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This paper attempts to resolve the debate about whether non-ionizing radiation (NIR) can cause cancer
ea debate that has been ongoing for decades. The rationale, put forward mostly by physicists and
accepted by many health agencies, is that, “since NIR does not have enough energy to dislodge electrons, it is
unable to cause cancer.” This argument is based on a ﬂawed assumption and uses the model of ionizing
radiation (IR) to explain NIR, which is inappropriate. Evidence of free-radical damage has been repeatedly documented among humans, animals, plants and microorganisms for both extremely low frequency
(ELF) electromagnetic ﬁelds (EMF) and for radio frequency (RF) radiation, neither of which is ionizing.
While IR directly damages DNA, NIR interferes with the oxidative repair mechanisms resulting in
oxidative stress, damage to cellular components including DNA, and damage to cellular processes leading
to cancer. Furthermore, free-radical damage explains the increased cancer risks associated with mobile
phone use, occupational exposure to NIR (ELF EMF and RFR), and residential exposure to power lines and
RF transmitters including mobile phones, cell phone base stations, broadcast antennas, and radar
installations.
© 2016 Elsevier Ltd. All rights reserved.

1. Introduction
Whether power frequency electromagnetic ﬁelds (EMF), radiofrequency (RF) and microwave (MW) radiation can cause cancer,
or other health effects, has been debated since the 1960s.1 Scientists, who study electromagnetic energy, ﬁnd themselves aligned
with one of two groups and these two groups are becoming
increasingly polarized.
One group adheres to the concept that, the only harmful effects
associated with RF and MW radiation are due to heating, and that
below thermal guidelines, this energy is safe (see quotes below).
They state that the scientiﬁc evidence documenting adverse health
effects is inconsistent and inconclusive and, while certain types of
cancers can't be ignored, for example, childhood leukemia with residential magnetic ﬁeld exposure (Ahlbom et al., 2001), the risks are
small and may be due to confounders. This group relies on the wellestablished theory that non-ionizing radiation (NIR) does not have
enough energy to dislodge electrons and therefore is unable to
cause cancer.
Key authorities have made the following statements regarding
health effects of NIR:

This paper has been recommended for acceptance by David Carpenter.
NOTE: In this document ELF refers to frequencies below 300 Hz and RF refers to
frequencies up to 300 GHz. MW are radio frequencies between 300 MHz and
300 GHz.

ICNIRP 2016eThe overall evaluation of all the research on HF [high
frequency] ﬁelds leads to the conclusion that HF exposure below the
thermal threshold is unlikely to be associated with adverse health effects. [Note: ICNIRP (1998) recommends NIR guidelines to the
WHO.]
National Cancer Institute, U.S. 2016eRadiofrequency energy, unlike ionizing radiation, does not cause DNA damage that can lead to
cancer. Its only consistently observed biological effect in humans is tissue heating.
WHO, 2014eA large number of studies have been performed over
the last two decades to assess whether mobile phones pose a potential
health risk. To date, no adverse health effects have been established as
being caused by mobile phone2 use.
Health Protection Agency, U.K. 2012eIn summary, although a
substantial amount of research has been conducted in this area [i.e.
radiofrequency radiation], there is no convincing evidence that RF ﬁeld
exposure below guideline levels causes health effects in adults or
children.
Health Canada, 2010eBased on scientiﬁc evidence, Health Canada
has determined that low-level exposure to radiofrequency (RF) energy
from Wi-Fi equipment is not dangerous to the public. This conclusion is
consistent with the ﬁndings of other international bodies and
regulators.

*

1

2
NOTE: WHO makes the same statement about cell phone base stations, DECT
phones, and Wi-Fi.
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FCC, 2010eThere is no scientiﬁc evidence to date that proves that
wireless phone usage can lead to cancer or a variety of other health effects, including headaches, dizziness or memory loss.
New Zealand Ministry for the Environment, 2008eThe Ministry
of Health considers there are no established adverse effects from exposures to radiofrequency ﬁelds which comply with the ICNIRP guidelines
and the New Zealand Standard.
Swedish Radiation Protection Authority, 2002e there is no biologically plausible mechanism to support a carcinogenic effect of
non-ionizing RF waves.
Clearly leading authorities state that RFR is safe below thermal
guidelines and the public has nothing to be concerned about.
The other group believes that NIR is harmful at levels well below
thermal guidelines, levels that are now ubiquitous in urban centers.
They believe that NIR causes cancer, reproductive problems, and a
range of symptoms that have been classiﬁed as electrohypersensitivity (EHS) or idiopathic environmental intolerance according to
the WHO; that children and pregnant women are particularly
vulnerable; and that many of the chronic illnesses common in
our society are due, in part, to electromagnetic pollution or electrosmog3 exposure. They base this belief on the numerous studies documenting adverse biological and health effects of low-level NIR
(Lee et al., 1996; Havas, 2000, 2013; Carpenter and Sage, 2007,
2012; Levitt and Lai, 2010; Blank et al., 2015).
Which group is right and how do we move beyond this
impasse?
2. Discussion
Let's start with the statement that: Non-ionizing radiation doesn't
have enough energy to dislodge electrons and thus cannot cause
cancer.
This assertion consists of two parts. The ﬁrst part (non-ionizing
radiation doesn't have enough energy to dislodge electrons) is based
on photon energy and electromagnetic forces. The second part
(and thus cannot cause cancer) is a conclusion based on the assumption that radiation can cause cancer only by dislodging electrons
and breaking chemical bonds. This assumption is ﬂawed.
Models of chemicals and ionizing radiation (IR) are repeatedly
and inappropriately used to interpret the effects of NIR. With IR,
photon energy is the critical criterion. With chemical toxicants,
speciation and the dose are critical. With NIR we have evidence
of effects within narrow intensity and frequency windows and evidence that waveform and modulation are biologically important
(Blackman et al., 1989; Litovitz et al., 1990; Wei et al., 1990; Adey,
1993; Liboff, 1997; Markov, 2005). Neither chemical nor ionization
models can adequately explains these observations.
In an attempt to answer the question, Can non-ionizing radiation
cause cancer, let's begin with what appears to be a scientiﬁc
anomaly.
2.1. Free-radicals, oxidative stress and DNA damage
Studies show that exposure to RFR increases free radicals in the
bodyeleading to oxidative stressewhich can account for many of
the biological responses and adverse health effects, including cancer, that are documented in the scientiﬁc literature.
Since NIR doesn't have enough energy to dislodge electrons and
thus create free radicals how can it contribute to an increase in free
radicals?
Free radicals can “build up” in the body in one of two ways. One

3
Note: Electrosmog is applied to anthropogenic sources of ELF, RF, and MW radiation and can be considered a form of non-chemical air pollution.

way is to increase free radical formation, which is what happens
with ionizing radiation and certain chemicals. The other way is to
interfere with the production of anti-oxidants that neutralizes
free radicals. The body produces free radicals during metabolic activity and it also produces anti-oxidants as part of its natural repair
mechanism. If the anti-oxidant repair mechanism is impaired free
radical damage can result. The Fenton reaction that depends on
free iron may play a key role in this process (Phillips et al., 2009).
Yakymenko et al. (2015) reviewed the scientiﬁc literature in a
paper entitled, Oxidative mechanisms of biological activity of lowintensity radiofrequency radiation. In this review they provide evidence for the following:
1. RF activation of key pathways generating reactive oxygen species (ROS),
2. Activation of peroxidation,
3. Oxidative damage of DNA, and
4. Changes in the activity of antioxidant enzymes.
Ninety-three of the 100 available peer-reviewed studies, dealing
with oxidative effects with low-intensity RF exposure, conﬁrmed
that RF induces oxidative stress in biological systems. The research
includes studies with humans, plants and animals. Yakymenko
et al. conclude that low intensity RFR is an oxidative agent for living
cells and is one of the primary mechanisms accounting for the biological activity of this kind of radiation. They also claim that EHSlike conditions can be attributed, at least partially, to ROS overproduction in cells due to RFR exposures (Yakymenko et al, 2015).
Lai (2014a) tabulated abstracts of articles related to RF and free
radicals. He found that 93 of 106 papers, (i.e. 88% of the studies)
documented signiﬁcant effects. Clearly, many publications in this
ﬁeld report oxidative stress associated with low-intensity RF
exposure.
ELF EMF (less than 300 Hz) has even less energy than RFR and
yet these frequencies have also been associated with free radical
production and oxidative stress. Lai (2014b) tabulated scientiﬁc abstracts dealing with the effects of ELF EMF on free radicals. Studies
include both in vivo and in vitro experiments with either acute or
chronic exposure of humans, animals, plants and microorganisms.
Lai (2014b) found that 97 of 110 studies (i.e. 84% of the publications)
reported effects. These effects include production of free radicals
and reactive oxygen species (ROS); evidence of oxidative damage
including DNA and neurological damage; apoptosis; altered antioxidant enzyme activity (both increase and decrease); and altered immune system response. Forty-ﬁve of the combined RFR and ELF
EMF studies (Lai, 2014a, 2014b) reported changes within the brain.
Supplementation with anti-oxidant (Zn, Se, Vitamin C, and melatonin) appeared to ameliorate the harmful effects of NIR exposure.
Critics of non-thermal mechanisms are likely to argue that the
evidence cited by Yakymenko et al. (2015) and Lai (2014a,b) is
biased; that the studies were ﬂawed; that speciﬁc ﬁndings are
not replicable; and that most studies did not control adequately
for thermal effects. So I contacted the authors to enquire how
they did their searches.
Lai (personal communication) obtained his references using
PubMed that he monitored almost daily for the following search
terms: radiofrequency, cell phone, mobile phone, ELF magnetic
ﬁeld, electric ﬁeld; and occasionally for speciﬁc frequencies (800
MHz, 900 MHz, 2450 MHz, etc.). His research ﬁndings included
all types of responses to NIR. The 2014a,b compilation of abstracts
are limited to references dealing only with free radicals and either
RF or ELF EMF exposure.
Yakymenko (personal communication) stated that they
analyzed all peer-reviewed experimental publications that they
could ﬁnd concerned with possible oxidative effects of low
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intensity RFR/MW in living systems. They analyzed only the effects
of low-intensity RFR, whicheby deﬁnitionerefers to intensities that
do not induce signiﬁcant thermal effects in biological tissues.
The publications cited by Yakymenko et al. (2015) and Lai
(2014a, b) represent comprehensive and unbiased collections of
peer-reviewed research at levels far below observable thermal effects in biological tissues and far below safety limits of the International Commissions on Non-Ionizing Radiation Protection (ICNIRP,
1998). When so many studieseusing a variety of organismsepoint
in the same direction, they cannot be ignored.
A preponderance of scientiﬁc evidence clearly indicates that
NIR, both ELF and RF, causes oxidative stress in living cells. This
oxidative stress, while not the only mechanism, may be the key
mechanism involved in carcinogenicity and it may also be involved
with other effects including symptoms of electrohypersensitivity
(EHS) and reproductive problems due to impaired sperm
(Agarwal et al., 2009; Kesari and Behari, 2012). The damage is
generated not by direct ionization of atoms and molecules but
rather by interference with anti-oxidant repair mechanisms. A
key player in this drama may very well be peroxynitrite (Pacher
et al., 2007).
Production of free radicals by NIR is not the only mechanism
with scientiﬁc support. Production of heat shock proteins indicating physiological stress; altered calcium ﬂux and intracellular
calcium signaling; induced ornithine decarboxylase activity;
increased permeability of the blood brain barrier; reduced oncostatic effect of melatonin; single and double strand DNA breaks;
as well as other mechanisms have been documented (Byrus et al.,
1987; Liburdy et al., 1993; Mullins et al., 1999; Schirmacher et al.,
2000; Blackman et al., 2001; Leszczynski, 2002; Lai and Singh,
2005; Blank and Goodman, 2009; Pall, 2015; Salford et al., 1994,
2003).
Even though both IR and NIR are part of the electromagnetic
spectrum, application of the ionization model to non-ionizing energy is inappropriate. Both produce biological effects but through
different pathways. IR breaks chemical bonds and thus directly
damages DNA. NIR alters the anti-oxidant repair mechanism,
resulting in a build up of ROS, whichein turn, disrupts cellular processes and damages DNA.
If the only studies documenting oxidative stress and its biological consequences were restricted to laboratory experiments, we
may ask if this could happen under realistic exposure conditions
outside of the lab. For this we need to turn our attention to epidemiological studies.
2.2. Epidemiological studies
Since the 1960s we have evidence of increased cancers associated with RF and MW exposure (Glaser et al., 1971). The more
recent evidence includes:
1. Residential RF/MW exposure and cancers near cell phone base
stations, broadcast antennas, and radar installations (Dolk et al.,
1997; Goldsmith, 1997; Michelozzi et al., 2002; Park et al., 2004;
Wolf and Wolf, 2004; Ha et al., 2007; Khurana et al., 2010; Dode
et al., 2011; Inskip et al., 2010; Levitt and Lai, 2010; Yakymenko
et al., 2011).
2. Occupational RF/MW exposure and cancers, such as testicular
cancer, breast cancer, brain tumors, and leukemia (Davis and
Mostoﬁ, 1993; Szmigielski, 1996; Finklestein, 1998; Milham,
2004);
3. Long-term (10 plus years) mobile phone use and ipsilateral tumors including parotid gland tumors; acoustic neuromas, gliomas and possibly meningiomas (Hardell et al., 2005, 2008;
Sadetzki et al., 2008; Cardis et al., 2011; INTERPHONE study
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Group, 2010, 2011; Coureau et al., 2014; Morgan et al., 2015);
as well as breast cancer among women who keep their cell
phone in their bra (West et al., 2013).
4. Rapid increase in thyroid cancers in various countries may also
be implicated with cell phone use (Ahn et al., 2004), although
there is some evidence that it may be due to improved detection
of small tumors (Davies and Welch, 2004). Time will tell which
is the case.
We also have evidence since the 1970s of cancers associated
with low frequency EMFs.
1. Residential power frequency magnetic ﬁeld exposure and
childhood leukemia (Wartenberg, 2001; Alhbolm et al., 2001)
that increased de novo with electriﬁcation (Milham and
Ossiander, 2001); that may have an epigenetic component
that alters DNA repair genes (Yang et al., 2008); and may be
increased with metallic plumbing and ground current
(Wertheimer et al., 1995);
2. Intermediate frequencies (kHz range) and various types of
cancers (Milham and Morgan, 2008);
3. Occupational exposure to ELF EMFs and breast cancer among
both men and women; leukemia; and brain tumors (Demers
et al., 1991; Tynes et al., 1992; Floderus et al., 1993; Armstrong
et al., 1994; Lee et al., 1996; Miller et al., 1996; Havas, 2000).
The International Agency for Research on Cancer (IARC), a
branch of the World Health Organization (WHO), classiﬁed both
ELF magnetic ﬁelds in 2002 and RFR in 2011 as possible human carcinogens (Class 2b) (IARC, 2002, 2012). One key reason for the IARC
classiﬁcation as “possible” (Class 2b) rather than “probable” (Class
2a) is expressed by the Swedish Radiation Protection Authority
(2002) namely, there is no biologically plausible mechanism to support a carcinogenic effect of non-ionizing RF waves.
We now have a plausible mechanism to support a carcinogenic
effect of NIR. This mechanism involves production of free radicals
and is supported by many peer-reviewed scientiﬁc publications.
Perhaps it is time for IARC to review the classiﬁcation of both ELF
EMF and RFR in light of this mechanism and it is time for guidelines
recommended by ICNRIP to be reexamined in light of this evidence.
3. Conclusions
The key points of this commentary are as follows: (1) Application of the IR model to NIR is inappropriate as the mechanisms of
biological interactions are different; (2) Sufﬁcient scientiﬁc evidence exists of cellular damage caused by NIR at levels well below
thermal guidelines; and (3) Various mechanisms have been documented that involve oxidative stress and can account for the increase in tumors documented in epidemiological studies at both
low frequency and radio frequency electromagnetic exposure.
Indeed, this type of oxidative stress may account for damage to
sperm exposed to RFR and to some of the symptoms classiﬁed as
electrohypersensitivity (EHS).
While science, to some degree, is based on consensus building,
the majority has been known to be wrong in the past. It is my
contention that the agencies and governing bodies mentioned in
the Introduction are wrong about their assertions that NIR is
“safe” and is not carcinogenic below existing thermal guidelines.
Not only is NIR harmful, but we also know that it increases free radicals and causes oxidative damage in cells, which is likely to be one
of the key mechanism involved in cancer and some of the other
symptoms documented in the scientiﬁc literature.
The time is long overdue for the scientiﬁc community to move
beyond this decades-old debate about whether NIR can cause
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cancer at non-thermal levels. While there is much that remains unknown, currently the debate is based more on economic and political issues than on scientiﬁc evidence.
The rapid deployment of wireless technology needs to be reconsidered. The potentially harmful effects of Wi-Fi in schools; smart
meters on homes; the 5G network, as well as previous generations
of cellular telecommunication have not been adequately tested for
biological compatibility. Evidence so far, indicates that we are
already paying the price for this technology in terms of human
and environmental health and the cost is likely to increase with
increasing exposure. The longer we delay acting to reduce electrosmog exposure the more it will cost in terms of public health,
absenteeism from work and school, quality of life, and increased
morbidity (Carpenter, 2013).
Steps that need to be taken by individuals as well as by governing bodies and industry are provided in the EMF Scientist Appeal
(Blank et al., 2015). We know enough to act and we need to take
steps to reduce public exposure if we are to minimize an emerging
health crisis.
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