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Epidemiologic evidence on the relation between radio-frequency radiation (RFR) and cancer is reviewed. Radio-wave
communications are used extensively in modern society; thus, we are all subject to RFR created by radio, television,
wireless telephony, emergency communications, radar, etc. Interest in the health effects of RFR has been motivated
by the rapid growth in wireless communications and by media reports expressing concern that specific diseases
may be caused by RFR exposure, e.g., from cellular telephone handsets. Due to the ubiquitous presence of RFR,
the public health implication of any connection between RFR and cancer risk ispotentially significant. (It is important
to keep RFR distinct from power-line electromagnetic fields.) Comparison of potential risks from RFR exposure
with other occupational and environmental health risks requires evaluating the level of support from available epidemiol-
ogy, from studies with laboratory animals, and from mechanistic or biophysical information about the interaction
of RFR with living tissues. A large number of studies have been done with laboratory animals and with in vitro
systems; a more limited set of epidemiologic studies is available. Effects from RFR exposure that lead to temperature
increases have been consistently reported, but ‘non-thermal’ effects have not been substantiated. Also, there are
no mechanistic theories that support ‘non-thermal’ interactions with biology. Evidence to support a causal
relationship between exposure to RFR and human cancers is scant. Our present state of knowledge about exposure,
mechanisms, epidemiology, and animal studies does not identify significant cancer risks. Cancer Causes and Control
1997, 8, 323-332
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Introduction
The nature of radio-waves

Radio waves, also called ‘electromagnetic  waves,’  are
generated by electric charges that are rapidly accelerated
to and fro in the transmitting antenna. Any electric charge
generates an electric field, and if you oscillate a charged
particle rapidly enough, the electric field lines cannot
instantaneously reorient toward the new position of the
particle, resulting in ‘kinks’ in the electric field lines that
move outward at the speed of light. Magnetic fields also
are produced because moving charges produce magnetic

fields, so the total phenomenon is called ‘an electro-
magnetic wave.’ A good analogy is the wave pattern
produced in a lake by periodic disturbance of the surface.
The pushing up and down of the water at the source is
analogous to electric charges in an antenna moving up
and down, and the waves produced in the lake are analo-
gous to the electromagnetic waves propagating away from
a transmitting antenna. For example, radio-waves at a
frequency of 300 megahertz (MHz) are created by
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electrons rushing back and forth in the antenna at a rate
of 300 million back-and-forths each second, and these
waves move outward from the antenna at the speed of
light with a distance of one meter between wave crests
(i.e., the ‘wavelength’ at 300 MHz is one meter). Since
electric fields exert force on electric charges, when the
waves encounter electric charges at points distant from
the transmitting antenna, such as in a receiving antenna
or biologic tissue, they can cause weak electric currents.

When the frequencies of electromagnetic waves are in
the range of about 500 kilohertz (kHz; 500 kHz = 500,000
waves per second) to 2,000 megahertz (MHz; 1 MHz =
one million waves per second; 2,000 MHz = two billion
waves per second), the electromagnetic waves are called
‘radio-frequency waves’ or ‘radio-frequency radiation’
(RFR). Power-line electric and magnetic fields oscillate at
60 Hz, far below the frequency range of RFR, and infra-
red, light, and X-rays are examples of electromagnetic
radiation with frequencies  far above RFR  (Table 1).
Typical sources in the radiofrequecy range include: AM
broadcasting,  radionavigation (0.5-1.5 MHz); citizens
band, amateur radio (3-30 MHz); FM, VHF-TV broad-
casting, emergency radio (50-150 MHz); UHF-TV
broadcasting, mobile radio, cellular telephones (300-3,000
MHz); and radar, satellite communications, microwave
relay (3,000-300,000 MHz).

Modulation of RFR: analog cf digital

In ‘AM’ (amplitude modulated) radio, the radio frequency
‘carrier’ contains information in the pattern by which its
intensity is modulated, while in ‘FM’ (frequency modu-
lated) radio, information is contained in the pattern of
slight up and down shifts in the carrier frequency. Modern
wireless transmissions are often called ‘digital,’ in that the
carrier frequency and amplitude are changed in an abrupt,
step-like fashion. In every case, the carrier frequency is
many-fold higher than the signal frequencies imposed either
in continuous (analog) or digital modulation. It generally
has been assumed that any biological impact depends
upon the level of RF power at the carrier frequency, and
the RF power is independent of whether the carrier signal
is modulated in an ‘analog’ or ‘digital’ fashion. We

generally assume that the biological effect of any energy
in the radiofrequency spectrum depends most importantly
on the highest frequency components present in the wave.
In RFR, this is the carrier frequency itself, and the biological
impact of RFR generally has been characterized by the
average power contained in the carrier wave.

This situation is in contrast to the dosimetry of electric
and magnetic fields (EMF) from electric power lines,
which are called extremely-low-frequency (ELF) EMF.
For power lines, the radiated power is virtually nil, and
the electric and magnetic fields vary  slowly in  time,
compared with RFR. In the case of 60-Hz EMF from
power lines, the basic frequency is slow compared with
the frequency of (occasional) transients (10-100 kHz);
thus, ‘pulses’ and ‘transients’ may be biologically relevant.
Biological effects potentially may derive both from the
time-averaged 60-Hz field intensity and, separately, as a
function of the quantity and frequency of transients that
are  present  on the lines. But, as stated above, this is
different from the situation with RFR, where the distinc-
tion between pulsed and continuous modulation of radio
waves has little effect on the high-frequency content.

Evaluating the cancer potential of RFR

A sound understanding of the potential effects of occu-
pational and environmental RFR exposures requires that
we evaluate the RFR cancer question from a number of
perspectives:

• characterize the physical nature of RFR;

• explore plausible mechanisms of interaction
between RFR and biology;

• examine biological studies and epidemiology;

• evaluate the magnitude of the hypothetical RFR
risk in the context of other risks.

Characterization of exposure

RFR cf power-line extremely-low-frequency (ELF) EMF

Sometimes radio waves and power-line fields, both of
which are both ‘non-ionizing’ electromagnetic fields, are

Table 1 . Photon energies in the electromagnetic spectrum depend on the frequency of the waves

Region of interest Frequency (Hz) a Photon energy (eV) b Effect on matter

Soft X-ray 1018 Hz 1,000 Ionize molecules
Visible light 1015 Hz 2 Bend molecules
RFR: radar 30-300 GHz 0.0001 Vibrate molecules
RFR: TV/cellular 100-2,000 MHz 0.000001 ?
ELF-EMF (e.g., 60 Hz) 0-1 kHz 0.000…001 ?

a Hz = cycles per second; kHz = 1,000 Hz; MHz = 1,000,000 Hz; GHz = 1,000,000,000 Hz.
b eV = electron volt, the energy gained by a electron after accelerating over 1 volt.
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mistakenly considered to be synonymous, but it is
important to keep them separate. RFR and ELF-EMF are
two completely different entities. The purpose of RF
antennas is to transmit RF energy, and hence they are
rated by radiated power, e.g., ‘Watts,’ or, at distant
locations, ‘milliwatts per square centimeter’ (mW/cm2).
Power lines at 60-Hz are designed to keep the electric
power in the transmission lines (like water in a pipe), and
they ‘radiate’ (or leak) very little power – the power is
transmitted down the lines. The impact of 60-Hz EMF
is measured in the size of the electric or magnetic fields,
i.e., volts/meter (V/m) for electric fields, or milligauss
(mG) or microtesla (µT) for magnetic fields. Although
some home appliances produce elevated 60-Hz EMFs in
their vicinity, RFR  is not generated by typical  home
appliances such as lights, refrigerators, washing machines,
etc. The exceptions, the appliances that may produce RFR,
include microwave ovens, dimmer switches, cellular phones,
wireless phones, wireless nursery monitors, wireless toy
controllers, walkie-talkies, televisions, radios, personal
computers,  and  electric  motors  that contain  sparking
brushes. Certainly, any appliance (e.g., a hair dryer) that
causes interference or static with a radio or television is
producing RFR. As with 60-Hz EMFs, the RFR produced
by these devices becomes weaker with distance.

The issues debated with regard to hypothetical health
effects of 60-Hz EMF are not directly transferrable to
conclusions regarding health effects for RFR (and vice
versa). There are fewer epidemiologic studies examining
the association of RFR with  disease, but some RFR
reviews mistakenly list both radio and radar mechanics
in the same table as electric utility workers.1 For people
in urban areas, the total amount of RFR in the environ-
ment likely is dominated by local radio and TV stations,
with smaller contributions from emergency service
mobile radio such as for fire, police, ambulance, military,
and  from cellular telephone communication. National
health statistics provide little evidence to support the idea
that public health has suffered over the period of time
(say, 1940 to the present) in which radio stations, television
stations, and other sources of RFR have proliferated. In
1978, the Environmental Protection Agency (EPA) found
that the United States population exposure to RFR ranges
from 0.0001 to 10 µW/cm2, with a median of about 0.02
µW/cm2, with 98 to 99 percent of people residing in areas
where RFR is < 1.0 µW/cm2.2

The electromagnetic environment of humans

Humans generate electromagnetic fields both internally
and externally. Inside body tissues, the many electrical
activities of nerve and muscle cells are manifested in the
electrocardiogram, electroencephalogram, electromyelo-
gram, skin potentials, cell membrane potentials, neuronal
activity, etc., although these are far below RFR frequencies.

However, the mere collision between two molecules is an
electrical event, since it is electrical forces that prevent
matter from inter-penetrating matter, and these collisions
occur at 100 to  1,000 MHz  frequencies and  beyond.
Because of this vigorous electrical activity inside a living
human body, an important consideration in whether RFR
can influence cell function because the ‘signal’ induced
by weak RFR is below the natural, background ‘electro-
magnetic noise’ in the body. A number of exotic theories
have been proposed for ‘non-thermal’ RFR effects, but
none of these theories has panned out so far, and none
has been validated by means of laboratory experiments.

Humans also generate radiated energy externally by
virtue of the fact that they are ‘warm,’ and this heat energy
can be seen by an infrared camera even in total darkness.
Any object radiates energy in an amount that increases
with its absolute temperature. Humans, at a body
temperature of 37°C (98°F) have an absolute temperature
of 310 Kelvin (K). Thus, we all radiate energy over the
infrared region of the spectrum at such a rate that, near
your body, the radiated energy density is about 2,000
µW/cm2, which is manyfold higher than typical urban
RFR energy levels.

Most RFR standards have been developed from the
‘specific absorption rate’ (SAR), which is defined as the
rate at which RF energy is absorbed per unit mass, i.e.,
the ‘dose rate’ in watts per kilogram (W/kg). The absorbed
energy arises from the molecular and ionic agitation driven
by the electric field produced by RFR in body tissues.
The dosimetry of RFR recently has been reviewed.3,4 The
basic limits for whole body exposure in terms of SAR are
0.4 W/kg in occupational settings and 0.08 W/kg for general
public exposure.5 The fact that these are small amounts of
energy can be appreciated from the fact that, even for 0.4
W/kg, the amount of time required to deliver energy
sufficient to melt a block of ice would be about 10 days.a

Dosimetry for RFR is complicated by the fact that,
even when the incident  fields  are  uniform, the  SAR
distribution within the object can be non-uniform. The
SAR distribution depends not only on the characteristics
of the incident RFR, but also on the dielectric and
geometric characteristics of the absorbing object.3 Even
though typical exposure situations result in SARs below
0.01 W/kg, the peak SAR over one gram of tissue for
handheld radio transmitters and cellular telephones can
be as high as 0.25 W/kg.1 Even though SAR is associated
most commonly with heat production, it is also likely to
be the appropriate dosimetric quantity for other possible

a 1 Watt = 1 Joule/sec = 0.24 cal/sec. Melting of ice requires 80
cal/g, or 80,000 cal/kg. 0.4 W/kg delivers ~0.1 cal/sec per kg,
and the time required to deliver 80,000 cal per kg is 8.4×105

sec or 9.7 days.

RFR and cancer risk
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‘athermal’ effects also, because it relates to average values
of the internal fields and current densities.6 Exposure
limits to RFR have been developed on the basis of SAR.7

Cellular telephones

Cellular telephone technology provides two-way radio
communication at low levels of power due to the fact that
telephone ‘cells’ cover a smaller area than typical mobile
radio services such as police, fire, and ambulance
communications.8 Even though cellular telephones may
be a primary source of RFR exposure to individuals that
use them, turning over the 800-900 MHz portion of the
electromagnetic spectrum to cellular mobile radio services
rather than UHF-TV likely has resulted in a diminution
of overall public exposure. This portion of the spectrum
used to be allocated to UHF-TV (300-900 MHz), and the
antenna of a typical UHF-TV station can radiate 1,000,000
Watts. Cellular telephone base stations, in contrast,
typically radiate 2,000 watts or less. Even though there
are many more base stations for cellular services than
there are TV station antennas, population exposure would
decrease because the area over which there is excess signal
is decreased. That is, the TV antenna has to emit high
power to reach distant receivers, and, over a large area,
the power is much more than necessary for good recep-
tion. The principle of cellular radio-service base-antennas
requires that adjacent antennas not interfere with each
other and thus any given antenna has very limited range
and power. Hence, the amount of land area covered by
excess signal becomes less and less as the number of
cellular radio service antennas goes up and as the size of
individual cells decreases. In summary, increasing the
number of cellular base antennas does not lead logically
to increasing levels of public exposure to radiofrequency
power. However, the fact that the hand-held transmitting
devices normally are operated close to the head and brain
has given rise to considerable effort in determining the
areas of energy absorption in body tissues and comparing
them with baseline levels of energy production within
these tissues (discussed in the following section).

Biological interactions
Fundamental principles

Living organisms contain many charged ions, proteins,
and membranes; also, almost all the interactions of
biological molecules are electrical, at a fundamental level.
Since electric and magnetic fields exert force on electric
charges and currents, it would appear plausible that RFR
might modify biological functions. The strength of such
an interaction can be predicted with reasonable certainty,
because there is probably no scientific area that is as
thoroughly investigated, codified, and understood as the
interaction of ‘electromagnetism’ with matter. What
emerges from such an analysis is that the perturbation
from RFR outside the body is small compared with the
robust electric ‘noise’ that exists within the body as a
normal part of being alive.9 There are several ways to
appreciate how this conclusion comes about. The first has
to do with the fact that electromagnetic energy comes in
‘packets’ that physicists call ‘photons.’ Photon energy
depends directly on frequency and hence depends on
which part of  the electromagnetic spectrum  is  being
considered. A convenient energy unit for photons is the
‘electron-volt’ (eV), which is the energy that a particle of
unit charge  (e.g.,  an electron)  would achieve  as it is
accelerated through a potential difference of one volt. As
shown in Table 1, photons in the higher reaches of the
electromagnetic spectrum that include X-rays and gamma
rays can easily disrupt chemical bonds and remove electric
charges from molecules (‘ionize’ them). Thus, on a per
photon basis, it is the X-ray (and above) portion of the
electromagnetic  spectrum that is potentially the most
damaging to the function of proteins, DNA, and other
biological molecules. As we go down in the electro-
magnetic spectrum, the energy in the photons decreases.
By the time we reach RFR, the energy per photon is feeble
and molecules in living organisms cannot be altered by
RFR.

Another way to examine the question of energy input
by RFR into the body is to look at the amount of energy

Table 2 . The flux of electromagnetic energy is measured by power per unit area

Electromagnetic spectrum,
region of interest

Approximate energy flux,
microwatts per square cm

Effect on living organisms

Sunlight at the earth’s surface
at noon

135,000 µW/cm2 Add heat energy, store energy in molecular bonds

Infrared heat radiation from a
living person

2,000 µW/cm2 Add heat energy

RFR: typical upper bound urban
levels

2 µW/cm2 ?

Full moon, directly overhead 0.2 µW/cm2 ?
ELF-EMF: underneath 60 Hz

electric power lines
<< 0.0001 µW/cm2 ?
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flux provided  per unit area, as illustrated in Table  2.
Energy flux from various sources can be expressed as
microwatts (µW) per square centimeter (cm2). In terms
of total energy per unit area, the interaction of living
organisms with electromagnetic radiation is greatest in
the frequency range of sunlight, because this is where
most of the electromagnetic energy in our environment
can be found. The amount of energy available from RFR
is small (and, from power-line EMF, smaller still).

The total energy flux in and out of the human body is
another way of evaluating the biological impact of RFR.
One could imagine being continuously present at a loca-
tion were the RFR energy was the maximum allowable
by present-day standards. This amount of energy is small
compared with other gains and losses of energy from the
body. Table 3, shows that, even when we are at rest, we
generate (and lose to the environment) energy at the rate
of about 120 watts. The body’s basal metabolic rate is
about 24-times higher than the whole-body energy input
from maximum allowable levels of  RFR. Handheld
transmitters can result in local tissue levels of SAR being
larger than whole-body SAR. The whole-body average
metabolic rate per unit mass is about 2 W/kg (for heart
muscle it is 60 W/kg).10 For cubic-centimeter pieces of
tissue, at cellular telephone frequencies (900 MHz), the
peak SAR for an antenna 3 to 5 cm from the head has
been calculated to range from about 2.5 W/kg for each
watt of radiated power11 to about 1 W/kg for each watt
of radiated power.12 So, for a cellular telephone handset
radiating a time average power of 200 mW, the SAR in
small (1 g) pieces of tissue can be about 0.5 W/kg. The
calculations show that body tissues can absorb between
30 to 80 percent of the total radiated power from a cellular
telephone handset. Even so, the maximum rise in tissue
temperature expected from a local peak SAR of about 1
W/kg can be calculated to be less than 0.04°C during
continuous (> 6 min) RF absorption.13

Thermal cf non-thermal effects

Even though the total energy delivered to a person by
typical RFR levels is very small, one may ask if this energy
can be focused on a single molecule or a single living cell

in such a way that an effect is produced even though the
whole-body thermal effect is tiny. However, the dimen-
sions of the volume to which any electromagnetic
radiation can be concentrated is limited by the size of the
RFR wavelength. For example, visible light has a wave-
length that is smaller than living cells, so cellular features
can be examined with a light microscope. Cell structures
that are smaller than the wavelength of light cannot be
observed in a light microscope. An electron microscope,
which uses the much shorter wavelength of electrons, can
visualize subcellular structures and some proteins.

The frequency of cellular telephone transmissions is
about 900 MHz, and one can calculate that the wavelength
in air is about one foot. In body tissues, due to their higher
dielectric constant, the wavelength is about two inches.
The RFR energy from cellular telephones, consequently,
cannot be focused down to a smaller dimension than an
inch or so in size, which means that ‘hot spots’ at the
level of individual cells are not possible. RFR of longer
wavelengths (lower frequencies) would be even less
sharply focused. RFR of higher frequencies penetrates
poorly into  the body.3 Biological impact  generally  is
judged on the basis of the thermal impact. Although we
cannot rule out non-thermal effects of RFR in an absolute
way, biophysicists have not  yet  found a mechanism
describing whereby non-thermal effects occur, and non-
thermal effects have not been reproducibly demonstrated
in the laboratory.

Cumulative effects

One needs to consider whether a weak effect, over time,
can add up to a significant effect. In most cases the answer
is  no, because biologic systems  exhibit  thresholds of
effect. For example, a person whispering in an adjacent
room will not be able to communicate effectively, no
matter how long they whisper. Or, in summer, the noon-
day sun can give you a sunburn in a few hours, but you
can ‘sunbathe’ under the full moon (which is just reflected
sunlight) forever and not get a sunburn. If the ‘no effect’
threshold is not exceeded, damage does not accumulate.
Thus,  if a weak  exposure is below threshold, merely
cumulating the exposure is unlikely to increase the impact.

Table 3 . Approximate energy gains (absorption) and losses (radiation) for the human body

Absorption or radiation process Energy flux % of basal metabolism

Energy absorbed in full sunlight 200 Watts 170%

Whole-body, basal metabolic rate 120 Watts 100%

Whole-body, metabolic rate in heavy exercise 1,000 Watts 830%

RFR energy intercepted at maximum allowable
levels (e.g., ~½ mW/cm2 @ 850 MHz)

5 Watts 4.2%

60-Hz EMF energy absorbed directly under a
500kV, 1000A transmission line40

0.000…001 0.0%

RFR and cancer risk
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The RFR energies in typical environments would appear
to be below such a threshold.

Laboratory evidence

The challenge of making a causal connection between
RFR and human disease goes beyond the identification
of a plausible mechanism of interaction. The intervening
biologic steps between the transduction event and the
final production of disease also have to be filled in. Even
if a bioeffect could be initiated by RFR, the connection
to a disease endpoint requires the completion of a
multiplicity of intermediate steps. For both RFR and
ELF-EMF, the initial transduction  step  has not been
discovered, and moreover, the links between reported
‘effects’ and disease are far from clear.

The number of laboratory experiments that have
investigated RFR is quite large, and broad-based reviews
can be found elsewhere.14,15 A difficult problem of inter-
pretation revolves around the fact that many experiments
have used power levels leading to a perceptible rise in
tissue temperature, and hence it cannot be determined if
the effect is specific to RFR or a general hyperthermic
response. For example, using energy absorptions up to
4.4 W/kg of 2,450 MHz radiation, Balcer-Kubiczek and
Harrison16 reported that RFR enhances the transformation
of a mouse tumor-cell line. However, the enhancement
required co-exposure to an initiator (X-rays) and a tumor
promoter (TPA), and even then the elevation was on the
order of 1.2- to two-fold. The possibility of the cause
being a heating effect was not ruled out. Another study
at 915 MHz17 examined the growth of implanted cancers
in laboratory rats. In this case, tumor growth was not
enhanced and the exposure caused no increases in rectal
temperature; the authors concluded that their results did
not support the view that RFR exposure promotes tumor
cell growth.

Tumor promotion and progression has been the focus
of several studies. Wu and colleagues18 used an SAR of
10-12 W/kg on mice given DMH as tumor initiator and
TPA as a tumor promoter. The addition of RFR did not
alter the colon tumor yield at week 25, which was the
termination of the study. Szmigielski et al 19 reported that
benzopyrene plus microwave radiation resulted in accel-
erated growth of tumors in mice, but Santini et al 20 did
not find accelerated tumor progression in mice exposed
to microwaves after subcutaneous implantation of mela-
nomas. In a later publication, Szmigielski and colleagues21

reviewed RFR effects on immunologic and cancer-related
endpoints in animals and found some evidence for
’thermal’ effects, but little for ‘non-thermal’ effects. They
concluded:

“… it is still not possible to prove the existence and
character of specific molecular, cellular, or

system-related damages that may be evoked by the
exposure to low-level microwave or radiofrequency
fields. Most of the observed effects are inconsistent,
transient, and difficult to confirm and interpret.”

Rotkovska  and colleagues22 examined the biological
effects of police radar (34,000 MHz) in mice, but found
that none of  the  parameters  tested (peripheral blood,
cellularity of skin and cornea, differentiation in hema-
topoietic cells, and DNA synthesis) was affected to an
extent that would indicate the start of a pathologic process
or the risk of damage to genetic material. Recently, Adey
and colleagues23 reported experiments with laboratory
rats that had been treated with a  dose of a chemical
carcinogen (ethyl nitrosourea) and then exposed inter-
mittently to cellular telephone RFR for 24 months. They
found that the RFR had no enhancing effect on incidence,
type, or location of spontaneous nervous system tumors
in rats, and, in fact, the RFR animals had slightly reduced
tumor incidence and tumor size, compared with controls.

Overall, the RFR experiments suffer from many of the
shortcomings characteristic of ELF-EMF experiments.
First of all, there is a paucity of well-done, chronic, low-
level, animal exposure experiments. Second, most of the
experiments that have reported  effects have not been
independently replicated. And third, the actual exposure
metric or exposure condition (frequency, power, modu-
lation, co-exposure, etc.) that is likely to be important in
any low-level RFR adverse health effects is unknown. A
recent review5 concluded that

(1) “The scientific evidence indicates that exposure
to RF fields is not mutagenic and is therefore unlikely
to act  as an initiator of  carcinogenesis” and (2)
“Non-thermal effects are not well established and
currently do not form a scientifically acceptable basis
for restricting human exposure….”

Epidemiologic studies, occupational exposure

There have been few, if any, valid epidemiologic studies
that pertain directly to RFR exposures in typical ambient
environments. The World Health Organization (WHO)
review of occupational epidemiologic studies24 pointed
out that the validity of any associations is difficult to
assess because:

• “Most members of any population are exposed
to levels of RF that are orders of magnitude below
thermally significant levels.

• It is very difficult to establish RF exposure in
individuals over a meaningful period of time.

• Control of major confounders is very difficult.”

Studies of occupational, medical, transmitting-tower,
and military (radar) environments have been reported,
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but adequate assessment of RFR exposure has been a
problem. Amateur (Ham) radio operators also have been
studied as an ‘occupational’ exposure category. Not only
are the power levels speculative, often the studies do not
even give the RFR frequency. In one reported study of
testicular cancer, self reported exposure to microwaves
and other radiowaves yielded a significant association,
whereas an independent assessment of exposure by job
title did not.25 A study of Massachusetts Institute of Tech-
nology (MIT) Radiation Laboratory (USA) employees,
where exposure was well-characterized, demonstrated a
very strong healthy-worker effect.26 That is, the overall
survival of the (exposed) laboratory cohort was better
than that of a comparison cohort of physicians. An excess
cancer mortality was not found. A study of 40,000 US
Navy enlisted men, who were divided into potentially
exposed and unexposed categories, failed to show any
consistent patterns of differential health risks attributable
to radar exposure.27 Likewise, Silverman28 found no
significant differences between high- and low-exposure
groups for malignant neoplasms.

A study of amateur radio operators reported small
elevations in mortality  (standardized mortality ratios
[SMR] = 100-199) due to lymphatic and hematopoietic
neoplasms as correlated to license class;29 however,
whether the metric of exposure used (license class) relates
to RFR exposure is difficult to say. For many studies, any
relative risk identified cannot be associated with any one
aspect of the exposure/occupational environment. The
following quote from a study of US males with electrical
and electronics jobs illustrates the problem:30

“The present analyses initially suggested an elevated
risk of brain tumors among men with occupational
exposure to [RFR] that was due to an excess
mortality among those exposed for 5 or more years.
However, men who had [RFR] exposure in jobs not
involving electronic and electrical equipment design,
manufacture, installation, or maintenance did not
have a excess of brain tumor  risk.  In addition,
assemblers, who held electronics jobs but  were
presumably not exposed to [RFR], experienced
excess brain tumor risk. Elevated brain tumor
mortality appeared to be due primarily to excess
astrocytic tumor risk, which increased by duration
employed in electronics manufacture and repair jobs.
[ ... ] Because these jobs may involve a wide variety
of exposures, a specific etiologic agent cannot be
identified from the present data.”

Thus, the WHO24 found in 1993:

“In summary, the epidemiologic and comparative
clinical studies [of occupations] do not provide clear
evidence of detrimental health effects in humans

from exposure to RF fields.… Occupational
exposure to RF will be at higher levels than that
encountered by the general population, and, thus,
there is less likelihood of health effects in the general
population as a whole.”

Another recent review1 examined leukemia and brain
cancer outcomes in a variety of occupations that included
both RF and other electromagnetic field exposures (VLF
and  ELF). The authors concluded from the available
studies that:

“The link between some of the occupations [studied]
and actual exposure is tenuous, and results are
inconsistent over the studies.… Almost all of the
studies have the same weaknesses of no validated
RF exposure history, no data concerning other
exposures (for example, chemicals), and use of broad
occupational categories that may include many
persons not exposed to RF energy.”

Epidemiologic studies, nonoccupational exposure

In addition to occupations, some studies have examined
the effect of proximity to transmitting towers. In a study
that examined childhood leukemia, brain cancer,
Hodgkin’s disease, and non-Hodgkin’s lymphoma as a
function of distance from a microwave tower, no associa-
tions were found.31 Because of ubiquitous use of RFR in
radio and television,  and  because  RFR use  has  risen
dramatically over the last 50 years, one might expect to
see an impact in US National Health Statistics if there
were a causal RFR-cancer connection. No such impact is
readily apparent in the US32 or in Denmark.33

More recently, the rapid expansion in the number of
cellular telephone users  has raised concern that  this
segment of the population may experience the highest
levels of RF energy exposure because of the proximity of
the handset. The availability of billing records for cellular
telephone users has made possible the initiation of studies
that rely on these records to classify RF exposure. A
recent study examined the overall mortality during 1994,
for telephone customers whose accounts were at least
two or three years old.34 They found that the overall
mortality rates of handheld-portable and mobile cellular
telephone users were much lower than the general
population, especially in the older age categories. When
they compared portable (hand-held) telephone users cf
mobile (in-vehicle) telephone users, there was a slightly
lower rate of mortality for portable cellular-telephone
users, even though the expected RF exposure for this
group would be higher. The two main limitations of this
study are that cause-specific mortality could not be ad-
dressed, and there was a relatively short time between the
exposure to RFR and the mortality endpoints that were
measured.
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Regulatory environment

The setting of standards and regulations is a complex
procedure, and many consensus groups participate.
Health-protective standards are designed to protect the
general public, even sensitive sub-groups, against adverse
health effects from the exposures under consideration.35

In the case of RFR, the following groups have produced
statements, reviews, regulations, or guidelines:

American  Conference of  Governmental Industrial
Hygienists (ACGIH)

American National Standards Institute (ANSI), USA

Environmental Protection Agency (EPA), USA

European Committee for Electrotechnical
Standardization (CENELEC)

Federal Communications Commission (FCC), USA

Food and Drug Administration (FDA), USA

Institute of Electrical and Electronic Engineers
(IEEE), USA

International Radiation Protection Association
(IRPA)

International Commission on Non-ionizing
Radiation Protection (ICNIRP)

National Academy of Sciences (NAS), USA

National Council on Radiation Protection (NCRP),
USA

National Institute for Occupational Safety and Health
(NIOSH), USA

National Radiological Protection Board (NRPB), UK

Office of Engineering and Technology (OET), USA

Radiation Protection Bureau,  Health  and Welfare
Canada

World Health Organization (WHO).

These groups have examined a wide range of relevant
medical and scientific literature and have solicited the
input of panels of non-government experts, university
scientists, physicians, researchers at schools of public health,
and environmental groups. Although the conclusions of
all the separate reviews differ in detail, there is consensus
that the levels of RFR exposure typically found in urban
environments are not deleterious to human health.

Until recently, most RFR limits in the US were based
on the 1982 ANSI guidelines. An update was issued in
the 1992 ANSI/IEEE ‘C95.1-1992’ guidelines, which are
based on a whole-body 4 W/kg no-adverse-effect thresh-
old; applying a safety factor of 10 reduces this to 0.4 W/kg
(or  < 8 W/kg averaged over any  gram  of  tissue) for
occupational (controlled area) exposures.36 This energy
absorption translates  to radiated energy in the  most
restrictive frequency range (100-300 MHz) as an occupa-

tional limit of 1 mW/cm2 averaged over any six-minute
exposure period. At 900 MHz, the occupational exposure
standard is 3 mW/cm2. Over the 1.3 to 15,000 MHz range,
the general public (uncontrolled area) standards are one-
fifth of these occupational values, otherwise the two are
the same. The NCRP14 has similar occupational/public
standards as the 1992 ANSI/IEEE, except that it recom-
mends an averaging time of 30 minutes for all frequency
bands rather than the six minutes that 1992 ANSI/IEEE
requires in some frequency bands. A 30-min averaging
time would allow greater peak energy absorption than a
6-min averaging time.

Both the FDA and the EPA commented on the 1992
ANSI/IEEE proposed standards, urging various kinds of
changes. As with other standards, safety factors  are
applied, and sometimes there is disagreement as to the
precise size of these safety factors. The 1992 ANSI/IEEE
proposed standards are less stringent in high-frequency
(over 3,000 MHz) regions of the electromagnetic
spectrum than the old (1982) FCC Standards, and both
EPA and FDA were reluctant to accept any relaxation in
standards. The experimental database was not in dispute,
and the ‘no effect’ levels were not in dispute; moreover,
the review committee that developed the 1992
ANSI/IEEE standards could not find evidence to support
the previous limit. In any case, on 1 August 1996, the
FCC released a statement (FCC 96-326, 8/1/96) whereby
it adopted the 1986 NCRP standards for frequencies from
300 kHz to 100 GHz for general population/uncontrolled
exposure, with the limits for exposure in occupational/
controlled environments being five times higher, except
in the 0.3 to 1.34 MHz range, where both are the same.
The averaging time in occupational environments is six
minutes and in general public environments it is  30
minutes. For localized (partial body) exposure from low-
power devices designed to be used in the immediate vicinity
of the body, the FCC adopted the 1992 ANSI/IEEE
guidelines (1.6 W/kg over any one gram of tissue).

Relative risks

At the present time, a quantitative measure of cancer risk
has not been established, even at permissible occupational
levels of RFR exposure. The cancer risks of RFR exposure
are in a sense ‘doubly-hypothetical,’ because: (i) there are
no quantitative estimates of carcinogenic effects at (non-
thermal) occupational levels of exposure; and (ii) no viable
mechanism by which risks at elevated levels, even if they
were demonstrated, could be extrapolated to the low
levels of general public exposure. That is, there is uncer-
tainty as to whether any link with disease exists. This
inability to do a ‘risk analysis’ may be considered good
news rather than bad news. It means that the health effects,
if any, are small enough that they are buried in the ‘noise
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level’ of a multitude of other human risks.
Any discussion of potential RFR health-effects benefits

from a perspective on other hazards to life and health.
Of the US population (~250 million), approximately two
million people die annually. Of annual US deaths, heart
and vascular disease are responsible for about one-half,
and cancer is responsible for about one-quarter (Table 4).
Of the remaining deaths, the two largest components are
lung disease on the one hand, and accidents, suicide, and
homicide together on the other hand. Some examples of
lifetime risks for everyone, derived from actuarial statis-
tics are also shown in Table 4.37,38

Many potential sources of health risk vie for attention.

One has only to list issues such as chlorination of water,
trace contaminants in drinking  water,  food  additives,
pesticide residues in food, acid aerosols, the ‘ozone hole,’
global warming, ‘sick building’ syndrome, irradiation of
food, radon gas, mammography X-rays, ultrasound, power-
line EMF, and genetic engineering to realize the degree
of competition for our time and resources. In each case,
it is only by attempting to gain a quantitative under-
standing of these risks, however imperfect, that we can
begin to make rational choices on what efforts might be
most effective and worthwhile in improving our health.
Based on the available evidence, RFR levels within the
current (and past) FCC guidelines  would appear to
present negligible cancer risk.

Conclusions

Although increasing use of RFR appears not to have had
any deleterious impact on US national health statistics, it
is important to keep evaluating the scientific evidence as it
becomes available. The uncertainty surrounding possible

health effects of exposure to RFR has not disappeared
even after decades of investigation. This is likely due to
the fact that the reported effects are close to the ‘noise
level’ and cannot be either firmly established or dismissed.
Also, the lack of an accepted (non-thermal) mechanism
of interaction between RFR and living tissue has pre-
vented the formulation of clear, disprovable hypotheses.
Even so, currently available data allow some conclusions
to be made about the potential occupational and public
health impact of RFR exposure and its relationship to
other environmental and occupational health hazards.

At the present time, cancer risks from RFR exposure
would seem to be small and hypothetical. Recent
epidemiological analyses in Great Britain of 12 cancer
types in populations living near radio and television trans-
mitters found some evidence of a decline in adult leukemia
cases with distance from the antenna, but there was no
excess risk observed within 2 km of transmitters (O/E =
0.97). For childhood leukemia and the other cancer cases
examined, there was no trend in risk with distance from
the transmitters.41,42

Future research results have the potential to shed ad-
ditional light on the RFR question. The areas that could
benefit from attention are: (i) further analysis of possible
mechanisms of RFR interaction with biological systems;
(ii) carefully controlled, ‘double-blinded,’ low-exposure-
level experiments with human volunteers and laboratory
animals; (iii) continued epidemiologic monitoring of cellular
telephone users, with particular attention to identifying the
sub-group of ‘intense’ users; (iv) additional efforts toward
identifying cohorts of individuals exposed by proximity
to radio and television antennas; (v) identification and
study of military personnel with documented RFR
exposure.

In the context of evaluating and communicating infor-
mation on potential RFR health risks, undue anxiety can
be averted by emphasizing that our current knowledge
indicates that lifestyle, diet, genetic factors, and improved
healthcare have a far more significant effect overall on
human health than hypothetical risks such as RFR.39
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