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ABSTRACT

In this paper, we review the literature on three important exposure metrics that are inade-
quately represented in most major radiofrequency radiation (RFR) exposure guidelines today:
intensity, exposure duration, and signal modulation. Exposure intensity produces unpredict-
able effects as demonstrated by nonlinear effects. This is most likely caused by the biological
system'’s ability to adjust and compensate but could lead to eventual biomic breakdown after
prolonged exposure. A review of 112 low-intensity studies reveals that biological effects of
RFR could occur at a median specific absorption rate of 0.0165 W/kg. Intensity and exposure
duration interact since the dose of energy absorbed is the product of intensity and time. The
result is that RFR behaves like a biological “stressor” capable of affecting numerous living
systems. In addition to intensity and duration, man-made RFR is generally modulated to allow
information to be encrypted. The effects of modulation on biological functions are not well
understood. Four types of modulation outcomes are discussed. In addition, it is invalid to
make direct comparisons between thermal energy and radiofrequency electromagnetic
energy. Research data indicate that electromagnetic energy is more biologically potent in
causing effects than thermal changes. The two likely functionthrough different mechanisms.
As such, any current RFR exposure guidelines based on acute continuous-wave exposure are
inadequate for health protection.
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Introduction regulated, yet little has changed. The same argu-
ments existed at the genesis of the issue back in
the 1940s (Steneck 1985; Steneck et al. 1980).

The U.S. FCC was the first government entity to adopt
exposure guidelines in 1968 for RFR. Thereafter, the
fundamental acute threshold model never fully evolved
with the science, although changes were added to clarify

that singular model over the decades as new dosimetry

The exposure guidelines for radiofrequency radia-
tion (RFR) that have been adopted by the two
major exposure guidelines-setting organizations -
the U.S. Federal Communications Commission
(Federal Communications Commission (FCC)
1997, Federal Communications Commission (FCC)
2019) and the International Commission on Non-
Ionizing Radiation Protection (International
Commission on Non-Ionizing Radiation Protection
(ICNIRP) 1998). International Commission on
Non-Ionizing Radiation Protection (ICNIRP) 2020)

measurements improved. As better understanding devel-
oped of how RFR couples with living systems, there were
new additions to the guidelines regarding specific absorp-
tion rates (SARs, i.e., the rate of RF energy absorbed per

in Europe are widely seen as too narrowly focused
on only one form of established biological effect:
thermal tissue heating. The subject of RFR’s ther-
mal versus non-thermal effects in guideline setting
is an old discussion dating back to the origins of
nonionizing radiation’s use in military radar during
World War 2 as seen in early papers (Adey 1979,
1981a, 1984, 1993; Frey 1971, 1988, 1990). There
are now over 50 years of literature on the inade-
quacy of how these increasing exposures are

unit mass of tissue); maximum permissible exposures
(MPEs), different averaging times, whole-body as well as
limited-body absorption allowances; wider frequency
inclusions, and two-tiered allowances for the general
population and occupational exposures, among others.
But that has all been used within the framework of
a basic acute threshold model.

The most recent FCC limits (Federal Communications
Commission (FCC) 2019) for MPE to RFR essentially reaf-
firmed their 1997 guidelines (Federal Communications
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Commission (FCC) 1997). Exposure limits protect against
adverse effects that can occur from acute short-term RFR
exposures, and have been maintained in their present itera-
tion by the FCC for the past 25 years. The same occurred
with the International Commission on Non-ionizing
Radiation reaffirming their 1998 guidelines (International
Commission on Non-Ionizing Radiation Protection
(ICNIRP) 1998) in 2020 (International Commission on
Non-Ionizing Radiation Protection (ICNIRP) 2020) with
minor alterations more in line with FCC’s regulations on
time-averaging. Both entities largely regulate for SAR based
on a determination that potentially harmful biological effects
can occur at a SAR level of 4.0 W/kg as averaged over the
whole body.

Over the last 25-30 years, significant information has
been published that in other regulated areas would have
resulted in re-examination and adjustments to allowable
exposure limits. This has not been the case with these two
groups which adhere to a model based on obsolete scien-
tific evidence, especially in light of the new 5G network
that uses higher frequencies and novel modulation forms
that have never been used before in broad civilian tele-
communications and which are poorly studied.

RFR is a complex entity. Its biological effects depend
on many of its physical properties, including frequency,
signal characteristics, direction of the incident waves
relative to the exposed object, dielectric properties, and
the size, shape, species, and type of the exposed object, as
well as the polarization of the waves, among other para-
meters. It is therefore unlikely that one can easily extra-
polate the effects from one form of RFR to another. The
supposition that 3G radiation is safe does not necessarily
imply that 5G radiation is also safe as is the current
conjecture in the guidelines today. Each one has to be
investigated separately. The FCC and ICNIRP guidelines
are not only obsolete; they are also inaccurate and
incomplete regarding today’s chronic, long-term, low-
level, simultaneous, multi-frequency exposures. This has
been voiced repeatedly by scores of authors over the
years, now far surpassing the point of redundancy.

This paper focuses on three complex and interrelated
exposure parameters — intensity, duration of exposure,
and modulation - that are inherent in the FCC/ICNIRP
guidelines for RFR allowances, highlighting studies that
demonstrate the fallacy of such a limited approach.
RFR - the electromagnetic energy used in all wireless
communication - indisputably affects many biological
functions in humans and non-humans alike, at all inten-
sities and frequencies of exposures thus far studied
(Levitt and Lai 2010; Levitt et al. 2021a, 2021b). Effects
depend on many factors that affect energy absorption
and features intrinsic to the radiation, the three most
important of which are discussed below.
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Intensity of exposure

Over the past several decades, there have been heated
debates on the threshold intensity that can affect biolo-
gical functions which are used in the setting of exposure
guidelines. Few realize that the results of only two sets of
experiments — De Lorge and Ezell (1980) and De Lorge
(1984), — formed the backbone for most of the interna-
tional exposure guidelines today. Although much work
on this aspect since the 1980s continued throughout the
ensuing years, the fundamental premise upon which the
original SAR was formulated has become entrenched,
even though the original studies were limited in scope.
In the de Lodge studies, based on ‘work-stoppage’
behavior in rats and monkeys, i.e., the animals ceased
performing tasks they had previously been trained to do
with food rewards, the threshold was found to be at
a SAR of 4 W/kg. In the monkey model, it also corre-
sponded to a rise in whole body temperature of 1°C as
measured by rectal thermometers. Different versions of
exposure guidelines used in different countries are basi-
cally variations of this threshold. The question is: Is this
SAR level still valid based on recent research? And more
to the point — was it ever valid to begin with? A closer
analysis of these two studies is described below.

Specific absorption rate (SAR)

The SAR is the essential biological metric used in the
current FCC/ICNIRP exposure guidelines. As men-
tioned above, the entire basis for the 4 W/kg SAR allow-
ance is based literally on just two studies of observed
animal behavior - De Lorge and Ezell (1980) and De
Lorge (1984). SARs are almost impossible to accurately
study in living systems and are therefore typically com-
puter modeled or conducted on phantom models. In
human studies, SAR can only be determined using com-
puter and/or phantom models/calculations. (Practically,
incident power density is a poor predictor of energy
absorption.) But such simulations leave much to be
desired regarding accuracy once transferred to far
more complex living systems.

Historically, a toxicology model has been used to
develop and set RFR guidelines. But as far back as
1990, the accuracy of that approach — which has been
used for all EMF funding, study design, and analysis of
experimental research — was called into question by Frey
(1990). Toxicology models work from dose-response
relationships - the greater the dose, the greater the
effect. Many EMF studies have found nonlinear effects,
e.g., low dose/intensity EMF exposures have shown
higher effects than higher dose. It is well known that
biological responses are nonlinear with respect to dosage
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(e.g., see Calabrese and Baldwin 2001; Diamond 2005;
Salehi et al. 2010). Adey (1984) proposed a nonlinear
interaction of EMF with the cell membrane. Related to
this is that Selye (1951) proposed a “general-adaptation-
sydrome” of organisms in response to stressors. The
stages of the general adaptation syndrome are: alarm
response (a response to a stimulus); adaptation (a feed-
back adjustment to the stimulus); and exhaustion (dele-
tion of adjustment that could lead to dire consequences).
The timelines of the stages of response could depend on
the duration of exposure and the strength of the stimu-
lus. Thus, if responses to RFR exposure behave this way,
both exposure duration (acute/chronic) and intensity
would affect the observed outcome. To continue to use
a classic toxicology model may be inappropriate and
a more accurate biological model should be formulated.

Most biological studies do, however, require an
understanding of the dose-response relationship. SAR
is the rate used as a measurement of dosing (the total
absorption is specific absorption (SA) = SAR x time). It
is not a perfect metric, but so far, there is no better way
to gauge the dosage of RFR.

SAR is considered acceptable as a dosage measure-
ment of RFR absorption in stationary objects, e.g.,
cell phone usage, but is questionable in moving
objects since the pattern of absorption changes with
the orientation of the object. (It has been shown
since the 1980s that effects of RFR depend on the
orientation of exposure, among many other variables,
e.g., Lai et al. 1984.) In actively moving experimental
animals, the SAR would average out; whole-body
averaged SAR can therefore be considered reliable
in some circumstances. However, exposure of ani-
mals in groups can pose problems. For instance,
rodents tend to congregate together - with the
shape of a group itself then becoming an uncontrol-
lable variable.

In vitro studies have problems too. In in vitro studies,
the type of cells, e.g., in suspension or monolayer,
becomes an important consideration. Coupling between
RFR and the medium is generally poor, so high power
densities are used in order to achieve certain SARs.
Absorption patterns of cell cultures are far from uniform
(Guy et al. 1999), but generally average SAR in the
culture should be used. Also, meniscus formed by the
culture medium and container surface can act like an
antenna to concentrate RFR energy.

SARs in certain body organs should be given special
attention. These include the brain, ear, eye, salivary
glands, and skin. It is not logical to separate the body
into “essential” and “non-essential” organs as in most
existing RFR exposure guidelines today with different
classifications for “appendage” versus “non-appendage”

that allow significantly higher SARs to human arms,
legs, ears and other body areas (Federal
Communications Commission (FCC) 2019;
International Commission on Non-Ionizing Radiation
Protection (ICNIRP) 2020).

RFR effects have been observed at low intensities
(<04 W/kg) - a list of which is included in
Supplement 1 - far below the guidelines. This points to
both the nonlinearity of how living systems couple with
nonionizing radiation as well as the inadequacy of acute
thresholds. The studies encompass many different bio-
logical effects to myriad systems, including: apoptosis
induction, adrenal gland activity, blood-brain barrier
permeability, brain transmitter levels, calcium concen-
tration in heart muscle, calcium efflux, calcium move-
ment in cells, cell growth, cognitive functions, cellular
damage in liver, decreased cell proliferation, embryonic
development, endocrine changes, enolose activity,
genetic effects, hippocampal neuronal damage, immu-
nological functions, kidney development, memory func-
tions, latency of muscular contraction, membrane
chemistry, nerve cell damage, metabolic changes, neural
electrical activity, oxidative stress, plant growth, prion
level, protein changes, renal injury, serum testosterone
concentration, heat-shock protein induction, testis mor-
phology, testosterone synthesis, thymidine incorpora-
tion, and ultrastructural alteration in cell cytoplasm. In
fact, there are not many physiological functions in
humans, animals, or plants that are not affected by low-
level RFR.

As reflected in Supplement 1, SARs at which effects
were observed were available from 112 studies. Of
these, 75 (67%) were in vivo exposure studies with
whole body/organ SARs available. The other 37
(33%) studies were in vitro experiments. Thus, the
SARs used can be considered as the averaged SARs
of the exposed objects (i.e., animal or cell culture).
Most of the studies were carried out with RFR of
<2500 MHz. There were several studies with milli-
meter waves. In addition, 52 (46%) of the studies
were acute-exposure (i.e., one-time) experiments and
60 (54%) were chronic/repeated-exposure experiments.
These data give a median level of 0.0165 W/kg. (The
mean is 0.044 W/kg.) (Median intensity instead of
mean is more appropriate here because distribution
of the data points is not normal (Shapiro-Wilk Test)).
It must be pointed out that the SARs reported in the
analysis are those chosen to be used by the researchers
and are not based on a dose-response study.
Therefore, they are not the threshold SARs of
responses. The data simply indicate that biological
effects can occur at a level which is much lower than
most current international RFR exposure guidelines.



The level at which biological effects occur represents
data from in vivo and in vitro and acute and chronic/
repeated-exposure experiments. There is a very wide
range of effects seen. With an exposure that induces
a SAR of 0.0165 W/kg, and using a ten-fold protection,
the SAR would be 0.00165 W/kg (i.e., 1.65 mW/kg). For
rate of energy absorption in body organs, 0.00165 W/kg
is far below the maximum level allowed in the guidelines
(whether over 1 or 10 gm of tissue as per FCC/ICNIRP
allowances). Given the large body of work as illustrated
in Supplement 1, the SAR at, or below, 4 W/kg as a safe
threshold is insupportable.

Duration of exposure

The duration of exposure is another important factor in
biological effects. Other than demarcations for whole
body exposures averaged over 30 minutes and local
body areas averaged over 6 minutes, neither FCC nor
ICNIRP address duration, especially pertaining to long-
term and low-level RFR exposures. These are prevalent
in both near-field exposures to people with WiFi routers,
for example, as well as cell phones, and far-field expo-
sures from infrastructure that have created chronic ris-
ing ambient background levels (Levitt et al. 2021a). The
guidelines are written only for short-term acute
durations.

In determining the 4 W/kg SAR limit, FCC and
ICNIRP assume that the exposure parameters of just
two studies in which duration plays a role - De Lorge
and Ezell (1980) for 40 min, and De Lorge (1984) for
60 min — were enough to extrapolate to all other expo-
sures regarding safety limits. This is insupportable given
the adverse effects associated with RFR at much lower
intensities and significantly longer exposure durations.

A close examination of the two 1980’s de Lodge
studies (De Lorge 1984; De Lorge and Ezell 1980), that
were used to determine the current effective SAR limit at
4 W/kg contain not only problems inappropriately used
to set limits but also the complexities of duration in
general. For instance, the animals used in the de Lodge
studies were actually exposed to RFR many times at
different intensities, i.e., in the De Lorge and Ezell
(1980) rat model study, each episode was of 40 min
duration; and in the De Lorge (1984) monkey model
(macaca mulatta) study, each episode was of 60 min
duration. The same test animals were used repeatedly
during different sessions over many days. But since we
do not know if animals “remember” or “forget” previous
exposures and simply adjust temporarily, we can’t even
be sure that the behavioral effects seen were due to acute
exposures. Animals may have thermoregulated in idio-
syncratic ways per animal, per species, and at different
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times. The De Lorge (1984) monkey study concluded
that core body rise of 1°C was a better predictor of
behavior disruption than SAR or power density. The
role of duration is completely unclear given adaptation
response. These two studies therefore should not be the
basis used for SAR or duration extrapolations.

A list of long-term/repeated and short-term exposure
duration studies are contained in Supplement 2. The
table contains several relevant studies in which different
durations of RFR exposure were studied on various and
different biological endpoints. The majority of the stu-
dies, as expected, show that long-term exposure is more
effective in causing effects than short-term exposure;
exceptions were caused by adaptation/adjustment of
the biological system studied. Since the dosage (i.e.,
total energy deposited in the body by RFR) is the pro-
duct of SAR and time of exposure (e.g., SAR x exposure
duration), a long-term exposure paradigm is like drug
infusion versus medicinal pills that can allow time for an
organism to adapt/adjust to the drug’s effects but also
makes the response more complicated.

This is observed in several studies listed in
Supplement 2: Balakrishnan et al. (2014) and
Eghlidospour et al. (2017) showed that some effects
appeared not to be exposure-duration dependent,
which could be due to a fast adaptation process, while
Hidisoglu et al. (2016), Kumar et al. (2016), Sefidbakht
etal. (2014), Shahi et al. (2021), and TsybuTsybulin et al.
(2013) reported an opposite effect (different from acute
exposure) after long-term exposure, which could be an
over-compensation by activation of secondary mechan-
isms; and Hou et al. (2015) reported a diminished effect
after longer term of exposure.

It is not unusual to see changes in effects in research
after longer term exposures since feedback mechanisms
in all living organisms play a critical role in homeostasis.
Effects based just on duration are complex; simple expo-
sure start-and-end points do not paint a clear picture of
when effects begin or necessarily end. There are three
basic phases of response to stressors — alarm, adaptation,
and exhaustion - proposed by Selye (1951). For exam-
ple, a response at even shorter duration of exposure may
have occurred and gone unnoticed, after which the
system adjusted, compensated and returned to normal
after a longer period of exposure. But if exposures con-
tinue or are repeated, systems can break down and
effects are then observed. Another factor is the sensitiv-
ity of the research technique used - e.g., a response may
be present after short-term exposure but have gone
undetected due to the limit of assay sensitivity. Thus,
change occurance regarding duration is highly unpre-
dictable, with the basic physiology of the system being
studied also playing a principal role.
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What we do know is that the supposition that all
exposures are the same above and below the SAR thresh-
old set by FCC/INCIRP is fundamentally flawed in light
of the most current research. One feasible and logical
solution to such uncertainties regarding duration as an
exposure factor would be to adopt an SAR level com-
mensurate with the studies summarized in Supplement
1 at no higher than 0.00165 W/kg, no matter the expo-
sure conditions.

Modulations

Information-carrying technology - meaning all TV/
radio/telecommunications transmission, etc. —
requires modulation to function. Modulation entails
the transmission carrier-wave (which is generally in
the form of continuous-wave radiation) that is used
to get from the transmitter to the user-destination
being altered in some form, otherwise carrier-waves
would just sound like static. Carrier-wave radiation is
therefore encrypted with content/information via the
way it is modulated, imposing/altering some aspect of
a signal or waveform - such as frequency, amplitude,
shape, phase, and/or combinations of these - onto
the carrier-wave which can then be extracted (demo-
dulated) and used at the receiver-end within its
transmission or delivery range. This is what allows
one to see a picture on a screen or hear a voice over
a cell phone or radio. The problem is research shows
living cells can demodulate the signals too, i.e. act as
a ‘receiver’ and take information from modulation
not unlike a radio that demodulates signals to enable
listeners to hear voice or music (Silny 2007).
Modulation has become increasingly complex over
the decades. It has been argued that the modulation
process itself so alters the carrier-wave that only the
modulation characteristics really matter. Plus, modula-
tion of carrier-waves (in all its forms) often involves
extremely low frequency (ELF) components, especially
in today’s broadband applications (Panagopoulos
2019; Panagopoulos et al. 2021). But both modulation
and carrier-waves are biologically active as separate
entities and/or when combined, and thus both are
important biological factors in guidelines setting.

The long-debated question is whether the many
forms of modulation are more - or differently - biolo-
gically active than the carrier wave alone? And do they
act synergistically in ways that are greater than the sum
of their component parts? FCC/INCIRP exposure guide-
lines only take carrier waves into consideration and have
long been criticized for not considering modulation as
a separate entity with effects of its own.

It is generally believed that modulated RFR is more
biologically active than continuous-wave (CW) radia-
tion, i.e., the carrier-wave. To understand the biological
and possible hazardous health effects of RFR, it is there-
fore important to understand modulation effects. Below
we discuss what is known about modulation from the
research literature (mostly from 1990 to date) and exam-
ine the claim that modulation makes RFR more biologi-
cally significant. Studies of modulation effects are
predictably contradictory, but enough research exists
to indicate exposure guidelines that do not take modula-
tion into consideration are insufficient. This could be
especially true with 5G on the immediate horizon using
signaling characteristics — such as complex phasing,
beam steering, and ‘MassiveMimo’ (multiple-in, multi-
ple-out sourcing) - and frequency ranges (in high milli-
meter wave ranges) that have never been used before in
broad civilian-based communications. 5G requires
dense small-cell infrastructure mounted on utility poles
close to the population (Levitt et al. 2021a). There are
presumptions of safety under current exposure guide-
lines regarding 5G that are alarming many experts
(Blackman and Forge 2019; Hardell et al. 2021; Levitt
et al. 2021a). The majority of papers written on modula-
tion conclude that its role in guideline setting may be
underestimated.

Continuous-wave (CW) RFR causes effects without
modulation

The logical place to investigate the topic is an examination
of effects of CW-RFR without modulation. There is
research showing no significant biological effects of CW-
RFR (Table 1a) but there are also studies that reported
CW-RFR effects too (Table 1b). The reason why CW-
RFR produced effects in some studies but not others is
unknown. Both types of studies (with “effect” and “no
effect” outcomes) involved many different biological end-
points, exposure intensities, and duration of exposure -
with no discernible differences. A possible explanation is
that different tissue types respond differently to CW-RER.
But that just adds another level of inquiry. One of the most
puzzling observations is when CW caused an effect but
modulation did not (e.g., Kubinyi et al. 1996; Luukkonen
et al. 2009). In some studies, a modulated field produced an
effect that was not produced by CW. These observations
may indicate that the CW carrier-wave itself and modula-
tion act on different mechanisms.Studies on Effects of RFR
Modulation.(*CW and modulation produce different
effects; **Different modulations producedifferent effects:
**modulation produces effect, but not CW; # modulation
andCW have different potencies.)Study subjectWaveform
and exposure conditionsResults*Arber and Lin (1985)
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Table 1. (a and b) Studies on Effects of Continuous-Wave RFR.

Table 1a — CW caused no
effect

Bolshakov and Alekseev
(1992)

Campisi et al. (2010)

d’Ambrosio et al. (2002)

Dawe et al. (2008)

Franzellitti et al. (2010)

Hirose et al. (2006)

Hoyto et al. (2008)

Huber et al. (2002)
Lim et al. (2005)

Markkanen et al. (2004)
Nakamura et al. (2003)

O’Connor et al. (2010)
Platano et al. (2007)

Roux et al. (2011)
Sakuma et al. (2006)

Sakurai et al. (2011)
Salford et al. (1997)

Schwartz et al. (1990)

Schwartz and Mealing
(1993)

Sekijima et al. (2010)

Simko et al. (2006)

Somosy et al. (1991)
Somosy et al. (1993)

Speit et al. (2007)

Speit et al. (2013)
Takeda et al. (2010)

Thorlin et al. (2006)

Valbonesi et al. (2014)
Wang et al. (2005a)

Zeni et al. (2003)
Zmyslony et al. (2004)

Table 1b- (W caused effects
Detlavs et al. (1996)

Elekes et al. (1996)
Grasso et al. (2020)
Houston et al. (2018)
Luukkonen et al. (2009)
Marinelli et al. (2004)

Mazor et al. (2008)

Misa-Agustifio et al.
(2015)

Miyakoshi et al. (2005)

Pavicic and Trosic (2008)

Sagioglou et al. (2016)

Salford et al. (1994)
Shahin et al. (2013)

CW 900-MHz RFR (0.5 W/kg) did not affect bursting responses of Lymnea neurons.

Rat neocortex astrocytes ROS and DNA damage, CW at power density of 0.026 mW/cm?

1748-MHz CW RFR (15 min, ~5 W/kg) did not cause micronucleus formation in peripheral human blood.

Caenorhabditis elegans exposed to CW 1800-MHz RFR (2.5 h; 1.8 W/kg) did not show expression of Hsp16-1 heat shock gene.

CW 1800-MHz RFR (2 W/kg) did not cause DNA damage in human trophoblast HTR-8/SVneo cells.

Exposure of human glioblastoma A172 cells (24 or 48 h; 0.08 W/kg) or human IMR-90 fibroblasts (28 h; 0.08 W/kg) did not induce
p53-dependent apoptosis, DNA damage, or other stress response.

Human SH-SY5Y neuroblastoma and mouse L929 fibroblast cells exposed to 872-MHz RFR for 1 or 24 h at 5 W/kg showed no
oxidative effects.

CW 900-MHz RFR (30 min; 1 W/kg) did not affect sleep and wake EEG in human.

Exposure of human leukocytes to 900-MHz CW RFR (20 min; 1 or 4 h, 0.4, 2, 3.6 W/kg) did not affect expression of HSP70 and
HSP27.

CW 2450-MHz RFR (1 h, 0.4-3 W/kg) did not affect UV-induced apoptosis in yeast cells.

CW 915-MHz RFR exposure (90 min; 0.4 W/kg) did not affect blood estradiol and progesterone, on splenic natural killer cell activity,
on the uteroplacental circulation of pregnant rats.

CW 900-MHz RFR exposure (30 min; 0.012-2 W/kg) did not affect cellular Ca** signal in here types of cells.

CW 900-MHz RFR 1-3 periods of 90s; 2 W/kg) did not affect Ba*>* currents through voltage-gated calcium channels in rat cortical
neurons.

Exposure to CW 900-MHz RFR (10 min; 0.0026 or 0.073 W/kg) did not affect gene expression in human keratinocytes.

CW 2142.5-MHz RFR (2 and 20 h; 0.8 W/kg) produced no DNA strand breaks in human glioblastoma A172 cells and normal human
IMR-90 fibroblasts from fetal lungs.

CW 2450-MHz RFR (1, 4, 24 h; 1, 5, 10 W/kg) did not affect gene expression in human glial cells.

Rats inoculated with rat glioma cells and exposed to CW 915-MHz RFR(starting from day 5 after inoculation for 7 h/day; 5 days per
week for 2-3 weeks) did not affect tumor size.

CW 240 MHZ RFR did not affect calcium efflux from frog heart (30 min; 0.00015-0.003 W/kg)

CW 1000 MHz RFR (32 min; 0.0032 — 1.6 W/kg) did not affect calcium movement and contractile force of frog heart atrial strips.

Human A172 (glioblastoma), H4 (neuroglioma), and IMR-90 (fibroblasts from normal fetal lung) cells exposed to CW 2142.5 MHz
RFR (96 h; 0.08. 0.25, 0.8 W/kg) showed no significant changes in cell growth and viability, and gene expression.

Human Mono Mac 6 cells exposed to CW 1800-MHz RFR (60 min; 2 W/kg) did not show increase in free radicals and Hsp 70
expression.

CW 2450-MHz RFR (0.0024-2.4 W/kg) did not change cell surface free negative charges in mouse embryo 3T3 fibroblasts.

Exposure to CW 2450-MHz RFR (0.5 and 1 mW/cm?) did not affect pyroantimonate precipitable calcium content of mouse
intestinal epithelial cells.

Human fibroblasts (ES1 cells) exposed to CW1800-MHz RFR (1-24 h; 2 W/kg, intermittently). No effects on DNA damage,
micronucleus formation were observed. V79 Chinese hamster cells also showed no response.

Human HL-60 cells exposed to CW 1800-MHz RFR (24 h; 1.3 W/kg 5 min ON'10 min OFF) showed no genetic effects.

Human A172 (glioblastoma), H4 (neuroglioma), and IMR-90 (fibroblasts from normal fetal lung) exposed to CW 2142.5 MHz RFR
(up to 96 h; 0.08. 0.25, or 0.8 W/kg) showed no effects on cell proliferation and gene expression.

Rat astroglial (24 h; 27 W/kg) and microglial (8 h, 3 W/kg) exposed to CW 900-MHz RFR showed no effects on two pro-
inflammatory cytokines interleukin 6 (Il 6) and tumor necrosis factor-alpha (Tnfa) and morphology.

Exposure to CW1800 MHz RFR (4, 16, or 24 h; 2 W/kg) did not affect Hsp70 transcription in PC12 cells.

Exposure to CW 2450-MHz RFR (2 h; 5-200 W/kg) did not induce cancer-like changes or initiate malignant or synergistic
transformation in mouse C3H10T1/2 cells.

Human lymphocytes exposed to a CW 900-MHz RFR (6 min followed by a 3-h pause (14 on/off cycles); 1.6 W/kg) showed no effect
on micronucleus formation and proliferation index.

Rat lymphocytes exposed to CW 930-MHz RFR (5 or 10 min; 1.5 W/kg) did not show significant changes in free radicals, (But, RFR
acts synergistically with FeCl, to enhance free radical production).

Rat with dermal wounds exposed to CW 53.53 and 42.19 GHz RFR (30 min/day, first 5 days after wound infliction; 10 mW/cm?)
showed decreased inflammation exudation.

CW 2450 MHz RFR (3 h/day for 6 days; 0.14 W/kg) increased antibody producing cells in spleen of male mice.

CW 900-MHz RFR (20 min; 7 V/m) changed viability, apoptoic pathway, skeletal pathway in olfactory ensheathing cells.

CW 1800-MHz RFR (4 h; 0.15 or 1.5 W/kg) induced reactive oxygen species and oxidative DNA damage in mouse spermatozoa.

CW 872-MHz RFR (1 h; 5 W/kg) produced oxidative effects and DNA damage in human SH-SY5Y neuroblastoma cells.

CW 900-MHz RFR exposure (2-12 h; 0.001T W/kg) caused DNA damage and activation of apoptotic pathway in human
T-lymphoblastoid leukemia cells. Longer exposure (24-48 h) caused silencing of pro-apoptotic signals and activation of genes
involved in both intracellular and extracellular pro-survival signaling.

CW 800-MHz RFR exposure (72 h; 2.9 or 4.1 W/kg) increased aneuploidy in human lymphocytes.

Thymus of rat exposed to CW 2450-MHz RFR (30 min; mean thymus SAR 0.046-0.482 W/kg) showed changes in the endothelial
permeability and vascularization of the thymus, and is a tissue-modulating agent for Hsp90 and glucocorticoid receptors.

CW 1950-MHz RFR (1-2 h; 1, 2, 10 w/kg) inhibited phosphorylation of Hsp27 in MO54 human glioma cells

V79 Chinese hamster lung fibroblasts exposed to CW .864-MHz (0.08 W/kg) and 935-MHz (0.12 W/kg) RFR (1,2, or 3 h) showed
exposure time-dependent increases in growth rate.

Drosophila melanogaster exposed to CW 100, 395, 682, 900 MHz RFR (6 or 60 min on the 6th day or daily for the first 6 days of their
life; 0.0003-0.4 W/kg) showed increased apoptotic cell death.

Rats exposed to CW 915-MHz RFR (2 h; 0.016-5 W/kg) showed effects on blood-brain barrier.

Exposure to CW 2450-Mz RFR for 2 h/day for 45 days at 0.023 W/kg caused oxidative stress and affected implantation and
pregnancy in mice.

(Continued)
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Table 1. (Continued).

Table 1a — CW caused no
effect

Sukhotina et al. (2006)
kg
Sun et al. (2017)
Tattersall et al. (2001)
Testylier et al. (2002)
Tkalec et al. (2013)
Wang et al. (2005b)
expression of GABA receptors.
Xie et al. (2021)
and mitochondrial unfolded protein.
Yang et al. (2001)
apoptosis.

Hamster pineal exposed to CW 1800-MHz RFR (7 h; 0.008, 0.08, 0.8, or 2.7 W/kg) showed increased release of melatonin at 0.8 W/

Human HL-60 cells exposed to CW 900-MHz RFR at 120 uW/cm?, 4 h/day for 5 days induced mitochondrial oxidative DNA damage.
Exposure to 700-MHz CW RFR (5-15 min; 0.0016 and 0.0044 W/kg) affected excitability of rat hippocampal slices.

Exposure to CW 2450 MHz RFR (1 h; 6.52 W/kg) caused a decrease in acetylcholine release from the hippocampus of the rat.
Earthworms exposed to 900-MHz CW RFR for 2 h at 0.00013-0.00933 W/kg caused oxidative stress and DNA damage.

Rat cerebral cortical neurons exposed to CW 900-MHz RFR (12 h or 2 h/day for 6 days; 0.0015-0.003 W/kg) showed an increased

Mouse bone marrow stem cells exposed to CW 900 MHz RFR (4 h/day for 5 days; SAR 0.00025 W/kg) showed increased free radicals

Pig retinal ganglion cells exposed to CW 2450-MHz RFR (1 h; 30 mW/cm?) showed intracellular morphological changes and

Helex aspersa neuronal electrical activity2450-MHz CW
(12.9 W/kg) or noise-amplitude-modulated (20% AM at
2 Hz-20 KHz; 6.8-14.4 W/kg) RER for 60 minAt 21°C, CW
RFR inhibited spontaneous activity and reduced input
activity, whereas modulated field caused excitatory
responses by increasing membrane resistance.
**Bachmann et al. (2006)Changes in EEG rhythm energy
and dynamicsHuman subjects exposed to 7, 14, 21, 40, 70,
217, or 1000 Hz-modulated 450 MHz REFR at scalp power
density 0.16 mW/cm? (SAR 0.35 W/kg)Exposure caused
increases in EEG energy levels; more intense at higher
modulation frequencies and higher EEG rhythms.
**Barbault et al. (2009)Different types of tumors in
human patients27.12 MHz RFR amplitude modulated at
0.01 Hz to 150 KHz using an intrabuccal applicator;
60 min 3 times a day, SAR in head 0.0001-0.1 W/
kgBeneficial tumor-specific AM frequencies observed.
Behari et al. (1998)Na"~K"-ATPase in brainRats exposure
for 30-35 days (3 h/day; 6.11-9.65 W/kg) to 147-MHz and
sub-harmonics of 73.5 and 36.75 MHz amplitude-
modulated at 16 and 76 Hz.Increased Na*-K'-ATPase
activity was observed in both modulations independent
of carrier-wave frequency compared to sham-control. No
significant difference between the two types of modulation.
***Bolshakov and Alekseev (1992)Electrical activity of
Lymnea stagnalis neuronsNeurons exposed to a 900 MHz
RFR CW or pulse-modulated at rates ranging from 0.5 to
110 pps.Rapid, burst-like changes in the firing rate of
neurons occurred at a threshold of 0.5 W/kg with exposure
to the modulated field, not with CW. Effect was indepen-
dent of modulation frequency.***Campisi et al. (2010)Rat
neocortex astrocytes oxidative effectsAstrocytes exposed to
CW or amplitude-modulated at 50-Hz 900-MHz RFR for
20 min at power density of 0.026 mW/cm’Increased level
of reactive oxygen species and DNA fragmentation after
exposure to the modulated field, no effect with CW field.
**Croft et al. (2010)Resting alpha EEG in humans2G and

3G2G affected EEG in young adults, but no effect with 3G
exposure.**Czerska et al. (1992) Transformation of human
lymphocytesLymphocytes exposure to CW or pulsed (1 ps
pulses at pulse repetition rate of 100-1000 pps) 2450-MHz
RFR for 5 days; 12.3 W/kg.At 37°C, pulsed radiation
enhanced transformation, whereas CW did not.
**d”Ambrosio et al. (1995)Micronucleus formation in per-
ipheral human bloodBlood samples exposed to 9000 MHz
CW or 50-Hz amplitude modulated RFR, 10 min; 90 W/kg.
A significant increase in micronuclei was found following
AM REFR exposure, butnot with CW.**d’Ambrosio et al.
(2002)Micronucleus formation in peripheral human
bloodBlood samples exposed to 1748-MHz CW or phase
modulated fields for 15 min; ~ 5 W/kg.Phase-modulated,
but not CW, caused an increase in micronucleus.*
**Detlavs et al. (1996)Wound inflammation exudation in
ratsWounds exposed to CW 53.53 or 42.19 GHz or
42.19 GHz RFR with frequency modulation band 200-
MHz wide (30 min daily on the first 5 days after wound
infliction).CW exposure decreased whereas modulated
field exposure increased inflammatory exudation.
Modulated field elevated RNA level, CW was without
effect.*Diem et al. (2005)DNA damage in human fibro-
blasts and rat granulosa cellsCells exposed to 1800 MHz
RFR with amplitude-modulation at 217 Hz, or GSM-talk
mode, intermittent (5 min on/10 min off) or continuously,
for 4. 16, or 24 h; 1.2 or 2 W/kgDNA damage found after
16 h of

exposure. Intermittent showed a stronger effect than con-
tinuous exposure, modulations produced the same effect as
intermittent exposure**,***Dutta et al. (1994)Enolase in
E. coliEscherichia coli cultures containing a plasmid with
a mammalian gene for enolase were exposed for 30 min to
147-MHz carrier wave amplitude-modulated at 16 or
60 Hz, 0.05 W/kgModulation at 16 Hz increased and at
60 Hz decreased enolase activity. Exposure to 16- and 60-
Hz fields caused increase and decrease in activity,
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Table 2. Studies on Effects of RFR Modulation.(*CW and modulation produce different effects; **Different modulations producedif-
ferent effects: ***modulation produces effect, but not CW; # modulation andCW have different potencies.)

Study subject

Waveform and exposure
conditions

Results

*Arber and Lin
(1985)

**Bachmann
et al. (2006)

**Barbault et al.
(2009)

Behari et al.
(1998)

***Bolshakov
and Alekseev
(1992)

***Campisi et al.
(2010)

**Croft et al.
(2010)

***Czerska et al.
(1992)

***d’Ambrosio
et al. (1995)

***d’Ambrosio
et al. (2002)

* ***Detlavs
et al. (1996)

**Diem et al.
(2005)

** ¥**Dutta et al.
(1994)

#Elekes et al.
(1996)

Helex aspersa neuronal electrical activity

Changes in EEG rhythm energy and
dynamics

Different types of tumors in human
patients

Na*-K*-ATPase in brain

Electrical activity of Lymnea stagnalis
neurons

Rat neocortex astrocytes oxidative
effects

Resting alpha EEG in humans

Transformation of human lymphocytes

Micronucleus formation in peripheral
human blood
Micronucleus formation in peripheral

human blood

Wound inflammation exudation in rats

DNA damage in human fibroblasts and

rat granulosa cells

Enolase in E. coli

Antibody producing in spleen

2450-MHz CW (12.9 W/kg) or
noise-amplitude-modulated
(20% AM at 2 Hz-20 KHz; 6.8—
14.4 W/kg) RFR for 60 min

Human subjects exposed to 7,
14, 21, 40, 70, 217, or 1000 Hz-
modulated 450 MHz RFR at
scalp power density 0.16 mW/
cm? (SAR 0.35 W/kg)

27.12 MHz RFR amplitude
modulated at 0.01 Hz to
150 KHz using an intrabuccal
applicator; 60 min 3 times
a day, SAR in head 0.0001-
0.1 W/kg

Rats exposure for 30-35 days
(3 h/day; 6.11-9.65 W/kg) to
147-MHz and sub-harmonics
of 73.5 and 36.75 MHz
amplitude-modulated at 16
and 76 Hz.

Neurons exposed to a 900 MHz
RFR CW or pulse-modulated at
rates ranging from 0.5 to 110
pps.

Astrocytes exposed to CW or
amplitude-modulated at 50-
Hz 900-MHz RFR for 20 min at
power density of 0.026 mW/
cm?

2G and 3G

Lymphocytes exposure to CW or
pulsed (1 ps pulses at pulse
repetition rate of 100-1000
pps) 2450-MHz RFR for 5 days;
12.3 W/kg.

Blood samples exposed to
9000 MHz CW or 50-Hz
amplitude modulated RFR,

10 min; 90 W/kg.

Blood samples exposed to 1748-
MHz CW or phase modulated
fields for 15 min; ~ 5 W/kg.

Wounds exposed to CW 53.53 or
42.19 GHz or 42.19 GHz RFR
with frequency modulation
band 200-MHz wide (30 min
daily on the first 5 days after
wound infliction).

Cells exposed to 1800 MHz RFR
with amplitude-modulation at
217 Hz, or GSM-talk mode,
intermittent (5 min on/10 min
off) or continuously, for 4. 16,
or 24 h; 1.2 or 2 W/kg

Escherichia coli cultures
containing a plasmid with
a mammalian gene for
enolase were exposed for
30 min to 147-MHz carrier
wave amplitude-modulated at
16 or 60 Hz, 0.05 W/kg

Mice exposed to 2450 MHz RFR
(CW or amplitude modulated
with 50- Hz square-wave (3 h/
day for 6 days; 0.14 W/kg).

At 21°C, CW RFR inhibited spontaneous activity and
reduced input activity, whereas modulated field
caused excitatory responses by increasing membrane
resistance.

Exposure caused increases in EEG energy levels; more
intense at higher modulation frequencies and higher
EEG rhythms.

Beneficial tumor-specific AM frequencies observed.

Increased Na*-K*-ATPase activity was observed in both
modulations independent of carrier-wave frequency
compared to sham-control. No significant difference
between the two types of modulation.

Rapid, burst-like changes in the firing rate of neurons
occurred at a threshold of 0.5 W/kg with exposure to
the modulated field, not with CW. Effect was
independent of modulation frequency.

Increased level of reactive oxygen species and DNA
fragmentation after exposure to the modulated field,
no effect with CW field.

2G affected EEG in young adults, but no effect with 3G
exposure.

At 37°C, pulsed radiation enhanced transformation,
whereas CW did not.

A significant increase in micronuclei was found following
AM RFR exposure, butnot with CW.

Phase-modulated, but not CW, caused an increase in
micronucleus.

CW exposure decreased whereas modulated field
exposure increased inflammatory exudation.
Modulated field elevated RNA level, CW was without
effect.

DNA damage found after 16 h of
exposure. Intermittent showed a stronger effect than
continuous exposure, modulations produced the same
effect as intermittent exposure.

Modulation at 16 Hz increased and at 60 Hz decreased
enolase activity. Exposure to 16- and 60-Hz fields
caused increase and decrease in activity, respectively.
Sham and CW 147-MHz RFR (at 0.5 W/kg) had no
significant effect on enolase activity.

AM field more potent than CW field. Increased antibody
producing cells in male mice only. No effect observed
in female mice.

(Continued)
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Table 2. (Continued).

Study subject

Waveform and exposure
conditions

Results

***Franzellitti
et al. (2010)

DNA damage in human trophoblast
HTR-8/SVneo cells

***Gapeyev et al.
(2014)

Mouse leukocytes H,0, production and
DNA damage

*Grasso et al. Cytoskeleton proteins in olfactory

(2020) ensheathing cells
**Gulati et al. DNA damage in human lymphocytes
(2020)

*#Halgamuge
et al. (2015)

Growth of soybean seedlings

**Hinrikus et al.
(2008)

EEG rhythms

***Hoyto et al.  Oxidative stress and cell death

(2008)

***Huber et al.
(2002)

Sleep and waking EEG in humans

**Huber et al. Regional cerebral blood flow

(2005)

**Hung et al. EEG-determined sleep onset
(2007)

*Kubinyi et al. Aminoacyl-tRNA synthetase in brain and
(1996) liver

**Kumar et al.
(2021)

Epigenetic modulation in the
hippocampus of Wistar rats

**Kunjilwar and
Behari (1993)

AChE activity in brain

Cells were exposed to CW, GSM-
217, or GSM-talk (5 min On/
10 min off) 1800 -MHz RFR;

2 W/kg.

Cells exposed to 42.2 GHz RFR;
0.1 mW/cm?, 1 Hz modulation
frequency; 20 min).

Cells exposed to 900-MHz CW or
50-Hz sinusoidal amplitude-
modulated fields (10, 15, or
20 min; 7 V/m (0.013 mW/
cm?).

Cells exposed to UMTS signals at
different frequency channels
used by 3 G mobile phone
(1923, 1947.47, and 1977 MHz)
for 1 or 3 h; 0.04 W/kg.

Seedlings exposed to GSM-900
(2.6-4.8 x 10" mW/kg) or CW
900 MHz RFR for 2 h; 0.39-

2 mW/kg.

Human subjects exposed to 450-
MHz RFR pulse-modulated at
7,14, and 21 Hz scalp power
density 016 mW/cm?

(0.303 W/kg).

Human SH-SY5Y neuroblastoma
and mouse L929 fibroblast
cells exposed to 872-MHz RFR
either CW or GSM signal-
modulated (1 or 24 h; 5 W/kg)

Pulsed modulated 900 MHz RFR
(at 2, 8, 217, 1736 Hz) for
30 min at spatial peak SAR of
1 W/kg; and CW 900 MHz RFR

Human subjects exposed
unilaterally to 900-MHz
(30 min; 1 W/kg) “base-station
-like” or “hand-set-like”
signals. The latter has stronger
low-frequency components.

Human subjects exposed to GSM
900 signals modulated at 2, 8,
or 217 Hz (“talk”, “listen”, and
“standby” modes) and sham-
exposure for 30 min.

Mice exposed in utero (100 min
per day during 19 days of
gestation) to CW or AM (50 Hz
rectangular wave, 50%/50%
On-Off ratio) 2450-MHz;

4.23 W/kg.

Rats exposed to 900-MHz, 1800-
MHz, and 2450-MHz RFR for
2 h per day for 1-month,
3-month, and 6-month
periods; 5.84 x 10~* W/kg,
5.94 x 10~* W/kg, and
6.4 x 10~ W/kg, respectively.

Male rats exposed to 147, 73.5
and 36.75 MHz RFR amplitude
modulated at 16 and 76 Hz
(3 h/day for 30-35 days; 0.1-
0.14 W/kg).

Increased DNA damage was observed with modulated
field exposure, but not with CW field.

Modulated field increased H,0, production; reduced
X-ray-induced DNA damage.

CW and amplitude-modulated fields produce different
patterns of responses on viability and apoptotic
pathways and cell markers.

DNA damage found only in cells exposed to 1977-MHz
field.

Epicotyl outgrowth
reduced more by modulated radiation than CW, and
hypocotyl outgrowth only reduced by CW at low
intensity.

RFR exposure modulated at 14 and 21 Hz enhanced the
EEG power in the alpha and beta frequency bands,
whereas no enhancement occurred at 7-Hz
modulation frequency.

Drug-induced lipid peroxidation and caspase 3 increased
with the modulated field and not with CW.

Pulsed-modulated field induced changes in sleep and
waking EEG; no significant effect with CW field.

Increased blood flow was observed in ipsilateral
dosolateral prefrontal cortex only after “hand-set-like”
signal exposure.

Post-exposure, sleep latency after talk mode exposure
was markedly and significantly delayed beyond listen
and sham modes. Different modulation frequencies
may differentially affect sleep onset.

At postnatal day 24, Aminoacyl-tRNA synthetase was
decreased in the brain after CW exposure whereas no
effect was seen with AM RFR exposure. Aminoacyl-
tRNA synthetase acivity increased in liver for both
types of RFR.

Significant epigenetic modulations were observed in the
hippocampus; larger changes with increasing
frequency and exposure duration.

Decrease in AChE activity observed in all conditions
independent of carrier frequency. Effect slightly higher
in 16 Hz than 76 Hz modulation.

(Continued)
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Waveform and exposure

Study subject conditions

Results

**Lerchl et al.
(2008)

***Lin (2021)
**Lin et al.
(2013)

***|ju et al.
(2021)

*Lépez-Martin
et al. (2009)

*** uukkonen
et al. (2009)

***Markkanen
et al. (2004)

**Markova et al.
(2005)

**Mohammed
et al. (2013)

Nikolova et al.
(2005)

**Nylund and
Leszczynski
(2006), (2010))

**QOzqgur et al.
(2014)

**Panagopoulos
and Margaritis
(2010)

#Panagopoulos
et al. (2004)

#Penafiel et al.
(1997)

#Persson et al.
(1997)

Body weight Adult male Djungarian hamsters
(Phodopus sungorus) were
exposed 24 h/day for 60 days
to RFR at 383, 900, and
1800 MHz, modulated
according to the TETRA
(383 MHz) and GSM standards
(900 and 1800 MHz),
respectively; 0.08 W/kg.

Microwave auditory effect

Pain relief effect Rat dorsal root ganglia exposed
using a bi-polar electrode to
500-KHz RFR with 25 msec
pulse duration, 2.5/1.25 V
amplitude, 5 min.

Mice exposed for 9 days to 2400-
MHz RFR modulated by 100-
Hz square pulses (1/8 duty
cycle).

Pulse-modulated GSM and
unmodulated signals; 2 h;
mean SAR in brain 0.03-

0.26 W/kg.

Cells exposed to CW or GSM-
modulated (217 Hz) 872-MHz
RFR for 1 h; 5 W/kg.

Yeast cells exposed to 900 or
872 MHz RFR (CW or pulse
modulated at 217 Hz,

0.577 ms) (1 h; 0.4 or 3.0 W/
kg).

905 and 915 MHz GSM900
mobile phone signals (577 ps
pulses, inter-pulse waiting
time of 4039 ps), for 1 h;
0.037 W/kg.

Rats exposed to 900-MHz RFR
(CW or modulated at 8 or
16 Hz) for 1 h/day for 1 month
(peak SAR 0.245 W/kg).

Cells exposed to 1710-MHz GSM
signal (217 Hz rectangular
pulses; width 0.576 ms) (5 min
on/30 min off) for 6 or 48 h;
1.5 W/kg.

900 MHz and 1800 MHz GSM
signals for 1 h; 2.8 and 2 W/kg,
respectively.

Cells exposed to 1,2, 3, 0r4 h
(15 min on/15 min off) to 900-
or 1800-MHz RFR; 2 W/kg.

Drosophilia exposed to GSM 900
or DCS 1800 MHz signals for
1-21 min at 10 uW/cm?.

Wakefulness in mouse

c-Fos expression in brain of picotoxin-
induced seizure-prone rats

Human SH-SY5Y neuroblastoma cells;
DNA damage and oxidative effects

Apoptosis in mutant yeast cells

Human lymphocyte chromatin
conformation and Y-H2AX foci

Latency of REM sleep in rats

Apoptosis-related gene transcription
and DNA damage in embryonic stem
cell-derived neural progenitor cells.

Proteome response in two types of
human primary brain microvascular
endothelial cells

Proliferation of human
hepatocarcinoma cells

Reproductive capacity of Drosophila
melanogaster

Drosophilia exposed to GSM 900
phone modulated by human
voice (0.436 mw/cm?) or
unmodulated (0.041 mW/cm?)
for 6 min per day during the
first 2-5 days of their adult
lives.

Ornithine decarboxylase activity in L929 1929 murine cells exposed to
cells 835-MHz RFR (up to 24 h;

2.5 W/kg) with different types
of amplitude modulation.

Rats exposed to 915-MHz RFR
pulse modulated (217 Hz or
50 Hz) or CW for 2 to 960 min.

Reproductive capacity of Drosophila
melanogaster

Blood-brain barrier in rats

At 383 MHz, exposure resulted in a significant transient
increase in body weight, while at 900 MHz body
weight increase was more pronounced and not
transient. At 1800 MHz, no effect on body weight was
seen.

Caused by pulsed but not CW RFR
Sinusoidal wave has higher responses than square wave.

Increased time of wakefulness with decreased times of
non-rapid and rapid eye movement.

GSM-modulated and unmodulated signals produced
different responses in different regions of the brain.

CW increased DNA damage and reactive oxygen species
in cells treated with menadione. Modulated field had
no significant effect.

Amplitude-modulated RFR enhanced UV-induced
apoptosis. No effect from CW field exposure.

Effects observed were carrier-frequency dependent.

Latency of REM sleep increased in rats exposed to field
with 16-Hz modulation.

Increase in DNA damage after 6 h, but not 48 h, exposure.
48 h exposure affected gene expression.

900 MHz RFR affected protein expression but not with
1800 MHz exposure; the two cell lines responded
differently to the 900 MHz RFR.

1,800-MHz RFR had a larger impact on cell viability and
cell injury than 900-MHz. Four hour exposure produced
more pronounced effect.

Reproductive capacity decreased almost linearly with
increasing exposure duration to both GSM 900 and
DCS 1800 radiation. GSM 900 MHz radiation is slightly
more bioactive than DCS 1800 MHz radiation.

Decrease in reproductive capacity in both male and
female flies observed; unmodulated field was less
effective compared to sham-exposure.

Effects are much more robust when the modulation
causes low-frequency periodic changes in the
amplitude of the carrier wave. CW is less effective.

RFR caused pathological changes in the blood-brain
barrier. (Effect showed at >1.5 J/kg). CW is more
potent.

(Continued)
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Table 2. (Continued).

Waveform and exposure

Study subject conditions Results
*Philippova et al. Cell receptor binding CW or rectangular wave CW (1 W/kg) affected binding depending on the ligand
(1994) modulated (1, 6, 16, 32, 75, or and cell type studies; effect not dependent on
100 pps) (15 min; 0.5-18 W/ modulation.
kg).
**Phillips et al. ~ DNA strand breaks Human Molt-4 cells exposed to  Increase or decrease in DNA strand breaks occurred
(1998) pulsed iDEN (813.5625 MHz, depending on intensity of exposure and the type of

2.4 or 24 pyW/kg) or TDMA
(836.55 MHz, 2.6 or 26 uW/kg)

for 2 or 21 h.
*Poque et al. RAS/MAPK activation in HuH7 human  Cells exposed to 1800-MHz CW
(2020) hepatocellular carcinoma cells or GSM-modulated signals

(24 h; 2 Wkg).

#Sagioglou et al. Apoptosis in Drosophila melanogaster  D. melanogaster exposed to
(2016) frequency modulated (50 kHz

FM) or CW 100, 395, 682,
900 MHz RFR (6 or 60 min on
the 6™ day or daily for the first
6 days of their life; 0.0003-0.4
W/kg) showed increased
apoptotic cell death.

#Salford et al. Blood-brain barrier Rats exposed to CW or pulse-
(1994) modulated (8, 16, 50, and
200 per sec) 915-MHz RFR (2 h;
0.16-5 W/kg).
**Sarimov et al.  Chromatin conformation in human Cells exposed to GSM900 signals
(2004) lymphocytes (577 ps pulses, 4039 ps

between pulses) at 895, 900,
905, 910, and 915 MHz for 0.5—
1 h; 0.0054 W/kg.

**Schmid et al.  EEG power during sleep in the spindle  Human subjects exposed to

(2012) frequency range (approximately 11— 900 MHz RFR modulated at 14
15 Hz) or 217 Hz for 30 min; 2 W/kg.
**Schneider and  Social memory performance in rats Rats exposed to 900 MHz GSM or
Stangassinger 1966 MHz UMTS RFR;
(2014) 6 months; 0.4 W/kg.
** *¥*Schwartz ~ Calcium efflux from frog heart Frog hearts exposed to 240-MHZ
et al. (1990) RFR CW or sinusoidally

modulated at 0.5 or 16 Hz
(30 min; 0.00015-0.003 W/kg).

**Seaman and Inter-beat intervals of aggregated 19 sec exposure to 2450-MHz
DeHaan cardiac cells from chicken embryos RFR at CW, pulsed modulated
(1993) (duty cycle ~ 11%), or square-

wave modulation (duty cycle
50%); 1.2-86.9 W/kg.
Semin et al. Secondary structure of DNA DNA exposed to RFR (4- to 8 GHz,
(1995) 25 ms pulses, 0.4 to 0.7 mW/
cm? peak power, 1- to 6-Hz
repetition rate).

Sirav and Seyhan Blood brain barrier in rats Rats exposed to CW 900 MHz
(2011) (CW (0.00426 W/kg) or 1800 MHz
effect) (0.00146 W/kg) for 20 min.

**Sirav and Blood brain barrier in rats Rats exposed to 900- and 1800-
Seyhan (2016) MHz RFR (20 min; 0.02 W/kg)

pulse modulated at 217 Hz,
577 ps.

* #Somosy et al. Morphological cell changes in mouse  Fibroblasts exposed to 2450-MHz

(1991) embryo 33T3 fibroblasts CW or 16-Hz square-wave
modulated RFR (0.0024-2.4
W/kg)

***Somosy et al. Pyroantimonate precipitable calcium 16-Hz square-wave modulated
(1993) content of mouse intestinal epithelial 2450-MHz RFR (0.5 and 1 mW/

cells cm?).

*Sukhotina et al. Secretion of melatonin from pineal Hamster pineal exposed to CW or
(2006) glands GSM modulated 1800-MHz

RFR (7 h; 0.008, 0.08, 0.8.
2.7 W/kg).

modulation.

Modulated signal decreased phorbol-12-myristate-13-
acetate maximal efficacy to activate RAS- and ERK-
kinase activation. CW only decreased efficacy to
activate ERK, but not RAS.

Apoptotic cell death was observed in all conditions, FM
signal has a stronger effect than CW.

Significant increase in blood-brain barrier observed for
both types of radiation.

RFR effects differ at various GSM frequencies and vary
between donors.

EEG power during sleep in the spindle frequency range
was increased during non-rapid eye movement sleep
following the 14-Hz pulse-modulated condition. No
significant effect was found following exposure to 217-
Hz modulated field.

At 6 months, male rats exposed to GSM, but not UMTS
signal, showed a memory deficit; no significant effect
on female rats.

Movement of calcium affected only with 16-Hz
modulation at 0.003 and 0.00015 W/kg. No effect with
CW and 0.5 Hz modulation.

Decrease and increase in inter-beat intervals were
observed. SAR, modulation, and the modulation-SAR
interaction were all significant factors in altering the
inter-beat interval. Some effects were probably
nonthermal.

Irradiation at 3 or 4 Hz and 0.6 mW/cm2 peak power
increased the accumulated damage to the DNA
secondary structure; changing the pulse repetition rate
to 1,5, 6 Hz, as well as changing the peak power to 0.4
or 0.7 mW/cm? produced no effect.

Increased blood-brain barrier permeability in male rats
for both frequencies; no significant effect on female
rats.

Both types of RFR increased blood-brain barrier
permeability in male rats, 1800-MHz was more potent.
In female rats, only the 900-MHz field caused an effect.

Modulated field more potent than CW in some effects.
Some effects of modulated field not observed in CW
exposure.

Rapid distribution of pyroantimonate precipitable
calcium content was observed. No effect with CW
exposure.

Increase in melatonin release observed for both fields at
0.8 W/kg; AT 2.7 W/kg, melatonin levels were elevated
in the CW, but suppressed in the GSM exposure. (There
was a 1.2°C increase in temperature.)

(Continued)
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Study subject

Waveform and exposure
conditions

Results

**Tkalec et al.
(2005)

**Tkalec et al.
(2007)
**Tkalec et al.

(2009)

#Tkalec et al.
(2013)

#Trillo et al.
(2021)
*#x *x%\albonesi

et al. (2014)

**\leyret et al.
(1991)

*Vili¢ et al.
(2017)

Growth of duckweed (Lemna minor L)

Oxidative stress in duckweed (Lemna

minor L)

Mitotic aberrations in root meristematic

cells of Allium cepa

Earthworm (Eisenia fetida) DNA damage

and oxidative effects

Neonatal human fibroblast Hsp47 and

Hsp27 expression, and cell
proliferation

Heat shock protein-70 expression in rat

PC-12 cells

Antibody production

Oxidative effects and DNA damage in

honey bee (Apis mellifera) larvae

Plants exposed to 400, 900, or
1900 MHz electric field (CW or
80% AM at 1 kHz sinusoidal)
(2-14 h; 10-390 V/m).

Plants exposed to 400 and
900 MHz (CW or modulated)
(2-4 h; 10-120 V/m).

Seeds were exposed for 2 h to
400- or 900-MHz RFR at 0.03,
0.14, 4.2, or 38.2 mW/cm?, or
80% AM 1 KHz-modulated.

Earthworms exposed to CW or
modulated (80% AM at 1 kHz
sinusoidal) 900-MHz RFR for
2 h; 0.00035 W/kg.

Fibroblasts exposed to 448-KHz
CW or 20-KHz AM 448-KHz
carrier wave, 4 h; 100 pA/mmz.

Cells exposed to 1800-MHz CW,
GSM217Hz and GSM-talk
signals for 4, 16, or 24 h; 2 W/
kg.

Mice exposed to pulsed
9400 MHz (1 ms pulses, 1000/
s) RFR with or without AM by
a sinusoidal frequency
between 14 and 41 MHz; 10 h/
day for 5 days, ~0.015 W/kg.

Honey bee larvae were exposed
to 900-MHz at different field
levels for 2 h.

Effect (decreased growth) depended on frequency,
duration and strength of exposure, and modulation.

Effect depended on frequency, duration and strength of
exposure, and modulation.

The observed effects were markedly dependent on the
field frequencies applied as well as on field strength
and modulation.

CW and modulated fields produced similar oxidative
effects and DNA damage. Modulation is more potent.

Both signals equivalently increased Hsp47 expression; AM
signal more efficient in inducing Hsp27 and promoting
cell proliferation.

Exposure to the GSM-217 Hz signal for 16 or 24 h
increased HSP70 transcription, whereas no effect was
observed in cells exposed to the CW or GSM-Talk
signals.

Pulsed field alone produced little effect; AM caused
a frequency-dependent augmentation or weakening of
immune responses.

Catalase activity and the lipid peroxidation level
decreased after exposure to unmodulated field at
0.027 mW/cm?. DNA damage increased after exposure

to modulated (80% AM 1 kHz sinusoidal) field at
0.14 mW/cm?. Modulated RFR produced higher effects
than the corresponding unmodulated field.

respectively. Sham and CW 147-MHz RFR (at 0.5 W/kg)
had no significant effect on enolase activity.#Elekes et al.
(1996)Antibody producing in spleenMice exposed to
2450 MHz RFR (CW or amplitude modulated with 50-
Hz square-wave (3 h/day for 6 days; 0.14 W/kg).AM field
more potent than CW field. Increased antibody producing
cells in male mice only. No effect observed in female mice.
“*Franzellitti et al. (2010)DNA damage in human tropho-
blast HTR-8/SVneo cellsCells were exposed to CW, GSM-
217, or GSM-talk (5 min On/10 min off) 1800 -MHz RFR;
2 W/kg.Increased DNA damage was observed with modu-
lated field exposure, but not with CW field.***Gapeyev
et al. (2014)Mouse leukocytes H,0, production and
DNA damageCells exposed to 42.2 GHz RFR; 0.1 mW/
cm?, 1 Hz modulation frequency; 20 min).Modulated field
increased H,O, production; reduced X-ray-induced DNA
damage.*Grasso et al. (2020)Cytoskeleton proteins in olfac-
tory ensheathing cellsCells exposed to 900-MHz CW or 50-
Hz sinusoidal amplitude-modulated fields (10, 15, or
20 min; 7 V/m (0.013 mW/cm?)).CW and amplitude-
modulated fields produce different patterns of responses
on viability and apoptotic pathways and cell markers.
**Gulati et al. (2020)DNA damage in human
lymphocytesCells exposed to UMTS signals at different

frequency channels used by 3 G mobile phone (1923,
194747, and 1977 MHz) for 1 or 3 h; 0.04 W/kg.DNA
damage found only in cells exposed to 1977-MHz field.
*#Halgamuge et al. (2015)Growth of soybean
seedlingsSeedlings exposed to GSM-900 (2.6-4.8 x 10*
mW/kg) or CW 900 MHz RFR for 2 h; 0.39-2 mW/kg.
Epicotyl outgrowth

reduced more by modulated radiation than CW, and hypo-
cotyl outgrowth only reduced by CW at low intensity.
**Hinrikus et al. (2008)EEG rhythmsHuman subjects
exposed to 450-MHz RFR pulse-modulated at 7, 14, and
21 Hz scalp power density 016 mW/cm” (0.303 W/kg).RFR
exposure modulated at 14 and 21 Hz enhanced the EEG
power in the alpha and beta frequency bands, whereas no
enhancement occurred at 7-Hz modulation frequency.
**Hoytdo et al. (2008)Oxidative stress and cell
deathHuman SH-SY5Y neuroblastoma and mouse 1929
fibroblast cells exposed to 872-MHz RFR either CW or
GSM signal-modulated (1 or 24 h; 5 W/kg)Drug-induced
lipid peroxidation and caspase 3 increased with the modu-
lated field and not with CW.**Huber et al. (2002)Sleep
and waking EEG in humansPulsed modulated 900 MHz
RFR (at 2, 8, 217, 1736 Hz) for 30 min at spatial peak SAR
of 1 W/kg; and CW 900 MHz RFRPulsed-modulated field



242 (&) H.LAIAND B.B. LEVITT

induced changes in sleep and waking EEG; no significant
effect with CW field.**Huber et al. (2005)Regional cerebral
blood flowHuman subjects exposed unilaterally to 900-
MHz (30 min; 1 W/kg) “base-station-like” or “hand-set-
like” signals. The latter has stronger low-frequency compo-
nents.Increased blood flow was observed in ipsilateral
dosolateral prefrontal cortex only after “hand-set-like” sig-
nal exposure.**Hung et al. (2007)EEG-determined sleep
onsetHuman subjects exposed to GSM 900 signals modu-
lated at 2, 8, or 217 Hz (“talk”, “listen”, and “standby”
modes) and sham-exposure for 30 min.Post-exposure,
sleep latency after talk mode exposure was markedly and
significantly delayed beyond listen and sham modes.
Different modulation frequencies may differentially affect
sleep onset.*Kubinyi et al. (1996)Aminoacyl-tRNA synthe-
tase in brain and liverMice exposed in utero (100 min
per day during 19 days of gestation) to CW or AM
(50 Hz rectangular wave, 50%/50% On-Oft ratio) 2450-
MHz; 4.23 W/kg.At postnatal day 24, Aminoacyl-tRNA
synthetase was decreased in the brain after CW exposure
whereas no effect was seen with AM RFR exposure.
Aminoacyl-tRNA synthetase acivity increased in liver for
both types of RFER*Kumar et al. (2021)Epigenetic mod-
ulation in the hippocampus of Wistar ratsRats exposed to
900-MHz, 1800-MHz, and 2450-MHz RER for 2 h per day
for 1-month, 3-month, and 6-month periods; 5.84 x 1074
W/kg, 5.94 x 10~* W/kg, and 6.4 x 10~* W/kg, respectively.
Significant epigenetic modulations were observed in the
hippocampus; larger changes with increasing frequency
and exposure duration.**Kunjilwar and Behari (1993)
AChE activity in brainMale rats exposed to 147, 73.5 and
36.75 MHz RFR amplitude modulated at 16 and 76 Hz
(3 h/day for 30-35 days; 0.1-0.14 W/kg).Decrease in AChE
activity observed in all conditions independent of carrier
frequency. Effect slightly higher in 16 Hz than 76 Hz
modulation.**Lerchl et al. (2008)Body weightAdult male
Djungarian hamsters (Phodopus sungorus) were exposed
24 h/day for 60 days to RFR at 383, 900, and 1800 MHz,
modulated according to the TETRA (383 MHz) and GSM
standards (900 and 1800 MHz), respectively; 0.08 W/kg. At
383 MHz, exposure resulted in a significant transient
increase in body weight, while at 900 MHz body weight
increase was more pronounced and not transient. At
1800 MHz, no effect on body weight was seen.***Lin
(2021)Microwave auditory effectCaused by pulsed but
not CW RFR**Lin et al. (2013)Pain relief effectRat dorsal
root ganglia exposed using a bi-polar electrode to 500-KHz
RFR with 25 msec pulse duration, 2.5/1.25 V amplitude,
5 min.Sinusoidal wave has higher responses than square
wave.**Liu et al. (2021)Wakefulness in mouseMice
exposed for 9 days to 2400-MHz RFR modulated by 100-
Hz square pulses (1/8 duty cycle).Increased time of wake-
fulness with decreased times of non-rapid and rapid eye

movement.*Lépez-Martin et al. (2009)c-Fos expression in
brain of picotoxin-induced seizure-prone ratsPulse-
modulated GSM and unmodulated signals; 2 h; mean
SAR in brain 0.03-0.26 W/kg.GSM-modulated and unmo-
dulated signals produced different responses in different
regions of the brain.***Luukkonen et al. (2009)Human SH-
SY5Y neuroblastoma cells; DNA damage and oxidative
effectsCells exposed to CW or GSM-modulated (217 Hz)
872-MHz RFR for 1 h; 5 W/kg.CW increased DNA
damage and reactive oxygen species in cells treated with
menadione. Modulated field had no significant effect.
***Markkanen et al. (2004)Apoptosis in mutant yeast
cellsYeast cells exposed to 900 or 872 MHz RFR (CW or
pulse modulated at 217 Hz, 0.577 ms) (1 h; 0.4 or 3.0 W/
kg). Amplitude-modulated RFR enhanced UV-induced
apoptosis. No effect from CW field exposure.**Markova
et al. (2005)Human lymphocyte chromatin conformation
and Y-H2AX foci905 and 915 MHz GSM900 mobile
phone signals (577 ps pulses, inter-pulse waiting time of
4039 ps), for 1 h; 0.037 W/kg.Effects observed were carrier-
frequency dependent.**Mohammed et al. (2013)Latency of
REM sleep in ratsRats exposed to 900-MHz RFR (CW or
modulated at 8 or 16 Hz) for 1 h/day for 1 month (peak
SAR 0.245 W/kg).Latency of REM sleep increased in rats
exposed to field with 16-Hz modulation.Nikolova et al.
(2005)Apoptosis-related gene transcription and DNA
damage in embryonic stem cell-derived neural progenitor
cells.Cells exposed to 1710-MHz GSM signal (217 Hz rec-
tangular pulses; width 0.576 ms) (5 min on/30 min off) for
6 or 48 h; 1.5 W/kg.Increase in DNA damage after 6 h, but
not 48 h, exposure. 48 h exposure affected gene expression.
**Nylund and Leszczynski (2006), (2010))Proteome
response in two types of human primary brain microvas-
cular endothelial cells900 MHz and 1800 MHz GSM sig-
nals for 1 h; 2.8 and 2 W/kg, respectively.900 MHz RFR
affected protein expression but not with 1800 MHz expo-
sure; the two cell lines responded differently to the
900 MHz RFR.**Ozgur et al. (2014)Proliferation of
human hepatocarcinoma cellsCells exposed to 1, 2, 3, or
4 h (15 min on/15 min off) to 900- or 1800-MHz RFR;
2 W/kg.1,800-MHz RFR had a larger impact on cell viabi-
lity and cell injury than 900-MHz. Four hour exposure
produced more pronounced effect.**Panagopoulos and
Margaritis (2010)Reproductive capacity of Drosophila
melanogasterDrosophilia exposed to GSM 900 or DCS
1800 MHz signals for 1-21 min at 10 pW/cm?
Reproductive capacity decreased almost linearly with
increasing exposure duration to both GSM 900 and DCS
1800 radiation. GSM 900 MHz radiation is slightly more
bioactive than DCS 1800 MHz radiation.#Panagopoulos
et al. (2004)Reproductive capacity of Drosophila
melanogasterDrosophilia exposed to GSM 900 phone
modulated by human voice (0.436 mw/cm®) or



unmodulated (0.041 mW/cm?) for 6 min per day during
the first 2-5 days of their adult lives.Decrease in reproduc-
tive capacity in both male and female flies observed; unmo-
dulated field was less effective compared to sham-exposure.
#Penafiel et al. (1997)Ornithine decarboxylase activity in
1929 cellsL.929 murine cells exposed to 835-MHz RFR (up
to 24 h; 2.5 W/kg) with different types of amplitude mod-
ulation.Effects are much more robust when the modulation
causes low-frequency periodic changes in the amplitude of
the carrier wave. CW is less effective.#Persson et al. (1997)
Blood-brain barrier in ratsRats exposed to 915-MHz RFR
pulse modulated (217 Hz or 50 Hz) or CW for 2 to
960 min.RFR caused pathological changes in the blood-
brain barrier. (Effect showed at >1.5 J/kg). CW is more
potent.*Philippova et al. (1994)Cell receptor bindingCW
or rectangular wave modulated (1, 6, 16, 32, 75, or 100 pps)
(15 min; 0.5-18 W/kg).CW (1 W/kg) affected binding
depending on the ligand and cell type studies; effect not
dependent on modulation.**Phillips et al. (1998)DNA
strand breaksHuman Molt-4 cells exposed to pulsed
iDEN (813.5625 MHz, 2.4 or 24 pW/kg) or TDMA
(836.55 MHz, 2.6 or 26 uW/kg) for 2 or 21 h.Increase or
decrease in DNA strand breaks occurred depending on
intensity of exposure and the type of modulation.*Poque
et al. (2020)RAS/MAPK activation in HuH7 human hepa-
tocellular carcinoma cellsCells exposed to 1800-MHz CW
or GSM-modulated signals (24 h; 2 W/kg).Modulated sig-
nal decreased phorbol-12-myristate-13-acetate maximal
efficacy to activate RAS- and ERK-kinase activation. CW
only decreased efficacy to activate ERK, but not RAS.
#Sagioglou et al. (2016)Apoptosis in Drosophila
melanogasterD. melanogaster exposed to frequency modu-
lated (50 kHz FM) or CW 100, 395, 682, 900 MHz RFR (6
or 60 min on the 6™ day or daily for the first 6 days of their
life; 0.0003-0.4 W/kg) showed increased apoptotic cell
death.Apoptotic cell death was observed in all conditions,
FM signal has a stronger effect than CW.#Salford et al.
(1994)Blood-brain barrierRats exposed to CW or pulse-
modulated (8, 16, 50, and 200 per sec) 915-MHz RER (2 h;
0.16-5 W/kg).Significant increase in blood-brain barrier
observed for both types of radiation.**Sarimov et al. (2004)
Chromatin conformation in human lymphocytesCells
exposed to GSM900 signals (577 ps pulses, 4039 ps between
pulses) at 895, 900, 905, 910, and 915 MHz for 0.5-1 h;
0.0054 W/kg.RER effects differ at various GSM frequencies
and vary between donors.**Schmid et al. (2012)EEG power
during sleep in the spindle frequency range (approximately
11-15 Hz)Human subjects exposed to 900 MHz RFR
modulated at 14 or 217 Hz for 30 min; 2 W/kg.EEG
power during sleep in the spindle frequency range was
increased during non-rapid eye movement sleep following
the 14-Hz pulse-modulated condition. No significant effect
was found following exposure to 217-Hz modulated field.
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**Schneider and Stangassinger (2014)Social memory per-
formance in ratsRats exposed to 900 MHz GSM or
1966 MHz UMTS RFR; 6 months; 0.4 W/kg.At 6 months,
male rats exposed to GSM, but not UMTS signal, showed
a memory deficit; no significant effect on female rats.**
***Schwartz et al. (1990)Calcium efflux from frog
heartFrog hearts exposed to 240-MHZ RFR CW or sinu-
soidally modulated at 0.5 or 16 Hz (30 min; 0.00015-
0.003 W/kg).Movement of calcium affected only with 16-
Hz modulation at 0.003 and 0.00015 W/kg. No effect with
CW and 0.5 Hz modulation.**Seaman and DeHaan (1993)
Inter-beat intervals of aggregated cardiac cells from chicken
embryos19 sec exposure to 2450-MHz RFR at CW, pulsed
modulated (duty cycle ~ 11%), or square-wave modulation
(duty cycle 50%); 1.2-86.9 W/kg.Decrease and increase in
inter-beat intervals were observed. SAR, modulation, and
the modulation-SAR interaction were all significant factors
in altering the inter-beat interval. Some effects were prob-
ably nonthermal.Semin et al. (1995)Secondary structure of
DNADNA exposed to RER (4- to 8 GHz, 25 ms pulses, 0.4
to 0.7 mW/cm” peak power, 1- to 6-Hz repetition rate).
Irradiation at 3 or 4 Hz and 0.6 mW/cm2 peak power
increased the accumulated damage to the DNA secondary
structure; changing the pulse repetition rate to 1, 5, 6 Hz, as
well as changing the peak power to 0.4 or 0.7 mW/cm®
produced no effect.Sirav and Seyhan (2011) (CW effect)
Blood brain barrier in ratsRats exposed to CW 900 MHz
(0.00426 W/kg) or 1800 MHz (0.00146 W/kg) for 20 min.
Increased blood-brain barrier permeability in male rats for
both frequencies; no significant effect on female rats.**Sirav
and Seyhan (2016)Blood brain barrier in ratsRats exposed
to 900- and 1800-MHz RFR (20 min; 0.02 W/kg) pulse
modulated at 217 Hz, 577 ps.Both types of RFR increased
blood-brain barrier permeability in male rats, 1800-MHz
was more potent. In female rats, only the 900-MHz field
caused an effect.* *Somosy et al. (1991)Morphological cell
changes in mouse embryo 33T3 fibroblastsFibroblasts
exposed to 2450-MHz CW or 16-Hz square-wave modu-
lated RFR (0.0024-2.4 W/kg)Modulated field more potent
than CW in some effects. Some effects of modulated field
not observed in CW exposure.***Somosy et al. (1993)
Pyroantimonate precipitable calcium content of mouse
intestinal epithelial cells16-Hz square-wave modulated
2450-MHz RFR (0.5 and 1 mW/cmz).Rapid distribution
of pyroantimonate precipitable calcium content was
observed. No effect with CW exposure.*Sukhotina et al.
(2006)Secretion of melatonin from pineal glandsHamster
pineal exposed to CW or GSM modulated 1800-MHz RFR
(7 h; 0.008, 0.08, 0.8. 2.7 W/kg).Increase in melatonin
release observed for both fields at 0.8 W/kg; AT 2.7 W/
kg, melatonin levels were elevated in the CW, but sup-
pressed in the GSM exposure. (There was a 1.2°C increase
in temperature.)**Tkalec et al. (2005)Growth of duckweed
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(Lemna minor L)Plants exposed to 400, 900, or 1900 MHz
electric field (CW or 80% AM at 1 kHz sinusoidal) (2-14 h;
10-390 V/m).Effect (decreased growth) depended on fre-
quency, duration and strength of exposure, and modula-
tion.**Tkalec et al. (2007)Oxidative stress in duckweed
(Lemna minor L)Plants exposed to 400 and 900 MHz
(CW or modulated) (2-4 h; 10-120 V/m).Effect depended
on frequency, duration and strength of exposure, and
modulation.**Tkalec et al. (2009)Mitotic aberrations in
root meristematic cells of Allium cepaSeeds were exposed
for 2 h to 400- or 900-MHz RFR at 0.03, 0.14, 4.2, or
382 mW/cm? or 80% AM 1 KHz-modulated.The
observed effects were markedly dependent on the field
frequencies applied as well as on field strength and mod-
ulation.#Tkalec et al. (2013)Earthworm (Eisenia fetida)
DNA damage and oxidative effectsEarthworms exposed
to CW or modulated (80% AM at 1 kHz sinusoidal) 900-
MHz RER for 2 h; 0.00035 W/kg.CW and modulated fields
produced similar oxidative effects and DNA damage.
Modulation is more potent.#Trillo et al. (2021)Neonatal
human fibroblast Hsp47 and Hsp27 expression, and cell
proliferationFibroblasts exposed to 448-KHz CW or 20-
KHz AM 448-KHz carrier wave, 4 h; 100 },LA/mmz.Both
signals equivalently increased Hsp47 expression; AM signal
more efficient in inducing Hsp27 and promoting cell pro-
liferation.**,***Valbonesi et al. (2014)Heat shock protein-
70 expression in rat PC-12 cellsCells exposed to 1800-MHz
CW, GSM217Hz and GSM-talk signals for 4, 16, or 24 h;
2 W/kg.Exposure to the GSM-217 Hz signal for 16 or 24 h
increased HSP70 transcription, whereas no effect was
observed in cells exposed to the CW or GSM-Talk sig-
nals.*Veyret et al. (1991)Antibody productionMice
exposed to pulsed 9400 MHz (1 ms pulses, 1000/s) RFR
with or without AM by a sinusoidal frequency between 14
and 41 MHz; 10 h/day for 5 days, ~0.015 W/kg.Pulsed field
alone produced little effect; AM caused a frequency-
dependent augmentation or weakening of immune
responses.*Vili¢ et al. (2017)Oxidative effects and DNA
damage in honey bee (Apis mellifera) larvaeHoney bee
larvae were exposed to 900-MHz at different field levels
for 2 h.Catalase activity and the lipid peroxidation level
decreased after exposure to unmodulated field at
0.027 mW/cm®. DNA damage increased after exposure to
modulated (80% AM 1 kHz sinusoidal) field at 0.14 mW/
cm®. Modulated RFR produced higher effects than the
corresponding unmodulated field.

There are several studies that show biological effects
of CW-RER are frequency-dependent: e.g., Belyaev et al.
(2000) - chromatin conformation; Belyaev et al. (2009) -
chromatin and DNA double strand breaks; Gulati et al.
(2020) - DNA damage observed only in one of several

carrier frequencies tested; Ionita et al. (2021) - 950 and
1000 MHz were more effective than 720 MHz RFR in
reducing recombination at immunoglobulin light chain
loci in pre-B lymphocytes; Kumar et al. (2020) - 1800-
MHz was more effective than 900-MHz RFR on onion
root growth; Kumar et al. (2021) - rat hippocampal
epigenetic changes were dependent on the carrier fre-
quency; Lerchl et al. (2008) - hamster body weight
affected differently by different carrier frequencies;
Markova et al. (2005) - human lymphocyte chromatin
conformational changes were dependent on carrier fre-
quency; Nylund and Leszczynski (2006, 2010) - pro-
teome response in human endothelial cells was carrier-
frequency dependent; Ozgur et al. (2014) - proliferation
of human cancer cells was carrier frequency dependent;
Sarimov et al. (2004) — chromatin conformational
changes depended on carrier frequency; Schneider and
Stangassinger (2014) - rat social memory depended on
carrier frequency; Sirav and Seyhan (2016) - blood-
brain barrier permeability changes depended on carrier
frequency; Tkalec et al. (2005) - duckweed growth
depended on carrier frequency; Tklec et al. (2007) —
oxidative stress on duckweed depended on carrier fre-
quency; and Tkalec et al. (2009) - mitotic aberrations in
Alliu cepa (onion) root cells depended on carrier
frequency.

However, there are also several studies that show
biological effects are independent of the carrier fre-
quency, e.g., Behari et al. (1998) - Na'-K" ATPase
changes in brain; Kunjilwar and Behari (1993) -
brain acetylcholine esterase changes; Sharma et al.
(2021) - liver and brain oxidative and morphological
changes; and Tan et al. (2017) and Zhu et al.
(2021) - spatial long-term memory changes. Other
studies showed effects were dependent on the type of
complex modulation, e.g., Croft et al. (2010) - EEG
exposed to 2G or 3G signals; Huber et al. (2005) -
cerebral blood flow exposed to “base-station-like” or
“hand-set-like” signals; and Valbonesi et al. (2014) —
heat shock protein expression was affected by GSM-
217 Hz but not by GSM-talk signals. DNA damage
was also dependent on whether the exposure was
intermittent or continuous (Diem et al. 2005).

Comparison studies of continuous-wave and
modulated RFR

A broad analytical review shows that four basic unpre-
dictable and contradictory research outcomes can occur
with CW and modulation as described later and in
Table 2.



(1) CW and modulation produce different effects.

(2) Different forms of modulation produce different
effects.

(3) Modulation produces effects, but not CW.

(4) Modulation and CW have different biological
effectiveness/potencies.

The advantage of some studies listed in Table 2 is that
the same experimental setup and researchers were
involved. This makes the research results more credible.
However, it must be pointed out that in some studies,
the SARs in both conditions were not exactly the same,
although the differences were generally small.

In most of the relevant studies, only simple modulations
were studied, i.e., frequency and amplitude modulations.
But in the real world, modulations are far more complex.
Furthermore, modulated EMF/RFR has also been used
therapeutically to treat a wide array of illnesses but discus-
sion of therapeutic effects is beyond the scope of this paper
(see Jimenez et al. 2018; Zimmerman et al. 2013).

CW and modulation cause different effects
There are several different patterns of response within
this category:

(1) CW and modulation caused opposite effects:
Arber and Lin (1985) - changes in neuronal
activity; Detlavs et al. (1996) — wound inflamma-
tion exudation; Sukhotina et al. (2006) - changes
in melatonin secretion from the pineal gland.

(2) CW and modulation produced different patterns
of effects: Grasso et al. (2020) - cell viability,
apoptosis and cell marker changes; Poque et al.
(2020) - induced RAS/MAPK activation in can-
cer cells; Somosy et al. (1991) - cell morphology
changes; Sukhotina et al. (2006) - altered mela-
tonin secretion from the pineal gland.

(3) CW caused an effect but no significant effects were
seen with modulation: Kubinyi et al. (1996) — ami-
noacyl-tRNA synthetase in brain; Lopez-Martin
et al. (2009) - c-fos expression in brain.

In addition, there are odd reports of modulation-
independent effects on cell receptor binding
(Philippova et al. 1994); as well as CW and modulation
producing similar effects (Tkalec et al. 2013, - DNA
damage; Salford et al. 1997, - blood-brain barrier
changes); and modulation was found to be more biolo-
gically active than CW (Vili¢ et al. 2017 - DNA damage).

Differences in responses between CW and modu-
lated fields of the same frequency and incident power
density provide strong proof that non-thermal effects
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occur since the two conditions should produce the
same amount of heating. There are numerous exam-
ples of such responses noted in Table 2.

Different modulation frequencies cause different
effects

Some studies reported that different frequencies of mod-
ulation caused different biological responses: Bachmann
et al. (2006) - human EEG, higher modulation fre-
quency caused greater effects; Barbault et al. (2009) —
tumor-specific modulation frequency; Dutta et al.
(1994) - different modulation frequencies had opposite
effects on enolase in E. coli; Hinrikus et al. (2008) -
human EEG was affected by certain modulation fre-
quencies; Hung et al. (2007) - sleep onset was affected
by different modulation frequencies; Kunjilwar and
Behari (1993) - AChE in rat brain depended on mod-
ulation frequency; Schmid et al. (2012) - EEG activity
during sleep in humans depended on modulation fre-
quency; Schwartz et al. (1990) - calcium efflux from frog
heart depended on modulation frequency; Seaman and
DeHaan (1993) - beating rate of cardiac cells depended
on type of modulation (pulsed or square-wave); and
Veyret et al. (1991) antibody production depended on
types and frequency of modulation. Since extremely-low
frequency could be an important component of RFR
modulation, related to this, it must be pointed out that
different frequencies (e.g., Wang et al. 2021) or wave-
forms (e.g., Chen et al. 2021) of extremely low frequency
electromagnetic fields alone could have different effects
without the RFR field.

Modulated fields caused effects, but not CW
There are several reports of effects caused by modulated
fields and not CW, e.g., Bolshakov and Alekseev (1992)
on electrical activity of Lymnea stagnalis neurons;
Campisi et al. (2010) on rat neocortex astrocytes oxida-
tive effects; Czerska et al. (1992) on transformation of
human lymphocytes; d’Ambrosio et al. (1995, 2002) on
micronucleus formation in peripheral human blood;
Dutta et al. (1994) on enolase in E. coli; Franzellitti
et al. (2010) on DNA damage in human trophoblasts;
Hoyto et al. (2008) on oxidative stress and cell death of
human neuroblastoma cells; Huber et al. (2002) on
human sleep and waking EEG; Somosy et al. (1993) on
pyroantimonate precipitable calcium content of mouse
intestinal epithelial cells; and Valbonesi et al. (2014) on
heat shock protein-70 expression in rat PC-12 cells.
There is also a study by Luukkonen et al. (2009)
showing that DNA damage and oxidative stress in
human neuroblastoma cells occurred after CW exposure
but not with exposure to a modulated field.
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Furthermore, the most established and well-studied
effect that is produced by modulated but not CW fields
is the microwave-hearing effect. It can only happen with
a pulsed field but not CW (Lin 2021).

CW and modulation have different potencies

CW and modulated fields can cause the same effects
but with different degrees of biological activity and
intensity of reactions. In most instances, a modulated
field was found to be more potent than CW versus
only one study in which the opposite was reported
(Persson et al. 1997). Modulated fields being more
effective than CW has been reported by: Elekes et al.
(1996) in antibody production in  spleen;
Panagopoulos et al. (2004) - in reproductive capacity
in Drosophila melanogaster; Penafiel et al. (1997) in
ornithine decarboxylase activity in L1929 cells; and
Sagioglou et al. (2016)in inducing apoptosis in
Drosophila melanogaster. The one study that found
CW more effective than modulation was Persson et al.
(1997) in which CW caused more pathological
changes in the rat blood-brain barrier. Salford et al.
(1994), however, previously reported no significant
difference between modulated and CW fields on the
rat blood-brain barrier.

To add to the complexities described above, effects
with modulated fields have also been shown to depend
on exposure duration: Grasso et al. (2020) — cytoskele-
ton protein of olfactory ensheathing cells; Nikolova et al.
(2005) - DNA damage at shorter exposure time; Ozgur
et al. (2014) - proliferation of human cancer cells, more
consistent effects with longer exposure duration; and
Zhang et al. (2008) - gene expression in rat neurons.
Different effects were also seen with exposure intensity:
Joines and Blackman (1981) - intensity-dependent
power window on calcium efflux from chick brain;
Kumar et al. (2021) - intensity-dependent epigenetic
modification in rat hippocampus; Phillips et al
(1998) - DNA damage in human cancer cells; Pyankov
et al. (2021) - intensity-dependent effect on cancer
growth; Regel et al. (2007) - effects on sleep, sleep EEG
and cognitive performance; Seaman and DeHaan
(1993) - effects on beating rate of frog cardiac cells;
Semin et al. (1995) - an intensity-dependent power
window effect on DNA secondary structure; Sukhotina
et al. (2006) - effects on melatonin secretion from pineal
gland; and Tkalec et al. (2005, 2007, 2009) - growth
effects on duckweed and onion cells.

Furthermore, there are many studies that used
intermittent exposure (e.g., 10 min ON/10 min
OFF) instead of continuous exposure with the sup-
position that intermittent exposure is more biologi-
cally active. But not much data showed this to be

true (e.g., Bortkiewicz et al. 2012; Diem et al. 2005;
Zeng et al. 2006;; Zhang et al. 2008). There are not
many studies that compared intermittent and contin-
uous exposure in the same experiment. This is also
puzzling since, with the same SAR, the total energy
deposited in the exposed object (specific absorption)
would be less with intermittent exposure. There are
reports that show the same effect with intermittent
and continuous exposure (Chavdoula et al. 2010;
Kakita et al. 1995). Theoretically this should not
happen.

This same argument also applies to pulsed RFR.
There are many studies using pulsed fields, (i.e.,
mobile phone signals are pulsed), but there are not
many studies that compared pulsed and CW field of
the same SAR in the same study. However, there are
reports that effects only occurred with a pulsed field
but not CW (Beason and Semm 2002; Curcio et al.
2005); that pulsed was more effective in causing
effects than CW field (Burlaka et al. 2014;
Panagopoulos et al. 2004); that pulsed and CW fields
produced the same effect (Brown et al. 1994; Dawe
et al. 2008; Lai and Singh 1996; Perentos et al. 2013);
that CW was more potent than a pulsed field
(Persson et al. 1997), and that pulsed and CW pro-
duced different effects (Czerska et al. 1992;
Halgamuge et al. 2015). Thus, it is not certain if
pulsed-fields are really more potent than CW fields
as is popularly believed.

The role of the exposed object

As demonstrated in Table 2, many things come into play
that affected various study outcomes after exposure to
CW and modulated fields, including the properties of
the exposed object, e.g., several studies have shown that
effects only occurred in male animals but not female
(Elekes et al. 1996; Schneider and Stangassinger 2014;
Sirav and Seyhan 2011), or that male and female
responded differently (Sirav and Seyhan 2016). Also
different organs (Kubinyi et al. 1996) or different parts
of the same organ (Lopez-Martin et al. 2009) can
respond differently. Cell type-dependent effects also
have been reported (An et al. 2021; Nylund et al. 2010;
Nylund and Leszczynski 2006; Philippova et al. 1994).
Thus, it is not surprising that there was no specific
pattern to predict which outcome was more likely to
occur under certain parameters of exposure.

An interesting observation is that there are many
studies showing effects of RFR on the hippocampus
(see Lai 2018), a brain structure involved in memory
functions. Our research has shown that a rather compli-
cated sequence of brain functions occurred after RFR



exposure (Lai 1994). The radiation activates the
hypothalamic stress hormone, corticotrophin-releasing
factor, which in turn activate endogenous opioids
(involving y, §, and K receptor subtypes). These opioids
affect the cholinergic system in the hippocampus leading
to alterations in memory and learning functions. It is
unlikely that these changes are caused by absorption of
RFR at a certain brain region. Rather, they could be
stress responses to a general RFR absorption. If this is
true, biological responses to RFR would follow the stages
of response to stressors proposed by Selye (1951)
described above.

Possibility of cellular oxidative changes

Oxidative changes and stress have been reported in
many papers on exposure to electromagnetic fields (Lai
2020; Yakymenko et al. 2016). These are the most con-
sistent cellular responses to RFR exposure. Mechanisms
have been proposed to account for oxidative effects that
may involve the low-frequency component of modula-
tion (e.g., see Barnes and Greenebaum 2015; Castello
et al. 2021). Some studies listed in Table 2 include find-
ings of oxidative stress (e.g., Campisi et al. 2010; Hoyto
et al. 2008; Luukkonen et al. 2009; Sukhotina et al. 2006;
Thalec et al. 2007, 2013; Vili¢ et al. 2017). But there is not
enough data to conclude that modulation effects are
caused by oxidative processes. In fact some effects of
CW exposure alone also found changes in free radical
mechanisms.

The nature of modulation and significance to
human exposure guidelines

Above we examined some of the individual components
of simple modulation. Relevant studies mainly investi-
gated AM, FM, and pulsed modulation. In the real
world, however, man-made RFR fields are invariably
composed of different and often more complex modula-
tion processes. It is not known how these different forms
interact synergistically or antagonize the effects of each
other — possibly producing cascading subtle effects
throughout a living system. It is important to point out
as significant proof of non-thermal RFR effects that CW
and modulated-waves of the same frequency and inci-
dent power density can/and do produce different effects.
The bottom line is that certainty is elusive regarding
precise effects in all circumstances. What is clear is that
both modulation and continuous-wave RFR are biolo-
gically active and both should be considered in exposure
guidelines. In situations were enough evidence exists to
warrant specific caution, such as with pulsed fields used
in cell phones and phased modulation with 5G,
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particular attention should be paid to include modula-
tion in the guidelines beyond the suppositions of safety
contained within the safety allowances. Peak exposures
must also be factored in and not just the averaged values
which only hide their significance.

The FCC/ICNIRP exposure guidelines only take CW
into consideration and have long been criticized for not
considering modulation as a separate entity with effects
of its own. In 1999, the U.S. Radiofrequency Interagency
Work Group (Radio Frequency Interagency Work
Group (RFIAWG) 1999) - a U.S. government multi-
regulatory agency group with vested interests in EMF/
RF - wrote a letter to the International Electrical and
Electronics Engineers (IEEE), which is responsible for
writing U.S. exposure guidelines adopted by FCC for
professional exposures, containing 14 issues to be
addressed. Regarding intensity or frequency modulated
(pulsed- or frequency-modulated) RFR, they said:

“Studies continue to be published describing biologi-
cal responses to nonthermal ELF-modulated and pulse-
modulated RF radiation exposures that are not produced
by CW (unmodulated) RF radiation. These studies have
resulted in concern that exposure guidelines based on
thermal effects, and using information and concepts
(time-averaged dosimetry, uncertainty factors) that
mask any differences between intensity-modulated RF
radiation exposure and CW exposure, do not directly
address public exposures, and therefore may not ade-
quately protect the public. The parameter used to
describe dose/dose rate and used as the basis for expo-
sure limits is time-averaged SAR; time-averaging erases
the unique characteristics of an intensity-modulated RF
radiation that may be responsible for producing an
effect. Are the results of research reporting biological
effects caused by intensity-modulated, but not CW
exposure to RF radiation sufficient to influence the
development of RF exposure guidelines? If so, then
how could this information be used in developing
those guidelines? How could intensity modulation be
incorporated into the concept of dose to retain unique
characteristics that may be responsible for a relationship
between exposure and the resulting effects?”

The RFIAWG’s concerns have gone unaddressed for
over two decades, including regarding modulation,
exposure duration, intensity, time averaging, and peak
exposures as noted above.

Discussion

It is apparent that the biological outcome of changing
the intensity and duration of RFR exposure is basically
unpredictable. This is mainly due to the complex nature
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of the biological system studied. Intensity and duration
can interact and produce different response patterns as
shown in the literature reviewed above.

It is also apparent that how RFR modulation affects
biological functions is difficult to quantify. Observed
effects are multi-variant and involve many factors such
as intensity, carrier frequencies and modulation, the mod-
ulation waveform itself, exposure duration, and proper-
ties of the exposed object. Not enough research data are
presently available to provide an explanation or predic-
tion of modulation effects under all circumstances. It may
also turn out that modulation is of little major health
concern or conversely that it is the only factor that mat-
ters — evidence is thus far too contradictory regarding
modulation’s ability to consistently enhance the biological
effects of carrier-waves. Then again, with most modula-
tion forms the carrier-wave is completely altered. All of
this awaits proper investigation with comparison studies.
In the meantime, there are legitimate reasons for concern,
given the contraditions in the literature.

In general, anthropogenic RFR - with highly unusual
waveform characteristics and intensities that do not exist
in the natural world - is new to the environment and
thus has not been a factor in the evolution of species.
Living organisms evolved over millions of years in the
presence of static and extremely-low frequency (ELF)
electromagnetic fields. These fields play critical roles in
their survival, e.g., in migration, food foraging, and
reproduction, etc. (see Levitt et al. 2021b). Living organ-
isms are extremely sensitive to the presence of these
environmental fields and thus, they can easily be dis-
turbed by man-made EMF. RER probably acts upon and
modifies these primordial EMFs and affects biological
functions. Interactions of static/ELF EMF and RFR are
basically not well studied, not to mention the mechan-
isms of involvement of RFR modulations. The interac-
tions are inevitably complex. Such interaction studies
would provide answers to wildlife effects.

Regarding the perennial thermal- versus non-thermal
- effects criticism inherent in human RFR exposure
guidelines, it must be said that the underlying mechan-
isms of effects should not be a matter of concern in
setting of exposure guidelines as is common today.
What is important is the level at which energy absorption
causes an effect. One such powerful proof - among so
very many others — of non-thermal effects is evidenced
in the fact that CW and modulated-waves of the same
frequency and incident power density can produce dif-
ferent effects, as seen in the modulation section of this
paper and Table 2.

Thermal effects come from absorption of thermal
energy with the general result being an increase in
temperature. However, thermal and RFR are two

different forms of energy. There are indications that
RFR energy is more biologically active than thermal
energy. This renders the argument of thermal effects
totally invalid. Using temperature change as
a comparable stand-in comparison of SAR actually
under-estimates the effectiveness of RFR on biologi-
cal systems. A 1°C increase (as reported in De Lorge
and Ezell 1980; De Lorge 1984) is not enough to
cause behavioral effects such as work-stoppage. One
degree centigrade is within the normal temperature
variation of animals. The work-stoppage effect was
beyond that of 1°C increase in body temperature.
Also, an increase of 4°C for 90 min is needed to
cause DNA breakage (Mitchel and Birnboim 1985),
but data presented in Supplement 1 show that an
increase of SAR of 0.014 W/kg could cause DNA
strand breaks. Also, an increase in free radicals in
animal cells was observed after an increase of 7°C for
20 min. (Flanagan et al. 1998) but significant oxida-
tive changes have been shown in cells exposed to
RFR at a SAR of 0.024 W/kg (from data in
Supplement 1). Furthermore, thermal changes for
1°C after RFR exposure cannot explain observed
memory and learning deficits (Lai 2018). In humans,
an increase of 2°C has been shown not to affect
memory functions (Holland et al. 1985), whereas in
another study, an increase of 1°C in body tempera-
ture has been shown to enhance working memory
(Wright et al. 2002). The levels of RFR that cause
similar increases in human body temperature gener-
ally lead to memory and learning deficits in animals
(Lai 2018).

In addition, increase in temperature of an exposed
object as an explanation of biological effects cannot
reconcile with the fact that effects of RFR have been
observed in in vitro experiments in which temperature
was well controlled. A thermal effect depends on the
extent of increase in local temperature and the duration
of temperature increase. Hot spots are formed inside
a stationary exposed object that may be able to cause
an effect. However, for a moving organism in a RFR
field, the extent and duration of temperature increase at
a certain site inside the organism cannot generally reach
the level to cause an effect. Biologically effects have been
reported in many in vivo studies of freely moving ani-
mals. In addition, it is difficult to explain why certain
organs are more vulnerable to RFR exposure. The hip-
pocampus in the brain of mammals, for instance, has
been shown to be especially affected by RFR (see Lai
2018). Thus, one needs to reconsider the rationale of
using temperature increase as a metric of RFR effects.
Furthermore, “thermal effects” cannot account for the
large amount of research on static/ELF EMF that



showed biological effects. RFR and static/ELF EMF pro-
duce very similar biological effects. Unless they have
different mechanisms of action, it is difficult to explain
the static/ELF EMF effects as “thermal”, since the tem-
perature change would be minimal.

When effects continue to be observed over a long
period of time that go against prevailing beliefs, even
when mechanisms remain imperfectly understood, the
appropriate course of regulatory action is to examine the
underlying basis upon which an original premise was
formed. When proven incomplete or invalid by new
information, the change in a regulatory course is not
only justified but is imperative. Disproven or incomplete
deductions of how RFR affects living cells and tissues, as
well as suppositions of safety for exposed individuals
and the environment are insupportable given the wealth
of studies to draw from today that have filled in many
gaps. We need to more responsibly address the increas-
ing near- and far-field RFR exposures of contemporary
life with an eye toward 5G technology’s unique charac-
teristics. A new conceptual framework is called for.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

The author(s) reported that there is no funding associated
with the work featured in this article.

References

Adey, W. R. 1979. Neurophysiologic effects of radiofrequency
and microwave radiation. Bull. N.Y. Acad. Med 55:1079-93.

Adey, W. R. 1981a. Tissue interactions with nonionizing elec-
tromagnetic fields. Physiol Rev. 61:435-514. doi:10.1152/
physrev.1981.61.2.435.

Adey, W. R. 1981b. Ionic nonequilibrium phenomena in tissue
interactions with electromagnetic fields. In Biological effects
of nonionizing radiation, ed. K. H. Illinger, 271-97.
Washington, D.C: American Chemical Soc.

Adey, W. R. 1984. Nonlinear, nonequlibrium aspects of electro-
magnetic field interactions at cell membranes. In Nonlinear
electrodynamics in biological systems, ed. W. R. Adey and
A. F. Lawrence, 3-22. New York, USA: Plenum Press.

Adey, W. R. 1993. Biological effects of electromagnetic fields.
J. Cell. Biochem 51:410-16. doi:10.1002/jcb.2400510405.

An, G., M. Shen, J. Guo, X. Miao, Y. Jing, K. Zhang, L. Guo,
and J. Xing. 2021. Effects of pulsed electromagnetic fields on
tumor cell viability: A meta-analysis of in vitro randomized
controlled experiments. Electromagn. Biol. Med 40:467-74.
doi:10.1080/15368378.2021.1958341.

Arber, S. L., and J. C. Lin. 1985. Microwave-induced changes in
nerve cells: Effects of modulation and temperature.
Bioelectromagnetics 6:257-70. doi:10.1002/bem.2250060306.

ELECTROMAGNETIC BIOLOGY AND MEDICINE . 249

Bachmann, M., J. Lass, J. Kalda, M. Sikki, R. Tomson, V. Tuulik,
and H. Hinrikus. 2006. Integration of differences in EEG
analysis reveals changes in human EEG caused by
microwave. Conf. Proc. IEEE Eng. Med. Biol. Soc 1:1597-600.

Balakrishnan, K., V. Murali, C. Rathika, T. Manikandan,
R. P. Malini, R. A. Kumar, and M. Krishnan. 2014. Hsp70 is
an independent stress marker among frequent users of
mobile phones. J. Environ. Pathol. Toxicol. Oncol
33:339-47. doi:10.1615/
JEnvironPatholToxicolOncol.2014011761.

Barbault, A., F. P. Costa, B. Bottger, R. F. Munden, F. Bomholt,
N. Kuster, and B. Pasche. 2009. Amplitude-modulated elec-
tromagnetic fields for the treatment of cancer: Discovery of
tumor-specific frequencies and assessment of a novel ther-
apeutic approach. J. Exp. Clin. Cancer Res 28:51.
doi:10.1186/1756-9966-28-51.

Barnes, F. S., and B. Greenebaum. 2015. The effects of weak
magnetic fields on radical pairs. Bioelectromagnetics
36:45-54. d0i:10.1002/bem.21883.

Beason, R. C., and P. Semm. 2002. Responses of neurons to an
amplitude-modulated microwave stimulus. Neurosci. Lett
333:175-78. doi:10.1016/S0304-3940(02)00903-5.

Behari, J., K. K. Kunjilwa, and S. Pyne. 1998. Interaction of low
level modulated RF radiation with Na'-K'-ATPase.
Bioelectrochem. Bioenerg 47:247-52. d0i:10.1016/S0302-
4598(98)00195-0.

Belyaev, I. Y., E. D. Alipov, E. D. Alipov, and V. L. Ushakov.
2000. Nonthermal effects of extremely high frequency
microwaves on chromatin conformation in cells in vitro
Dependence on physical, physiological and genetic factors.
IEEE Trans. Microwave Theory Tech 48:2172-79.
doi:10.1109/22.884211.

Belyaev, I. Y., E. Markova, L. Hillert, L. O. Malmgren,
and B. R. Persson. 2009. Microwaves from UMTS/GSM
mobile phones induce long-lasting inhibition of
53BP1/gamma-H2AX DNA repair foci in human
lymphocytes. Bioelectromagnetics 30:129-41.
doi:10.1002/bem.20445.

Blackman, C., and S. Forge. 2019. 5G Deployment -State of
Play in Europe, USA and Asia. European Parliament, April
2019, http://www.europarl.europa.eu/RegData/etudes/
IDAN/2019/631060/IPOL_IDA(2019)631060_EN.pdf

Bolshakov, M. A,, and S. 1. Alekseev. 1992. Bursting responses of
Lymnea neurons to microwave radiation. Bioelectromagnetics
13:119-29. doi:10.1002/bem.2250130206.

Bortkiewicz, A., E. Gadzicka, W. Szymczak, and M. Zmys$lony.
2012. Changes in tympanic temperature during the expo-
sure to electromagnetic fields emitted by mobile phone. Int.
J. Occup. Med. Environ. Health 25:145-50. do0i:10.2478/
s13382-012-0013-y.

Brown, D. O,, S. T. Lu, and E. C. Elson. 1994. Characteristics of
microwave evoked body movements in  mice.
Bioelectromagnetics 15:143-61. doi:10.1002/bem.2250150206.

Burlaka, A., M. Selyuk, M. Gafurov, S. Lukin, V. Potaskalova,
and E. Sidorik. 2014. Changes in mitochondrial functioning
with electromagnetic radiation of ultra high frequency as
revealed by electron paramagnetic resonance methods. Int.
J. Radiat. Biol 90:357-62. d0i:10.3109/09553002.2014.899448.

Calabrese, E. J., and L. A. Baldwin. 2001. U-shaped
dose-responses in biology, toxicology, and public health.
Annu. Rev. Public Health 22:15-33. doi:10.1146/annurev.
publhealth.22.1.15.


https://doi.org/10.1152/physrev.1981.61.2.435
https://doi.org/10.1152/physrev.1981.61.2.435
https://doi.org/10.1002/jcb.2400510405
https://doi.org/10.1080/15368378.2021.1958341
https://doi.org/10.1002/bem.2250060306
https://doi.org/10.1615/JEnvironPatholToxicolOncol.2014011761
https://doi.org/10.1615/JEnvironPatholToxicolOncol.2014011761
https://doi.org/10.1186/1756-9966-28-51
https://doi.org/10.1002/bem.21883
https://doi.org/10.1016/S0304-3940(02)00903-5
https://doi.org/10.1016/S0302-4598(98)00195-0
https://doi.org/10.1016/S0302-4598(98)00195-0
https://doi.org/10.1109/22.884211
https://doi.org/10.1002/bem.20445
http://www.europarl.europa.eu/RegData/etudes/IDAN/2019/631060/IPOL_IDA(2019)631060_EN.pdf
http://www.europarl.europa.eu/RegData/etudes/IDAN/2019/631060/IPOL_IDA(2019)631060_EN.pdf
https://doi.org/10.1002/bem.2250130206
https://doi.org/10.2478/s13382-012-0013-y
https://doi.org/10.2478/s13382-012-0013-y
https://doi.org/10.1002/bem.2250150206
https://doi.org/10.3109/09553002.2014.899448
https://doi.org/10.1146/annurev.publhealth.22.1.15
https://doi.org/10.1146/annurev.publhealth.22.1.15

250 H. LA AND B. B. LEVITT

Campisi, A., M. Gulino, R. Acquaviva, P. Bellia, G. Raciti,
R. Grasso, F. Musumeci, A. Vanella, and A. Triglia. 2010.
Reactive oxygen species levels and DNA fragmentation on
astrocytes in primary culture after acute exposure to low
intensity microwave electromagnetic field. Neurosci. Lett
473:52-55. d0i:10.1016/j.neulet.2010.02.018.

Castello, P., P. Jimenez, and C. F. Martino. 2021. The role of
pulsed electromagnetic fields on the radical pair mechanism.
Bioelectromagnetics 42:491-500. doi:10.1002/bem.22358.

Chavdoula, E. D., D. J. Panagopoulos, and L. H. Margaritis.
2010. Comparison of biological effects between continuous
and intermittent exposure to GSM-900-MHz mobile phone
radiation: Detection of apoptotic cell-death features. Mutat.
Res. 700:51-61. doi:10.1016/j.mrgentox.2010.05.008.

Chen, Y., M. M. Menger, B. J. Braun, S. Schweizer,
C. Linnemann, K. Falldorf, M. Ronniger, H. Wang,
T. Histing, A. K. Nussler, et al. 2021. Modulation of macro-
phage activity by pulsed electromagnetic fields in the con-
text of fracture healing. Bioengineering (Basel) 8:167.
doi:10.3390/bioengineering8110167.

Croft, R.J., S. Leung, R. J. McKenzie, S. P. Loughran, S. Iskra,
D. L. Hamblin, and N. R. Cooper. 2010. Effects of 2G and
3G mobile phones on human alpha rhythms: resting EEG in
adolescents, young adults, and the elderly.
Bioelectromagnetics 31:434-44. doi:10.1002/bem.20583.

Curcio, G., M. Ferrara, F. Moroni, G. D’Inzeo, M. Bertini, and
L. De Gennaro. 2005. Is the brain influenced by a phone
call? An EEG study of resting wakefulness. Neurosci. Res
53:265-70. d0i:10.1016/j.neures.2005.07.003.

Czerska, E. M., E. C. Elson, C. C. Davis, M. L. Swicord, and
P. Czerski. 1992. Effects of continuous and pulsed 2450-MHz
radiation on spontaneous lymphoblastoid transformation of
human lymphocytes in vitro. Bioelectromagnetics 13:247-59.
doi:10.1002/bem.2250130402.

d’Ambrosio, G., M. B. Lioi, R. Massa, M. R. Scarfi, and O. Zeni.
1995. Genotoxic effects of amplitude-modulated micro-
waves on human lymphocytes exposed in vitro under con-
trolled conditions. Electro- Magnetiobiol 14:157-64.
doi:10.3109/15368379509030726.

d’Ambrosio, G., R. Massa, M. R. Scarfi, and O. Zeni. 2002.
Cytogenetic damage in human lymphocytes following
GMSK  phase modulated microwave exposure.
Bioelectromagnetics 23:7-13. doi:10.1002/bem.93.

Dawe, A. S., R. Nylund, D. Leszczynski, N. Kuster, T. Reader, and
D. I. De Pomerai. 2008. Continuous wave and simulated GSM
exposure at 1.8 W/kg and 1.8 GHz do not induce hsp16-1
heat-shock gene expression in Caenorhabditis elegans.
Bioelectromagnetics 29:92-99. doi:10.1002/bem.20366.

De Lorge, J. O. 1984. Operant behavior and colonic tempera-
ture of Macaca mulatta exposed to radio frequency fields at
and above resonant frequencies. Bioelectromagnetics
5:233-46. d0i:10.1002/bem.2250050211.

De Lorge, J. O., and C. S. Ezell. 1980. Observing-responses of
rats exposed to 1.28- and 5.62-GHz microwaves.
Bioelectromagnetics 1:183-98. doi:10.1002/bem.2250010208.

Detlavs, I, L. Dombrovska, A. Turauska, B. Shkirmante, and
L. Slutskii. 1996. Experimental study of the effects of radio-
frequency electromagnetic fields on animals with soft tissue
wounds. Sci. Total Environ 180:35-42. doi:10.1016/0048-
9697(95)04917-7.

Diamond, D. M. 2005. Cognitive, endocrine and mechanistic
perspectives on non-linear relationships between arousal
and brain function. Nonlinearity Biol. Toxicol. Med 3:1-7.
d0i:10.2201/n0onlin.003.01.001.

Diem, E., C. Schwarz, F. Adlkofer, O. Jahn, and H. Rudiger.
2005. Non-thermal DNA breakage by mobile-phone radia-
tion (1800 MHz) in human fibroblasts and in transformed
GFSH-R17 rat granulosa cells in vitro. Mutat. Res
583:178-83. d0i:10.1016/j.mrgentox.2005.03.006.

Dutta, S. K, M. Verma, and C. F. Blackman. 1994. Frequency-
dependent alterations in enolase activity in Escherichia coli
caused by exposure to electric and magnetic fields.
Bioelectromagnetics 15:377-83. doi:10.1002/bem.2250150502.

Eghlidospour, M., A. Ghanbari, S. M. J. Mortazavi, and
H. Azari. 2017. Effects of radiofrequency exposure emitted
from a GSM mobile phone on proliferation, differentiation,
and apoptosis of neural stem cells. Anat. Cell. Biol
50:115-23. doi:10.5115/acb.2017.50.2.115.

Elekes, E., G. Thuroczy, and L. D. Szabo. 1996. Effect on the
immune system of mice exposed chronically to 50 Hz
amplitude-modulated 2.45 GHz microwaves.
Bioelectromagnetics 17:246-48. doi:10.1002/(SICI)1521-
186X(1996)17:3<246::AID-BEM11>3.0.CO;2-O.

Federal Communications Commission (FCC). 1997. Evaluating
compliance with FCC guidelines for human exposure to radio-
frequency electromagnetic fields. OET Bulletin 65. Accessed
January, 2022. https://transition.fcc.gov/Bureaus/Engineering
Technology/Documents/bulletins/oet65/0et65.pdf

Federal Communications Commission (FCC). 2019. Proposed
changes in the commission’s rules regarding human expo-
sure to radiofrequency electromagnetic fields; reassessment
of federal communications commission radiofrequency
exposure limits and policies, FCC19- 26. Accessed
January, 2022. https://www.federalregister.gov/documents/
2020/04/06/2020-06966/human-exposureto-
radiofrequency-electromagnetic-fields

Flanagan, S. W., P. L. Moseley, and G. R. Buettner. 1998.
Increased flux of free radicals in cells subjected to
hyperthermia: Detection by electron paramagnetic reso-
nance spin trapping. FEBS Lett. 431:285-86. doi:10.1016/
S0014-5793(98)00779-0.

Franzellitti, S., P. Valbonesi, N. Ciancaglini, C. Biondi,
A. Contin, F. Bersani, and E. Fabbri. 2010. Transient DNA
damage induced by high-frequency electromagnetic fields
(GSM 1.8 GHz) in the human trophoblast HTR-8/SVneo
cell line evaluated with the alkaline comet assay. Mutat. Res
683:35-42. d0i:10.1016/j.mrfmmm.2009.10.004.

Frey, A. H. 1971. Biological function as influenced by low power
modulated RF energy. IEEE Trans. Microwave Theory
Techniques MTT- 19:153-64. doi:10.1109/TMTT.1968.1127477.

Frey, A. H. 1988. Evolution and results of biological research
with low intensity nonionizing. In Modern Bioelectricity. A.
A. Marino (ed.) Marcel Decker, New York, pp. 785-837.

Frey, A. H. 1990. Is a toxicology model appropriate as a model
for biological research with electromagnetic fields?
J. Bioelectricity 9:233-34.

Gapeyev, A. B, N. A. Lukyanova, and S. V. Gudkov. 2014.
Hydrogen peroxide induced by modulated electromagnetic
radiation protects the cells from DNA damage. Cent. Europ.
J. Biol 9:915-21.


https://doi.org/10.1016/j.neulet.2010.02.018
https://doi.org/10.1002/bem.22358
https://doi.org/10.1016/j.mrgentox.2010.05.008
https://doi.org/10.3390/bioengineering8110167
https://doi.org/10.1002/bem.20583
https://doi.org/10.1016/j.neures.2005.07.003
https://doi.org/10.1002/bem.2250130402
https://doi.org/10.3109/15368379509030726
https://doi.org/10.1002/bem.93
https://doi.org/10.1002/bem.20366
https://doi.org/10.1002/bem.2250050211
https://doi.org/10.1002/bem.2250010208
https://doi.org/10.1016/0048-9697(95)04917-7
https://doi.org/10.1016/0048-9697(95)04917-7
https://doi.org/10.2201/nonlin.003.01.001
https://doi.org/10.1016/j.mrgentox.2005.03.006
https://doi.org/10.1002/bem.2250150502
https://doi.org/10.5115/acb.2017.50.2.115
https://doi.org/10.1002/(SICI)1521-186X(1996)17:3%3C246::AID-BEM11%3E3.0.CO;2-O
https://doi.org/10.1002/(SICI)1521-186X(1996)17:3%3C246::AID-BEM11%3E3.0.CO;2-O
https://transition.fcc.gov/Bureaus/Engineering_Technology/Documents/bulletins/oet65/oet65.pdf
https://transition.fcc.gov/Bureaus/Engineering_Technology/Documents/bulletins/oet65/oet65.pdf
https://www.federalregister.gov/documents/2020/04/06/2020-06966/human-exposureto-radiofrequency-electromagnetic-fields
https://www.federalregister.gov/documents/2020/04/06/2020-06966/human-exposureto-radiofrequency-electromagnetic-fields
https://www.federalregister.gov/documents/2020/04/06/2020-06966/human-exposureto-radiofrequency-electromagnetic-fields
https://doi.org/10.1016/S0014-5793(98)00779-0
https://doi.org/10.1016/S0014-5793(98)00779-0
https://doi.org/10.1016/j.mrfmmm.2009.10.004
https://doi.org/10.1109/TMTT.1968.1127477

Grasso, R, R. Pellitteri, S. A. Caravella, F. Musumeci, G. Raciti,
A. Scordino, G. Sposito, A. Triglia, and A. Campisi. 2020.
Dynamic changes in cytoskeleton proteins of olfactory
ensheathing cells induced by radiofrequency electromag-
netic fields. J. Exp. Biol 223:jeb217190. doi:10.1242/
jeb.217190.

Gulati, S., P. Kosik, M. Durdik, M. Skorvaga, L. Jakl,
E. Markova, and I. Belyaev. 2020. Effects of different mobile
phone UMTS signals on DNA, apoptosis and oxidative
stress in human lymphocytes. Environ. Pollut 267:115632.
doi:10.1016/j.envpol.2020.115632.

Guy, A. W, C. K. Chou, and J. A. McDougall. 1999. A quarter
century of in vitro research: A new look at exposure
methods. Bioelectromagnetics. 20:522. doi:10.1002/(SICI)
1521-186X(199912)20:8<522::AID-BEM7>3.0.CO;2-F.

Halgamuge, M. N, S. K. Yak, and J. L. Eberhardt. 2015. Reduced
growth of soybean seedlings after exposure to weak microwave
radiation from GSM 900 mobile phone and base station.
Bioelectromagnetics 36:87-95. doi:10.1002/BEM.21890.

Hardell, L., M. Nilsson, T. Koppel, and M. Carlberg. 2021.
Aspects on the International Commission On Non-Ionizing
Radiation Protection (ICNIRP) 2020 guidelines on radio-
frequency radiation. J. Cancer Sci. Clin. Ther 5:250-85.
doi:10.26502/jcsct.5079117.

Hidisoglu, E., D. Kantar Gok, H. Er, D. Akpinar, F. Uysal,
G. Akkoyunlu, S. Ozen, A. Agar, and P. Yargicoglu. 2016.
2100-MHz electromagnetic fields have different effects on
visual evoked potentials and oxidant/antioxidant status
depending on exposure duration. Brain Res. 1635:1-11.
doi:10.1016/j.brainres.2016.01.018.

Hinrikus, H., M. Bachmann, J. Lass, R. Tomson, and
V. Tuulik. 2008. Effect of 7, 14 and 21 Hz modulated 450
MHz microwave radiation on human electroencephalo-
graphic rhythms. Int. J. Radiat. Biol 84:69-79. doi:10.1080/
09553000701691679.

Hirose, H., N. Sakuma, N. Kaji, T. Suhara, M. Sekijima,
T. Nojima, and J. Miyakoshi. 2006. Phosphorylation and
gene expression of p53 are not affected in human cells
exposed to 2.1425 GHz band CW or W-CDMA modulated
radiation allocated to mobile radio base stations.
Bioelectromagnetics 27:494-504. doi:10.1002/bem.20238.

Holland, R. L., J. A. Sayer, W. R. Keatinge, H. M. Davis, and
R. Peswani. 1985. Effects of raised body temperature on
reasoning, memory, and mood. J. Appl. Physiol
59:1823-27. doi:10.1152/jappl.1985.59.6.1823.

Hou, Q., M. Wang, S. Wu, X. Ma, G. An, H. Liu, and F. Xie. 2015.
Oxidative changes and apoptosis induced by 1800-MHz elec-
tromagnetic radiation in NIH/3T3 cells. Electromagn. Biol.
Med 34:85-92. doi:10.3109/15368378.2014.900507.

Houston, B. J., B. Nixon, B. V. King, R. J. Aitken, and
G. N. De Iuliis. 2018. Probing the origins of 1,800 MHz
radio frequency electromagnetic radiation induced
damage in mouse immortalized germ cells and sperma-
tozoa in vitro. Front. Public Health 6:270. doi:10.3389/
fpubh.2018.00270.

Hoyto, A., J. Luukkonen, J. Juutilainen, and J. Naarala. 2008.
Proliferation, oxidative stress and cell death in cells exposed
to 872 MHz radiofrequency radiation and oxidants. Radiat.
Res 170:235-43. doi:10.1667/RR1322.1.

Huber, R., V. Treyer, A. A. Borbély, J. Schuderer,
J. M. Gottselig, H.-P. Landolt, E. Werth, T. Berthold,
N. Kuster, A. Buck, et al. 2002. Electromagnetic fields,

ELECTROMAGNETIC BIOLOGY AND MEDICINE . 251

such as those from mobile phones, alter regional cerebral
blood flow and sleep and waking EEG. J. Sleep Res
11:289-95. doi:10.1046/j.1365-2869.2002.00314.x.

Huber, R., V. Treyer, J. Schuderer, T. Berthold, A. Buck,
N. Kuster, H. P. Landolt, and P. Achermann. 2005. Exposure
to pulse-modulated radio frequency electromagnetic fields
affects regional cerebral blood flow. Eur. J. Neurosci
21:1000-06. doi:10.1111/j.1460-9568.2005.03929.x.

Hung, C. S., C. Anderson, J. A. Horne, and J. McEvoy. 2007.
Mobile phone ‘talk-mode’ signal delays EEG-determined
sleep onset. Neurosci. Lett 421:82-86. doi:10.1016/].
neulet.2007.05.027.

International Commission on Non-Ionizing Radiation
Protection (ICNIRP). 1998. ICNIRP guidelines for limiting
exposure to time-varying electric, magnetic and electro-
magnetic fields (up to 300 GHz). Health Phys. 74: 494-522.

International Commission on Non-Ionizing Radiation
Protection (ICNIRP). 2020. Guidelines for limiting expo-
sure to electromagnetic fields (100 kHz to 300 GHz). Health
Phys. 118: 483-524. doi:10.1097/HP.0000000000001210.

Ionitd, E., A. Marcu, M. Temelie, D. Savu, M. Serbanescu, and
M. Ciubotaru. 2021. Radiofrequency EMF irradiation effects
on pre-B lymphocytes undergoing somatic recombination.
Sci. Rep 11:12651. doi:10.1038/s41598-021-91790-3.

Jimenez, H., C. Blackman, G. Lesser, W. Debinski, M. Chan,
S. Sharma, K. Watabe, H.-W. Lo, A. Thomas, D. Godwin,
et al. 2018. Use of non-ionizing electromagnetic fields for
the treatment of cancer. Front. Biosci. (Landmark Ed)
23:284-97. doi:10.2741/4591.

Joines, W. T., and C. F. Blackman. 1981. Equalizing the electric
field intensity within chick brain immersed in buffer solu-
tion at different carrier frequencies. Bioelectromagnetics
2:411-13. doi:10.1002/bem.2250020413.

Kakita, Y., N. Kashig, K. Murata, A. Kuroiwa, M. Funatsu, and
K. Watanabe. 1995. Inactivation of lactobacillus bacterioph-
age PL-1 by microwave irradiation. Microbiol. Immunol
39:571-76. doi:10.1111/j.1348-0421.1995.tb02244 x.

Kubinyi, G., G. Thuroczy, J. Bakos, E. Boloni, H. Sinay, and
L. D. Szabo. 1996. Effect of continuous-wave and
amplitude-modulated 2.45 GHz microwave radiation on
the liver and brain aminoacyl-transfer RNA synthetases of
in utero exposed mice. Bioelectromagnetics 17:497-503.
doi:10.1002/(SICI)1521-186X(1996)17:6<497::AID-
BEM10>3.0.CO;2-1.

Kumar, R., P. S. Deshmukh, S. Sharma, and B. D. Banerjee.
2021. Effect of mobile phone signal radiation on epigenetic
modulation in the hippocampus of Wistar rat. Environ. Res
192:110297. doi:10.1016/j.envres.2020.110297.

Kumar, A, S. Kaur, S. Chandel, H. P. Singh, D. R. Batish, and
R. K. Kohli. 2020. Comparative cyto- and genotoxicity of
900 MHz and 1800 MHz electromagnetic field radiations in
root meristems of Allium cepa. Ecotoxicol. Environ. Saf
188:109786. doi:10.1016/j.ecoenv.2019.109786.

Kumar, A., H. P. Singh, D. R. Batish, S. Kaur, and R. K. Kohli.
2016. EMF radiations (1800 MHz)-inhibited early seedling
growth of maize (Zea mays) involves alterations in starch
and sucrose metabolism. Protoplasma 253:1043-49.
d0i:10.1007/500709-015-0863-9.

Kunjilwar, K. K., and J. Behari. 1993. Effect of
amplitude-modulated radio frequency radiation on choli-
nergic system of developing rats. Brain Res. 601:321-24.
doi:10.1016/0006-8993(93)91729-C.


https://doi.org/10.1242/jeb.217190
https://doi.org/10.1242/jeb.217190
https://doi.org/10.1016/j.envpol.2020.115632
https://doi.org/10.1002/(SICI)1521-186X(199912)20:8%3C522::AID-BEM7%3E3.0.CO;2-F
https://doi.org/10.1002/(SICI)1521-186X(199912)20:8%3C522::AID-BEM7%3E3.0.CO;2-F
https://doi.org/10.1002/BEM.21890
https://doi.org/10.26502/jcsct.5079117
https://doi.org/10.1016/j.brainres.2016.01.018
https://doi.org/10.1080/09553000701691679
https://doi.org/10.1080/09553000701691679
https://doi.org/10.1002/bem.20238
https://doi.org/10.1152/jappl.1985.59.6.1823
https://doi.org/10.3109/15368378.2014.900507
https://doi.org/10.3389/fpubh.2018.00270
https://doi.org/10.3389/fpubh.2018.00270
https://doi.org/10.1667/RR1322.1
https://doi.org/10.1046/j.1365-2869.2002.00314.x
https://doi.org/10.1111/j.1460-9568.2005.03929.x
https://doi.org/10.1016/j.neulet.2007.05.027
https://doi.org/10.1016/j.neulet.2007.05.027
https://doi.org/10.1097/HP.0000000000001210
https://doi.org/10.1038/s41598-021-91790-3
https://doi.org/10.2741/4591
https://doi.org/10.1002/bem.2250020413
https://doi.org/10.1111/j.1348-0421.1995.tb02244.x
https://doi.org/10.1002/(SICI)1521-186X(1996)17:6%3C497::AID-BEM10%3E3.0.CO;2-I
https://doi.org/10.1002/(SICI)1521-186X(1996)17:6%3C497::AID-BEM10%3E3.0.CO;2-I
https://doi.org/10.1016/j.envres.2020.110297
https://doi.org/10.1016/j.ecoenv.2019.109786
https://doi.org/10.1007/s00709-015-0863-9
https://doi.org/10.1016/0006-8993(93)91729-C

252 (&) H.LAIAND B.B. LEVITT

Lai, H. 1994. Neurological effects of microwave irradiation.
In Advances in Electromagnetic Fields in Living Systems,
ed. J. C. Lin,, Vol. 1, 27-80. New York, USA: Plenum
Press.

Lai, H. 2018. A summary of recent literature (2007-2017) on
neurobiological effects of radiofrequency radiation. in
“Mobile Communications and Public Health”. In ed.
M. Markov, 187-222. Boca Raton, FL, USA: CRC Press.

Lai, H. 2020. Research Summary 3; RFR free radicals (updated
2020) in: The bioinitiative report: a rationale for a
biologically-based public exposure standard for electromag-
netic fields (ELF and RF). Report updated: 2014-2020.
C. Sage and D. O. Carpenter (eds.) Available at: www.
bioinitiative.org

Lai, H., A. Horita, C. K. Chou, and A. W. Guy. 1984. Acute
low-level microwave irradiation and the actions of pento-
barbital: Effects of exposure orientation. Bioelectromagnetics
5:203-12. d0i:10.1002/bem.2250050208.

Lai, H., and N. P. Singh. 1996. Single- and double-strand DNA
breaks in rat brain cells after acute exposure to radiofre-
quency electromagnetic radiation. Int. J. Radiat. Biol
69:513-21. d0i:10.1080/095530096145814.

Lerchl, A., H. Kriiger, M. Niehaus, J. R. Streckert, A. K. Bitz,
and V. Hansen. 2008. Effects of mobile phone electromag-
netic fields at nonthermal SAR values on melatonin and
body weight of Djungarian hamsters (Phodopus sungorus).
J. Pineal Res 44:267-72. doi:10.1111/j.1600-
079X.2007.00522.x.

Levitt, B. B., and H. Lai. 2010. Biological effects from exposure
to electromagnetic radiation emitted by cell tower base
stations and other antenna arrays. Environ. Rev 18:369-95.
doi:10.1139/A10-018.

Levitt, B. B, H. C. Lai, and A. M. Manville. 2021a. Effects of
non-ionizing electromagnetic fields on flora and fauna,
Part 1. Rising ambient EMF levels in the environment.
Rev. Environ. Health 202110.1515/reveh-2021-0026https://
pubmed.ncbi.nlm.nih.gov/34047144/Online ahead of print

Levitt, B. B, H. C. Lai, and A. M. Manville. 2021b. Effects of
non-ionizing electromagnetic fields on flora and fauna,
Part 2 Impacts: How species interact with natural and
man-made EMF. Rev. Environ. Health 2021 Online ahead
of print. doi: 10.1515/reveh-2021-0050.

Lim, H. B,, G. G. Cook, A. T. Barker, and L. A. Coulton. 2005.
Effect of 900 MHz electromagnetic fields on nonthermal
induction of heat-shock proteins in human leukocytes.
Radiat. Res 163:45-52. doi:10.1667/RR3264.

Lin, J. C. 2021. Auditory effects of microwave radiation.
New York, NY, USA: Springer Publishing.

Lin, W. T., C. H. Chang, C. Y. Cheng, M. C. Chen, Y. R. Wen,
C. T. Lin, and C. W. Lin. 2013. Effects of low amplitude
pulsed radiofrequency stimulation with different waveform
in rats for neuropathic pain. Conf. Proc. IEEE Eng. Med.
Biol. Soc. Osaka, Japan. 2013:3590-93.

Liu, L., H. Deng, X. Tang, Y. Lu, J. Zhou, X. Wang, Y. Zhao,
B. Huang, and Y. Shi. 2021. Specific electromagnetic radia-
tion in the wireless signal range increases wakefulness in
mice. Proc. Natl. Acad. Sci. (U S A) 118:e2105838118.
doi:10.1073/pnas.2105838118.

Lépez-Martin, E., J. Bregains, J. L. Relova-Quinteiro,
C. Cadarso-Sudrez, F. J. Jorge-Barreiro, and J. F. 2009. The
action of pulse-modulated GSM radiation increases regio-
nal changes in brain activity and c-Fos expression in cortical

and subcortical areas in a rat model of picrotoxin-induced
seizure proneness. J. Neurosci. Res 87:1484-99. doi:10.1002/
jnr.21951.

Luukkonen, J., P. Hakulinen, J. Maiki-Paakkanen,
J. Juutilainen, and J. Naarala. 2009. Enhancement of chemi-
cally induced reactive oxygen species production and DNA
damage in human SH-SY5Y neuroblastoma cells by 872
MHz radiofrequency radiation. Mutat. Res 662:54-58.
doi:10.1016/j.mrfmmm.2008.12.005.

Marinelli, F.,, D. La Sala, G. Cicciotti, L. Cattini, C. Trimarchi,
S. Putti, A. Zamparelli, L. Giuliani, G. Tomassetti, and C. Cinti.
2004. Exposure to 900 MHz electromagnetic field induces an
unbalance between pro-apoptotic and pro-survival signals in
T-lymphoblastoid leukemia CCRF-CEM cells. J. Cell. Physiol
198:324-32. doi:10.1002/jcp.10425.

Markkanen, A., P. Penttinen, J. Naarala, J. Pelkonen, A.-
P. Sihvonen, and J. Juutilainen. 2004. Apoptosis induced
by ultraviolet radiation is enhanced by amplitude modu-
lated radiofrequency radiation in mutant yeast cells.
Bioelectromagnetics 25:127-33. doi:10.1002/bem.10167.

Markova, E., L. Hillert, L. Malmgren, B. P. Persson, and
I. Y. Belyaev. 2005. Microwaves from GSM mobile tele-
phones affect 53BP1 and gamma-H2AX foci in human lym-
phocytes from hypersensitive and healthy persons. Environ.
Health Perspect. 113:1172-77. doi:10.1289/ehp.7561.

Mazor, R., A. Korenstein-Ilan, A. Barbul, Y. Eshet, A. Shahadi,
E. Jerby, and R. Korenstein. 2008. Increased levels of
numerical chromosome aberrations after in vitro exposure
of human peripheral blood lymphocytes to radiofrequency
electromagnetic fields for 72 Hours. Radiat. Res 169:28-37.
doi:10.1667/RR0872.1.

Misa-Agustifio, M. J., J. M. Leiro-Vidal, J. L. Gomez-Amoza,
M. T. Jorge-Mora, F. ]. Jorge-Barreiro, A. A. Salas-Sdnchez,
F.]. Ares-Pena, and E. Lopez-Martin. 2015. EMF radiation
at 2450MHz triggers changes in the morphology and
expression of heat shock proteins and glucocorticoid recep-
tors in rat thymus. Life Sci. 127:1-11. doi:10.1016/].
1£s.2015.01.027.

Mitchel, R. E., and H. C. Birnboim. 1985. Triggering of DNA
strand breaks by 45 degrees C hyperthermia and its influ-
ence on the repair of gamma-radiation damage in human
white blood cells. Cancer Res. 45:2040-45.

Miyakoshi, J., K. Takemasa, Y. Takashima, G. R. Ding,
H. Hirose, and S. Koyama. 2005. Effects of exposure to
a 1950 MHz radio frequency field on expression of Hsp70
and Hsp27 in human glioma cells. Bioelectromagnetics
26:251-57. doi:10.1002/bem.20077.

Mohammed, H. S, H. M. Fahmy, N. M. Radwah, and
A. A. Elsayed. 2013. Non-thermal continuous and modu-
lated electromagnetic radiation fields effects on sleep EEG
of rats. J. Adv. Res 4:181-87. doi:10.1016/j.jare.2012.05.005.

Nakamura, H., I. Matsuzaki, K. Hatta, Y. Nobukuni,
Y. Kambayashi, and K. Ogino. 2003. Nonthermal effects of
mobile-phone frequency microwaves on uteroplacental
functions in pregnant rats. Reprod. Toxicol 17:321-26.
doi:10.1016/S0890-6238(03)00010-8.

Nikolova, T., J. Czyz, A. Rolletschek, P. Blyszczuk, J. Fuchs,
G. Jovtchev, J. Schuderer, N. Kuster, and A. M. Wobus.
2005. Electromagnetic fields affect transcript levels of
apoptosis-related genes in embryonic stem cell-derived
neural progenitor cells. FASEB J. 19:1686-88. doi:10.1096/
£5.04-3549fje.


http://www.bioinitiative.org
http://www.bioinitiative.org
https://doi.org/10.1002/bem.2250050208
https://doi.org/10.1080/095530096145814
https://doi.org/10.1111/j.1600-079X.2007.00522.x
https://doi.org/10.1111/j.1600-079X.2007.00522.x
https://doi.org/10.1139/A10-018
https://pubmed.ncbi.nlm.nih.gov/34047144/
https://pubmed.ncbi.nlm.nih.gov/34047144/
https://doi.org/10.1515/reveh-2021-0050
https://doi.org/10.1667/RR3264
https://doi.org/10.1073/pnas.2105838118
https://doi.org/10.1002/jnr.21951
https://doi.org/10.1002/jnr.21951
https://doi.org/10.1016/j.mrfmmm.2008.12.005
https://doi.org/10.1002/jcp.10425
https://doi.org/10.1002/bem.10167
https://doi.org/10.1289/ehp.7561
https://doi.org/10.1667/RR0872.1
https://doi.org/10.1016/j.lfs.2015.01.027
https://doi.org/10.1016/j.lfs.2015.01.027
https://doi.org/10.1002/bem.20077
https://doi.org/10.1016/j.jare.2012.05.005
https://doi.org/10.1016/S0890-6238(03)00010-8
https://doi.org/10.1096/fj.04-3549fje
https://doi.org/10.1096/fj.04-3549fje

Nylund, R., N. Kuster, and D. Leszczynski. 2010. Analysis of
proteome response to the mobile phone radiation in two
types of human primary endothelial cells. Proteome Sci 8:52.
doi:10.1186/1477-5956-8-52.

Nylund, R., and D. Leszczynski. 2006. Mobile phone radiation
causes changes in gene and protein expression in human
endothelial cell lines and the response seems to be genome-
and  proteome-dependent.  Proteomics  6:4769-80.
doi:10.1002/pmic.200600076.

O’Connor, R. P, S. D. Madison, P. Leveque, H. L. Roderick,
and M. D. Bootman. 2010. Exposure to GSM RF fields does
not affect calcium homeostasis in human endothelial cells,
rat pheocromocytoma cells or rat hippocampal neurons.
PLoS One 5:¢11828. doi:10.1371/journal.pone.0011828.

Ozgur, E., G. Guler, G. Kismali, and N. Seyhan. 2014. Mobile
phone radiation alters proliferation of hepatocarcinoma
cells. Cell. Biochem. Biophys 70:983-91. do0i:10.1007/
s12013-014-0007-4.

Panagopoulos, D. J. 2019. Comparing DNA damage induced
by mobile telephony and other types of man-made electro-
magnetic fields. Mutat. Res. Rev. Mutat. Res 781:53-62.
doi:10.1016/j.mrrev.2019.03.003.

Panagopoulos, D. J., A. Karabarbounis, and L. H. Margaritis.
2004. Effect of GSM 900-MHz mobile phone radiation on
the reproductive capacity of drosophila melanogaster.
Electromagn. Biol. Med 23:29-43. doi:10.1081/JBC-120039350.

Panagopoulos, D. J., A. Karabarbounis, I. Yakymenko, and
G. P. Chrousos. 2021. Human-made electromagnetic fields:
Ion forced-oscillation and voltage-gated ion channel dys-
function, oxidative stress and DNA damage (Review). Int.
J. Oncol 59:92. doi:10.3892/ijo.2021.5272.

Panagopoulos, D. J., and L. H. Margaritis. 2010. The effect of
exposure duration on the biological activity of mobile tele-
phony radiation. Mutat. Res 699:17-22. doi:10.1016/j.
mrgentox.2010.04.010.

Pavicic, L., and L. Trosic. 2008. Impact of 864 MHz or 935 MHz
radiofrequency microwave radiation on the basic growth
parameters of V79 cell line. Acta Biol. Hung 59:67-76.
doi:10.1556/ABi0l.59.2008.1.6.

Penafiel, L. M., T. Litovitz, D. Krause, A. Desta, and
J. M. Mullins. 1997. Role of modulation on the effect of
microwaves on ornithine decarboxylase activity in 1929
cells. Bioelectromagnetics 18:132-41. doi:10.1002/(SICI)
1521-186X(1997)18:2<132::AID-BEM6>3.0.CO;2-3.

Perentos, N., R. J. Croft, R. ]. McKenzie, and I. Cosic. 2013. The
alpha band of the resting electroencephalogram under pulsed
and continuous radio frequency exposures. IEEE Trans.
Biomed. Eng 60:1702-10. doi:10.1109/TBME.2013.2241059.

Persson, B. R. R, L. G. Salford, and A. Brun. 1997. Blood-brain
barrier permeability in rats exposed to electromagnetic
fields used in wireless communication. Wireless Network
3:455-61. d0i:10.1023/A:1019150510840.

Philippova, T. M., V. 1. Novoselov, and S. I. Alekseev. 1994.
Influence of microwaves on different types of receptors and
the role of peroxidation of lipids on receptor-protein shedding.
Bioelectromagnetics 15:183-92. doi:10.1002/bem.2250150303.

Phillips, J. L., O. Ivaschuk, T. Ishida-Jones, R. A. Jones,
M. Campbell-Beachler, and W. Haggren. 1998. DNA
damage in Molt-4 T-lymphoblastoid cells exposed to cellu-
lar telephone radiofrequency fields in vitro. Bioelectrochem.
Bioenerg 45:103-10. doi:10.1016/S0302-4598(98)00074-9.

ELECTROMAGNETIC BIOLOGY AND MEDICINE . 253

Platano, D., P. Mesirca, A. Paffi, M. Pellegrino, M. Liberti,
F. Apollonio, F. Bersani, and G. Aicardi. 2007. Acute expo-
sure to low-level CW and GSM-modulated 900 MHz radio-
frequency does not affect Ba(2+) currents through
voltage-gated calcium channels in rat cortical neurons.
Bioelectromagnetics 28:599-607. doi:10.1002/bem.20345.

Poque, E., D. Arnaud-Cormos, L. Patrignoni, H. J. Ruigrok,
F. Poulletier De Gannes, A. Hurtier, R. Renom, A. Garenne,
L. Lagroye, P. Lévéque, et al. 2020. Effects of radiofrequency
fields on RAS and ERK kinases activity in live cells using the
bioluminescence resonance energy transfer technique. Int.
J. Radiat. Biol 96:836-43. doi:10.1080/
09553002.2020.1730016.

Pyankov, V. F,, O. V. Kryukova, A. F. Kopylov, G. M. Aldonin,
and Y. P. Salomatov. Effect of microwave radiation on
experimental tumor growth at different intensity levels.
2021 IEEE Conference of Russian Young Researchers in
Electrical and Electronic Engineering (ElConRus). St.
Petersburg and Moscow, Russia. 26-29 January. 2021. doi:
10.1109/E1ConRus51938.2021.9396077.

Radio Frequency Interagency Work Group (RFIAWG). 1999.
RF guideline issues identified by members of the federal RF
Interagency Work Group, June 1999 Letter to Richard Tell,
Chair, IEEE SCC28 (SC4), Risk Assessment Group (June 17,
1999). https://ehtrust.org/wp-content/uploads/2016/04/
1999-radiofrequency-interagency-workgroup-letter.pdf

Regel, S. J., G. Tinguely, J. Schuderer, M. Adam, N. Kuster,
H. P. Landolt, and P. Achermann. 2007. Pulsed
radio-frequency electromagnetic fields: Dose-dependent
effects on sleep, the sleep EEG and cognitive performance.
J. Sleep Res 16:253-58. doi:10.1111/j.1365-2869.2007.00603 x.

Roux, D., S. Girard, E. Paladian, P. Bonnet, S. Lalléchére,
M. Gendraud, E. Davies, and A. Vian. 2011. Human kera-
tinocytes in culture exhibit no response when exposed to
short duration, low amplitude, high frequency (900 MHz)
electromagnetic fields in a reverberation chamber.
Bioelectromagnetics 32:302-11. doi:10.1002/bem.20641.

Sagioglou, N. E, A. K. Manta, I. K. Giannarakis,
A. S. Skouroliakou, and L. H. Margaritis. 2016. Apoptotic
cell death during Drosophila oogenesis is differentially
increased by electromagnetic radiation depending on mod-
ulation, intensity and duration of exposure. Electromagn.
Biol. Med 35:40-53. d0i:10.3109/15368378.2014.971959.

Sakuma, N., Y. Komatsubara, H. Takeda, H. Hirose,
M. Sekijima, T. Nojima, and J. Miyakoshi. 2006. DNA
strand breaks are not induced in human cells exposed to
2.1425 GHz band CW and W-CDMA modulated radio-
frequency fields allocated to mobile radio base stations.
Bioelectromagnetics 27:51-57. doi:10.1002/bem.20179.

Sakurai, T., T. Kiyokawa, E. Narita, Y. Suzuki, M. Taki, and
J. Miyakoshi. 2011. Analysis of gene expression in a
human-derived glial cell line exposed to 2.45 GHz contin-
uous radiofrequency electromagnetic fields. J. Radiat. Res
52:185-92. doi:10.1269/jrr.10116.

Salehi, B., M. I. Cordero, and C. Sandi. 2010. Learning under
stress: The inverted-U-shape function revisited. Learn.
Mem 17:522-30. doi:10.1101/lm.1914110.

Salford, L. G., A. Brun, and B. R. R. Persson. 1997. Brain
tumour development in rats exposed to electromagnetic
fields used in wireless cellular communication. Wireless
Network 3:463-69. doi:10.1023/A:1019102627678.


https://doi.org/10.1186/1477-5956-8-52
https://doi.org/10.1002/pmic.200600076
https://doi.org/10.1371/journal.pone.0011828
https://doi.org/10.1007/s12013-014-0007-4
https://doi.org/10.1007/s12013-014-0007-4
https://doi.org/10.1016/j.mrrev.2019.03.003
https://doi.org/10.1081/JBC-120039350
https://doi.org/10.3892/ijo.2021.5272
https://doi.org/10.1016/j.mrgentox.2010.04.010
https://doi.org/10.1016/j.mrgentox.2010.04.010
https://doi.org/10.1556/ABiol.59.2008.1.6
https://doi.org/10.1002/(SICI)1521-186X(1997)18:2%3C132::AID-BEM6%3E3.0.CO;2-3
https://doi.org/10.1002/(SICI)1521-186X(1997)18:2%3C132::AID-BEM6%3E3.0.CO;2-3
https://doi.org/10.1109/TBME.2013.2241059
https://doi.org/10.1023/A:1019150510840
https://doi.org/10.1002/bem.2250150303
https://doi.org/10.1016/S0302-4598(98)00074-9
https://doi.org/10.1002/bem.20345
https://doi.org/10.1080/09553002.2020.1730016
https://doi.org/10.1080/09553002.2020.1730016
https://doi.org/10.1109/ElConRus51938.2021.9396077
https://doi.org/10.1109/ElConRus51938.2021.9396077
https://ehtrust.org/wp-content/uploads/2016/04/1999-radiofrequency-interagency-workgroup-letter.pdf
https://ehtrust.org/wp-content/uploads/2016/04/1999-radiofrequency-interagency-workgroup-letter.pdf
https://doi.org/10.1111/j.1365-2869.2007.00603.x
https://doi.org/10.1002/bem.20641
https://doi.org/10.3109/15368378.2014.971959
https://doi.org/10.1002/bem.20179
https://doi.org/10.1269/jrr.10116
https://doi.org/10.1101/lm.1914110
https://doi.org/10.1023/A:1019102627678

254 H. LA AND B. B. LEVITT

Salford, L. G., A. Brun, K. Sturesson, J. L. Eberhardt, and
B. R. Persson. 1994. Permeability of the blood-brain barrier
induced by 915 MHz electromagnetic radiation, continuous
wave and modulated at 8, 16, 50, and 200 Hz. Microsc. Res.
Tech 27:535-42. d0i:10.1002/jemt.1070270608.

Sarimov, R., L. O. G. Malmgren, E. Markova, B. R. R. Persson,
and L. Y. Belyaev. 2004. Nonthermal GSM microwaves
affect chromatin conformation in human lymphocytes
similar to heat shock. IEEE Trans. Plasma Sci 32:1600-08.
doi:10.1109/TPS.2004.832613.

Schmid, M. R, S. P. Loughran, S. J. Regel, M. Murbach, A. Bratic
Grunauer, T. Rusterholz, A. Bersagliere, N. Kuster, and
P. Achermann. 2012. Sleep EEG alterations: Effects of differ-
ent pulse-modulated radio frequency electromagnetic fields.
J. Sleep Res 21:50-58. doi:10.1111/j.1365-2869.2011.00918 x.

Schneider, J., and M. Stangassinger. 2014. Nonthermal effects
of lifelong high-frequency electromagnetic field exposure
on social memory performance in rats. Behav. Neurosci
128:633-37. d0i:10.1037/a0037299.

Schwartz, J. L., D. E. House, and G. A. Mealing. 1990. Exposure
of frog hearts to CW or amplitude-modulated VHF fields:
Selective efflux of calcium ions at 16 Hz. Bioelectromagnetics
11:349-58. d0i:10.1002/bem.2250110409.

Schwartz, J. L., and G. A. Mealing. 1993. Calcium-ion movement
and contractility in atrial strips of frog heart are not affected by
low-frequency-modulated, 1 GHz electromagnetic radiation.
Bioelectromagnetics 14:521-33. doi:10.1002/bem.2250140604.

Seaman, R. L., and R. L. DeHaan. 1993. Inter-beat intervals of
cardiac-cell aggregates during exposure to 2.45 GHz CW,
pulsed, and square-wave-modulated  microwaves.
Bioelectromagnetics 14:41-55. doi:10.1002/bem.2250140107.

Sefidbakht, Y., A. A. Moosavi-Movahedi, S. Hosseinkhani,
F. Khodagholi, M. Torkzadeh-Mahani, F. Foolad, and
R. Faraji-Dana. 2014. Effects of 940 MHz EMF on biolumi-
nescence and oxidative response of stable luciferase produ-
cing HEK cells. Photochem. Photobiol. Sci 13:1082-92.
doi:10.1039/C3PP50451D.

Sekijima, M., H. Takeda, K. Yasunaga, N. Sakuma, H. Hirose,
T. Nojima, and J. Miyakoshi. 2010. 2-GHz band CW and
W-CDMA modulated radiofrequency fields have no signifi-
cant effect on cell proliferation and gene expression profile in
human cells. J. Radiat. Res 51:277-84. doi:10.1269/jrr.09126.

Selye, H. 1951. The general-adaptation-sydrome. Ann. Rev.
Med 2:327-42. doi:10.1146/annurev.me.02.020151.001551.

Semin, I., L. K. Shvartsburg, and B. V. Dubovik. 1995.
[Changes in the secondary structure of DNA under the
influence of external low-intensity electromagnetic field]
Radiats. Biol. Radioecol 35:36-41. article in Russian.

Shahi, A., F. Shahnazar, S. Nematolahi, A. Dehghan, and
M. B. Shojaeifard. 2021. Does exposure to radiation emitted
from mobile jammers influence the spatial memory? Int.
J. Radiat. Res 19:993-1000. doi:10.52547/ijrr.19.4.28.

Shahin, S., V. P. Singh, R. K. Shukla, A. Dhawan, R. K. Gangwar,
S. P. Singh, and C. M. Chaturvedi. 2013. 2.45 GHz microwave
irradiation-induced oxidative stress affects implantation or
pregnancy in mice, mus musculus. Appl. Biochem. Biotechnol
169:1727-51. doi:10.1007/s12010-012-0079-9.

Sharma, A., S. Shrivastava, and S. Shukla. 2021. Oxidative
damage in the liver and brain of the rats exposed to
frequency-dependent radiofrequency electromagnetic expo-
sure: Biochemical and histopathological evidence. Free Radic.
Res 55:535-46. d0i:10.1080/10715762.2021.1966001.

Silny, J. 2007. Demodulation in tissue, the relevant parameters
and the implications for limiting exposure. Health Phys.
92:604-08. do0i:10.1097/01.HP.0000244086.36815.7c.

Simko, M., C. Hartwig, M. Lantow, M. Lupke, M. O. Mattsson,
Q. Rahman, and J. Rollwitz. 2006. Hsp70 expression and
free radical release after exposure to non-thermal
radio-frequency electromagnetic fields and ultrafine parti-
cles in human Mono Mac 6 cells. Toxicol. Lett 161:73-82.
doi:10.1016/j.toxlet.2005.08.005.

Sirav, B., and N. Seyhan. 2011. Effects of radiofrequency radia-
tion exposure on blood-brain barrier permeability in male
and female rats. Electromagn. Biol. Med 30:253-60.
doi:10.3109/15368378.2011.600167.

Sirav, B., and N. Seyhan. 2016. Effects of GSM modulated
radio-frequency electromagnetic radiation on permeability
of blood-brain barrier in male & female rats. J. Chem.
Neuroanat 75:123-27. doi:10.1016/j.jchemneu.2015.12.010.

Somosy, Z., G. Thuroczy, and J. Kovacs. 1993. Effects of modu-
lated and continuous microwave irradiation on pyroantimo-
nate precipitable calcium content in junctional complex of
mouse small intestine. Scanning Microsc. 7:1255-61.

Somosy, Z., G. Thuroczy, T. Kubasova, J. Kovacs, and
L. D. Szabo. 1991. Effects of modulated and continuous
microwave irradiation on the morphology and cell surface
negative charge of 3T3 fibroblasts. Scanning Microsc.
5:1145-55.

Speit, G., R. Gminski, and R. Tauber. 2013. Genotoxic effects
of exposure to radiofrequency electromagnetic fields
(RE-EMF) in HL-60 cells are not reproducible. Mutat. Res
755:163-66. doi:10.1016/j.mrgentox.2013.06.014.

Speit, G., P. Schiitz, and H. Hoffmann. 2007. Genotoxic effects
of exposure to radiofrequency electromagnetic fields
(RE-EMF) in cultured mammalian cells are not indepen-
dently reproducible. Mutat. Res 626:42-47. doi:10.1016/j.
mrgentox.2006.08.003.

Standards for microwave radiation, science, 208. available at:
https://ecfsapi.fcc.gov/file/10728122779746/Steneck_
Science_1980_ENG.pdf

Steneck, N. H. 1985. The microwave debate. Cambridge, MA,
USA: MIT Press.

Steneck, N. H., H. J. Cook, A. J. Vander, and G. L. Kane. 1980.
The Origins of U.S. Safety standards for microwave radia-
tion. Science 208:1230-7. doi: 10.1126/science.6990492.

Sukhotina, I., J. R. Streckert, A. K. Bitz, V. W. Hansen, and
A. Lerchl. 2006. 1800MHz electromagnetic field effects on
melatonin release from isolated pineal glands. J. Pineal Res
40:86-91. doi:10.1111/j.1600-079X.2005.00284.x.

Sun, Y., L. Zong, Z. Gao, S. Zhu, J. Tong, and Y. Cao. 2017.
Mitochondrial DNA damage and oxidative damage in HL-60
cells exposed to 900MHz radiofrequency fields. Mutat. Res
797-799:7-14. doi:10.1016/j.mrfmmm.2017.03.001.

Takeda, H., K. Yasunaga, N. Sakuma, H. Hirose, T. Nojima, and
J. Miyakoshi. 2010. 2-GHz Band CW and W-CDMA modu-
lated radiofrequency fields have no significant effect on cell
proliferation and gene expression profile in human cells.
J. Radiat. Res.(Tokyo) 51:277-84. d0i:10.1269/jrr.09126.

Tan, S., H. Wang, X. Xu, L. Zhao, J. Zhang, J. Dong, B. Yao,
H. Wang, H. Zhou, Y. Gao, et al. 2017. Study on
dose-dependent, frequency-dependent, and accumulative
effects of 1.5 GHz and 2.856 GHz microwave on cognitive
functions in Wistar rats. Sci. Rep 7:10781. doi:10.1038/
541598-017-11420-9.


https://doi.org/10.1002/jemt.1070270608
https://doi.org/10.1109/TPS.2004.832613
https://doi.org/10.1111/j.1365-2869.2011.00918.x
https://doi.org/10.1037/a0037299
https://doi.org/10.1002/bem.2250110409
https://doi.org/10.1002/bem.2250140604
https://doi.org/10.1002/bem.2250140107
https://doi.org/10.1039/C3PP50451D
https://doi.org/10.1269/jrr.09126
https://doi.org/10.1146/annurev.me.02.020151.001551
https://doi.org/10.52547/ijrr.19.4.28
https://doi.org/10.1007/s12010-012-0079-9
https://doi.org/10.1080/10715762.2021.1966001
https://doi.org/10.1097/01.HP.0000244086.36815.7c
https://doi.org/10.1016/j.toxlet.2005.08.005
https://doi.org/10.3109/15368378.2011.600167
https://doi.org/10.1016/j.jchemneu.2015.12.010
https://doi.org/10.1016/j.mrgentox.2013.06.014
https://doi.org/10.1016/j.mrgentox.2006.08.003
https://doi.org/10.1016/j.mrgentox.2006.08.003
https://ecfsapi.fcc.gov/file/10728122779746/Steneck_Science_1980_ENG.pdf
https://ecfsapi.fcc.gov/file/10728122779746/Steneck_Science_1980_ENG.pdf
https://doi.org/10.1126/science.6990492
https://doi.org/10.1111/j.1600-079X.2005.00284.x
https://doi.org/10.1016/j.mrfmmm.2017.03.001
https://doi.org/10.1269/jrr.09126
https://doi.org/10.1038/s41598-017-11420-9
https://doi.org/10.1038/s41598-017-11420-9

Tattersall, J. E., I. R. Scott, S. J. Wood, J. J. Nettell, M. K. Bevir,
Z. Wang, N. P. Somasiri, and X. Chen. 2001. Effects of low
intensity radiofrequency electromagnetic fields on electrical
activity in rat hippocampal slices. Brain Res. 904:43-53.
doi:10.1016/5S0006-8993(01)02434-9.

Testylier, G., L. Tonduli, R. Malabiau, and J. C. Debouzy. 2002.
Effects of exposure to low level radiofrequency fields on
acetylcholine release in hippocampus of freely moving rats.
Bioelectromagnetics 23:249-55. d0i:10.1002/bem.10008.

Thorlin, T., J.-M. Rouquette, Y. Hamnerius, E. Hansson,
M. Persson, U. Bjorklund, L. Rosengren, L. Ronnback, and
M. Persson. 2006. Exposure of cultured astroglial and
microglial brain cells to 900 MHz microwave radiation.
Radiat. Res 166:409-21. doi:10.1667/RR3584.1.

Tkalec, M., K. Malari¢, M. Pavlica, B. Pevalek-Kozlina, and
Z. Vidakovi¢-Cifrek. 2009. Effects of radiofrequency elec-
tromagnetic fields on seed germination and root meriste-
matic cells of Allium cepa L. Mutat. Res 672:76-81.
doi:10.1016/j.mrgentox.2008.09.022.

Tkalec, M., K. Malaric, and B. Pevalek-Kozlina. 2005.
Influence of 400, 900, and 1900 MHz electromagnetic fields
on Lemna minor growth and peroxidase activity.
Bioelectromagnetics 26:185-93. doi:10.1002/bem.20104.

Tkalec, M., K. Malaric, B. Pevalek-Kozlina. 2005. Influence of 400,
900, and 1900 MHz electromagnetic fields on Lemna minor
growth and peroxidase activity. Bioelectromagnetics. 26:185-193

Tkalec, M., K. Malari¢, and B. Pevalek-Kozlina. 2007. Exposure to
radiofrequency radiation induces oxidative stress in duckweed
Lemna minor L. Sci. Total Environ 388:78-89.

Tkalec, M., A. Stambukm, M. Srut, K. Malari¢, and G. I. Klobucar.
2013. Oxidative and genotoxic effects of 900 MHz electromag-
netic fields in the earthworm Eisenia fetida. Ecotoxicol. Environ.
Saf 90:7-12. doi:10.1016/j.ecoenv.2012.12.005.

Trillo, M. A., M. A. Martinez, and A. Ubeda. 2021. Effects of the
signal modulation on the response of human fibroblasts to
in vitro stimulation with subthermal RF currents.
Electromagn.  Biol. =~ Med  40:201-20.  doi:10.1080/
15368378.2020.1830796.

Tsybulin, O., E. Sidorik, O. Brieieva, L. Buchynska,
S. Kyrylenko, D. Henshel, and I. Yakymenko. 2013. GSM
900 MHz cellular phone radiation can either stimulate or
depress early embryogenesis in Japanese quails depending
on the duration of exposure. Int. J. Rad. Biol 89:756-63.
doi:10.3109/09553002.2013.791408.

Valbonesi, P., S. Franzellitti, F. Bersani, A. Contin, and E. Fabbri.
2014. Effects of the exposure to intermittent 1.8 GHz radio
frequency electromagnetic fields on HSP70 expression and
MAPK signaling pathways in PC12 cells. Int. J. Radiat. Biol
90:382-91. doi:10.3109/09553002.2014.892225.

Veyret, B., C. Bouthet, P. Deschaux, R. de Seze, M. Geffard,
J. Joussot-Dubien, M. le Diraison, and A. Caristan. 1991.
Antibody responses of mice exposed to low-power micro-
waves under combined, pulse-and-amplitude modulation.
Bioelectromagnetics. 12:47-56. doi:10.1002/bem.2250120107.

Vili¢, M., I. Tlak Gajger, P. Tucak, A. Stambuk, M. Srut,
G. Klobuc¢ar, K. Malari¢, 1. Zura Zaja, A. Paveli¢,
M. Manger, et al. 2017. Effects of short-term exposure to
mobile phone radiofrequency (900 MHz) on the oxidative
response and genotoxicity in honey bee larvae. J. Apic. Res
56:430-38. d0i:10.1080/00218839.2017.1329798.

ELECTROMAGNETIC BIOLOGY AND MEDICINE . 255

Wang, Q., Z. J. Cao, and X. T. Bai. 2005b. Effect of 900 MHz
electromagnetic fields on the expression of GABA receptor
of cerebral cortical neurons in postnatal rats. Wei Sheng
Yan Jiu 34:546-48. Article in Chinese.

Wang, L., Y. Lj, S. Xie, J. Huang, K. Song, and C. He. 2021. Effects
of pulsed electromagnetic field therapy at different frequencies
on bone mass and microarchitecture in osteoporotic mice.
Bioelectromagnetics 42:441-54. doi:10.1002/bem.22344.

Wang, J., T. Sakurai, S. Koyama, Y. Komatubara, Y. Suzuki,
M. Taki, and J. Miyakoshi. 2005a. Effects of 2450 MHz elec-
tromagnetic fields with a wide range of SARs on
methylcholanthrene-induced transformation in C3H10T1/2
cells. J. Radiat. Res. (Tokyo) 46:351-61. doi:10.1269/jrr.46.351.

Wright, K. P., J. T. Hull, and C. A. Czeisler. 2002. Relationship
between alertness, performance, and body temperature in
humans. Am. J. Physiol. Regul. Integr. Comp. Physiol 283:
R1370-1377. doi:10.1152/ajpregu.00205.2002.

Xie, W., R. Xu, C. Fan, C. Yang, H. Chen, and Y. Cao. 2021. 900
MHz radiofrequency field induces mitochondrial unfolded
protein response in mouse bone marrow stem cells. Front.
Public Health 9:724239. doi:10.3389/fpubh.2021.724239.

Yakymenko, I, O. Tsybulin, E. Sidorik, D. Henshel,
O. Kyrylenko, and S. Kyrylenko. 2016. Oxidative mechan-
isms of biological activity of low-intensity radiofrequency
radiation. Electromagn. Biol. Med 35:186-202. doi:10.3109/
15368378.2015.1043557.

Yang, R., J. Chen, Z. Deng, and X. Liu. 2001. Effect of vitamin
E on morphological variation of retinal ganglion cells after
microwave radiation. Wei Sheng Yan Jiu 30:31-33. Article
in Chinese.

Zeng, Q. L., Y. Weng, G. D. Chen, D. Q. Lu, H. Chiang, and
Ans Z.p. Xu. 2006. Effects of GSM 1800 MHz radiofre-
quency electromagnetic fields on protein expression profile
of human breast cancer cell MCF-7. Zhonghua Yu Fang Yi
Xue Za Zhi 40:153-58. Article in Chinese.

Zeni, O., A. S. Schiavoni, A. Sannino, A. Antolini, D. Forigo,
F. Bersani, and M. R. Scarfi. 2003. Lack of genotoxic effects
(micronucleus induction) in human lymphocytes exposed
in vitro to 900 MHz electromagnetic fields. Radiat. Res
160:152-58. doi:10.1667/RR3014.

Zhang, S. Z., G. D. Yao, D. Q. Lu, H. Chiang, and Z. P. Xu. 2008.
Effect of 1.8 GHz radiofrequency electromagnetic fields on
gene expression of rat neurons. Zhonghua Lao Dong Wei
Sheng Zhi Ye Bing Za Zhi 26:449-52. Article in Chinese.

Zhu, R., H. Wang, X. Xu, L. Zhao, J. Zhang, J. Dong, B. Yao,
H. Wang, H. Zhou, Y. Gao, et al. 2021. Effects of 1.5 and 4.3
GHz microwave radiation on cognitive function and hip-
pocampal tissue structure in Wistar rats. Sci. Rep 11:10061.
doi:10.1038/s41598-021-89348-4.

Zimmerman, J. W., H. Jimenez, M. J. Pennison, 1. Brezovich,
D. Morgan, A. Mudry, F. P. Costa, A. Barbault, and
B. Pasche. 2013. Targeted treatment of cancer with radio-
frequency electromagnetic fields amplitude-modulated at
tumor-specific frequencies. Chinese J. Cancer 32:573-81.
doi:10.5732/cjc.013.10177.

Zmyslony, M., P. Politanski, E. Rajkowska, W. Szymczak, and
J. Jajte. 2004. Acute exposure to 930 MHz CW electromag-
netic radiation in vitro affects reactive oxygen species level
in rat lymphocytes treated by iron ions. Bioelectromagnetics
25:324-28. d0i:10.1002/bem.10191.


https://doi.org/10.1016/S0006-8993(01)02434-9
https://doi.org/10.1002/bem.10008
https://doi.org/10.1667/RR3584.1
https://doi.org/10.1016/j.mrgentox.2008.09.022
https://doi.org/10.1002/bem.20104
https://doi.org/10.1016/j.ecoenv.2012.12.005
https://doi.org/10.1080/15368378.2020.1830796
https://doi.org/10.1080/15368378.2020.1830796
https://doi.org/10.3109/09553002.2013.791408
https://doi.org/10.3109/09553002.2014.892225
https://doi.org/10.1002/bem.2250120107
https://doi.org/10.1080/00218839.2017.1329798
https://doi.org/10.1002/bem.22344
https://doi.org/10.1269/jrr.46.351
https://doi.org/10.1152/ajpregu.00205.2002
https://doi.org/10.3389/fpubh.2021.724239
https://doi.org/10.3109/15368378.2015.1043557
https://doi.org/10.3109/15368378.2015.1043557
https://doi.org/10.1667/RR3014
https://doi.org/10.1038/s41598-021-89348-4
https://doi.org/10.5732/cjc.013.10177
https://doi.org/10.1002/bem.10191

	Abstract
	Introduction
	Intensity of exposure
	Specific absorption rate (SAR)

	Duration of exposure
	Modulations
	Continuous-wave (CW) RFR causes effects without modulation
	Comparison studies of continuous-wave and modulated RFR
	CW and modulation cause different effects
	Different modulation frequencies cause different effects
	Modulated fields caused effects, but not CW
	CW and modulation have different potencies

	The role of the exposed object
	Possibility of cellular oxidative changes
	The nature of modulation and significance to human exposure guidelines

	Discussion
	Disclosure statement
	Funding
	References

