoolchild for 6 years 
(Figure 10.3).

As can be seen from the presented data, changes in the mode of using MT leads 
to changes in the indices of cognitive processes. Decreasing the daily use of MT 
in the second year of observation leads to an increase in the productivity index 
(Figure 10.3a); greater accuracy and a significant reduction in the execution time of 
the task (Figure 10.3b).

A small time of use in the period of 2–5 years of observation leads to the following 
effects. The productivity index is significantly increased (Figure 10.3a), which 
corresponds to the age dynamics for the control group pupils; the accuracy rate is very 
high. The parameters of accuracy and time of the task execution fluctuate depending 
on the change in the daily load regime (Figure 10.3b). During this period of time, 
the task was carried out quickly with high accuracy. However, for the 6th year of 
observation, with a sharp increase in the daily use time of up to 25 min/day, all 
parameters of arbitrary attention deteriorated: decreased accuracy and productivity, 
and time of task execution increased.

In addition, the analysis of the indices of arbitrary attention and semantic memory 
obtained by testing students using our programs LUM allowed us to more thoroughly 
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assess the change in performance, in particular, semantic memory in groups of 7 years 
(2012–2014, time observations). It should be noted that, in contrast to the group of 
first-graders who were under observation in the period 2007–2012, the use of MT in 
groups of children during the monitoring in 2012–2014 had significantly increased 
the time use every day and in duration of the use (about 55% of the students started 
to used MT with 5–6 years).

This immediately influenced the parameters, particularly on the semantic memory: 
with a duration of MT use for one year with a daily load of no more than 2 minutes/
day, a slight change in accuracy was observed, but the task execution time increased 
by 1.3 compared to the control. However, in the group of users whose daily load 
exceeded 20 minutes, other patterns were revealed. If the duration of MT use was 
0.5 years, the registered accuracy index decreased by 30%, and the time of the task 
fulfillment increased by 1.4 times. With one year use, there was an increase in the 
time of the task of 1.69 times and a decrease in the accuracy parameter of 20%. 
Similar changes were found for school children and other age groups.

10.3.1.4.1 The Statistical Analysis of the Data
The statistical analysis of the data was carried out at the BIOSTASTIKA Center under 
the leadership of Leonov V.P. The array of data of indicators of voluntary attention 
and semantic memory on the whole array of data since 2006, which contained 2086 
observations, including 25 signs, was analyzed.

Tables 10.1 and 10.2 show the level of formation of arbitrary attention and the 
semantic memory of children and teenage users of MT at the ages of 5–16.5 years.

From these results, it can be seen that only 41% of measurements can be attributed 
to a high level of formation of indicators of arbitrary attention (both indicators at the 
level of high values), while 29.62% of measurements are a combination of medium 
and high values, 8.3% are at the level of average values, and 21% are a disharmonious 
combination of indicators (high to average accuracy and lower limit/low/very low 
productivity and vice versa).

TABLE 10.1
Analysis of the Level of Development of Voluntary Attention 
in Children of Mobile Users Across the Dataset (2084 Observations)

Productivity Indicators

Accuracy’s Indicators Tall Average
The Lower 

Limit of Normal Low Very Low

Tall 41,03 17,1 4,32 3,41 0,77
Average 12,52 8,3 1,73 1,39 0,58
The lower limit of normal 1,78 1,78 0,67 0,48 0,1
Low 1,01 1,01 0,48 0,58 0,24
Very low 0,1 0,1 0,05 0,4 0,38

Data in %.
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It is established that only 33.6% of the measurements can be attributed to a high 
level of the formation of semantic memory indicators (both indicators at the level of 
high values), 21.17% of measurements are a combination of medium and high values, 
8.98% are at the level of average values, and 36.25% are a disharmonious combination 
of indicators (high/average accuracy and low limit /low/very low time parameters 
task execution and vice versa).

However, it should be noted that when comparing the level of development of 
arbitrary attention and semantic memory, there is some imbalance: high levels of 
development of arbitrary attention were revealed in 41.03% of children and adolescents 
against 33.6% for increased semantic (semantic memory); the disharmonious level for 
indices of arbitrary attention is set for 21%, and for semantic memory it is 36.25%. It 
is possible that this may reflect the fact that the parameters of semantic memory for 
children users of mobile communication indicators were reduced to a greater extent 
than the voluntary attention.

Statistical analysis of data using conjugacy tables showed the following: although 
the strength of the connection of these qualitative characteristics for both parameters 
of voluntary attention and semantic memory is not very strong, it is statistically 
significant (p < 0.0001).

So, the longitudinal changes in the psychophysiological indicators of children who 
use mobile phones convincingly show that chronic exposure to electromagnetic radiation 
from a mobile phone may negatively affect the central nervous system of the child:

 1. The reaction time to sound and light stimuli is increased;
 2. There is an increase in the number of violations of phonemic perception 

and the number of missed signals when a sound stimulus is presented;
 3. Indicators of arbitrary attention and semantic memory deteriorate;
 4. There are increased parameters of fatigue and decreased parameters 

of working capacity

TABLE 10.2
Analysis of the Level of the Formation of the Semantic Memory 
in Children Users by Mobile Communication Throughout the Entire 
Dataset (2083 Measurements)

Time Indicators for the Test

Accuracy’s Indicators Tall Average
The Lower 

Limit of Normal Low Very Low

Tall 33,6 11,95 1,92 3,22 1,2
Average 9,22 8,98 1,58 3,89 2,06
The lower limit of normal 4,27 2,88 0,82 2,5 0,96
Low 2,45 2,4 0,96 0,82 1,2
Very low 0,53 0,53 0 0,29 0,77

Data in %.
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It should be especially noted that in most cases in children who are active users of 
mobile communication, changes in psychophysiological indicators either were within 
the lower limit of the norm or already go beyond it.

We believe that the changes listed above may and in some cases already do 
affect the success of the training. However, observance of the elementary rules of 
a safe mode of using MT can significantly reduce the level of negative effects of 
electromagnetic radiation from mobile phones. And we already have confirmation 
of this statement.

Over the past three years, a complex of preventive measures was implemented 
on the basis of the Lyceum 17 with the participation of all participants of the 
educational process aimed at reducing the negative impact of the RF EMF of the 
MT (schoolchildren, parents, teachers, and the Lyceum administration). A series of 
lectures was organized for parents, teachers, and the administration of the educational 
institution. During this period, using the program Universal Local Monitoring, the 
levels of cognitive processes (arbitrary attention and semantic memory), parameters 
of working capacity, and the level of development of fine motor skills were studied. 
An individual survey of children on the use of MT was conducted.

It was found that the safe mode of use (headphones, speakerphone, use of SMS, 
MMS) statistically significantly improve ALL psychophysiological indicators.

We believe that the results of our longitudinal observations clearly show that the 
RF EMF from mobile phones affects psychophysiological indicators of children and 
adolescents. Based on our results, it can be confidently affirmed that children are 
located in the group at risk. It should be recognized and the efforts of the scientific 
community to reduce the risk of adverse effects on the organisms of children should 
be made. One of the possible ways of reducing the impact of electromagnetic fields 
on children is an understanding of the dangers by the parents and children, the use of 
mobile communication, and a voluntary choice of the form of communication, that 
is, the introduction of the concept of “voluntary risk.”
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systematic research and applications, 102
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effects, 27
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visual analyzer, 243

Electromagnetic hazard to public health 
assessment

caressing electromagnetic smog, 223–226
chronic effects of RF EMF with non-thermal 
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Electrostatic interactions, 8
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assay
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EMF, see Electromagnetic field
Energy
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thermodynamics
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Erectile function (EF), 81
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Extracellular signal–regulated kinase (ERK), 
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Extravascular erythrocytes, 72
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condition, 204
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magnetic EMF, 6
modulation, 192
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Fatigue, 16, 84, 243–244
FCC, see Federal Communication Commission
FDA, see Food and drug administration
FDD, see Frequency-division duplex
FDMA, see Frequency Division Multiple 

Access
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mobile technology, 19
technologies, 91–92
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Food and drug administration (FDA), 18
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