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Radiofrequency (RF) waves have long been used for different types of information exchange via
the airwaves—wireless Morse code, radio, television, and wireless telephony (i.e., construction and
operation of telephones or telephonic systems). Increasingly larger numbers of people rely on
mobile telephone technology, and health concerns about the associated RF exposure have been
raised, particularly because the mobile phone handset operates in close proximity to the human
body, and also because large numbers of base station antennas are required to provide widespread
availability of service to large populations. The World Health Organization convened an expert
workshop to discuss the current state of cellular-telephone health issues, and this article brings
together several of the key points that were addressed. The possibility of RF health effects has
been investigated in epidemiology studies of cellular telephone users and workers in RF occupa-
tions, in experiments with animals exposed to cell-phone RF, and via biophysical consideration of
cell-phone RF electric-field intensity and the effect of RF modulation schemes. As summarized
here, these separate avenues of scientific investigation provide little support for adverse health
effects arising from RF exposure at levels below current international standards. Moreover, radio
and television broadcast waves have exposed populations to RF for > 50 years with little evidence
of deleterious health consequences. Despite unavoidable uncertainty, current scientific data are
consistent with the conclusion that public exposures to permissible RF levels from mobile tele-
phony and base stations are not likely to adversely affect human health. Key words: adverse health
effects, cell telephones, electromagnetic waves, mechanisms, mobile telephony, nonionizing, RF
modulation. Environ Health Perspect 115:416—-424 (2007). doi:10.1289/ehp.9633 available via
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A vast number of communication networks
interconnect societies worldwide, and cellular
wireless technology networks make up an
increasing fraction of this number. The pres-
ence of radiofrequency (RF) waves from wire-
less technologies has become ubiquitous.
Mobile telephony (construction and operation
of telephones or telephonic systems) is relied
on by > 1.4 billion people, or around 20% of
the world’s population. Given that the public
is frequently reminded that we are all sur-
rounded by ever-present electromagnetic fields
(EMFs), which some call “electro-smog,” it is
not surprising that some individuals and
groups express concern about possible health
effects from low-level, chronic exposure to a
variety of RF sources. To help address this
concern, the World Health Organization
(WHO) convened a “Workshop on Base
Stations and Wireless Networks” as part of its
“International EMF Project” to discuss the
state of the science in RF health effects. In this
article we provide a summary of several key
points addressed at the workshop.

RF waves have long been used for differ-
ent types of wireless broadcast, such as for
wireless Morse code, radio, television, and so
on. The radio-wave spectrum spans the fre-
quency range from about 0.5 MHz in the
AM radio band up to about 30,000 MHz in
the radar band. RF-emitting devices have
become commonplace in homes, offices, and
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schools. Table 1 lists examples of RF sources
contributing to the radio-wave background
in almost every modern-day location. The
actual RF level from each source depends on
the details of the exposure location (i.e., dis-
tance from the antenna), but the last column
lists whether the source is more ubiquitous
and universal (U) or more limited and local
(L); a “+” indicates that this source would
typically contribute a significant fraction of
ambient RF background levels. Even for
individuals in the vicinity of transmitting
antennas, surveys of RF levels report results
that are far below the applicable exposure
guidelines both in the United States (Burch
et al. 2006; Tell and Mantiply 1980) and in
Europe (Foster K, in press).

In addition to the increasing prevalence of
cellular telephones, there has been continuing
expansion of wireless Internet access, such as
WiFi, into homes, schools, workplaces, and
public areas. “WiFi” is an abbreviation for
“Wireless Fidelity,” and is used generically
when referring to any type of wireless technol-
ogy that supports local, over-the-air computer
communication via a wireless local-area net-
work (WLAN). Typically, the transmission
frequency is approximately 2.4 GHz, and
WiFi provides data-transmission rates in the
range of 1-50 Mbps (megabytes per second).
“WiMAX” is a long-range version of WiFi.
Cellular wireless technology is now capable of

delivering voice, text, images, music, and
other data to consumers everywhere, and it
relies on an extensive network of fixed anten-
nas, or base stations, for relaying information
using RF signals. The number of base stations
required increases with greater mobile phone
use (requiring extensive micro-cell or pico-cell
distributed antenna systems in urban areas),
with market competition (enabling more
operators to provide services), and with new
technological capabilities (e.g., 3G). 3G (or
3-G) is short for “third-generation” mobile
telephone technology. The services associated
with 3G provide the ability to transfer both
voice data (a telephone call) and nonvoice
data (e.g., downloading information, exchang-
ing email, and instant messaging).

The public, regulators, and scientists have
questioned whether there are possible health
consequences of this mushrooming mobile
phone technology, particularly because the
handset operates in close proximity to the
human body and because large numbers of
base station antennas are required. Although
the RF levels produced by base stations at
consumer locations are much lower than
those from use of the phone handset, the
more continuous exposure from base stations
has produced a greater public concern.

RF Exposure Levels

The total electromagnetic energy available, in
terms of effective radiated power from an RF
source (or antenna), varies widely according to
source type, as shown in Table 2. The visible-
light example (light bulb) is provided for
comparison, but its energy output is primarily
in the infrared and visible portion of the
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electromagnetic spectrum. Among RF sources,
cellular telephone base stations are at the low
end when considering the strength of the
source of RF power.

Radiofrequency exposure is typically
quantified as RF energy flux per unit area, for
example, watts of RF energy crossing a square
meter of area (W/n7). Alternatively, the inten-
sity of radiowaves can be given in terms of elec-
tric field intensity, where the units are volts per
meter (V/m). These two metrics are mathemat-
ically related to each other when considering
locations many wavelengths distant from the
antenna (or the RF source). That is, the energy
flux per unit area (8) is proportional to the
square of the electric field intensity (£):

S (Win?) = [E(VIm)12[377(VA W), [1]

For example, RF energy of 1 W/m? is equal to
19.4 V/m, and 10 W/m? is equal to 61.4 V/m
(because of the squared dependence between §
and F).

The relevant RF energy flux (in terms of
potential health impacts) is at exposure points
where people may intercept the RF energy, and
is measured in power per square meter of sur-
face area. A comparison of energy fluxes in this
regard is given in Table 3, which compares
both RF and non-RF sources. It can be seen
that more energetic electromagnetic waves (vis-
ible light, infrared waves) are normally present
at energy flux levels more intense than the
maximum allowable RF intensities in the cell
telephone band. In fact, our body surfaces radi-
ate sufficient infrared energy that they are easily
seen by “night vision” cameras. Because of

their warm temperature, our bodies also emit
RF energy in the microwave band (- 30-300
GHz) at about 0.003 W/m?2.

Table 3 also illustrates that the amount of
electromagnetic energy that is present due to
cellular telephones and cellular base stations is
quite small in comparison to both electro-
magnetic energy sources generally and RF
sources in particular.

Within the home and office environment,
a variety of other sources of RF energy are
used. Table 4 lists frequency ranges and maxi-
mum output powers from typical device
classes in home and office environments
(Kithn et al. 2006). The peak output power
represents the maximum peak output of the
investigated device classes. The International
Commission on Non-lonizing Radiation
Protection (ICNIRP 1998) identified allow-
able public exposure levels for electric field
(E-field) over these frequencies ranging from
approximately 30 V/m to 60 V/m.

Spot measurement data often show that,
where a particular RF source is the focus of
concern, other, less visually obvious sources
may give greater contributions to exposure.
The data also show that exposures vary greatly,
even at similar distances from base stations,
illustrating the dramatic effect of the local
environment on RF signals through physical
processes such as reflection, diffraction, and
mutual interference of signal elements travel-
ing through multiple, different paths (Ardoino
et al. 2004; Mann et al. 20006).

For assessing occupation RF exposure in
the context of base station antennas, a “com-
pliance boundary” can be used, defined so

Table 1. Typical RF sources contributing to modern-day radio-wave background.

RF Source

Frequency (MHz)  Exposure potential

AM commercial radio

lonosphere research programs (e.g., HAARP)
FM commercial radio

VHF commercial television (analog)?

UHF commercial television (analog and digital)

Maritime mobile, radiolocation, radio-navigation (e.g., LORAN)

Radar (aviation, marine, police)
Millimeter-wavelength radar (meteorological, military)
Satellite transmissions (global positioning, military)
Satellite transmissions (television)

Amateur (ham) radio operators, international short-wave broadcasts

Cellular telephones, analog
Cellular telephones, GSM (Asia, Europe)
Cellular telephones, digital

Dispatch radio: (pagers, aviation, marine, fire, emergency, police)
Fixed microwave links (computers, television, telephone, military)
Cordless telephones, baby monitors, wireless toys, wireless telemetry
Computer monitors, wireless computer connectivity, RF identification

tags (e.g., Bluetooth, WiFi)

Remote controls, light dimmer controls, door-openers, surveillance devices

Microwave ovens, diathermy machines
Industrial scientific and medical (ISM) band data links

RF naise (lightning, solar flares, fluorescent fixtures, neon lights, spark

ignition, power-line corona discharge)

0.5-17 U+
2.8-10 L
88-108 U+
54-88, 174-216 U+
512-700 U+
0.003-0.30 L
10,000-33,000 L
~ 100,000 L
220-400 U
4,000-6,000 U
~50 U
806-890 U
890-960 U
1,850-1,990 U
900-950 U
~>30,000 L
27-60, 900, 2,400, 5,800 L
~1,900, ~ 2,500, ~ 5,700 L
Broadband L
2,450 L+
~ 2,400, ~ 5,400 L
Broadband U

Abbreviations: +, those sources, among the ones listed, that typically contribute to the major fraction of total ambient RF
exposure; GSM, global system for mobile communications; HAARP, high-frequency active auroral research program;
LORAN, long-range radio navigation; L, localized RF sources; U, ubiquitous RF sources.

aThe VHF band is split into two parts, with FM radio in the middle.
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that for personnel outside the boundary, RF
levels are low enough to be in compliance
with relevant safety standards. The size and
shape of a given compliance boundary varies
with frequency, with type of antenna, and
with antenna power output. For a typical
base-station antenna running at 25 W, the
compliance boundary has the shape of a cylin-
der with a diameter of 3 m, and a height cor-
responding to the antenna height plus about
0.5 m. The height is centered on the antenna,
and the cylinder wall begins about 0.1 m
behind the radiative front of the antenna and
extends to about 2.9 m in front of the
antenna. This virtual space encloses the vol-
ume where the RF signal may be in excess of
ICNIRP occupational standards, but for all
distances outside this cylinder, RF levels are
low enough to be considered safe (Mild et al.
2000). By comparison, in occupations such as
“plastic sealers,” RF levels can be considerably
higher than in the close vicinity of base anten-
nas (Wilen et al. 2004).

Both measurement surveys and theoretical
predictions show that RF levels from base sta-
tions and wireless technologies generally
decrease with distance from the device (with
focused antenna arrays, maximum ground
level RF is 50-300 m from the antenna base).
That is, the greater the distance from the
antenna, the lower the RF. Under conditions
typical for public exposure to base stations and
for wireless consumer devices, the RF energy
fluxes are > 100-fold below international RF
guidelines for public locations. However, in
very close proximity to base-station antenna
elements under occupational conditions (i.e.,
when performing maintenance on an operat-
ing antenna), or immediately adjacent to wire-
less local area network (LAN) and Bluetooth
transmitters, there is the possibility that RF
absorption limits for the general public may be
exceeded (Kiihn et al. 2006). Thus, there is a
need to ensure that, under normal operating
conditions, these devices comply with the
international limits. In the case of nonoccupa-
tional exposure to RF from base stations, the
most common circumstance is that the contri-
bution of base stations to a person’s total RF
exposure is minimal. (“Bluetooth” is a term
generally designating digital wireless commu-
nication among personal-computer-associated

Table 2. Approximate radiated-power emission
strength for sources of electromagnetic waves.
Energy (W)

Cellular telephone handset ~06
Single light bulb (visible and 100
infrared waves)

Source

Single ham radio antenna 1,000
Array of cellular phone 1,200
base station antennas
Typical AM radio station transmitter 50,000
Typical FM radio station transmitter 100,000
Typical UHF TV transmitter 1,000,000
417
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devices—i.e., “digital enhanced cordless
telecommunication” between laptops, per-
sonal computers, personal digital assistants,
cell phones, printers, digital cameras, etc. The
name “Bluetooth” refers to the 10th-century
king of Denmark, King Harold Bluetooth,
whose diplomacy led warring parties to nego-
tiate with each other. The inventors of the
Bluetooth technology thought this a fitting
name for a technology that allowed different
devices to talk to each other.)

Mechanisms for RF Effects,
and Role of RF Modulation

Cellular telephone radio waves transmit
information that is encoded into electromag-
netic waves by means of “modulation,” which
refers to the patterns of change in the fre-
quency and/or amplitude of the RF carrier
wave. As cellular telephone technology has
advanced, the modulation patterns have
become increasingly complex, and the ques-
tion arises as to whether a high-frequency
modulated RF wave might have greater poten-
tial for health effects than a pure sinusoidal RF
wave. The applicability of fundamental
physics to all systems, and particularly to biol-
ogy, permits one to conclude that modulation
is unlikely to lead to unexpected RF interac-
tions with ions, molecules, cells, and organ-
isms—i.e., interactions substantially different
from unmodulated RF (Valberg 20006).

Modulation introduces a spread of fre-
quencies into the RF signal, but the frequency
bandwidth of the net RF signal generally
remains a small fraction of the central, carrier
frequency. This means that the most represen-
tative frequency range for modulated electro-
magnetic waves is that of the (high-frequency)
RF carrier, not the (low-frequency) modula-
tion pattern. Even though the power of the
RF signal may vary in step with the modula-
tion frequency, the transmitted RF spectrum
contains no electromagnetic waves at the
modulation frequency. Characteristics of the
bandwidth, carrier wave, and modulation
depth for some typical RF sources are summa-
rized in Table 5.

As Table 5 illustrates, parameters of
potential biological significance include the
frequency content of the signal (ratio of
modulation frequency to carrier wave fre-
quency), the ratio of peak-to-average RF wave
amplitude, the central frequency of the RF
(carrier wave), and the modulation frequency
(typically ~ 0-10 kHz).

Tumorigenicity studies in laboratory ani-
mals provide some insight as to the biological
effects of RF modulation and of RF exposure
generally. Elder recently reviewed 36 publica-
tions that reported tumorigenicity assays in
rodent species, after RF exposure in the fre-
quency range applicable to mobile telephony
{Elder JA, personal communication; [these
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studies are in the WHO EMF Database
(WHO 2006a)]}. Table 6 summarizes the
results of Elder’s compilation of the animal
tumorigenicity literature, grouped by type of
RF modulation and with each result at a dif-
ferent frequency, different modulation, or dif-
ferent power level counted as a separate “test,”
resulting in 68 separate tests in the 36 publica-
tions. The species were primarily mouse and
rat, and the RF frequencies ranged from 435
MHz to 9,400 MHz. Table 6 also lists the
modulation types tested by the investigators.
Table 6 reveals a preponderance of null
results, and Elder observed that the more
recent, better-designed studies were overall
negative. For the seven positive outcomes,
the authors of the studies were not able to
conclude that any given positive result fully
met criteria of validity such as dose response,
consistency, and reproducibility. It should
be noted that, when testing at a p < 0.05

significance level, for 68 tests, about three to
four positive results would be expected by
chance alone. These data do not tend to sup-
port the idea that modulated RF is more
potent than non-modulated RF, because
three results reaching p < 0.05 appeared in 15
tests of nonmodulated RE (CW only), i.c.,
20%, whereas the remaining 4 results reach-
ing p < 0.05 appeared in 63 tests of modu-
lated RF, i.e., 6%. Overall, the weight of
evidence in animals exposed for extended
periods, up to lifetime exposures of 2 years, at
a variety of frequencies and modulations, sug-
gests that exposure to modulated RF does not
increase risk of tumor development (Elder JA,
personal communication; Dasenbrock 2005).
Mechanistic considerations are central to
examination of the role of modulation in bio-
logical effects of RF because living organisms
rely on the same physical laws that govern all
systems (Durney and Christensen 2000).

Table 3. Incident energy from a broad spectrum of sources of electromagnetic energy.

Source

Energy flux (W/m?) Electric field (V/m)

Sunlight at noon?

1'mfrom a 1,500-W electrical heater unit?

On black body surface at 37°C (Aay ~ 10 pm)©
Microwave oven, RF leakage standard

1 m from a 100-W light bulb?

Cell telephone (2 GHz) public guideline®

Cell telephone (850 MHz) public guideline®

RF levels near cellular base antenna (calculated)
Average urban RF levels, TV and radio”

Average urban RF levels, cellular telephony’

1,370
480
520
50 140
8
10 61
43 40
0.05 43
0.4-0.7
0.1-03

aThe average amount of solar energy reaching the earth’s atmosphere is defined as the solar constant = 1,370 W/mZ
bAssuming that a reflector behind a 1-m-long heating element directs the 1,500 W of energy into the half-cylinder in front
of the heater, the surface area at 1-m radius is 3.14 m%, so 1,500 W divided by 3.14 m2 is 477 W/mZ. “Wien's Law states that
the wavelength, A, at which most power is radiated by a body at temperature T is A = 2898/T = A (um), where T is degrees
Kelvin and the wavelength is given in micrometers. The Stefan-Boltzmann Law states that the energy flux from a black
body at temperature T is given approximately by ®, where ® = o T* W/m2, where o is the Stefan-Boltzmann constant (5.67
x 1078 W/[m?K*]). YAssume spherical radiation, at 1 m, the surface area is 4r? = 12.6 m2 Hence, 100 W/12.6 m? = 8 W/mZ
e|CNIRP reference level for general public exposure (ICNIRP 1998). fAnglesio et al. (2001).

Table 4. Sources and levels for indoor RF-communications technologies.

Peak output Max E-field
Technology RF range (MHz) power (mW)  at 20 cm (V/m)
Digital enhanced cordless telecommunications 1,880-1,900 250 115
Wireless peripherals interconnection (Bluetooth) 2,402-2,480 100 3.1
Wireless LAN (IEEE 802.11b/g) 2,400-2,484 100 39
Wireless LAN (IEEE 802.11a/h) 5,250-5,350, 5,470-5,725 200 39
Wireless personal computer peripherals 27-2,400 10 <15
Baby surveillance devices 27-2,400 500 8.5
Cellular telephone base station RF in proximity of 900-1,800 — 0.1-1.0

residences?

Abbreviations: IEEE, Institute of Electrical and Electronic Engineers, Inc.; Max, maximum.
aTypical E-field levels in proximity to cellular telephone base stations (< 200 m) (Coray et al. 2002).

Table 5. Modulation characteristics of RF fields in different applications.

Typical Ratio, BW/CW Peak/avgerage

Technology modulation frequency amplitude Examples [CW frequency (GHz)]

AM broadcasting Amplitude Very small << 1 ~2 AM radio (~ 0.001)

FM radio and television Frequency Very small << 1 ~1 FM radio (~ 0.1)

Mobile communications Pulse and Very small << 1 ~10 UMTS, TETRA, GSM, TDMA, CDMA,
frequency (~0.4-2)

Radar Pulse Modest < 1 100 Airport radar (~ 4)

Ultra-wideband, spread Short pulse Large ~ 1 100 Military applications (~ 2—20)

spectrum

Abbreviations: BW, bandwidth; CW, carrier wave. Adapted from Foster and Repacholi (2004).
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Physics forms the basis of chemistry, which
forms the basis of biology, which forms the
basis of medicine. Hence, even though moving
up this progression is marked by an increase
in complexity, each successive layer must obey
the fundamental laws found to be valid for
the layer below. The most fundamental level
rests on the laws of physics, which have been
exhaustively validated by experimentation and
through internal consistency. The principles
behind radiofrequency waves—namely,
Maxwell’s laws of electromagnetism—are
accepted to be invariant in time and space,
and their accuracy in describing the interac-
tions between electromagnetic fields and mat-
ter underlies the functioning of virtually all
technology. No exceptions have been found
despite constant challenges. Likewise, physics
has been found to be valid in complex sys-
tems, encompassing chemistry, biology, tech-
nology, and medicine (Polk and Postow
1996). Simple conservation laws (e.g., energy,
motion, charge, momentum) are universally
applicable, and biology is no exception.

Any biological interaction mechanisms
capable of detecting the difference between a
modulated RF signal and an nonmodulated
RF signal must be either be ) fast enough to
respond to and detect changes in the central

RF frequency, or &) sensitive to the RF power
changes occurring at the modulation fre-
quency. For a), scientists have not been able
to identify biological structures capable of the
necessary high-frequency RF tuning or band-
width discrimination. For 4), being sensitive
to the power changes in the signal would
require a biological structure that is nonlinear
at low power levels (i.e., that can “rectify” the
RF), which has not as yet been identified by
biologists or anatomists. If “rectification” by
biological structures were to occur, it remains
difficult to envision how a tiny amount of
modulated RF power, occurring at “nonther-
mal” levels below existing exposure RF stan-
dards, would lead to deleterious effects on
biological systems. Living systems have con-
siderable thermal output, overall thermal iner-
tia, and efficient thermal regulation. Those
nonthermal mechanisms that rely on nonlin-
ear responses (e.g., breakdown of the cell
membrane) have high RF—electric-field
thresholds. RF levels capable of electropora-
tion would in themselves produce hazardous
tissue heating (Adair et al. 1997).

For RF energy to change physiological
function, initiate dysfunction, or cause the
onset of disease in humans or animals there
must exist a mechanism by which the physical

Table 6. Modulation schemes tested for tumorigenicity in animal models {Elder, personal communication
[all the studies are in the WHO EMF Database (WHO 2006a)]}.

Type of No. of Effect on tumor incidence
MHz, central frequency modulation tested tests made Increase No increase
800-9,400 cw 15 3 12
915 AM 5 0 5
836-903 FM 4 0 4
435, 2,450 PW 3 1 2
848, 1,763 CDMA 5 0 5
849 DAMPS 1 0 1
836 FDMA 1 0 1
900-902 GSM 22 3 19
836-1,500 TDMA 9 0 9
1,616 Iridium 2 0 2
5,680 UWB 1 0 1
Total no. of tests 68 7 61

Abbreviations: AM, amplitude modulated; CDOMA, code division multiple access; CW, carrier wave (unmodulated RF);
DAMPS, digital advance mobile phone system; FDMA, frequency division multiple access; FM, frequency modulated;
GSM, global standard for mobile; PW, pulsed wave; TDMA, time division multiple access; UWB, ultra-wide band. Iridium
is satellite telephony.

Biological
response Cell
dysfunction

RF Cell signal
Transduction

Interaction

Signal
cascade or
amplification

Progress toward
disease

Modify
molecules,
membranes, or
ion currents

Changes in
cell behavior

RF force,
induced current
metric

Within
reserve
capacity,
no effect

Adverse effect

Signal within
Not perceptible by cells normal variation  Sensory effect

Below noise No amplification triggered No functional Neutral effect Transient,
No transduction consequences  Npo adverse effects reversible, Repair,
no effect adaptation,
no effect

Figure 1. The causal chain leading from an exposure to disease has multiple steps, each of which may or
may not trigger the next step. For RF interactions with molecules, cell structures, or tissues, the transduc-
tion mechanism is a crucial first link in the causal chain. By definition, the electric and magnetic fields in
RF waves can exert force on electrically charged particles.
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forces exerted by electric and magnetic fields
on charged particles alter molecules, chemi-
cal reactions, cell membranes, or biological
structures (Parkinson 1985). RF is a physical
not a chemical agent, and the biological plau-
sibility of initiating a process that leads to
adverse health effects must be assessed with
this in mind. The initial physical step is illus-
trated in the following causal chain by which
RF interaction effects could occur:

RF = Matter (physics) =
Molecules (chemistry) =
Organisms (biology) = Disease

This process is illustrated in more detail in
Figure 1. Biological processes in living organ-
isms include many interactions among electric
charges (on ions, molecules, proteins, and
membranes). Hence, it is clearly possible that
exposure to RF, the electromagnetic fields of
which can exert forces on fixed and moving
charges, might have the potential to modulate
biological function. For RF to cause or exacer-
bate disease in humans, the RF electric fields
would have to trigger an initial transduction
step, and then also begin a cascade of sequen-
tial steps that leads to a disease outcome. As
Figure 1 illustrates, the causal chain would
begin with human exposure to RF. To com-
plete the first step, RF would interact with
biological molecules (or structures) in such a
way as to alter their size, shape, charge, chemi-
cal state, or energy. In this initial “transduc-
tion” step, some absorption of RF energy must
occur or there can be no effect.

Figure 1 shows that, for observable bio-
logical (and possibly health adverse) effects
to follow transduction, sequential events at
the molecular, cellular, and tissue level are
required. Each step can lead to a variety of pos-
sible end points, and only certain outcomes
lead farther down the causal chain. The out-
come “Progress toward disease” in the upper
right corner (Figure 1) is only one of many
possible outcomes, and it requires specific trig-
gering of intermediate steps. There are multi-
ple points in the causal chain where the signal
produced by a weak preceding step might be
within normal variations and, therefore, may
well have no further functional consequences
beyond this point in the causal chain.

For low levels of RF (nonthermal levels)
the first, mechanistic or transduction step in
the multistep pathway has eluded intensive
scientific search (Veyret 2006). Even the well-
known “hearing effect” for pulsed high-level
microwaves (Aran et al. 2004; Elder and
Chou 2003) is based on small thermal fluctu-
ations, even though the time-averaged ther-
mal input is nil. Because the health and
viability of the human body depends in a fun-
damental way on the normal structure and
function of large molecules (e.g., proteins,
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nucleic acids, carbohydrates, and lipids), any
proposed RF mechanism must predict how
RF could interfere with or modify the normal
synthesis, function, or degradation of these
molecules. The RF interaction mechanism(s)
would then predict thresholds of exposure
effectiveness in terms amplitudes, frequencies,
time of onset, intermittency of exposure,
homogeneity/heterogeneity of amplitudes and
frequencies, exposure duration, transients,
polarization, and so on. Moreover, mechanis-
tic understanding would address the possibil-
ity that children may react to RF more
effectively than adults. However, our current
understanding does not bear out this hypoth-
esis (Christ and Kuster 2005).

The magnitudes of endogenous forces that
are known to act at the cellular level to modify
protein structures have been measured and can
serve as a basis for comparison to forces pro-
duced by RF fields (Titushkin and Cho 2006;
Valberg 2006). Thus, the mechanistic con-
straints on having observable, force-generated
effects on biological systems can be appreciated
by ranking electric field forces from RF signals
relative to forces normally generated (or
sensed) by molecules in living systems. Using
the electric field strength in tissue correspond-
ing to a specific absorption rate (SAR) of
2 W/kg, which is the maximum level allowed
for cell telephones (averaged over 10 g of tis-
sue), we can estimate the associated internal
electric field to be ~ 45 V/m at 1 GHz. In eval-
uating possible bioeffects of this electric field, a
useful unit of force is the piconewton, which is
one-trillionth (10712) of a newton (N) of force.
The weight of 1 cm? of water (mass = 1 g) is
~0.01 N. The mass of a human cell, approxi-
mately 10 pm in size would be 10~ g, and
would weigh (in air) approximately 10~1! N,
or 10 pN. Considering a protein molecule that
has 100 unbalanced electric charges (+ or ),
we can calculate the maximum force of
45 V/m on this molecule to be ~ 0.0007 pico-
newtons (pN). This is > 10,000-fold smaller
than the smallest forces known to modify pro-
tein molecule function. For example, the elec-
tric force on a 100-fold-charged protein
molecule embedded in the cell membrane
would be about 160 pN, because of the electric
field from the normal resting cell-membrane
potential (- 70 mV over 7 nm). That is, typi-
cal cell membrane voltages result in robust
electric-field forces on cell-membrane pro-
teins, which are known to modify function,
such as open and close ion channels. Forces
10,000 times smaller can be expected to be
without effect.

Examination of the magnitude of the pos-
sible biophysical interactions (thermal, pho-
ton, force) of electromagnetic fields with
living matter shows that, under modulated
RF exposure conditions allowed by the cur-
rent safety limits, there does not appear to be
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an overlooked hazard specific to RF modula-
tion, with the possible exception of RF in the
form of very short, high-intensity pulses, which
are far more energetic than any pulses encoun-
tered in cellular telephone technology (Adair
2003; Challis 2005; Foster and Repacholi
2004; National Council for Radiation
Protection 2003). For RF levels below the
established standards (modulated or not), sci-
entific research has not identified reproducible
and plausible mechanisms by which biological
effects can be caused in living systems. Because
of the safety factors built into guideline levels,
even RF somewhat exceeding permissible lev-
els would yield amounts of thermal energy
absorbed that are within the adaptive capacity
of the body, and would not be likely to lead to
disease (Ebert et al. 2005).

Consideration of the possible mechanisms
by which mobile-telephony RF can interact
with the body does not reveal a means by
which modulated RF, specifically, could lead
to adverse effects.

Lines of Evidence on Possible
RF Health Effects

Cancer. Most cellular studies indicate an
absence of effects on DNA, and generally
biological data, including results from ani-
mal studies, do not demonstrate an increased
risk of cancer from exposure to RF fields
(Vijayalaxmi and Obe 2004). Reassuringly,
with respect to base station RF fields per se, the
levels of exposure are very low compared with
those at which biological effects of any kind
have been observed. However, because some
biological experiments continue to suggest new
possibilities for RF interactions, more scien-
tific research is called for. It has been pointed
out tha, if one were proposing new chemicals
for commerce or new pharmaceuticals, the
quality of most available RF studies would not
be acceptable for registration with the respon-
sible authorities (Dasenbrock 2005).

The ongoing INTERPHONE collabora-
tion is a multicenter, comprehensive study on
mobile phones and cancer. It is coordinated
by the International Agency on Research on
Cancer (IARC), a specialized cancer agency of
the WHO, and researchers in 13 countries are
taking part using a common protocol. The
INTERPHONE protocol is a population-
based, case—control study correlating head
and neck tumors with mobile-phone use by
persons 30-59 years of age who reside in the
study regions. Exposure assessment is reliable
because it is based on individual records of
cell phone use. Because of pooling of data
from all participating centers, the study is sta-
tistically powerful.

For example, the risk of acoustic neu-
roma in relation to mobile phone use has
been assessed via six population-based,
shared-protocol, case—control studies in four

Nordic countries and the United Kingdom.
The authors concluded that there was no asso-
ciation of risk with duration of use, lifetime
cumulative hours of use, or number of calls,
for phone use overall or for analogue or digital
phones separately (Schoemaker et al. 2005).
Recent results from INTERPHONE have
reported lack of brain tumor or acoustic neu-
roma risk in Japan (Takebayashi et al. 20006),
Germany (Berg et al. 2006; Schuz et al. 2006),
and in a meta-analysis of five Northern
European countries (Lahkola et al. 2007).

There have also been other studies of
mobile telephone users, particularly on brain
tumors (and less often on other cancers and
on symptoms). Results of these studies to date
give no consistent or convincing evidence of a
causal relation between RF exposure and any
adverse health effect (Ahlbom 2006; Ahlbom
etal. 2004; Lonn et al. 2005). A 4-year British
survey released in 2006 showed no link
between regular, long-term use of cell phones
and the most common type of brain tumor,
glioma (Hepworth et al. 2006). A German
study did find an elevated risk of glioma in
long-term users, but the increase was not sta-
tistically significant. The authors concluded
that no overall increased risk of glioma or
meningioma was observed among these cellu-
lar phone users (Schuz et al. 2006).

Another approach that has been used is to
compare temporal trends in disease rates with
temporal trends in prevalence of cell phone
use. For example, trends in acoustic neuroma
incidence in England and Wales were found
not to lag behind trends in cell phone use in a
correlated fashion (Nelson et al. 2006).
Because increases in acoustic neuroma inci-
dence predate or parallel rates of cell phone
use, they likely reflect changes in reporting
and diagnosis, and the temporal trends go
counter to what would be expected if RF
exposure played a role.

Several epidemiologic studies of potential
cancer risk have used proximity to commer-
cial broadcast transmission towers as the
measure of RF exposure. However, individual
RF exposures are not necessarily related to
distance. None of these epidemiologic studies
has provided sound evidence that RF expo-
sure from the transmitters increased the risk
of cancer or any other health effect [see sum-
mary by Jauchem (2003)]. The reporting of
cancer “clusters” around RF broadcast trans-
mitters and mobile phone base stations has
heightened concern among the general pub-
lic, but given the random nature of the distri-
bution of cancers in the population it is not
surprising statistically that such clusters
should appear. Also, given the ubiquity of
base stations, one would expect that a base
station being near existing cancer clusters is a
likely occurrence. Hence, reliable scientific
evidence on how the distribution of cancer
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and other diseases in the population might be
related to environmental factors (e.g., cellular
telephone RF exposures) can best be obtained
through carefully planned and executed epi-
demiologic studies such as INTERPHONE.

Noncancer health effects. Some changes
have been reported in relation to cardiovascu-
lar function, but these findings have been in
operators of broadcasting stations (Vangelova
et al. 2006). From the weight of evidence and
the very low exposure levels associated with
base stations, there is no clear evidence of any
adverse effect from such exposures (Feychting
2005; Feychting et al. 2005).

Potential neurologic and behavioral
effects. Laboratory studies with volunteers
have investigated whether low-level exposure
to RF fields associated with mobile phones
can affect brain function and behavior.
Reported reactions to assumed RF exposure
include a wide variety of nonspecific symp-
toms. Most commonly reported symptoms
are sleeplessness, fatigue, dizziness, digestive
disturbances, and concentration difficulties.
By and large, well-controlled and -conducted
double-blind studies have shown that symp-
toms are not correlated with RF exposure.
There are also some indications that these
symptoms may be caused by preexisting con-
ditions such as stress reactions resulting from
worrying about perceived RF health effects
rather than the RF exposure per se. To date,
only subtle and transient effects have been
reported, and any implications for health
remain unclear and unlikely (Cosquer et al.
2005). Exposures used in these studies are
similar to those to the head from mobile
phone use, rather than to the much lower RF
levels associated with general public exposure
from base stations.

Reviews of the evidence on electromagnetic
hypersensitivity have been conducted (Fox
2006). An extensive systematic search identi-
fied relevant blind or double-blind provocation
studies of individuals potentially hypersensitive
to the presence of EMF. A meta-analysis found
no evidence of an improved ability to detect
EMEF in “hypersensitive” participants. That is,
it was concluded that weak electromagnetic
fields are not likely to be causative factors for
neurological symptoms (Rubin et al. 2005,
2006a, 2006b). An investigation into possible
differences in blood cells between patients
reporting EMF hypersensitivity and normal
patients did not find any differences in lym-
phocyte response to RF from GSM mobile
telephones (Markova et al. 2005). Other inves-
tigators have likewise concluded that “based on
the limited studies available, there is no valid
evidence for an association between impaired
well-being and exposure to mobile phone
radiation” (Seitz et al. 2005).

However, it is important to recognize the
plight of people suffering from “hypersensitivity

reactions.” The WHO recently issued a fact
sheet about people reporting nonspecific symp-
toms that they relate to RF fields from base sta-
tions and other EMF devices. Details can be
found at WHO (2005). Moreover, E. Fox in
the United Kingdom is continuing to analyze
possible electromagnetic hypersensitivity reac-
tions, and a report on the findings has been
published (Eltiti et al. 2007).

Summary on RF health effects. The accu-
mulated evidence does not establish the exis-
tence of adverse short- or long-term health
effects from the signals produced by base sta-
tion and local wireless networks. In fact, for
similar RF exposure intensities (watts per
square meter), the body absorbs about 5 times
more of the RF energy from FM radio and
television frequencies (around 100 MHz) than
from base station frequencies (around
1-2 GHz). It is reassuring to note that radio
and TV broadcast stations have been in opera-
tion for > 50 years, and health statistics have
not demonstrated adverse health consequences.

Development of national and interna-
tional RF guidelines. The heath-effect guide-
lines of ICNIRP in the mobile telephony
frequency spectrum range from about 40-60
V/m (4.3-10 W/m?) (ICNIRP 1998). The
ICNIRP guidelines have been widely
accepted (> 30 countries worldwide) and, for
example, are consistent with Health Canada
(1999), U.S. [American National Standards
Institute/Institute of Electrical and Electronics
Engineers (2006), Federal Communications
Commission (2006)], UK [National Radiation
Protection Board/Health Protection Agency
(NRPB/HPA 2004a, 2004b)], and Australian
[Australian Radiation Protection and Nuclear
Safety Agency (ARPANSA 2002)] standards.
However, some countries and regions have
adopted more stringent guidelines without
specifically justifying them on the basis of
available scientific evidence. In contrast to the
ICNIRP levels, the following are some exam-
ples of these more restrictive guidelines, in the
mobile telephone frequency range (Baumann
2006; Vecchia 20006):

* ICNIRP Guidelines: 40-60 V/m or 4.3-10
W/m?

* “Italian Exposure Limit”: 6 V/m

* “Paris Charter”: 2 V/m, 24-hr average,
indoors

* “Salzburg Protection Value: 1 W/m?

* “Swiss Regulation”: 4-5 V/m at full power.

The issues that most often drive more local-

ized RF guidelines are not established health

risk per se, but rather risk perceptions (Siegrist

et al. 2005). In this regard, the “Precautionary

Principle” is often invoked—“better safe than

sorry”—part of which involves taking “protec-

tive measures without having to wait until the

reality or seriousness of those risks becomes

apparent.” One expression of how “protective

measures” might be applied to RF levels is:
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The proposed [RF] standard also recommends
that it is generally sensible to minimize exposure
which is unnecessary or incidental to achievement
of service objectives or process requirements, pro-
vided this does not introduce other risks and it
can be readily achieved at modest expense.

(ARPANSA 2001)

The term “modest expense” implies some type
of cost—benefit analysis. Appropriate applica-
tion of the Precautionary Principle requires that
the policies be tailored such that the time,
effort, expense, and risk of any “protective meas-
ures” be commensurate with what the society
expends on other public risks of similar magni-
tude. However, if scientific research is not able
to establish “apparent risks” in a quantitative
way, making such a calculation is problematic.

If a basis for precautionary limits cannot be
provided, then the danger behind promoting
arbitrary limits and superfluous safety factors is
that reliance on logical, science-based policy
will be undermined in favor of unreasoned,
fear-based, poorly thought out actions. Such
actions, rather than providing reassurance, will
likely trigger concerns, amplify unwarranted
anxieties, and likely divert scarce resources into
areas yielding little or no public health benefit
(Barnett et al. 2006; Wiedemann and Schutz
2005). Despite unavoidable uncertainty and
other limitations of the scientific method, sci-
ence remains our best source of knowledge
about how the world works and how we can
rely on natural laws to understand interactions
between the environment and living things.

Despite reassuring scientific evidence,
some people perceive risks from mobile tele-
phony RF exposure as likely and possibly
severe. Several reasons for public fear have
been proposed, including media announce-
ments of new and unconfirmed scientific stud-
ies, leading to a feeling of uncertainty and a
perception that there may be unknown or
undiscovered hazards. Risk perception cannot
be understood as a monolithic concept; rather,
communicating “risk” is a unique challenge
because it focuses on three major elements
that are difficult to convey to a lay public:
complexity, uncertainty, and ambiguity (Renn
2004, 2000).

The first barrier to easy risk communica-
tion is complexity. In everyday life, people
perceive causal connections to be simple. In
most scientific assessments of risk, causal con-
nections are highly complex. Causes and
effects are not obvious, and there are many
intervening variables that obscure possible
relationships. Often facility with quantitative
methods is required, and appreciation of the
fact that “the devil is in the details.” Even
though most scientists agree that health
impacts of mobile telephony RF are unlikely
(but not impossible), a lay audience will often
assume that complexity is used to “pull the
wool over their eyes.”
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The second barrier to explaining risk is
uncertainty. Most risks have a hypothetical
component, and we cannot say with certainty
that x exposure will cause (has caused) adverse
outcome y. For example, science can rarely
make definitive statements about what has
“caused” a particular disease like cancer. The
best we can do is to calculate probabilities
linked to different causal pathways. In terms
of risk communication, conveying the differ-
ent types of uncertainty to a lay audience
poses major challenges. People misunderstand
uncertainties as being an indicator for bad sci-
ence or sloppy risk assessment. In the face of
uncertainty, a lay audience will typically
resort to the simplistic strategy: “Better safe
than sorry.”

The third component of risk that is diffi-
cult to communicate is ambiguity. Ambiguity
refers to the existence of divergent or contested
interpretations and perspectives on the severity
associated with a potential health threat. Not
only can scientific interpretations have an
ambiguous component, but ambiguity also
emerges with regard to selection of appropriate
values, priorities, assumptions, ethics, distribu-
tions of risk, and quality of life parameters to
be applied. In the face of “duelling experts,” a
lay audience will often assume that the correct
interpretation is midway between the two per-
spectives offered, because a lay audience has
limited ability to recognize fringe positions.

To deal with these problems in risk com-
munication, the public needs to be provided
access to accurate information and education
on scientific consensus positions. First, the
solution to complexity is not a simple prohibi-
tion of a given technology. Rather, it must be
recognized that scientific inquiry can test for
harmful effects, but it can never prove that
something is safe. This asymmetrical relation-
ship is difficult to communicate, but one
approach is to encourage people to realize that
absolute safety is not a requirement that they
can or do impose on any societal activity (e.g.,
public transportation, food supply, medical
procedures, prescription drugs). Second, sci-
ence deals with uncertainty by incorporating
safety factors. That is, safety guidelines are not
bright boundary lines between “good” and
“bad,” but rather they incorporate an adequate
margin of safety so that even exceeding the
exposure guideline would not lead one to
anticipate ill effects. Third, in dealing with
ambiguity, lay audiences need to be educated
that the scientific consensus does not necessar-
ily lie midway between the opinions they are
offered. Hypothetical risks need to be recog-
nized at such, and in a scientific, secular
world, explanation patterns that are counter-
factual, paranormal, and metaphysical are not
valid. Although the natural human ability to
sympathize with the victims of disease is to be
admired, the associated desire to pin the blame
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for inexplicable diseases on a nearby environ-
mental factor is misguided. That is, when
individuals contract diseases, and when we
have little idea as to what specifically caused
the disease in question, that ignorance some-
how sounds like evidence in favor of focusing
on “unknown” risks such as RF or EMF. But
this lack of knowledge is not evidence.

Perhaps the most important element of
risk communication is to assure audiences
that RF standards have been and continue to
be under ongoing scrutiny. Large numbers of
scientists, medical doctors, and public health
professionals of disparate orientations and
areas of expertise sift existing data and con-
tribute new data in an ongoing risk assess-
ment effort. The vast majority of human
cancers are likely caused by unavoidable envi-
ronmental exposures (e.g., viruses, diet,
lifestyle, sunlight, background ionizing radia-
tion) or to processes inherent to life itself
(e.g., genetic instability, copying errors in
DNA, endogenous hormones, creation of
mutagens and free radical molecules by
metabolism of food, production of reactive
chemicals for microbicidal defense) (Gotay
2005; Henderson et al. 1991; McKean-
Cowdin et al. 2000; Wogan et al. 2004). In
scientific risk assessment, one compares the
ability of the exposure of interest to increase
risk above these baseline, natural processes.

Summary Potential for Health
Effects from Wireless
Technologies

As outlined above, our best scientific under-
standing indicates that there are no health
consequences of base-station RF exposure,
and no adverse effects are foreseen at the RF
levels typical of cellular telephone technology.
This viewpoint is not only consistent with the
conclusions of the WHO workshop on “Base
Stations and Wireless Networks,” but it is
also consistent with numerous other public
health reviews on the safety of wireless tech-
nologies, although most public health agen-
cies continue to favor “additional research.”
Some of these blue-ribbon, consensus-group
conclusions are mentioned below.

ICNIRP (1998) has developed guidelines
to protect human health from exposure to
EMEF across the RF spectrum. These ICNIRP
guidelines have been adopted by > 30 coun-
tries. Certain countries have instituted stan-
dards limiting emissions from cellular
telephone base stations that are significantly
below recommended ICNIRP limits. Such
additional restrictions are not based on any
known health effects, but rather tend to be
either a precautionary measure or an “as low
as reasonably achievable” (ALARA) measure
that requires base station transmissions to be
no more than required for providing a good
service.

Several groups in Great Britain have evalu-
ated potential health effects of RF. The
Advisory Group on Non-Ionizing Radiation
(2003) updated the year 2000 report of the
Independent Expert Group on Mobile Phones
(2000) and concluded that “exposures due to
living near to base stations are extremely low,
and the overall evidence indicates that they are
unlikely to pose a risk to health.” (Advisory
Group on Non-lonizing Radiation 2003).

The UK Health Protection Agency (for-
merly the National Radiation Protection
Board) (NRPB/HPA 2004a) also has con-
cluded that RF energy can potentially cause
health effects only if people are exposed to RF
levels significantly exceeding international lim-
its. That is, they recommended that exposure
to EMFs (0-300 GHz) in the UK be based on
the 1998 guidelines issued by ICNIRP
(NRPB/HPA 2004a).

In a specific review of cellular telephone
technology (NRPB/HPA 2004b), the agency
proposed that even though “there is a lack of
hard information showing that the mobile
phone systems in use are damaging to health,”
they continued to endorse a “precautionary
approach” to the use of mobile phone tech-
nologies.

The Health Council of the Netherlands
(Health Council 2002) has prepared a report
on the potential risks of EM fields from
mobile telephones. The report concluded that
“the EM field of a mobile telephone does not
constitute a health hazard, according to the
present state of scientific knowledge.”
Moreover, the review committee concluded
that “the scientific information concerning
non-thermal effects discussed in this report
provides no reason to apply the precautionary
principle and lower the SAR limits for partial
body exposure” (Health Council 2002). A
2005 Health Council update concluded that
“the Committee therefore disagrees ... that a
connection has been found between living in
the proximity of a base station and the occur-
rence of cancer” (Health Council 2005).

ARPANSA prepared a fact sheet titled
“What about base stations and telecommuni-
cation towers—are there any health effects?”
ARPANSA concluded that “the weight of
national and international scientific opinion is
that there is no substantiated evidence that RF
emissions associated with living near a mobile
phone base station or telecommunications
tower poses a health risk” (ARPANSA 2003a).
ARPANSA also evaluated the potential for risk
to children and concluded that “the balance of
evidence does not indicate a risk to the health
of people, including children, living in the
vicinity of base stations where the exposure
levels are only small fractions of the
ARPANSA Standard” (ARPANSA 2003b).

The Royal Society of Canada has an
“Expert Panel on Potential Health Risks of
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Radiofrequency Fields from Wireless
Telecommunication Devices,” and their most
recent update (2004) notes that “all of the
authoritative reviews completed within the
last two years have concluded that there is no
clear evidence of adverse health effects associ-
ated with RF fields” (Royal Society of Canada
2004).

The advice of the U.S. Health Physics
Society (a professional society of specialists
in radiation safety) is that there is no reason
to believe that cellular base station towers
could constitute a potential health hazard to
nearby residents or students (Health Physics
Society 20006).

At present, the only established effects
that can result from excessive exposure to RF
energy are related to tissue heating. Although
RF energy can be absorbed by living organ-
isms to some degree at any frequency, avail-
able data do not demonstrate adverse health
consequences at exposure levels below inter-
nationally accepted limits, which do not allow
significant heating. In summary, none of the
recent research or reviews of research have
concluded that permissible RF exposure levels
from mobile phones and their base stations
lead to adverse health consequences.

Although scientists generally assign low
priority to conducting research on base sta-
tions or other wireless technologies having
such weak RF signals, some gaps in knowledge
still exist (Repacholi 1998). Research recom-
mended to fill these gaps can be found in the
WHO RF research agenda (WHO 2006b).
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