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Limitations
At the request of FortisBC Energy Inc. (FEI), Exponent prepared this summary report on the
status of research related to radiofrequency exposure and health. The findings presented herein
are made to a reasonable degree of scientific certainty. Exponent reserves the right to
supplement this report and to expand or modify opinions based on review of additional material
as it becomes available, through any additional work, or review of additional work performed
by others.
The scope of services performed during this investigation may not adequately address the needs
of other users of this report, and any re-use of this report or its findings, conclusions, or
recommendations presented herein are at the sole risk of the user. The opinions and comments
formulated during this assessment are based on observations and information available at the
time of the investigation. No guarantee or warranty as to future life or performance of any
reviewed condition is expressed or implied.
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Executive Summary
At the request of FortisBC Energy Inc., Exponent prepared this summary report on the status of
research related to exposure to radiofrequency (RF) fields and health. This report follows upon
Exponent’s report Exposure to Radiofrequency Fields in the Environment and from Advanced
Metering Infrastructure (hereafter RF Exposure Report [Exponent, 2021]), which provides
considerable background information and descriptions of the physics of RF energy, RF field
exposures from typical sources, and RF field exposure from the advanced metering
infrastructure of the FlexNet Metering system, as well as evaluation of required compliance
with Health Canada’s Safety Code 6 (SC6) that governs public exposure to RF fields. Readers
may wish to review the RF Exposure Report before reviewing this report to become familiar
with terminology, technology issues, and RF signals used to support communications between
the Sensus Sonix IQTM advanced meters (hereafter Sonix IQ gas meter) and the proposed
FlexNet network.
RF energy, also known as radio waves or fields, refers to a range of frequencies in the
electromagnetic spectrum that is typically defined as between 3,000 Hertz (Hz) and 300 billion
Hz. RF energy includes frequencies used to operate various devices and technologies, including
amplitude-modulated and frequency-modulated broadcast radio, television broadcasts, mobile
phones, cordless phones, garage door openers, baby monitors, wireless computer networks,
security systems, radar, and microwave ovens, among others. It also includes the RF signal
technology used by the Sonix IQ gas meters and other components of the FlexNet network,
which operate on a dedicated licensed portion of the radio spectrum of approximately 900
Megahertz. A thorough analysis of RF field exposure from the Sonix IQ gas meters and
FlexNet network, described in the RF Exposure Report (Exponent, 2021), shows that calculated
exposures will be far less than from many other sources of RF fields and that indoor exposure to
RF fields from the Sonix IQ gas meters is about 24 million times below the SC6 exposure limit.
Research on RF fields and health has examined whether exposure to RF fields can cause shortor long-term health effects in humans. In recent years, research has focused primarily on RF
fields from mobile phones, in part because of the now ubiquitous use of mobile phones in our
daily lives and also because of the close proximity of mobile phones to the human body.
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Researchers have applied a variety of study designs and techniques to investigate potential
effects on many aspects of physiology and diseases, including cancer in children and adults and
symptoms of electromagnetic hypersensitivity. This report summarizes the study designs and
approaches used by scientists in determining whether or how an exposure can affect human
health and describes the generally-accepted scientific method (i.e., a weight-of-evidence
review) used to arrive at valid scientific conclusions on potential health effects of environmental
exposures.
Because of the amount and complexity of the scientific research in this area, comprehensive
evaluations of the available scientific evidence have been regularly and repeatedly performed
for health and scientific agencies by panels comprised of independent scientists with expertise in
relevant scientific disciplines. In the past decade, several organizations have conducted reviews
that evaluated studies on exposure to RF fields and health, including the European Union’s
Scientific Committee on Emerging and Newly Identified Health Risks, the Swedish Radiation
Safety Authority, the Health Council of the Netherlands, the Health Protection Agency of the
United Kingdom, the International Agency for Research on Cancer, and Health Canada
(AGNIR, 2012; HCN, 2013, 2014, 2016; IARC, 2013; RSC, 2014; SCENIHR, 2015; SSM,
2016, 2018, 2019, 2020). This report summarizes the comprehensive risk assessments and
reviews of exposure to RF fields and health conducted by these organizations, which have
consistently concluded that the scientific evidence in the large number of published scientific
studies does not confirm that RF fields at levels below the scientifically-based exposure limits
are a cause or contribute to development of any adverse health effects, including cancer, other
chronic diseases, or non-specific adverse symptoms that affect well-being.
This report further provides a summary of relevant epidemiologic and experimental studies
published after the most recent comprehensive review was completed (i.e., SCENIHR, 2015).
These recent studies did not provide sufficient evidence to alter the overall conclusions of the
reviewing health and scientific organizations—that the research does not confirm that RF fields
are a cause of cancer or any other disease at the levels we encounter in our everyday
environment. Regarding health effects from mobile phone use, the World Health Organization
website states “[a] 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
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have been established as being caused by mobile phone use.”1 It should be emphasized that
exposure to RF fields at a distance of 1 meter from any of the FlexNet meters is more than
3,000-fold lower than the levels at which biological and health effects have been evaluated in
this report to assess potential public health and safety of exposure to RF fields.
The regulatory standard in Canada to ensure public safety is the responsibility of Innovation,
Science and Economic Development Canada, formerly Industry Canada, which implements the
human exposure limits developed by Health Canada in SC6 (Health Canada, 2015). Health
Canada’s SC6, and the standards developed by other organizations, set exposure limits far
below the level at which even minor effects of the known adverse health effects (elevated body
temperature, tissues heating) caused by exposure to high levels of RF fields might occur.
Note that this Executive Summary provides only an outline of the material discussed in this
report. Exponent’s technical evaluations, analyses, conclusions, and recommendations are
included in the main body of this report, which at all times is the controlling document.

1

https://www.who.int/news-room/fact-sheets/detail/electromagnetic-fields-and-public-health-mobile-phones
Accessed April 2021.
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1.

Introduction

The Sensus Sonix IQTM advanced meters (hereafter Sonix IQ gas meter) proposed by FortisBC
Energy Inc. (FEI) communicate customers’ gas usage by wireless radiofrequency (RF) signals.
Before reviewing research on RF exposure and health, it is important to understand the basics of
RF energy and the strength of RF signals that are associated with the operation of the Sonix IQ
gas meter and other components of the FlexNet communication network that FEI proposes to
implement in its service territory.
As indicated in the Executive Summary, background information and explanations about RF
energy, RF exposures from typical sources, RF exposures from the advanced metering
infrastructure components of the FlexNet system, and required compliance with Health
Canada’s Safety Code 6 (SC6) that governs public exposure to RF fields, are provided in the
Exponent report, “Exposure to Radiofrequency Fields in the Environment and from
Advanced Metering Infrastructure” (Exponent, 2021).
RF energy, also known as radio waves or fields, refers to a range of frequencies in the
electromagnetic spectrum. The electromagnetic spectrum includes fields in a continuum of
frequencies measured in cycles per second (referred to as Hertz [Hz]) and a corresponding range
of wavelengths and energies. The electromagnetic spectrum ranges from waves with low
frequencies, low energies, and long wavelengths (e.g., power-frequency electric and magnetic
fields [EMF]), to waves with high frequencies, high energies, and short wavelengths (e.g.,
visible light, X-rays, gamma-rays). The RF range is at the lower end of the spectrum, lower
than infrared rays, visible light, and ultraviolet light.2 It is typically defined as between
3,000 Hz (3×103; i.e., 3 kilohertz [kHz]) and 300 billion Hz (3×1011; i.e., 300 gigahertz [GHz]).
RF energy includes frequencies used to operate various devices and technologies, including
amplitude-modulated (AM) and frequency-modulated (FM) broadcast radio, television
broadcasts, mobile phones, cordless phones, garage door openers, baby monitors, wireless
computer networks, security systems, radar, and microwave ovens. The RF fields from these

2

While in some disciplines, RF and electric and magnetic fields (i.e., EMF) are used synonymously, the
common usage of EMF in epidemiologic and biological studies primarily refers to the electric fields and
magnetic fields associated with the generation of electricity from power lines and all electric devices at 60
cycles per second (60 Hz).
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devices are designed and regulated to be far below permitted exposure limits and so prevent the
possibility of over exposure that might cause tissue heating.
RF signals have been used for familiar items like radio broadcasts for more than one hundred
years, and even before that, for wireless telegraphy since the late 1890s. More recently,
technological advancements have used very weak RF signals to operate cordless phones, baby
monitors, wireless networks, and mobile phones. While research on exposure to RF energy has
been conducted since the World War II era to support development of health-based exposure
limits and standards, the recent proliferation of this technology has sparked additional research
on RF fields, particularly in regard to mobile phones. Research on RF fields and health has
increased in part because mobile phones are in widespread use, are used regularly, and are held
next to the human body. In 2017, there were over 31 million mobile phones in use in Canada
alone3 and about 5 billion throughout the world.
Although the main focus of this research has been on mobile phones, the widespread
introduction of other devices that transmit RF signals, such as wireless utility meters, also has
raised questions by some members of the public and scientists about potential RF exposure at
levels below that known to be harmful to human health. The main questions that have arisen in
regard to RF fields are about cancer risk from long-term exposures and non-specific symptoms
affecting overall quality of life from short-term exposures. These areas are the focus of the
overview of research in this report.
The European Union’s Scientific Committee on Emerging and Newly Identified Health Risks
(SCENIHR) published a comprehensive review of the potential health effects of RF energy,
static fields, and extremely-low-frequency fields in 2015. Regarding RF fields, the Committee
concluded that exposure to RF fields did not cause increased risks of cancer or other adverse
effects on health. The purpose of this report is to assess the weight of evidence added since this
review to evaluate whether new research would change this conclusion. This report begins with
a discussion of factors that affect exposure to RF fields from wireless communication devices,
including the Sonix IQ gas meters and associated infrastructure (Section 2). Section 3 provides
a description of the methods scientists use to compile and evaluate research on potential effects
3

https://crtc.gc.ca/eng/publications/reports/policymonitoring/2018/cmr3d.htm Accessed April 2021.
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of an exposure on human health and the use of this research by agencies like SCENIHR.
Section 4 discusses the nature of the health effects from high exposures to RF energy and the
basis for the standards that have been set, and describes the relevant standards applied to ensure
the safe use of any device that uses RF energy. Section 5 discusses the reviews that have been
conducted by scientific and health organizations. Section 6 summarizes recent research on RF
fields, with a focus on studies of cancer and electromagnetic hypersensitivity, and the potential
impact of this new research on the conclusions of recent comprehensive reviews, consistent with
methods of a health risk assessment described in Section 3.
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2.

Exposure Characteristics of RF Wireless
Communication Devices and FlexNet Meters

RF fields share common characteristics as to their propagation through the air and their
interactions with objects as radio waves. The interaction of these fields with objects, however,
is largely determined by the characteristics of the object including its size, shape, and
composition. In particular, an object’s conductivity and permittivity vary according to the
frequency of the RF wave. For humans and other organisms, this variation in conductivity and
permittivity therefore determines the amount and depth of energy absorption from a particular
RF wave.
While the frequency of the RF field, together with the size, shape, and electrical characteristics
of the human body, determine the extent of absorbed energy, the intensity of the RF field is
strongly influenced by the distance from the source. Close proximity to a weak source such as a
mobile phone or other hand-held or worn device provides higher exposure to RF fields than
from more powerful sources such as radio or television broadcast stations that are kilometers
away. Very large reductions in signal strength occur even at locations a short distance away
from an RF source because the signal diminishes with the square of the distance. As described
in SC6, limits on the intensity of RF exposure in close proximity to the body are expressed by
specific absorption rates (SAR) in units of watts per kilogram (W/kg). Related limits on the
strength of RF signals are calculated or measured in units of power density—watts per square
meter (W/m2) or milliwatts per square centimeter (mW/cm2).
While distance from the RF source is a key component determining the strength of a wireless
signal, the duration of time over which one is exposed to RF fields is another important
contributor to exposure. Considering exposure as the product of signal strength times the
duration exposed is important in the assessment of potential biological and health effects of
exposure. Many devices use wireless signals to communicate information, but there are large
differences between various RF devices as to the length of time they are designed to transmit.
Some sources like AM/FM broadcast stations, global positioning system signals from satellites,
and cellular towers transmit continuously. Other sources like mobile phones, cordless phones,
home or office Wi-Fi, and baby monitors may be used for long periods. Still other sources are
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turned on and transmit for only very short periods, including garage door openers, wireless
printers, and citizen band radios. The wireless signals from the Sonix IQ gas meters and similar
Sensus FlexNet SmartPoint® modules (hereafter SmartPoint) attachments to existing advanced
gas meters are at the lowest end of this latter category (see Exponent, 2021, Figure 5) because
the elements of the system transmit infrequently and then only for a fraction of a second.
As described in the RF Exposure Report, the method FEI has proposed for collecting
information from customers about their gas usage involves the transmission of usage by a
customer’s Sonix IQ gas meter by sending an RF signal with a fixed duration of approximately
55 milliseconds at 4-hour intervals (Exponent, 2021).
The calculated exposures at 1 meter in front of the Sonix IQ gas meters and SmartPoints are
very small, just 0.000057% and 0.000039%, respectively, of the SC6 reference value for wholebody exposure to RF fields in uncontrolled environments occupied by the general public. The
RF fields from other less common components of the FlexNet system—Sensus FlexNet
SentryPointsTM and Sensus FlexNet Gateways—at greater representative distances are still
lower (Exponent, 2021).
The very low signal strength and ultrashort transmission times of the proposed Sonix IQ gas
meters and other components of the FlexNet system are important to keep in mind as we review
and evaluate human exposures to RF fields in the current epidemiologic research where most
exposures were from mobile phones and hand-held communicators that are held close to the
body. Exposures from mobile phones, which are the RF source most commonly emulated in
experimental studies of animals, produce far greater exposures, almost two million times greater
than Sonix IQ gas meters, but still are within SC6 regulatory limits (Exponent, 2021, Figure 5).
The exposures applied in many of the animal experiments reviewed here in Appendix 1,
however, were even higher, up to 125 times above the SC6 basic restriction on SAR for wholebody human exposure of the general public. Most of these latter studies applied exposures that
also exceeded 4 W/kg, an adverse effect threshold above which unacceptable heating of the
whole body may occur. The remainder of the animal studies reviewed applied RF fields at
lower SAR exposures, but only six studies examined exposures that were below the SC6 whole-
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body exposure limit of 0.08 W/kg and none were as low as the SAR value for a person standing
1 meter from a Sonix IQ gas meter (0.000000046 W/kg).4
Overall, the exposure to RF fields at 1 meter from the Sonix IQ gas meters or SmartPoints
(indoors) is estimated to be on the order of 1.8 million-fold less than the exposure to RF fields
from a mobile phone (~at 0.1 W/kg) in the epidemiologic studies reviewed, and more than
42,000-fold lower than the lowest SAR level (0.00014 W/kg) of any in vivo animal study of
deoxyribonucleic acid (DNA) and chromosomes reviewed here in Appendix 1. These
calculated exposures from Sonix IQ gas meters also can be compared to the regulatory limits in
SC6. Indoor exposure from Sonix IQ gas meters is about 24 million times below the SC6
exposure limit.

4

The exposure a distance of 1 meter in front of the Sonix IQ advanced gas meter is 0.000057% of the SC6
reference level (Exponent, 2021, Table B-2). The SC6 whole body SAR limit is 0.08 W/kg (Exponent, 2021,
Table 1), so the SAR level is equivalent to 0.000057% × 0.08 W/kg = 0.000000046 W/kg.
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3.

Evaluating Scientific Research

Health risk assessment approach
A health risk assessment is the scientific method used by scientists worldwide for determining
whether or how an exposure in the environment, such as chemicals in the air, water, or food, or
devices such as mobile phones or advanced meters, can affect human health. Health risk
assessments include four general steps: hazard identification, dose response assessment,
exposure assessment, and specific risk characterization.
In the first step, hazard identification, scientists identify and review all of the relevant scientific
research studies of effects in humans and laboratory animals to determine the types of health
problems that might result from exposure. The next step, dose-response assessment, is an
evaluation of the data from the hazard identification to determine what intensity and duration of
exposure causes adverse effects that were identified. The dose-response assessment is the basis
for developing exposure limits and regulatory standards. Next, the exposure assessment,
evaluates the amount and nature of human exposure from the agent being studied. The final
step, specific risk characterization, compares the dose-response pattern to the amount of the
specific exposure being investigated to determine a level of risk for the exposed population. For
some exposures, limits already have been developed from the data as a regulatory standard. In
such cases, as for exposure to RF signals from advanced meters, the final step is to compare the
specific exposure to the relevant standard.

Hazard identification
In a hazard identification, scientists search out and review all of the relevant scientific research
studies to determine the types of health problems that an exposure could cause, regardless of the
exposure. This process considers epidemiologic studies of humans in their natural environment,
experimental laboratory studies of humans or laboratory animals (in vivo), and laboratory
studies of cells and tissues (in vitro) that may provide evidence for a mechanism—the way in
which the exposure interacts with biological tissue. These three types of studies provide
different but complementary information to determine how an exposure affects biological
organisms.
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Dose-response assessment
The second step in the risk assessment process is to determine how responses to the exposure
relate to the level of exposure. Almost anything in our environment can produce adverse effects
if the exposure is high enough, including water and some vitamins, so the goal is to find the
level below which adverse effects do not occur.
In a dose-response assessment, scientists evaluate the scientific research to estimate the amount
of exposure (dose) that is likely to result in a particular health effect in humans. This is
important because many things that might impact human health only do so after a certain
amount of exposure has occurred. A simple summary of the dose-response principle is that for
chemicals or physical agents that could affect biological function, more is worse. For this
reason, laboratory experiments strive to expose animals at the highest level tolerated, to ensure
that potential adverse effects are not missed. Then, exposures at lower levels are used to
identify exposure levels that do not produce adverse effects. Studies that demonstrate increased
effects with higher doses show a dose-response pattern, which, if consistent across valid studies,
can support inferences of causality.
The concept that effects of exposure are closely tied to the intensity of exposure is a familiar
part of our daily life. We know, for example, that sunlight can burn unprotected skin, but
blocking sunlight by the application of sunscreen lowers an individual’s exposure to sunlight,
thus reduces the risk of sunburn. Another example is that a 6% solution of sodium hypochlorite,
commonly known as bleach, carries a warning label that this substance is hazardous, dangerous,
and corrosive. But, a similar, highly-diluted solution is used to disinfect many municipal
drinking water supplies; in this case, the concentration of sodium hypochlorite is extremely low,
and the dose is far too low to produce a toxic effect.

Exposure assessment
The third step of the process is to determine the way in which people could be exposed in a
specific situation, including the amount and duration of exposure. This is important because an
individual’s exposure is one of the major factors for determining the potential for an impact on
health.
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Specific health risk characterization
The information developed in the hazard identification, dose-response assessment, and exposure
assessment is used to reach a conclusion and characterize the specific health risk, if one exists.

Types of studies considered in a health risk assessment
Research studies can be broadly classified into two groups: 1) epidemiologic studies of people
and 2) experimental studies of humans, animals (in vivo), and cells and tissues (in vitro)
conducted in laboratory settings. Taken together, epidemiologic, in vivo, and in vitro studies
provide a more complete picture of a possible disease etiology than any one study type alone,
given the unique strengths and weaknesses of each study design. In valid risk assessments of
exposure to RF and health, epidemiologic studies are considered alongside experimental studies
of laboratory animals, while studies of isolated cells and tissues are generally acknowledged as
being supplementary.

Epidemiologic studies
One aspect of epidemiologic research provides descriptive statistics on the population, such as
birth rates and mortality rates, to help characterize health and disease in the population. These
data are collected by public health agencies such as Health Canada to show trends over time or
differences among places. Examples include data that show changes in heart disease deaths
over time, variations in infant mortality rates among cities, or cancer occurrence in Canada
overall and comparisons among provinces. These data are often evaluated to monitor progress
in treating cancer or to evaluate the effects of changes in the rate of cigarette smoking on rates
of lung cancer or heart disease over time.
Epidemiologists also study people in their natural environment in relation to individual
exposure. These studies are often described as observational rather than experimental, although
observational studies can include elements of experimental studies; for example, studies of
exposure to RF fields can include interventions, such as turning sources of RF fields on or off at
various times during the study. Each of the main types of observational epidemiologic study
design—cohort, case-control, cross-sectional, and ecological—have been used to obtain
information on exposure to RF fields and health.
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In a cohort study, a group of people is observed over a long period to determine whether
diseases develop in relation to exposures at various levels. This type of epidemiologic study
typically provides the most relevant and reliable information, but cohort studies can be costprohibitive and time-consuming because they require following a large number of people over a
long period, particularly for conditions that develop over years. Many cohort studies are
undertaken in occupational environments because of the large populations, relatively high
exposures, and the availability of records on individual workers.
To obtain information more readily, epidemiologists frequently use case-control studies. This
type of study compares the exposure of people who have been diagnosed with a particular
disease (i.e., cases) to a similar group of people who do not have the disease (i.e., controls). The
objective is to assess whether the cases had higher or more frequent exposures than the controls,
or vice versa. One main challenge of a case-control study is to enroll a control group that is, to
the greatest extent possible, similar to the underlying population at risk, from which the cases
arose. If this condition is met and a difference is found in the exposure level between the two
groups, the investigators can have some confidence that the difference is not being caused by
some other factor. Another challenge of case-control studies is that they are retrospective (i.e.,
the study starts after onset of disease so past history of exposure must be evaluated).
Cross-sectional studies examine exposure and health outcomes in the study population
simultaneously. These studies generally are used to assess the prevalence (or presence) of the
exposure and outcome at a single point in time or a short period (this is sometimes described as
providing a “snapshot” of disease occurrence within the population). In contrast to cohort
studies, cross-sectional studies do not follow the study population over time to observe whether
disease develops differently in exposed and unexposed populations. Because exposure and
outcome are determined at the same time, a main limitation of cross-sectional studies is that no
information is available on whether the exposure preceded the outcome; therefore, this study
design cannot be relied upon for causal inference.
In ecological studies, researchers examine the exposure and outcome at the population or
community level, often by aggregating individual-level data for a specific geographic region or
population. For example, researchers may examine RF field exposures and cancer cases within
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a specific city or region. These studies are useful when data at an individual level are limited or
when there is an interest in examining population-level effects of exposure on an outcome.
Because data are examined on a large scale and cannot account for individual-level differences
or risk factors, ecological study results are only applicable at the population level and cannot
provide conclusions about any one individual’s level of risk. Ecological studies are therefore
subject to a type of error known as an “ecological fallacy,” in which the relationship between
exposure and outcome observed at the population level are assumed (sometimes incorrectly) to
be true for individuals.
In addition to the observational study designs discussed above, researchers also use an
experimental epidemiologic study design known as a randomized control (or clinical) trial
(RCT). In an RCT, researchers randomly assign the study participants to either an experimental
group (i.e., the group that receives the exposure or treatment under study) or a control group,
which does not receive the exposure or treatment. Randomizing participants to the two groups
reduces the potential for errors (bias) in the study and allows researchers to better isolate the
true effect of the exposure or treatment. Because of this, RCTs are generally considered the
“gold standard” of epidemiologic study designs and provide the strongest evidence for or
against a causal association between an exposure and outcome. However, RCTs are not
frequently performed to assess the relationship between community exposures and health
outcomes, as they are lengthy and expensive to carry out.
The results of epidemiologic studies are expressed as statistical associations—either
summarized as an odds ratio (OR) in case-control studies or a risk ratio (RR) in cohort studies.
These ratios are a quantitative measure of how an exposure and disease vary together. The
strength of an association addresses the question, does this disease occur more often in people
with the exposure of concern compared to people who are unexposed? A positive association
(i.e., an OR or RR greater than 1.0) indicates that the answer may be yes, but numbers close to
1.0 indicate a weaker link, and higher numbers indicate a stronger link. A positive association
may also be interpreted as a measure of the potential increased risk of developing disease in
people who are exposed compared to the risk of developing disease in people who are not
exposed. While this information from an epidemiologic study may provide an indication of the
factors involved in health and disease, it is not used as the sole basis for drawing inferences
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about cause-and-effect relationships. Neither a statistical association nor a correlation between
any two events is a direct indication of cause and effect, and a positive statistical association or
a reported increased risk of disease by itself does not represent a conclusion regarding causation.
An observed association may in fact be due to the effects of one or more other factors, including
random chance or systematic errors within the study. Because each epidemiologic study is only
a sample of the population, and no single study is perfect, the results from any one study cannot
be used to establish a causal relationship between exposure and disease. Instead, epidemiologic
support for causality is usually based on high-quality studies that report consistent results across
many different populations and study designs and are supported by experimental data collected
from in vivo and in vitro studies.
Scientific guidance for assessing the overall epidemiologic evidence for causality was formally
proposed by Sir Austin Bradford Hill (Hill, 1965). Hill put forth nine criteria for use in an
evaluation of causality for associations observed in epidemiologic studies. These criteria
included strength of association, consistency, specificity, temporality, biological gradient,
plausibility, coherence, experiment, and analogy. Hill cautioned that while none of these
criteria are sine qua non (i.e., absolutely necessary) of causality, the more the epidemiologic
evidence meets these guidelines, the more convincing the evidence is for a potential causal
interpretation. The use of these guidelines is recommended after chance has been ruled out with
reasonable certainty as a potential explanation for the observed epidemiologic association.
The validity of a study depends upon the quality of the data, which depends upon the methods
used to collect and analyze the information from which the results were calculated. To evaluate
the results of any type of study, whether an epidemiologic study or laboratory research, it is
crucial to assess the way the study was designed and conducted, the number of participants, the
accuracy of the exposure assessment, and the statistical methods of analysis. This is particularly
necessary in epidemiologic studies to determine whether an association is a result of systematic
error (bias) in the selection of participants, misclassification of exposures, secondary effects by
other variables such as the presence of other exposures or pre-existing conditions (confounding),
or random variation (chance). Even if a statistical association from a single study is deemed
valid, further scrutiny is warranted to determine if the statistical association indicates a causeand-effect relationship.
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In epidemiologic research, the results of studies with a smaller number of participants may be
difficult to distinguish from normal, random variation. This is also the case for sub-group
analyses where few participants are estimated to have high exposure levels. Meta-analysis is an
analytic technique that combines the published results from a group of studies into one summary
result. A pooled analysis, on the other hand, combines the raw, individual-level data from the
original studies and analyzes the data from the studies together. These methods are valuable
tools for qualitatively synthesizing the results of a large group of studies because they increase
the number of individuals in the analysis, which allows for a more robust and stable estimate of
association. The disadvantage of meta- and pooled analyses is that they can convey a false
sense of consistency across studies if only the combined estimate of effect is considered
(Rothman and Greenland, 1998). These analyses typically combine data from studies with
different study populations, methods for measuring and defining exposure, and disease
definitions. This is particularly true for analyses that combine data from case-control studies,
which often use very different methods for the selection of cases and controls and exposure
assessment. Therefore, in addition to the synthesis or combining of data, meta- and pooled
analyses should be used to understand what factors cause the results of the studies to vary (e.g.,
publication date, study design, possibility of selection bias), and how these heterogeneous
factors affect the associations calculated from the data of all the studies combined (Rothman and
Greenland, 1998).
When interpreting the results of epidemiologic studies, epidemiologists and other scientists
focus predominantly on the main results of the study (i.e., on analyses that were conducted
using the entire study population, or the majority of the study population). In addition to the
main analyses, researchers may also conduct sub-analyses of the data, in which subsets, or
groups, of the study population are analyzed separately based on one or more shared
characteristics (e.g., tumor sub-type, length of exposure duration, gender, age, etc.). The goal of
sub-group analyses is to examine if and how the relationship between the exposure and outcome
of interest varies across different subsets of the population, and sub-group analyses can
sometimes lead to additional research questions that should be explored in future studies.
However, sub-group analyses are generally considered secondary to the main analyses and
should always be interpreted with caution (Fletcher, 2007; Wang et al., 2007). These analyses
are not always planned before the data were collected and instead may represent post hoc
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attempts by researchers to identify any statistically significant associations in the data when
none were observed in the main analyses (therefore increasing the chances of their study being
published). In addition, sub-group analyses typically include fewer study participants per group
compared to the main analyses; this is an issue because small sample sizes decrease the
likelihood that a statistically significant finding reflects the true association between exposure
and outcome and increase the likelihood that it is due to error or chance.

Experimental studies
A wide variety of approaches are available for assessing the possible adverse effects associated
with exposures in experimental studies. The two general types of experimental studies are in
vivo studies of the effects of planned exposures (i.e., studies of human volunteers, which are
usually short-term, and of whole animals, which are usually longer-term), and in vitro studies
(i.e., studies of isolated cells and tissues). Compared to epidemiologic and in vivo studies, in
vitro studies generally provide less value to human health risk assessments because responses of
cells and tissues outside the body may not reflect the response of those same cells if maintained
in an intact living system; thus, their relevance cannot be assumed (IARC, 1992). In addition,
the results of in vitro studies cannot be interpreted in terms of potential human health risks
unless they are performed in a well-studied and validated test system. For these reasons,
agencies such as the International Agency for Research on Cancer (IARC) treat data from in
vitro studies as supplementary to data obtained from epidemiologic and in vivo studies, and in
vitro data are not used directly to assess risks to human health. Therefore, this report considers
recent human and animal studies of exposure to RF fields but does not review in vitro research.
Only human and animal studies of RF exposure were considered because they provide more
direct information on human health than in vitro studies.5

5

For example, SCENIHR (2012), which states, “[i]n vivo results are considered to have more relevance than in
vitro results in the overall assessment of a genotoxic hazard”(p. 26). SCENIHR (2012) also states, “In vitro
studies contribute to acute toxicity testing and can provide information relevant regarding carcinogenesis and
other physiological or pathological processes but cannot replace in vivo conditions or long term exposure
conditions” (pp. 27-28).
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Furthermore, the reviews conducted by health and scientific agencies have not provided any
indication that in vitro studies have influenced their conclusions.6
Specific methods are used to reduce subjectivity and avoid systematic error (i.e., bias), in
scientific experiments (NRC, 1997). These include the random assignment of subjects to
control or comparison groups, the unbiased collection of information (e.g., researchers are not
aware of the exposure, also termed “blind” to the exposure); control of the environmental and
procedural variables during the experiment and after so if a difference between exposed and
control groups is observed, it can be unambiguously linked to the intended exposure—not
extraneous factors; and the need for replication of results in different studies, at various different
laboratories, and across species, all of which strengthen the evidence. In addition, each study
should contain enough participants or animals to overcome random variation. These factors
serve as guidance for weighing the evidence from studies to reach a decision about cause and
effect. The more firmly these criteria are met by the studies, the more convincing the evidence.
Some human and animal studies aim to identify biological processes that may be associated
with disease states or injury by measuring so called biomarkers. Abnormal levels of biomarkers
may be associated with health problems even though they only may be an indirect indicator. An
example might be a low blood count, which can be caused by many factors, and so, by itself, is
not diagnostic of any specific disease or condition. Despite such limitations, biomarker studies
are often done because of the ease of obtaining samples and low cost of analyses compared to
more invasive or more specific biochemical analyses.
Studies in which laboratory animals receive high exposures in a controlled environment provide
an important basis for evaluating the safety of environmental, chemical, and drug exposures.
These approaches are used widely by health agencies to assess risks to humans from medicines,
chemicals, and physical agents, because studies in laboratory animals such as rats and mice have

6

See for example, IARC (2013), which states, “[o]verall, the Working Group concluded that there was weak
evidence that RF radiation is genotoxic, and no evidence for the mutagenicity of RF radiation” (p. 415).
Overall, the SCENIHR Working Group concluded that “In most of the [in vitro] studies, no effects of exposure
at non-thermal levels were reported, although in some cases DNA strand breaks and mitotic spindle
disturbances were observed” (SCENIHR, 2015, p. 153).
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been found to be reasonable indictors of adverse effects in humans (Health Canada, 1994;
WHO, 1994; IARC, 2013 preamble; USEPA, 2002, 2005).
From a public health perspective, long-term (chronic) studies in which animals undergo
exposure over most of their lifetime, or during their entire pregnancy, are of high importance in
assessing potential risks of cancer and other adverse effects. In these long-term studies,
researchers examine a large number of anatomical sites to assess changes and adverse effects in
body organs, cells, and tissues.
These data are used in the hazard identification step of the risk assessment process to determine
whether an environmental exposure at any level or circumstance can produce cancer or damage
organs and tissues. Health Canada mandates that experimental lifetime in vivo studies or in vivo
studies of exposures to animals during critically sensitive periods be conducted to assess
potential toxicity to humans (Health Canada, 1994). Furthermore, the position of the United
States Environmental Protection Agency (EPA) is that, “…the absence of tumors in wellconducted, long-term animal studies in at least two species provides reasonable assurance that
an agent may not be a carcinogenic concern for humans” (USEPA, 2005, pp. 2-22).

Weight-of-evidence reviews
The risk assessment process includes evaluating the methods used in conducting each individual
study included in the hazard identification, analyzing the results, and weighing the evidence,
giving more weight to studies of better, more reliable designs (i.e., a weight-of-evidence
review). This process is designed to ensure that all relevant studies are considered regardless of
their conclusions or support for any particular hypothesis. During the weight-of-evidence
review, scientists look for replication of results by different researchers or other laboratories to
form conclusions about causality, because no single study is capable of assessing causality
independently. Two steps necessarily precede a weight-of-evidence evaluation: a systematic
review to identify the relevant literature and an evaluation of each relevant study to determine
its strengths and weaknesses.
Several agencies have described weight-of-evidence evaluation and health risk assessment
approaches, including the IARC, which routinely evaluates substances such as drugs, chemicals,
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and physical agents for their ability to cause cancer; the World Health Organization (WHO)
International Programme for Chemical Safety; the EPA, which sets guidance for public
exposures in the United States; the European Commission’s Scientific Committee on Health,
Environmental, and Emerging Risks (SCHEER);7 and the United States National Toxicology
Program (NTP) (USEPA, 1993, 1996; WHO, 1994; SCENIHR, 2012; NTP, 2019; SCHEER,
2018).
In their 2018 report, Memorandum of weight of evidence and uncertainties Revision 2018,
SCHEER defined a weight-of-evidence evaluation as “[a] process of weighted integration of
lines of evidence to determine the relative support for hypotheses or answers to a
question”(SCHEER, 2018, p. 9). As part of the weight-of-evidence approach, SCHEER
identifies, collects, and selects possible sources of scientific evidence (primarily in the form of
peer-reviewed publications) related to the risk assessment question under study and then
evaluates each line of evidence on its validity, reliability, and relevance. The results from all
relevant individual lines of evidence are then gathered into an overall assessment and any
remaining uncertainties are addressed. SCHEER notes that in drawing conclusions from the
available evidence, it is important to consider all the information together, and states that,
… it is not recommended to simply add together weighting from individual lines
of evidence… The severity of the effect/outcome and the likelihood of its
occurrence in individuals or in the population at large is another factor to take
into account at the integration level.

One of the crucial points is the

identification of the critical effect both in animal and human studies… The key
issues in the evaluation of human evidence are to assess whether the results
demonstrate a true causal effect, to identify the affected population and to
determine to what extent the adverse effects of the exposure might be avoidable
(SCHEER, 2018, p. 30).

7

On July 8, 2015, SCENIHR was renamed SCHEER. The organization’s review of RF research was published
under the name SCENIHR, while the revised weight-of-evidence guidelines document was published under
SCHEER, which is reflected in the citations used throughout this report.
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4.

Exposure Limits and Regulatory Standards

When a health risk assessment process indicates that there might be a potential health hazard
from higher exposures to a substance or physical agent, a government agency or technical
organization is likely to promulgate a standard. A health standard is developed from the hazard
identification and dose response assessment of the risk assessment process described above. A
health agency or scientific organization typically evaluates three types of studies
(epidemiologic, in vivo, and in vitro) during the risk assessment. Most organizations identify
experts in the many relevant disciplines that perform research on the topic of interest to evaluate
the research.
Known adverse health effects can be caused by high exposures to RF fields. The effect that
occurs first, given sufficient exposure, is a rise in body or tissue temperature. This is the basis
of the applicable public exposure limit. Small changes in whole body temperature are actually
not an adverse effect if they represent a change similar to daily changes to which our bodies
routinely adapt. National and international health and regulatory agencies have set exposure
limits to ensure that the warming of tissues is restricted. The goal of the standard is to limit
such warming of tissues, since even modest warming of the body can be distracting and should
be limited in a working environment. At higher levels of exposure, more serious adverse effects
could occur, including effects similar to hyperthermia and local cell damage. Therefore, the
exposure limits in the RF standards are set well below the level at which even minor effects
from tissue heating might occur (FCC, 1997; Health Canada, 2015; IEEE, 2019; ICNIRP,
2020a).

Health Canada’s Safety Code 6
Similar to the way that agencies have established exposure limits for RF fields in the United
States and Europe, the scientists that developed Health Canada’s SC6 (Limits of Human
Exposure to Radiofrequency Electromagnetic Energy in the Frequency Range from 3 kHz to 300
GHz) used the risk assessment approach to evaluate all research related to exposure to RF fields
and health (Health Canada, 2015).
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The objective of any standard, whether it regulates drinking water, air quality, or food safety, is
to keep exposure below the lowest level at which any established potentially adverse effect is
known to occur. The approach scientists use to develop health-based standards is to set the
exposure many times below the level at which research suggests that an effect could occur. This
conservative approach helps to compensate for unrecognized limitations in the research and
exposure assessment, and to afford additional protection to all members of the population. SC6,
as well as standards in many other countries, recognize a SAR value of 4 W/kg as the lowest
exposure to RF fields known to produce an adverse effect (whole body heating and sequelae
thereto). The number used to lower the exposure limit below the lowest known adverse effect
level is referred to as a safety factor. For controlled environments, as in occupational settings,
where exposures have been measured or calculated and persons are informed, SC6 applies a
safety factor of 10 to set a basic restriction limit on exposure. For uncontrolled environments
where the general public might encounter RF fields, SC6 applies a safety factor of 50 to an
adverse effect SAR level of 4 W/kg to set the basic restriction limit at 0.08 W/kg.
As with most environmental exposures, few studies of RF exposure include children and other
sensitive persons. Several methods are used to develop protection for these populations. One
approach is to incorporate information about the mechanism by which the agent affects the
human body and ascertain whether children or the elderly would react differently because of
biological characteristics. Another is to conduct experimental studies of animals at varying
stages of development to determine potential sensitivities of the young and the old. Finally,
scientists recommend exposure limits that are comfortably below levels known to produce
effects. This incorporates the basic scientific concept of dose response, which refers to the
principle that the probability of an effect occurring, or the severity of an effect, increases with
the dose, or amount of exposure.

Basis for the SC6 standard for radiofrequency exposure
RF standards are called safety standards because they address issues of human health and safety,
and they prescribe exposure limits for a level in the environment presumed harmless. An
exposure limit is the amount of exposure to RF fields at a specified frequency or a range of
frequencies that should not be exceeded in order to protect human health with an adequate
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margin of safety.8 In Canada, RF safety standards are codified in SC6. The purpose of SC6,
originally published by Health Canada in 1991, is to “establish safety limits for human exposure
to radiofrequency (RF) fields in the frequency range from 3 kHz to 300 GHz” (p. I) to protect
workers and the public from RF fields and microwave radiation. SC6 applies to “all individuals
working at, or visiting, federally regulated sites” and has been adopted by Innovation, Science
and Economic Development Canada (ISED) as:
… the scientific basis for equipment certification and RF field exposure
compliance specifications outlined in Industry Canada’s regulatory documents
(1–3), that govern the use of wireless devices in Canada, such as cell phones,
cell towers (base stations) and broadcast antennas. Safety Code 6 does not
apply to the deliberate exposure for treatment of patients by, or under the
direction of, medical practitioners (Health Canada, 2015, p. I).
Since its initial publication, SC6 has been periodically updated as new scientific literature
becomes available and has undergone a number of revisions with new versions published in
1999, 2009, and 2015, each time with input from the Royal Society of Canada (RSC). During
the revision process prior to finalizing SC6, Health Canada also considered input from the
public and scientists for the 9 months before the release of the revised SC6 in 2015.
The scientific basis for SC6 was described as:
The exposure limits specified in Safety Code 6 have been established based
upon a thorough evaluation of the scientific literature related to the thermal
and non-thermal health effects of RF fields … Health Canada scientists
consider all peer-reviewed scientific studies, on an ongoing basis, and employ
a weight-of-evidence approach when evaluating the possible health risks of
exposure to RF fields. This approach takes into account the quantity of studies
on a particular endpoint (whether adverse or no effect), but more importantly,
the quality of those studies.

8

Poorly conducted studies (e.g. those with

Standards are also used for specifications for manufacturing products to ensure safe construction, or
conformity or compatibility among different companies that make the same item, but in this report we are
referring to safety standards.
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incomplete dosimetry or inadequate control samples) receive relatively little
weight, while properly conducted studies (e.g. all controls included,
appropriate statistics, complete dosimetry) receive more weight. The exposure
limits in Safety Code 6 are based upon the lowest exposure level at which any
scientifically established adverse health effect occurs. Safety margins have
been incorporated into the exposure limits to ensure that even worst-case
exposures remain far below the threshold for harm. The scientific approach
used to establish the exposure limits in Safety Code 6 is comparable to that
employed by other science-based international standards bodies (Health
Canada, 2015, p. 1).
The limits established in SC6 are based upon limiting short-term biological responses to RF
fields and do not contain any restriction for long-term or cumulative exposure, noting that:
At present, there is no scientific basis for the occurrence of acute, chronic
and/or cumulative adverse health risks from RF field exposure at levels below
the limits outlined in Safety Code 6. The hypotheses of other proposed adverse
health effects occurring at levels below the exposure limits outlined in Safety
Code 6 suffer from a lack of evidence of causality, biological plausibility and
reproducibility and do not provide a credible foundation for making sciencebased recommendations for limiting human exposures to low-intensity RF fields
(Health Canada, 2015, p. 2).9
Health Canada’s mandate regarding human exposure to RF fields from wireless equipment is to
carry out research into possible health effects, monitor the scientific literature related to such
effects, and develop exposure guidelines for federal activities. These exposure limits are based
on the risk assessment process, those established scientific and technical methods for reviewing
biological and health research. These exposure guidelines are adopted by ISED, the federal

9

It should be noted that SC6 states “[w]hile the biological basis for the basic restrictions specified in this safety
code has not changed since the previous version (2009), the reference levels have been updated to either
account for dosimetric refinements in recent years ... or where feasible, to harmonize with those of ICNIRP
[International Commission on Non-ionizing Radiation Protection”(Health Canada, 2015, p. 4).

1509451.000 - 1728

21

May 3, 2021

agency responsible for regulating wireless communications equipment (e.g., mobile phones, cell
tower sites, smart meters, Wi-Fi) and exposure of the public to RF fields in Canada.
To assist persons to understand SC6, additional information is available in other documents
published by Health Canada including Understanding Safety Code 6, an overview of the salient
points discussed in SC6, including a high-level summary of the purpose of SC6, an overview of
its structure, and summaries of the scientific review process and comparison to international
standards; a Fact Sheet – What is Safety Code 6? provides a brief overview of SC6 and includes
a section entitled Busting Myths on Safety Code 6, and a Technical Guide for Interpretation and
Compliance Assessment of Health Canada’s Radiofrequency Exposure Guidelines Document.
The implementation, management, and evaluation of RF field exposures compliant with SC6 at
the national level is described by ISED for persons in the far field in uncontrolled environments.
ISED’s Radio Standards Specification 102, Radio Frequency (RF) Exposure Compliance of
Radiocommunication Apparatus (All Frequency Bands) sets out the requirements and
measurement techniques used to evaluate RF exposure compliance of radiocommunication
apparatus designed to be used within the vicinity of the human body in conjunction with TN-261
— Safety Code 6 (SC6) Radio Frequency Exposure Compliance Evaluation Template
(Uncontrolled Environment Exposure Limits).
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5.

Agency Reviews of Radiofrequency Fields and
Health

Scientific research on exposure to RF fields and health is reviewed regularly by independent
scientific and governmental organizations worldwide. These organizations assemble expert
panels to conduct weight-of-evidence reviews. The members of these expert panels have the
knowledge and mandate to review relevant research and provide scientifically-grounded public
health recommendations.
Within the last decade, several prominent regulatory, scientific, and health organizations have
systematically reviewed the research on exposure to RF fields and health. These organizations
include the IARC, the International Commission on Non-Ionizing Radiation Protection
(ICNIRP), the Health Council of the Netherlands (HCN), the Advisory Group on Non-Ionising
Radiation Protection (AGNIR), SCENIHR, the Swedish Radiation Safety Authority (SSM), the
United States Food and Drug Administration (FDA), and RSC (AGNIR, 2012; HCN, 2013,
2014, 2016; IARC, 2013; WHO, 2014, RSC, 2014; SCENIHR, 2015; SSM, 2016, 2018, 2019,
2020; ICNIRP, 2020a; FDA, 2020). These organizations have all independently reached the
same conclusion regarding exposure to RF fields and human health—that exposure below the
current scientifically-based exposure limits (e.g., the ICNIRP guidelines) has not consistently or
convincingly been established as causing any type of cancer, other chronic diseases, or nonspecific symptoms that adversely affect well-being in humans.
Some studies have reported effects from exposure to RF fields occurring below the level that
raises body temperature, often called non-thermal effects. These studies have been reviewed by
these scientific and regulatory agencies, which have concluded that the observed biological
effects attributed to non-thermal levels were not consistent or reproducible, are not supported by
any plausible biological explanation as to how they could occur, and in some studies the
biological effects reported are not known to be linked to adverse effects on health (SCENIHR,
2009, 2015; AGNIR, 2012; RSC, 2014; HCN, 2016; SSM, 2016, 2018, 2019, 2020; IEEE,
2019; ICNIRP, 2020a).
In addition to the agencies listed above, a number of additional provincial and national agencies
with responsibilities for public health routinely provide guidance and communicate health
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information to the public regarding exposure to electromagnetic fields at varying frequencies.
These organizations include the British Columbia Centre for Disease Control (BCCDC), the
French Agency for Food, Environment and Occupational Health and Safety, and the Australian
Radiation Protection and Nuclear Safety Agency. In this report, information and guidance
provided by the BCCDC is summarized in the relevant sections.

Advisory Group on Non-Ionising Radiation
The independent AGNIR published a systematic review of the scientific literature in 2012 for
the Health Protection Agency of Great Britain (now part of the National Institute for Health
Protection), the United Kingdom’s primary government authority on public health. AGNIR
reviewed research related to RF field exposure and health published through 2010 and part of
2011 to update its previous reports on electromagnetic fields published since the agency was
formed in 1999 (AGNIR, 2012).
Overall, the Advisory Group concluded, “although a substantial amount of research has been
conducted in this area, there is no convincing evidence that RF field exposure below guidance
levels causes health effects in adults or children” (AGNIR, 2012, p. 4). They further stated,
“[t]here are still limitations to the published research that preclude a definitive judgement, but
the evidence considered overall has not demonstrated any adverse health effects of RF field
exposure below international accepted guideline levels” (AGNIR, 2012, p. 4). Specific
conclusions related to the health outcomes (e.g., cancer, symptoms of well-being) and types of
studies (e.g., epidemiologic studies, experimental studies) reviewed are summarized in the
relevant sub-sections of Section 6.

British Columbia Centre for Disease Control
The BCCDC has a long history of providing health information to the public about
electromagnetic fields at various frequencies. Regarding RF fields, the BCCDC published a
Radiofrequency Toolkit for Environmental Health Practitioners in 2013 to assist public health
officers to assess and communicate the potential risk to health of the many devices and
applications that emit RF waves (BCCDC, 2013). The Toolkit included assessments of RF
exposure sources; the results of biological studies of cells and animals; human studies of
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therapeutic uses of RF fields in medicine; occupational studies; and mobile phone studies of
cancer, reproduction, cognitive effects, and non-specific symptoms affecting well-being.
The BCCDC also published its 2016 Review: Radiofrequency and Health in which it described
and compared RF field exposures from common devices, discussed research on potential health
effects from RF field exposure, and discussed ways in which members of the public, if they
choose, can reduce personal exposure to RF fields, with priority given to personal mobile phone
use, and cordless (digital enhanced cordless telecommunications [DECT]) handsets (BCCDC,
2016).

International Agency for Research on Cancer
As an agency of the WHO, IARC routinely assembles international working groups of experts
to critically and systematically review and evaluate human, animal, mechanistic, and exposurerelated evidence on the carcinogenicity of various human exposures as the first step (hazard
identification) in a carcinogen risk assessment (IARC, 2013). These evaluations are published
as IARC Monographs. Monograph 102 reviewed non-ionizing RF energy (IARC, 2013).
IARC uses specific terms to describe the strength of the evidence in support of causality
between specific agents and cancer in humans or experimental animals: sufficient evidence of
carcinogenicity, limited evidence of carcinogenicity, and inadequate evidence of
carcinogenicity.10 After reviewing the literature on RF fields, IARC concluded that there was
“limited evidence of carcinogenicity” in humans as a result of positive associations observed
10

In their 2013 monograph on RF energy, IARC used the following definitions for each term: Sufficient evidence
of carcinogenicity is assigned to a body of epidemiologic research if “a causal relationship has been
established … That is, a positive relationship has been observed between the exposure and cancer in studies in
which chance, bias, and confounding could be ruled out with reasonable confidence” (IARC, 2013). Limited
evidence of carcinogenicity describes a body of epidemiologic research where the findings are inconsistent or
there are outstanding questions about study design or other methodological issues that preclude making a
conclusion, i.e., that a causal relationship “is considered … to be credible, but chance, bias, or confounding
could not be ruled out with reasonable confidence” (IARC, 2013). Inadequate evidence of carcinogenicity
describes a body of epidemiologic research where it is unclear whether the data are supportive or unsupportive
of causation because there is a lack of data or there are major quantitative or qualitative issues, i.e., “[t]he
available studies are of insufficient quality, consistency or statistical power … or no data on cancer in humans
is available” (IARC, 2013). In 2019, IARC released revised, but virtually identical, definitions of these terms.
Limited evidence of carcinogenicity, for example, continues to describe a body of epidemiologic research in
which “[a] causal interpretation of the positive association observed in the body of evidence on exposure to the
agent and cancer is credible, but chance, bias, or confounding could not be ruled out with reasonable
confidence” (IARC, 2019).
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between RF field exposure from wireless phones and glioma and acoustic neuroma11 in some
epidemiologic studies. This conclusion was based almost entirely on studies of RF fields from
mobile phone communications—including a series of case-control studies from Sweden
(Hardell et al., 1999, 2000, 2001, 2002a, 2002b, 2003, 2006a, 2006b, 2009, 2010, 2011) and the
multi-national INTERPHONE study (INTERPHONE Study Group, 2010, 2011)—and was
based particularly on studies of RF fields from mobile phones. IARC also rated experimental
studies of animals for carcinogenicity of RF field exposure as providing “limited evidence of
carcinogenicity.”
Based on these assessments, IARC classified RF fields overall as “possibly carcinogenic to
humans” (group 2B), which denotes exposures for which there is limited evidence of
carcinogenicity in epidemiologic studies and less than sufficient evidence of carcinogenicity in
studies of experimental animals. The other IARC classifications are group 1 (“carcinogenic to
humans”), group 2A (“probably carcinogenic to humans”), and group 3 (“not classifiable as to
its carcinogenicity to humans”).12 These categories are intentionally meant to err on the side of
caution. Since 1971, the IARC has evaluated more than 1,000 agents; currently, 80% of the
agents evaluated are classified in group 2B or group 3 (IARC, 2021). Moreover, the IARC
statement was based on the review of studies involving exposure to RF fields from mobile
phones, which is much greater than RF exposure from advanced meters. The IARC report,
however, did not comment on the level of exposure.

Royal Society of Canada
Health Canada is the department of the Canadian government responsible for the nation’s public
health, including setting limits on exposure. As part of its mission to improve the health of
Canadians, Health Canada monitors the scientific research on electromagnetic fields, sets limits
on RF field exposure, and commissioned a RSC expert panel to review the current Canadian

11

An acoustic neuroma is also referred to as a vestibular schwannoma, which is considered to be a more
medically accurate term (Carlson and Link, 2021). For the purposes of this report, we relied the terminology
used in the original source material.

12

As of 2019, IARC no longer uses a Group 4 (“probably not carcinogenic to humans”) classification. The one
agent previously assigned to Group 4 (caprolactam) was re-classified to Group 3.
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exposure limits and assess whether the limits were “consistent with the scientific literature in
setting limits that would protect the public from adverse health risks” (RSC, 2014, p. 2).
Based on their review of the available scientific literature, the expert panel stated that they
agreed with the conclusion of previously conducted evaluations by health and scientific
organizations that exposure to RF fields is “possibly carcinogenic” (i.e., IARC’s group 2B).
Regarding studies published following the previous reviews they evaluated, the panel concluded
“[n]one of the newer studies materially affect the conclusions of the authoritative reviews.
However, a weight-of-evidence evaluation shows that the current evidence for a causal
association between cancer and exposure to RF energy is weak” (RSC, 2014, p. 82). The panel
noted that it “was unable to identify any established adverse health effects occurring at levels
below the [current Canadian exposure guidelines]” (RSC, 2014, p. 18). Specific conclusions
related to the health outcomes (e.g., cancer, non-specific symptoms affecting well-being) and
types of studies (e.g., epidemiologic studies, experimental studies) reviewed are summarized in
the relevant sub-sections of Section 6 below.

World Health Organization
In 1996, the WHO established the International EMF Project “to assess the scientific evidence
of possible health effects of EMF in the frequency range from 0 to 300 GHz.”13
The WHO is currently undertaking a comprehensive and critical review of relevant scientific
literature to assess potential effects of RF field exposure in the 100 kHz to 300 GHz range. A
preliminary draft review of RF research on health was released in 2014 for consultation and
comment by experts on RF fields. The review focused on all studied health outcomes of
relevance to human health, including cancer, neurodegenerative diseases, fertility, reproduction
and childhood development conditions, and effects on the immune, neuroendocrine, and
cardiovascular systems.
Regarding health effects from mobile phone use, the WHO website currently states “[a] large
number of studies have been performed over the last two decades to assess whether mobile

13

https://www.who.int/peh-emf/project/EMF_Project/en/ Accessed April 2021.
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phones pose a potential health risk. To date, no adverse health effects have been established as
being caused by mobile phone use.”14

Scientific Committee on Emerging and Newly Identified Health
Risks
The most recent weight-of-evidence review of RF fields and health was released in 2015 by
SCENIHR. The Committee consists of independent scientific experts assembled to provide
advice on public health and risk assessments to the Department of Health and Consumer
Protection of the European Commission. The Committee addresses questions related to
emerging or newly identified health and environmental risks and on broad, complex, or
multidisciplinary issues requiring a comprehensive assessment of risks to consumer safety or
public health. The 2015 report on the potential health effects of exposure to electromagnetic
fields serves as an update to their previous review from 2009 (SCENIHR, 2009). In performing
its assessment of the literature, the Committee followed the scientific guidelines it had
developed for the assessment of the quality of the evidence of human health risks (SCENIHR,
2012). Specific conclusions of this Committee related to the health outcomes (e.g., cancer, nonspecific symptoms affecting well-being) and types of studies (e.g., epidemiologic studies,
experimental studies) reviewed are summarized in the relevant sub-sections of Section 6 below.

Health Council of the Netherlands
The HCN is an independent scientific advisory body designed to “advise … on the current level
of knowledge with respect to public health issues and health (services) research” (HCN, 2016,
p. 8). The Electromagnetic Fields Committee of the HCN conducted systematic reviews of the
epidemiologic data (HCN, 2013) and experimental animal data (HCN, 2014) on the relationship
between RF field exposure and cancer, with the epidemiologic data focusing specifically on the
association between mobile phones and tumors of the head. The findings from the two reports
were integrated into a third report presenting the Council’s overall conclusions after jointly
considering both epidemiologic and experimental data (HCN, 2016). Overall, HCN concluded

14

https://www.who.int/en/news-room/fact-sheets/detail/electromagnetic-fields-and-public-health-mobile-phones
Accessed April 2021.
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that it “considers it unlikely that exposure to radiofrequency fields, which is associated with the
use of mobile telephones, causes cancer” (HCN, 2016, pp. 16-17). Specific conclusions related
to epidemiologic and experimental studies of cancer are summarized in the relevant sub-sections
of Section 6 below.

International Commission on Non-Ionizing Radiation Protection
ICNIRP is an independent, non-governmental scientific organization recognized by the WHO
that sets internationally recognized, science-based guidelines on limits of exposure to nonionizing radiation; provides science-based guidance and recommendations on protection from
exposure to non-ionizing radiation; and establishes principles of non-ionizing radiation
protection for the formulation of international and national radiation protection programs
(ICNIRP, 2009).
In 2020, ICNIRP published the results of their comprehensive review of RF research that they
conducted to update their 1998 exposure limits (ICNIRP, 1998, 2020a). The main objective of
the report, Guidelines for limiting exposure to electromagnetic fields (100 kHz to 300 GHz) was
to “establish guidelines for limiting exposure to EMFs that will provide a high level of
protection for all people against substantiated adverse health effects from exposures to both
short- and long-term, continuous and discontinuous radiofrequency EMFs” (ICNIRP, 2020a, p.
483). To set their guidelines, ICNIRP reviewed the scientific evidence for health effects of RF
exposure, including reviews conducted by other health and scientific organizations (e.g., WHO,
SCENIHR, SSM) and the published literature. Based on their review, ICNIRP concluded:
The only substantiated adverse health effects caused by exposure to
radiofrequency EMFs are nerve stimulation, changes in the permeability of cell
membranes, and effects due to temperature elevation. There is no evidence of
adverse health effects at exposure levels below the restriction levels in the
ICNIRP (1998) guidelines and no evidence of an interaction mechanism that
would predict that adverse health effects could occur due to radiofrequency
EMF exposure below those restriction levels (ICNIRP, 2020a, p. 523).
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Swedish Radiation Safety Authority
The SSM’s Scientific Council on Electromagnetic Fields monitors current research on potential
health risks in relation to exposure to electromagnetic fields and provides advice on assessing
possible health risks (SSM, 2020). In a series of annual scientific reviews, the Scientific
Council assesses relevant new data and puts these in the context of available information and
present knowledge; the result is a gradually developing health risk assessment of exposure to
electromagnetic fields.
The Scientific Council’s most recent review on electromagnetic fields was published in 2020
and covered studies published from April 2018 up to and including December 2019. The report
covered static, low-frequency, intermediate, and RF fields, and reviewed epidemiologic, human,
and biological studies. The Scientific Council’s overall conclusion was that “[n]o new
established causal relationships between [electromagnetic fields] exposure and health risks
have been identified” (p. 3) and that the results of the research reviewed “give no reason to
change any reference levels or recommendations in the field” (p. 4). Specific conclusions
related to the health outcomes (e.g., cancer, non-specific symptoms affecting well-being) and
types of studies (e.g., epidemiologic studies, experimental studies) reviewed are summarized in
the relevant sub-sections of Section 6 below.

U.S. Food and Drug Administration
The FDA, as part of their mission to protect and promote public health, “monitors new scientific
evidence that might impact our understanding of the safety profile of medical devices and
radiation-emitting electronic products” (FDA, 2020, p. 4). In 2020, the FDA released a
technical report that summarized the agency’s comprehensive review of the available scientific
literature related to RF field exposure and human health published between January 2008 and
August 2019. The agency’s review focused on assessing “any possible causal relationship
between [RF] exposure and the formation of tumors” (FDA, 2020, p. 4).
Overall, the agency concluded that “[b]ased on the studies that are described in detail in this
report, there is insufficient evidence to support a causal association between [radiofrequency
radiation] exposure and tumorigenesis. There is a lack of clear dose response relationship, a
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lack of consistent findings or specificity, and a lack of biological mechanistic plausibility”
(FDA, 2020, p. 6). Specific conclusions related to epidemiologic and experimental studies of
cancer are summarized in the relevant sub-sections of Section 6 below.
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6.

Recent Research on Radiofrequency Fields

This section provides a summary of primary, peer-reviewed epidemiologic and experimental
research (i.e., published articles that present the authors’ original research and findings)
published after the most recent comprehensive review—SCENIHR (2015)—was completed
through March 2021.15 The purpose of this update is to assess the impact of these recent studies
on the conclusions about adverse effects of relatively low levels of RF energy on such outcomes
as cancer and non-specific symptoms, in comparison to the conclusions expressed by the recent
weight-of-evidence comprehensive reviews. It focuses on recent epidemiologic and in vivo
studies of higher quality, regardless of direction of the results, and in general, notes the
limitations of weaker studies, such as studies that are too small in size (i.e., too few people or
laboratory animals), have not provided adequate controls, or use proxies or less reliable
measures of individual exposure assessment. Studies that were identified in the scientific
literature as being potentially relevant to the topics under review, but upon examination were of
the poorest scientific quality and were not summarized, are listed at the end of the References in
Section 8.
The studies summarized in this section examine both near-field exposures (i.e., those close to
the body, such as mobile phones and other handsets) and far-field exposures (i.e., from sources
located farther from the body such as radio and television transmitters, base stations, and
wireless local area network [LAN] access points).16 Exposures from advanced meters under
typical use are in the far field (e.g., ISED, 2015).

15

SCENIHR (2015) reviewed studies published between 2009 and June 2014, so some studies were included in
this report that were published in 2014 after SCENIHR’s cut-off date.

16

Near field and far field are not defined solely by physical distance, but by the physical dimensions of the
antenna and distance relative to the wavelength and the signal transmission. The distance to far field is
typically close to the size of the wavelength.
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Epidemiologic studies of cancer
Summary of prior reviews
Below are statements taken directly from the prior agency reviews discussed in Section 5 that
capture the conclusions of national and international health, scientific, and government agencies
regarding epidemiologic studies of RF field exposure and cancer.
Advisory Group on Non-Ionising Radiation
Regarding cancer, AGNIR concluded, “[t]he overall results of epidemiological studies
to date do not demonstrate that the use of mobile phones causes brain tumours or any
other type of malignancy, nor do they suggest causation is likely” (AGNIR, 2012, p.
323). The agency also noted that there is “very limited information on risks of childhood
tumors” (AGNIR, 2012, p. 323).
British Columbia Centre for Disease Control
Regarding epidemiologic studies of cancer, the Toolkit published by the BCCDC noted
that “[m]ost of the original studies cited in the reviews did not find an increased risk of
head and neck tumours associated with long-term use of [mobile] phones. Because of
study design issues and positive findings that have not been replicated by other
researchers, doubts remain about whether exposure to RF increases the risk of brain
and other cancers of the head and neck” (BCCDC, 2013, p. 4).
In 2016 the Centre also published its 2016 Review: Radiofrequency and Health, in which
it described and compared RF field exposures from common devices, discussed research
on potential health effects from RF field exposure, and ways in which members of the
public, if they choose, can reduce their personal exposure, with priority given to personal
mobile phone use, and cordless DECT handsets (BCCDC, 2016).
A major concern about the possible effects of exposure to RF is the development
of cancer. Some epidemiologic studies have shown an association between
long-term and frequent use of cell phones and specific types of brain tumours,
especially ipsilateral tumours (located on the same side of the head as the phone
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was used) .... However, despite some positive findings, there has been a lack of
consistency in epidemiological studies and meta-analyses as to whether long
term and intensive cell phone use is a risk factor for the occurrence of brain
tumours….The ‘possibly carcinogenic to humans’ designation by IARC was
based solely on cell phone exposure and not from RF fields from other sources.
Studies of cancers, other than brain tumours, and their association with cell
phone use have mostly been negative. (p. 9)
… the syndrome of electrohypersensitivity (EHS) has been attributed to
exposures from wireless (cell) phone base stations and other RF-emitting
devices. People having EHS suffer from symptoms affecting multiple body
systems … In such [experimental] studies, subjects who suffer from EHS and
healthy controls are assigned at random to either a ‘treatment’ group receiving
a known exposure to RF signals (from cell phone base station antennae for
example) or to a sham exposure group (non-exposure condition). A systematic
review of the health effects of exposure to RF from mobile phone base stations
concluded that most of the randomized laboratory studies had not detected
associations between exposure and the appearance of acute symptoms during
or shortly after exposure (p. 12).
International Agency for Research on Cancer
As discussed in Section 4, the IARC expert working group classified RF fields as “possibly
carcinogenic to humans” (group 2B). This conclusion was based on “limited evidence of
carcinogenicity” for glioma and acoustic neuroma among mobile phone users, as reported in
some epidemiologic studies, as well as “limited evidence of carcinogenicity” in experimental
animals.
Royal Society of Canada
With respect to epidemiologic studies, the expert panel concluded:
[t]he epidemiological evidence is largely limited to a weak association of
prolonged mobile phone use with increased incidence of glioma and acoustic
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neuroma. The epidemiological associations are not strong and the various
studies are inconsistent with each other (RSC, 2014, p. 82).
Scientific Committee on Emerging and Newly Identified Health Risks
With respect to epidemiologic studies of cancer, SCENIHR concluded:
[o]verall, the epidemiological studies on mobile phone RF EMF exposure do
not show an increased risk of brain tumours. Furthermore, they do not indicate
an increased risk for other cancers of the head and neck region. Some studies
raised questions regarding an increased risk of glioma and acoustic neuroma
in heavy users of mobile phones. The results of cohort and incidence time
trend studies do not support an increased risk for glioma while the possibility
of an association with acoustic neuroma remains open. Epidemiological
studies do not indicate increased risk for other malignant diseases, including
childhood cancer (SCENIHR, 2015, p. 5).
SCENIHR further concluded:
[t]he totality of evidence of epidemiological studies weighs against cancer risks
from

base

stations

and

broadcast

antennas.

In

particular,

large

[epidemiologic] studies modelling RF exposure and investigating the risks of
childhood cancers have not shown any association (SCENIHR, 2015, p. 84).
Health Council of the Netherlands
Overall, HCN concluded that it “considers it unlikely that exposure to radiofrequency
fields, which is associated with the use of mobile telephones, causes cancer” (HCN,
2016, pp. 16-17). The Electromagnetic Fields Committee of the HCN that prepared the
review stated, “data from several epidemiological studies provide some indications for
an association between long-term and/or intensive use of a mobile phone and an
increased incidence of tumours in the brain and head and neck region,” but noted, “the
evidence is weak and inconsistent,” and that incidence data of the relevant cancers “do
not provide any support for such association” (HCN, 2016, p. 53). The Committee
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further noted that while it is “possible that the exposure to RF EMF resulting from the
use of mobile phones plays a role in an association,” the Committee “considers it
unlikely that such exposure actually induces tumours” (HCN, 2016, p. 53). The
Committee distinguished its conclusions from IARC’s findings that a causal
interpretation of the relationship between RF field exposure and some cancers is
credible, demonstrated by IARC’s classification of “limited evidence” of carcinogenicity
of RF radiation; the Committee stated that it “considers a causal interpretation unlikely
and feels that the combination of bias, confounding and chance might be an explanation
for the observations” (HCN, 2016, p. 53). The Committee acknowledged that the
available epidemiologic data suffer from limitations in how the exposure assessments
were conducted and noted that, with respect to mobile phone use, “[t]here is still very
limited information on really long-term effects in humans” (HCN, 2016, p. 17).
International Commission on Non-Ionizing Radiation Protection
Based on their review of the literature, ICNIRP concluded:
[t]aken together, the epidemiological studies do not provide evidence of a
carcinogenic effect of radiofrequency EMF exposure at levels encountered in
the general population. In summary, no effects of radiofrequency EMFs on the
induction or development of cancer have been substantiated (ICNIRP, 2020a,
p. 523).
Swedish Radiation Safety Authority
Regarding cancer from mobile phone use, the 2018 SSM report concluded, “[t]he results
were not entirely consistent but mainly point towards a lack of association” (SSM, 2018,
p. 9). The Council’s conclusions in the 2019 and 2020 reports remained consistent with
this assessment. The 2019 report concluded that studies on brain tumors “do not give
support to any causal relationship with radio wave exposure from mobile phone use”
and the 2020 report concluded, “[o]verall, the age standardized incidence of brain
tumours does not give support to any causal relationship with radio wave exposure from
mobile phone use. If there is an impact, it appears to be so weak that it cannot be
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detected in incidence trend studies” (SSM, 2019, p. 3; SSM, 2020, p. 3). The 2020
report further concluded, “[t]he results of the research review give no reason to change
any reference levels or recommendations in the field” (SSM, 2020, p. 4).
U.S. Food and Drug Administration
The FDA review concluded that the epidemiologic data reviewed “continue to support
the FDA’s findings that there is no quantifiable causal link between [radiofrequency
radiation] exposure and tumor formation” (FDA, 2020, p. 87). The report also
concluded:
… existing epidemiologic evidence is insufficient to suggest that use of cell
phones can be considered as an independent etiological factor capable of
influencing the incidence of intracranial and some other tumors in the general
population. Existing epidemiological evidence indicates that if any risk does
exist, it is extremely low compared to both the natural incidence of the disease
and known controllable risk factors. As further research is conducted, we will
continue to monitor the available information (FDA, 2020, p. 87).

Studies of personal, partial-body exposure from mobile phones and handheld radios
Epidemiologic studies on cancer and RF energy have been conducted since the 1970s on a
variety of environmental and occupational sources; however, as the number of mobile phones in
use has increased over time, research has focused primarily on users of mobile phones and on
mobile phone base stations. Mobile phones transmit and receive RF signals and are tested
before marketing to verify that they operate in compliance with national RF standards, which
limit energy absorption for partial body exposure to the head and neck area where the phone is
held.
Near-field exposure from a mobile phone is nevertheless higher that other environmental
sources, even if a hands-free device is used, because of the close proximity of a mobile phone to
the human body when the phone is on, even if not transmitting during a phone call. In
particular, for brain tissues, the mobile phone used at the ear remains the main source of
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exposure from commercial devices. Given the dose-response nature of effects on human health,
mobile phone exposures represent the highest source of exposure for people in the general
population, and therefore, the greatest potential for detecting an adverse response to RF field
exposure. Exposures higher than field levels produced by mobile phones are possible in studies
of laboratory animals, as described in the sub-section on laboratory studies below. It is
important to note that most epidemiologic studies published to date cover the use of mobile
phones before the use of texting, data services, and headphones became widespread circa 2011.
Phone calls remain more important from an exposure perspective because calls typically result
in higher exposure than texting or data services since these modes of operation generally have
lower power output, potentially a lower duty cycle, and use the device at greater distance from
the head and trunk than phone calls.
Additional epidemiologic studies of mobile phone use and hand-held, two-way personal radios
and cancer have been published since the release of the 2015 SCENIHR report. Research on
this topic still continues not because epidemiologic and experimental studies have found a
problem with RF fields from mobile phones, but because the size of the population using mobile
phones is so large, perhaps greater than 5 billion, research will continue to test hypotheses to
make sure that even the smallest risk has not been overlooked.
The recent epidemiologic studies of mobile phones and cancer since the SCENIHR report are
summarized below, and are grouped by study design (e.g., case-control/cohort studies, cancer
incidence rate studies, survival studies, and meta-analyses).
Case-control and cohort studies
Recent studies of mobile phone use and cancer risk include several case-control studies. As
discussed in Section 3, case-control studies assess whether cases (those diagnosed with a
particular disease) had higher or more frequent exposure compared to the control population (a
similar group of people, but without the disease). Case-control studies are well-suited for the
analysis of diseases that are rare or have a long-latency period between exposure and disease
development (such as many cancers); however, they have several limitations, including the
potential for selection and recall bias. For example, the value of using interview or
questionnaire responses to assess mobile phone use is constrained by the ability of the
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participants to accurately remember and report past exposures and behaviors. In addition, one
cohort study was conducted during this time period and is included in this section.
The following case-control and cohort studies have been published since the release of the 2015
SCENIHR report:


Moon et al. (2014) investigated the relationship between vestibular schwannomas and
mobile phone use in South Korea using two analyses. First, the authors conducted a
case-control study, which included 199 cases, diagnosed between 1991 and 2010, and
238 controls, matched for age, gender, and general health conditions. Exposure was
assessed using a telephone-administered questionnaire, which included questions on
mobile phone use history, average call duration, and use of hands-free devices, among
others. No associations were observed between vestibular schwannomas and duration
(in years), time (in minutes per day), or cumulative hours of mobile phone use; the
authors noted that the control group had, on average, slightly longer and more frequent
mobile phone use compared to the cases. Second, the authors conducted a case-case
analysis, in which only the case population was examined to assess potential differences
in tumor growth or characteristics. Differences in average tumor volume were observed
between regular and non-regular phone users and between heavy and light phone users.
No significant differences were observed between long-term and short-term users.
Based on this analysis, the authors concluded that “there is a possibility that mobile
phone use may affect existing tumors growth” (p. 586). Limitations of the study include
the exclusion of factors in the analyses that may confound the observed relationship
between tumor size and mobile phone use, including the participants’ age, and the use of
self-reported questionnaire data on mobile phone use, the weaknesses of which are
discussed above.



Shrestha et al. (2015) conducted a case-control study to investigate the relationship
between mobile phone use and pituitary tumor risk in Finland. The study included 80
cases, diagnosed between 2000 and 2002, who ranged in age from 20 to 69, and 240
controls, matched by age, sex, region of residence, and date of interview. Exposure was
ascertained through an interview that captured participants’ history of mobile phone use.
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The authors reported that participants diagnosed with pituitary tumors were less likely to
be regular mobile phone users compared to the controls (suggesting a lower risk of
tumor development among regular versus never/non-regular phone users), although the
association was not statistically significant. No associations between other aspects of
mobile phone use and tumors were observed, including total duration of use and
cumulative hours of use. The authors concluded that their study found “no excess risk
associated with self-reported short- or medium-term use of mobile phones,” which they
noted “is consistent with most of the published studies” (p. 1159). The authors cited the
small number of participants who had used mobile phones for longer than 10 years (two
cases, nine controls) as a cause for uncertainty regarding the risk associated with longerterm use. The small size of the overall population is a limitation of this study, as is the
use of self-reported data on mobile phone use. The observed reduced risk associated
with regular use of mobile phones indicates a potential for methodological or study
design issues.


Carlberg and Hardell (2015) and Hardell and Carlberg (2015) are two pooled
analyses17 that investigated the use of mobile and cordless phones and either
meningioma (Carlberg and Hardell, 2015) or glioma (Hardell and Carlberg, 2015). Both
studies pooled data from Swedish case-control studies previously published by the same
authors (Hardell et al., 2006a, 2006b; Carlberg et al., 2013; Hardell et al., 2013). In
Carlberg and Hardell (2015), no overall association was observed between meningioma
risk and use of mobile or cordless phones, while increases were observed for some subgroup analyses. In Hardell and Carlberg (2015), statistically significant overall
associations were observed between both mobile phone and cordless phone use and
glioma. Neither publication, however, included data from any other published studies,
and therefore do not represent a summary of the available studies in this area; thus, their
value as pooled analyses is limited.



Yoon et al. (2015) investigated the association between mobile phone use and glioma
development in a case-control study in South Korea. The study included 285 cases,

17

As noted previously, in a pooled analysis, the raw, individual-level data from the original studies is combined
and analyzed together.
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diagnosed between 2002 and 2007, who ranged in age from 15 to 69, and 285 controls.
Mobile phone use was assessed using a self-administered questionnaire; information was
obtained from family or friends, when necessary, if the study participants were too ill or
had died. No statistically significant associations were observed between glioma risk
and any of the exposure variables assessed (e.g., use of mobile phone [yes versus no],
type of phone used, lifetime years of use before diagnosis, cumulative hours of use) in
analyses adjusted for other potential risk factors, including age, hair dye use, and alcohol
consumption. In a sub-analysis of ipsilateral users,18 statistically non-significant
associations were observed between some of the exposure variables and risk of glioma;
however, a dose-response relationship generally was not observed. The authors
concluded that their results “do not support the hypothesis that the use of mobile phone
increases the risk of glioma” (p. 1). In addition to the previously discussed limitations
of case-control studies, significant differences were reported between cases and controls
in this study for several factors, including that the information from questionnaires from
cases was obtained more often from family or friends (proxy respondents) than controls.
The larger proportion of cases using a proxy respondent compared to controls created a
greater potential for exposure misclassification within the case population.


Gao et al. (2019) examined the association between use of hand-held, two-way
terrestrial trunked radios (TETRA) that operate in the 380 to 400 Megahertz (MHz)
frequency range and risk of cancer among police officers and staff in Great Britain. The
study included 48,518 participants of the Airwave Health Monitoring Study, an
occupational cohort study. Exposure was defined as the average monthly personal radio
call duration during the year prior to study enrollment (median value=30.5 minutes). No
association was observed between personal radio use and either risk of all cancers or risk
of head and neck cancers. The doubling of monthly call duration among users was not
associated with risk of all cancer and was associated with a weak statistically nonsignificant increase of head and neck cancers. Similar results were observed when all
analyses were restricted to police officers only. The authors reported “no evidence of

18

Ipsilateral users refer to subjects who predominantly use their mobile phone on the same side of the head as
the tumor location; alternatively, contralateral users are subjects who predominantly use their mobile phone on
the opposite side of the head as the tumor location.
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association of personal radio use with cancer risk” (p. 1). Limitations of the study
include the small number of cancers, particularly of the head and neck (45 total), and the
lack of consideration of post-enrollment exposure, as participants’ habits may change
over time.


Vila et al. (2018) examined the relationship between occupational RF fields and
intermediate frequency exposure and brain tumors within the INTEROCC multinational
case-control study. The study included 2,054 glioma cases and 1,924 meningioma cases,
diagnosed between 2000 and 2004, and 5,601 controls. Participants’ lifetime
occupational history information was collected using a questionnaire. Average exposure
levels were then assigned for each RF source reported by the participants (involving
work with or nearby radars, transmitters, telecommunication antennas, equipment for
medical diagnosis and treatment, among others) using a source-exposure matrix
approach developed by the authors in which exposure values were assigned based on
existing measurement data (see Vila et al., 2017); exposures from different-frequency
RF sources were combined by weighing the calculated square ratios of RF electric fields
and magnetic fields by the corresponding ICNIRP reference levels. Cumulative
exposure levels were then calculated by incorporating frequency and duration of
exposure. The authors found that approximately 10% of the study participants were
occupationally exposed to RF fields. No statistically significant associations were
observed between RF magnetic fields or electric fields and glioma or meningioma,
regardless of the exposure time window investigated (1 to 4 years versus 5 to 9 years).
The authors concluded that their findings “do not support a positive association between
occupational exposure to high-frequency EMF and either glioma or meningioma risk”
(p. 362). Limitations of the study include the small number of exposed and highlyexposed participants (i.e., >90th percentile of exposures), who comprised ~10% and <1%
of the total population, respectively, and the absence of information on the specific
frequency ranges of the equipment used. In addition, although the source-exposure
matrix represents an improved exposure assessment approach, in that exposures can be
assigned on an individual level, it is still preferable to collect personal exposure
measurement data.
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Luo et al. (2019) conducted a case-control study to investigate the association between
mobile phone use and thyroid cancer in Connecticut. The study included 462 cancer
cases, diagnosed between 2010 and 2011, who ranged in age from 21 to 84, and 498
controls, matched by age. Mobile phone use was assessed through a questionnaire,
completed during an in-person interview; questions inquired about frequency and
duration of mobile phone use, and use of hands-free devices. No association was
observed between mobile phone use (yes versus no) and risk of thyroid cancer. In subanalyses, statistically non-significant associations were reported between thyroid
microcarcinoma (tumor size ≤ 10 millimeters) and long-term (>15 years) and frequent
use (>2 hours per day) of mobile phones; however, these associations did not follow a
linear dose-response trend and were not observed for larger tumor sizes. The authors
concluded that their study “found no significant association between cell phone use and
thyroid cancer” (p. 2).



Luo et al. (2020) conducted a follow-up of the same study population as in Luo et al.
(2019), which examined whether genetic differences in the study participants impacted
the relationship between mobile phone use and development of thyroid cancer. The
authors reported statistically significant associations between mobile phone use and
thyroid cancer for some genetic variations; however, the biological significance of these
findings is not clear.

Summary of case-control and cohort studies
Case-control and cohort studies on mobile phone or two-way radio use published since the
release of the 2015 SCENIHR report have not provided clear evidence to alter the conclusions
of previous reviews by scientific and health agencies. The studies summarized in this section
investigated the relationship between exposures to RF fields in both the general public and in
the workplace and several cancer types, including glioma (Hardell and Carlberg, 2015; Vila et
al., 2018; Yoon et al., 2015), meningioma (Carlberg and Hardell, 2015; Vila et al., 2018),
thyroid cancer (Luo et al., 2019), pituitary tumors (Shrestha et al., 2015), and vestibular
schwannomas (Moon et al., 2014), as well as general cancers of the head and neck region (Gao
et al., 2019). None of the studies reporting original data identified statistically significant
associations in the main analysis. Further, no consistent associations were observed in sub1509451.000 - 1728
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analyses performed across the studies, including those examining mobile phone use and tumor
size, tumor volume, exposure duration, or exposure frequency. The only study to report an
overall statistically significant association with exposure to RF fields from mobile phone use
was the Hardell and Carlberg (2015) pooled study of glioma. The results of these recent studies
are therefore consistent with the SSM’s 2018 report, which concluded that findings from studies
of mobile phone use and cancer “were not entirely consistent but mainly point towards a lack of
association” (SSM, 2018, p. 9).

Cancer incidence rates over time
Since mobile phone use has become widespread and research has expanded to provide increased
information, epidemiologists have examined time trends in rates of brain cancer and other
tumors of the exposure areas in populations in which there is widespread use of mobile phones.
If associations between mobile phone use and brain cancer exist (as suggested in previous
publications by INTERPHONE 2010, 2011; Hardell et al., 2006a, 2006b; Hardell et al., 2011)
and were to be causal, then given the near universal use of mobile phones in the population, we
might expect to see some increase in annual rates of brain cancer, particularly 10 or more years
after mobile use became widespread. The period of 10 years or more would allow for the
development of tumors, and if the relationship were causal, would show increases in brain
cancer rates as more people had a longer period of exposure through mobile phone use.
While examining time trends in cancer rates can be informative, this approach does have some
limitations. Trends are generally examined on a large scale (i.e., regional or national level) and
thus cannot account for individual-level data on confounding factors and conclusions about a
given individual’s level of risk cannot be estimated. This is related to the previously described
concept of an “ecological fallacy,” in which inferences about the nature of individuals (or risks)
are inappropriately deduced from information gathered on the larger group to which those
individuals belong. Because of these limitations, examination of cancer incidence trends over
time alone is insufficient to assess whether a causal relationship exists between an exposure and
disease.
Since the release of the 2015 SCENIHR report, a number of studies have reviewed national
trends of brain cancer and some other cancers as the use of mobile phones has become almost
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universal since 1982. Despite dramatic increased prevalence and use of mobile phones in all
countries, none of these studies show an increase in the incidence in brain tumors that was
attributed to mobile phone use.
In Sweden, the national cancer registry reports no increase in brain cancer, but one group of
investigators claim that a subgroup of cases of unknown origin is underreported (Hardell and
Carlberg, 2015, 2017). This same group reported inconsistent increases in incidence of thyroid
tumors, that is, increases in women but not men (Carlberg et al., 2016, 2020). Another analysis
of the incidence of brain cancer in Sweden reports that the overall incidence has been stable
from 1982 to 2012, with small increases and decreases within some subgroups (Nilsson et al.,
2019). Other investigators in New Zealand (Kim et al., 2015), Australia (Chapman et al., 2016;
Karipidis et al., 2018), Japan (Sato et al., 2016, 2017), and Israel (Keinan-Boker et al., 2018)
analyzed brain tumor incidence, but reported no change in incidence of brain tumors that
appeared to be linked to increased mobile phone use. Philips et al. (2018a, 2018b) reported a
rise in malignant brain cancer in the United Kingdom and cited possible causes as an
improvement in diagnostic techniques, chance, and exposure to diagnostic computed
tomography scans of the head. SSM (2019) in its review of Phillips et al. (2018a, 2018b), noted
that the trend for malignant brain cancer did not match the more exponential increase in mobile
phone use over the period studied. de Vocht (2019) specifically assessed whether temporal
trends in malignant brain tumor incidence were associated with mobile phone use in England.
No trend in incidence was traced to mobile phone use or the incidence of acoustic neuroma,
meningioma, or benign neoplasms. In the United States and Finland the rates of malignant brain
tumors were not reported to have changed during the period since mobile phone use became
widespread (Li et al., 2018; Natukka et al., 2019). Davis et al. (2020) report that rates of
malignant cancer in Canada and the United States are similar and the differences from rates in
the United Kingdom “is most likely due to factors related to improved data collection practices
in surveillance systems … [and] the attribution of any environmental factor as an explanation
for past incidence rate patterns is premature.” (pp. 302-303).

Survival Studies
The development of tumors is known to be advanced by exposure to certain chemicals described
as tumor promoters. Two studies reviewed the survival of glioma patients in relation to their
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mobile phone use pattern prior to diagnosis. One study of poor quality suggested a possible
difference in outcome in some user groups; the other higher quality international study reported
that regular mobile phone use had no effect on survival and other analyses showed statistically
significant improvements in survival.


Carlberg and Hardell (2014) analyzed the survival data of Swedish glioma patients
included in their previous case-control studies (Hardell et al., 2006b, 2010, 2011, 2013)
to assess whether mobile phone use had an impact on survival. The analysis included a
total of 1,678 patients enrolled over the study periods of 1997 to 2003 and 2007 to 2009.
Exposure was assessed at the time of enrollment using a mailed questionnaire on the use
of mobile and cordless desktop phones. A large fraction of the cases originally enrolled,
however, were excluded because they were deceased when the analysis of survival was
started. Decreased survival was observed between users of mobile phones for more than
20 years and both glioma and astrocytoma grade IV cancers; similar results were
observed for long-time users of all phone types combined and for long-time cordless
phone use with astrocytoma grade IV only. Statistically significant associations were
not observed for these cancers with hours of cumulative phone use, and a decreased risk
(i.e., improved survival) was observed for low-grade astrocytoma and mobile phone use.
The authors noted that data on wireless phone use after tumor diagnosis were not
available, which is a significant limitation of this study.



Olsson et al. (2019) examined whether mobile phone use prior to diagnosis was
associated with survival among glioma patients. The study included 806 cases
previously enrolled in the INTERPHONE study diagnosed between 2000 and 2002 and
ranging in age from 20 to 69 at diagnosis (see Lahkola et al., 2007). Mobile phone use
was assessed through a computer-assisted personal interview questionnaire. No
indication of reduced survival was observed for patients reporting regular use of mobile
phones compared to non-users or non-regular users; all observed statistically significant
associations were negative, suggesting better survival for mobile phone users. Results
were similar across cancer types (glioblastoma, and high- and low-grade gliomas). The
authors reported associations between survival and other covariates, including age at
diagnosis, tumor grade and location, and treatment.
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Recent epidemiologic, cancer incidence, and survival studies of mobile phone use and cancer
have not provided reliable evidence to alter the conclusions of the reviews conducted by
scientific and health organizations. The overall findings from the studies summarized above are
consistent with the conclusions of the 2015 SCENIHR report that “[o]verall, the
epidemiological studies on mobile phone RF EMF exposure do not show an increased risk of
brain tumours … Some studies raised questions regarding an increased risk of glioma and
acoustic neuroma in heavy users of mobile phones. The results of cohort and incidence time
trend studies do not support an increased risk for glioma while the possibility of an association
with acoustic neuroma remains open” (SCENIHR, 2015, p. 5).

Meta-analyses of mobile phone use
In recent years, several meta-analyses have been conducted that examined the relationship
between mobile phone use by individuals and brain cancer. As described in Section 3, metaanalyses, in which the results of multiple studies are aggregated into a larger virtual study, are a
valuable analytical tool that increases the number of individuals in the analysis, allowing for a
more robust and stable estimate of association. These analyses, however, typically combine
data from studies with different study populations, exposure assessment methods, and disease
definitions, so they can convey a false sense of consistency across studies if only the combined
estimate of effect is considered. Rather, the factors that contribute to any heterogeneity between
the studies should also be examined. Any differences between studies, including the
populations studied, quality of the studies, measures of exposure and responses, modifying or
confounding factors, and likelihood of publication of no-effect studies, can undermine
confidence in a meta-analysis. In addition, meta-analyses are subject to the limitations of the
study designs used in the primary analyses; the value of the meta-analyses results will be
contingent on the quality of the underlying studies.
The following meta-analyses have been published since the release of the 2015 SCENIHR
report.


Lagorio and Röösli (2014) conducted a meta-analysis of 29 studies, all published by
2012, that examined intracranial tumors and mobile phone use. The studies were
classified into five groups, based on geographical region or study population. For all
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groups, negative associations were observed between meningioma and regular use of
mobile phone, and statistically non-significant marginal associations were observed with
long-term mobile phone use (≥ 10 years). Larger, but statistically non-significant,
positive associations were observed between long-term phone use and both glioma and
acoustic neuroma. The authors reported high heterogeneity between studies and noted
that the primary differences appeared to be methodological (e.g., study design, case
definition, exposure assessment approach). The authors noted that “[s]ummary risk
estimates based on heterogeneous findings should not be over-interpreted” and that
“[o]verall, the results of our study detract from the hypothesis that mobile phone use
affects the occurrence of intracranial tumors” (pp. 79, 88).


Wang and Guo (2016) conducted a meta-analysis of 11 epidemiologic studies,
published between 2001 and 2008, to evaluate the association between mobile phone use
and glioma risk. The analysis included 5,460 cases and 12,603 controls. No overall
association was observed between mobile phone use and glioma risk. In a sub-analysis,
a statistically significant association was observed between mobile phone use of more
than 5 years and glioma risk. The authors, however, noted significant heterogeneity
between studies for both the main and sub-analyses and described the observed
association with longer-term phone use as “weak” (p. 3).



Bortkiewsicz et al. (2017) conducted a meta-analysis of 24 case-control studies that
investigated the association between mobile phone use and brain cancer. The analysis
included 26,846 cases and 50,013 controls. No associations were reported between
overall mobile phone use and any tumor types, including intracranial tumors, brain
cancer, glioma, meningioma, and acoustic neuroma. In sub-analyses, statisticallysignificant associations were observed between intracranial tumor (all types) and both
long-term mobile phone use (> 10 years) and ipsilateral mobile phone use. For nearly all
analyses, the authors observed heterogeneity between studies.



de Siqueira et al. (2017) conducted a meta-analysis of three case-control studies of
mobile phone use and parotid gland tumor development. The analysis included 768
cases and 4,319 controls. A statistically-significant association was observed between
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mobile phone use and presence of salivary gland tumors. A significant limitation of this
analysis is the small number of studies included, which prevented exploration of
sensitivity or sub-group analyses. In addition, as noted by the authors, the studies in the
meta-analysis included both benign and malignant tumors and did not make a distinction
between them, even though the clinical behavior and genetic profiles of the tumors
differ. Because of the limitations, the authors warned that their findings “need to be
read and interpreted with caution” (p. 2).


Prasad et al. (2017) conducted a meta-analysis on case-control studies published
between 1966 and 2016 to investigate whether differences in study quality and funding
source explained the variation in results across studies. In total, 22 studies were
identified; however, 8 of the studies were part of the same large project (the
INTERPHONE study) and thus were not included in the meta-analysis. In an analysis of
the remaining 14 studies, no overall association was observed between brain tumor
development and mobile phone use; a statistically significant association was observed
in a sub-analysis of 7 of the 14 studies that included data on long-term (>10 years)
mobile phone use. The authors also examined the results of each of the 14 individual
studies and reported that statistically significant associations were more likely to be
observed in studies of higher quality. This conclusion is not well-supported by the data
however, as studies of higher quality did not consistently report statistically significant
associations (only two of the six studies of higher quality reported significant
associations) and three of the six studies reported no association at all. The authors also
reported that government-funded studies generally received a higher study quality score
compared to industry- or mixed-funded studies.



Yang et al. (2017) performed a meta-analysis of 11 studies investigating the potential
association between mobile phone use and glioma of the brain. The analysis included
6,028 cases and 11,488 controls. The authors looked at three factors: mobile phone
duration (short-term versus long-term), partial laterality (preferred head side use
location), and tumor grade. No association was observed between overall mobile phone
use and glioma risk. In sub-analyses, statistically significant associations were observed
between glioma and long-term (≥10 years) phone use and long-term ipsilateral use. A
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statistically significant association was also observed between long-term use and lowgrade gliomas; no associations were observed for all other combinations of use duration
and head side/tumor grade. The authors concluded that their results suggest that longterm mobile phone use may be associated with an increased risk of glioma but noted that
“current evidence is of poor quality and limited quantity” and that “substantial”
heterogeneity was observed between studies (pp. 2, 6).


Wang et al. (2018) conducted a meta-analysis of 10 epidemiologic studies to examine
the relationship between wireless phone use and risk of adult glioma. No association
was observed between adult gliomas and ever use of wireless phones or in subgroup
analyses of tumor location or head side use. A statistically significant association was
observed with long-term users (≥10 years). High heterogeneity was observed between
studies and the authors noted “inconsistencies among the studies” (p. e634). The authors
concluded that ever use of wireless phones “was not significantly associated with risk of
adult glioma, but there could be increased risk in long-term users” (p. e629).



Röösli et al. (2019) performed a meta-analysis of 45 epidemiologic studies investigating
the relationship between mobile phone use and tumors of the brain, head, and neck. No
statistically significant overall associations were observed between ever users or longterm users (>10 years) of mobile phones and glioma, meningioma, acoustic neuroma,
pituitary tumors, or salivary tumors. The results were consistent across several
sensitivity analyses conducted to determine the potential impact of any one study on the
overall associations. The authors reported “considerable” heterogeneity across studies
of glioma and acoustic neuroma and noted differences in the strength of the associations
by research group (p. 231).



Chen et al. (2020) conducted a meta-analysis of eight epidemiologic studies published
up to June 2018 to investigate the relationship between users of wireless phones and
meningioma in adults. A negative association was observed between adult meningioma
and both ever users of wireless phones and short-term (<5 years) users. No association
was observed between adult meningioma risk and mid-term (5 to 10 years) or long-term
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(>10 years) users or with ipsilateral or contralateral use. The authors reported no
heterogeneity across the studies that would affect this analysis.


Choi et al. (2020) performed a meta-analysis of 46 case-control studies published up to
July 2018 to examine whether cellular phone use was associated with tumor
development. The majority of the studies (75%) examined brain tumor outcomes; other
tumors investigated included tumors of the head and neck and hematologic
malignancies. No association was reported between regular cellphone use and tumor
development, compared to never or rarely having used a cellular phone. In subgroup
analyses, a statistically significant association was reported between cellular phone use
and tumor development in studies of high methodological quality, as adjudged by the
authors using two published quality assessment tools, and in studies that used blinding at
interviews to ascertain exposure (e.g., researchers were not aware of whether
participants were cases or controls when interviewing them); an association was also
observed between cellular phone use with cumulative call time of greater than 1,000
hours and tumor development. The authors also reported differences in the associations
with tumors in subgroup analyses by research group.



Shih et al. (2021a) conducted a meta-analysis of eight epidemiologic studies published
up to May 2020 to investigate the association between exposure to RF fields and breast
cancer. The authors reported a statistically signification overall association between RF
field exposure and breast cancer development; subgroup analyses also reported a
significant association among participants age 50 or older. A statistically signification
association was observed between the use of mobile phones and breast cancer
development; however, the analysis was based on only two studies. No association was
reported for occupational exposure to RF fields. A significant limitation of this analysis
is the authors’ selection of several inappropriate studies for use in the meta-analysis.
Two of the eight studies focused on 50-Hz magnetic-field exposure, which is not
relevant to RF exposure, and one study focused on male breast cancer, while all the
others investigated female breast cancer risk. As a result of this severe limitation, the
journal issued a retraction notice in March 2021 “on account of the number of
uncertainties” with the authors’ methodology and study selection (Shih et al., 2021b)
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Summary of meta-analyses
Meta-analyses of cancer and mobile phone use published since the release of the 2015
SCENIHR report have not provided clear evidence to alter the conclusions of previous reviews
by scientific and health agencies. No overall associations were reported between mobile phone
use and several types of brain cancer, including glioma (Wang and Guo, 2016; Bortkiewsicz et
al., 2017; Yang et al., 2017; Wang et al., 2018), meningioma (Lagorio and Röösli, 2014;
Bortkiewsicz et al., 2017), and acoustic neuroma (Bortkiewsicz et al., 2017). Chen et al. (2020)
reported an overall negative association with meningioma. In sub-analyses performed in some
of the studies, statistically significant associations were reported between long-term (≥5 or 10
years) mobile phone use and brain cancer. As noted previously, sub-group analyses should be
interpreted with extra caution, as the typically smaller sample sizes may decrease the likelihood
that a statistically significant finding reflects the true association between exposure and outcome
rather than due to error or chance. In their 2016 report, the HCN states “[s]ome epidemiological
studies provide indications for an association between long-term or intensive use of a mobile
telephone and an increased risk of tumours in the brain or head and neck region. However, the
studies are not consistent and of varying quality... The final conclusion is, that overall the
evidence for an association is weak” (pp. 33-34). The HCN went on to conclude the following:
[t]he Committee feels that it is not possible to state that there is a proven
association between long-term and frequent use of a mobile telephone and an
increase in the risk of tumours in the brain and head and neck region in humans.
Based on the strength of the evidence it can only be concluded that such an
association cannot be excluded. The Committee considers it unlikely that
exposure to radiofrequency fields, which is associated with the use of mobile
telephones, causes cancer (pp. 16-17).

Exposure from distant radiofrequency sources
Epidemiologic studies also examined RF sources other than mobile phones, including mobile
phone base stations, AM and FM radio transmitters, television broadcast transmitters, and WiFi. These sources are typically weaker contributors to individual exposure compared to mobile
phone use. Radar, AM/FM radio transmitters, and television broadcast transmitters are far more
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powerful than mobile phone base stations, but like all types of electromagnetic fields, the
strength of the RF signal diminishes rapidly with distance from the source. The proposed FEI
network base stations are similar to mobile phone base stations in that they also are lowexposure sources in communities due to generally being located high above ground.
Occupational studies focus on occupations with the potential for higher exposure to RF energy,
like radar operators and workers at a mobile phone manufacturing facility.
These environmental exposure sources pose difficulties for individual exposure in
epidemiological studies because people generally do not spend all their time in one location
(i.e., at home), so a valid measurement of average exposure is difficult to determine.
The following epidemiologic studies on exposures from sources other than personal mobile
phone use have been published since the release of the 2015 SCENIHR report.


Dabouis et al. (2016) conducted a cohort study on occupational radar exposure in the
French Navy. The study included 39,850 military personnel who served on Navy ships
during the period from 1975 to 1995; exclusion criteria included female military
personnel, personnel of the flotilla, and those who had spent fewer than 200 days on
board. Exposure was assessed by electric-field measurements taken in locations where
radar exposure levels were expected to be high based on numerical calculations; the
mean and peak values were used to represent temporal measurements. The study
population was divided into two groups: the “radar group” of employees whose
occupations took place above the main deck, and the “control group” of employees
whose occupations were situated under the main deck and who were considered
unexposed. Compared to the unexposed group, the all-cause and cancer mortality rates
among the radar group were not significantly different, irrespective of time; no effect of
age on risk of cancer death was observed. A statistically significant lower mortality rate
from respiratory system disease was observed for the radar group compared to the
unexposed group. The authors concluded that the results “did not suggest an increased
health risk for military personnel exposed to higher levels of EMF, in particular
microwaves emitted by radars and HF [high frequency] communication emitters” (p. 8).
Limitations of the study include the significant portion of missing causes of death (43%);
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a lack of smoking data, which is a potential confounding factor; and the use of broad
exposure groups that do not account for variability in exposure across or within jobs and
tasks. As noted in the study, the use of personal dosimeters would greatly improve the
exposure assessment approach.


Satta et al. (2018) conducted a case-control study to examine the relationship between
environmental RF field exposure and risk of lymphoma in Italy. The study included 322
cases, diagnosed between 1998 and 2004 and ranging in age from 25 to 74 years, and
444 controls. Exposure was assessed using several methods. First, the study
participants responded to a questionnaire on the self-reported perceived distance of the
participants’ three longest-held residences from fixed radio-television transmitters and
mobile phone base stations. Second, the authors obtained spatial data on the location of
mobile phone base stations in relation to the participants’ geocoded addresses and
estimated the RF intensity for all addresses within a 500-meter radius (spatial
coordinates for transmitters were not available). Third, the authors collected RF
measurements at the door of the longest-held addresses within a 250-meter radius of the
base stations. Statistically significant associations were observed between self-reported
residential distances within 50 meters to fixed radio-television transmitters and
lymphoma, both overall and by one of three sub-types. No associations were observed
between mobile phone base stations and self-reported distance, geocoded distance, or
estimated RF intensity levels. RF measurement levels were similar between cases and
controls. The authors concluded that their results “do not support the hypothesis of an
association between environmental exposure to RF-EMF emissions from mobile phone
base stations and risk of developing lymphomas” (p. 6). The small sample sizes,
particularly in subtype analyses and in the highest exposure category, is a limitation of
the study. In addition, the exposure assessment approaches used in the study have
associated weaknesses. The self-reported distance data are subject to bias; in fact, cases
were demonstrated to overestimate their residential distance from mobile phone base
stations more often compared to the control population. Geocoding of residential
distances can be greatly impacted by potential confounding variables; in this study, the
authors adjusted only for vehicle traffic intensity and education. Finally, the RF spot
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measurements taken at the residences do not necessarily reflect past exposures or
changes in exposure over time.


González-Rubio et al. (2017) conducted an ecological study analyzing the relationship
between environmental exposure to RF fields and incidence of lymphomas and brain
tumors inside the city of Albacete, Spain, in 2015. The authors divided the geographical
areas of the city into 110 micro-environments; exposure to 14 frequency bands of RF
fields (ranging from 88 MHz to 6 GHz) were then measured within each area using a
personal monitoring device transported around in a bicycle. Within each microenvironment, the average RF field exposure levels and the incidence of various cancers
(meningioma, glioma, lymphoma, all brain tumors, and total tumors) were then assessed.
The authors concluded that the cancer cases “have a random spatial distribution” inside
the city and that RF field exposure “shows little correlation with the incidence of the
studied tumors” (pp. 834, 842). They also noted that “[n]one of the administrative
regions exceeded the legal limit established for the urban zone” (p. 839). This study has
several limitations. The measurements collected around the city do not accurately
represent the residents’ individual exposure levels inside their homes and other
buildings; a small number of cancer cases were included (95 total cases identified);
residents may have migrated in and out of the city during the study period; and with any
ecological study, it is not possible to assess the potential correlation between the
exposure and disease of interest.

Regarding distant RF sources, SCENIHR in 2015 reported that:
The totality of evidence of epidemiological studies weighs against cancer risks
from base stations and broadcast antennas. In particular, large case-control
studies modelling RF exposure and investigating the risks of childhood cancers
have not shown any association (2015, p. 84).
A similar conclusion applies to the studies of radar, mobile base stations, and other fixed
transmitters evaluated above that did not report associations of these environmental sources with
cancer. The BCCDC confirms that the exposures from such sources are quite low:
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In British Columbia, a series of power density measurements were conducted
in 2004 by a BCCDC team at 20 different sites across the province using a
dedicated RF survey unit mounted on a vehicle. The power density readings
collected in the survey showed that the base stations were largely compliant
with Safety Code 6 (SC6) guidelines with exposures 3000 to 1,000,000 times
lower than SC6 limits for uncontrolled (public non-workplace) environments
(BCCDC, 2016, p. 5).

Summary of epidemiologic studies of cancer
In recent years, research has focused predominantly on exposure from mobile phones due to the
close proximity of the phone to the human body when in use and the increasing number of
mobile phones in use worldwide. Recent epidemiologic studies of RF field exposure from
mobile phones provide little new evidence in support of an association between exposure and
cancer development. As noted previously, these studies have not provided reliable evidence to
alter the conclusion of the 2015 SCENIHR report, which states,
Overall, the epidemiological studies on mobile phone RF EMF exposure do not
show an increased risk of brain tumours. Furthermore, they do not indicate an
increased risk for other cancers of the head and neck region. Some studies
raised questions regarding an increased risk of glioma and acoustic neuroma
in heavy users of mobile phones. The results of cohort and incidence time trend
studies do not support an increased risk for glioma while the possibility of an
association with acoustic neuroma remains open. Epidemiological studies do
not indicate increased risk for other malignant diseases, including childhood
cancer” (SCENIHR, 2015, p. 5).
When evaluated against established scientific criteria for assessing causality (i.e., the BradfordHill criteria), the reviewed studies did not provide consistent evidence in support of a causal
relationship between RF field exposure and any of the examined cancer outcomes, including
brain tumors. Most of the recently-published case-control studies related to exposure from
mobile phones reported no statistically significant positive associations between mobile phone
use and cancer. Similarly, statistically significant associations were not reported in the main
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analyses of meta-analyses of mobile phone use and several types of brain cancer. As noted in
the National Research Council’s (NRC) Reference Manual on Scientific Evidence, “[a]lthough
lower [associations] can reflect causality, the epidemiologist will scrutinize such associations
more closely because there is a greater chance that they are the result of uncontrolled
confounding or biases” (NRC, 2011, p. 602). Further, the reviewed studies demonstrated an
absence of a consistent dose-response relationship (i.e., greater exposure leads to an increased
likelihood of disease occurrence) between mobile phone use and cancer development. For most
human health assessments, the presence of a dose-response relationship is considered “strong …
evidence that the relationship between an agent and disease is causal” (NRC, 2011, p. 603).
An additional criterion for evidence of causality is the existence of a plausible biological
mechanism that is consistent with existing biological and medical knowledge; as noted by the
NRC, “[w]hen biological plausibility exists, it lends credence to an inference of causality”
(NRC, 2011, p. 604). The lack of biological plausibility between mobile phone use and cancer
will be discussed in the following section on in vivo studies relevant to cancer. As noted in
Section 3, while none of the criteria alone are absolutely necessary to establish causality, the
more the epidemiologic evidence meets these guidelines, the more convincing the evidence is
for a potential causal interpretation. Indeed, the reverse also holds true—the less the
epidemiologic evidence meets these guidelines, the less convincing the evidence for a causal
relationship.
Several recent studies examining exposure from far-field RF sources also have been conducted.
While considerably fewer studies have been published on these sources compared to studies of
mobile phone use (which is consistent with mobile phones being considered the predominant
source of exposure for most of the population), none of the recently published studies concluded
that exposure from distant sources of RF fields is associated with cancer. This includes a cohort
study on occupational exposure of military personnel to radar, which reported no significant
differences in all-cause or cancer mortality rates between the exposed and unexposed workers,
and a case-control study of environmental RF field exposure, which reported no associations
between lymphoma and exposure from mobile phone base stations using multiple exposure
metrics (e.g., self-reported distance, estimated intensity levels). The findings of these studies
are consistent with the SCENIHR’s conclusion that “[t]he totality of evidence of
epidemiological studies weighs against cancer risks from base stations and broadcast antennas.
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In particular, large [epidemiologic] studies modelling RF exposure and investigating the risks
of childhood cancers have not shown any association” (SCENIHR, 2015, p. 84).
In addition, studies examining cancer incidence rates over time did not observe correlations
between cancer rates and trends in mobile phone use over the same period. This is consistent
with the trends observed in Canada, and in British Columbia specifically. The Canadian Cancer
Society’s 2019 Canadian Cancer Statistics publication reported an annual average decrease of
0.6% in the overall brain and central nervous system cancer incidence rate for the period of
1984 to 2015; a larger decrease (2.9%) was observed when focusing on recent years only (2011
to 2015).19 During this same period, beginning in the early 2000s, the use of mobile phones in
Canada grew significantly; in 2017, there were over 31 million mobile phone subscribers, a
3.1% increase from the previous year.20 Further, the 2016 report by the BCCDC states that from
1990 to 2009, the age-adjusted brain cancer incidence rates in British Columbia were “fairly
flat” among females and “slightly decreasing” among males (BCCDC, 2016, p. 9). Research
investigating associations between estimates of exposure to distant RF sources and cancer also
reported no consistent positive associations and provided no evidence for a causal relationship
between RF exposure and cancer. It is important to note that RF exposures from the FEI base
stations and mobile phone antennas would be far lower than exposure from mobile phones and
hand-held communicators that are held close to the body during use.
In summary, the results of recent epidemiologic studies do not change the classification of the
epidemiologic data as limited, as determined by IARC, and are consistent with the conclusions
of recent agency reviews (e.g., SCENIHR, 2015; SSM, 2018, 2019, 2020) that the evidence
does not confirm that RF fields below scientifically-based exposure guidelines cause or
contribute to the development of cancer.

In vivo studies relevant to cancer
Human health risk assessments are not based exclusively on epidemiologic studies;
experimental studies in animals and humans (i.e., in vivo) also play a key role (Health Canada,
2000; WHO, 2010; USEPA, 2002, 2005). In vivo experimental studies are particularly
19
20

cancer.ca/Canadian-Cancer-Statistics-2019-EN Accessed April 2021.
https://crtc.gc.ca/eng/publications/reports/policymonitoring/2018/cmr3d.htm Accessed April 2021.
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important to assess the potential role of magnetic fields in carcinogenic processes (IARC, 1992,
2002). Research on animals has burgeoned over the past few decades as researchers have
sought to determine if the results of in vivo studies provide some biological plausibility for
statistical associations reported in some epidemiologic studies between RF field exposure from
mobile phones and cancer of the head and neck.
There are two types of in vivo studies. The first type, often described as cancer bioassay studies,
focuses on the identification of an adverse effect (i.e., the existence of a hazard) by exposing
animals to the highest tolerated doses of RF energy over most of their lifetime. The second type
focuses on biological measures that serve as potential indicators of carcinogenic processes,
which most often focus on changes that might be revealed during short-term exposures. Since
genetic mutations to chromosomes and DNA are known to play a role in the development of
cancers in humans and animals, research on the potential genotoxic effects of magnetic fields
has been of interest for decades.
Since the most recent comprehensive assessment of RF health research was conducted by
SCENIHR in 2015, more recent in vivo studies that evaluated the incidence of cancer in exposed
and control animals and studies of genetic biomarkers in humans and animals were included in
this review.
This update first summarizes the conclusions of the SCENIHR review and prior assessments,
and then summarizes the results of recent studies of long-term RF exposure of animals on the
development of tumors. Then multiple observational, cross-sectional studies of the distribution
of measures of chromosomal or DNA damage in human subjects are reviewed, followed by an
assessment of experimental studies in which DNA and chromosome damage markers were
measured in animals exposed to RF field or sham-exposure control conditions.

Summary of prior reviews
Below are quotes taken directly from prior reviews that capture the conclusions of national and
international health, scientific and government agencies regarding experimental studies of RF
field exposure and cancer. In aggregate, these reviews concluded that evidence from
experimental studies does not support an effect of RF field exposure on carcinogenic processes.
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Advisory Group on Non-Ionising Radiation
Regarding experimental studies, AGNIR concluded that “[r]ecent animal studies have
produced no consistent evidence that RF fields cause or increase the risk of cancer” and
that the studies “have produced no compelling evidence that RF fields are genotoxic or
cause robust carcinogenic effects with exposures below guideline values” (AGNIR,
2012, p. 172).
British Columbia Centre for Disease Control
Long-term bioassays, designed to determine whether RF exposure either alone
or in conjunction with known mutagens can initiate or promote development of
cancer in animals, have been uniformly negative. Studies of RF fields and
toxicological effects such as DNA damage, micronucleus formation, apoptosis,
reactive oxygen species, and gene expression changes have been inconsistent
and the results have been contradictory. Positive studies have proven difficult
to replicate. There is no consistent evidence that exposure to RF produces
biological effects in animal central nervous systems. Recent investigations have
been unable to confirm that RF exposure alters blood-brain barrier
permeability; however, other aspects of brain physiology are less well studied.
Behavioural investigations of the role of RF exposure on animal learning and
cognitive function are mixed. Immune function studies have been mostly
negative, although most of the studies to date have been conducted in adult
animals. Effects of RF exposure on endocrine function, particularly on
melatonin levels, have been negative, as have been studies on reproductive
function in female animals. Overall, the research studies to date have not
provided convincing evidence that RF-field exposure produces adverse
biological effects in animals (BCCDC, 2013, p. 2).21

21

BCCDC did not review animal studies in their 2016 report.
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International Agency for Research on Cancer
A review of experimental studies of RF field exposures in rats and mice between 1982
and 2011 was reported by the IARC in 2013. The conclusion was that, in aggregate, the
studies provided “limited evidence in experimental animals for the carcinogenicity of
radiofrequency radiation” (IARC, 2013).
Royal Society of Canada
As in earlier studies, the post-2009 studies contain a mix of reports indicating
possible genotoxic and epigenetic activity and others showing no evidence of
either. There is a wide mix of endpoints (many of which are indirect) and
exposure conditions (e.g., different frequencies, modulation schemes, power,
exposure duration). There are also methodological weaknesses in many studies
(e.g., lack of dosimetry, lack of sham-exposed controls, non-standard assays)
... (RSC, 2014, p. 80).
Animal studies of RF energy and cancer have provided no consistent evidence
that exposure to RF energy below SC6 (2013) limits causes or promotes cancer
(RSC, 2014, p. 82).
Scientific Committee on Emerging and Newly Identified Health Risks
An updated review of these and some newer studies and analyses prompted SCENIHR
(2015) to conclude “[o]verall, because a considerable number of well-performed studies
using a wide variety of animal models have been mostly negative in outcome, the animal
studies are considered to provide strong evidence for the absence of an effect [i.e.,
carcinogenic or other adverse effect]” (SCENIHR, 2015, p. 86).
Health Council of the Netherlands
… the Committee … conclude[d] that, on the basis of the results of the animal
studies presented in this systematic review, it is highly unlikely that long-term
continuous or repeated exposure to RF EMF may have initiating or promoting
effects on the development of cancer (HCN, 2014, p. 20).
1509451.000 - 1728

61

May 3, 2021

Overall, the studies discussed in this report show that no effects of long-term
exposure to RF EMF on the development or growth of tumours in general, or
on specific types of tumours, have been demonstrated in rodents. The findings
of the few studies that did indicate effects have either not been observed in
repetition studies, or might be explained by thermal effects. It is also possible
that they were chance findings. This can also only be the conclusion for the few
observed protective effects of RF exposure (HCN, 2014, p. 50).
International Commission on Non-Ionizing Radiation Protection
A few animal studies on the effect of radiofrequency EMF exposure on
carcinogenesis have reported positive effects, but, in general, these studies
either have shortcomings in methodology or dosimetry, or the results have not
been verified in independent studies. Indeed, the great majority of studies have
reported a lack of carcinogenic effects in a variety of animal models (ICNIRP,
2020a, p. 522).
U.S. Food and Drug Administration
The in vivo studies conducted between January 1, 2008 and August 1, 2018 and
[reviewed by the FDA] have contributed to our collective understanding of the
potential effects of [radiofrequency radiation] on mammals. Overall, based on
certain limitations, these studies have not produced any clear evidence that
[radiofrequency] exposure has any tumorigenic effect. In some cases, the
authors of these studies suggested the need for more research based on the
reported results. Other authors stated that [radiofrequency] exposure does not
result in tumor-initiating or -promoting effects (FDA, 2020, p. 33).
… due to the critical limitations of in vivo studies in assessing the effects of
[radiofrequency

radiation]

exposure

to

humans

(e.g.,

whole-body

[radiofrequency] exposure), we cannot draw conclusions about the impact of
such exposure to humans based on these in vivo animal studies. The results
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from such studies should not be applied to human cell phone usage as further
research is needed (FDA, 2020, p. 34).

Human biomarker studies
Human biomarker studies are mini-epidemiology studies in which biological measurements are
made on small groups of persons to determine if they differ on some particular measurement
that plausibly may be related to the topic of interest. In the studies reviewed here, such
measurements were made of DNA and chromosomes extracted from human cells. If not
repaired, damage to DNA might result in a mutation that under specific conditions might
develop into cancer, which explains the potential relevance of these studies to cancer processes.
The DNA of every cell of the human body is damaged 10,000 times per day by ongoing cellular
processes; in rats and mice this rate is 5 to 10 times higher (Ames et al., 1993). In most cases,
multiple other cell processes work to effectively repair this damage, or if severe, remove the
damaged cell by programmed cell death. If not repaired properly, a mutation may result that,
dependent upon other conditions, could lead to cancer. Hence, in the evaluation of biological
processes that might lead to cancer, scientists have used a variety of tests to quantify levels of
damage to DNA and chromosomes that contain DNA.
Since the SCENIHR review, 12 cross-sectional studies of human subjects have been published
on the cellular characteristics and circumstances of populations that differ in terms of their
estimated or suspected exposures to mobile phone antennas. As a matter of logic and
epidemiological science, because the studies cannot determine whether a measured or reported
biological or health outcome occurred before, during, or after RF field exposure (NRC, 2011,
pp. 560-561), these studies, like other cross-sectional epidemiologic studies of other exposures
or RF fields, cannot establish a cause-and-effect relationship. Although cross-sectional studies
cannot establish causation, such studies are initiated to test preliminary hypotheses and can be
performed at reasonably low cost.
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The focus of these biomarker studies was to determine if one-time samples of human cells
analyzed for single strand breaks (SSB) in DNA (as detected by the alkaline comet assay)22 or
the presence of micronuclei (MN) chromosome fragments in blood cells differed between
groups of apparently similar persons who varied with respect to their estimated RF field
exposure. It is important to understand that even though these test methods are referred to as
genetic tests, their ability to detect past events is quite limited. These tests are only capable of
detecting effects on cells that may have occurred within about 6 hours before collection of the
samples for comet assay analysis or 3 days before the collection of samples for MN analysis
(Singh et al., 1988; OECD, 2015).


Daroit et al. (2015) reported a cross-sectional analysis of a convenience sample of 20
men and 40 women between the ages of 19 and 33 years recruited from the School of
Dentistry in Alegre, Brazil for their use of mobile phones and other demographic data
and obtained samples of oral mucosal epithelial cells by scraping the lower lip, border of
the tongue, and floor of the mouth. Potential subjects who reported themselves as
smokers, having more than two drinks per week, or who displayed oral lesions upon
examination were excluded. The cells from each site were spread on slides (1 slide per
site) and 1,000 cells on each slide were examined for cytopathological abnormalities
after staining for the DNA of cells (Feulgen reaction). The samples were examined
under the microscope by one observer who was blinded and who had a reported interrater reliability correlation compared with a more experienced investigator characterized
by an interclass correlation coefficient > 0.75. As the sites from the lip and tongue are
likely to incur damage from sunlight or other non-specific damage, these data are not
reviewed here. The samples obtained from the floor of the mouth are more similar to the
cheek samples analyzed in other comparable studies and so those measurements are
described below. The primary result was that the mean number of MN in cells from the
floor of the mouth was not statistically higher in persons using mobile phones more than
60 minutes per week compared to persons using mobile phones less than 60 minutes

22

The DNA from single cells are applied to an agarose gel, and when a voltage is applied to the gel, single-strands
are distinguished from double-stranded DNA as they migrate away from the undamaged DNA, forming a
structure that resembles that of a comet. The double-strand DNA is contained in the head of the comet while the
single-strand DNA and fragments (SSBs) are contained in the tail of the comet. The percentage of DNA in the
tail is considered to be proportional to the percentage of SSBs that occurred in a particular cell.
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each week. When the MN from all sites were analyzed together, the mean MN levels
were marginally higher in the group with self-reported mobile phone use more than 60
hours per week (p=0.048), largely because of the inclusion of increased MN observed in
samples from the lower lip. The authors reported no significant statistical association
between the years of cell phone use and mean value of MN at any of the three oral sites;
however, the statistical test used compared median values, not mean values. It also
should be noted that the statistical analysis erroneously assumed that the measurements
at the three sites were independent of one another, although they cannot be independent
because the three samples were obtained from the same person. In addition, it was not
demonstrated that the distributions of the MN values were sufficiently similar to
conclude that the medians were different or that some other difference had been
detected.


Gandhi et al. (2015) carried out a cross-sectional study that describes the results of
measurements of DNA damage in persons in the city of Amnistar, India, living in the
vicinity of a specific mobile telephone base station (sample group, n=63),23 and those
living in a less densely populated area, presumably in a zone outside the city without a
mobile phone tower (control group, n=28), in the period from 2007 to 2009. Fingerprick blood samples were collected and later analyzed for fragmentation of DNA strands
in white blood cells as measured by the alkaline comet assay. This assay is used to
evaluate transient damage to DNA that may have occurred in the few hours prior to
sample collection that had not yet been repaired.
The authors reported a 4.5-fold increase in the mean tail migration length and a 2.5-fold
increase in a calculated “damage index” (which was dependent in part on measured
migration length between those in the sample and control groups). The DNA damage
measurements in the sample group did not vary appreciably with differences in the
duration of mobile phone use, the duration of daily calls, or estimates of RF fields in
SAR ranges. And, contrary to the authors’ interpretation of the study, the percent of
cells with tails, damage index, and mean migration length of damaged DNA for mobile

23

The study noted that 90 base station antennas on towers were operating in the city at the time.
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phone users was similar to the values for subjects who did not use mobile phones.
Moreover, there was no consistent relationship between distance from the base station
across the three measures of DNA damage. The limitations of this study are substantial:
the investigators did not describe how particular base stations were selected, did not
identify the frequency of the RF signals, did not state how subjects were recruited, and
did not provide information about the purpose of the study. Additionally, no information
was provided as to the procedures for the handling and analysis of the DNA specimens
(blinding) to prevent bias during processing and analysis from knowledge as to the
source of the samples. Only 100 cells per sample were analyzed for SSBs, while the
Organisation for Economic Co-operation and Development (OECD) calls for 150 cells
per sample to be analyzed (OECD, 2015).


Banerjee et al. (2016) canvassed 300 patients from the outpatient department of the
Kothiwal Dental College in Moradabad, India, to collect samples of cells from their
mouth and analyze them for the presence of MN, which are small extra-nuclear bodies
containing chromosomal fragments that may form when chromosomal damage has
occurred. Associations between MN frequency and mobile phone use, as reported on a
questionnaire, were evaluated. The buccal cells from the mouth were stained with a
DNA-specific dye and scored by a single person for the presence of MN. Differences
between high- and low-use mobile phone owners, type of mobile phone, and use of
wired ear buds were reported. First, the authors claimed that the data showed increases
in MN counts with long-term use of mobile phones; however, other possible
explanations for the results such as selection bias, geographical variations, subjects that
differed with respect to diet, health history, and other factors were not considered.
Second, only 1,000 cells per subject were analyzed for MN, but OECD requirements call
for 4,000 cells per sample to be analyzed (OECD, 2015). Third, the samples were
scored by a single person and the study did not state whether this individual was blinded
as to the data submitted on the questionnaires.



Shaikh et al. (2016) conducted a similar cross-sectional study as Banerjee et al. (2016).
These investigators in Ahmedabad, India, collected information on mobile phone use
and health conditions from an unidentified population and divided 120 male subjects
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into age-matched, high-use and low-use groups based on estimates of the number of
calls made on mobile phones per day and years of use reported by subjects. Cells for
analysis were collected by swabbing the inner cheek with a toothbrush and examined by
light microscopy for cell types, including MN. The high-use group also reported use of
chewing tobacco, smoking, pan masala (a chew made of betel nuts that sometimes
includes spices and tobacco), and alcohol use. The differences between MN counts in
high-use and low-use groups were very large, just slightly higher than reported for
persons “addicted” to the chemical exposures listed above. A secondary analysis
suggested that the MN counts were greater in persons reporting typical mobile phone use
of 3 to 5 hours per day, and somewhat greater counts for persons using mobile phones
for 5 to 7, and 7 to 9 hours per day, as compared to persons using mobile phones <1 hour
per day. This study did not report any precautions to prevent bias in the analysis and
only 1,000 cells per subject were analyzed for MN; OECD requirements call for 4,000
cells per sample to be analyzed (OECD, 2015).


Gulati et al. (2016) conducted another cross-sectional study in the city of Kurukshetra,
India, comparing 116 subjects recruited by unknown means living far from a mobile
tower (>800 meters) to 106 subjects living near a mobile phone base station (50 to 400
meters). The subjects completed a questionnaire on their demographic characteristics
and provided blood samples for analysis of single-strand DNA breaks using the comet
assay; inner cheek swabs were also collected for the MN analysis. Most surprisingly,
while the authors investigated an association between RF field exposure and proximity
to a mobile phone tower, they did not collect information about use of mobile phones, a
closer source of RF field exposure. The subjects also were evaluated for polymorphisms
in glutathione S-transferase (GGT), a detoxifying enzyme. No significant differences
between the near and far subjects were reported for demographic variables, but
differences in self-reported conditions, including blood pressure, depression, memory
status, insomnia, and hair loss were seen.
Measurements of RF power density focused on 1.8 GHz and were reported at varying
distances, but the number of measurements, the basis for choosing measurement
locations, and any methods to exclude interference from RF signals from personal
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mobile phones were not included. The authors reported that the measurements of comet
tail moments were 25-fold higher and MN levels were 3-fold higher in the near group
than in the far group and appeared to track with distance and power density. In the near
group, persons with residence time ≥ 9 years had higher MN frequencies than those in
the far group and were outside the range of normal values (Bonassi et al., 2011). Only
50 cells from each sample were analyzed for SSBs, whereas OECD requirements call for
150 cells per sample (OECD, 2015). The subgroup analyses indicated that SSBs and
MN were only elevated in women and for subjects over the age of 45. While the
reported differences may seem large, the most surprising result is that the data failed to
show large differences between groups of persons with exposures known to affect DNA
damage and MN, including smoking, alcohol use, and tobacco chewing in either the near
or far group. In fact, the oral buccal MN frequency of tobacco chewers was lower in
both groups than that of non-tobacco chewers. These deficiencies preclude giving any
weight to this study. Other limitations included how distances to the mobile phone
antenna were determined, the potential overlap in RF exposure with that from other
mobile phone antennas or other types of antennas, whether any notable industrial
activities existed in either area, or how subjects were recruited. The study reported that
the analysis of MN specimens, but not that of the DNA, was double-blind. The study
did not report the numbers of subjects whose samples were analyzed in each group.


Radwan et al. (2016) described the demographic, lifestyle, and stress factors of 286
men between age 22 and 45 who attended an infertility clinic in Lodz, Poland. One of
the factors investigated was the use of a cell phone. Sperm DNA fragmentation was
measured using the flow cytometric Sperm Chromatin Structure Assay (SCSA), which
detects the susceptibility of the DNA to denaturation by acid (due to the chromatin
structure being fragmented) by the degree of DNA staining with acridine orange. The
advantages of this method over other methods is the larger number of sperm screened,
the objectivity of the test, and that the method is one that has “demonstrated clear
clinically useful cut-off levels for calculating male fertility potential” (Bungum, 2012, p.
3; Wright et al., 2014). Statistically significant correlations between subjectively rated
work stress and over the age of 40 with high levels of DNA fragmentation were
reported. No statistically significant correlations between years of cell phone use and
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low, medium, or high levels of DNA chromatin fragmentation were reported, although
the percentage of immature sperms was significantly higher in obese patients and cell
phone users. Comparable data on men who did not have cell phones or who were not
referred to the infertility clinic were not included in this study.


Zothansiama et al. (2017) conducted a cross-sectional study of persons living near or
far from six mobile phone base stations operating at 900 MHz or 1,800 MHz in Aizawl,
India, the same city studied by Gulati et al. (2015), but in a later time period (2015 to
2016).24 The investigators obtained blood samples from residents of Aizawl and
measured levels of MN in lymphocytes following stimulation by phytohemagglutinin (a
mitogen that promotes cell division) for 72 hours in vitro; they also measured
biochemical markers of anti-oxidant enzymatic activity and lipid peroxidation. The
results were summarized for persons grouped by age, mobile phone use, duration
(years), daily use (hours), distance from mobile base stations and measured power
density, gender, smoking/alcohol consumption, and diet.
The frequency of MN was lower in the control group (>300 meters from the mobile base
station) than the exposed group (<80 meters from the mobile base station). The MN
levels of women were lower than for men. While the percent of mobile phone users,
duration of use, and daily mobile phone hours of use did not differ between the exposed
and control groups, the MN levels measured in these subgroups were significantly higher
in the exposed group than the control group. The authors attribute a 21% difference in
mean MN levels in cheek cells between residents living near and far from the mobile
base stations to low levels of RF exposure from the mobile base stations. The data also
show, however, that the differences in mean MN between users and non-users of mobile
phones in both groups were <4% even though RF field exposure to the cheeks of mobile
phone users would be far greater than from a distant mobile phone base station. Because
of the close proximity of cell phones to the body, especially during use, the exposure to

24

It is curious that Zothansiama et al. (2017) does not mention the prior study by Gulati et al. (2015) that was
conducted in the same city.
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an RF field is much greater from a person’s mobile phone than from a distant mobile
phone base station.
While the authors did obtain some data relevant to other possible explanations including
selection bias, geographical variations, diet, smoking, and alcohol use, the analyses
performed did not adequately explore the relative contributions of such factors versus
mobile phone use to MN and other measures. Only 1,000 cells per subject were
analyzed for MN, but OECD requirements call for 4,000 cells per sample to be analyzed
(OECD, 2015). The authors did not state how subjects were selected, or whether the
analyzes of MN and other data were performed without a priori knowledge of the group
from which the samples were obtained. Altogether, the results suggest that there are
differences in the measures obtained from persons in two different parts of the city, but
the data are insufficient to determine the basis for those differences.


de Oliveira et al (2017a, 2017b) used convenience sampling via questionnaire to enroll
86 volunteers, age 18 to 30, in this cross-sectional study. The questionnaire asked about
age, sex, place of birth, environmental and dietary exposures and habits, and the use of
mobile phones (years of use, minutes per day, preferred side of the face, and headset
use). Buccal samples from each side of the mouth were collected and 2,000 cells per
subject were evaluated for MN by a single unblinded observer using the Feulgen
technique with a DNA-specific stain. About 85% of the subjects reported the right side
of the head as the preferred phone placement location during use. No statistically
significant differences in the number of MN present were reported between males and
females, among three different age groups, or according to other variables identified in
the questionnaire including tobacco use, years of phone use, hours of daily exposure, or
preferred side of the face for mobile phone use. Subjects reporting occupational
exposure to genotoxic substances other than tobacco, however, did have significantly
higher levels of MN compared to those who did not (p=0.000015). Two of the
genotoxic exposures identified were xylene and formaldehyde. Some additional
analyses of MN distributions by age and occupational exposure were included in a
shorter, summary publication (de Oliveira et al., 2017b).
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An independent systemic review of studies of mobile phone use and MN in cells of the
mouth and a meta-analysis of the de Oliveira et al. (2017a) study and a prior study (RosLior et al., 2012) did not find statistically significant differences in the frequency of MN
in cells obtained from both sides of the mouth, which led to the conclusion that “mobile
phone use is not associated with the occurrence of genotoxic effects in the oral
epithelium” (dos Santos et al., 2020, p. 73).


Akdag et al. (2018)25 identified volunteers for this cross-sectional study from a survey,
but no information was provided as to how the volunteers were recruited. Study
participants included those who did not report owning a mobile phone and those who
did. For persons using smart phones, the head peak SARs ranged between 0.45 and 0.97
W/kg. Other information was gathered from the subjects by self-report about exposure
to chemicals, radiation, smoking, drugs, temperature, as well as age, but only data on age
of the groups was described in the paper. Male volunteers between 30 and 60 years were
allocated to four groups: control (no mobile phone), use for 0 to 30 minutes per day; 30
to 60 minutes per day; and over 60 minutes per day. Each group included 14 volunteers
with the median age of approximately 40 years. Cells attached to the roots of hair were
removed from within the ear most often closest to the mobile phone during use. Hair
cell DNA was extracted for analysis by the alkaline comet assay. Seven parameters
were used to describe the results; many of these were interdependent. Only 100 cells per
sample were analyzed for SSBs. The OECD calls for 150 cells per sample to be
analyzed (OECD, 2015). While not completely consistent across groups, statistical
differences between the control group participants and those who reported using mobile
phones more than 60 minutes per day were reported for measures of DNA damage.
However, when the differences were compared according to duration of use, durationdependent changes were not always evident. The study participants were not randomly
selected and the investigators who analyzed the data were not blinded as to the group
from which the samples were obtained. The investigators also failed to collect samples
from both ears so as to test the hypothesis that each ear might differ based upon RF field

25

This paper was excluded by SSM (2020) for review because it did not include a sham-control, which is a
serious limitation for an experimental study but less severe for a cross-sectional epidemiologic study. Therefore
it was excluded for this review.
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exposure, nor could the investigators determine the contribution of a multitude of other
factors that may account for differences between persons and groups. For these reasons,
and because of the cross-sectional design of the study, no conclusions can be drawn
about the contribution of RF field exposure to the reported results.


Vanishree et al. (2018) researchers at the Navodaya Dental College and Hospital in
Raichur, India, selected patients from the Outpatient Department for this cross-sectional
study. They assigned 30 men and 30 women into a “low mobile phone user” group and
the same number of subjects per sex into a “high mobile phone user” group; these
assignments were based on the number of years of use and number of hours per day of
use. Study subjects were limited to those age 20 to 28 and to those without oral lesions
or unspecified “deleterious habits.” The study did not provide a description as to how
information about the demographics or history of subjects was obtained. Cells were
scraped from the inside of the right and left cheek for analysis. Counts of MN were
reported in 1,000 cells per subject. The average MN count of high mobile phone users
was slightly, but significantly, greater than the count in the low-user group but a nonDNA-specific stain was used to identify cell nuclei. Within the high-user group, greater
MN counts were generally seen in those mobile phones using code-division multiple
access (CDMA) rather than global system for mobile communications (GSM) phones
and in non-headphone users compared to headphone users; counts were also higher from
the cheek on the side of the head most frequently near the mobile phone. Only 1,000
cells per subject were analyzed for MN; OECD requirements call for 4,000 cells per
sample to be analyzed (OECD, 2015). No assessment of confounding exposures or
medical history was included, which is significant because all the subjects were patients
of the Outpatient Clinic. The analyses were not reported to be blinded as to the history
of the patients or the results. In addition, as a cross-sectional study, there can be no
assurance that the use of mobile phones preceded the development of MN.



Senturk et al. (2019) reported a cross-sectional study to determine if intense RF energy
with a frequency of 2.2 MHz applied to ablate enlarged nasal sinuses during surgery was
capable of increasing blood levels of indicators of antioxidant or oxidant activity, or
both, including damage to DNA as measured by the alkaline comet assay. Blood
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samples were obtained from 27 patients on the day prior to surgery and on post-surgical
days 1 and 15. Total oxidant levels increased from the day before surgery to postsurgical day 15. Total antioxidants increased above pre-surgery levels on day 1 and 15
post-surgery. The levels of DNA strand breaks in circulating lymphocytes were slightly
but not significantly increased on day 1 after surgery; no difference was seen on postsurgery day 15, but the extent of DNA damage was associated with higher total oxidant
status on day 15. The physicians provided no information about the patients, their use of
medications, including antibiotics (some of which act by damaging DNA, e.g., González
et al. [2002]), or blood levels of other parameters that might indicate the leakage of
thermally-damaged tissue into the venous circulation.


Khalil et al. (2020) recruited 100 male and female students from Yarmouk University in
Jordan who were between age 18 and 30 to provide demographic information and details
regarding their mobile phone use in a detailed questionnaire as part of a cross-sectional
study. Subjects who reported smoking, drug therapy, illness, use of dietary supplements,
mouthwash, and other activities were excluded. The published SAR levels of the
volunteers’ mobile phones ranged from 0.244 to 1.552 W/kg, but the frequency of the
RF signals was not provided. Samples of mucosal cells from both the right and left sides
of the mouth were analyzed for damage to DNA using the comet assay and
measurements of apoptosis-induced nuclear damage by the terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) assay. One hundred randomly chosen
cells from each sample were analyzed for each. Data from male and female participants
were pooled for analysis as no significant differences between the sexes were seen with
regard to mobile phone use, age, or ear dominance.
The primary finding was that the percent of cells with DNA strand breaks or cells
showing apoptotic damage from the left or right cheek was no different among those
who used mobile phones <30 minutes, 30 to 60 minutes, or over 60 minutes, or for those
who used mobile phones <5 years, 5 to 10 years, or >10 years (p-values >0.05). This
result is complementary to the authors’ previous report that 15- and 30-minute phone
calls with an 1,800 MHz mobile phone had no significant effect on levels of 8-hydroxy2-deoxyguanosine (8-OHdG) or markers of oxidative stress (Khalil et al., 2014).
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A subgroup analysis of the seven different measures of DNA damage quantified using
the comet assay found that almost all measures from both left and right cheeks were
significantly associated with the minutes per day of mobile phone use. In contrast, none
of these measures were significantly associated with years of mobile phone use in cells
collected from the right cheek and only two measures (comet length and tail length)
were associated with years of phone use in cells from the left check. Drawing firm
conclusions from subgroup analyses that are contrary to the primary study finding is
particularly problematic. Analyses of more rigorous randomized medical trials have
concluded that “[a]uthors often claim subgroup effects in their trial report. However,
the credibility of subgroup effects, even when claims are strong, is usually low. Users of
the information should treat claims that fail to meet most criteria with skepticism” (Sun
et al., 2012, p. 1).
The participants in Khalil et al. (2020) were reported to have been “randomly stratified
into three groups based on the frequency and intensity of phone use.” A more accurate
description is that the participants were allocated to categories of daily exposure duration
and years of phone use by the investigators. The authors stated that the analyses were
conducted on coded samples; however, only 100 cells per sample were analyzed for
DNA strand breaks, while the OECD calls for at least 150 cells per sample to be
analyzed (OECD, 2015). One interpretation of these data is that self-reported low,
medium, and heavy users of mobile phones have different behaviors or risk factors that
affect not only the occurrence of DNA damage but its appearance (as identified by the
seven inter-related measurements of individual cell comets). Another possibility is that
the pattern of sub-group analyses does not fully reflect the data collected from the 100
participants because data were reported for only 83 left cheeks and 85 right cheeks,
which appears contrary to the authors’ claim that “[n]obody dropped out of the study.”
The claim that “all confounding factors that could cause cytogenetic toxicity were
excluded (tobacco, alcohol, recent medication, systemic factor, etc.” is simply naïve.
Excluding volunteers who admitted to such uses and history does not guarantee that
persons who did not admit to these confounding exposures, did not have such exposures.
Further, the study does not appear to address possible occupational exposures or other
exposures that may have been associated with the participants’ education.
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Summary of human biomarker studies
The conclusions of IARC (2013) on human genetic studies was that “that there was weak
evidence that RF radiation is genotoxic, and no evidence for the mutagenicity of RF radiation.”
(p. 415). A review of seven studies (one cohort and six cross-sectional studies) published
between 2009 and 2018 looked for associations between proximity to mobile phones or base
stations and markers of genotoxicity in small convenience samples (Revanth et al., 2020). The
review concluded that “the majority of the studies found that the effects of mobile phone
radiation … having the potential to cause some buccal cell abnormalities” (p. 280). That
conclusion was based on just four of the seven studies and was too limited to be informative.
The papers rated highest for quality by the Revanth et al. (2020) study did not report genotoxic
effects of mobile phone use. Despite the importance that Revanth et al. (2020) placed on the
importance of using staining cells with DNA-specific stains to avoid mistakenly interpreting
cells as having MN (false positives), they did not note that the seven studies reviewed provided
evidence to support that concern. Studies that reported more MN in persons classified as having
higher exposures to RF fields used non-specific stains (three of four studies) whereas none of
the three studies that used stains specific to DNA reported increases in MN among persons with
higher RF exposures. In short, the ratings of the papers were based on unclear and superficial
criteria which as applied by the reviewers were inconsistent and do not support their conclusion.
The four studies that were reviewed by Revanth et al. (2020) that were published after 2014
were reviewed above (Gandhi et al., 2015; Banerjee et al., 2016; de Oliveira et al., 2017;
Vanishree et al., 2018).
The studies reviewed here, published after 2014, included five biomarker studies that assessed
damage to DNA by the comet assay, six that assessed damage to DNA by the MN assay,
including one that used the comet assay and the MN assay and one that used the 8-OHdG assay.
One study used the SCSA assay. The reported differences between the levels of these markers
and estimates of RF exposure in nine studies were based solely on self-reported mobile phone
use. Three other studies described exposure based upon distance from mobile phone base
stations, which also included mobile phone use (two studies) and measurements of RF power
density at residences (two studies).
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All these methods for categorizing subjects by estimated exposure were crude and likely subject
to considerable bias. Furthermore, only 3 of the 12 studies reviewed reported that the analyses
of the data were performed in a fully blinded fashion. While all studies attempted to some
extent to minimize confounding by other exposures, these measures applied were not consistent
across studies and appeared not to have been successful. None of the laboratories that
performed the sample analyses appeared to have demonstrated expertise, nor the historical
database necessary to carry out these complex tests, and none of the data reported in these
studies met the criteria required to confirm a clear positive response (OECD, 2015). Also, these
cross-sectional studies provided little opportunity to explore dose-response relationships except
for three studies that used distance as a surrogate for exposure, which is correlated with
measured exposures. All these limitations, in combination with the cross-sectional design of the
studies, means that the results of these studies cannot be interpreted as showing a causal
relationship between effects of exposure to RF fields on surrogate biomarkers and cancer
development.26

Cancer assessment of animals after chronic radiofrequency
exposure
U.S. National Toxicology Program
In 2000, the NTP began designing and planning a study of rats and mice to be exposed to RF
fields simulating those of mobile phones, with signal modulations characteristic of 2G mobile
phones (i.e., GSM) and 3G mobile phones (i.e., CDMA). The results were summarized in draft
technical reports published for review in March 2018, with separate reports for rats (NTP,
2018a) and mice (NTP, 2018b).
Pilot studies of exposures for 5 days provided strong evidence confirming that exposure of rats
to RF fields at 900 MHz and mice to RF fields at 1,900 MHz increased subcutaneous body
temperature above 1 degree Celsius (°C) in both rats and mice at exposure levels above SAR
26

This is consistent with a consensus comment that “the use of biomarkers for early effects depends on the
existence of knowledge about the significance of the event as a predictor of subsequent risk of cancer for
humans. In the absence of this knowledge, it is still uncertain whether measurements, in humans, of some
biological event known to presage cancer in an experimental system can be taken to add to the evidence from
experimental systems alone” (IARC, 1992, p. 30).
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levels of 4 W/kg and 6 W/kg, respectively. In a second 28-day study, groups of pregnant female
rats and groups of adult male and non-pregnant female rats and mice were exposed to GSM or
CDMA RF fields. The subcutaneous body temperatures of pregnant female rats were
significantly increased at exposure to CDMA RF fields at 6 W/kg, and exposure of male mice to
GSM RF fields at 5 W/kg and higher significantly increased body temperature.
The main NTP experiments involved exposure of rats and mice to RF fields for 2 years, almost
their entire expected lifetime. In the rat study, the subjects were exposed to GSM or CDMA RF
fields (1.5 W/kg, 3 W/kg, or 6 W/kg) beginning prior to birth to the end of life. As in the
shorter-term studies, significant reductions in body weight gains of pregnant female rats as well
as their male and female pups were dose-related with exposure to GSM RF fields. Significantly
increased survival over the 2-year period of male rats exposed to GSM RF fields was reported at
all SAR levels in a dose-related fashion; the survival of male rats exposed to CDMA RF fields
at 1.5 W/kg and 3 W/kg was also increased. Similarly, survival of female rats increased with
exposure to CDMA RF fields at 6 W/kg.
The examination of multiple organs in rats at the end of the study showed a trend of increasing
malignant schwannomas of the heart with GSM and CDMA SAR levels in male rats, but the
incidence was only elevated above historical controls at 6 W/kg in males exposed to CDMA RF
fields. An increase in the incidence of brain glial tumors was not reported at any exposure
levels in male rats exposed to either GSM or CDMA RF fields, but a weak trend was noted with
exposure to CDMA RF fields. In female rats, the NTP labeled this evidence as “equivocal,”
despite no reported statistically significant increases in the incidence of schwannomas in the
heart or tumors in the brain, or a dose-response trend with RF field exposure.
Mice were similarly exposed to GSM or CDMA RF fields (2.5 W/kg, 5 W/kg, or 10 W/kg) for
part of their lifetime; these exposures began in adulthood. The survival of male mice exposed to
GSM RF fields at 5 W/kg and CDMA RF fields at 2.5 W/kg was higher than that of unexposed
control mice. Unlike rats, no increase in the incidence of tumors of the heart or brain was
reported in any RF-exposed group of mice. Examination at the end of the study showed a
higher incidence of malignant lymphoma in female mice exposed to GSM RF fields at 2.5 W/kg
and 5 W/kg and to CDMA RF fields at 2.5 W/kg; however, these incidences were not
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considered increased at the highest exposure levels (10 W/kg), leading researchers to classify
these findings as equivocal. Changes in the incidence of liver cancer were reported for male
mice (a decrease in carcinomas at 2.5 W/kg and an increase of hepatoblastoma at 5 W/kg). All
tumor rates in mice were within the range of historical rates of control reported in other NTP
studies.
Overall, the results of the NTP studies indicate that RF field exposure to levels that cause
heating of the body27 can have acute adverse effects, and that lifelong exposure at slightly lower
levels also may increase survival with increasing SAR exposure. With regard to cancer,
increased incidence of malignant tumors in the hearts of GSM- and CDMA-exposed males
above those reported in unexposed controls and historical controls provide, as the report states,
“clear evidence of carcinogenic activity” as a positive finding for male rats. For female rats the
evidence was rated “equivocal.” The report states that data evaluated for both male and female
mice only provided “equivocal evidence of carcinogenicity” with GSM and CDMA RF field
exposure. The level of evidence rated “equivocal,” was categorized as “uncertain findings.”
Although the statistical testing for some measures such as body weight was adjusted for
multiple comparisons, these data deserve additional scrutiny because other measures like tumor
incidence were not. Given the thousands of pair-wise and trend comparisons made in these
reports between exposed and control rats and mice, one must assume that a substantial fraction
of the statistically significant differences reported could have been false positive findings (i.e.,
occurred by chance alone). Further, the SAR level that is considered the threshold above which
adverse effects of whole-body exposure to RF fields may be expected is 4 W/kg in rats, nonhuman primates, and humans (D’Andrea, 1999). This has led federal agencies in Canada, the
United States, and Europe to set the standard for whole-body exposure of the general public to
be 50-fold lower, at 0.08 W/kg (FCC, 1997; Health Canada, 2015; ICNIRP, 2020a). Most
effects reported in the NTP study occurred at levels of RF fields above the accepted threshold

27

Tissue heating is a well-established effect of RF exposure at sufficiently high levels. Scientifically-established
RF exposure limits, however, are set well below levels at which adverse heating of the tissue or body may
occur. Thus, the study findings of the NTP study are, in general, not informative with respect to potential
effects of low-level RF field exposure from everyday sources, including smart meters.
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for thermal effects, which is a strong indication that chronic thermal input is a likely mechanism
for effects related to RF exposure.
Following review by an outside ad hoc peer-review panel conducted in March 2018, the NTP
released its final reports in November 2018 (NTP, 2018c, 2018d). In the final reports, even
though the actual study results remained unchanged, some of the conclusions drawn based on
these data were revised or upgraded. For example, the final report indicates “clear evidence”
that exposure to RF fields with GSM and CDMA modulation was associated with development
of schwannoma in the hearts of male rats, and “some evidence” for tumors in the brain (GSM
and CDMA) and adrenal glands of male rats (GSM). The evidence for GSM- and CDMAmodulated carcinogenic effects was rated “equivocal” in female rats. Even though the
maximum exposures of mice to RF fields were 67% higher than for rats, the evidence for any
effects altogether was weaker for mice. In its assessment of the NTP study, ICNIRP (2019,
2020b) expressed concerns about the absence of a blind review of the pathology, and the
interpretation of statistical significance given the thousands of statistical comparisons made.
The substantially lower survival of the male control rats (28%) compared to all GSM RFexposed males (50% to 68%) and CDMA RF-exposed males (48% to 62%) in the two highest
exposure groups, suggests the “strong possibility that the decrease in survival resulted in
underrepresentation of late-developing tumors in the controls that importantly affected the
statistical results” (p. 530).
An important analysis and review of data in the NTP study was recently published by five
scientists at the Federal Office for Radiation Protection in Germany (Kuhne et al., 2020). They
show that the temperature increases in heavier male rats imposed by the higher RF field
exposure in the NTP study were much greater than it appeared (“likely exceeded 1.4 °C for more
than 300 days”) leading to stress on the heart that would explain cardiomyopathy and malignant
tumors of the nerve sheaths in the heart (schwannomas).
Ramazzini Institute
A recent study conducted at the Ramazzini Institute in Italy exposed rats to 1,800 MHz GSM
RF fields for 19 hours per day from gestational day 12 (in utero) until the end of life at
calculated SAR levels of 0.001 W/kg, 0.03 W/kg, or 0.1 W/kg. A partial summary of the results
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was selected by the authors for publication (Falcioni et al., 2018). The exposures were planned
to simulate RF field exposures in the environment from a fixed mobile phone base station, not a
mobile phone. The rats were exposed in cages with 5 rats per cage, with a minimum of
approximately 200 rats per sex per group. Body temperature was not measured.
The investigators did not report that they had randomly assigned the rats to the control and
treatment conditions, which is a major flaw in the design of the experiment (Hooijmans et al.,
2014). No effects on food or water intake, body weight, or survival in male or female rats were
reported. The investigators reported 120 additional statistical calculations to describe the
potential differences between groups of rats exposed or not exposed to RF fields on numerous
measures. Using a criterion of p <0.05, one would expect about six statistically significant
differences to be reported just by chance alone in the two tables of data presented, but from all
the calculations, only one single table entry indicated a statistically significant difference. In
male rats at the highest exposure of 50 volts per meter (said to correspond to an SAR of
0.1 W/kg), 1.4% were diagnosed with a schwannoma in the heart, whereas no rats were
diagnosed with this tumor among the control rats. No other differences in the entire report were
statistically significant.
If these calculations had been even partially corrected for multiple comparisons, as had been
done in some of the analyses in the NTP study, there would be no statistical differences at all
between the groups exposed to RF fields and the control group. Moreover, the claim of the
investigators that the large number of rats in each group makes it a better study than that of the
NTP study is undercut because the rats were exposed in cages with five rats in each. Therefore,
the cage, and not the individual rat, should have been considered the experimental unit for
analysis, and the sample size for all the analyses should have been divided by five for the
calculations of statistical significance. Still other shortcomings of the statistical analysis have
led some to fault the Falcioni et al. (2018) report and call for “a major revision of their
conclusion” (Sara et al., 2020). The response of the authors to this criticism was that the study
nominally complied with OECD (2012) guidelines and addressed the lack of transparency about
the statistical analysis by stating that additional data “will be published in the forthcoming
publication” (Belpoggi et al., 2021). While Belpoggi et al. (2021) responded primarily to issues
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of form, their response did not mitigate the potentially more serious statistical limitations to the
results of the Falcioni et al. (2018) report.
The EPA has criticized the Ramazzini Institute’s assessments of histological data and has
“decided not to rely on RI [Ramazzini Institute] data on lymphomas and leukemias in IRIS
[Integrated Risk Information System] assessments” (USEPA, 2013). Further, they have warned
risk assessors about problems with the cancer bioassays conducted by the Ramazzini Institute,
including the accuracy of the cancer diagnoses; the categorization of tumors; errors in
identifying cellular changes such as leukemia/lymphoma in certain tissues that appear to be due
to infections and tissue inflammation; an unexplained significant rise in the incidence of
leukemia/lymphomas over time in control groups unrelated to the exposure under study; the lack
of complete reporting and documentation of analytical specifications; failure to control or
analyze for potential litter effects; and the use of common controls for multiple studies (Gift et
al., 2013). These concerns all pose additional reasons to be cautious regarding the Ramazzini
Institute study data.
In May 2020, ICNIRP published a brief summary and evaluation of the NTP and Ramazzini
Institute studies (ICNIRP, 2020b). Overall, ICNIRP concluded:
Although NTP … [2018c] and Falcioni et al. (2018) both reported significantly
elevated rates of carcinogenic outcomes in male rats, their results are not
consistent with each other, nor with the NTP (2018b) mouse or female rat
results, nor with the RF cancer literature generally (SCENIHR 2015; HCN
2016; SSM 2018). The NTP’s outlying finding is further complicated by
important methodological limitations, including the effect of the greater
lifespans of the exposed rats on the statistical analyses, lack of blinding in the
pathological analyses, and a failure to account sufficiently for chance in the
statistical analyses. Collectively these two studies’ limitations preclude
drawing conclusions about carcinogenicity in relation to RF EMFs (pp. 530531).
A scientist involved in the NTP study before he retired replied to criticisms of the study from
ICNIRP (2019, 2020b) and others (Melnick, 2019, 2020). While Melnick argued for his view,
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ICNIRP’s response to Melnick was factual (ICNIRP, 2020c) and provides justification for
current plans for the NTP28 as well as Japan and Korea, to attempt to replicate and improve
upon the NTP study.
In a statement issued in November 2018 on the NTP studies, the Director of the FDA’s Center
for Devices and Radiological Health opined that the findings of the NTP studies “should not be
applied to human cell phone usage.” The FDA further concluded that “[b]ased on our ongoing
evaluation of this issue, the totality of the available scientific evidence continues to not support
adverse health effects in humans caused by exposures at or under the current radiofrequency
energy exposure limits. We believe the existing safety limits for cell phones remain acceptable
for protecting the public health” (FDA, 2018).
A third commentary on these studies was offered in a newsletter by a group of scientists
assembled by the Swiss Federal Office for the Environment (BERENIS, 2018). The limited
commentary reported on selected aspects of these studies and pointed out that “the results of the
NTP study are mostly relevant for the exposure situation when using a mobile phone close to the
body. In contrast, the Ramazzini study observed carcinogenicity at levels as high as the
environmental exposure limits, with no statistically significant effect at lower doses” (p. 7).
In their 2019 report, SSM reviewed the NTP studies. The SSM’s conclusions were as follows:
Two studies on carcinogenesis have a number of positive aspects, including
their size and the duration of the exposure and the attempts to provide a
comprehensive analysis of the pathology. However, the results are inconsistent
between the studies in terms of the exposure levels where increased tumour
incidences are observed, and the main endpoint, schwannoma of the heart, is
only a very rare tumour in humans and therefore, likely, the public health
relevance is not very high. Moreover, it is a tumour that has never been
reported in experimental RF cancer studies, so it is peculiar at the least that it
now appears in two studies that were published at the same time, and that it
shows up only in rats and not in mice. A discussion on the effects of heating at

28

https://ntp.niehs.nih.gov/whatwestudy/topics/cellphones/index.html Accessed April 13, 2021.
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the high exposure level in male rats is missing. Altogether the Council does not
feel that these studies can be considered as clear indications for carcinogenicity
of RF fields in humans (p. 56).
Another in-depth review of the NTP studies was performed by the German Federal Office for
Radiation Protection (BfS, 2019). The scientists noted several methodological weaknesses and
inconsistencies in the NTP study results that “clearly limit the meaningfulness of the study,”
including many of the same limitations that were noted by ICNIRP, FDA, and SSM above. The
scientists of the Federal Office for Radiation Protection concluded that the NTP study findings
did not support the designation of clear evidence or some evidence for a carcinogenic effect and
that the animals’ exposures were much higher than human exposure limits and thus not directly
relevant to human exposure to RF fields from mobile phones:
… after careful analysis of the various results, [the Federal Office] sees
indications but neither a clear nor some evidence for a carcinogenic effect at
high whole-body exposures - which were clearly above the limit values … (BfS,
2019, p. 1)
The evidence for the interpretation that thermoregulatory stress explains the response of male
rats in the NTP study (NTP, 2018c) was further buttressed in a study published by five scientists
in the Federal Office for Radiation Protection in Germany. Kuhne et al. (2020) provided
detailed analyses of temperature measurements reported for male rats in the NTP study. These
analyses showed that the rise in the body temperature of male rats was much greater than
acknowledged in the NTP report and provided “evidence that for most of the main 2‐year study,
the average SC body temperature fluctuation of male rats in the 6 W/kg exposure group was
higher than reported in the pilot studies…” (Kuhne et al., 2020, p. 475). This explains the
higher incidence of cardiomyopathy and schwannoma in aged male rats, which have reduced
thermoregulatory control because of heavier body weights and a lesser ability to dissipate heat
by vasodilation of the tail.
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Summary of chronic exposure animal studies
The newest animal studies of chronic exposure to RF fields do not alter the weight of evidence
accumulated from previous research reviewed by scientific agencies indicating that RF fields at
very low levels are not harmful. The NTP reports suggest potential adverse effects of short- and
long-term exposure to RF fields at levels at or above historically-recognized thresholds for
causing increases in body temperatures and adverse effects upon which exposure standards are
based. Further, the results of the Ramazzini Institute study are consistent with there being no
effect of RF fields at exposure levels that are about 100-fold lower than those of the NTP study,
a finding consistent with prior research. In a health risk assessment based on a review of the
literature that accompanied its latest standard, ICNIRP (2020a) concluded:
A few animal studies on the effect of radiofrequency EMF exposure on
carcinogenesis have reported positive effects, but, in general, these studies
either have shortcomings in methodology or dosimetry, or the results have not
been verified in independent studies. Indeed, the great majority of studies have
reported a lack of carcinogenic effects in a variety of animal models… Thus,
when considered either in isolation (e.g., ICNIRP 2019) or within the context
of other animal and human carcinogenicity research (HCN 2014, 2016), their
[NTP and Ramazzini] findings do not provide evidence that radiofrequency
EMFs are carcinogenic (p. 152).

Cancer assessment of animals after short-term RF field exposure
Studies of short duration are commonly performed to determine if the development of an
already established tumor type is increased following exposure to the agent under study. Two
studies of this design were reviewed.


Lerchl et al. (2015) attempted to replicate an earlier study from his laboratory (Tillmann
et al., 2010) that reported effects of RF field exposure on the development of tumors
initiated by the carcinogen ethylnitrosourea (ENU) because the interpretation of the
results in the earlier study were clouded by an infection of Helicobacter hepaticus that
affected the mice in the study.
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From the offspring of the mothers, 4 groups of 96 mice were assembled; sham + ENU;
0.040 W/kg RF + ENU; 0.4 W/kg + ENU; and 2 W/kg + ENU. The mice were exposed
for 23.5 hours per day for 72 weeks to 3G mobile phone Universal Mobile
Telecommunications System (UMTS) 1,996 MHz RF fields. The characteristics of the
signals were not included in the paper but were imputed for the analysis here from the
previous study. The investigators performed histopathological analyses of the brain,
kidney, spleen, liver, lymph nodes, and lungs that were confirmed in an independent
review. Exposure to RF + ENU significantly increased tumors of the lungs (adenomas
and carcinomas) and carcinomas in the liver, a result confirmed by Bayesian analysis of
SAR exposures at 0.4 W/kg. The survival times were not affected by exposure to RF
fields. These findings were similar to their previous study; however, in either study the
incidence of tumors was not clearly proportional to exposure, and they were similar for
exposures that varied by 50-fold. Although this study was reviewed SSM (2016), SSM
did not point out that the mice were not randomly allocated to treatment groups, the
sham groups were older than the other treatment groups, and the analysis was not
blinded.


Ouadah et al. (2018), like in a number of previous studies, examined the effects of RF
field exposure on the development of glioblastoma multiforme (GBM) tumors initiated
in rats by injection into the brain. In this study, 30-day old male Wistar rats were
injected with C6 tumor cells whose development into tumors mimics GBM in humans.
Seven days after injection, the rats were randomly assigned to cage control or sham
control (n=15), and the groups of rats were exposed to 0.25 W/kg (n=18) or 0.5 W/kg
(n=39) 5 days per week for 45 minutes until death or sacrificed 30 days after injection.
RF field exposure had no effect on tumor size, location, proportion of dividing cells
(Ki67 protein marker), or vascularization (CD31 marker). The brains of rats injected
with tumor cells and exposed to RF fields, however, had lower semi-quantitative ratings
of immune cell invasion and CC3 immunoreactivity indicative of apoptosis
(programmed cell death marker CC3). The stress of restraint of the rats in the sham
group did not result in different outcomes from the cage control group. The study
authors were careful to blind the investigators during each step of the experiment as to
the groups to which the samples belonged to avoid any potential bias. While RF field
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exposure had no effect on tumor development, the clinical significance of a change in a
marker for apoptosis is not known and the authors concluded that “[f]urther replication
studies are needed to confirm these observations” (p. 539).
Summary of short-term cancer studies
SCENIHR (2015) concluded in its review of long- and short-term in vivo animal studies that
“[o]verall, because a considerable number of well-performed studies using a wide variety of
animal models have been mostly negative in outcome, the animal studies are considered to
provide strong evidence for the absence of an effect.” (p. 86).
The results of the subsequent studies do not clearly complement any previous work by other
investigators or break new ground as to potential effects of RF field exposure on the
development of specific tumor types and are consistent with SCENIHR’s earlier conclusion.

Studies of DNA and chromosome damage in animals
Although lifetime studies of animals exposed to physical or chemical agents are regarded as the
gold standard for the assessment of potential effects of exposure on the development of cancer,
health and scientific agencies also look to shorter-term in vivo studies of genetic (DNA and
chromosome) effects to assess these as potential mechanisms for the initiation of tumors. Such
studies are frequently undertaken to confirm indications of genetic or chromosomal damage
reported from EMF exposure of isolated cells in vitro.
The most widely used and validated tests for the detection of DNA damage and mutation are
performed on bacteria and yeast organisms. Overall, the absence of any “signal” from these
tests is quite clear—RF fields are not mutagenic (IARC, 2013). Other tests with lesser
validation have been applied to human and animal cells but many such in vitro studies have
reported mixed results; the differences between exposed and control groups were often small,
and as reported in two large meta-analyses of such studies (Vijayalaxmi and Prihoda, 2008;
Vijayalaxmi and Prihoda, 2012), the variations were almost always within historically-reported
levels measured in unexposed control cells. Based on this analysis, Vijayalaxmi (2016) laid out
minimum criteria for the design and performance of cell, human, and animal studies. Further, in
a comprehensive and updated meta-analysis of 225 in vitro studies published in 2017, the

1509451.000 - 1728

86

May 3, 2021

previously-reached conclusions were confirmed by Vijayalaxmi and Prihoda (2019). Their
analyses demonstrated that 30% to 50% of the studies of RF exposure on indicators of genotoxic
effects in mammalian cells failed to control any of four variables affecting overall study quality:
blind analyses often were not included, adequate descriptions of exposure dosimetry were not
provided, positive controls were not mentioned, and it was often not stated if unexposed cells
were treated in exactly the same manner as exposed cells with the exception of RF field
exposure. To this list of deficiencies, others have added the misinterpretation of statistics and
the pre-specification of analyses (Foster et al., 2019). To overcome issues relating to the quality
of the methods used to assess SSBs, Schuermann et al. (2020), in an attempt to replicate key
studies from two universities, were unable to repeat effects of GSM 1,950 MHz at a SAR of
2 W/kg on measurements of SSBs in two human cell lines or to identify effects of UMTS, Wi-Fi
or RF-identified modulated fields on DNA and DNA repair. Tests for DNA damage that might
be expressed as an increase in sister chromatid exchange also were negative following exposure
to a 4.9 W/kg UMTS-modulated signal. The authors thus concluded that “[c]lassical and
advanced genotoxicity testing and DNA repair assessment produce no conclusive evidence for a
disturbance of DNA integrity or changes in the DNA repair capacity, following wEMF
(modulated electromagnetic ﬁeld) exposure” (p 14). Despite the high sensitivity of new
methods of detecting damage to DNA, there are recognized problems regarding the variability
in the results of the comet assay; for example, differences between replicate samples analyzed
within and between laboratories, and in the interpretation of comet assays has impeded its
acceptance as a reliable tool (Langie et al., 2015; Forchhammer et al., 2012).
To uncover the reasons for the inconsistency in the reported in vitro genotoxicity studies of
exposure to RF fields, a protocol has been published by European agencies for a systematic
review of this research according to guidelines recommended by the NTP Office of Health
Assessment and Translation (Romeo et al., 2021).
Despite the absence of convincing evidence for effects of RF fields on the DNA or
chromosomes of human and animal cells in vitro, other in vivo experimental studies of animals
exposed to RF fields have looked for alterations in the double-strand DNA structure of single
cells as measured by the alkaline comet assay and fragmentation of chromosomes containing
DNA by the detection of MN within blood cells. Another assay used in some studies as a
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surrogate indicator of DNA damage measures the conversion of deoxyguanosine in DNA to 8OHdG, which is a major product of oxidative damage. Although measurements of other aspects
of cell function often related to oxidant and antioxidant indicators are typically reported in such
studies, they were not the focus of this assessment.


Furtado-Filo et al. (2014) reported that 12 pregnant rats were exposed for 0.5 hours per
day to 950 MHz RF fields at SAR levels of 0.03 to 0.01 W/kg during gestation. After
delivery, the pups were allocated to a sham group and exposure continued for 0.5 hours
daily for 0, 6, 15, and 30 days at which time six rats from each exposure group were
decapitated and the livers removed for analyses of DNA damage (comet assay), fatty
acid content, lipid peroxidation, catalase, and protein oxidation. The SAR exposures
were: neonates, 0.88 W/kg; 6-day-old rats, 0.51 W/kg; 15-day-old rats, 0.18 W/kg; and
30-day-old rats, 0.06 W/kg. They reported that damage to DNA in exposed rats, as
measured by the alkaline comet assay, was the same as in controls at birth or 6 days
later, but was less at 15 days and greater at 30 days of age (both p <0.05). The control
rats were sham-exposed and the exposures varied from 0.51 to 0.88 W/kg at 0 and 6
days after birth, respectively, and declined to 0.18 W/kg at 15 days and 0.06 W/kg at 30
days due to the increase in body mass with age. Only 100 cells from each tissue were
analyzed, but results were averaged with those of a duplicate slide. The authors
regarded these results as “very peculiar” and speculated that the results reflected age
differences in sensitivity, a decline in repair capacity at 30 days of age or “artifact of the
technique.” The control rats were sham-exposed, but the authors did not report that the
rats were randomly allocated to treatment groups or that precautions were taken to
minimize bias (e.g., by coding the samples so that the investigators performing the
analysis were blinded as to source or history of the samples).



Furtado-Filo et al. (2015) was similar in design to the previous Furtado-Filo et al.
(2014) study, except that the exposure of the six rats in each groups ended at birth or 6
days thereafter and the analysis was limited to the right and left hemispheres of the
brain. The SAR exposures were calculated to range from 0.44 W/kg during gestation to
0.35 W/kg on day 6 after birth. The SAR values above that appear in the paper are less
than the range described in the paper’s abstract (1.14 to 1.32 W/kg). Exposure of the
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sham-control rats was reported at far lower levels, ~ 2 x 10-5 W/kg. The authors report
that they found no statistical difference between the levels of SSBs in the brains of the
exposed and sham-control rats as measured by the alkaline comet assay. Only 100 cells
from each tissue were analyzed, but results were averaged with those of a duplicate
slide.


Deshmukh et al. (2015) exposed male Fischer-344 rats (150 to 200 grams [g]) in groups
of six to RF fields at 900, 1800, 2450 MHz, or control conditions for 180 days at the
same SAR level of 0.00006 W/kg. The investigators assessed the brain tissue
concentration of heat shock protein (hsp70) and amount of DNA damage, as measured
using the comet assay. While the methods for exposing the rats to RF fields in a
transverse electromagnetic (TEM) cell are well-known, the rats were exposed in groups
while restrained, which can result in stress and DNA damage (Consiglio et al., 2010).
The body temperature of the rats was measured before and after exposure to RF fields.
Behavioral tests also were performed but are not relevant and therefore not discussed
further. While the samples from the exposed groups and the sham control group were
coded and assessed in a blinded fashion to prevent bias, the animals were not randomly
assigned to these treatment groups to prevent systematic bias related to body size or
housing history. No change in body temperature was reported (data not shown), but
statistically significant increases in hsp70 and DNA damage were reported. The
differences between the groups for four computed indices of SSBs (Olive tail moment,
tail moment, percent of DNA in head, and tail length) were larger with groups exposed
to 1,800 MHz and 2,400 MHz, roughly 25% greater than those reported at 900 MHz.
The interpretation of these data is clouded because the investigators did not express these
measures in units that account for the amount of tissue contained in each sample, such as
per gram of tissue or per milligram of protein. Any variation in the size of the brain
tissue analyzed between animals would appear as a difference in the concentration in the
extract, even if the concentrations of hsp70 or DNA in the living tissue were the same.
The differences between hsp70 values across all groups were very small, and the
effective size of the groups is n=1 because of group exposures, so the result is null and
the statistical differences between the groups is overstated. The differences between the
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groups for four indices of DNA damage were larger, with groups exposed to 1,800 MHz
and 2,400 MHz roughly 25% greater than reported at 900 MHz. These results are
virtually the same as the results these investigators published in other studies in which
rats were exposed for 30 days (Deshmukh et al., 2013), 60 days (Megha et al., 2015),
and 90 days (Deshmukh et al., 2016). In fact, the results appear to be exactly the same
in some respects. For example, the percent tail DNA in the hippocampus for sham
exposed, and those exposed to 1,800 MHz and 2,450 MHz in a 180-day experiment
(Figure 5A in Deshmukh et al. [2015]) differed by less than 2.7% from the values
reported for a 30-day experiment (Figure 2 in Deshmukh et al. [2013]). Similarly, the
difference between each of the four groups in the 30-day experiment differed from those
in a 60-day experiment by less than 2.2%. Given the small number of animals in each
group, the inherent variability of samples over time, and some expected error in
measurement of values across the published papers, the close similarity of values from
different experiments is not credible. The authors reported “[i]mages from 100 cells (50
from each replicate slide) were analyzed” (p. 286).


Zong et al. (2015), in previous research, reported that exposure of mice to 900 MHz RF
fields at SAR levels of 5.48 mW/kg, 54.8 mW/kg, and 548 mW/kg provided protection
against subsequent sub-lethal or lethal ionizing gamma radiation (Cao et al., 2010, 2011;
Jiang et al., 2012, 2013), an effect replicated by other investigators. In the most recent
study (Zong et al., 2015), male ICR mice (25 g) were individually exposed to 900 MHz
RF fields at a SAR of 0.0548 W/kg in a TEM cell for 1 hour per day for 7 days. Blood
samples from each group of eight mice were analyzed for SSBs using the alkaline comet
assay. Mice exposed to RF fields did not produce higher levels of SSBs as measured by
tail moment or tail length compared to sham-exposed controls.
Four hours later, other groups of mice were injected with bleomycin (BLM), a chemical
known to damage DNA, some of which were sham-exposed (sham + BLM) or RFexposed (RF + BLM). Starting 20 minutes after injection, one mouse from each group
was removed at 30-minute intervals to see how exposure to RF fields affected DNA
repair in white blood cells due to BLM treatment. Following injection of BLM, all mice
showed increased SSBs, but the mice previously exposed to RF + BLM showed
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significantly lower SSB levels (p<0.0001) than mice injected with the BLM alone or
sham + BLM, showing that exposure to RF fields prior to chemically-induced DNA
damage speeded up repair of damaged DNA.
Measurements of other indices of oxidative damage in the blood, liver, and lungs of
control, sham, and RF-exposed groups did not differ. In groups treated with BLM, preexposure to RF fields produced significant reductions in the oxidative damage marker
malondialdehyde (MDA) in the liver, while the lungs exhibited a significant increase in
the concentration of superoxide dismutase, an anti-oxidative enzyme. These data
demonstrate that RF fields did not cause DNA damage or increase oxidative stress but
accelerated the repair of DNA damage by BLM in the liver and lung. The investigators
randomized mice to the treatment groups and conducted all analyses blind. The
inclusion of BLM in this study qualifies as a “positive” control to demonstrate that the
assay was capable of detecting SSBs. The authors reported “[f]or each animal and for
each exposure, 50 comets were analyzed for comet tail length (microns) and tail moment
(ratio)” (p. 272).


Sahin et al. (2016) measured an indicator of DNA damage (8-OHdG) and an indicator
of lipid peroxidation (MDA) in the brains of female rats exposed in groups of 9 to 2.1
GHz RF fields at a calculated SAR level of 0.4 W/kg for 6 hours per day (5 days per
week) for 10 and 40 days. Identical measurements were made of brain tissue from
groups of six female rats placed in the exposure apparatus without exposure to RF fields
(sham control) for these same periods. Compared to the sham-exposed groups, the
authors reported a statistically significant increase in DNA damage of the exposed rats
after 10 days, but a statistically significant reduction in DNA damage after 40 days of
exposure. No sense can be made of these data, however, because the amount of DNA
damage observed in the control groups was so discrepant: the average DNA damage in
the 40-day control group was 150% greater than in the 10-day control group, and similar
to the levels observed in the 10-day RF-exposed group. MDA levels were higher in
brains of the 40-day control rats than in the brains of RF-exposed rats. No differences in
the MDA levels of exposed and control rats were seen in the 10-day exposure groups.
The differences between control groups kept under similar conditions indicate that
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factors unrelated to RF field exposure confounded the results. In addition, since the rats
were exposed in groups, they shared a common experience and thus their data were not
independent, as required by the statistical method applied. Although the rats were
properly allocated to the treatment by a randomized procedure, the investigators were
not reported to be blinded as to the identity of the specimens during the analysis of the
results.


Akdag et al. (2016) compared the average level of SSBs (via comet assay) in the brain,
kidney, liver, testes, and skin of male albino rats exposed for 12 months to 2.4 GHz RF
fields at average SAR (0.0001414 W/kg) and maximum SAR (0.007127 W/kg) levels to
a sham-exposed control group. Eight rats were assigned to each group and the rats were
exposed in these groups without restriction on their movement. No statistically
significant differences between these groups were reported, with the exception of in the
testes, where an increase of approximately 20% was reported. The exposure system was
better described than in most studies and evaluated by both measurements and
calculations. The interpretation of the study is limited, however, because the rats were
not randomly assigned to groups, no information regarding the health status and
development of the animals was provided, and the analysis of the data was not blinded.
In addition, the statistical assumptions of the Mann-Whitney test for differences between
groups were not fulfilled because the rats assigned to each group were not randomly
allocated and the exposures and housing of the groups violated the assumption that the
results obtained from each rat were independent of those obtained from others in each
group. Only 50 randomly selected cells from each tissue were selected for DNA
analysis.



Güler et al. (2016) examined the brain tissues of male and female rabbits randomly
allocated to four groups each containing nine rabbits per sex. Group I served as a shamcontrol group; the other groups were exposed to simulated 1,800 MHz GSM signals at
an estimated SAR of 0.018 W/kg either beginning 1 month after birth (Group II), for a 7day period in gestation (Group III) or both. However, exactly how exposures were done
is unclear. Specifically, it is reported that the rabbits were exposed for 15 minutes per
day for 7 days (females) or for 14 days (males); this suggests that the females could not
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have been exposed in both periods. Further, the duration of extrauterine exposure after 1
month was not stated. At the end of the exposures, measurements in the brain were
made of oxidative DNA damage via the TUNEL method, 8-OHdG (a DNA damage
marker), and MDA (a marker of lipid oxidation); visual histological examination of the
brain tissue was also done. No differences between males and females were reported for
8-OHdG or MDA. Despite the description of the results provided by the authors to the
contrary, the levels of 8-OHdG also were almost identical for all four exposure groups.
Semi-quantitative ratings of cellular changes were virtually nil in Groups I and II; more
mild and moderate changes, most consistently described as gliosis, were reported in
Group III and IV. Staining of cells in TUNEL treatments did not show that apoptotic
degenerating cells were present. Although the TUNEL analysis was reported to have
been done in a blinded fashion, it was not clear whether the other analyses were
performed on coded samples.


Jeong et al. (2018) studied the brains of young and aged C57BL/6 female mice for
changes in biochemical indicators of the aging process, including markers of oxidative
damage to lipids and proteins, damage to DNA, cell-initiated death (apoptosis), and
neuroinflammation. Aged mice (12 per group) were randomly assigned to either shamexposure or 1,950 MHz RF fields at an SAR of 5 W/kg for 2 hours per day, 5 days per
week for 8 weeks (from age 14 to 22 months). The exposures took place in a
reverberation chamber specially designed to produce uniform, reproducible exposures
(Lee et al., 2012). Another group of unexposed 3-month old mice were included as
young controls. The analyses were performed blind. The investigators reported that 16
of the 19 markers of aging were statistically greater in the aged mice than in young
control mice, sometimes up to 10 times greater. When the brains of aged rats exposed to
RF fields or sham conditions were compared, however, no statistically significant
differences between these groups were observed, including quantification of protein
expression of 8-OHdG, a marker of DNA damage in histological sections of the brain.
The total number of cells examined and the number of cells staining for 8-OHdG were
not specified.
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Jonwal et al. (2018) divided 16 male Swiss mice into 2 groups—8 mice exposed to 2.45
GHz RF fields with a calculated power density of 0.25 mW/cm2 and an estimated SAR
exposure of 0.09 W/kg; and 8 mice placed in a similar chamber without exposure (sham
control). Two mice were placed in each chamber for 2 hours each day for 30
consecutive days. The ratio of polychromatic erythrocytes to normochromatic
erythrocytes in the blood was measured at the end of the 30-day period. Although a
lowering of this ratio is sometimes considered as a marker for MN, this is an
overinterpretation and only can be considered as an indicator of differences in the
maturation of red blood cells (Vijayalaxmi and Prihoda, 2019). Other evaluations were
conducted of serum testosterone levels and oxidative stress markers in the testes
(reactive oxygen species; MDA; and related enzymes glutathione peroxidase, superoxide
dismutase, and catalase); testis histopathology was also examined. The exposed group
showed more MN than the control group (p<0.001), which was suggested to be
consistent with markers of histological and oxidative damage indicators in the testes.
The authors did not report how the mice were allocated to the treatment groups, whether
the mice were exposed in groups, or if blinded procedures were used to prevent bias in
the analyses of the data. The number of cells upon which the results reported as ratios
obtained by flow cytometry analyses was not specified, but the numbers would be
expected to be thousands of cells.



Alkis et al. (2019a) assessed the potential linkage between measures of DNA damage
and multiple indicators of oxidation processes. Male Sprague-Dawley rats (n=7 per
group) were randomly assigned to sham, 900 MHz, 1,800 MHz, and 2,100 MHz RF
exposures at intensities between of 0.638, 0.166, and 0.174 W/kg, respectively; these
exposures occurred in a plastic carousel chamber for 2 hours per day for 6 months. The
authors reported an increase in SSBs in the brains of the rats exposed to 2,100 MHz RF
fields, as measured by comet tail intensity, but no increase in SSBs as measured by tail
moment in any other group exposed to different frequencies of RF fields. In contrast,
statistically significant increases in the levels of 8-OHdG, another indicator of DNA
damage, were reported with exposure to all three RF field levels. The levels of five
other indicators of oxidative stress generally increased in a manner similar to that of 8-
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OHdG. The authors did not explain the discordance between the measurements of DNA
damage using different metrics, and the magnitude of the effects were inversely related
to the intensity of exposure as measured by SAR. A number of the experimental
procedures were not described, including whether the rats were continuously housed in
the exposure chamber or were only maintained in there during the 2 hours of exposure.
The analysis of the data was not reported to have been blinded as to the exposure status
of the sample. The authors analyzed 100 cells for DNA and 1 test for 8-OHdG from the
brain.


Alkis et al. (2019b) performed a study similar in design to the previous study (Alkis et
al., 2019a), except in this study, the investigators made measurements on the testes of
rats following exposures that were the same as in the previous study: RF fields at
frequencies of 900, 1,800 MHz, and 2,100 MHz, and SAR levels of 0.638, 0.166, and
0.174, respectively. The sham and RF field exposures were applied to rats for 2 hours
per day for 6 months. Tissue samples were processed and 100 nuclei randomly selected
from each tissue sample were analyzed for SSBs by the comet assay and for 8-OHdG for
oxidative damage. Measurements of tail intensity were statistically higher in the groups
exposed to 1,800 MHz and 2,100 MHz, but not 900 MHz. The exposed groups showed
no significant differences from the sham-control group for SSBs measured by tail
moment. The levels of 8-OHdG in the exposed groups were significantly greater than
that of the control. The levels increased with frequency, but were inversely related to the
calculated SAR levels. No measures to prevent bias in the handling and analysis of
samples were described.



Houston et al. (2019) reported on multiple aspects of the testis and sperm of male mice
exposed to 905 MHz at 2.2 W/kg SAR for 12 hours per day for 1, 3, or 5 weeks. No
gross histologic changes were seen in the control or exposed groups; nor did the testis
from these groups exhibit cells with damaged double-stranded DNA (as stained by antiγH2AX antibody).
In contrast, sperm showed small increases in fragmented DNA (halo assay) that became
statistically significant only in the group exposed for 5 weeks. Increases in 8-OH-dG

1509451.000 - 1728

95

May 3, 2021

oxidative damage in weeks 1, 3, and 5, and SSB in the comet assay also were reported.
The OECD (2015), however, states that the comet assay for SSBs is “not considered
appropriate to measure DNA strand breaks in mature germ cells (i.e., sperm)” (p. 16).
Despite the findings above, the investigators reported that assessments of sperm health
and in vitro fertilization of eggs did not reveal any impairment of the fertilization
process.
The authors noted that, in contrast to some previous reports, they observed no structural
disorganization within the testis and that an earlier study had reported no harm to
fertility with life-long exposure over four generations of mice. The authors
appropriately minimized systematic error by randomly assigning mice to the exposure
groups and used hydrogen peroxide as a positive control to assure the proper detection
of an agent known to damage DNA in the comet assay. However, for some of the
results discussed above, the observations were made on as few as three mice and up to
five mice, and no sample coding procedures were described to minimize potential bias
in the analysis. Additionally, during exposure, two rats were exposed together, so the
results should have been aggregated together for the statistical analyses.


Lerchl et al. (2020) followed up on a hypothesis arising from their 2015 study
(discussed above) that exposure to RF fields might promote the development of tumors
initiated by a chemical carcinogen. In this study, three groups of pregnant female mice
were exposed in individual cages to 0 (sham control), 0.04 W/kg, or 0.4 W/kg SAR at
1,960 MHz RF fields for 24 hours per day beginning on day 7 post-conception. On day
14 post-conception, the pregnant mice were injected with the chemical carcinogen ENU,
and at 24, 36, and 72 hours later, the fetuses were removed and the tissues stained to
reveal DNA damage. The fluorescence of DNA adducts was measured in 10 cells per
slide of brain, liver, and lung tissue, and many slides were reviewed so that about 84,000
cells in the entire study were evaluated. The authors concluded that “RF-EMF exposure
does not trigger increased DNA damage in the fetal brain, lung, and liver” above the
damage caused by ENU. Although the overall results show no deviations attributable to
RF field exposure (either additive or multiplicative effects), the statistical analysis
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should have considered that the number of experimental units is not the number of
fetuses, but the number of pregnant mothers (n=3) that contributed fetuses to each
experimental group (Lazic, 2010). The statistical error that arises by exposing rats in
groups, however, was avoided by exposing each pregnant rat individually.


Sharma and Shukla (2020) cited studies of RF fields on some behavioral and cognitive
processes in protozoa and earthworms as the basis to study such processes in rats. In this
experiment, groups of rats were exposed to 900 MHz RF fields at SAR intensity of 0.231
W/kg calculated at the brain for 1, 2, or 4 hours each day for 90 days, and their behavior
and biochemistry was compared to sham-controls. After completion of the behavioral
studies, the brain was assayed for multiple indicators of oxidative stress, glutathione
metabolism, and the activity of an enzyme that regulates levels of acetylcholine, a
neurotransmitter. A histological examination of the hippocampus of the brain was
supplemented by measurement of DNA damage via the comet assay. The length of the
comets on 50 cells was measured. Unlike some other studies reviewed, the tail length,
tail momement, and percent of cells detected as comets were all extraordinarily similar
across the different durations of daily exposure (1 to 4 hours) and increased above that
observed in sham controls in a monotonic fashion. Results presented for the other
biochemical measurements made in the study showed a similar appearance. Although
the rats were randomly allocated to the experimental groups (n=6/group), they were
confined together in groups of four during exposure. Additionally, the investigators did
not indicate if the rats were restrained in the experimental chambers for 90 days or were
returned to home cages after each period of exposure. From the limited description of
the experimental procedure, it appeared that the six rats assigned to the sham-control
group did not have the same test experience as the rats in the exposed groups. This may
have meant that only two sham control rats were matched to six exposed rats at each
period of exposure duration. The 50 cells examined is far fewer than the 150 cells the
OECD recommends to be analyzed per sample. Finally, the investigators did not
describe any procedures to prevent inadvertent bias by coding the animals and tissues to
hide their group identity.
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Smith-Roe et al. (2020) reported on the results of a secondary study to the NTP mobile
phone project described above in which rats were exposed according to the same
parameters as in the main studies, but instead of continuing for 2 years, the animals were
euthanized at 19 weeks (rats) and 14 weeks (mice). The results were also reported in
final technical reports from NTP (NTP, 2018c, 2018d). Samples from three brain
regions, the liver, and blood were analyzed for SSB damage; the blood also was
analyzed for MN. Each group consisted of five rats or five mice of each sex. The same
sham exposure group was used for both GSM and CDMA exposures. The authors stated
that “the only clear positive result [for SSBs] was observed in the hippocampus cells of
male rats exposed to the CDMA modulation when evaluated using the 100-cell scoring
approach” (p. 7); however, that result was not confirmed when 150 cells per sample
were evaluated. Equivocal results were reported for the frontal cortex of the same rats.
No increase in SSB levels was observed in the cerebellum of the brain or in the liver of
male rats and no increase in SSBs was seen in any tissue evaluated in female rats
exposed to GSM RF fields.
Statistically significant increases in SSBs were reported to occur in the hippocampus and
frontal cortex of male mice in both the GSM and CDMA groups and in the white blood
cells of female mice (CDMA only). Effects of CDMA exposure on the liver of female
mice did not meet the criteria for statistical significance. No effects of GSM exposures
were reported in any tissues of female mice. The results described above were based on
analyses of 150 cells per sample. A comparison of the results of analyses of 100- and
150-cell samples revealed variability, but this appeared to be explained by the inclusion
of other aspects of DNA damage, not just SSBs. For some tissues, considerable interanimal variability was observed that “exceeded 30% in some cases,” but this variability
was much less in samples from white blood cells. No clear or large effects of exposure
were reported for MN in either rats or mice.29 An important aspect not discussed in this

29

“To maintain the overall significance level at 0.05, the trend as well as the pairwise differences from the sham
control group were declared statistically significant if P<0.025. A result was considered positive if the trend
test was significant and if at least one exposed group was significantly elevated over the sham control group, or
if two or more exposed groups were significantly increased over the corresponding sham control group. A
response was considered equivocal if only the trend test was significant or if only a single exposed group was
significantly increased over the sham control” (NTP, 2019c, p. 250; NTP, 2019d, p. 162).
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report was that the few increases in SSBs reported in male rats only occurred at the
highest SAR level, 6 W/kg CDMA, and in male mice at 5 W/kg and 10 W/kg CDMA
and at 10 W/kg GSM.
While the reputation and methodology of the NTP is highly regarded, this study did not
fully describe how mice or rats were randomly allocated to treatment or control groups
or that the analysis of the samples was conducted in a blinded fashion. Other scientists
(Vijayalaxmi et al., 2020) have pointed out that the observed variability in measured
SSBs is a likely consequence of a delay between death and removal of the brain, a
serious concern. The NTP admitted that “[t]he possibility that the longer interval from
exposure cessation to tissue collection for the female rats may have been a factor in the
absence of any detectable exposure-related increases in DNA damage cannot be ruled
out due to the increased opportunity for DNA repair during this interval” (NTP, 2019c,
p. 115). Other concerns raised by Vijayalaxmi et al. (2020) were that positive controls
were not included as required by standard protocols; that there was an overreliance on
statistical p-value analyses without correction for multiple comparisons; that the authors
relied on data from a single rat for a significant elevation of SSBs in the hippocampus
with CDMA exposure at 6 W/kg; that there was “an anomalously low value” of SSBs in
males exposed to CDMA accounting for differences at all three exposure levels; and that
the occurrence of SSBs is not related to the DNA magnitude of exposure (i.e., the SAR).
The concern raised by Vijayalaxmi et al. (2020) about the method and timing of
obtaining samples has a general application to all the studies that measured SSBs by the
comet assay. In any study that did not rapidly sacrifice the animals by decapitation in a
random order unrelated to the treatment group, large differences in SSBs could be
expected whether or not any RF field exposure had occurred.


Alkis et al. (2021) This study is similar to that of Alkis et al. (2019a), except that it
presented data on the liver of rats exposed to RF fields at two frequencies that also
differed in SAR levels: 1800 MHz at 0. 62/W/kg; and 2100 MHz at 0.2 W/kg. The rats
were exposed for 2 hours/day for 7 months and compared to sham-control rats. The
comet assay was used to measure DNA damage, and 8-OHdG was measured to assess
oxidative DNA damage. Other assays evaluated various oxidative stress indicators.
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None of the exposures increased DNA damage as indexed by the tail moment, but the
tail intensity index was increased by exposure to both frequencies. The levels of 8OHdG increased significantly with frequency and SAR. The rats were randomly
assigned to exposure groups and the tests and analyses were performed in a blind
fashion. Only 100 cells per rat were examined in the comet assay.
Summary of DNA and chromosome damage in animals
The BCCDC summarized the status of research in this area in 2013 as:
Results of studies of DNA damage, micronucleus formation, apoptosis,
production of reactive oxygen species, gene expression changes, and other
genotoxic effects carried out using RF exposure of animal models (mice and
rats) tend to be contradictory. Positive results found in one species are usually
not replicated.

Overall, the criteria important in establishing a causal

relationship between short-term or long-term RF exposure and changes in gene
expression, apoptosis, production of reactive oxygen species and other
potential biologic changes in animal physiology are lacking. Such criteria
include consistency of results over several studies among similar animals and
strong associations between exposure and response with control for potential
confounding factors. This lack of consistent evidence reduces the likelihood
that significant adverse physiologic effects occur in animal models due to RF
exposure (BCCDC, 2013, p. 149).
SCENIHR (2015) concluded that “Overall, because a considerable number of wellperformed studies using a wide variety of animal models have been mostly negative in
outcome, the animal studies are considered to provide strong evidence for the absence
of an effect” (p. 86).
A considerable number of new studies have assessed the potential effects of RF exposure on
DNA and chromosomes in rats and mice, although prior studies of isolated cells in vitro provide
scant a priori justification for conducting more in vivo experiments. The range of exposures
between the lowest and highest SAR was over 70,000-fold and the duration of exposure ranged
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from 7 days to as long as 1 year. Few studies were of high quality, as indicated by elementary
failures to randomly allocate animals to treatment groups, to conduct analyses of the data in a
manner that was blinded as to the history and treatments of individual animals, to include
positive controls to demonstrate that the assays were working properly, and to perform
statistical analyses that treated group exposures differently from individual animal exposures.
An additional limitation is that few studies except those conducted by the NTP collected data at
multiple levels of exposure to assess dose-response relationships. Several studies by Alkis et al.
(2019a, 2019b, 2021) assessed effects of exposures to RF fields at multiple levels of exposure
measured by SAR. Similarly, another group of investigators (Deshmukh et al., 2015, 2016;
Megha et al., 2015) assessed effects at multiple levels of SAR. Both groups of investigators,
however, varied the SAR levels at the same time they varied the frequency of the RF field.
Studies by the Alkis group all reported a lowering of DNA damage levels as SAR levels
increased, perhaps a non-intuitive finding. In contrast, the Deshmukh group of investigators,
reported an increase in levels of DNA damage over a range of increasing SAR levels. The
interpretation of these trends in SAR reported by both groups of investigators are confounded by
the potential role of frequency. Although results reported by Smith-Roe (2019) for the NTP
study do include tests for dose response in four tissues and blood,30 and two brain regions for
analyses of 100 cells in male rats exposed to CDMA-modulated fields. Since two of these three
trends were driven by SAR exposures at 6 W/kg and one at 3 W/kg, there is scant evidence for
any effects at lower SAR levels.
Most studies focused on brain tissue because of the IARC’s attention to the statistical
associations reported in several large epidemiologic studies between high mobile phone use and
tumors of the brain. For indicators of possible DNA damage, few dose-response relationships
with SAR were evident across these studies reviewed. In the group of studies conducted by
NTP, however, some statistically significant dose-response trends were found, but in individual
comparisons of exposed and control groups at specific SAR levels, the SSBs measured by the
comet assay were only statistically different at SAR levels of 5 W/kg in mice and 6 W/kg in
rats, which are well above the permitted whole body exposures of the general public of
30

“A result was considered positive if the trend test was significant and at least one dose group was significantly
elevated over the control, or if two or more dose groups were significantly increased over the corresponding
control” (Smith-Roe et al., 2019, p. 5).
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0.08 W/kg in Canada, the United States, and Europe. One study reported mixed effects in liver
tissue where both an increase and a decrease in SSBs were reported, but no such response was
reported in the NTP study. A few other studies also reported mixed results for the testis.

Summary of in vivo studies of cancer
The cross-sectional observational studies in which characteristics of volunteer subjects were
categorized by presumed or measured RF field exposure and measured SSBs or MN were
overall of poor quality with regard to exposure assessment, sample size, and methods to
minimize potential biases and confounding by other factors, and standards for the detection of
these markers of damage to DNA. In addition, by their design such studies are not suitable for
assessing causal hypotheses.
The results of two studies that evaluated survival and histopathological analyses of multiple
organs reported by the NTP and the Ramazzini Institute provided outlier findings compared to
multiple previous studies of long-term exposure that had reported no effect of RF field exposure
on the development of tumors. Despite the large number of animals in these studies, limitations
in the design and interpretation of them preclude any straight-forward interpretation of the
results. Comprehensive reviews to date have not concluded that these studies provide support
for the idea that RF field exposure causes cancer. Additional studies are planned to address
issues raised by these studies.
Two other studies that evaluated the effects of RF field exposure on the development of tumors
initiated by the injection of a chemical carcinogen (Lerchl et al., 2015) or grafted small tumors
into the brain of healthy animals reported mixed results (Ouadah et al., 2018). The former
suggested a greater effect on tumor development with RF field exposure while the latter
suggested no effect. Both studies had significant limitations in the methodology and analysis of
the data.
Tests for DNA damage in the comet assay, chromosome damage in the MN assay,
measurements of 8-OHdG, and cytotoxic damage were conducted in 16 experimental studies of
animals. The results are summarized in Appendix 1. Eight experiments were reported by
investigators in the NTP study (Smith-Roe et al., 2020). In the NTP study, the effects on
measured SSBs reported at the stated cut-off value of p<0.025 were in the brains of male rats
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exposed to 900 MHz CDMA signals at 6 W/kg, and in male mice exposed to 1,900 MHz
CDMA signals at 5 W/kg and 10 W/kg, or to 1,900 MHz GSM signals at 10 W/kg. No
evidence of damage to chromosomes from RF field exposure was evident in measures of MN.
No evidence of cytotoxicity (necrosis or apoptosis) to the brain or liver was reported (NTP,
2018c, 2018d).
In the other 15 studies carried out by diverse investigators, the evidence for effects was
scattered, with 5 studies reporting no effect, 3 studies reporting increases in an indicator, and 7
studies reporting both increases and decreases depending upon tissue and indicator. Given that
the exposure systems, number of animals tested per group, histopathology experience, exposure
levels, and procedures to minimize bias of these studies do not match the characteristics of the
NTP study, it is unreasonable to ascribe those reported effects to RF field exposure, particularly
as the effects were not clearly tied to the level of exposure in a dose-related fashion. The
rationale for emphasizing factors other than RF field exposure as the likely explanation for their
results also is justified because the exposure levels in the non-NTP studies at which effects on
DNA indicators were reported were up to 70,000-fold lower than the highest SAR levels in the
NTP study. In the one study that could be considered a partial replication of the NTP mouse
study, since it tested exposures at an SAR of 5 W/kg, no increase in SSBs was reported in
contrast to the NTP report. It also is important to note that, as with human biomarker studies,
none of the experimental animal studies that reported increases in SSBs or MN met the criteria
for a positive determination of DNA damage. The one laboratory that had a history of expertise
in the measurement of SSBs and met other qualifications required by the OECD to be regarded
as a high quality study did not report any effect of RF field exposure on measures of SSBs
(Zong et al., 2015).
In addition, the NTP study reported that the lowest specific RF exposure level at which a
potential adverse effect on DNA and chromosomes was in male mice at 5 W/kg. This level is
higher than the accepted threshold of 4 W/kg for disruption of body homeostasis for temperature
in rats and humans, a level above which core body temperature could be expected to be raised
by about 1°C (ICES, 2019; ICNIRP, 2020a). In the short-term studies reviewed in this report,
only Deshmukh et al. (2015) measured the temperature of the animals, but the SAR level was so
low that no temperature elevation was observed (nor expected). In the NTP genetic studies, no
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measurements of body temperature were taken. In the NTP pilot studies, the only recordings of
body temperature were from sensors implanted under the skin, which could give lower readings
than core body temperature. Given the variability of exposure and the size and behavior of
animals, it is quite possible that the exposures in the NTP genetic studies and in the main study
could very well have raised the body temperature of some animals by 1°C or more. This point
is made by SCENIHR, which noted that effects of exposure to RF that are not related to tissue
heating are difficult to interpret, except where exposures are very low.
... the (macroscopic) biochemical and physiological responses depend on
temperature. Most chemical properties, chemical reaction kinetics and cellular
processes are temperature dependent.

Therefore, any claimed borderline

between thermal and non-thermal effects necessarily needs to be defined with
regard to specific effects such as triggering the onset of thermoregulatory
reactions. Therefore, to generally claim that effects observed below exposure
limits would necessarily be non-thermal is misleading and ignores this basic
relationship (SCENIHR, 2015, p. 58).
A prior in-depth review of genetic measures of rats and mice by IARC concluded:
Approximately half of the laboratory studies of genetic damage in mammalian
systems, generally rats and mice, had limitations related to reporting on the
exposure system, small sample sizes and exposures that induced thermal effects,
or that were so low as to be no challenge to the animals. Of the remaining
studies, many were satisfactory and of comparable quality, but showed
contradictory results. [and] concluded that there was weak evidence that RF
radiation is genotoxic, and no evidence for the mutagenicity of RF radiation
(IARC, 2011, pp. 414-415).
A review of genotoxic research that included exposures to RF fields provided the caveat
that while the literature included reports as described above for SSBs and other
parameters, the evidence that these lead to downstream mutations has not been confirmed.
Lai et al. (2021) stated, “available data do not suggest mutagenic effects after RFR
(radiofrequency radiation) exposure” (p. 2).
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Non-specific symptoms
The primary focus for this section of the report is on the recent studies of low-level, far-field
exposures to RF fields and non-specific symptoms related to well-being. The WHO identifies
electromagnetic hypersensitivity (EHS) as applying to “some individuals [who] report mild
symptoms and react by avoiding the fields as best they can, [and] others [who] are so severely
affected that they cease work and change their entire lifestyle.”31 A WHO Working Group
subsequently suggested that the term EHS be replaced by Idiopathic Environmental Intolerance
attributed to Electromagnetic Fields (IEI-EMF) because of a lack of evidence for any clear link
of effects from electromagnetic field exposure (Hillert et al., 2006).
Epidemiologic studies and human experimental studies have evaluated whether exposure to
relatively low levels of RF energy can cause short-term and long-term symptoms. The scientific
literature includes studies of exposure from sources that are both near-field (i.e., mobile phones)
and far-field (i.e., wireless LANs, base stations, and advanced meters). Some studies include
methods to assess whether people can perceive RF field exposure at these low levels.

Summary of prior reviews
Advisory Group on Non-ionising Radiation Protection
AGNIR (2012) provided the following summary regarding symptoms of well-being:
Although numerous observational studies have attempted to assess the
association between exposure to RF fields and symptoms, many of these have
suffered from important methodological deficits. In particular, the common
reliance upon self-reported exposure measures or limited spot measurements
within a single place in the home, together with the frequent failure to account
for potentially important confounders, makes it impossible to draw any firm
conclusions from many of the studies (AGNIR, 2012, p. 252).

31

https://www.who.int/peh-emf/publications/facts/fs296/en/ (Accessed April 13, 2021).
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British Columbia Centre for Disease Control
In general, subjects who are self-declared with ‘EHS’ do not reliably detect RF
when blinded to the source, and RF fails to trigger symptoms in self-declared
EHS individuals in a reliable, reproducible, and consistent way. However,
provocation studies are limited to examining acute (short-term) exposure to RF,
and acute symptoms and the effects of cumulative, chronic exposure to RF on
persistent human health symptoms have not been studied thoroughly (BCCDC,
2013, p. 5).
Royal Society of Canada
The panel of scientists convened by the Royal Society of Canada reported that taken
together, research in the past ten years does not provide “firm evidence for the
hypotheses that people with IEI-EMF can perceive RF energy at levels below the limits
in SC6 or that there is a causal link between exposure to RF energy and their symptoms”
(RSC, 2014, p. 18).
Scientific Committee on Emerging and Newly Identified Health Risks
SCENHIR’s conclusion regarding symptoms attributable to IEI-EMF stated:
The symptoms that are attributed by people to RF EMF exposure can sometimes
cause serious impairments to a person’s wellbeing.

However, research

conducted since the previous Opinion adds weight to the conclusion that RF
EMF exposure is not the cause of these symptoms. This applies to the general
public, children and adolescents, and to people with IEI-EMF. Recent metaanalyses of observational and provocation data support this conclusion
(SCENIHR, 2015, p. 143).
International Commission on Non-Ionizing Radiation Protection
In summary, no reports of adverse effects of radiofrequency EMF exposures on
symptoms and wellbeing have been substantiated, except for pain, which is
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related to elevated temperature at high exposure levels (from both direct and
indirect radiofrequency EMF exposure) (ICNIRP, 2020a, p. 519).
Swedish Radiation Safety Authority
In their Thirteenth Report on Recent Research on EMF and Health Risk in 2019, SSM
concluded:
In terms of symptoms, several studies reported associations with self-reported
mobile phone use but not for exposure from transmitters. These studies may
indicate that other aspects related to frequent mobile phone use (e.g. distraction
or stress) than RF-EMF exposure may have an impact on health-related quality
of life (SSM, 2019, p. 49).
In the most recent Fourteenth Report in 2020, the SSM stated the following:
New studies on mobile phone use and media use in relation to health-related
quality of life, cognitive function and behaviour of children and adolescents
often report associations. Some studies point to other exposures related to
media use, but not RF-EMF, as a causal factor since the strongest associations
were found with e.g. texting, which causes minimal amounts of exposure.
These studies show that it is challenging to separate effects from RF-EMF
exposure from other aspects of mobile phone use such as being woken up
during night, blue light exposure or addictive behaviour. This is especially the
case when dealing with outcomes like health-related quality of life, cognitive
functions or behaviour (SSM, 2020, p. 46).
World Health Organization
A number of studies have investigated the effects of radiofrequency fields on
brain electrical activity, cognitive function, sleep, heart rate and blood
pressure in volunteers. To date, research does not suggest any consistent
evidence of adverse health effects from exposure to radiofrequency fields at
levels below those that cause tissue heating. Further, research has not been
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able to provide support for a causal relationship between exposure to
electromagnetic fields and self-reported symptoms, or “electromagnetic
hypersensitivity.32

Experimental studies
Since the SCENIHR (2015) review, several studies have been published, many of which have
been reviewed by SSM (e.g., 2015, 2016, 2018, 2019, 2020). Therefore, those will not be
reviewed in detail but will be referenced as appropriate in the context of more recent studies.
New studies not reviewed elsewhere are discussed below.


Andrianome et al. (2019) is part of a larger research program by these investigators on
the issue of IEI-EMF. Previously, they reported that the levels of alpha amylase, an
enzyme in saliva that breaks down starches and has been suggested by some to be an
indicator of general stress levels, were higher in IEI-EMF persons than control subjects
(Andrianome et al., 2019).
The purpose of the study was to identify a biomarker for IEI-EMF and responses to
environmental stimuli that persons had suggested were the cause of their symptoms.
Ten of the subjects from the previous study (eight women and two men), who identified
themselves as having IEI-EMF symptoms for the past 2.4 to 21.3 years were included in
the study. Each subject reported symptoms (not specified) prior to this study as
occurring in response to any one of five specific RF wireless signals. None disclosed
having psychiatric conditions or taking medications. They agreed not to drink coffee or
alcohol for the 24 hours before testing sessions and not to brush their teeth or exercise
within 1 hour of the test session.
Subjects were tested in two sessions about 1 week apart: a sham-exposure session and an
RF-exposure session. In both sessions, saliva samples were collected at the beginning of
the session and after each 5-minute period in which they were exposed to 900 MHz

32

https://www.who.int/en/news-room/fact-sheets/detail/electromagnetic-fields-and-public-health-mobile-phones.
Accessed April 13, 2021.
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GSM signals, 1,800 MHz GSM signals, 2.45 GHz Wi-Fi signals, DECT signals,33 or
sham exposures. RF signals were presented at an intensity of “about 1 V/m” at the head
and body. The 10-minute periods between exposures were used for the collection of
samples, which were analyzed for levels of alpha amylase, immunoglobulin A (a major
component of the immune antibody system that protects against infection), and cortisol.
The study was planned so that neither the subjects nor the investigators analyzing the
data were aware of the exposure conditions during the study or prior to its conclusion
(i.e., a double-blind procedure). Only 3 of the 10 subjects correctly guessed whether RF
exposure or no exposure was administered on test days. The investigators found no
effect of RF field exposure on levels of alpha amylase, immunoglobulin A, or cortisol in
the saliva of the subjects. These results indicate that exposure to RF fields of varying
frequency or modulation does not affect these biomarkers or produce generalized stress
in IEI-EMF subjects. The strength of the study is that it was designed to be double-blind
to prevent awareness of the exposure conditions from affecting the behavior or actions of
the subjects or the experimenters. The number of subjects, however, was small, the
individual RF field exposures were of short duration and not described in detail, and the
study did not include subjects who identified as having no IEI-EMF symptoms.


Selmaoui et al. (2018) sought to determine whether variations in the conductivity of the
skin,34 interpreted as a measure of sympathetic autonomic activity, is affected by RF
field exposure. Twenty-eight male and female volunteers were recruited for the study.
The mean age of study subjects was 24 ± 3 years, and the subjects did not differ with
regard to blood pressure, body mass index, or age. Inclusion criteria included regular
sleep habits, absence of medications, being a non-smoker, and no neurological or
psychiatric illness. Subjects were requested to avoid alcohol, coffee, or stimulants for 24
hours prior to testing, and to avoid mobile phones for 2 hours prior to testing. The
subjects were tested in two sessions, sham exposure or RF field exposure, according to a
counterbalanced, randomized design. Neither the study nor the investigators were aware

33

Frequency was not specified, but likely to be 1,880 MHz to 1,900 MHz.

34

This is sometimes called the galvanic skin response because it reflects a change in current flow across the skin
when a constant voltage is applied that occurs due to changes in conductance related to the activity of sweat
glands.
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of the exposure conditions (double-blinded) until after data analysis. The exposure
consisted of 26 minutes of sham exposure or 26 minutes of RF field exposure using a
900 MHz GSM mobile phone at 0.93 W/kg attached to the left ear. The galvanic skin
response (GSR) was recorded as the voltage measured between electrodes attached to
two fingers of the left hand. Signal audio tones at an intensity of 60 decibels on the Aweighted scale initiated the recording of GSR for 2.75 minutes at intervals of 6 minutes.
Recordings of the subjects taking deep breaths were made to confirm the expected GSR
response. Although differences in tonic and phasic GSR responses were measured
between sessions, these differences were present both before and after exposures, so
could not have been a result of either sham or RF field exposures. The authors did not
replicate a reported effect of mobile phone RF fields on the latency of the GSR response
of IEI-EMF persons to stimuli (Johansson et al., 2008), but did confirm the absence of
an effect of mobile phone RF fields on GSR, as reported in other studies (Wilén et al.,
2006, Andrianome et al., 2017; Eltiti et al., 2009; Stevens, 2001).
Summary of experimental studies
Reviews by health and scientific agencies of experimental studies of IEI-EMF up to 2015 have
not concluded that exposure to RF signals from mobile phones or other sources can be detected
by persons or that such exposures cause symptoms or disturbances to well-being. That
conclusion is not changed by the results of more recent studies published since 2015, including
those reviewed by scientists in SSM’s Scientific Council on Electromagnetic Fields reports or
by the results of two more recent experimental studies reviewed above.

Epidemiologic studies
As noted above, many of the experimental and epidemiologic studies published since the
SCENIHR (2015) report were reviewed by SSM (2016, 2018, 2019, 2020). Some of the
epidemiologic studies on IEI-EMF that were reviewed in recent SSM reports included
investigations into the potential association between actual and perceived exposure to EMF/RF
fields and non-specific physical symptoms (NSPS) in the Netherlands (Baliatsas et al., 2015,
2016), mobile phone use and non-specific symptoms in South Korea (Cho et al., 2016, 2017),
modeled and perceived exposure to RF fields from mobile phone base stations and non-specific
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symptoms and sleep disturbances in the Netherlands (Martens et al., 2017, 2018), and the use of
wireless communication devices and symptoms in Switzerland (Schoeni et al., 2016, 2017).
The SSM Council’s review of these and other studies resulted in the Council’s most recent
conclusions that “other aspects related to frequent mobile phone use (e.g. distraction or stress)
than RF-EMF exposure may have an impact on health-related quality of life” (SSM 2019, p. 49)
and that “[s]ome studies point to other exposures related to media use, but not RF-EMF, as a
causal factor since the strongest associations were found with e.g. texting, which causes
minimal amounts of exposure” (SSM 2020, p. 46).


Ikinci Keleş and Uzun Şahin (2021) conducted a cross-sectional survey in Turkey to
investigate cell phone use behaviors and reported changes in health following exposure
to RF fields. The authors administered a questionnaire to 1,019 university students, age
18 to 24, that collected self-reported information on the participants’ cell phone usage,
“general health problems,” “sleep problems,” and “health problems arising after cell
phone use in the previous six months” (Ikinci Keleş and Uzun Şahin, 2021, p. 140). The
survey results indicated that students spent an average of 4 to 8 hours per day on their
cell phones. Duration of daily cell phone use was significantly associated with the selfreported symptoms of headache, carelessness, fatigue, numbness, and feeling tired on
awakening, but was not associated with other symptoms, including dizziness, lack of
concentration, and sleep onset latency. The participants were also asked whether they
knew their cell phones’ SAR value; only 2% of respondents correctly identified this
value for their cell phone. Limitations of this study include the inability to establish a
temporal relationship between the exposure and outcomes of interest (i.e., failing to
demonstrate that the cell phone use occurred prior to the onset of the reported health
symptoms), the lack of personal RF exposure measurements, the reliance on selfreported symptoms, and the potential for confounding.



Kacprzyk et al. (2021) conducted a meta-analysis of six epidemiologic studies to
investigate the association between mobile phone use and tinnitus. The included studies
varied by study design (cohort, case-control, and cross-sectional) and exposure
assessment method and were therefore assessed separately. Two cohort studies assessed
exposure to mobile phones using network operator data; no significant association was
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observed between tinnitus and high exposure to mobile phones (defined using the
highest exposure category in each study) compared to low exposure. Similarly, no
significant associations were reported in analyses that included studies of self-reported
exposure. Limitations include the small number of studies included in the analysis and
the variability in study design and exposure assessment methods, as well as the use of
self-reported exposure data in the majority of the studies.


Lopez et al. (2021), in a cross-sectional survey, examined the relationship between
select health indicators and electromagnetic radiation measurements in a neighborhood
in Spain concerned about the surrounding telephone antennas. The study was conducted
“at the request of a neighborhood association… concerned about the proximity of the
[telephone] antennas to their homes” (Lopez et al., 2020, p. 2). The authors designed a
survey to collect information on “health indicators that may be sensitive to RF
electromagnetic radiation” including headaches, dizziness, and parameters related to
sleep and tiredness. The survey also collected information on the amount of time the
participant had lived in the home. A total of 268 surveys were conducted, including 174
surveys from participants living in the exposed area and 94 living in a control area
(defined based on a cutoff distance to the antennas of approximately 300 meters). In
addition, a total of 105 indoor and outdoor measurements were collected at the
residences using a spectrum analyzer and isotropic antenna (frequency range: 700 MHz
to 6 GHz). For the statistical analyses, the authors categorized the resulting power
density measurements into three bins: low exposure (7-1,775 microwatts per square
meter [μW/m2]), medium exposure (>1,775-3,543 μW/m2), and high exposure (>3,5435,311 μW/m2). A statistically significant association was reported between medium or
high exposure and headache intensity, frequency of dizziness, number of hours slept per
day, and several of the tiredness indicators. The authors also noted that the prevalence
of cancer in the study population was 5.6%, which they reported was significantly higher
than that of the total Spanish population. Limitations of the study include its crosssectional study design, the inclusion of a non-random sample of concerned study
subjects who are more likely to report having the symptoms of interest (i.e., selection
bias), the use of an unvalidated survey to collect health information, and the lack of
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personal measurements to capture the participants’ true exposure levels. These
limitations result in the study being of limited scientific value.


Meng et al. (2021) conducted a cross-sectional survey to investigate mobile phone use
characteristics and sleep quality among 4,234 medical students in China. Mobile phone
use characteristics and sleep quality data were collected via questionnaire from
December 2016 to January 2017; the questionnaire collected mobile phone use
information that included purpose of use (e.g., entertainment, work, information),
posture during use (e.g., sitting, standing, lying down), distance between the user’s eyes
and the screen, daily cumulative use time, and use time before bed. The authors reported
that 100% of the participants used mobile phones frequently (defined as an accumulated
daily use time of greater than 1 hour). Poorer sleep quality was associated with
increased daily accumulated use time (>5 hours) and increased use time before bed with
the lights off (>30 minutes). Limitations of this study include its cross-sectional design,
the lack of information on potential confounders not related to mobile phone use that
may impact sleep quality (e.g., physical or mental conditions, environmental exposures)
and the use of self-reported exposure data. The cross-sectional design of the study also
means that a causal relationship between mobile phone use and sleep quality cannot be
established.



Caumo et al. (2020) examined the use of electronic devices among adolescents in Brazil
and the potential impact on sleep quality. The study included 177 students, ranging in
age from 11 to 18, from six public schools in Porto Alegre. Use of electronic devices
(grouped by television/computer monitors; tablets/portable video games; and mobile
phones) was assessed using an electronic usage diary. A high prevalence of device use
at night-time (after 8:00 PM) was observed; approximately 70% of participants reported
night-time mobile phone use. For mobile phones, both higher duration of night-time use
and later final-use time were associated with worse sleep quality. Poor sleep quality was
also associated with shorter sleep duration on school days and a delayed midpoint of
sleep on weekends. Limitations of this study include the lack of personal RF field
exposure measurements and the potential for findings to be a result of reverse causality
(i.e., that participants who have difficulty sleeping may be more likely to use their
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devices when they cannot sleep, rather than the use of device being the cause of sleeping
issues). Potential confounding by underlying psychological conditions is another
concern in the study.


Bolte et al. (2019) examined whether NSPS reported in persons with self-reported
sensitivity to RF fields were associated with measured RF field exposure levels in the
Netherlands. The study included 57 participants, ranging in age from 16 to over 65, who
were equipped with a personal dosimeter worn for 5 consecutive days and measuring 12
different frequency bands (i.e., FM radio [88-108 MHz], TV3 [174-233 MHz], TETRA
[380-400 MHz], TV4 and TV5 [470-830 MHz], GSM uplinks [880-915 MHz], GSM
downlinks [925-960 MHz], data collection system [DCS] uplinks [1,710-1,785 MHz],
DCS downlinks [1,805-1,880 MHz], DECT [1,880-1,900 MHz], UMTS uplinks [1,9201,980 MHz], UMTS downlinks [2,110-2,170 MHz], and Wi-Fi [2,400-2,500 MHz]), as
well as a global positioning system logger and an electronic diary that collected
information on NSPS. The authors analyzed the data using time-weighted average
exposures and two different time lags (0-1 hours and 1-4 hours after exposure);
associations were assessed on both the group level and individual level. No statistically
significant associations were observed at the group level between measured personal
exposure and NSPS. In a sub-analysis of 36 participants who attributed their most
important health complaint to a measurable RF source, statistically significant
associations were observed for only one participant (between Wi-Fi and total NSPS
score and severity). Observed significant associations were not always consistent
between the two different time lags. Among the 36 participants included in the subanalysis, Wi-Fi exposure was the self-declared most important source of health
complaints; of the 21 participants who were excluded from the sub-analysis, 16 could
not name the RF source or frequency band attributed to their health complaints, and 4
attributed their complaints to a source that was actually ELF-EMF. The authors
acknowledged that the observed associations at the individual level may be due to
residual confounding and thus “the outcomes have to be regarded very prudently” (p. 1).



Cabré-Riera et al. (2019) investigated the association between cordless and mobile
phone use and sleep quality in adolescents in Spain. The cross-sectional study included
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258 participants, age 17 to 18. Information on the use of phone and screen devices (e.g.,
laptop, tablet, television, or video game consoles) was collected from self-reported
questionnaire data; the Mobile Phone Problematic Use Scale was used to assess
“problematic” (as defined by the Use Scale tool) mobile phone use dependency. Sleep
quality was assessed both subjectively (using a sleep quality index) and objectively
(using actigraphy data collected for 7 nights). The authors reported that habitual
(defined as the 15th to 80th percentile of use) or frequent (>80th percentile) “problematic”
mobile phone use was associated with lower sleep quality compared to occasional (<15th
percentile) use; lower sleep quality was also associated with one or more cordless phone
calls per week. No associations were observed between sleep quality and mobile or
cordless phone call duration. Both decreased sleep efficiency and increased minutes of
wake time after sleep onset were associated with higher tablet use; no associations were
observed between other devices and any of the sleep measures assessed. The authors
concluded that “sleep displacement, mental arousal, and exposure to blue light screen
emission might play a more important role on sleep than a high RF-EMF exposure to the
brain” (p. 341). Limitations of this study are similar to those noted for Caumo et al.
(2020) in that they lacked personal RF exposure measurements for the participants, there
was the potential for reverse causality of the findings, and there was potential for
confounding.


Elliot et al. (2019) investigated the association between TETRA radio use (380-400
MHz) and absence due to sickness among British police officers in the Airwave Health
Monitoring Study. The study included 32,102 participants; personal radio use was
estimated using self-reported information combined with a call data record database and
was linked to records of absence due to sickness. No significant differences in risk of
absence due to sickness were observed between personal radio users versus non-users,
including for several sub-analyses, and users had a statistically significant lower rate of
absence due to sickness compared to non-users. For most causes of absence due to
sickness, the risk of absence was lower among users than non-users. Among users only,
slight significant associations were observed between a doubling of radio use and the
risk and rate of absence due to sickness. The authors concluded that the results showed
“similar or lower risks of sickness absence in TETRA radio users compared with non-
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users” and that the highest risk of absence due to sickness observed in users with greater
radio use “may reflect working pattern differences among police personnel rather than
effects of radiofrequency exposure” (p. 148).


Wdowiak et al. (2019) assessed the relationship between RF field exposure and
emotional disorders in Polish women employed in two specific industries. The study
included 200 women, half of whom worked in the health service sector, while the other
half worked as shop assistants in shopping centers. Physical activity and symptoms of
depression and anxiety were assessed using self-reported questionnaires. RF field
exposure was assessed using a dosimeter worn for 10 hours on the participants’ left arm,
which measured electromagnetic fields in the following ranges: GSM 900 (880-960
MHz), GSM 1800 (1,710-1,880 MHz), UMTS (1,920-2,170 MHz), DECT (1,880-1,900
MHz), and WLAN (2.4-2.43 GHz). The authors used the dosimeter readings to
determine if the source of the fields was a base station or mobile phone device. Women
working in shopping centers were observed to spend significantly more time per day
using a mobile phone compared to women working in the health service. Increased daily
mobile phone use time was correlated with decreased feelings of depression and
increased anxiety in women working in the health services sector, increased daily
Internet use time via the mobile phone was correlated with increased feelings of
depression for women working in the shopping centers. No consistent patterns were
observed between depression or anxiety symptoms, or with individual ranges of RF field
levels. When assessing other risk factors, correlations were observed between anxiety
level and level of education in women in the health service industry and between level of
depression and physical activity in women working in shopping centers.

Summary of epidemiologic studies
Reviews by health and scientific agencies of epidemiologic studies of IEI-EMF up to 2015 did
not conclude that exposure to RF signals from mobile phones or other sources cause symptoms
or disturbances to well-being. That conclusion is not changed by the results of more recent
studies published since 2015, including those reviewed by scientists in SSM’s recent Scientific
Council on Electromagnetic Fields reports and those summarized above. Several recent crosssectional studies were conducted in which information on mobile phone use and various health
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symptoms were collected via questionnaire or electronic diary. While some of the studies
reported an association between various metrics of mobile phone use and self-reported
symptoms, such as headache and fatigue (Ikinci Keleş and Uzun Şahin, 2021) or poor sleep
quality (Caumo et al., 2020; Meng et al., 2021), the cross-sectional design of these studies
means that a causal relationship between mobile phone use and the health outcomes of interest
cannot be established. These studies also had other important limitations, including the lack of
personal RF exposure measurements, the reliance on self-reported symptoms rather than clinical
evaluations, the potential for confounding, and the potential for reverse causality in the observed
relationships. The one recent study that collected RF exposure measurements using personal
dosimeters (Bolte et al., 2019) found no statistically significant overall associations between
measured personal exposure and non-specific physical symptoms. Taken together, the results of
recent epidemiologic studies of IEI-EMF do not change the conclusions of the scientific and
health agencies that have previously reviewed the research in this area.

Other health conditions studied
A number of additional health conditions have been investigated in the scientific literature to
assess whether RF field exposure could contribute to these conditions. These health outcomes
include, but are not limited to, nervous system and neurobehavioral effects (e.g., neurological
diseases, effects on cognitive function, impacts on hearing or vision), cardiovascular conditions,
reproductive and developmental effects, and various conditions of the head and neck region
(including disorders of the eye). While studies investigating these outcomes are not covered in
this report, they have been reviewed by the expert panels established by several of the scientific
and health organizations previously discussed (ICNIRP, 2009; AGNIR, 2012; SCENIHR, 2015;
SSM, 2016, 2018, 2019, 2020). The overall conclusions of these review panels remain
consistent, that the scientific evidence does not confirm that exposure to RF fields below
scientifically-based exposure guidelines cause or contribute to the development of any adverse
health effects, including chronic diseases and other health conditions as listed above.
Specific conclusions of the SCENIHR (2015) report related to these health conditions include
the following (p. 6):
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Overall, there is a lack of evidence that mobile phone RF EMF affects cognitive
functions in humans.
Human studies on neurological diseases and symptoms show no clear effect,
but the evidence is limited.
The previous SCENIHR Opinion concluded that there were no adverse effects
on reproduction and development from RF fields at non-thermal exposure
levels. The inclusion of more recent human and animal data does not change
this assessment.
Human studies on child development and behavioural problems have
conflicting results and methodological limitations. Therefore, the evidence of
an effect is weak.
Studies on male fertility are of poor quality and provide little evidence.
Effects of exposure on foetuses from mother’s mobile phone use during
pregnancy are not plausible owing to extremely low foetal exposure.
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7.

Conclusion

In this report, recent scientific research related to RF field exposure and human health has been
reviewed to determine whether the findings impact the conclusions reached in comprehensive
reviews completed by scientific and health organizations, including the 2015 review by
SCENIHR. Many of these agencies, including SCENIHR, use a weight-of-evidence approach
to critically evaluate the scientific literature, which aims to ensure that all relevant studies are
considered, regardless of their conclusions or support for (or against) any particular hypothesis.
Based on their reviews, these organizations have concluded that research does not confirm that
RF fields at the levels we encounter in our everyday environment are a cause of cancer, chronic
disease, or other adverse health effects.
This report focused primarily on epidemiologic and experimental studies of cancer and
symptoms of well-being. Although many studies on RF exposure and health have been
published in the last decade, the findings from these studies did not provide sufficient evidence
to alter the overall conclusions of health and scientific organizations. When evaluated against
established scientific criteria for assessing causality (i.e., the Bradford-Hill criteria), the
reviewed studies did not provide evidence in support of a causal relationship between RF field
exposure and adverse health effects. Research studies of the poorest quality were identified but
not considered in this report, which is consistent with the approach taken in reviews conducted
by SCENIHR and SSM.
Several factors contribute to a person’s exposure to RF fields, including frequency and intensity
of the RF field, duration of exposure, and distance from the source of the field. Most of the
epidemiologic studies on RF field exposure and health focus on exposures from mobile phones
and hand-held communicators that are held close to the body during use. In contrast, the
components of the FlexNet system will be located at considerably farther distances from a
person’s body. Although fewer recent epidemiologic studies examined exposure from distant
sources of RF fields, none concluded that exposure from these sources was associated with
cancer. In addition, the wireless signals from the proposed FlexNet system are transmitted
infrequently and only for fractions of a second. Overall, the RF field exposure outdoors from
any of the FlexNet meters are estimated to be more than 3,000-fold lower than the levels at
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which biological and health effects have been evaluated in this report, and when deployed, will
produce RF fields at levels far lower than other existing sources.
In summary, neither the reviews conducted by scientific and health organizations nor the
recently published research provide a reliable scientific basis to conclude that the operation of
FortisBC’s proposed FlexNet system will cause or contribute to adverse health effects or
physical symptoms in the general population. Exposures to RF fields from the proposed Sonix
IQ gas meters are significantly lower than the levels at which biological and health effects have
been studied and are substantially lower than the exposure levels produced by other common
sources of RF fields.

1509451.000 - 1728

120

May 3, 2021

8.

References

Literature cited
Advisory Group on Non-ionising Radiation (AGNIR). Health Effects from Radiofrequency
Electromagnetic Fields. HPA, 2012.
Akdag MZ, Dasdag S, Canturk F, Karabulut D, Caner Y, Adalier N. Does prolonged
radiofrequency radiation emitted from Wi-Fi devices induce DNA damage in various tissues of
rats? J Chem Neuroanatomy 75:116-122, 2016.
Akdag M, Dasdag S, Canturk F, Akdag MZ. Exposure to non-ionizing electromagnetic fields
emitted from mobile phones induced DNA damage in human ear canal hair follicle
cells. Electromagn Biol Med 37(2):66-75, 2018.
Alkis ME, Bilgin HM, Akpolat V, Dasdag S, Yegin K, Yavas MC, Akdag MZ. Effect of 900-,
1800-, and 2100-MHz radiofrequency radiation on DNA and oxidative stress in brain.
Electromagn Biol Med 38(1):32-47, 2019a.
Alkis ME, Akdag MZ, Dasdag S, Yegin K, Akpolat V. Single-strand DNA breaks and
oxidative changes in rat testes exposed to radiofrequency radiation emitted from cellular phones
Biotechnol Equi. 33:1733-1740, 2019b.
Alkis ME, Akdag MZ, Dasdag S. Effects of low-intensity microwave radiation on oxidantantioxidant parameters and DNA damage in the liver of rats. Bioelectromagnetics. 42:76-85,
2021.
Ames BN, Shigenaga MK, Hagen TM. Oxidants, antioxidants, and the degenerative diseases of
aging. Proc Natl Acad Sci USA 90(17):7915-7922, 1993.
Andrianome S, Gobert J, Hugueville L, Stephan-Blanchard E, Telliez F, Selmaoui B. An
assessment of the autonomic nervous system in the electrohypersensitive population: a heart rate
variability and skin conductance study. J Appl Physiol (1985) 123:1055-1062, 2017.
Andrianome S, Yahia-Cherif L, Selmaoui B. Effect of short exposure to radiofrequency
electromagnetic fields on saliva biomarkers: A study on the electrohypersensitive individuals.
Int J Radiat Biol 95:788-792, 2019.
Baliatsas C, Bolte J, Yzermans J, Kelfkens G, Hooiveld M, Lebret E, van Kamp I. Actual and
perceived exposure to electromagnetic fields and non-specific physical symptoms: an
epidemiological study based on self-reported data and electronic medical records. Int J Hyg
Environ Health 218:331-344, 2015.
Baliatsas C, van Kamp I, Bolte J, Kelfkens G, van Dijk C, Spreeuwenberg P, Hooiveld M,
Lebret E, Yzermans J. Clinically defined non-specific symptoms in the vicinity of mobile
phone base stations: A retrospective before-after study. Sci Total Environ 565:714-720, 2016.

1509451.000 - 1728

121

May 3, 2021

Banerjee S, Singh NN, Sreedhar G, Mukherjee S. Analysis of the genotoxic effects of mobile
phone radiation using buccal micronucleus assay: a comparative evaluation. J Clin Diagn Res
10 (3):ZC82-ZC85, 2016.
Belpoggi F, Falcioni L, Panzacchi S, Sgargi D, Mandrioli D. Response to “Cancerogenic
effects of radiofrequency radiation: A statistical reappraisal.” Environ Res 197:111067, 2021.
Bolte JFB, Clahsen S, Vercruijsse W, Houtveen JH, Schipper CMA, van Kamp I, Bogers R.
Ecological momentary assessment study of exposure to radiofrequency electromagnetic fields
and non-specific physical symptoms with self-declared electrosensitivities. Environ Int
131:104948, 2019.
Bonassi S, Coskun E, Ceppi M, Lando C, Bolognesi C, Burgaz S, Holland N, Kirsh-Volders M,
Knasmueller S, Zeiger E, Carnesoltas D, Cavallo D, da Silva J, de Andrade VM, Demircigil
GC, Domínguez Odio A, Donmez-Altuntas H, Gattas G, Giri A, Giri S, Gómez-Meda B,
Gómez-Arroyo S, Hadjidekova V, Haveric A, Kamboj M, Kurteshi K, Martino-Roth MG,
Montero Montoya R, Nersesyan A, Pastor-Benito S, Favero Salvadori DM, Shaposhnikova A,
Stopper H, Thomas P, Torres-Bugarín O, Yadav AS, Zúñiga González G, Fenech M. The
HUman MicroNucleus project on eXfoLiated buccal cells (HUMN(XL)): The role of life-style,
host factors, occupational exposures, health status, and assay protocol. Mutation Res 728:88-97,
2011.
Bortkiewicz A, Gadzicka E, Szymczak W. Mobile phone use and risk for intracranial tumors
and salivary gland tumors: A meta-analysis. Int J Occup Med Environ Health 30:27-43, 2017.
British Columbia Centre for Disease Control (BCCDC). Radiofrequency Toolkit for
Environmental Health Practitioners. Vancouver, British Columbia: BCCDC, 2013.
http://www.bccdc.ca/resourcegallery/Documents/Guidelines%20and%20Forms/Guidelines%20and%20Manuals/EH/EH/Radi
ofrequencyToolkit_v5_26032014.pdf. Accessed April 2021.
British Columbia Centre for Disease Control (BCCDC). 2016 Review: Radiofrequency and
Health. Vancouver, British Columbia: BCCDC, 2016. http://www.bccdc.ca/resourcegallery/Documents/Guidelines%20and%20Forms/Guidelines%20and%20Manuals/EH/RPS/BC
CDC%20RF%20Health%20Report.pdf. Accessed April 2021.
Bundesamt für Strahlenschutz (BfS). Technical statement of the Federal Office for Radiation
Protection on the results of the NTP study. BfS, 2019. Available from:
https://www.bfs.de/EN/bfs/science-research/statements/emf/ntp-study/ntp-study-statement/ntpstatement.html. Accessed April 2021.
Bungum M. Sperm DNA Integrity assessment: A new tool in diagnosis and treatment of
fertility. Obset Gynecol Int 531042:1-6, 2012.
Cabré-Riera A, Torrent M, Donaire-Gonzalez D, Vrijheid M, Cardis E, Guxens M.
Telecommunication devices use, screen time and sleep in adolescents. Environ Res 171:341347, 2019.

1509451.000 - 1728

122

May 3, 2021

Carlberg M and Hardell L. Decreased survival of glioma patients with Astrocytoma Grade IV
(Glioblastoma Multiforme) associated with long-term use of mobile and cordless phones. Int J
Environ Res Public Health 11:10790-10805, 2014.
Carlberg M and Hardell L. Pooled analysis of Swedish case-control studies during 1997-2003
and 2007-2009 on meningioma risk associated with the use of mobile and cordless phones.
Oncol Rep 33:3093-3098, 2015.
Carlberg M, Söderqvist F, Hansson Mild K, Hardell L. Meningioma patients diagnosed 20072009 and the association with use of mobile and cordless phones: a case-control study. Environ
Health 12(1):60, 2013.
Carlberg M, Hedendahl L, Ahonen M, Koppel T, Hardell L. Increasing incidence of thyroid
cancer in the Nordic countries with main focus on Swedish data. BMC Cancer 16:426, 2016.
Carlberg M, Koppel T, Hedendahl LK, Hardell L. Is the Increasing Incidence of Thyroid Cancer
in the Nordic Countries Caused by Use of Mobile Phones? Int J Environ Res Public Health.
17(23):9129, 2020.
Carlson ML and Link MJ. Vestibular Schwannomas. N Engl J Med 384:1335-1348, 2021.
Cao Y, Xu Q, Jin ZD, Zhang J, Lu MX, Nie JH, Tong J. Effects of 900-MHz microwave
radiation on gamma-ray-induced damage to mouse hematopoietic system. J Toxicol Environ
Health A 73(7):507-513, 2010.
Cao Y, Xu Q, Jin ZD, Zhou Z, Nie JH, Tong J. Induction of adaptive response: pre-exposure of
mice to 900 MHz radiofrequency fields reduces hematopoietic damage caused by subsequent
exposure to ionising radiation. Int J Radiat Biol 87(7):720-728, 2011.
Caumo GH, Spritzer D, Carissimi A, Tonon AC. Exposure to electronic devices and sleep
quality in adolescents: a matter of type, duration, and timing. Sleep Health 6(2):172-178, 2020.
Chapman S, Azizi L, Luo Q, Sitas F. Has the incidence of brain cancer risen in Australia since
the introduction of mobile phones 29 years ago? Cancer Epidemiol 42:199-205, 2016.
Chen F, Wang P, Lan J, Hu M, Zheng J, Li Y, Hou C, Zhou D. Wireless phone use and adult
meningioma risk: a systematic review and Meta-analysis. Br J Neurosurg. 11:1-7, 2020.
Cho YM, Lim HJ, Jang H, Kim K, Choi JW, Shin C, Lee SK, Kwon JH, Kim N. A crosssectional study of the association between mobile phone use and symptoms of ill health.
Environ Health Toxicol 31:e2016022, 2016.
Cho YM, Lim HJ, Jang H, Kim K, Choi JW, Shin C, Lee SK, Kwon JH, Kim N. A crosssectional study of the association between mobile phone use and symptoms of ill health.
Environ Health Toxicol 31:e2016022, 2016. Choi YJ, Moskowitz JM, Myung SK, Lee YR,
Hong YC. Cellular Phone Use and Risk of Tumors: Systematic Review and Meta-Analysis. Int J
Environ Res Public Health 17(21):8079, 2020.

1509451.000 - 1728

123

May 3, 2021

Consiglio AR, Ramos AL, Henriques JA, Picada JN. DNA brain damage after stress in rats.
Prog Neuropsychopharmacol Biol Psychiatry 34(4):652-656, 2010.
D’Andrea JA. Behavioral effects of microwave irradiation. Bioelectromagnetics 20: 64-74,
1999.
Dabouis V, Arvers P, Debouzy JC, Sebbah C, Crouzier D, Perrin A. First epidemiological study
on occupational radar exposure in the French Navy: A 26-Year cohort study. Int J Environ
Health Res 26:131-144, 2016.
Daroit NB, Visioli F, Magnusson AS, Vieira GR, Rados PV. Cell phone radiation effects on
cytogenetic abnormalities of oral mucosal cells. Braz Oral Res 9:1-8, 2015.
Davis FG, Smith TR, Gittleman HR, Ostrom QT, Kruchko C, Barnholtz-Sloan JS. Glioblastoma
incidence rate trends in Canada and the United States compared with England, 19952015. Neuro Oncol 22:301-302, 2020.
de Oliveira FM, Carmona AM, Ladeira C. Is mobile phone radiation genotoxic: An analysis of
micronucleus frequency in exfoliated buccal cells. Mut Res 822:41-46, 2017a.
de Oliveira FM, Carmona AM, Ladeira C. Genotoxicity assessment data for exfoliated buccal
cells exposed to mobile phone radiation. Data in Brief 15:344-347, 2017b.
Deshmukh PS, Megha K, Banerjee BD, Ahmed RS, Chandna S, Abegaonkar MP, Tripathi AK.
Detection of Low Level Microwave Radiation Induced Deoxyribonucleic Acid Damage Vis-àvis Genotoxicity in Brain of Fischer Rats. Toxicol Int 20(1):19-24, 2013.
Deshmukh PS, Nasare N, Megha K, Banerjee BD, Ahmed RS, Singh D, Abegaonkar MP,
Tripathi AK, Mediratta PK. Cognitive impairment and neurogenotoxic effects in rats exposed
to low-intensity microwave radiation. Int J Toxicol 34:284-290, 2015.
Deshmukh PS, Megha K, Nasare N, Banerjee BD, Ahmed RS, Abegaonkar MP, Tripathi AK,
Mediratta PK. Effect of Low Level Subchronic Microwave Radiation on Rat Brain. Biomed
Environ Sci 29(12):858-867, 2016.
de Siqueira EC, de Souza FTA, Gomez RS, Gomes CC, de Souza RP. Does cell phone use
increase the chances of parotid gland tumor development? A systematic review and metaanalysis. J Oral Pathol Med 46:480-483, 2017.
dos Santos MAL, de Santana FS, Soares AF, de Sousa SF, Menezes L, Takeshita WM.
Genotoxic and cytotoxic effects of mobile phone use on the oral epithelium: a systematic review
with meta-analysis. Gen Dentistry 68:70-74, 2020.
de Vocht F. Analyses of Temporal and Spatial Patterns of Glioblastoma Multiforme and Other
Brain Cancer Subtypes in Relation to Mobile Phones Using Synthetic Counterfactuals. Environ
Res 168:329-335, 2019.

1509451.000 - 1728

124

May 3, 2021

Elliott P, Aresu M, Gao H, Vergnaud AC, Heard A, McRobie D, Spear J, Singh D, Kongsgård
HW, Mbema C, Muller DC. Use of TETRA personal radios and sickness absence in the
Airwave Health Monitoring Study of the British police forces. Environ Res 175:148-155, 2019.
Eltiti S, Wallace D, Ridgewell A, Zougkou K, Russo R, Sepulveda F, Fox E. Short-term
exposure to mobile phone base station signals does not affect cognitive functioning or
physiological measures in individuals who report sensitivity to electromagnetic fields and
controls. Bioelectromagnetics 30:556-563, 2009.
Exponent, Inc. (Exponent). Radiofrequency Fields in the Environment and from Advanced
Metering Infrastructure. Bowie, MD: Exponent, May 3, 2021.
Falcioni L, Bua L, Tibaldi E, Lauriola M, De Angelis L, Gnudi F, Mandrioli D, Manservigi M,
Manservisi F, Manzoli I, Menghetti I, Montella R, Panzacchi S, Sgargi D, Strollo V, Vornoli A,
Belpoggi F. Report of final results regarding brain and heart tumors in Sprague-Dawley rats
exposed from prenatal life until natural death to mobile phone radiofrequency field
representative of a 1.8 GHz GSM base station environmental emission. Environ Res 165:496503, 2018.
Federal Communications Commission (FCC). Evaluating Compliance with FCC Guidelines for
Human Exposure to Radiofrequency Electromagnetic Fields. Edition 97-01, OET Bulletin 65.
Washington, D.C.: Federal Communications Commission, 1997.
Fletcher J. Subgroup analyses: how to avoid being misled. BMJ 335(7610):96-97, 2007.
Food and Drug Administration (FDA). Statement for Jeffrey Shuren, M.D., J.D., Director of the
FDA’s Center for Devices and Radiological Health on the National Toxicology Program’s
Report on Radiofrequency Energy Exposure. FDA Center for Devices and Radiological Health,
2018. https://www.fda.gov/news-events/press-announcements/statement-jeffrey-shuren-md-jddirector-fdas-center-devices-and-radiological-health-national. Accessed April 2021.
Food and Drug Administration (FDA). Review of Published Literature between 2008 and 2018
of Relevance to Radiofrequency Radiation and Cancer. FDA Center for Devices and
Radiological Health, 2020.
Forchhammer L, Ersson C, Loft S, Möller L, Godschalk RW, van Schooten FJ, Jones GD,
Higgins JA, Cooke M, Mistry V, Karbaschi M, Collins AR, Azqueta A, Phillips DH, Sozeri O,
Routledge MN, Nelson-Smith K, Riso P, Porrini M, Matullo G, Allione A, Stępnik M,
Komorowska M, Teixeira JP, Costa S, Corcuera LA, López de Cerain A, Laffon B, Valdiglesias
V, Møller P. Inter-laboratory variation in DNA damage using a standard comet assay protocol.
Mutagenesis 6:665-672, 2012.
Foster KR, Simkó M, Verschaeve L. Confronting risk of bias in RF bioeffects research.
Comments on two papers by Vijayalaxmi and Prihoda. Radiat Res 192(4):363-366, 2019.
Furtado-Filho OV, Borba JB, Dallegrave A, Furtado-Filho OV, Borba JB, Dallegrave A,
Pizzolato TM, Henriques JA, Moreira JC, Saffi J. Effect of 950 MHz UHF electromagnetic

1509451.000 - 1728

125

May 3, 2021

radiation on biomarkers of oxidative damage, metabolism of UFA and antioxidants in the livers
of young rats of different ages. Int J Radiat Biol 90(2):159-168, 2014.
Furtado-Filho OV, Borba JB, Maraschin T, Souza LM, Henriques JA, Moreira JC, Saffi J.
Effects of chronic exposure to 950 MHz ultra-high-frequency electromagnetic radiation on
reactive oxygen species metabolism in the right and left cerebral cortex of young rats of
different ages. Int J Radiat Biol 91:891-897, 2015.
Gandhi G, Kaur G, and Nisar U. A cross-sectional case control study on genetic damage in
individuals residing in the vicinity of a mobile phone base station. Electromagn Biol Med
34:344-354, 2015.
Gao H, Aresu M, Vergnaud AC, McRobie D, Spear J, Heard A, Kongsgård HW, Singh D,
Muller DC, Elliott P. Personal radio use and cancer risks among 48,518 British police officers
and staff from the Air wave Health Monitoring Study. Br J Cancer 120(3):375-378, 2019.
Gift JS, Caldwell JC, Jinot J, Evans MV, Cote I, Vandenberg JJ. Scientific considerations for
evaluating cancer bioassays conducted by the Ramazzini Institute. Environ Health Perspect
121(11-12):1253-1263, 2013.
Gonzalez-Rubio J, Arribas E, Ramirez-Vazquez R, Najera A. Radiofrequency electromagnetic
fields and some cancers of unknown etiology: An ecological study. Sci Total Environ 599600:834-843, 2017.
González C, Nájera O, Cortés E, Toledo G, López L, Betancourt M, Ortiz R. Susceptibility to
DNA damage induced by antibiotics in lymphocytes from malnourished children. Teratog
Carcinog Mutagen 22:147-158, 2002.
Güler G, Ozgur E, Keles H, Tomruk A, Vural SA, Seyhan N. Neurodegenerative changes and
apoptosis induced by intrauterine and extrauterine exposure of radiofrequency radiation. J
Chem Neuroanat 75:128-133, 2016.
Gulati S, Yadav A, Kumar N, Kanupriya, Aggarwal NK, Kumar R, Gupta R. Effect of GSTM1
and GSTT1 polymorphisms on genetic damage in humans [sic] populations exposed to radiation
from mobile towers. Arch Environ Contam Toxicol 70(3):615-625, 2016.
Hardell L and Carlberg M. Mobile phone and cordless phone use and the risk for glioma Analysis of pooled case-control studies in Sweden, 1997-2003 and 20072009. Pathophysiology 22(1):1-13, 2015.
Hardell L and Carlberg M. Mobile phones, cordless phones and rates of brain tumors in
different age groups in the Swedish National Inpatient Register and the Swedish Cancer
Register during 1998-2015. PLoS One 12(10):e0185461, 2017.
Hardell L, Näsman A, Påhlson A, Hallquist A, Hansson Mild K. Use of cellular telephones and
the risk for brain tumours: A case-control study. Int J Oncol 15(1):113-116, 1999.

1509451.000 - 1728

126

May 3, 2021

Hardell L, Nasman A, Pahlson A, Hallquist A. Case-control study on radiology work, medical
x-ray investigations, and use of cellular telephones as risk factors for brain tumors. Med Gen
Med 2(2):E2, 2000.
Hardell L, Mild KH, Påhlson A, Hallquist A. Ionizing radiation, cellular telephones and the risk
for brain tumours. Eur J Cancer Prev 10(6):523-529, 2001.
Hardell L, Mild KH, Carlberg M. Case-control study on the use of cellular and cordless phones
and the risk for malignant brain tumours. Int J Radiat Biol 78(10):931-936, 2002a.
Hardell L, Hallquist A, Mild KH, Carlberg M, Påhlson A, Lilja A. Cellular and cordless
telephones and the risk for brain tumours. Eur J Cancer Prev 2002;11(4):377-386, 2002b.
Hardell L, Mild KH, Carlberg M. Further aspects on cellular and cordless telephones and brain
tumours. Int J Oncol 22(2):399-407, 2003.
Hardell L, Carlberg M, Hansson MK. Pooled analysis of two case-control studies on the use of
cellular and cordless telephones and the risk of benign brain tumours diagnosed during 19972003. Int J Oncol 28:509-518, 2006a.
Hardell L, Carlberg M, Hansson MK. Pooled analysis of two case-control studies on use of
cellular and cordless telephones and the risk for malignant brain tumours diagnosed in 19972003. Int Arch Occup Environ Health 79:630-639, 2006b.
Hardell L, Carlberg M, Hansson Mild K. Mobile phone use and the risk for malignant brain
tumours: A case-control study on deceased cases and controls. Neuroepidemiology 35:109-114,
2010.
Hardell L, Carlberg M, Mild KH. Pooled analysis of case-control studies on malignant brain
tumours and the use of mobile phone and cordless phones including living and deceased
subjects. Int J Oncol 38:1465-1474, 2011.
Hardell L, Carlberg M, Söderqvist F, Hansson Mild K. Case-control study of the association
between malignant brain tumours diagnosed between 2007 and 2009 and mobile and cordless
phone use. Int J Oncol 43:1833-1845, 2013.
Health Canada. Human Health Risk Assessment for Priority Substances. Environmental Health
Directorate. Canadian Environmental Protection Act. Ottawa, Ontario: Health Canada, 1994.
Health Canada. Health Canada Decision-Making Framework for Identifying, Assessing, and
Managing Health Risk. Ottawa, Ontario: Health Canada, 2000.
Health Canada. Limits of Human Exposure to Radiofrequency Electromagnetic Energy in the
Frequency Range from 3 KHz to 200 GHz. Safety Code 6 (2015). Ottawa, Onatario: Health
Canada, 2015.
Health Council of the Netherlands (HCN). Mobile Phones and Cancer. Part 1: Epidemiology of
Tumours in the Head. The Hague, Netherlands: HCN, 2013.

1509451.000 - 1728

127

May 3, 2021

Health Council of the Netherlands (HCN). Mobile Phones and Cancer. Part 2: Animal Studies
on Carcinogenesis. The Hague, Netherlands: HCN, 2014.
Health Council of the Netherlands (HCN). Mobile Phones and Cancer. Part 3: Update and
Overall Conclusions from the Epidemiological and Animal Studies. The Hague, Netherlands:
HCN, 2016.
Hill AB. The environment and disease: Association or causation? Proc R Soc Med 58(5):295300, 1965
Hillert L, Leitgeb N, Meara J. Working Group Report. pp. 15–26. In Hansson Mild K,
Repacholi M, van Deventer E, Ravazzani P (eds.). Electromagnetic Hypersensitivity.
Proceedings: International Workshop on EMF Hypersensitivity. Prague: WHO, 2006.
Hooijmans CR, Rovers MM, de Vries RB, Leenaars M, Ritskes-Hoitinga M, Langendam MW.
SYRCLE’s risk of bias tool for animal studies. BMC Med Res Methodol 14:43, 2014.
Houston BJ, Nixon B, McEwan KE, Martin JH, King BV, Aitken RJ, De Iuliis GN. Wholebody exposures to radiofrequency-electromagnetic energy can cause DNA damage in mouse
spermatozoa via an oxidative mechanism. Sci Rep 9:17478, 2019.
İkinci Keleş A, Uzun Şahin C. Exposure to electromagnetic field, cell phone use behaviors,
SAR values, and changes in health following exposure in adolescent university students. Arq
Neuropsiquiatr 79(2):139-148 2021.
Innovation, Science and Economic Development Canada (ISED). TN-261 — Safety Code 6
(SC6) Radio Frequency Exposure Compliance Evaluation Template (Uncontrolled
Environment Exposure Limits). Issue 3, March, 2015. https://www.ic.gc.ca/eic/site/smtgst.nsf/eng/sf09976.html. Accessed April 27, 2021.
International Agency for Research on Cancer (IARC). Mechanisms of Carcinogenesis in Risk
Identification. Lyon, France: IARC Press, 1992.
International Agency for Research on Cancer (IARC). IARC Monographs on the Evaluation of
Carcinogenic Risks to Humans. Volume 102: Non-Ionizing Radiation, Part 2: Radiofrequency
Electromagnetic Fields. Lyon, France: IARC Press, 2011.
International Agency for Research on Cancer (IARC). Non-Ionizing Radiation, Part 2:
Radiofrequency Electromagnetic Fields. IARC Monographs on the Evaluation of Carcinogenic
Risks to Humans, Volume 102. Lyon, France: IARC Press, 2013.
International Agency for Research on Cancer (IARC). IARC Monographs on the Identification
of Carcinogenic Hazards to Humans, Preamble. Lyon, France: IARC Press, 2019.
International Agency for Research on Cancer (IARC). Agents Classified by the IARC
Monographs, Volumes 1-129. Lyon, France: IARC, 2021. https://monographs.iarc.fr/agentsclassified-by-the-iarc/. Accessed April 2021.

1509451.000 - 1728

128

May 3, 2021

Institute of Electrical and Electronics Engineers (IEEE). IEEE Standard for Safety Levels with
Respect to Human Exposure to Radio Frequency Electromagnetic Fields, 0 kHz to 300 GHz.
New York, NY: IEEE, 2019.
International Commission on Non-Ionizing Radiation Protection (ICNIRP). Guidelines for
limiting exposure to time-varying electric, magnetic, and electromagnetic fields (up to 300
GHz). Health Phys 74:494-522, 1998.
International Commission on Non-Ionizing Radiation Protection (ICNIRP). Exposure to High
Frequency Electromagnetic Fields, Biological Effects and Health Consequences (100 kHz-300
GHz). Oberschleißheim, Germany: ICNIRP, 2009.
International Commission on Non-Ionizing Radiation Protection (ICNIRP). ICNIRP note:
Critical evaluation of two radiofrequency electromagnetic field animal carcinogenicity studies
published in 2018. Health Phys 118: 525-532, 2019.
International Commission on Non-Ionizing Radiation Protection (ICNIRP). Guidelines for
Limiting Exposure to Electromagnetic Fields (100 kHz to 300 GHz). Health Phys 118:483-524,
2020a.
International Commission on Non-Ionizing Radiation Protection (ICNIRP). ICNIRP Note:
Critical evaluation of two radiofrequency electromagnetic field animal carcinogenicity studies
published in 2018. Health Phys 118:525-532, 2020b.
International Commission on Non-Ionizing Radiation Protection (ICNIRP). Response to
Melnick (2020). Health Phys 118(6):683-685, 2020c
INTERPHONE Study Group. Brain tumor risk in relation to mobile telephone use: results of the
INTERPHONE international case-control study. Int J Epidemiol 39:675-694, 2010.
INTERPHONE Study Group. Acoustic neuroma in relation to mobile telephone use: Results of
the INTERPHONE international case-control study. Cancer Epidemiol 35(5):453-464, 2011.
Jeong YJ, Son Y, Han NK, Hoi HD, Pack JK, Kim N, Lee YS, Lee HJ. Impact of Long-Term
RF-EMF on Oxidative Stress and Neuroinflammation in Aging Brains of C57BL/6 Mice. Int J
Mol Sci 19(7):2103, 2018.
Jiang B, Nie J, Zhou Z, Zhang J, Tong J, Cao Y. Adaptive response in mice exposed to 900
MHz radiofrequency fields: primary DNA damage. PLoS One 7(2):e32040, 2012.
Jiang B, Zong C, Zhao H, Ji Y, Tong J, Cao Y. Induction of adaptive response in mice exposed
to 900 MHz radiofrequency fields: application of micronucleus assay. Mutat Res 751(2):127129, 2013.
Johansson A, Forsgren S, Stenberg B, Wilén J, Kalezic N, Sandström M. No effect of mobile
phone-like RF exposure on patients with atopic dermatitis. Bioelectromagnetics 29(5):353-362,
2008.

1509451.000 - 1728

129

May 3, 2021

Jonwal C, Sisodia R, Saxena VK, Kesari KK. Effect of 2.45 GHz microwave radiation on the
fertility pattern in male mice. Gen Physiol Biophys 37(4):453-460, 2018.
Kacprzyk A, Stefura T, Krzysztofik M, Rok T, Rokita E, Tatoń G. The Impact of Mobile Phone
Use on Tinnitus: A Systematic Review and Meta-Analysis. Bioelectromagnetics 42(2):105-114,
2021.
Karipidis K, Elwood M, Benke G, Sanagou M, Tjong L, and Croft RJ. Mobile phone use and
incidence of brain tumour histological types, grading or anatomical location: A populationbased ecological study. BMJ Open 8:e024489, 2018.
Keinan-Boker L, Friedman E, Silverman BG. Trends in the incidence of primary brain, central
nervous system and intracranial tumors in Israel, 1990-2015. Cancer Epidemiol 56:6-13, 2018.
Khalil AM, Abu Khadra, KM, Aljaberi AM, Gagaa MH, Issa HS. Assessment of
oxidant/antioxidant status in saliva of cell phone users. Electromagn Biol Med 33:92-97, 2014.
Khalil AM, Alemam IF, Al-Qaoud KM. Association between mobile phone using and DNA
damage of epithelial cells of the oral mucosa. J Biotechnol Biomed 3:050-066, 2020.
Kim SJ, Ioannides SJ, and Elwood JM. Trends in incidence of primary brain cancer in New
Zealand, 1995 to 2010. Aust N Z J Public Health 39:148-152, 2015.
Kuhne J, Schmidt, J-A, Geschwentner G, Pophof B, Siegelberger G. Thermoregulatory stress as
potential mediating factor in the NTP cell phone tumor study. Bioelectromagnetics 41:471-479,
2020.
Lagorio S and Röösli M. Mobile phone use and risk of intracranial tumors: A consistency
analysis. Bioelectromagnetics 35:79-90, 2014.
Lahkola A, Auvinen A, Raitanen J, Schoemaker MJ, Christensen HC, Feychting M, Johansen C,
Klaeboe L, Lonn S, Swerdlow AJ, Tynes T, Salminen T. Mobile phone use and risk of glioma
in 5 North European countries. Int J Cancer 120:1769–1775, 2007.
Lai H. Genetic effects of non-ionizing electromagnetic fields. Electromagn Biol Med 2021 Feb
4:1-10. doi: 10.1080/15368378.2021.1881866. Epub ahead of print.
Langie SAS, Azqueta A, Collins, AR. The comet assay: past, present, and future. Front Genet
6:266, 2015.
Lazic SE. The problem of pseudoreplication in neuroscientific studies: is it affecting your
analysis? BMC Neuroscience 2010, 11:5, 1-17, 2010.
Lee HJ, Jin YB, Kim TH, Pack JK, Kim N, Choi HD, Lee JS, Lee YS. The effects of
simultaneous combined exposure to CDMA and WCDMA electromagnetic fields on rat
testicular function. Bioelectromagnetics 33: 356-364, 2012.

1509451.000 - 1728

130

May 3, 2021

Lerchl A, Klose M, Grote K, Wilhelm AF, Spathmann O, Fiedler T, Streckert J, Hansen V,
Clemens M. Tumor promotion by exposure to radiofrequency electromagnetic fields below
exposure limits for humans. Biochem Biophys Res Commun 459:585-590, 2015.
Lerchl A Klose M, Drees(née Grote) K. No increased DNA damage observed in the brain,
liver, and lung of fetal mice treated with ethylnitrosourea and exposed to UMTS radiofrequency
electromagnetic fields. Bioelectromagnetics 41:611-616, 2020.
Li K, Lu D, Guo Y, Wang C, Liu X, Liu Y, Liu D. Trends and patterns of incidence of diffuse
glioma in adults in the United States, 1973-2014. Cancer Med 7(10):5281-5290, 2018.
López I, Félix N, Rivera M, Alonso A, Maestú C. What is the radiation before 5G? A
correlation study between measurements in situ and in real time and epidemiological indicators
in Vallecas, Madrid. Environ Res 194:110734, 2021.
Luo J, Deziel NC, Huang H, Chen Y, Ni X, Ma S, Udelsman R, and Zhang Y. Cell phone use
and risk of thyroid cancer: A population-based case-control study in Connecticut. Ann
Epidemiol 29:39-45, 2019.
Luo J, Li H, Deziel NC, Huang H, Zhao N, Ma S, Ni X, Udelsman R, Zhang Y. Genetic
susceptibility may modify the association between cell phone use and thyroid cancer: A
population-based case-control study in Connecticut. Environ Res 182:109013, 2020
Martens AL, Slottje P, Timmermans DRM, Kromhout H, Reedijk M, Vermeulen RCH, Smid T.
Modeled and perceived exposure to radiofrequency electromagnetic fields from mobile-phone
base stations and the development of symptoms over time in a general population cohort. Am J
Epidemiol 186:210-219, 2017.
Martens AL, Reedijk M, Smid T, Huss A, Timmermans D, Strak M, Swart W, Lenters V,
Kromhout H, Verheij R, Slottje P, Vermeulen RCH. Modeled and perceived RF-EMF, noise
and air pollution and symptoms in a population cohort. Is perception key in predicting
symptoms? Sci Total Environ 639:75-83, 2018.
Megha K, Deshmukh PS, Banerjee BD, Tripathi AK, Ahmed R, Abegaonkar MP. Low
intensity microwave radiation induced oxidative stress, inflammatory response and DNA
damage in rat brain. Neurotoxicology 51:158-165, 2015.
Melnick RL. Commentary on the utility of the National Toxicology Program study on cell
phone radiofrequency radiation data for assessing human health risks despite unfounded
criticisms aimed at minimizing the findings of adverse health effects. Environ Res 168:1-6,
2019.
Melnick R. Regarding ICNIRP’S Evaluation of the National Toxicology Program’s
Carcinogenicity Studies on Radiofrequency Electromagnetic Fields. Health Phys 118:678-682,
2020.
Meng J, Wang F, Chen R, Hua H, Yang Q, Yang D, Wang N, Li X, Ma F, Huang L, Zou Z, Li
M, Wang T, Luo Y, Li Y, Liu Y. Association between the pattern of mobile phone use and

1509451.000 - 1728

131

May 3, 2021

sleep quality in Northeast China college students. Sleep Breath 2021 Feb 2. doi:
10.1007/s11325-021-02295-2. Epub ahead of print.
Moon IS, Kim BG, Kim J, Lee JD, Lee WS. Association between vestibular schwannomas and
mobile phone use. Tumour Biol 35:581-587, 2014.
National Research Council (NRC). Committee on the Possible Effects of Electromagnetic Fields
on Biologic Systems. Possible Health Effects of Exposure to Residential Electric and Magnetic
Fields. Washington DC: National Academies Press, 1997.
National Research Council (NRC). Reference Manual on Scientific Evidence. Third Edition.
Washington, DC: The National Academies Press, 2011.
National Toxicology Program (NTP). DRAFT NTP Technical Report on the Toxicology and
Carcinogenesis Studies in Hsd: Sprague Dawley SD Rats Exposed to Whole-Body Radio
Frequency Radiation at a Frequency (900 MHz) and Modulations (GSM and CDMA) Used by
Cell Phones. Research Triangle Park, NC: NTP, 2018a.
National Toxicology Program (NTP). DRAFT NTP Technical Report on the Toxicology and
Carcinogenesis Studies in B6C3F1/N Mice Exposed to Whole-Body Radio Frequency Radiation
at a Frequency (900 MHz) and Modulations (GSM and CDMA) Used by Cell Phones. Research
Triangle Park, NC: NTP, 2018b.
National Toxicology Program (NTP). NTP Technical Report on the Toxicology and
Carcinogenesis Studies in Hsd: Sprague Dawley SD Rats Exposed to Whole-Body Radio
Frequency Radiation at a Frequency (900 MHz) and Modulations (GSM and CDMA) Used by
Cell Phones. Research Triangle Park, NC: NTP, 2018c.
National Toxicology Program (NTP). NTP Technical Report on the Toxicology and
Carcinogenesis Studies in B6C3F1/N Mice Exposed to Whole-Body Radio Frequency Radiation
at a Frequency (900 MHz) and Modulations (GSM and CDMA) Used by Cell Phones. Research
Triangle Park, NC: NTP, 2018d.
National Toxicology Program (NTP). Handbook for Conducting a Literature-Based Health
Assessment Using OHAT Approach for Systematic Review and Evidence Integration. Office of
Health Assessment and Translation (OHAT), Division of the National Toxicology Program,
2019.
Natukka T, Raitanen J, Haapasalo H, Auvinen A. Incidence trends of adult malignant brain
tumors in Finland, 1990-2016. Acta Oncol 58:990-996, 2019.
Nilsson J, Jaras J, Henriksson R, Holgersson G, Bergstrom S, Estenberg J, Augustsson T, and
Bergqvist M. No Evidence for Increased Brain Tumour Incidence in the Swedish National
Cancer Register between Years 1980-2012. Anticancer Res 39:791-96, 2019.
Organization for Economic Cooperation and Development (OECD). Guidance Document 116
on the Conduct and Design of Chronic Toxicity and Carcinogenicity Studies, Supporting Test
Guidelines 451, 452 and 453, Second Edition. Paris: OECD, 2012.

1509451.000 - 1728

132

May 3, 2021

Organization for Economic Cooperation and Development (OECD). Guidance Document on
Revisions to OECD Genetic Toxicity Test Guidelines. Paris: OECD, 2015.
Olsson A, Bouaoun L, Auvinen A, Feychting M, Johansen C, Mathiesen T, Melin B, Lahkola A,
Larjavaara S, Villegier AS, Byrnes G, Deltour I, Schuz J. Survival of glioma patients in relation
to mobile phone use in Denmark, Finland and Sweden. J Neurooncol 141:139-149, 2019.
Ouadah NS, Lecomte A, Robidel F, Olsson A, Deltour I, Schüz J, Blazy K, Villégier AS.
Possible effects of radiofrequency electromagnetic fields on in vivo C6 brain tumors in Wistar
rats. J Neurooncol 140(3):539-546, 2018.
Philips A, Henshaw DL, Lamburn G, O’Carroll MJ. Brain tumours: Rise in glioblastoma
multiforme incidence in England 1995-2015 suggests an adverse environmental or lifestyle
factor. J Environ Public Health 2018:7910754, 2018a.
Philips A, Henshaw DL, Lamburn G, O’Carroll MJ. Authors’ Comment on “Brain tumours:
Rise in glioblastoma multiforme incidence in England 1995-2015 suggests an adverse
environmental or lifestyle factor.” J Environ Public Health 2018:2170208, 2018b.
Prasad M, Kathuria P, Nair P, Kumar A, Prasad K. Mobile phone use and risk of brain tumours:
a systematic review of association between study quality, source of funding, and research
outcomes. Neurol Sci 38:797-810, 2017.
Radwan M, Jurewicz, J, Merecz-kot, D, Sobala W, Radwon P, Hanke W. Sperm DNA
damage—the effect of stress and everyday life factors. Int J Impot Res 28:148-154, 2016.
Revanth MP, Aparna S, Madankumar PD. Effects of mobile phone radiation on buccal mucosl
cells: A systematic review. Electromagn Biol Med 39:273-281, 2020.
Romeo S, Zeni O, Sannino A, Lagorio S, Biffoni M, Scarfì MS. Genotoxicity of radiofrequency
electromagnetic fields: Protocol for a systematic review of in vitro studies. Environ Int
148106386, 2021.
Röösli M, Lagorio S, Schoemaker MJ, Schüz J, Feychting M. Brain and Salivary Gland
Tumors and Mobile Phone Use: Evaluating the Evidence from Various Epidemiological Study
Designs. Ann Rev Public Health. 40:221-238, 2019.
Ros-Llor I, Sanchez-Siles M, Camacho-Alonso F, Lopez-Jornet P. Effect of mobile phones on
micronucleus frequency in human exfoliated oral mucosal cells. Oral Dis 18:786-792, 2012
[erratum: Oral Dis 19:109-110, 2013].
Rothman KJ and Greenland S. Modern Epidemiology. Philadelphia: Lippincott Williams and
Wilkins, 1998.
Royal Society of Canada (RSC) Expert Panel (with Paul Demers [chair], Richard Findlay,
Kenneth R. Foster, Bryan Kolb, John Moulder, Anne-Marie Nicol, Frank Prato, Rianne Stam).
A Review of Safety Code 6 (2013): Health Canada’s Safety Limits for Exposure to
Radiofrequency Fields. Ottawa, Ontario: Royal Society of Canada, 2014.

1509451.000 - 1728

133

May 3, 2021

Sahin D, Ozgur E, Guler G, Tomruk A, Unlu I, Sepici-Dincel A, Seyhan N. The 2100 MHz
radiofrequency radiation of a 3G-mobile phone and the DNA oxidative damage in brain. J
Chem Neuroanat 75:94-98, 2016.
Sara G, Stefano M, Mariagrazia B, Paola T. Cancerogenic effects of radiofrequency radiation:
A statistical reappraisal. Environ Res 191:10233, 2020.
Sato Y, Kiyohara K, Kojimahara N, Yamaguchi N. Time trend in incidence of malignant
neoplasms of the central nervous system in relation to mobile phone use among young people in
Japan. Bioelectromagnetics 37:282-289, 2016.
Sato Y, Kojimahara N, Yamaguchi N. Analysis of mobile phone use among young patients
with brain tumors in Japan. Bioelectromagnetics 38(5):349-355, 2017.
Satta G, Mascia N, Serra T, Salis A, Saba L, Sanna S, Zucca MG, Angelucci E, Gabbas A,
Culurgioni F, Pili P, Mura E, Cappai M, Ennas MG, Cocco P. Estimates of environmental
exposure to radiofrequency electromagnetic fields and risk of lymphoma subtypes. Radiat Res
189:541-547, 2018.
Schoeni A, Roser K, Bürgi A, Röösli M. Symptoms in Swiss adolescents in relation to
exposure from fixed site transmitters: a prospective cohort study. Environ Health 15(1):77,
2016.
Schoeni A, Roser K, Roosli M. Symptoms and the use of wireless communication devices: A
prospective cohort study in Swiss adolescents. Environ Res 154:275-283, 2017.
Schuermann D, Ziemann C, Barekati Z, et al. Assessment of genotoxicity in human cells
exposed to modulated electromagnetic fields of wireless communication devices. Genes (Basel)
11(4):347, 2020.
Scientific Committee on Health, Environmental and Emerging Risks (SCHEER). Memorandum
of weight of evidence and uncertainties Revision 2018. Brussels, Belgium: European
Commission, 2018.
Scientific Committee on Emerging and Newly Identified Health Risks (SCENIHR). Health
Effects of Exposure to EMF. Brussels, Belgium: European Commission, 2009.
Scientific Committee on Emerging and Newly Identified Health Risks (SCENIHR).
Memorandum on the Use of the Scientific Literature for Human Health Risk Assessment
Purposes – Weighting of Evidence and Expression of Uncertainty. Brussels, Belgium:
European Commission, 2012.
Scientific Committee on Emerging and Newly Identified Health Risks (SCENIHR). Opinion on
Potential Health Effects of Exposure to Electromagnetic Fields (EMF). Brussels, Belgium:
European Commission, 2015.

1509451.000 - 1728

134

May 3, 2021

Selmaoui B, Andrianome S, Ghosn R, de Seze R. Effect of acute exposure to radiofrequency
electromagnetic fields emitted by a mobile phone (GSM 900 MHz) on electrodermal
responsiveness in healthy human. Int J Radiat Biol 94(10):890-895, 2018.
Senturk E, Tugrul S, Dog˘an R, Eren SB, Ozturan O, Koҫyiğit A, Kesgin S. Effect of
radiofrequency on DNA damage and oxidative status in patients with turbinate hypertrophy.
Indian J Otolaryngol Head Neck Surg. 71(Suppl 3):S1810-S1815, 2019.
Shaikh A, Khichada K, Chandel D. Effect of cell phone radiation on buccal mucosa cells.
World J Environ Biosci 5(1):9-17, 2016
Sharma S, Shukla S. Effect of electromagnetic radiation on redox status, acetylcholine esterase
activity and cellular damage contributing to the diminution of the brain working memory in rats.
J Neurochem Anat 106:101784, 2020.
Shih YW, O'Brien AP, Hung CS, Chen KH, Hou WH, Tsai HT. Exposure to radiofrequency
radiation increases the risk of breast cancer: A systematic review and meta-analysis. Exp Ther
Med 21(1):23, 2021a.
Shih YW, O’Brien AP, Hung CS, Chen KH, Hou WH, Tsai HT. [Retracted]. Exposure to
radiofrequency radiation increases the risk of breast cancer: A systematic review and metaanalysis. Exp Ther Med. 21(5):472, 2021b.
Singh NP, McCoy, MT, Tice RR, Schneider EL. A simple technique for quantitation of low
levels of DNA damage in individual cells. Exper Cell Res 75:184-191, 1988.
Shrestha M, Raitanen J, Salminen T, Lahkola A, Auvinen A. Pituitary tumor risk in relation to
mobile phone use: A case-control study. Acta Oncol 54:1159-1165, 2015.
Smith-Roe SL, Wyde ME, Stout MD, Winters JW, Hobbs CA, Shepard KG, Green AS, Kissling
GE, Shockley KR, Tice RR, Bucher JR, Witt KL. Evaluation of the genotoxicity of cell phone
radiofrequency radiation in male and female rats and mice following subchronic exposure.
Environ Mol Mutagen 61(2):276-290, 2020.
Stevens P. Effects of 5 s exposures to a 50 microT, 20 Hz magnetic field on skin conductance
and ratings of affect and arousal. Bioelectromagnetics 22:219-223, 2001.
Sun X, Briel M, Brusse JW, You JJ, Akl EA, Mejza F, Bala MM, Bassler D, Mertz D, DiazGranados N, Vandvik PO, Malaga G, Srinathan SK, Dahm P, Johnston BC, Alonso-Coello P,
Hassouneh B, Walter SD, Heels-Ansdell D, Bhatnagar N, Altman DG, Guyatt GH. Credibility
of claims of subgroup effects in randomised controlled trials: systematic review. BMJ
344:e1553, 2012.
Swedish Radiation Safety Authority (SSM). Research 2016:15. Recent Research on EMF and
Health Risk - Eleventh report from SSM's Scientific Council on Electromagnetic Fields, 2016.
Including Thirteen years of electromagnetic field research monitored by SSM’s Scientific
Council on EMF and health: How has the evidence changed over time? Stockholm, Sweden:
Swedish Radiation Safety Authority (SSM), 2016.

1509451.000 - 1728

135

May 3, 2021

Swedish Radiation Safety Authority (SSM). Research 2018:09. Recent Research on EMF and
Health Risk - Twelfth report from SSM's Scientific Council on Electromagnetic Fields, 2017.
Stockholm, Sweden: Swedish Radiation Safety Authority (SSM), 2018.
Swedish Radiation Safety Authority (SSM). Research 2019:08. Recent Research on EMF and
Health Risk - Thirteenth report from SSM's Scientific Council on Electromagnetic Fields, 2018.
Stockholm, Sweden: Swedish Radiation Safety Authority (SSM), 2019.
Swedish Radiation Safety Authority (SSM). Research 2020:04. Recent Research on EMF and
Health Risk - Fourteenth report from SSM's Scientific Council on Electromagnetic Fields, 2019.
Stockholm, Sweden: Swedish Radiation Safety Authority (SSM), 2020.
Swiss Expert Group on Electromagnetic Fields and Non-ionising Radiation (BERENIS).
Evaluation of the NTP and Ramazzini Studies. Newsletter Special Issue, November 2018.
https://www.bafu.admin.ch/bafu/en/home/topics/electrosmog/newsletter-of-the-swiss-expertgroup-on-electromagnetic-fields-a.html. Accessed April 2021.
Tillmann T, Ernst H, Streckert J, Zhou Y, Taugner F, Hansen V, Dasenbrock C. Indication of
cocarcinogenic potential of chronic UMTS-modulated radiofrequency exposure in an
ethylnitrosourea mouse model. Int J Radiat Biol 86(7):529-541, 2010.
US Environmental Protection Agency (USEPA). Reference Dose (RfD): Description and Use
in Health Risk Assessments. Washington, DC: USEPA, 1993.
US Environmental Protection Agency (USEPA). Proposed Guidelines for Carcinogen Risk
Assessments. EPA/600/P-92/003C. Washington, DC: USEPA, 1996.
US Environmental Protection Agency (USEPA). A Review of the Reference Dose and
Reference Concentration Processes. EPA/630/P-02/002F. Washington, DC: USEPA, 2002.
US Environmental Protection Agency (USEPA). Guidelines for carcinogen risk assessment and
supplemental guidance for assessing susceptibility from early-life exposure to carcinogens.
EPA/630/P-03/001F. Washington, DC: USEPA, 2005.
U.S. Environmental Protection Agency (USEPA). Update on Ramazzini Institute Data in IRIS
Assessments. Washington, DC: USEPA, 2013. https://www.epa.gov/iris/update-ramazziniinstitute-data-iris-assessments. Accessed April 2021.
Vanishree M, Mavvikar V, Rudraraju A, Reddy RKMP, Kumar NHP, Quandri SJM.
Significance of micronuclei in buccal smears of mobile phone users: A comparative study. J.
Oral Maxillofacial Pathol 22:448-452, 2018.
Vila J, Bowman JD, Figuerola J, Moriña D, Kincl L, Richardson L, Cardis E. Development of a
source-exposure matrix for occupational exposure assessment of electromagnetic fields in the
INTEROCC study. J Expo Sci Environ Epidemiol 27(4):398-408, 2017 (Erratum in: J Expo Sci
Environ Epidemiol 29:731, 2019; Erratum in: J Expo Sci Environ Epidemiol 29:860, 2019).

1509451.000 - 1728

136

May 3, 2021

Vila J, Turner MC, Gracia-Lavedan E, Figuerola J, Bowman JD, Kincl L, Richardson L, Benke
G, Hours M, Krewski D, McLean D, Parent ME, Sadetzki S, Schlaefer K, Schlehofer B, Schüz
J, Siemiatycki J, van Tongeren M, Cardis E; INTEROCC Study Group. Occupational exposure
to high-frequency electromagnetic fields and brain tumor risk in the INTEROCC study: An
individualized assessment approach. Environ Int 119:353-365, 2018.
Vijayalaxmi and Prihoda TJ. Genetic damage in mammalian somatic cells exposed to
radiofrequency radiation: a meta-analysis of data from 63 publications (1990-2005). Radiat Res
169(5):561-574, 2008.
Vijayalaxmi. Biological and health effects of radiofrequency fields: Good study design and
quality publications. Mutat Res 810:6-12, 2016.
Vijayalaxmi and Prihoda TJ. Genetic damage in human cells exposed to non-ionizing
radiofrequency fields: a meta-analysis of the data from 88 publications (1990-2011). Mutat Res
749(1-2):1-16, 2012.
Vijayalaxmi and Prihoda TJ. Comprehensive Review of Quality of Publications and Metaanalysis of Genetic Damage in Mammalian Cells Exposed to Non-Ionizing Radiofrequency
Fields. Radiat Res 191(1):20-30, 2019.
Vijayalaxmi, Foster KR, Miyakoshi J, Verschaeve L. Comments on the “Evaluation of the
genotoxicity of cell phone radiofrequency radiation in male and female rats and mice following
subchronic exposure” by Smith-Roe et al. Environ Mol Mutagen 61(2):291-293, 2020.
Wang R, Lagakos SW, Ware JH, Hunter DJ, Drazen JM. Statistics in medicine--reporting of
subgroup analyses in clinical trials. N Engl J Med 357(21):2189-2194, 2007.
Wang Y and Guo X. Meta-analysis of association between mobile phone use and glioma risk. J
Cancer Res Ther 12:C298-c300, 2016.
Wang P, Hou C, Li Y, Zhou D. Wireless phone use and risk of adult glioma: Evidence from a
meta-analysis. World Neurosurg 115:e629-e36, 2018.
Wdowiak A, Błachnio A, Raczkiewicz D, Misztal-Okońska P, Iwanowicz-Palus G, Bień A,
Zybała M, Bojar I. The influence of electromagnetic fields generated by wireless connectivity
systems on the occurrence of emotional disorders in women: A preliminary report. Neuro
Endocrinol Lett 39(8):550-560, 2019.
Wilén J, Johansson A, Kalezic N, Lyskov E, Sandstrom M. Psychophysiological tests and
provocation of subjects with mobile phone related symptoms. Bioelectromagnetics 27:204-214,
2006.
World Health Organization (WHO). International Programme on Chemical Safety (IPCS).
Environmental Health Criteria 170; Assessing Human Health Risks of Chemicals: Derivation of
Guidance Values for Health-Based Exposure Limits. Geneva: WHO, 1994.

1509451.000 - 1728

137

May 3, 2021

World Health Organization (WHO). WHO Human Health Risk Assessment Toolkit: Chemical
Hazards. Geneva: WHO, 2010.
World Health Organization (WHO). Draft WHO Environmental Health Criteria Monograph on
Radiofrequency Fields released for Consultation. Geneva: WHO, 2014.
Wright C, Milne S, Leeson H. Sperm DNA damage caused by oxidative stress: modifiable
clinical, lifestyle and nutritional factors in male infertility. Reprod Biomed Online 28:684-703,
2014.
Yang M, Guo W, Yang C, Tang J, Huang Q, Feng S, Jiang A, Xu X, Jiang G. Mobile phone
use and glioma risk: A systematic review and meta-analysis. PLoS One 12:e0175136, 2017.
Yoon S, Choi JW, Lee E, An H, Choi HD, Kim N. Mobile phone use and risk of glioma: A
case-control study in Korea for 2002-2007. Environ Health Toxicol 30:e2015015, 2015.
Zong C, Ji Y, He Q, Zhu S, Qin F, Tong J, Cao Y. Adaptive response in mice exposed to 900
MHz radiofrequency fields: Bleomycin-induced DNA and oxidative damage/repair. Int J Radiat
Biol 91:270-276, 2015.
Zothansiama, Zosangzuali M, Lalramdinpuii M, Jagetia GC. Impact of radiofrequency radiation
on DNA damage and antioxidants in peripheral blood lymphocytes of humans residing in the
vicinity of mobile base stations. Electromagn Biol Med 36:295-305, 2017.

1509451.000 - 1728

138

May 3, 2021

Literature identified but not cited
As SCENIHR notes, “In some areas where the literature is particularly scarce, it has been
considered important to explain why the results of certain studies do not add useful information
to the database” (SCENIHR, 2015, p. 22). Identified studies that have not been considered in
this report because they did not fulfill quality criteria are listed below:
Experimental Studies
Reference

Reason Not Included

Erdem Koç G, Kaplan S, Altun G, Gümüş H, Gülsüm Deniz
Ö, Aydin I, Emin Onger M, Altunkaynak Z. Neuroprotective
effects of melatonin and omega-3 on hippocampal cells
prenatally exposed to 900 MHz electromagnetic fields. Int J
Radiat Biol 92(10):590-595, 2016.

Incomplete data analysis; This study was rejected
for review by SSM (2018) because of incomplete
dosimetry.

Ibitayo AO, Afolabi OB, Akinyemi AJ, Ojiezeh TI, Adekoya
KO, Ojewunmi OO. RAPD Profiling, DNA Fragmentation,
and Histomorphometric Examination in Brains of Wistar
Rats Exposed to Indoor 2.5 Ghz Wi-Fi Devices Radiation.
Biomed Res Int 2017:8653286, 2017.

No exposure description, no randomized
assignment to treatment, no blinding, no
quantitative analyses.

Kivrak EG, Altunkaynak BZ, Alkan I, Yurt KK, Kocaman A,
Onger ME. Effects of 900-MHz radiation on the
hippocampus and cerebellum of adult rats and attenuation
of such effects by folic acid and Boswellia sacra. J Microsc
Ultrastruct 5(4):216-224, 2017.

No sham control and multiple other problems

Pandey N and Giri S. Melatonin attenuates radiofrequency
radiation (900 MHz)-induced oxidative stress, DNA damage
and cell cycle arrest in germ cells of male Swiss albino
mice. Toxicol Ind Health 34(5):315-327, 2018.

No sham control.

Pandey N, Giri S, Das S, Upadhaya P. Radiofrequency
radiation (900 MHz)-induced DNA damage and cell cycle
arrest in testicular germ cells in swiss albino mice. Toxicol
Ind Health 33(4):373-384, 2017.

No sham control.

Prado PGS, Santos MALD, de Sousa, AFSSF, Coelho M,
Takeshita, WM. Evaluation of genotoxic and cytotoxic
effects between different smart phone brands in the oral
mucosa epithelium. Oral Surgery, Oral Medicine, Oral
Pathology and Oral Radiology. 130,: e273-e274, 2020.

Abstract only.

Shahabi S, Hassanzadeh Taji I, Hoseinnezhaddarzi M,
Mousavi F, Shirchi S, Nazari A, Zarei H, Pourabdolhossein
F. Exposure to cell phone radiofrequency changes
corticotrophin hormone levels and histology of the brain and
adrenal glands in male Wistar rat. Iran J Basic Med Sci
21(12):1269-1274, 2018.

Poor exposure, no randomized assignment to
treatment, no blinding.

Yilmaz A, Yilmaz N, Serarslan Y, Aras M, Altas M, Özgür T,
Sefil F. The effects of mobile phones on apoptosis in
cerebral tissue: an experimental study on rats. Eur Rev Med
Pharmacol Sci 2014;18(7):992-1000.

Poor exposure; no randomized assignment to
treatment; no blinding.
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Paper appears to be reanalysis of data presented
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Epidemiologic Studies
Reference

Reason Not Included

Al-Qahtani K. Mobile Phone Use and the Risk of Parotid Gland
Tumors: A Retrospective Case-Control Study. Gulf J Oncolog
1(20):71-78, 2016.

Not a peer-reviewed publication; this study was
rejected by SSM (2018).

Carlberg M and Hardell L. Evaluation of Mobile Phone and
Cordless Phone Use and Glioma Risk Using the Bradford Hill
Viewpoints from 1965 on Association or Causation. Biomed Res
Int 2017:9218486, 2017.

This publication was rejected by SSM (2019)
for being a narrative review (i.e., secondary
research).

Hallberg O. Cancer incidence vs. FM radio transmitter density.
Electromag Biol Med 35:343-347, 2016a; Hallberg, O. Cancer
versus RM radio polarization types. Eur J Cancer Prev 25:357360, 2016b.

In their 2017 review, SSM noted that “[d]ue to
unclear methods (unclear selection of areas in
Sweden, unclear selection of European
countries), undefined source of transmitter
data, undefined source and undefined
underlying types of cancer data, lack of
individual exposure estimates, the study is not
informative as to an association of FM radio
transmitters and the types of cancer in
question” (p. 72).

Kjellqvist A, Palmquist E, Nordin S. Psychological symptoms
and health-related quality of life in idiopathic environmental
intolerance attributed to electromagnetic fields. J Psychosom
Res 2016;84:8-12.

Did not include any form of RF exposure
assessment; this study was rejected by SSM
(2018) for not in any way studying the
association between RF fields and a health
outcome.

Lin JC. Mobile-phone RF/Microwave exposure and memory
performance scores in adolescents. Radio Science Bulletin
366:32-35, 2018.

Not a peer-reviewed publication.

Martens AL, Slottje P, Smid T, Kromhout H, Vermeulen RCH,
Timmermans DRM. Longitudinal associations between risk
appraisal of base stations for mobile phones, radio or television
and non-specific symptoms. J Psychosom Res 112:81-89,
2018.

Study of associations between risk appraisal of
base stations and non-specific symptoms; this
study was rejected by SSM (2020) for not
studying non-ionizing electromagnetic fields
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Appendix 1
Summary of Animal DNA and
Chromosome Studies
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Study
Furtado-Filho et al. (2014)

Furtado-Filho et al. (2015)

Species
Rat

Rat

Deshmukh et al. (2015)

Sex
(Weight, g)
M+ F
(?)
M
Day 0
(5-6)
Day 6
(10-12)
Day 15
(22-32)
Day 30
(46-78)
M+ F
(?)
M
Day 0
(5-6)
Day 5
(10-12)
M
(150-200)

N/group
6

6

Frequency
950 MHz

SAR (W/kg)
Prenatal
0.03-0.01
0 days
0.88
6 DAYS
0.51
15 days
0.18
30 days
0.06

Duration
0.5 hr x
(21 prenatal + 0,
6, 15, 30 days)

Cytogenetic

Brain

950 MHz

Prenatal
0.35-0.55
0 days
1.32
6 days
1.14

0.5 hr x
(21 + 0, 6 days)

NO

900, 1,800, or 2,450 MHz

180

√

8

900 MHz

6-9

2.1 GHz

0.4

10, 40

√

M
(313)

8

2. GHz

0.0001414

12 mo

NO

Rabbit

M, F

9

1.800 MHz

0.018

Jeong et al (2018)

Mouse

14

1,950 MHz

5

NO- Brain
NO-TUNEL
NO

Jonwal et al (2018)

Mouse

12

2.45 GHz

0.09

30

Alkis et al. (2019a)

Rat

F
?
F
?
M
(283)

15 min/day
1 mo +
22 mo

7

900 MHz,
1,800 MHz,
2,100 MHz

0.638
0.166
0.174

2 hr/day
6 mo

M
(~282)

7

900 MHz,
1,800 MHz,
2,100 MHz

0.638
0.166
0.174

2 hr/day
6 months

M
(30-33)

3?

905 MHz

2.2

12 hr/day
1, 3, 5 wks

Mouse

Sahin et al. (2016)

Rat

Akdag et al. (2016)

Rat

Güler et al. (2016)

Alkis et al. (2019b)

Houston et al. (2019)

Rat

Mouse

M
(25)
F
(200–256)

Testes/Lung

7

3

NO

NO

↑10 days

√-Testis/No-

NO

Sharma and Shukla (2020)

NO
NO

NO
NO

√

NO-tm, ti/
NO-tm,√-ti/
NO-tm,√-ti/
Testis – NO

NO- γH2AX/

Sperm

NO tail
intensity/

Mouse

M/F
(20)

3-6
(pregnant
mice)

Ethylnitrosourea +
1,960 (UMTS)

0.04
0.4

24 hr
36 hr
72 hr

NO
NO
NO

NO
NO
NO

Rat

M
(120-150)

6

900 MHz

0.231

1 hr/day
2 hr/day
4 hr/day

√
√
√

√ tm, tl, % cells
√ tm, tl, % cells
√ tm, tl, % cells

90 days
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Smith-Roe et al., 2020*

Mouse

F

Smith-Roe et al., 2020*

Mouse

F

5C
15E
5C
15E

NO
NO
NO

/NO
/NO
/NO

1,900 MHz (GSM)

2.5-10

14 wk

NO#

NO

NO

NO

1,900 MHz (CDMA)

2.5 10

14 wk

NO#

NO

NO

NO

A-1

↓40 days

Lung

√ -Halo/
Lerchl et al. (2020)

Oxidation
(8-OHdG)

↓15 days
↑30 days

0.0005953
0.0005835
0.0006672
0.0548

Zong et al. (2015)

Comet Assay (SSB)
Liver
Blood
NO
0 days
6 days

√
√
√
√

√ Testes
√
√ -Sperm
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Study
Smith-Roe et al., 2020*

Species
Mouse

Sex
(Weight, g)
M

N/group
5C
15E

Frequency
1,900 MHz (GSM)

SAR (W/kg)
2.5 10

Duration
14 wk

Cytogenetic
NO#

Smith-Roe et al., 2020*

Mouse

M

5C
15E

1,900 (CDMA)

2.5-10

14 wk

NO#

Smith-Roe et al., 2020*

Rat

M

5C
15E

900 (CDMA)

1.5-6

19 wk

NO#

5C
15E
5C
15E
5C
15E

900 (GSM)

1.5-6

19 wk

900 (CDMA)

1.5-6

900 (GSM)
1,800 MHz,
2,100 MHz

Smith-Roe et al., 2020*
Smith-Roe et al., 2020*
Smith-Roe et al., 2020*
Alkis et al., 2021

Rat-

M

Rat

F

Rat

F

Rat

M
(280)

6

Brain

√

(only 10 W/kg)

√

NO

NO

√

(only 5, 10 W/kg)

NO

NO

NO#

(only 6 W/kg)
(only Hippocampus )
NO

NO

NO

19

NO#

NO

NO

NO

1.5-6

19

NO#

NO

NO

NO

0.62
0.2

2 hr/day
7 months

*Results also reported in NTP (2018a, 2018b, 2018c, 2018d); # Cytogenetic analyses not reported in Smith Roe et al. (2020) but in NTP (2018a, 2018b, 2018c, 2018d).
Acronyms and Abbreviations: √-, Yes, reported; ti, comet tail intensity; tm, comet tail intensity; hr, hour; C, control; E, exposed.
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Comet Assay (SSB)
Liver
Blood
NO
NO

A-2

√-ti
NO-tm, √-ti

NO-tm,

Testes/Lung

Oxidation
(8-OHdG)

√-Liver

