
under certain specific conditions, the results have not been independently replicated.  In fact, 
other studies have failed to find evidence for a causal link to cancer or any related condition.
Further research is underway in several laboratories to help resolve this question.  The Food 
and Drug Administration has further information on this topic with respect to RF exposure
from mobile phones at the following Web site:  www.fda.gov/cdrh/phones/index.html."

       (Emphasis added.)

55.  “Inconclusive” is not a proper response by an agency charged with providing “adequate” 

safety standards.  If there is any possibility that RF radiation can cause cancer, the FCC's standards 

must make provision to avoid that result.  The findings by German doctors that cancer rates have 

trebled within 400 meters of a cell tower in that country certainly requires the FCC to recommend

using that distance, plus an additional safety factor, as a minimum buffer zone around cell sites -- 

whether the agency considers the study “inconclusive” or not -- it is a warning sign that must be 

heeded until disproven.

(c) Current Research

56.  The FCC FAQs document also asks the following question: 

"WHAT RESEARCH IS BEING DONE ON RF BIOLOGICAL EFFECTS?" 

In response, the FCC admits that the agency itself is doing nothing, and has left the field to the 

telecom industry -- whose self-interests are diametrically opposed to the public interest in restricting 

the location of cell sites.

"At the present time, most of the non-military research on biological effects of RF energy in the
U.S. is being funded by industry organizations such as Motorola, Inc. Relatively more research
is being carried out overseas, particularly in Europe." 

        (Emphasis added.)
(d) Obsolete Guidelines

57.  In response to this question:

"WHY HAS THE FCC ADOPTED GUIDELINES FOR RF EXPOSURE?"

The FCC avoids any mention of the Congressional requirement that the FCC maintain

"adequate safeguards of the public health and safety," and that it do so "expeditiously":

"Human exposure to RF radiation emitted by FCC-regulated transmitters is one of several
factors that must be considered in such environmental evaluations. In 1996, the FCC revised 
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its guidelines for RF exposure as a result of a multi-year proceeding and as required by the 
Telecommunications Act of 1996."

        (Emphasis added.)

(e) Cell Towers Near Homes and Schools 

58.  This is the FCC's head-in-the-sand response to the European studies recommending

“prudent avoidance” when locating towers near homes and schools:

"ARE CELLULAR AND OTHER RADIO TOWERS LOCATED NEAR HOMES AND 
SCHOOLS SAFE FOR RESIDENTS AND STUDENTS?" 

"As discussed above, radiofrequency emissions from antennas used for wireless transmissions
such as cellular and PCS signals result in exposure levels on the ground that are typically 
thousands of times less than safety limits.  These safety limits were adopted by the FCC based 
on the recommendations of expert organizations and endorsed by agencies of the Federal 
Government responsible for health and safety. Therefore, there is no reason to believe that 
such towers could constitute a potential health hazard to nearby by residents or students."

        (Emphasis added.)

59.  This circular argument constitutes a total abandonment of agency responsibility to adopt or

update "adequate" public health safetguards in the face of the overwhelming scientific evidence from

other countries, combined with the statements of inadequacy of the FCC exposure levels by various 

responsible scientific groups.

NULLIFICATION  OF FCC PREEMPTION

60.  The consequence of the FCC's failure to maintain its Safety Regulations is to nullify their 

preemptive effect.  The Tenth Amendment now takes over to fill the regulatory vacuum left by the

FCC's failure, and state and local governments are free to make their own siting decisions on cell 

antennas based on their retained police power to protect the health, safety and welfare of the state's

citizens against risks not addressed by the FCC's obsolete 1996 guidelines.

In Massachusetts v. E.P.A., several states petitioned the Supreme Court to review the mandate under

The Clean Air Act to the E.P.A. to regulate emissions of four greenhouse gases.  Among the issues 

presented was whether the E.P.A. had the authority to refuse to regulate the emissions based on 

political and other considerations unrelated to the endangerment to human health and welfare.  Justice

Stevens wrote for the majority that ignoring scientific findings and passing the buck would not lift the 

Congressional command to regulate:

On October 20, 1999, a group of 19 private organizations [FN omitted] filed 
a rulemaking petition asking EPA to regulate “greenhouse gas emissions
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from new motor vehicles under §202 of the Clean Air Act.” App. 5. 
Petitioners maintained that 1998 was the “warmest year on record”; that 
carbon dioxide, methane, nitrous oxide, and hydrofluorocarbons are “heat 
trapping greenhouse gases”; that greenhouse gas emissions have significantly
accelerated climate change; and that the IPCC’s 1995 report warned that 
“carbon dioxide remains the most important contributor to [man-made]
forcing of climate change.” Id., at 13 (internal quotation marks omitted). The 
petition further alleged that climate change will have serious adverse effects 
on human health and the environment. Id., at 22–35. * * *

EPA [cannot] avoid its statutory obligation by noting the uncertainty 
surrounding various features of climate change and concluding that it would 
therefore be better not to regulate at this time. See 68 Fed. Reg. 52930–
52931. If the scientific uncertainty is so profound that it precludes EPA from
making a reasoned judgment as to whether greenhouse gases contribute to 
global warming, EPA must say so. That EPA would prefer not to regulate 
greenhouse gases because of some residual uncertainty * * * is irrelevant.
The statutory question is whether sufficient information exists to make an 
endangerment finding. 

In short, EPA has offered no reasoned explanation for its refusal to decide
whether greenhouse gases cause or contribute to climate change. Its action 
was therefore “arbitrary, capricious, … or otherwise not in accordance with 
law.” 42 U. S. C. §7607(d)(9)(A). We need not and do not reach the question 
whether on remand EPA must make an endangerment finding, or whether 
policy concerns can inform EPA’s actions in the event that it makes such a 
finding. Cf. Chevron U. S. A. Inc. v. Natural Resources Defense Council, 
Inc., 467 U. S. 837, 843–844 (1984). We hold only that EPA must ground its 
reasons for action or inaction in the statute.

Massachusetts v. EPA, 549 U.S. 497 (2007) 

         (Emphasis added.)

61.  Where a Federal regulatory agency has refused to comply with a statutory command, 

especially in the arena of "public health and safety," the state itself may not shirk its duty to do so 

under the Tenth Amendment.

International Scientific Publications Lead to Precautionary Actions

62.  The FCC candidly acknowledges that more RF radiation research is being done 

internationally than in the U.S.  Here are some of the results of recent international studies:

41



In 2005, a scientific study in Austria of a random cross-section of inhabitants living near cell 
towers ("base stations") showed that people living for more than one year near the towers 
experienced headaches, vertigo, palpitations, tremors, hot flashes, sweating, loss of appetite, 
loss of energy, exhaustion, tiredness, difficulties in concentration, and stress.

In 2003, a scientific study in France of a random cross-section of inhabitants living near cell 
towers ("base stations") showed that persons living close to cell towers experienced nausea, 
loss of appetite, visual disturbances and difficulty in moving.  Those living within 100 meters
of base stations experienced irritability, depressive tendencies, difficulties in concentration, loss
of memory, dizziness, and lowering of libido. For persons living in the zone of 100 to 200 
meters from base stations, the symptoms experienced included headaches, sleep disruption, 
feelings of discomfort and skin problems.  Beyond 200 meters, the principle symptom was 
fatigue.

A group of doctors in Bavaria, Germany, reported observations of patients living in the vicinity 
of cell towers ("base stations") experienced the following symptoms:  sleep disturbance, 
tiredness, headache, restlessness, lethargy, irritability, inability to concentrate, forgetfulness, 
depression, impaired hearing, dizziness, nose bleeds, visual disturbances, joint and muscle
pains, palpitations, increased blood pressure, hormone disturbances, nocturnal sweating and 
nausea.

In 2003, a double-blind study conducted in the Netherlands of subjective complaints of persons 
exposed to wireless signals found a statistically significant relation between wireless signal and 
cognitive impairment including anxiety, inadequacy, reaction time, visual selection, and found 
such effects in all samples.

In 2003, a in scientific study in Spain of persons exposed to wireless signals for more than six 
hours a day, seven days a week, at power levels far below safety guidelines, subjects 
experienced symptoms such as fatigue, irritability, headache, nausea, appetite loss, discomfort, 
gait difficulty, sleep disturbance, depression, difficulty in concentration, memory loss, 
dizziness, skin alterations, visual dysfunction, auditory dysfunction and cardiovascular 
alterations.

In 2004, a scientific publication in Sweden concluded that there was an increase in malignant 
melanomas of the skin related to pulsed signals from FM broadcasting antennas in Sweden, 
Norway and Denmark attributed to impairment of the skin repair mechanism by electronic 
radiation.

In 2000, as a result of scientific studies in the United Kingdom, the Department of Health
recommended a "precautionary approach," to the placement of base stations "until more
research findings become available."

In 2004, the International Association of Firefighters (IAFF) reported that some firefighters
with cell towers currently located on their stations are experiencing symptoms that "put our first 
responders at risk."  The IAFF specifically referred to headaches, slow response and clouded 
ability to make decisions caused by "a sort of brain fog" they attributed to the presence of these 
cell towers.  At their 2004 annual convention, the IAFF members passed a resolution to study 
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the health effects of cell towers on fire stations and urged a moratorium on the placement of 
new cell towers on fire stations until the completion of the study.

In 2006, a group of scientists meeting at Benevento, Italy adopted a resolution urging a 
"precautionary approach" to the exposure of people to EMF and RF radiation.  The resolution 
specifically stated:  "Based on our review of the science, biological effects can occur from
exposures to both extremely low frequency fields (ELF EMF) and radiation freqency fields (RF 
EMF)."  The scientists added that "epidemiological and laboratory studies that show increased 
risks for cancers and other diseases from occupational exposures to EMF cannot be ignored."

In 2007, The Sunday Times in the United Kingdom reported that a study of sites around mobile
phone masts show "high incidences of cancer, brain haemorrhages, and high blood pressure 
within a radius of 400 yards of mobile phone masts."  The news report stated "a quarter of the 
30 staff at a special school within sight of the 90 ft high mast have developed tumors since 
2000, while another quarter have suffered significant health problems."

In November, 2007 at a scientific conference at the Royal Society in London, scientists 
endorsed The BioInitiative Report; called for the development and implementation of 
biologically-based public safety limits for EMF exposure; advised that based on the 
Precautionary Principle, children and vulnerable groups (such as people with epilepsy and heart 
conditions) should not be exposed to a risk of harm; and proposed that no Wi-Fi, Wi-Max or 
other forms of wireless networking be placed in homes, schools, or public areas or be promoted
for the use thereof.

In 2009 a study sponsored by the Swiss National Research Program completed its set of 
ambient RF radiation measurements, which take into account the proliferation of wireless 
sources.  Overall, the survey found a roughly tenfold increase in overall RF exposures in 
Switzerland compared to the levels found in the by the EPA in the U.S. in the mid-1970s.
Mobile phones and towers are major contributors to overall exposure, but so are cordless 
(DECT) phones, as is riding on a train or a bus. Airports may be hot zones, too.  As for passive 
or second-hand RF exposures, their contribution can be important in confined spaces such as on 
public transportation. 

63.  All of these reports confirm the inadequacy of the FCC’s present safety guidelines. 

64.  The Broadband NOI seeks comment on broadband policies of other countries.  At 

p. 19 ¶ 51: 

Finally, we seek comment on any national broadband policies or programs adopted by other 
nations or international organizations that may be useful to the Commission in this proceeding. 

65.  The German Federal Government (Bundesregierung) recommends, in general, keeping the 

personal radiation exposure from high frequency electromagnetic fields as low as possible, that is to 

say, i.e. to prefer conventional wired connections, if the use of wireless-supported solutions can be 

avoided.  It added that it is "actively informing people about possibilities for reducing personal 

exposure".
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66,  France is shutting down cell phone use in its elementary schools, due to health concerns. 

The government ban comes after a study on mobile phone use and wi-fi radiation.  Currently cell 

phone use is permitted on elementary school grounds, but not in classrooms. The new mandate will 

shut down their usage completely. Under the measure, companies will also be required to supply 

phones that only work with a headset, in order to reduce exposure to electromagnetic radiation.

Libraries and schools in France are removing Wi-Fi because of concern from both the scientific

community and their employees and patrons.

67.  Elementary schools in the UK and Ireland are removing WiFi systems. 

            68.  The Vancouver School Board (VSB) passed a resolution in January 2005 that prohibits 

construction of cellular antennas within 1000 feet (305 m) from school property. 

69.  Members of the French Senate have presented a bill to restrict exposure to electromagnetic

fields (April 2009): 

Article 14:  The Wi-Fi function of all Wi-Fi-equipped devices is deactivated by default.
Instruction booklets contain clear and visible information about the health risks of using 
Wi-Fi and preventative measures to take when it is activated.

Article 15  When possible, in public buildings wired connections will be obligatory for 
all new communications networks, except in special circumstances which are in the 
public interest.  Where possible, existing Wi-Fi installations will be replaced by wired
networks within 5 years of the promulgation of the present law. 

Article 16  WiMax roll-out is suspended for 5 years from the promulgation of the 
present law and will be replaced by wired broadband.

70.  Based on studies like those outlined above and the recommendations of The BioInitiative 

Report the April 2, 2009 EU Resolution makes the following recommendations to its member

countries: www.europarl.europa.eu/sides/getDoc.do?pubRef=-//EP//TEXT+TA+P6-TA-2009-0216+0+DOC+XML+V0//EN

The Resolution recalls that wireless technology (mobile phones, Wi-Fi/WiMAX, Bluetooth, 
DECT landline telephones) emits EMFs that may have adverse effects on human health. Most
European citizens, especially young people aged from 10 to 20, use a mobile phone, while there 
are continuing uncertainties about the possible health risks, particularly to young people whose 
brains are still developing.
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The Resolution Proposes that the EU’s indoor air quality policy should encompass the study of 
“wireless” domestic appliances, which, like WiFi for Internet access and digital enhanced
cordless telecommunications (DECT) telephones, have been widely adopted in recent years in 
public places and in the home, with the result that citizens are being continuously exposed to 
microwave emissions.

The Resolution draws attention in this context to the appeal for caution from the coordinator of 
the Interphone study, Elisabeth Cardis, who, in the light of existing knowledge, recommends,
as far as children are concerned, that mobile phones should not be used beyond reasonable 
limits and that landlines should be preferred.

Keeping certain establishments clear: MEPs consider that it is in the general interest to 
encourage solutions based on negotiations involving industry stakeholders, public authorities, 
military authorities and residents’ associations to determine the criteria for setting up new GSM 
antennas or high-voltage power lines. In this context, it is important to ensure at least that 
schools, crèches, retirement homes, and health care institutions are kept clear, within a 
specific distance determined by scientific criteria, of facilities of this type.

The Resolution calls upon Member States to follow the example of Sweden and to recognise 
persons that suffer from electrohypersensitivity as being disabled so as to grant them adequate 
protection as well as equal opportunities.
      (Underscore added.)

STATES’ RIGHTS

71.  In New York v. United States and Printz v. United States the United States Supreme Court 

forcefully reconfirmed the long-standing principle that “Congress may not simply ‘commandeer the 

legislative processes of the States by directly compelling them to enact and enforce a federal regulatory 

program.’”  505 U.S. at 161 quoting Hodel, supra, 452 U.S. at 288.  See also New York, “the 

Constitution has never been understood to confer upon Congress the ability to require states to govern

according to Congress’ instruction.” citing Coyle v. Smith, 221 U.S. 559, 565 (1911); Printz, 521 U.S. 

at 925:  “ . . . the Federal Government may not compel the states to implement, by legislation or 

executive action, federal regulatory programs.”

72.  Commandeering the legislative power of the states to serve federal ends is antithetical to 

the “system of dual sovereignty” established by “the Framers, who explicitly chose a Constitution that 

confers upon Congress the power to regulate individuals, not states,” Printz, 521 U.S. at 918, 920, 

quoting Gregory v. Ashcroft, 501 U.S. 452, 457 (1991); New York, supra 505 U.S. at 166.The 

historical record conclusively establishes that the Framers “designed a system in which the state and 

federal governments would exercise concurrent authority over the people – who were, in Hamilton’s

45



words, ‘the only proper objects of government.’” Printz, 521 U.S. at 919-920, quoting The Federalist 

No. 15; Accord, Alden, supra, 527 U.S. at 714. 

73.  Any act which threatens to “compromise the structural framework of dual sovereignty” is 

“categorically” unconstitutional and “no comparative assessment of the various interests [involved]

can overcome that fundamental defect.” Printz, 521 U.S. at 932-33. 

74.  While the categorical rule may appear doctrinaire and inflexible, it serves vital 

constitutional purposes by preserving the accountability of elected officials to the electorate – the very 

basis of democratic government.  As explained in New York: 

. . . Where the federal Government directs the States to regulate, it may be state officials who 
will bear the brunt of public disapproval, while the federal officials who devised the regulatory 
program may remain insulated from the electoral ramifications of their decision.  (505 U.S. at 
169) (Emphasis added.) 

75. See also Printz, observing that where state governments are forced to implement a Federal 

program, state officials are “put in a position of taking the blame for its burdensomeness and its 

defects.”  (521 U.S. at 930, quoting Merritt, Three Faces of Federalism:  Finding a Formula for the 

Future, 47 Vand. L. Rev. 1563, 1580, n. 65 (1994)). 

76.  The Federal Government may, of course, exercise the power to set public health standards 

in areas relating to interstate commerce. However, where it has defaulted on its obligation to protect 

public health, the Federal Government may not simultaneously prevent the States from taking action to 

do so. Such preemption would be irreconcilable with the “dignity and essential attributes inherent in” 

the States’ status as sovereigns. (Alden, 527 U.S. at 714).

EIS Required If Wireless Is Considered

77.  The Broadband Plan NOI seeks comment on what other federal statutory provisions should 

be in play in this proceeding.   Such statements are found at (emphasis added):
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p. 35  ¶ 106  . . . While discussion in this Inquiry often details the policies and programs at the 
Commission, we ask that parties not limit the scope of their comments on the national 
broadband plan only to programs within the policymaking authority of the Commission.

p. 36 ¶ 107  We seek comment on how the Commission’s development of a national broadband 
plan under the Recovery Act relates to other statutory provisions.

78.  The FCC is responsible for compliance with NEPA under the regulations issued by the 

President's Council on Environmental Quality (CEQ) found at 40 CFR 1500. (Emphasis added).

.
The primary purpose of an environmental impact statement is to serve as an action-
forcing device to insure that the policies and goals defined in the Act are infused into 
the ongoing programs and actions of the Federal Government. 40 CFR 1502.

Use the NEPA process to identify and assess the reasonable alternatives to proposed 
actions that will avoid or minimize adverse effects of these actions upon the quality of 
the human environment. 40 CFR 1500.2 (e) 
1.

79.  The studies set forth in this EMRPI Comment demonstrate to the FCC that the use of 

wireless to provide high speed internet under the Broadband Plan will have very significant

environmental impacts because wireless broadband would greatly expand the human- occupied areas 

subject to electromagnetic radiation and increase the quantity of electromagnetic radiation exposing the 

public.  An Environmental Impact Statement is required to identify and assess reasonable alternatives

to using technology that increases the electromagnetic radiation over so large an area and population 

CONCLUSION

80.  The EMRPI urges the FCC to require that the Broadband Plan expand fiberoptic and hard-

wired broadband infrastructure rather than RF-emitting infrastructure options such as Broadband over 

Power Lines or wireless networks.

81.  Against the existing failed research record, it is imperative that the FCC encourage state 

and local governments to site telecommunications base station facilities at a reasonable distance away 

from schools, playgrounds, workplaces, and family residences to safeguard the health and safety of 

American children and other vulnerable population groups. Buffer zones offer a reasonable, practical, 

and inexpensive way to safeguard public health and safety pending the outcome of conclusive research 

on RF radiation public health and safety impacts.
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82.  For the reasons delineated above and in order to meet its goal to “open the doors of 

opportunity for more Americans, no matter who they are, where they live, or the particular 

circumstances of their lives,”the Broadband Plan must favor fiberoptic, cable or wired broadband 

options unless and until FCC first performs a thorough review of the research and studies cited above 

and the preparation of an Environmental Impact Statement in full compliance with the National 

Environmental Policy Act.

83.  The research needs delineated in the findings of the 2008 NAS Report on adverse 

biological effects of wireless devices demonstrate that the  FCC must revisit the research record upon 

which its RF safety policy is based and set RF exposure limits that are biologically based.  In the 

interim, precautionary RF limits must be set as recommended in The BioInitiative Report.

84.  If the Broadband NOI goals of open and equal participation in the process, broadband 

access for all Americans “no matter who they are, where they live, or the particular circumstances of 

their individual lives,” and a full discussion of “any fact or issues not otherwise addressed in this NOI 

relating to the adoption or implementation of a national broadband plan,” are truly to be achieved, the 

need for adequate public health safeguards for human RF radiation exposure must be a pivotal

consideration in this Broadband NOI proceeding.

85.  A collateral benefit of deploying fiberoptic and hard-wired broadband infrastructure over 

wireless will be achieving the additional Broadband NOI goal of leveraging broadband technology to 

make the United States more climate-friendly.  Energy consumption required to transmit data through 

fiberoptic cable is minimal compared to the 24-hour a day, high-level power consumption required to 

operate antennas transmitting the same data.  Comparison of electric power production demands for 

hard-wired vs. wireless infrastructure implementation must be factored into the choice of infrastructure

build out for the Broadband Plan if climate issues are truly to be addressed in this NOI.

The EMR Policy Institute 

        by Janet Newton, President
P.O. Box 117 

        Marshfield VT 05658
        e-mail: info@emrpolicy.org
        Telephone: (802) 426-3035
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• DNAto showbiological effects at the sub-cellular level that
occur at very low EMF thresholds and across frequency
ranges of the EM spectrum. Interactions with DNA may
account for many of the effects of EMF, and they raise the
possibility that genetic damage due to EMF can lead to
cancer.

• The Brain is exposed to radiation from mobile phone
antennas, and laboratory studies show that the radiation
causes leakage of the protective blood–brain barrier, as
well as the death of neurons in the brain. Radiation emit-
ted from base stations can affect all who are in the vicinity.
Epidemiological studies have shown a relation between
exposure to mobile phones, base-stations and the devel-
opment of brain tumors. Some epidemiological studies
have significant flaws in design, and the risk of brain
cancer may be greater than reported in the published
results.

• In addition to the risk of brain cancer, EMF in the
environment may contribute to diseases like Alzheimer’s
dementia and breast cancer in humans, as well as repro-
ductive and developmental effects in animals in the wild.
EMF affect the biochemical pathways and immunologi-
cal mechanisms that link the different organ systems in
our bodies and those of animals. The human body can
act as an antenna for RF signals, and a small percent-
age of the population appears to be so sensitive to EMF
that it interferes with their daily lives. In addition to the
growing presence of EMF signals in the environment, the
complexity of the signals may be important in altering
biological responses. These are among the many fac-
tors that must be considered in approaching EMF safety
issues.

• Science as a guide to public policy

Four centuries ago, when Francis Bacon envisioned a
course for modern science, he expressed the idea that knowl-
edge is power that should be applied for the benefit of
mankind. It is in keepingwith that ethical standard that the last
twopapers in this issue showhowknowledge gained fromsci-
entific research can help solve problems arising from EMF
in our environment. The first of these papers discusses the
Precautionary Principle, its growing acceptance as a rational
approach to environmental issues, and how past experience
can help us deal with the EMF issue. The second paper, by
the editors of the original BioInitiative Report, is an update
on how best to deal with the challenge of EMF in the environ-
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ment and, specifically, the problems accompanying wireless
technologies.

We trust that the reviews and original research papers will
increase awareness of the growing impact of EMF in the
environment, and the need for modern society to deal expe-
ditiously with the potential health problems brought to light
by EMF research.

Guest Editor
Martin Blank

Physiology and Cellular Biophysics,
Columbia University, New York, USA
E-mail address: mb32@columbia.edu

22 January 2009
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Abstract

Electromagnetic fields (EMF), in both ELF (extremely low frequency) and radio frequency (RF) ranges, activate the cellular stress response,
a protective mechanism that induces the expression of stress response genes, e.g., HSP70, and increased levels of stress proteins, e.g., hsp70.
The 20 different stress protein families are evolutionarily conserved and act as ‘chaperones’ in the cell when they ‘help’ repair and refold
damaged proteins and transport them across cell membranes. Induction of the stress response involves activation of DNA, and despite the
large difference in energy between ELF and RF, the same cellular pathways respond in both frequency ranges. Specific DNA sequences on
the promoter of the HSP70 stress gene are responsive to EMF, and studies with model biochemical systems suggest that EMF could interact
directly with electrons in DNA. While low energy EMF interacts with DNA to induce the stress response, increasing EMF energy in the RF
range can lead to breaks in DNA strands. It is clear that in order to protect living cells, EMF safety limits must be changed from the current
thermal standard, based on energy, to one based on biological responses that occur long before the threshold for thermal changes.
© 2009 Published by Elsevier Ireland Ltd.

Keywords: DNA; Biosynthesis; Electromagnetic fields; ELF; RF

1. Electromagnetic fields (EMF) alter protein
synthesis

Until recently, genetic information stored in DNA was
considered essentially invulnerable to change as it was passed
on from parent to progeny. Mutations, such as those caused
by cosmic radiation at themost energetic end of the EM spec-
trum, were thought to be relatively infrequent. The model of
gene regulationwas believed to be that the negatively charged
DNA was tightly wrapped up in the nucleus with positively
charged histones, and that most genes were ‘turned off’ most
of the time. Of course, different regions of the DNA code
are being read more or less all the time to replenish essential

Abbreviations: EMF, electromagnetic fields; Hz, hertz; ELF, extremely
low frequency; RF, radio frequency; MAPK, mitogen activated protein
kinase; ERK1\2, extracellular signal regulated kinase; JNK, c-Jun-terminal
kinase p38MAPK; SAPK, stress activated protein kinase; NADH, nicoti-
namide adenine dinucleotide dehydrogenase; ROS, reactive oxygen species.

∗ Corresponding author at: Department of Physiology, Columbia Univer-
sity, 630 West 168 Street, New York, NY 10032,
USA. Tel.: +1 212 305 3644; fax: +1 212 305 5775.

E-mail address: mb32@columbia.edu (M. Blank).

proteins that have broken down and those needed during cell
division.

New insights into the structure and function of DNA have
resulted from numerous, well-done laboratory studies. The
demonstration that EMF induces gene expression and the
synthesis of specific proteins [1,2] generated considerable
controversy from power companies, government agencies,
physicists, and most recently, cell phone companies. Physi-
cists have insisted that the reported results were not possible
because there was not enough energy in the power frequency
range (ELF) to activate DNA. They were thinking solely of
mechanical interaction with a large molecule and not of the
large hydration energy tied up in protein and DNA structures
that could be released by small changes in charge [3]. Of the
biologists who accepted such results [4], most thought that
the EMF interaction originated at, and was amplified by, the
cell membrane and not with DNA.

It is now generally accepted that weak EMF in the power
frequency range can activate DNA to synthesize proteins.
An EMF reactive sequence in the DNA has been identified
[5] and shown to be transferable to other gene promoters
[6]. This DNA sequence acts as an EMF sensitive antenna

0928-4680/$ – see front matter © 2009 Published by Elsevier Ireland Ltd.
doi:10.1016/j.pathophys.2009.01.006
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Fig. 1. Diagram of the HSP70 promoter showing the two different DNA sequences that have been identified as activated by EMF (non-thermal) and by
thermal stimuli, respectively. The EMF domain contains three nCTCTn consensus sequences (electromagnetic response elements; EMRE), and differs from
the consensus sequence (nGAAn) in the temperature or thermal domain.

that responds to EMF when transfected into reporter genes.
Research at the more energetic levels of power frequency [7]
and in the RF [8] ranges has shown that exposure to EMF
can lead to breaks in the DNA strands. Therefore, DNA can
no longer be considered unaffected by environmental EMF
levels. It can be activated and damaged by EMF at levels that
are considered safe [9]. The vulnerability of DNA to environ-
mental influences and the possible dangers associated with
EMF, had been underscored by discovery of EMF activation
of the cellular stress response in the ELF range [10,11]. The
cellular stress response is an unambiguous signal by the cell
that EMF is potentially harmful.

2. Physiological stress and cellular stress

Discussions of physiological stress mechanisms usually
describe responses of the body to pain, fear, ‘oxygen debt’
from muscle overexertion. These responses are mediated by
organ systems. For example, the nervous system transmits
action potentials along a network of nerves to cells, such
as adrenal glands, that release rapidly acting agents such as
epinephrine and norepinephrine and slower acting mineralo-
corticoids. These hormones are transported throughout the
body by the circulatory system. They mobilize the defenses
to cope with the adverse conditions and enable the body to
‘fight or flee’ from the noxious stimuli. The defensive actions
include changes in heart rate, breathing rate, muscle activity,
etc.

In addition to the responses of organ systems, there are pro-
tective mechanisms at the cellular level known as the cellular
stress response. These mechanisms are activated by damage
to cellular components such as DNA and protein [12], and
the responses are characterized by increased levels of stress
proteins [13] indicating that stress response genes have been
upregulated in response to the stress.

The first stress response mechanism identified was the
cellular reaction to sharp increases in temperature [14] and
was referred to as ‘heat shock’, a term that is still retained
in the nomenclature of the protective proteins, the hsps, heat
shock proteins. Stress proteins are designated by the prefix
‘hsp’ followed by a number that gives the molecular weight
in kilodaltons. There are about 20 different protein families
ranging in molecular weight from a few kilodaltons to over

100 kD, with major groups of proteins around 30 kD, 70 kD
and 90 kD.

Research on the ‘heat shock’ response has shown that hsp
synthesis is activated by a variety of stresses that are poten-
tially harmful to cells, including physical stimuli like pH and
osmotic pressure changes, as well as chemicals such as alco-
hol and toxic metal ions like Cd2+. EMF is a recent addition
to the list of physical stimuli. It was initially shown in the
power frequency (extremely low frequency, ELF) range [13],
but shortly afterwards, radio frequency (RF) fields [15] and
amplitude modulated RF fields [16] were shown to activate
the same stress response.

Studies of stress protein stimulation by low frequency
EMF have focused on a specific DNA sequence in the
gene promoter that codes for hsp70, a major stress pro-
tein. Synthesis of this stress protein is initiated in a region
of the promoter (see Fig. 1) where a transcription factor
known as heat shock factor 1 (HSF-1) binds to a heat shock
element (HSE). This EMF sensitive region on the HSP70
promoter is upstream from the thermal domain of the pro-
moter and is not sensitive to increased temperature. The
binding of HSF-1 to HSE occurs at −192 in the HSP70 pro-
moter relative to the transcription initiation site. The EMF
domain contains three nCTCTn myc-binding sites −230,
−166 and−160 relative to the transcription initiation site and
upstream of the binding sites for the heat shock (nGAAn) and
serum responsive elements [5,6,17,18]. The electromagnetic
response elements (EMREs) have also been identified on the
c-myc promoter and are also responsive to EMF. The sensitiv-
ity of the DNA sequences, nCTCTn, to EMF exposures has
been demonstrated by transfecting these sequences into CAT
and Luciferase reporter genes [6]. Thus, the HSP70 promoter
contains different DNA regions that are specifically sensitive
to different stressors, thermal and non-thermal.

Induction of increased levels of the major stress protein,
hsp70, by EMF is rapid, within 5min. Also it occurs at
extremely low levels of energy input, 14 orders of mag-
nitude lower than with a thermal stimulus [10]. The far
greater sensitivity to EMF than to temperature change in
elevating the protective protein, hsp70, has been demon-
strated to have potential clinical application, preventing
injury from ischemia reperfusion [19–21]. George et al. [22]
have shown the non-invasive use of EMF-induced stress pro-
teins improved hemodynamic parameters during reperfusion
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Fig. 2. The four mitogen activated protein kinase (MAPK) signaling cascades identified to date are: extracellular signal regulated kinase 1/2 (ERK), c-Jun-
terminal kinase (JNK), p38MAPK and stress activated protein kinase (SAPK). Elements of the three MAPkinase pathways that have been identified as activated
by EMF are shown as the shaded circles.

following ischemia. This effect occurred in the absence of
measurable increased temperature.

3. EMF interaction with signaling pathways

EMF penetrate cells unattenuated and so can interact
directly with the DNA in the cell nucleus, as well as other
cell constituents. However, biological agents are impeded by
membranes and require special mechanisms to gain access to
the cell interior. Friedman et al. [23] have demonstrated that
the initial step in transmitting extracellular information from
the plasma membrane to the nucleus of the cell occurs when
NADH oxidase rapidly generates reactive oxygen species
(ROS). These ROS stimulate matrix metalloproteinases that
allow them to cleave and release heparin binding epidermal
growth factor. This secreted factor activates the epidermal
growth receptor, which in turn activates the extracellular sig-
nal regulated kinase 1\2 (ERK) cascade. The ERK cascade
is one of the four mitogen-activated protein kinase (MAPK)
signaling cascades that regulate transcriptional activity in
response to extracellular stimuli. The elements of the three

Fig. 3. The signaling pathways and the stress response are activated by EMF.
The activation mechanisms discussed in the text are indicated by arrows. In
the stress response, DNA activation leads to hsp synthesis and may be due to
direct EMF interaction with DNA. The signaling pathways are activated by
reactive oxygen species (ROS) that are probably generated by EMF. Possible
interactions between the pathways, DNA and hsp are indicatedwith question
marks. In any case, EMF leads to activation of all the processes shown.

MAPK signaling cascades implicated in exposures to ELF
and RF are highlighted in Fig. 2.

The fourMAPKcascades are: (1) ERK, (2) c-Jun-terminal
kinase (JNK), (3) stress activated protein kinase (SAPK) and
(4) p38SAPK. Each of the cascades is composed of three
to six tiers of protein kinases, and their signals are trans-
mitted by sequential phosphorylation and activation of the
protein kinases in each of the tiers. The result is activation
of a large number of regulatory proteins, which include a set
of transcription factors, e.g., c-Jun, c-Fos, hsp27 and hsp70.
Activation of the stress response is accompanied by acti-
vation of specific signal transduction cascades involved in
regulating cell proliferation, differentiation and metabolism
[24–26]. The MAPK pathways have been characterized in
several cell types [24,27–30]. Exposure to non-thermal ELF
as well as thermal RF affects the expression of many cellular
proteins [23–25] (Fig. 3).

The elevated expression of these protein transcription fac-
tors participate in the induction of various cellular processes,
including several that are affected by cell phones, e.g., repli-
cation and cell-cycle progression [25,31] and apoptosis [32].
RF fields have been shown to activate specific transcription
factor binding that stimulate cell proliferation and induce
stress proteins [25,33]. It has been reported [31] that within
10min of cell phone exposures, two MAPKinase cascades,
p38 and ERK1\2, are activated. Both ELF and RF activate
the upregulation of the HSP70 gene and induction of elevated
levels of the hsp70 protein. This effect on RNA transcription
and protein stability is controlled by specific protein tran-
scription factors that are elements of the mitogen MAPK
cascade.

EMF also stimulate serum response factor which binds
to the serum response element (SRE) through ERK MAPK
activation and is associated with injury and repair in vivo and
in vitro. The SRE site is on the promoter of an early response
gene, c-fos, which under specific cellular circumstances has
oncogenic properties. The c-fos promoter is EMF-sensitive; a
20min exposure to 60Hz 80mGfields significantly increases
c-fos gene expression [34]. The SRE accessory protein,
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Elk-1, contains a growth-regulated transcriptional activation
domain. ERK phosphorylation potentiates Elk-1 and trans-
activation at the c-fos SRE [29].

During the past twenty years, the growing use of cellular
phones has aroused great concern regarding the health effects
of exposure of the brain to 900MHz RF waves. Despite
claims that the energy level is too low to induce changes
in DNA and that the devices are safe, the non-thermal effects
that have been demonstrated at both ELF and RF exposure
levels can cause physiological changes in cells and tissues
even at the level of DNA. Finally, it should be mentioned
that some of the pathways described in this section also have
roles in protein synthesis via RNApolymerase III, an enzyme
in oncogenic pathways [35] and could, therefore, provide a
mechanistic link between cancer and EMF exposure.

4. Cells affected by the stress response

Reviews onEMFand the stress response have appeared for
the ELF range [13] and for the RF range [36]. Themost recent
review was published online in section 7 of the Bioinitia-
tive Report [9], and it summarized both ELF and RF studies,
mainly at frequencies 50Hz, 60Hz, 900MHz and 1.8GHz.
The citations in that reviewwere not exhaustive, but the differ-
ent frequencies and biological systems represent the diversity
of results on stimulation of DNA and stress protein synthe-
sis in many different cells. It is clear that the stress response
does not occur in reaction to EMF in all types of cells, and
sometimes because of the use of tissue cultured cell lines,
even the same cell line can give opposite results in the same
laboratory [37].

Many different types of cells have been shown to respond
to EMF, both in vivo and in vitro, including epithelial,
endothelial and epidermal cells, cardiac muscle cells, fibrob-
lasts, yeast, E. coli, developing chick eggs, and dipteran cells
(see Bioinitiative Report [9], section 7). Tissue cultured cells
are less likely to show an effect of EMF, probably because
immortalized cells have been changed significantly to enable
them to live indefinitely in unnatural laboratory conditions.
This may also be true of cancer cells, although some (e.g.,
MCF7 breast cancer cells) have responded to EMF [38,39],
and in HL60 cells, one cell line responds to EMF while
another does not [24].Czyz et al. [16] found that p53-deficient
embryonic stemcells showed an increasedEMF response, but
the wild type did not.

A broad study of genotoxic effects (i.e., DNA damage)
in different kinds of cells [40] found no effects with lym-
phocytes, monocytes and skeletal muscle cells, but did find
effects with fibroblasts, melanocytes and rat granulosa cells.
Other studies [41,42] have also found that the blood elements,
such as lymphocytes andmonocytes are natural cells that have
not responded. Sincemobile cells can easilymove away from
a stress, there would be little selective advantage and evolu-
tionary pressure for developing the stress response. The lack
of response by skeletal muscle cells is related to the need

Table 1
Biological thresholds in the ELF range.

Biological system Threshold
(�T)a

Reference

Acceleration of reaction rates
Na,K-ATPase 0.2–0.3 Blank and Soo [49]
cytochrome oxidase 0.5–0.6 Blank and Soo [43]
ornithine decarboxylase ∼2 Mullins et al. [58]
malonic acid oxidation <0.5 Blank and Soo [59]

Biosynthesis of stress proteins
HL60, Sciara, yeast, <0.8 Goodman et al. [11]
breast (HTB124, MCF7) <0.8 Lin et al. [39]
chick embryo (anoxia) ∼2 DiCarlo et al. [60]

Breast cancer (MCF7) cell growth
block melatonin inhibition 0.2 < 1.2 Liburdy et al. [38]

Leukemia epidemiology 0.3–4 Ahlbom et al. [61]
Greenland et al. [62]

a The estimated values are for departures from the baseline, although
Mullins et al. (1999) and DiCarlo et al. (2000) generally give inflection
points in the dose–response curves. The leukemia epidemiology values are
not experimental and are listed for comparison.

to desensitize the cells to excessive heating during activity.
Unlike slowmuscle fibers that do synthesize hsp70, cells con-
taining fast muscle fibers do not synthesize hsp70 to protect
them from over-reacting to the high temperatures reached a
during activity.

5. EMF–DNA interaction mechanisms: electron
transfer

The biochemical compounds in living cells are composed
of charges and dipoles that can interact with electric andmag-
netic fields by various mechanisms. An example discussed
earlier is the generation of reactive oxygen species (ROS) in
activation of the ERK signaling cascade. The cellular stress
response leading to the synthesis of stress proteins is also acti-
vated by EMF. However, the specific reaction is not known,
except that it is stimulated by very weak EMF. For this rea-
son, our focus has been on molecular processes that are most
sensitive to EMF and that could cause the DNA to come apart
to initiate biosynthesis. We have suggested that direct EMF
interaction with electrons in DNA is likely for the following
reasons:

• The largest effects of EMF would be expected on elec-
trons because of their high charge to mass ratio. At
the sub-atomic level, one assumes that electrons respond
instantaneously compared to protons and heavier atomic
nuclei, as in the Born-Oppenheimer Approximation. The
very low field strengths and durations that activate the
stress response and other reactions (Table 1) suggest inter-
action with electrons, and make ion-based mechanisms
unlikely.

• Weak ELF fields have been shown to affect the rates of
electron transfer reactions [43,44]. A 10�Tmagnetic field
exerts a very small force of only∼10−20 Non a unit charge,
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but this force can move an isolated electron more than a
bond length, ∼1 nm, in ∼1 nanosecond.

• There is a specific EMF responsive DNA sequence that
is associated with the response to EMF (Fig. 1), and that
retains this property when transfected

• Displacement of electrons in DNA would cause local
charging that has been shown to lead to disaggregation
of biopolymers [45].

• As the energy in an EMF stimulus increases, there is an
increase in single strand breaks, followed by double strand
breaks, suggesting an interaction with EMF at all energy
levels [46].

Effects of EMF on electrons in chemical reactions were
detected indirectly in studies on the Na,K-ATPase [47], a
ubiquitous enzyme that establishes the normal Na and K
ion gradients across cell membranes. Electric and magnetic
fields, each accelerated the reaction only when the enzyme
was relatively inactive. It is reasonable to assume that the
threshold response occurs when the same charge is affected
by the two fields, so the velocity (v) of the charge (q) could
be calculated from these measurements and its nature deter-
mined. Assuming both fields exert the same force at the
threshold, the electric (E) and the magnetic (B) forces should
be equal.

F = qE = qvB. (1)

From this v = E/B, the ratio of the threshold fields,
and by substituting the measured thresholds [48,49],
E= 5× 10−4 V/m and B= 5× 10−7T (0.5�T), we obtain
v = 103m/s. This very rapid velocity, similar to that of elec-
trons in DNA [50], indicated that electrons were probably
involved in the ion transport mechanism of the Na,K-ATPase
[47]. An electron moving at a velocity of 103 m/s crosses the
enzyme (∼10−8 m) before the ELF field has had a chance
to change. This means that a low frequency sine wave sig-
nal is effectively a repeated DC pulse. This is true of all low
frequency effects on fast moving electrons.

Studies of effects of EMF on electron transfer in
cytochrome oxidase, ATP hydrolysis by the Na,K-ATPase,
and the Belousov–Zhabotinski (BZ) redox reaction, have led
to certain generalizations:

• EMF can accelerate reaction rates, including electron
transfer rates

• EMF acts as a force that competes with the chemical forces
in a reaction. The effect of EMF varies inversely with the
intrinsic reaction rate, so EMF effects are only seen when
intrinsic rates are low. (This is in keeping with the ther-
apeutic efficacy of EMF on injured tissue, while there is
usually little or no effect on normal tissue.)

• Experimentally determined thresholds are low (∼0.5�T)
and comparable to levels found by epidemiology. See
Table 1.

• Effects vary with frequency, with different optima for the
reactions studied: The two enzymes showed broad fre-

quency optima close to the reaction turnover numbers for
Na,K-ATPase (60Hz) and cytochrome oxidase (800Hz),
suggesting that EMF interacted optimally when in syn-
chrony with the molecular kinetics. This is not true for
EMF interactions with DNA, which are stimulated in both
ELF and RF ranges and do not appear to involve electron
transfer reactions with well-defined kinetics.

Probably the most convincing evidence for a frequency
sensitivemechanism that involves stimulation ofDNA is acti-
vation of protein synthesis in striated muscle. In this natural
process, specific muscle proteins are synthesized by varying
the rate of the (electrical) action potentials in the attached
nerves [51]. The ionic currents of the action potentials that
flow along and through the muscle membranes, also pass
through the muscle cell nuclei that contain the DNA codes
for themuscle proteins. Two frequencieswere studied inmus-
cle, high (100Hz) and low (10Hz) frequency, corresponding
to the frequencies of the fast muscles and slow muscles that
have different contraction rates and differentmuscle proteins.
In the experiments, either the fast or slow muscle proteins
were synthesized at the high or low frequency stimulation
rates corresponding to the frequency of the action poten-
tials. The clear dependence of the protein composition on
the frequency of the action potentials indicates a relation
between stimulation and activation of DNA in muscle physi-
ology. The process is undoubtedly far more complicated and
unlikely to be a simple electron transfer reaction as with
cytochrome oxidase. It is more probable that an entire region
of DNA coding for a group of related proteins is activated
simultaneously.

A mechanism based on electron movement is in keeping
with themV/m electric field and�Tmagnetic field thresholds
that affect theNa,K-ATPase. The very small force on a charge
(∼10−20 N) can affect an electron, but is unlikely to have a
direct effect onmuchmoremassive ions andmolecules, espe-
cially if they are hydrated. Ions are affected by themuch larger
DC electric fields of physiological membrane processes. The
low EMF energy can move electrons, cause small changes
in charge distribution and release the large hydration energy
tied up in protein andDNAstructures [3]. Electrons have been
shown to move in DNA at great speed [50], and we have sug-
gested that RF and ELF fields initiate the stress response by
directly interacting and accelerating electrons moving within
DNA [52,53].

A mechanism based on electron movement also provides
insight into why the same stress response is stimulated by
both ELF and RF even though the energies of the two stim-
uli differ by orders of magnitude. A typical ELF cycle at
102Hz lasts 10−2 s and a typical RF cycle at 1011 Hz lasts
10−11 s. Because the energy is spread over a different num-
ber of cycles/second in the two ranges, the energy/cycle is the
same in both ELF and RF ranges. Since electron movement
occurs much faster than the change of field, both frequen-
cies are seen by rapidly moving electrons as essentially DC
pulses. Each cycle contributes to electron movement at both
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frequencies, but more rapidly at the higher frequency. The
fluctuation of protons between water molecules in solution
at a frequency of about 1012 Hz [54] gives an indication of
the speed of electron movement, and may suggest an upper
limit of the frequency in which sine wave EMF act as DC
pulses.

6. DNA biology and the EM spectrum

Research on DNA and the stress response has shown that
the same biology occurs across divisions of the EM spectrum,
and that EMF safety standards based on cellular measures
of potential harm should be much stricter. These data also
raise questions about the utility of spectrum sub-divisions as
the basis for properly assessing biological effects and set-
ting separate safety standards for the different sub-divisions.
The frequencies of the EM spectrum form a continuum, and
division into frequency bands is only a convenience that
makes it easier to assign and regulate different portions of
the spectrum for practical uses, such as the different design
requirements of devices for EMF generation and measure-
ment. Except for the special case of the visual range, the
frequency bands are not based on biology, and the separate
bands now appear to be a poor way of dealing with bio-
logical responses needed for evaluating safety. The DNA
studies indicate the need for an EMF safety standard rooted
in biology and a rational basis for assessing health implica-
tions.

DNA responses to EMF can be used to create a single scale
for evaluation of EMF dose because:

• The same biological responses are stimulated in ELF and
RF ranges.

• The intensity of EMF interactions with DNA leads to
greater effects on DNA as the energy increases with fre-
quency. In the ELF range, the DNA is only activated to
initiate protein synthesis, while single and double strand
breaks occur in the more energetic RF and ionizing
ranges.

A scale based on DNA biology also makes possible an
approach to a quantitative relation between EMF dose and
disease. This can be done by utilizing the data banks that
have been kept for A-bomb exposure and victims of nuclear
accidents, data that link exposure to ionizing radiation and
subsequent development of cancer. Utilizing experimental
studies of DNA breaks with ionizing radiation, it is possi-
ble in principle to relate cancer incidence to EMF exposures.
It should be possible to determine single and double strand
breaks in a standard preparation of DNA, caused by exposure
to EMF for a specified duration, under standard conditions.
Although many studies of DNA damage and repair rates
under different conditions would be needed, this appears to
be a possible experimental approach to assessing the relation
between EMF exposure and disease.

7. The stress response and safety standards

Most scientists believe that basic research eventually pays
off in practical ways. This has certainly been true of EMF
research on the stress response, where EMF stimulated stress
proteins have been used to minimize damage to ischemic
tissues on reperfusion. However, more importantly, biologi-
cal effects stimulated by both ELF and RF have shown that
the standards used for developing safety guidelines are not
protective of cells.

First and foremost, it is important to realize that the stress
response occurs in reaction to a potentially harmful envi-
ronmental influence. The stress response is an unambiguous
indication that cells react to EMF as potentially harmful. It is
therefore an indication of compromised cell safety, given by
the cell, in the language of the cell. The low threshold level
of the stress response shows that the current safety standards
are much too high to be considered safe.

In general, cellular processes are unusually sensitive to
fields in the environment. The biological thresholds in the
ELF range (Table 1) are in the range of 0.5–1.0�T—not
very much higher than the ELF backgrounds of ∼0.1�T.
The relatively low field strengths that can affect biochem-
ical reactions is a further indication that cells are able to
sense potential danger long before there is an increase in
temperature.

EMF research has also shown that exposure durations
do not have to be prolonged to have an effect. Litovitz et
al. [55,56], working with the enzyme ornithine decarboxy-
lase, showed an EMF response when cells were exposed
for only 10 s to ELF or ELF modulated 915MHz, pro-
viding that the exposure was continuous. Gaps in the sine
wave resulted in a reduced response, and interference with
the sine wave in the form of superimposed ELF noise also
reduced the response [57]. The interfering effect of noise
has been shown in the RF range by Lai and Singh [46],
who reported that noise interferes with the ability of an
RF signal to cause breaks in DNA strands. The decreased
effect when noise is added to a signal is yet another indi-
cation that EMF energy is not the critical factor in causing
a response. In fact, EMF noise appears to offer a technol-
ogy for mitigating potentially harmful effects of EMF in the
environment.

EMF research has shown that the thermal standard used
by agencies to measure safety is at best incomplete, and
in reality not protective of potentially harmful non-thermal
fields. Non-thermal ELFmechanisms are as effective as ther-
mal RF mechanisms in stimulating the stress response and
other protective mechanisms. The current safety standard
based on thermal response is fundamentally flawed, and not
protective.

Finally, since both ELF and RF activate the same biology,
simultaneous exposure to both is probably additive and total
EMF exposure is important. Safety standards must consider
total EMF exposure and not separate standards for ELF and
RF ranges.
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Abstract

A major concern of the adverse effects of exposure to non-ionizing electromagnetic field (EMF) is cancer induction. Since the majority of
cancers are initiated by damage to a cell’s genome, studies have been carried out to investigate the effects of electromagnetic fields on DNA and
chromosomal structure. Additionally, DNAdamage can lead to changes in cellular functions and cell death. Single cell gel electrophoresis, also
known as the ‘comet assay’, has been widely used in EMF research to determine DNA damage, reflected as single-strand breaks, double-strand
breaks, and crosslinks. Studies have also been carried out to investigate chromosomal conformational changes and micronucleus formation
in cells after exposure to EMF. This review describes the comet assay and its utility to qualitatively and quantitatively assess DNA damage,
reviews studies that have investigated DNA strand breaks and other changes in DNA structure, and then discusses important lessons learned
from our work in this area.
© 2009 Elsevier Ireland Ltd. All rights reserved.

Keywords: Electromagnetic field; DNA damage; Comet assay; Radiofrequency radiation; Cellular telephone

1. The comet assay for measurement of DNA strand
breaks

DNA is continuously damaged by endogenous and exoge-
nous factors and then repaired by DNA repair enzymes. Any
imbalance in damage and repair and mistakes in repair result
in accumulation of DNA damage. Eventually, this will lead
to cell death, aging, or cancer. There are several types of
DNA lesions. The common ones that can be detected easily
are DNA strand breaks and DNA crosslinks. Strand breaks in
DNA are produced by endogenous factors, such as free radi-
cals generated by mitochondrial respiration and metabolism,
and by exogenous agents, including UV, ionizing and non-
ionizing radiation, and chemicals.

There are two types of DNA strand breaks: single- and
double-strand breaks. DNA single-strand breaks include
frank breaks and alkali labile sites, such as base modifica-
tion, deamination, depurination, and alkylation. These are
the most commonly assessed lesions of DNA. DNA double-
strand breaks are very critical for cells and usually they are

∗ Corresponding author.
E-mail address: jphillip@mail.uccs.edu (J.L. Phillips).

lethal. DNA strand breaks have been correlated with cell
death [1–5], aging [6–8] and cancer [9–13].

Several techniques have been developed to analyze single-
and double-strand breaks. Most commonly used is micro-
gel electrophoresis, also called the ‘comet assay’ or ‘single
cell gel electrophoresis’. This technique involves mixing
cells with agarose, making microgels on a microscope slide,
lysing cells in the microgels with salts and detergents,
removing proteins fromDNAby using proteinaseK, unwind-
ing/equilibrating and electrophoresing DNA (under highly
alkaline condition for assessment of single-strand breaks or
under neutral condition for assessment ofDNAdouble-strand
breaks), fixing the DNA, visualizing the DNAwith a fluores-
cent dye, and then analyzingmigration patterns of DNA from
individual cells with an image analysis system.

The comet assay is a very sensitive method of detect-
ing single- and double-strand breaks if specific criteria are
met. Critical criteria include the following. Cells from tis-
sue culture or laboratory animals should be handled with
care to minimize DNA damage, for instance, by avoiding
light and high temperature. When working with animals
exposed to EMF in vivo, it is better to anesthetize the animals
with CO2 before harvesting tissues for assay. Antioxidants

0928-4680/$ – see front matter © 2009 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.pathophys.2008.11.005
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such as albumin and sucrose, or spin-trap molecules such
as �-phenyl-tert-butyl nitrone (PBN), should be added dur-
ing dispersion of tissues into single cells. Cells should be
lysed at 0–4 ◦C to minimize DNA damage by endonucle-
ases. Additionally, antioxidants such as tris and glutathione,
and chelators such as EDTA, should be used in the lysing
solution. High concentrations of dimethylsulfoxide (DMSO)
should be avoided due to its chromatin condensing effect.
Treatment with proteinase K (PK; lyophilized DNAse-free
proteinase-K from Amresco is ideal) at a concentration of
0.5–1mg/ml (depending upon cell type and number of cells
in themicrogel) should be used for 1–2 h at 37 ◦C to reveal all
possible strand breaks which otherwise may go undetected
due to DNA–protein crosslinks. Longer times in PKwill lead
to loss of smaller pieces of DNA by diffusion. Glass slides
should be chosen based on which high resolution agarose
(3:1 high resolution agarose fromAmresco is ideal) will stick
well to the slide and on the ability of the specimen to be visu-
alized without excessive fluorescence background. Choice
of an electrophoresis unit is important to minimize slide-to-
slide variation inDNAmigration pattern. A unit with uniform
electric field and buffer recirculation should be used. Elec-
trophoresis buffers should have antioxidants and chelators
such as DMSO and EDTA. DNA diffusion should be mini-
mized during the neutralization step by rapidly precipitating
the DNA. Staining should employ a sensitive fluorescent dye,
such as the intercalating fluorescent labeling dye YOYO-1.
A cell-selection criteria for analysis should be set before the
experiment, such as not analyzing cells with too much dam-
age, although, the number of such cells should be recorded.

There are different versions of the comet assay that have
been modified to meet the needs of specific applications and
to improve sensitivity. Using the most basic form of the
assay, one should be able to detect DNA strand breaks in
human lymphocytes thatwere induced by 5 rad of gamma-ray
[14,15].

2. Radiofrequency radiation (RFR) and DNA
damage

In a series of publications, Lai and Singh [16–19] reported
increases in single- and double-strand DNA breaks, as mea-
sured by the comet assay, in brain cells of rats exposed for 2 h
to a 2450-MHz RFR at whole body specific absorption rate
(SAR) between 0.6 and 1.2W/kg. The effects were blocked
by antioxidants, which suggested involvement of free radi-
cals. At the same time, Sarkar et al. [20] exposed mice to
2450-MHz microwaves at a power density of 1mW/cm2 for
2 h/day over a period of 120, 150, and 200 days. Rearrange-
ment of DNA segments were observed in testis and brain
of exposed animals. Their data also suggested breakage of
DNA strands after RFR exposure. Phillips et al. [21] were
the first to study the effects of two forms of cell cellular
phone signals, known as TDMA and iDEN, on DNA dam-
age in Molt-4 human lymphoblastoid cells using the comet

assay. These cells were exposed to relatively low intensities
of the fields (2.4–26�W/g) for 2–21 h. They reported both
increased and decreasedDNAdamage, depending on the type
of signal studied, aswell as the intensity and duration of expo-
sure. They speculated that the fieldsmay affect DNA repair in
cells. Subsequently, different groups of researchers have also
reported DNA damage in various types of cells after expo-
sure to cell phone frequency fields. Diem et al. [22] exposed
human fibroblasts and rat granulosa cells to cell phone signal
(1800MHz; SAR 1.2 or 2W/kg; different modulations; for
4, 16 and 24 h; intermittent 5min on/10min off or continu-
ous). RFR exposure induced DNA single- and double-strand
breaks asmeasured by the comet assay. Effects occurred after
16 h of exposure to different cell phone modulations in both
cell types. The intermittent exposure schedule caused a sig-
nificantly stronger effect than continuous exposure. Gandhi
and Anita [23] reported increases in DNA strand breaks and
micronucleation in lymphocytes obtained from cell phone
users. Markova et al. [24] reported that GSM signals affected
chromatin conformation and �-H2AX foci that co-localized
in distinct foci with DNA double-strand breaks in human
lymphocytes. The effect was found to be dependent on carrier
frequency. Nikolova et al. [25] reported a low and transient
increase in DNA double-strand breaks in mouse embryonic
stem cells after acute exposure to a 1.7-GHz field. Lixia et
al. [26] reported an increase in DNA damage in human lens
epithelial cells at 0 and 30min after 2 h of exposure to a
1.8-GHz field at 3W/kg. Sun et al. [27] reported an increase
in DNA single-strand breaks in human lens epithelial cells
after 2 h of exposure to a 1.8-GHz field at SARs of 3 and
4W/kg. DNA damage caused by the field at 4W/kg was irre-
versible. Zhang et al. [28] reported that an 1800-MHz field at
3.0W/kg inducedDNAdamage inChinese hamster lung cells
after 24 h of exposure. Aitken et al. [29] exposed mice to a
900-MHz RFR at a SAR of 0.09W/kg for 7 days at 12 h per
day. DNA damage in caudal epididymal spermatozoa was
assessed by quantitative PCR (QPCR) as well as by alka-
line and pulsed-field gel electrophoresis. Gel electrophoresis
revealed no significant change in single- or double-strand
breaks in spermatozoa. However, QPCR revealed statistically
significant damage to both the mitochondrial genome and the
nuclear �-globin locus. Changes in sperm cell genome after
exposure to 2450-MHz microwaves have also been reported
previously by Sarkar et al. [20]. Related to this are sev-
eral publications that have reported decreased motility and
changes in morphology in isolated sperm cells exposed to
cell phone radiation [30], sperm cells from animals exposed
to cell phone radiation [31], and cell phone users [32–34].
Some of these in vivo effects could be caused by hormonal
changes [35,36].

There also are studies reporting no significant effect of cell
phone RFR exposure on DNA damage. After RFR-induced
DNA damage was reported by Lai and Singh [16] using
2450-MHz microwaves and after the report of Phillips et
al. [21] on cell phone radiation was published, Motorola
funded a series of studies by Roti Roti and colleagues [37] at
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Washington University to investigate DNA strand breaks
in cells and animals exposed to RFR. None of the stud-
ies reported by this group found significant effects of RFR
exposure on DNA damage [38–40]. However, a different ver-
sion of the comet assay was used in these studies. More
recently, four additional studies from the Roti-Roti labora-
tories also reported no significant effects on DNA damage
in cells exposed to RFR. Li et al. [41] reported no signif-
icant change in DNA strand breaks in murine C3H10T1/2
fibroblasts after 2 h of exposure to 847.74- and 835.02-
MHz fields at 3–5W/kg. Hook et al. [42] showed that a
24-h exposure of Molt-4 cells to CDMA, FDMA, iDEN or
TDMA-modulated RFR did not significantly alter the level of
DNA damage. Lagroye et al. [43,44] also reported no signifi-
cant change in DNA strand breaks, protein–DNA crosslinks,
and DNA–DNA crosslinks in cells exposed to 2450-MHz
RFR.

From other laboratories, Vijayalaxmi et al. [45] reported
no increase in DNA stand breaks in human lymphocytes
exposed in vitro to 2450-MHz RFR at 2.135W/kg for 2 h.
Tice et al. [46] measured DNA single-strand breaks in human
leukocytes using the comet assay after exposure to various
forms of cell phone signals.Cellswere exposed for 3 or 24 h at
average SARs of 1.0–10.0W/kg. Exposure for either 3 or 24 h
did not induce a significant increase inDNAdamage in leuko-
cytes. McNamee et al. [47–49] found no significant increase
in DNA breaks and micronucleus formation in human leuko-
cytes exposed for 2 h to a 1.9-GHzfield at SARup to 10W/kg.
Zeni et al. [50] reported that a 2-h exposure to 900-MHzGSM
signal at 0.3 and 1W/kg did not significantly affect levels of
DNA strand breaks in human leukocytes. Sakuma et al. [51]
exposed human glioblastoma A172 cells and normal human
IMR-90 fibroblasts from fetal lungs to cell phone radiation
for 2 and 24 h. No significant changes in DNA strand breaks
were observed up to a SAR of 800mW/kg. Stronati et al. [52]
showed that 24 h of exposure to 935-MHz GSM basic signal
at 1 or 2W/Kg did not cause DNA strand breaks in human
blood cells. Verschaeve et al. [53] reported that long-term
exposure (2 h/day, 5 days/week for 2 years) of rats to 900-
MHz GSM signal at 0.3 and 0.9W/kg did not significantly
affect levels of DNA strand breaks in cells.

3. Extremely low frequency electromagnetic fields
(ELF EMF) and DNA damage

To complete the picture, a fewwords on the effects of ELF
EMF are required, since cell phones also emit these fields and
they are another common form of non-ionizing EMF in our
environment. Quite a number of studies have indicated that
exposure to ELF EMF could lead to DNA damage [54–69].
In addition, two studies [70,71] have reported effects of ELF
fields on DNA repair mechanisms. Free radicals and interac-
tion with transitional metals (e.g., iron) [60,62,63,69] have
also been implicated to play a role in the genotoxic effects
observed after exposure to these fields.

4. Some considerations on the effects of EMF on
DNA

From this brief literature survey, no consistent pattern of
RFR exposure inducing changes in or damage to DNA in
cells and organisms emerges. However, one can conclude that
under certain conditions of exposure, RFR is genotoxic. Data
available are mainly applicable only to radiation exposure
that would be typical during cell phone use. Other than the
study of Phillips et al. [21], there is no indication that RFR at
levels that one can experience in the vicinity of base stations
and RF-transmission towers could cause DNA damage.

Differences in experimental outcomes are expected since
many factors could influence the outcome of experiments
in EMF research. Any effect of EMF has to depend on the
energy absorbed by a biological organism and on how the
energy is delivered in space and time. Frequency, intensity,
exposure duration, and the number of exposure episodes can
affect the response, and these factors can interact with each
other to produce different effects. In addition, in order to
understand the biological consequence of EMFexposure, one
must know whether the effect is cumulative, whether com-
pensatory responses result, and when homeostasis will break
down. The contributions of these factors have been discussed
in a talk given by one us (HL) in Vienna, Austria in 1998
[72].

Radiation from cell phone transmission has very com-
plex patterns, and signals vary with the type of transmission.
Moreover, the technology is constantly changing. Research
results from one types of transmission pattern may not be
applicable to other types. Thus, differences in outcomes of
the research on genotoxic effects of RFR could be explained
by themany different exposure conditions used in the studies.
An example is the study of Phillips et al. [21], which demon-
strated that different cell phone signals could cause different
effects on DNA (i.e., an increase in strand breaks after expo-
sure to one type of signal and a decreasewith another). This is
further complicated by the fact that some of the studies listed
above used poor exposure procedures with very limited doc-
umentation of exposure parameters, e.g., using an actual cell
phone to expose cells and animals, thus rendering the data
from these experiments as questionable.

Another source of influence on experimental outcome is
the cell or organism studied. Many different biological sys-
tems were used in the genotoxicity studies. Different cell
types [73] and organisms [74,75] may not all respond simi-
larly to EMF.

Comment about the comet assay also is required, since
it was used in many of the EMF studies to determine DNA
damage. Different versions of the assay have been developed.
These versions have different detection sensitivities and can
be used tomeasure different aspects of DNA strand breaks. A
comparison of data from experiments using different versions
of the assay could bemisleading.Another concern is thatmost
of the comet assay studies were carried out by experimenters
who had no prior experiencewith this technique andmistakes
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Fig. 1. A representation of the Fenton reaction and its role as a mediator in
EMF-induced bioeffects.

were made. For example, in the study by Lagroye et al. [43]
to investigate the effect of PK digestion on DNA migration
after RFR exposure, PK was added to a lysing solution con-
taining the detergent Triton X-100, which would inactivate
the enzyme. Our experience indicates that the comet assay
is a very sensitive and requires great care to perform. Thus,
different detection sensitivities could result in different labo-
ratories, even if the same procedures are followed. One way
to solve this problem of experimental variation is for each
research team to report the sensitivity of their comet assay,
e.g., the threshold of detecting strand breaks in human lym-
phocytes exposed to X-rays. This information has generally
not been provided for EMF-genotoxicity studies. Interest-
ingly, when such information was provided, a large range of
sensitivities have been reported.Malyapa et al. [40] reported a
detection level of 0.6 cGy of gamma radiation in human lym-
phocytes, whereas McNamee et al. [76] reported 10–50 cGy
of X-irradiation in lymphocytes, which is much higher than
the generally acceptable detection level of the comet assay
[15].

A drawback in the interpretation and understanding of
experimental data from bioelectromagnetics research is that
there is no general acceptable mechanism on how EMF
affects biological systems. The mechanism by which EMF
produces changes in DNA is unknown. Since the energy level
associatedwith EMF exposure is not sufficient to cause direct
breakage of chemical bonds within molecules, the effects are
probably indirect and secondary to other inducedbiochemical
changes in cells.

One possibility is that DNA is damaged by free radicals
that are formed inside cells. Free radicals affect cells by dam-
agingmacromolecules, such asDNA, protein, andmembrane
lipids. Several reports have indicated that EMF enhances free
radical activity in cells [18,19,61,62,77,78], particularly via
the Fenton reaction [62]. The Fenton reaction is a process
catalyzed by iron in which hydrogen peroxide, a product of
oxidative respiration in the mitochondria, is converted into
hydroxyl free radicals, which are very potent and cytotoxic
molecules (Fig. 1).

It is interesting that ELF EMF has also been shown to
cause DNA damage. Furthermore, free radicals have been
implicated in this effect of ELF EMF. This further supports
the view that EMF affects DNA via an indirect secondary
process, since the energy content of ELF EMF is much lower
than that of RFR. Effects via the Fenton reaction predict how
a cell would respond to EMF. For instance:

(1) Cells that are metabolically active would be more sus-
ceptible to EMF, because more hydrogen peroxide is
generated by mitochondria to fuel the reaction.

(2) Cells that have high level of intracellular free iron would
bemore vulnerable to EMF. Cancer cells and cells under-
going abnormal proliferation have higher concentrations
of free iron because they uptake more iron and have less
efficient iron storage regulation. Thus, these cells could
be selectively damaged by EMF. Consequently, this sug-
gests that EMFcould potentially be used for the treatment
of cancer and hyperplastic diseases. The effect could be
further enhanced if one could shift anaerobic glycoly-
sis of cancer cells to oxidative glycolysis. There is quite
a large database of information on the effects of EMF
(mostly in the ELF range) on cancer cells and tumors.
The data tend to indicate that EMF could retard tumor
growth and kill cancer cells. One consequence of this
consideration is that epidemiological studies of cancer
incidence in cell phone users may not show a risk at all
or even a protection effect.

(3) Since the brain is exposed to rather high levels of
EMF during cell phone use, the consequences of EMF-
induced genetic damage in brain cells are of particular
importance. Brain cells have high levels of iron. Spe-
cial molecular pumps are present on nerve cell nuclear
membranes to pump iron into the nucleus. Iron atoms
have been found to intercalate within DNAmolecules. In
addition, nerve cells have a low capacity for DNA repair,
and DNA breaks could easily accumulate. Another con-
cern is the presence of superparamagnetic iron-particles
(magnetites) in body tissues, particularly in the brain.
These particles could enhance free radical activity in cells
and thus increase the cellular-damaging effects of EMF.
These factors make nerve cells more vulnerable to EMF.
Thus, the effect of EMF on DNA could conceivably be
more significant on nerve cells than on other cell types of
the body. Since nerve cells do not divide and are not likely
to become cancerous, the more likely consequences of
DNA damage in nerve cells include changes in cellular
functions and in cell death, which could either lead to
or accelerate the development of neurodegenerative dis-
eases. Double-strand breaks, if not properly repaired, are
known to lead to cell death. Cumulative DNA damage in
nerve cells of the brain has been associatedwith neurode-
generative diseases, such as Alzheimer’s, Huntington’s,
and Parkinson’s diseases. However, another type of brain
cell, the glial cell, can become cancerous as a result of
DNAdamage. The question is whether the damaged cells



Please cite this article in press as: J.L. Phillips, et al., Electromagnetic fields and DNA damage, Pathophysiology (2009),
doi:10.1016/j.pathophys.2008.11.005

ARTICLE IN PRESSPATPHY-600; No. of Pages 10

J.L. Phillips et al. / Pathophysiology xxx (2009) xxx–xxx 5

would develop into tumors before they are killed by EMF
due to over accumulation of genetic damages. The out-
come depends on the interplay of these different physical
and biological factors—an increase, decrease, or no sig-
nificant change in cancer risk could result from EMF
exposure.

(4) On the other hand, cells with high amounts of
antioxidants and antioxidative enzymes would be less
susceptible to EMF. Furthermore, the effect of free
radicals could depend on the nutritional status of an
individual, e.g., availability of dietary antioxidants, con-
sumption of alcohol, and amount of food consumption.
Various life conditions, such as psychological stress and
strenuous physical exercise, have been shown to increase
oxidative stress and enhance the effect of free radicals in
the body. Thus, one can also speculate that some indi-
viduals may be more susceptible to the effects of EMF
exposure.

Additionally, the work of Blank and Soo [79] and Blank
andGoodman [80] support the possibility that EMF exposure
at low levels has a direct effect on electron transfer processes.
Although the authors do not discuss their work in the con-
text of EMF-induced DNA damage, the possibility exists that
EMF exposure could produce oxidative damage to DNA.

5. Lessons learned

Whether or not EMF causes biological effects, let alone
effects that are detrimental to human health and development,
is a contentious issue. The literature in this area abounds
with apparently contradictory studies, and as presented in this
review, the literature specific to the effects of RFR exposure
on DNA damage and repair in various biological systems is
no exception. As a consequence of this controversy, there
are several key issues that must be addressed—contrary data,
weight of evidence, and data interpretation consistent with
known science.

Consider that EMF does not share the familiar and com-
forting physical properties of chemical agents. EMF cannot
be seen, tasted, smelled, or felt (except at high intensities).
It is relevant, therefore, to ask, in what ways do scientists
respond to data, especially if that data are contrary to their
scientific beliefs or inconsistent with long-held hypotheses?
Often suchdata are ignored, simply because it contradictwhat
is accepted as conventional wisdom. Careful evaluation and
interpretation of data may be difficult, because technologies
used to expose biological systems to EMF andmethodologies
used to assess dosimetry generally are outside the experience
of most biomedical scientists. Additionally, it is often diffi-
cult to assess differences in methodologies between studies,
one or more of which were intended to replicate an origi-
nal investigation. For instance, Malyapa et al. [40] reported
what they claimed to be a replication of the work of Lai
and Singh [16]. There were, however, significant differences

in the comet analyses used by each group. Lai and Singh
precipitated DNA in agarose so that low levels of DNA dam-
age could be detected. Malyapa et al. did not. Lai and Singh
treated their samples with PK to digest proteins bound to
DNA, thus allowing DNA to move toward the positive pole
during electrophoresis (unlike DNA, most proteins are nega-
tively charged, and if they are not removed they will drag the
DNA toward the negative pole). The Malyapa et al. study did
not use PK. There were other methodological differences as
well. Such is also the case in the study of Hook et al. [42],
which attempted to replicate the work of Phillips et al. [21].
The latter group used a PK treatment in their comet assay,
while the former group did not.

While credibility is enhanced when one can relate data
to personal knowledge and scientific beliefs, it has not yet
been determined how RFR couples with biological systems
or by what mechanisms effects are produced. Even carefully
designed and well executed RFR exposure studies may be
summarily dismissed as methodologically unsound, or the
data may be interpreted as invalid because of inconsisten-
cies with what one believes to be correct. The quintessential
example is the belief that exposure to RFR can produce no
effects that are not related to the ability of RFR to produce
heat, that is, to raise the temperature of biological systems
[81,82]. Nonetheless, there are many examples of biologi-
cal effects resulting from low-level (athermal) RFR exposure
[83,84]. Consider here thework ofMashevich et al. [85]. This
group exposed human peripheral blood lymphocytes to an
830-MHz signal for 72 h and at different average SARs (SAR,
1.6–8.8W/kg). Temperatures ranged from 34.5 to 38.5 ◦C.
This group observed an increase in chromosome 17 aneu-
ploidy that varied linearly with SAR. Temperature elevation
alone in the range of 34.5–38.5 ◦C did not produce this geno-
toxic effect, although significant aneuploidy was observed
at higher temperatures of 40–41 ◦C. The authors conclude
that the genotoxic effect of the radiofrequency signal used is
elicited through a non-thermal pathway.

Also consider one aspect of the work of Phillips et al. [21].
In that study, DNA damage was found to vary in direction;
that is, under some conditions of signal characteristics, signal
intensity, and time of exposure, DNA damage increased as
compared with concurrent unexposed controls, while under
other conditions DNA damage decreased as compared with
controls. The dual nature of Phillips et al.’s [21] results
will be discussed later. For now consider the relationship of
these results to other investigations. Adey et al. [86] per-
formed an in vivo study to determine if rats treated in utero
with the carcinogen ethylnitrosourea (ENU) and exposed to
an 836.55-MHz field with North American Digital Cellular
modulation (referred to as a TDMA field) would develop
increased numbers of central system tumors. This group
reported that rather than seeing an increase in tumor inci-
dence in RFR-exposed rats, there was instead a decrease in
tumor incidence. Moreover, rats that received no ENU but
which were exposed to the TDMA signal also showed a
decrease in the number of spontaneous tumors as compared
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with animals exposed to neither ENU nor the TDMA signal.
This group postulated that their results may be mechanis-
tically similar to the work of another group. Stammberger
et al. [87] had previously reported that rats treated in utero
with ENU and then exposed to low doses of X-irradiation
exhibited significantly reduced incidences of brain tumors
in adult life. Stammberger and colleagues [87] hypothe-
sized that low-levelX-irradiation producedDNAdamage that
then induced the repair enzyme 06-alkylguanine-DNA alkyl-
transferase (AT). Numerous groups have since reported that
X-irradiation does indeed induce AT activity (e.g., [88,89]).
In this context, it is significant that Phillips et al. [21] found
that cells exposed in vitro to a TDMA signal identical to that
used in the study of Adey et al. [86] produced a decrease in
DNA damage under specific conditions of intensity and time
of exposure (lower intensity, longer time; higher intensity,
shorter time). These results raise the intriguing possibility
that the decrease in tumor incidence in the study ofAdey et al.
[86] and the decrease in DNA damage in the study of Phillips
et al. [21] both may have been the result of induction of AT
activity resulting from DNA damage produced by exposure
to the TDMA signal. This remains to be investigated.

Because the issue of RFR-induced bioeffects is con-
tentious, and because the issue is tried in courtrooms and
various public forums, a term heard frequently is weight of
evidence. This term generally is used to describe a method
by which all scientific evidence related to a causal hypothesis
is considered and evaluated. This process is used extensively
in matters of regulation, policy, and the law, and it provides
a means of weighing results across different modalities of
evidence. When considering the effects of RFR exposure
on DNA damage and repair, modalities of evidence include
studies of cells and tissues from laboratory animals exposed
in vivo to RFR, studies of cells from humans exposed to
RFR in vivo, and studies of cells exposed in vitro to RFR.
While weight of evidence is gaining favor with regulators
[90], its application by scientists to decide matters of science
is often of questionable value. One of the reasons for this
is that there generally is no discussion or characterization
of what weight of evidence actually means in the context
in which it is used. Additionally, the distinction between
weight of evidence and strength of evidence often is lack-
ing or not defined, and differences in methodologies between
investigators are not considered. Consequently,weight of evi-
dence generally amounts to what Krimsky [90] refers to as
a “seat-of-the-pants qualitative assessment.” Krimsky points
out that according to this view, weight of evidence is “a vague
term that scientists use when they apply implicit, qualitative,
and/or subjective criteria to evaluate a body of evidence.”
Such is the case in the reviews by Juutilainen and Lang [91]
and Verschaeve and Maes [92]. There is little emphasis on
a critical analysis of similarities and differences in biolog-
ical systems used, exposure regimens, data produced, and
investigator’s interpretations and conclusions. Rather, there is
greater emphasis on the number of publications either finding
or not finding an effect of RFR exposure on some endpoint.

To some investigators, weight of evidence does indeed refer
to the balance (or imbalance) between the number of stud-
ies producing apparently opposing results, without regard to
critical experimental variables. While understanding the role
these variables play in determining experimental outcome
could provide remarkable insights into defining mechanisms
by which RFR produced biological effects, few seem inter-
ested in or willing to delve deeply into the science.

A final lesson can be derived from a statement made by
Gos et al. [93] referring to the work of Phillips et al. [21]. Gos
and colleagues state, “The results in the latter study (Phillips
et al., 1998) are puzzling and difficult to interpret, as no con-
sistent increase or decrease in signal in the comet assay at
various SARs or times of exposurewas identified.” This state-
ment is pointed out because studies of the biological effects of
exposure to electromagnetic fields at any frequency are often
viewed as outside of or distinct from what many refer to as
mainstream science. However, what has been perceived as an
inconsistent effect is indeed consistent with the observations
of bimodal effects reported in hundreds of peer-reviewed
publications. These bimodal effects may be dependent on
concentration of an agent, time of incubation with an agent,
or some other parameter relating to the state of the system
under investigation. For instance, treatment of B cells for
a short time (30min) with the protein kinase C activator
phorbol 12,13-dibutyrate increased proliferative responses
to anti-immunoglobulin antibody, whereas treatment for a
longer period of time (≥3 h) suppressed proliferation [94].
In a study of �-opioid agonists on locomotor activity in
mice, Kuzmin et al. [95] reported that higher, analgesic doses
of �-agonists reduced rearing, motility, and locomotion in
non-habituated mice. In contrast, lower, subanalgesic doses
increased motor activity in a time-dependent manner. Dierov
et al. [96] observed a bimodal effect of all-trans-retinoic acid
(RA) on cell cycle progression in lymphoid cells that was
temporally related to the length of exposure to RA. A final
example is found in the work of Rosenstein et al. [97]. This
group found that the activity of melatonin on depolarization-
induced calcium influx by hypothalamic synaptosomes from
rats sacrificed late evening (2000 h) depended on melatonin
preincubation time.A short preincubation time (10min) stim-
ulateduptake,while a longer preincubation (30min) inhibited
calcium uptake. These effects were also dependent on the
time of day when the rats were sacrificed. Effects were max-
imal at 2000 h, minimal at 2400 h, and intermediate at 400 h.
At 1000 h, only inhibitory effects of melatonin on calcium
uptake were observed. These examples point out that what
appears to be inconsistencymay instead be real events related
to and determined by the agents involved and the state of the
biological system under investigation. The results of Phillips
et al. [21] may be the result of signal modulation, signal
intensity, time of exposure, or state of the cells. The results
may indicate a bimodal effect, or they may, as the investiga-
tors suggest, represent time- and signal-dependant changes
in the balance between damage and repair because of direct
or indirect effects of RFR exposure on repair mechanisms.
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6. Summary

Exposure of laboratory animals in vivo and of cultured
cells in vitro to various radiofrequency signals has produced
changes in DNA damage in some investigations and not in
others. That many of the studies on both sides of this issue
have been donewell is encouraging from a scientific perspec-
tive. RFRexposure does indeed appear to affectDNAdamage
and repair, and the total body of available data contains
clues as to conditions producing effects and methodologies
to detect them. This view is in contrast to that of those who
believe that studies unable to replicate the work of others are
more credible than the original studies, that studies showing
no effects cancel studies showing an effect, or that stud-
ies showing effects are not credible simply because we do
not understand how those effects might occur. Some may
be tempted to apply incorrectly the teachings of Sir Karl
Popper, one of the great science philosophers of the 20th
century. Popper proposed that many examples may lend sup-
port to an hypothesis, while only one negative instance is
required to refute it [98]. While this holds most strongly for
logical subjects, such as mathematics, it does not hold well
for more complex biological phenomena that are influenced
by stochastic factors. Each study to investigate RFR-induced
DNA damage must be evaluated on its own merits, and then
studies that both show effects and do not show effectsmust be
carefully evaluated to define the relationship of experimental
variables to experimental outcomes and to assess the value
of experimental methodologies to detect and measure these
outcomes (see Section 2).

The lack of a causal or proven mechanism(s) to explain
RFR-induced effects on DNA damage and repair does not
decrease the credibility of studies in the scientific literature
that report effects of RFR exposure, because there are sev-
eral plausible mechanisms of action that can account for the
observed effects. The relationship between cigarette smok-
ing and lung cancer was accepted long before a mechanism
was established. This, however, occurred on the strength of
epidemiologic data [99]. Fortunately, relevant epidemiologic
data relating long-term cell phone use (>10 years) to central
nervous system tumors are beginning to appear [84,100–102],
and these data point to an increased risk of acoustic neuroma,
glioma and parotid gland tumors.

One plausible mechanism for RFR-induced DNA damage
is free radical damage. After finding that two free radi-
cal scavengers (melatonin and N-tert-butyl-�-phenylnitrone)
prevent RFR-induced DNA damage in rat brain cells, Lai
and Singh [62] hypothesized that this damage resulted from
free radical generation. Subsequently, other reports appeared
that also suggested free radical formation as a result of RFR
exposure [103–105]. Additionally, some investigators have
reported that non-thermal exposure to RFR alters protein
structure and function [106–109]. Scientists are familiar with
molecules interacting with proteins through lock-and-key or
induced-fit mechanisms. It is accepted that such interactions
provide energy to change protein conformation and protein

function. Indeed, discussions of these principles are presented
in introductory biology and biochemistry courses. Perhaps
then it is possible that RFR exposure, in a manner similar to
that of chemical agents, provides sufficient energy to alter the
structure of proteins involved in DNA repair mechanisms to
the extent that their function also is changed. This has not yet
been investigated.

When scientists maintain their beliefs in the face of con-
trary data, two diametrically opposed situations may result.
On the one hand, data are seen as either right or wrong and
there is no discussion to resolve disparities. On the other
hand, and as Francis Crick [110] has pointed out, scientists
whohold theoretically opposed positionsmay engage in fruit-
ful debate to enhance understanding of underlying principles
and advance science in general. While the latter certainly is
preferable, there are external factors involving economics and
politics that keep this from happening. It is time to acknowl-
edge this and embark on the path of fruitful discussion. Great
scientific discoveries await.
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Abstract

101 publications are exploited which have studied genotoxicity of radiofrequency electromagnetic fields (RF-EMF) in vivo and in vitro.
Of these 49 report a genotoxic effect and 42 do not. In addition, 8 studies failed to detect an influence on the genetic material, but showed
that RF-EMF enhanced the genotoxic action of other chemical or physical agents. The controversial results may in part be explained by the
different cellular systems. Moreover, inconsistencies may depend from the variety of analytical methods being used, which differ considerably
with respect to sensitivity and specificity. Taking altogether there is ample evidence that RF-EMF can alter the genetic material of exposed
cells in vivo and in vitro and in more than one way. This genotoxic action may be mediated by microthermal effects in cellular structures,
formation of free radicals, or an interaction with DNA-repair mechanisms.
© 2009 Elsevier Ireland Ltd. All rights reserved.

Keywords: Gene mutations; Cytogenetic effects; DNA fragmentation; Mechanisms of genotoxicity

1. Introduction

Alterations of genetic information in somatic cells are
the key event in the process of carcinogenesis [1,2]. Con-
sequently any agent, which has a genotoxic attribute is
suspected also to be cancerogenic. This is the driving force
behind the multitude of studies on genotoxicity of radiofre-
quency electromagnetic fields (RF-EMF), conducted so far.A
total of 101 publications on genotoxicity studies of RF-EMF
are exploited here, of which 49 report genotoxic effects, sub-
sequentlymarked asGT(+) (Table 1), 43 do not (Table 2), and
9 find, that RF-EMF do not induce genotoxic events by itself
but enhance the genotoxic action of other physical or chem-
ical agents (Table 3). Thus, in contrast to several reviews in
the past [3–6], it now became evident that non-thermal geno-
toxic effects of RF-EMF is convincingly demonstrated by
a substantial number of published studies. The studies have
been performed with a variety of different test systems –
some studies used more than one test system – which will be
assigned here to the three principle endpoints of a genotoxic
action: (1) effect on chromosomes, (2) DNA fragmentation,
and (3) gene mutations.

∗ Tel.: +43 1 9582908.
E-mail address: hugo.ruediger@meduniwien.ac.at.

2. Effect on chromosomes

This group comprises the analysis of numerical or struc-
tural anomalies of metaphase chromosomes (CA), sister-
chromatid-exchanges (SCEs), and formation of micronuclei
(MN). Of the 21 studies using CA, 9 are CA-positive, 11
CA-negative, and 1 reports an RF-induced enhancement of
genotoxicity by X-rays. In general proliferating cells are
required for the study of chromosomal effects, however,
micronuclei have also been analysed in polychromatic ery-
throcytes and in exfoliated cells, for instance from buccal
smears [7,8]. Moreover, aneuploidy rates of distinct chro-
mosomes as well as chromosomal translocations can also
be studied in interphase nuclei using fluorescence in situ
hybridization (FISH). While structural aberrations detected
by conventional CA are mainly lethal to the cell, translo-
cations are persistent and may be passed to the cellular
progeny. Using FISH increased levels of aneuploidy of chro-
mosome 1, 10, 11, and 17 have been reported in human blood
lymphocytes after RF-EMF exposure [9]. In metaphase chro-
mosomes FISH may increase the sensitivity of chromosomal
analysis [10] but this has only once been used for RF-EMF
studies [11].

CA brings about to detect a variety of chromosomal aber-
rations. In contrast, micronuclei originate only from acentric

0928-4680/$ – see front matter © 2009 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.pathophys.2008.11.004
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fragments of chromosomesor from lagged chromosomes sec-
ondary tomitotic non-disjunction, the latter being detected by
indirect immunofluorescence using kinetochore antibodies.
Kinetochore-positive MN arise by epigenetic mechanisms
(disturbances of the spindle apparatus).Kinetochore-negative
MN arise from acentric chromosomal fragments. This is
an important distinction, but has been performed in a few
RF-EMF studies only, of which only one [12] reports an
increase of kinetochore-positive MN albeit after a high
SAR≥ 78W/kg. Two studies describe RF-EMF-induced dis-
turbances of the spindle apparatus [13,14], and one reports an
aneugenic RF-EMF effect on the basis of the size distribution
of MN [15]. Of a total of 39 studies using the micronucleus
assay 22 are MN-positive, and 17 MN-negative.

SCEs are analysed in metaphase chromosomes after two
rounds of replication in the presence of 5-bromodeoxyuridine
(BUDR). SCEs, which are induced during the S-phase of
the cell cycle, represent an exchange between homologous
chromatids, an event which by itself is genetically neutral.
Nevertheless it is considered to reflect a recombinational
repair of DNA double strand breaks (DSB), and may there-
fore serve as an indicator of genotoxic stress. Of 10 studies
using SCE a GT(+) effect was reported in one only, 8 were
negative, and one study reports RF-induced enhancement of
genotoxicity by mitomycin C.

3. DNA fragmentation

The comet assay, also known as a “Single Cell Gel elec-
trophoresis assay” (SCG), and thedetectionof gamma-H2AX
foci are the most frequently used techniques to study RF-
EMF-induced DNA strand breaks. The comet assay uses
interphase nuclear DNA, which is unwinded under alkaline
conditions and subsequently subjected to an electric field.
Here DNA fragments migrate towards the anode, thereby
forming a comet-like tail [16,17]. The alkaline comet assay
detects DNA single strand as well as double strand breaks,
but is not applicable in the presence of DNA crosslinking
agents [18]. These breaks may occur not only by toxic influ-
ences but also by transcriptional and repair processes and by
alkali-sensitive sites. Therefore this frequently used and very
sensitive assay has a poor specificity. Of 41 studies using the
comet assay 15 report comet-positive and 19 comet-negative
results after RF-EMF exposure. RF-EMF enhancement of
comet assay effects caused by other genotoxic agents is
described in 7 studies.

Out of a multitude of DNA damage checkpoint proteins
two have been used to detect DBS: H2AX, a member of the
nuclear histone family [19], andP53bindingprotein (53BP1).
Both are rapidly phosphorylated only minutes after DNA
damage and are then gathered in the vicinity of DNA double
strand breaks. Here they form foci which can be visualized by
indirect immunofluorescence [20,21]. These foci represent an
initial and specific step in the repair process of exogenously
induced DNA double strand breaks. It is important to real-

ize, however, that repair processes of DSB are quantified, not
DSB themselves. The method has been employed in 4 stud-
ies, predominantly using the yH2AX foci test. In all instances
GT(+) effects have been detected.

DNA alterations have also been analysed by the anoma-
lous viscosity time dependency test (AVTD, 1 GT(+) study),
detecting conformational changes, and by quantitative PCR
(QPCR, 1 GT(+) study) detecting structural changes in the
DNA.

4. Gene mutations

In this category 6 studies have been performed using 4 dif-
ferent endpoints: (1) Altered restriction fragments (1 GT(+)
study), (2) lacZ inversion in transgenicmice. Thismethod has
been used in 3 studies which all failed to detect an increased
rate of inversions, but one found a reduced rate as compared to
unexposed controls [22], which is interpreted as a RF-EMF-
induced reductionof recombination repair. (3)Mutation at the
thymidine kinase (TK) locus (1 negative study). (4) Bacterial
his− revertants (Ames test, 1 negative study).

5. Discussion

The large number of contradictory results among the 101
published studies on a genotoxic action of RF-EMF is tan-
gling. Nevertheless patterns can be perceived. GT(+) as well
as GT(−) findings have been reported at a standard absorp-
tion ratio (SAR) below 0.05 up to 100W/kg and an exposure
of 15min and 48 h in vitro, and between hours and years in
vivo. The outcome of studies was nearly independent from
RF frequencies between 300 and 7700MHz and the type of
RF signal, either continuous wave (CW) or pulse-modulated
(PM). GT(+) was obtained in 15 CW and 26 PM exposures,
GT(−) in 14 CW and 27 PM exposures (some studies did not
indicate the type of signal used). Contradictory results have
been obtained even when two experienced groups performed
the same experiments using the same cells and identical expo-
sure conditions [23,24]. This may reflect a general problem
of genotoxic studies being dependent on a multitude of fac-
tors which are difficult to control [25]. Some of the studies
exploited here have shortcomings with respect to incom-
pletely described or unreliable exposure conditions and/or an
inadequate experimental design. Even a considerable publi-
cation bias in favour of negative results has been suspected
(www.microwavenews.com/RR.html, 2006) [26].

The proportion of GT(+) effects is much higher in vivo
(23/40) than in vitro (29/77). (Since some studies have
been performed on more than one biological system, the
total number of GT(+) and GT(−) effects exceeds the total
number of published studies.) Considering all genotoxic
endpoints applied, the frequently used parameters chromo-
some analysis (9/21 GT(+)), comet assay (15/41 GT(+)), and
sister-chromatid-exchange (1/10 GT(+)) showed the highest
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proportion of negative results, while the micronucleus assay
yielded more positive than negative results (22/39 GT(+)).
Since the SCE test which was negative in nearly all cases is
known to be rather insensitive to radiomimetic (clastogenic)
agents it can be speculated, that a clastogenic mechanism is
involved in RF-EMF genotoxic action.

Epigenetic influences may also contribute to genotoxicity
as demonstrated by RF-EMF-induced chromosomal non-
disjunction and disturbances of the mitotic spindle. This is
in agreement with the higher proportion of 22/39 GT(+)
findings among studies using themicronucleus assay as com-
pared to those using CA, because some of the micronuclei
may represent lagged chromosomes. Epigenetic mechanisms
may also be effective after a combined exposure to RF-EMF
and various physical or chemical mutagens (Table 4). RF-
EMFpreferentially enhanced the genotoxic effect of 4-NQ1O
(4/4), MMC (4/8), UVC (2/2), and cyclophosphamide (2/2).
No synergistic effect was obtained using MMS and EMS
(3/3), BLM (2/2), and adriamycine (2/2). Only one out of 3
studies reported a synergistic effect with X-rays.

Cells and tissues of different origin exhibit a clearly vari-
able sensitivity for genotoxic RF-EMF effects (Table 4). This
has also been observed with extremely low frequency (ELF)-
EMF [27] and may be dependent on genetic differences [28].
GT(+) effects of RF-EMF were reported predominantly in
the following biological systems: human lens epithelial cells
(4/4), human buccal mucosa cells (2/2), rodent brain tissues
(8/13), and rat hemopoietic tissues (5/7). GT(−) results have
been obtained with mouse permanent cell lines (7/7) and

permanent lymphoblastoid cells of various origin (7/7). This
is in a striking analogy to RF-EMF-induced reduction of
ornithine decarboxylase activity being detected in primary
but not in secondary neural cells [29].

6. Proposed mechanisms of RF-EMF genotoxicity

Cells are unusually sensitive to electromagnetic fields
[30].Weakfieldsmay accelerate electron transfer and thereby
destabilize the H-bond of cellular macromolecules. This
could explain the stimulation of transcription and protein
expression, which has been observed after RF-EMF exposure
[31,32]. However, the energy of weak EM fields is not suf-
ficient directly to break a chemical bond in DNA. Therefore
it can be concluded, that genotoxic effects are mediated by
indirect mechanisms as microthermal processes, generation
of oxygen radicals (ROS), or a disturbance of DNA-repair
processes.

6.1. Thermal effects

An increase of temperature in the culture medium of
RF-EMF exposed cells has been observed at very high
SAR levels only [12]. The vast majority of GT(+) studies
were conducted at SAR< 2.0 not leading to a detectable
increase of temperature in the culture medium. Moreover,
similar or larger effects have been observed at a 5′ on/10′
off intermittent exposure [23,33], a result that contradicts a

Table 4
Distribution RF-EMF effects in 101 published studies.

Biological system RF-EMF effects Synergistic effects

Positive Negative Positive Negative

In vitro (all cells and tissues) 29 39 9 11
Human blood lymphocytes 18 23 8 4
Human lens epithelial cells 4
Human cultured fibroblasts 2 2
Human glioblastoma cells 3
Human lymphoblastoid cells 2
Mouse permanent cell lines 6 1
Mouse lymphoblastoid cells 1 1 1
Chinese hamster cells (CHO, V79) 4 2 3
E. coli 1 2
Yeast 1
Rat granulosa cells 1

In vivo (all species and tissues) 23 17 0 1
Human blood lymphocytes 4 2
Human buccal mucosa cells 2
Mouse sperm 1
Mouse brain tissues 2
Mouse polychromatic erythrocytes 4
Rat brain tissues 6 4 1
Rat hemopoietic tissues 5 2
Rat spleen, liver 2
lacZ-transgenic mice 3
Plants 2
Cattle polychromatic erythrocytes 1

Since several published studies have used more than 1 biological system the total of negative and positive effects exceeds the number of 101 publications.



Please cite this article in press as: H.W. Ruediger, Genotoxic effects of radiofrequency electromagnetic fields, Pathophysiology (2009),
doi:10.1016/j.pathophys.2008.11.004

ARTICLE IN PRESSPATPHY-602; No. of Pages 14

10 H.W. Ruediger / Pathophysiology xxx (2009) xxx–xxx

simple temperature-based mechanism of the observed geno-
toxic action. However, experimental results with microwave
absorption at colloidal interfaces have demonstrated that the
electric absorption ofmicrowaves between 10 and 4000MHz
goes through amaximumwith the size of bride droplets >100
and <10,000 nm, and depends on the type of ions and their
concentrations [34]. This local absorptionofmicrowavesmay
therefore lead to a considerable local heating in living cells
during low energy microwave exposure.

6.2. Oxygen radicals

There is evidence that RF-EMF may stimulate the for-
mation of reactive oxygen species in exposed cells in vivo
[35–37] and in vitro [38–41]. Free oxygen radicals may form
base adducts in DNA, the most important lesion being 8-
OHdG, and oxidize also other cellular components, such
as lipids leaving behind reactive species, that in turn can
couple to DNA bases [42]. The first step in the generation
of ROS by microwaves is mediated in the plasma mem-
brane by NADH oxidase [43]. Subsequently ROS activates
matrix metalloproteases (MMP), thereby initiating intra-
cellular signalling cascades. It is interesting to note that
these processes start within 5min of radiation and at a
very low field intensity of 0.005W/cm2. Moreover, higher
effects have been obtained by intermittent radiation, when
cells were left unirradiated for 10min. This is in agree-
ment with in vitro genotoxicity studies using the comet assay
[23,33].

6.3. Alteration of DNA-repair processes

A considerable proportion of studies have investigated
the consequences of a combined exposure to RF-EMF and
various chemical or physical mutagens. 8/12 studies using
human blood lymphocytes have demonstrated that RF-EMF
enhanced the genotoxic action of other agents, preferentially
of UV, MMC, or 4-NQ1O (an UV-mimetic agent). Since in
all these experiments microwave exposure failed to induce
detectable genotoxic effect by itself, an interference with
DNA-repair mechanisms has been postulated, however, there
is no direct experimental proof yet. An alteration of recom-
binational repair has also been proposed by Sykes et al. [22]
as an explanation of the reduced rate of inversions in lacZ-
transgenic mice after RF-EMF treatment.

An influence of microwave exposure on DNA-repair
processes has long been proposed for power frequency
electromagnetic fields [35]. A recent epidemiological inves-
tigation into the frequency of polymorphisms of DNA-repair
genes in children with acute leukemia living in the vicinity
of power line transformers [44] emphasizes the significance
DNA-repair impairment for an EMF related increase of
this malignancy. There was a significant gene–environment
interaction (COR= 4.31) between the electromagnetic field
intensities and a less active genetic variant of XRCC1, a
crucial enzyme in base excision repair.
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Abstract

During recent years there has been increasing public concern on potential cancer risks from microwave emissions from wireless phones.
We evaluated the scientific evidence for long-term mobile phone use and the association with certain tumors in case–control studies, mostly
from the Hardell group in Sweden and the Interphone study group. Regarding brain tumors the meta-analysis yielded for glioma odds ratio
(OR) = 1.0, 95% confidence interval (CI) = 0.9–1.1. OR increased to 1.3, 95% CI = 1.1–1.6 with 10 year latency period, with highest risk for
ipsilateral exposure (same side as the tumor localisation),OR= 1.9, 95%CI = 1.4–2.4, lower for contralateral exposure (opposite side)OR= 1.2,
95% CI = 0.9–1.7. Regarding acoustic neuroma OR= 1.0, 95% CI = 0.8–1.1 was calculated increasing to OR= 1.3, 95% CI = 0.97–1.9 with
10 year latency period. For ipsilateral exposure OR= 1.6, 95% CI = 1.1–2.4, and for contralateral exposure OR= 1.2, 95% CI = 0.8–1.9 were
found. Regarding meningioma no consistent pattern of an increased risk was found. Concerning age, highest risk was found in the age group
<20 years at time of first use of wireless phones in the studies from the Hardell group. For salivary gland tumors, non-Hodgkin lymphoma
and testicular cancer no consistent pattern of an association with use of wireless phones was found. One study on uveal melanoma yielded for
probable/certain mobile phone use OR= 4.2, 95% CI = 1.2–14.5. One study on intratemporal facial nerve tumor was not possible to evaluate
due to methodological shortcomings. In summary our review yielded a consistent pattern of an increased risk for glioma and acoustic neuroma
after >10 year mobile phone use. We conclude that current standard for exposure to microwaves during mobile phone use is not safe for
long-term exposure and needs to be revised.
© 2009 Elsevier Ireland Ltd. All rights reserved.

Keywords: Brain tumors; Glioma; Acoustic neuroma; Meningioma; Cellular phones; Cordless phones

1. Introduction

During the last decade there has been a rapid development
of wireless technology and along with that an increased use
of wireless telephone communication in the world. Most per-
sons use mobile phones and cordless phones. Additionally
most populations are exposed to radiofrequency/microwave
(RF) radiation emissions fromwireless devices such as cellu-
lar antennas and towers, broadcast transmission towers, voice
and data transmission for cell phones, pagers and personal
digital assistants and other sources of RF radiation.

Concerns of health risks have been raised, primarily an
increased risk for brain tumors, since the brain is the near field

∗ Corresponding author.
E-mail address: lennart.hardell@orebroll.se (L. Hardell).

target organ for microwave exposure during mobile phone
calls. Especially the ipsilateral brain (same side as the mobile
phone has been used) is exposed, whereas the contralateral
side (opposite side to the mobile phone) is much less exposed
[1]. Thus, for risk analysis it is of vital importance to have
information on the localisation of the tumor in the brain and
which side of the head that has been predominantly used
during phone calls.

Since Sweden was one of the first countries in the world
to adopt this wireless technology a brief history is given in
the following. First, analogue phones (NMT; Nordic Mobile
Telephone System) were introduced on the market in the
early 1980s using both 450 and 900Megahertz (MHz) carrier
waves. NMT 450 was used in Sweden since 1981 but closed
down in December 31, 2007, whereas NMT 900 operated
during 1986–2000.

0928-4680/$ – see front matter © 2009 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.pathophys.2009.01.003
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Table 1
Odds ratios (ORs) and 95% confidence intervals (CIs) from 11 case–control studies on glioma including meta-analysis of the studies. Numbers of exposed
cases and controls are given.

Author, year of publication, country, reference number No. of cases No. of controls OR 95% CI

Inskip et al., 2001, USA [23] 201 358 1.0 0.7–1.4
Auvinen et al., 2002, Finland [24] Not given Not given 1.5 1.0–2.4
Lönn et al., 2005, Sweden [25]a 214 399 0.8 0.6–1.0
Christensen et al., 2005, low-grade glioma, Denmark [26]a 47 90 1.1 0.6–2.0
Christensen et al., 2005, high-grade glioma, Denmark [26]a 59 155 0.6 0.4–0.9
Hepworth et al., 2006, UK [27]a 508 898 0.9 0.8–1.1
Schüz et al., 2006, Germany [28] 138 283 1.0 0.7–1.3
Hardell et al., 2006, Sweden [12], all glioma 346 900 1.4 1.1–1.7

Low-grade glioma 65 900 1.4 0.9–2.3
High-grade glioma 281 900 1.4 1.1–1.8

Lahkola et al., 2006, Denmark, Norway, Finland, Sweden, UK [29] 867 1 853 0.8 0.7–0.9
Hours et al., 2007, France [30] 59 54 1.2 0.7–2.1
Klaeboe et al., 2007, Norway [31]a 161 227 0.6 0.4–0.9
Takebayashi et al., 2008, Japan [17] 56 106 1.2 0.6–2.4
Meta-analysis >1667b >3554b 1.0 0.9–1.1

a Not included in meta-analysis because already part of pooled data in Lahkola et al., 2006 [29].
b Total number could not be calculated since numbers were not presented in one publication [24].

Thedigital system (GSM;Global System forMobileCom-
munication) using dual band, 900 and 1800MHz, started
to operate in 1991 and now dominates the market. The
third generation of mobile phones, 3G or UMTS (Univer-
sal Mobile Telecommunication System), using 1900MHz
RF broad band transmission has been introduced worldwide
since a few years, in Sweden since 2003.

Desktop cordless phones have been used in Sweden since
1988, first analogue 800–900MHz RF fields, but since early
1990s the digital 1900MHz DECT (Digital Enhanced Cord-
less Telecommunications) system is used. In our studies on
tumor risk associated with use of wireless phones, we have
also assessed use of cordless phones. However, most other

research groups have not published such data at all, or only
in a scanty way, so exposure to RF from DECT is not further
discussed here. Instead the reader is referred to our previous
publications on this issue [2–13].

The initial studies on brain tumor risk had too short
latency periods to give a meaningful interpretation. How-
ever, during recent years studies have been published
that enable evaluation of ≥10-years latency period risk,
although still mostly based on low numbers [14,15]. A
≥10-years latency period seems to be a reasonable mini-
mum period to indicate long-term carcinogenic risks from
exposure to RF fields during use of mobile or cordless
phones.

Table 2
Odds ratios (ORs) and 95% confidence intervals (CIs) from six case–control studies on glioma including meta-analysis of the studies using ≥10 year latency
period. Numbers of exposed cases and controls are given.

Study Total Ipsilateral Contralateral

Author, year of publication, country,
latency, reference number

No. of
cases/controls

OR 95% CI No. of
cases/controls

OR 95% CI No. of
cases/controls

OR 95% CI

Lönn et al., 2005, Sweden, ≥10 years
[25]a

25/38 0.9 0.5–1.5 15/18 1.6 0.8–3.4 11/25 0.7 0.3–1.5

Christensen et al., 2005, Denmark,
low-grade glioma, ≥10 years [26]a

6/9 1.6 0.4–6.1 – – – – – –

Christensen et al., 2005, Denmark,
high-grade glioma, ≥10 years [26]a

8/22 0.5 0.2–1.3 – – – – – –

Hepworth et al., 2006, UK, ≥10
years [27]a

66/112 0.9 0.6–1.3 Not given 1.6 0.9–2.8 Not given 0.8 0.4–1.4

Schüz et al., 2006, Germany, ≥10
years [28]

12/11 2.2 0.9–5.1 – – – – – –

Hardell et al., 2006, Sweden, >10
years [12], all glioma

78/99 2.7 1.8–3.9 41/28 4.4 2.5–7.6 26/29 2.8 1.5–5.1

Low-grade glioma 7/99 1.5 0.6–3.8 2/28 1.2 0.3–5.8 4/29 2.1 0.6–7.6
High-grade glioma 71/99 3.1 2.0–4.6 39/28 5.4 3.0–9.6 22/29 3.1 1.6–5.9

Lahkola et al., 2006, Denmark,
Norway, Finland, Sweden, UK, ≥10
years [29]

143/220 0.95 0.7–1.2 77/117 1.4 1.01–1.9 67/121 1.0 0.7–1.4

Meta-analysis 233/330 1.3 1.1–1.6 118/145 1.9 1.4–2.4 93/150 1.2 0.9–1.7
a Not included in meta-analysis because already part of pooled data in Lahkola et al., 2006 [29].
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Table 3
Odds ratios (ORs) and 95% confidence intervals (CIs) from nine case–control studies on acoustic neuroma including meta-analysis of the studies. Numbers of
exposed cases and controls are given.

Author, year of publication, country, reference number No. of cases No. of controls OR 95% CI

Inskip et al., 2001, USA [23] 40 358 0.8 0.5–1.4
Lönn et al., 2004, Sweden [32]a 89 356 1.0 0.6–1.5
Christensen et al., 2004, Denmark [33]a 45 97 0.9 0.5–1.6
Schoemaker et al., 2005, Denmark, Finland, Sweden, Norway, Scotland, England [34] 360 1934 0.9 0.7–1.1
Hardell et al., 2006, Sweden [11] 130 900 1.7 1.2–2.3
Takebayashi et al., 2006, Japan [35] 51 192 0.7 0.4–1.2
Klaeboe et al., 2007, Norway [31]a 22 227 0.5 0.2–1.0
Schlehofer et al., 2007, Germany [36] 29 74 0.7 0.4–1.2
Hours et al., 2007, France [30] 58 123 0.9 0.5–1.6
Meta-analysis 668 3581 1.0 0.8–1.1

a Not included in meta-analysis because already part of pooled data in Schoemaker et al., 2005 [34].

Long-term exposure to RF fields from mobile phones and
brain tumor risk is of importance to evaluate, not the least
since the use of cellular phones is globally widespread with
high prevalence among almost all age groups in the popula-
tion. In the following we discuss mobile phone use and the
association with brain tumors, but also other tumor types that
have been studied. Recently, we published a detailed review
of studies on brain tumors [14] followed by meta-analyses
of published studies regarding glioma, acoustic neuroma and
meningioma [15]. We have now recalculated these results
with the addition of two new recently published articles from
the Interphone study group [16,17]. Studies from individual
countries were only included in the meta-analyses if they
were not also included in the joint publications for several
countries. For odds ratio (OR) and 95% confidence interval
(CI) we used fixed effects model as in the recent publication
by Kundi [18]. The analyses were done using Stata/SE 10
(Stata/SE 10 for Windows; StataCorp., College Station, TX).

One case–control study was excluded since no separate
data were presented for glioma, acoustic neuroma or menin-
gioma [19], and another since no overall data on acoustic
neuroma were published, only for some time periods without
results for ≥10 year latency period [20].

Due to several methodological limitations a Danish cohort
study on “mobile phone subscribers” [21] is not possible to
include in the meta-analysis, and the same methodological
shortcomings prevail in the published updated cohort [22].
In the following only a short overview of the results for brain
tumors is given, since we have discussed these issues in more
detail elsewhere [14,15]. The other tumor types that have
been studied are salivary gland tumors, non-Hodgkin lym-
phoma (NHL), testicular cancer, eye melanoma and facial
nerve tumor.

2. Glioma

Glioma is a malignant type of brain tumor and com-
prises about 60% of all central nervous system tumors. The
highlymalignant glioblastomamultiform,with poor survival,
is included in this group.

Eleven case–control studies present results for glioma
[12,17,23–31]. Of these eight [17,25–31] were part of the
Interphone study and four of these [25–27,31] were included
in a pooled-analysis with additional data for Finland [29].
The results are presented in Table 1. Overall no decreased

Table 4
Odds ratios (ORs) and 95% confidence intervals (CIs) from four case–control studies on acoustic neuroma including meta-analysis of the studies using ≥10
year latency period. Numbers of exposed cases and controls are given.

Study Total Ipsilateral Contralateral

Author, year of publication, country,
latency, reference number

No. of
cases/controls

OR 95% CI No. of
cases/controls

OR 95% CI No. of
cases/controls

OR 95% CI

Lönn et al., 2004, Sweden, ≥10 years
[32]a

14/29 1.8 0.8–4.3 12/15 3.9 1.6–9.5 4/17 0.8 0.2–2.9

Christensen et al., 2004, Denmark,
≥10 years [33]a

2/15 0.2 0.04–1.1 – – – – – –

Schoemaker et al., 2005, Denmark,
Finland, Sweden, Norway, Scotland,
England, ≥10 years [34]

47/212 1.0 0.7–1.5 31/124 1.3 0.8–2.0 20/105 1.0 0.6–1.7

Hardell et al., 2006, Sweden, >10
years [11]

20/99 2.9 1.6–5.5 10/28 3.5 1.5–7.8 6/29 2.4 0.9–6.3

Meta-analysis 67/311 1.3 0.97–1.9 41/152 1.6 1.1–2.4 26/134 1.2 0.8–1.9
a Not included in meta-analysis because already part of pooled data in Schoemaker et al., 2005 [34].
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or increased risk was found for glioma in the meta-analysis;
OR= 1.0, 95% CI = 0.9–1.1.

Results for 10 year latency period are presented in Table 2.
Six studies [12,25–29] gave such information and three
[25–27] of these were also part of the publication by Lahkola
et al. [29]. The meta-analysis yielded significantly increased
risk for gliomawithOR= 1.3, 95%CI = 1.1–1.6 increasing to
OR= 1.9, 95% CI = 1.4–2.4 for ipsilateral exposure. The lat-
ter results were based on 118 exposed cases and 145 exposed
controls. Regarding contralateral exposure to microwaves
from mobile phones a lower risk was calculated, OR= 1.2,
95% CI = 0.9–1.7 (n= 93 cases, 150 controls). It should be
noted that in the study by Takebayashi et al. [17] analyses of
maximum microwave energy absorbed at the location of the
tumor gave OR= 1.6, 95% CI = 0.6–4.2 related to the high-
est quartile of cumulative phone time weighted by maxSAR
andOR= 5.8, 95%CI = 0.96–36 for subjects with cumulative
maxSAR-hour of ≥10W/kg-h.

3. Acoustic neuroma

These tumors are benign and do not undergo malignant
transformation. They tend to be encapsulated and grow in
relation to the auditory and vestibular portions of nerve
VIII. They are slow growing tumors initially in the audi-
tory canal, but gradually grow out into the cerebellopontine
angle, where they come into contact with vital brain stem
centers.

Nine case–control studies have been published [11,23,
30–36], see Table 3. Seven [30–36] were part of the
Interphone study and three [31–33] were included in the
publication by Schoemaker et al. [34]. Analysis of the total
material yielded OR= 1.0, 95% CI = 0.8–1.1 increasing to
1.3, 95%CI = 0.97–1.9 using 10 year latency period, Table 4.
For ipsilateral exposure OR increased further to 1.6, 95%
CI = 1.1–2.4, whereas contralateral exposure gave a non-
significantly increased risk, OR= 1.2, 95% CI = 0.8–1.9.

4. Meningioma

Meningioma arises from the pia or archnoid, which are the
covering layers of the central nervous system. The majority
are benign tumors that are encapsulated and well-demarched
from surrounding tissue.

Regarding meningioma results have been published
from nine case–control studies, Table 5 [11,16,17,23,25,26,
28,30,31]. Of these, seven [16,17,25,26,28,30,31] were
part of the Interphone studies. The Lahkola et al. study
[16] included three separately published Interphone studies
[25,26,31]. The meta-analysis in Table 5 gave a signifi-
cantly reduced OR= 0.9, 95% CI = 0.8–0.9. These results
were mainly caused by the findings in the Interphone study
[16] with the largest numbers of cases and controls yielding
OR= 0.8, 95% CI = 0.7–0.9 in that study.

Using 10 year latency period OR was close to unity and
somewhat increased for ipsilateral exposure, OR= 1.3, 95%
CI = 0.9–1.8, Table 6. Regarding contralateral exposure OR
was non-significantly decreased to 0.8, 95% CI = 0.5–1.3.
The results for laterality were based on only two studies
[11,16].

5. Brain tumor risk in different age groups

Wegrouped cases and controls according to agewhen they
started to use a mobile or a cordless phone [11,12]. Con-
sistently we found the highest risk for those with first use
<20 years age. Thus, for malignant brain tumors OR= 2.7,
95% CI = 1.3–6.0 was calculated for mobile phones and
OR= 2.1, 95% CI = 0.97–4.6 for cordless phones. The corre-
sponding results for benign brain tumors were OR= 2.5, 95%
CI = 1.1–5.9 and OR= 0.6, 95% CI = 0.2–1.9, respectively.
Previously, we published results for diagnosis of brain tumor
in different age groups [37] and found highest OR= 5.9,
95% CI = 0.6–55 for ipsilateral use of analogue phones in
the youngest age group 20–29 years at the time of diagnosis.
Using a >5 years latency period increased the risk further.

6. Brain tumor risk for use of mobile phone in urban
and rural areas

There is a difference in output power of digital mobile
phones between urban and rural areas. Adaptive power con-
trol (APC) regulates power depending on the quality of the
transmission. In rural areaswith on average longer distance to
the base station the output power level is higher than in urban
areas with dense population and shorter distance to the base
stations. We studied the risk for brain tumors in urban versus
rural living from the data in our study with cases diagnosed
January 1, 1997 to June 30, 2000 [38]. Regarding digital
phones OR= 1.4, 95% CI = 0.98–2.0 was obtained for liv-
ing in rural areas increasing to OR= 3.2, 95% CI = 1.2–8.4
with >5 years latency period. The corresponding results for
living in urban areas were OR= 0.9, 95% CI = 0.8–1.2 and
OR= 0.9, 95% CI = 0.6–1.4, respectively.

7. Salivary gland tumors

The salivary glands, especially the parotid gland, are tar-
gets for near-field microwave exposure during calls with
wireless phones. A Finnish study reported OR= 1.3, 95%
CI = 0.4–4.7 for those who had ever had a mobile phone
subscription [24].

Results from three case–control studies have been pub-
lished, one from Sweden, one from the Nordic countries
and one from Israel. During the same period as our stud-
ies on brain tumors we performed a study on salivary gland
tumors [39]. Our study included the whole Swedish pop-
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Table 5
Odds ratios (ORs) and 95% confidence intervals (CIs) from nine case–control studies on meningioma including meta-analysis of the studies. Numbers of
exposed cases and controls are given.

Author, year of publication, country, reference number No. of cases No. of controls OR 95% CI

Inskip et al., 2001 (USA) [23] 67 358 0.8 0.5–1.2
Lönn et al., 2005 (Sweden) [25]a 118 399 0.7 0.5–0.9
Christensen et al., 2005 (Denmark) [26]a 67 133 0.8 0.5–1.3
Schüz et al., 2006 (Germany) [28] 104 234 0.8 0.6–1.1
Hardell et al., 2006 (Sweden) [11] 347 900 1.1 0.9–1.3
Klaeboe et al., 2007 (Norway) [31]a 96 227 0.8 0.5–1.1
Hours et al., 2007 (France) [30] 71 80 0.7 0.4–1.3
Lahkola et al., 2008 (Denmark, Norway, Finland, Sweden, UK) [16] 573 1696 0.8 0.7–0.9
Takebayashi et al., 2008, Japan [17] 55 118 0.7 0.4–1.2
Meta-analysis 1217 3386 0.9 0.8–0.9

a Not included in meta-analysis because already part of pooled data in Lahkola et al., 2008 [16].

ulation. Cases were recruited by using the regional cancer
registries, andmost had amalignant disease. They were diag-
nosed during 1994–2000, but with some variation for the
different medical regions in Sweden. Population based con-
trols were used as reference group. The questionnaire was
answered by 267 (91%) of the cases and 750 (92%) of the
controls. Of the cases 245 had a cancer diagnosis. Overall no
association was found; analogue phones yielded OR= 0.9,
95% CI = 0.6–1.4, digital OR= 1.0, 95% CI = 0.7–1.5 and
cordless phones OR= 1.0, 95% CI = 0.7–1.4. No effect of
tumor induction period was found, although regarding >10
year latency period only 6 cases had used an analogue phone,
OR= 0.7, 95% CI = 0.3–1.7, whereas no case had used a dig-
ital or cordless phone with that latency period. The results
did not change significantly for ipsilateral or contralateral
tumors.

TheNordic part of the Interphone case–control study of an
association between use of mobile phones and parotid gland
tumors was published in 2006 [40]. Detailed information
about mobile phone use was obtained from 60 (85%) cases
with malignant tumor, 112 (88%) with benign tumor and 681
(70%) controls. Regular mobile phone use gave OR= 0.7,
95% CI = 0.4–1.3 for malignant tumors and OR= 0.9, 95%
CI = 0.5–1.5 for benign parotid gland tumors. For ipsilat-

eral mobile phone use a latency period of ≥10 year yielded
OR 0.7, 95% CI = 0.1–5.7 for malignant tumors (n= 1) and
OR= 2.6, 95% CI = 0.9–7.9 for benign tumors (n= 6). Con-
tralateral use was reported by one case with benign tumor
and no case with malignant tumor in the same latency group.

As part of the Interphone study results on parotid gland
tumor were reported from Israel [41]. It included 402 benign
and 58malignant incident cases, total 460 (87%) of 531 eligi-
ble for the time period 2001–2003. Population basedmatched
controls were used, in total 1266 (66%) out of 1920 eligible
subjects. Thirteen cases had a latency period of ≥10 year,
which gave OR= 0.9, 95% CI = 0.4–1.8. No significantly
increased riskwas found for duration of use;≥10year yielded
OR= 1.0, 95% CI = 0.5–2.1. However, for cumulative num-
ber of calls >5479 OR= 1.6, 95% CI = 1.1–2.2 was found for
ipsilateral and both ears used equally, whereas contralateral
use gave OR= 0.8, 95% CI = 0.5–1.2. Similarly, cumulative
call time >266.3 h yielded OR= 1.5, 95% CI = 1.1–2.1; con-
tralateral use gave OR= 0.8, 95% CI = 0.6–1.3.

In the meta-analysis using 10 year latency period no over-
all increased risk was found, OR= 0.8, 95%CI = 0.5–1.4, but
for ipsilateral use it increased toOR= 1.7, 95%CI = 0.96–2.9,
whereas contralateral use gave OR= 0.4, 95% CI = 0.2–1.2,
Table 7.

Table 6
Odds ratios (ORs) and 95% confidence intervals (CIs) from five case–control studies on meningioma including meta-analysis of the studies using ≥10 year
latency period. Numbers of exposed cases and controls are given.

Study Total Ipsilateral Contralateral

Author, year of publication, country,
latency, reference number

No. of
cases/controls

OR 95% CI No. of
cases/controls

OR 95% CI No. of
cases/controls

OR 95% CI

Lönn et al., 2005, Sweden, ≥10 years
[25]a

12/36 0.9 0.4–1.9 5/18 1.3 0.5–3.9 3/23 0.5 0.1–1.7

Christensen et al., 2005, Denmark,
≥10 years [26]a

6/8 1.0 0.3–3.2 – – – – – –

Schüz et al., 2006, Germany, ≥10
years [28]

5/9 1.1 0.4–3.4 – – – – – –

Hardell et al., 2006, Sweden, >10
years [11]

38/99 1.5 0.98–2.4 15/28 2.0 0.98–3.9 12/29 1.6 0.7–3.3

Lahkola et al., 2008 (Denmark,
Norway, Finland, Sweden, UK) [16]

73/212 0.9 0.7–1.3 33/113 1.1 0.7–1.7 24/117 0.6 0.4–1.03

Meta-analysis 116/320 1.1 0.8–1.4 48/141 1.3 0.9–1.8 36/146 0.8 0.5–1.3
a Not included in meta-analysis because already part of pooled data in Lahkola et al., 2008 [16].



Please cite this article in press as: L. Hardell, et al., Epidemiological evidence for an association between use of wireless phones and tumor
diseases, Pathophysiology (2009), doi:10.1016/j.pathophys.2009.01.003

ARTICLE IN PRESSPATPHY-595; No. of Pages 10

6 L. Hardell et al. / Pathophysiology xxx (2009) xxx–xxx

Table 7
Odds ratios (ORs) and 95% confidence intervals (CIs) from three case–control studies on salivary gland tumors including meta-analysis of the studies using
≥10 year latency period.

Study Total Ipsilateral Contralateral

Author, year of publication,
country, latency, reference
number

No. of
cases/controls

OR 95% CI No. of
cases/controls

OR 95% CI No. of
cases/controls

OR 95% CI

Hardell et al., 2004, Sweden,
>10 years [39]

6/35 0.7 0.3–1.7 5/13 1.5 0.5–4.2 1/15 0.3 0.03–2.1

Lönn et al., 2006, malignant,
Sweden, ≥10 years [40]

2/36 0.4 0.1–2.6 1/23 0.7 0.1–5.7 0/19 –a –a

Lönn et al., 2006, benign,
Sweden, ≥10 years [40]

7/15 1.4 0.5–3.9 6/9 2.6 0.9–7.9 1/9 0.3 0.0–2.3

Sadetzki et al., 2007, Israel,
≥10 years [41]

13/26 0.9 0.4–1.8 10/16 1.6 0.7–3.7 3/10 0.6 0.2–2.3

Meta-analysis 28/112 0.8 0.5–1.4 22/61 1.7 0.96–2.9 5/34 0.4 0.2–1.2
a Not included in meta-analysis because OR could not be estimated.

8. Non-Hodgkin lymphoma

The incidence of NHL increased since the 1960s in Swe-
den as well as in many western countries with reliable cancer
registries. This trend has levelled off since the 1990s, and
decreasing exposure to environmental contaminants such as
PCBs and dioxins, and also certain pesticides has been pos-
tulated to be one explanation [42,43]. As part of a large
case–control study on NHL, mainly on exposure to pesti-
cides [44], also questions on the use of wireless phones were
included. The study covered the time period December 1,
1999 to April 30, 2002. The questionnaire was answered by
910 (91%) cases and 1016 (92% controls). The majority of
the cases had B-cell NHL and we did not find any asso-
ciation with use of wireless phones [45]. Regarding T-cell
NHL (n= 53) we observed somewhat increased risks; use
of analogue phone gave OR= 1.5, 95% CI = 0.6–3.7, digi-
tal phone OR= 1.9, 95% CI = 0.8–4.8 and cordless phone
OR= 2.5, 95% CI = 1.1–5.6. For certain subtypes of T-cell
NHL, the cutaneous and leukemia types, the risks increased
further for analoguephone toOR= 3.4, 95%CI = 0.8–15, dig-
ital phone to OR= 6.1, 95% CI = 1.3–30, and cordless phone
to OR= 5.5, 95% CI = 1.3–24. These results were, however,
based on low numbers.

A study from USA included 551 NHL cases and 462 fre-
quency matched controls [46]. Among regular mobile phone
users NHL risk was not significantly associated with min-
utes per week, duration, cumulative lifetime or years of
first use. However, total time >8 years gave OR= 1.6, 95%
CI = 0.7–3.8. The risk increased with number of years, and
was significant for the not specified group of NHL after ≥6
years use yielding OR= 3.2, 95% CI = 1.2–8.4.

9. Testicular cancer

An increasing incidence of testicular cancer has been
noted in most western countries during the recent decades.
It is the most common cancer type in young men and is

not regarded to be an occupational disease. Cryptorchidism
is an established risk factors, but also perinatal exposure
to persistent organic pollutants with hormone activity has
been suggested to be another risk factor [47,48]. There has
been concern in the population that use of mobile phones
might be a risk factor for testicular dysfunction. We per-
formed a case–control study mainly on the use of PVC
plastics as risk factor for testicular cancer [49], and included
in the questionnaire also questions on the use of wireless
phones. The results were based on answers from 542 (92%)
cases with seminoma, 346 (89%) with non-seminoma and
870 (89%) controls [50]. Overall no association was found
[50]. Only 13 cases with seminoma had used an analogue
phone >10 years yielding OR= 2.1, 95% CI = 0.8–5.1 and
one case with non-seminoma; OR= 0.3, 95% CI = 0.04–2.6.
No case had used a digital or cordless phone with latency
period >10 years. OR did not increase with cumulative use
in hours for the different phone types. Regarding use of
mobile phone in the stand by mode border line significance
was found for seminoma, OR= 1.3, 95% CI = 1.03–1.7, but
not for non-seminoma; OR= 0.9, 95% CI = 0.7–1.3. For dif-
ferent localisations during stand by, highest risk was found
for seminoma for keeping the phone in ipsilateral trousers
pocket, OR= 1.8, 95% CI = 0.97–3.4 whereas contralateral
pocket gave OR= 1.0, 95% CI = 0.5–2.0.

10. Malignant melanoma of the eye

Stang et al. [51] conducted a hospital- and population-
based case–control study of uveal melanoma and occu-
pational exposures to different sources of radiofrequency
radiation. A total of 118 cases with uveal melanoma and 475
controls were included. Exposure to RF-transmitting devices
was rated as (a) no RF exposure, (b) possible exposure to
mobile phones, or (c) probable/certain exposure to mobile
phones. An elevated risk for exposure to RF-transmitting
devices was reported. Exposure to radio sets gave OR= 3.0,
95% CI = 1.4–6.3 and probable/certain exposure to mobile
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phones OR= 4.2, 95% CI = 1.2–14.5. The authors concluded
that several methodologic limitations prevented their results
from providing clear evidence on the hypothesized associa-
tion.

The study was commented among others Johansen et al.
[52]. In their cohort of mobile phone subscribers in Denmark
no support for an associationbetweenmobile phones andocu-
lar melanoma was found. However, as discussed elsewhere
[14,15,18,55], there are several methodological limitations in
the Danish cohort [21,22] that hamper the interpretation of
their findings.

The paper by Stang et al. [51] has also been commented
by Inskip [53] in an editorial, the main point being that miss-
ing from the paper is any consideration of occupational or
recreational exposure to UV radiation.

11. Intratemporal facial nerve tumor

So far only one investigation has studied the risk of
intratemporal facial nerve (IFN) tumor and the use of mobile
phone [54]. A case–control approach was used with 18
patients with IFN tumors matched with controls (n= 192)
treated for other diseases, 51 patients treated for acoustic
neuroma, 72 treated for rhinosinusitis, and 69 for dysphonia
and gastroesophageal reflux. Risk of facial nerve tumorigen-
esis was compared by extent of mobile phone use. The OR of
developing an IFN tumor was 0.6, 95%CI= 0.2–1.9 with any
handheld mobile phone use and OR= 0.4, 95% CI = 0.1–2.1
for regular mobile phone use. However, they concluded that
the short duration of use precludes definite exclusion as a
risk for IFN tumor development. Certainly the cases were
too few for a sound epidemiological study and it was not cor-
rect to include patientswith acoustic neuroma in the reference
group.

12. Discussion

A review on use ofmobile phones and the associationwith
brain tumors included all case–control studies that we have
identified in the peer-review literature. Most studies have
published data with rather short latency period and limited
information on long-term users.

Noother studies than from theHardell grouphas published
comprehensive results for use of cordless phones (DECT)
[2–15]. As we have discussed in our publications it is perti-
nent to include also such use in this type of studies. Cordless
phones are an important source of exposure to microwaves
and they are usually used for a longer time period on daily
basis as compared to mobile phones. Thus, to exclude such
use, as was done in e.g. the Interphone studies, could lead to
an underestimation of the risk for brain tumors from use of
wireless phones.

We have discussed shortcomings in the Interphone stud-
ies in detail elsewhere [55]. Regarding glioma the Swedish

Interphone study reported 23 ORs in Table 2 in that publi-
cation [25] and 22 of these were <1.0 and one OR= 1.0. For
meningioma all 23 ORs were <1.0, six even significantly so.
These results indicate a systematic bias in the study unless use
of mobile phones prevents glioma and meningioma, which
is biologically unlikely. It should be noted that several of
the overall ORs also in other Interphone studies were <1.0,
some even significantly so. As an example, in the Danish
Interphone study on glioma [26] all 17 ORs for high-grade
glioma were <1.0, four significantly decreased. Also other
Interphone studies reported ORs significantly <1.0, that is
a protective effect or rather systematic bias in the studies
[16,29,31].

Use of cellular telephones was mostly assessed by per-
sonal interviews in the Interphone studies. It is not described
how these personal interviews were organized, a tremendous
task considering that vast parts of Sweden from north to south
had to be covered. In the sparsely populated and extended area
in northern Sweden personal interviewsmust havemeant lots
of long distance traveling and imposed additional stress on
the interviewers. No information was given in the articles on
how or if this methodological problem was solved, for exam-
ple were controls only included frommore densely populated
areas.

The interviews in the Interphone study were extensive
and computer aided. It is likely that such an interview cre-
ates a stressful situation for a patient with a recent brain
tumor diagnosis and operation. These patients, especially
under pressure with a newly diagnosed brain tumor and
possible surgery, often have difficulties remembering past
exposures and inevitably have problems with concentration
and may have problems with other cognitive shortcom-
ings. In the Danish part of the Interphone study it was
concluded that the patients scored significantly lower than
controls due to recalling words (aphasia), problems with
writing and drawing due to paralysis [26]. According to
our experience a better option would have been to start
with a mailed questionnaire, that can be answered by the
patient during a period of more well-being, if necessary
this can be complemented by a telephone interview. After
surgery it is easier to answer a questionnaire at home, also
with the possibility to check phone bills to verify the use.
This procedure has the additional advantage that it can be
accomplished without disclosure during the data collection,
whether a person is a case or a control. Certainly, know-
ing if it was a case or a control that was interviewed in
the Interphone study may have introduced observational
bias.

It has been argued that recall bias might be introduced
in case–control studies on cancer patients, since the patients
would be more prone to find a cause for their disease than the
controls. However, the contrary is often the situation since
patients do not want to blame themselves for their disease. In
one articlewe presented data on the patients own assumptions
of causes of their brain tumor [5]. Of 1429 cases only two
expressed concern aboutmobile phones andnoabout cordless
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phones. Interestingly, cases with a previous cancer diagnosis
reported lower frequency for use of wireless phones than
those with no previous cancer. No interviewer bias could be
demonstrated when exposure data in the questionnaire were
compared before and after phone interviews [5].

The diagnosis of tumor type as well as grading is based
on histopathology. X-ray investigation orMR alone is insuffi-
cient. Of the 371 caseswith glioma in the Swedish Interphone
study [25] histopathology examination of the tumor was
available for 328 (88%) cases, and for 225 (82%) of the
meningioma cases. Thus, it is possible that cases without his-
tology confirmation of the diagnosis may have had another
type of brain tumor or even brain metastases. Such mis-
classifications inevitably bias the result towards unity. It is
remarkable that 345 glioma cases were stratified according
to grade I–IV, although histopathology was available only for
328 cases. In our studies on brain tumorswe have histopathol-
ogy verification of all of the diagnoses. Also, the total number
of included cases [25] is not completely consistent with those
reported to the SwedishCancerRegistry aswe have discussed
elsewhere [55]. The study included cases from neurosurgery,
oncology and neurology clinics as well as regional cancer
registries in the study areas.

Among the controls in the glioma and meningioma study
282 (29%) refused to participate [25]. Among some of these
non-responders a short interview was made and only 34%
reported regular use of a cellular telephone compared with
59% of the responders. If this discrepancy extends to the
total group of non-responders the true percentage of mobile
phone users in controls would be approximately 52%. Hence
this figure would be lower than in glioma (58% exposed) and
acoustic neuroma cases (60%). Only for meningioma with
43% exposed cases a lower percentage was reported, how-
ever, considering the sex ratio (women:men) for meningioma
of about 2:1 a lower percentage of mobile phone users has
to be expected due to the lower rate of users among women.
It should be noted that a similar procedure in another Inter-
phone study yielded similar results regarding mobile phone
use among responders and non-responders [17].

It was discussed in a medical dissertation [56] that: ‘Our
Swedish study, that includes a large number of long-term
mobile phone users, does not support the few previously
reported positive findings, and does not indicate any risk
increases neither for short-term or long-term exposures.’
Considering the methodological shortcomings and that in
contrast to the cited assertion of ‘a large number of long-
term users’ the study subjects included only 25 glioma and 12
meningioma cases with long-term use, its conclusion seems
to be going a long way beyond what can be scientifically
defended.

It might be mentioned that this area of research seems
to be controversial per se with unfounded statements [57],
easily rebutted [58] and not supported by evolving scientific
evidence [59]. Statements on no risk for brain tumors based
on short-time use of mobile phones [60] might be considered
in a larger context [61].

We included in our studies use ofmobile or cordless phone
‘any time’ in the exposed group and made dose-response
calculations based on number of hours of cumulative use. The
unexposed group included also subjects with use of wireless
phones with ≤1-year latency period. On the contrary, mobile
phone use in the Interphone studies was defined as ‘regular
use’ on average once per week during at least 6 months, less
than that was regarded as unexposed including also all use
within <1 year before diagnosis. This definition of ‘regular
use’ seems to have been arbitrary chosen and might have
created both observational and recall bias in the interpretation
of such a definition.

Use of cordless phones was not assessed or not clearly
presented in the Interphone studies, e.g. [25,28]. We found a
consistent pattern of an association between cordless phones
and glioma and acoustic neuroma [11,12]. It has been shown
that the GSM phones have a median power in the same
order of magnitude as cordless phones [62]. Moreover, cord-
less phones are usually used for longer calls than mobile
phones [11,12]. Including subjects using cordless phones in
the “unexposed” group in studies on this issue, as for example
in the Interphone investigations, would thus underestimate
the risk and bias OR against unity.

The case participation was good in our studies, 88% for
cases with benign brain tumors, 90% for malignant brain
tumor cases and 89% for the controls. On the contrary case
participation varied from 37% to 93% and control participa-
tion from 42% to 75% in the Interphone studies. Obviously
lowparticipation rates for cases and controlsmight give selec-
tion bias and influence the results in the Interphone studies.

Methodological issues in the Interphone studies have been
discussed elsewhere [14,15,18,55,63–65]. It was concluded
that the actual use of mobile phones was underestimated in
light users and overestimated in heavy users. Random recall
bias could lead to large underestimation in the risk of brain
tumors associated with mobile phone use. It was further sug-
gested that selection bias in the Interphone study resulted in
under selection of unexposed controls. Refusal to participate
was related to less prevalent use of mobile phones, and this
could result in a downward bias in estimates of the disease
risk associatedwithmobile phone use.As discussed byKundi
[18] there was also interview lag time between cases and con-
trols in the Interphone studies that might have been a source
of bias due to the fast increase of mobile phone use during
the study period. This could have resulted in underestimation
of risk.

For salivary gland tumors the results were based on
three case-control studies. In the 10 year latency period the
meta-analysis gave an almost significantly increased risk
for ipsilateral use of mobile phones, and a non-significantly
decreased risk for contralateral use. These results were based
on few cases. Regarding NHL and testicular cancer some
subgroup analysis yielded increased risks, but these results
were based on low numbers. Use of mobile phone increased
the risk significantly for melanoma of the eye. The study on
intratemporal facial nerve tumors is not informative since
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it was based on few cases and included acoustic neuroma
patients in the control group. It is concluded that all studies
were hampered by low numbers of long-term users and need
to be replicated for firm evidence of an association between
use of mobile phones and these tumor types.

In summary our review yielded a consistent pattern of
an increased risk for acoustic neuroma and glioma after >10
years mobile phone latency. Our studies showed also an asso-
ciation with use of cordless phones, an issue that has not been
studied at all in most investigations or only rudimentary in
two studies.Weconclude that current standard for exposure to
microwaves duringmobile phone use is not safe for long-term
exposure and needs to be revised.
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Abstract

Studying effects of mobile phone base station signals on health have been discouraged by authoritative bodies likeWHO International EMF
Project and COST 281. WHO recommended studies around base stations in 2003 but again stated in 2006 that studies on cancer in relation to
base station exposure are of low priority. As a result only few investigations of effects of base station exposure on health and wellbeing exist.
Cross-sectional investigations of subjective health as a function of distance or measured field strength, despite differences in methods and
robustness of study design, found indications for an effect of exposure that is likely independent of concerns and attributions. Experimental
studies applying short-term exposure to base station signals gave various results, but there is weak evidence that UMTS and to a lesser degree
GSM signals reduce wellbeing in persons that report to be sensitive to such exposures. Two ecological studies of cancer in the vicinity of
base stations report both a strong increase of incidence within a radius of 350 and 400m respectively. Due to the limitations inherent in this
design no firm conclusions can be drawn, but the results underline the urgent need for a comprehensive investigation of this issue. Animal
and in vitro studies are inconclusive to date. An increased incidence of DMBA induced mammary tumors in rats at a SAR of 1.4W/kg in
one experiment could not be replicated in a second trial. Indications of oxidative stress after low-level in vivo exposure of rats could not be
supported by in vitro studies of human fibroblasts and glioblastoma cells.

From available evidence it is impossible to delineate a threshold below which no effect occurs, however, given the fact that studies reporting
low exposure were invariably negative it is suggested that power densities around 0.5–1mW/m2 must be exceeded in order to observe an effect.
The meager data base must be extended in the coming years. The difficulties of investigating long-term effects of base station exposure have
been exaggerated, considering that base station and handset exposure have almost nothing in common both needs to be studied independently.
It cannot be accepted that studying base stations is postponed until there is firm evidence for mobile phones.
© 2009 Published by Elsevier Ireland Ltd.

Keywords: Mobile phone base station; Performance; Cancer; In vitro studies; Microwaves

1. Introduction

Modern mobile telecommunication is based on a cellular
system. Each cell is covered by a base station that keeps track
of the mobile phones within its range, connects them to the
telephonenetwork andhandles carry-over to the next base sta-
tion if a customer is leaving the coverage area. Early mobile
telecommunication systems had very large cells with tens
of kilometers radius and were predominantly located along
highways due to offering servicemainly for car-phones.With
the introduction of digital mobile phone systems cell sizes
got much smaller and base stations were erected in densely

∗ Corresponding author. Tel.: +43 1 4277 64726; fax: +43 1 4277 9647.
E-mail address: michael.kundi@meduniwien.ac.at (M. Kundi).

populated areas. The limited power of mobile phones made
it necessary to reduce the distance to the customers. The
cell size depends on (1) the radiation distance of the mobile
phone; (2) the average number of connected calls; (3) the
topographic characteristics of the covered area and the sur-
rounding buildings, vegetation and other shielding objects;
and (4) the type of antenna used. There are essentially three
types of cells presentlymaking upmobile telecommunication
networks: (1) macro-cells in areas of average to low number
of calls; (2) micro-cells in densely populated areas and areas
with high telecommunication traffic density; (3) pico-cells
within buildings, garages, etc. The types of antennas used,
although hundreds of different models are operated, can be
subdivided into: omni-directional antennas that radiate in all
horizontal directions with the same power; sector antennas

0928-4680/$ – see front matter © 2009 Published by Elsevier Ireland Ltd.
doi:10.1016/j.pathophys.2009.01.008
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that radiate the main beam in one sector only but have vary-
ing aperture (usually 120◦ or 90◦). These antennas can be
mounted on masts (that sometimes are in the shape of trees
for protection of landscape or are otherwise hidden), on the
top of buildings, on pylons, and micro- and pico-cell anten-
nas on various other places (walls of houses, shops, indoors,
etc.). The width of the beam in vertical direction is typically
6◦, but due to the presence of side lobes the actual pattern is
more complicated.

Digital base stations of the second generation (GSM,
TDMA) and third generation (UMTS, CDMA) have typi-
cally a nominal power for each channel of 10–20W, micro-
and pico-cells up to about 4 and 2W, respectively. Due to the
antenna gain the EIRP in the direction of the main beam is
much greater (by a factor of 10g/10, where g is the antenna
gain in dB, typically between 40 and 60). Most base sta-
tions of the second generation operate with two channels, one
broadcast control channel (BCCH, channel used for transmit-
ting information about the network, the location area code,
frequencies of neighboring cells, etc.) and one traffic chan-
nel (TCH, channel used for transmission of calls), for third
generation systems, due to code division multiplexing, con-
trol information needed for the maintenance of the system
is at present transmitted together with the actual information
(calls, pictures, etc.) within one broad-band channel. GSM
systems operate the BCCH with all time slots occupied and
therefore at maximal power, whereas TCH has as many time
slots active as necessary to operate all active transmission
not covered by the BCCH. Field strength at ground level
depends on the characteristics of the antenna. Because the
main beam reaches ground level typically in 50–200m dis-
tance, in case of free sight to the antenna, maximum field
strength is reached at that distance. However, due to the side
lobes ups and downs of field strength occur as one approach
the base station. In areas where objects are shadowing the
beams, patterns are still more complex because of diffraction
and reflection and multi-path propagation with constructive
as well as destructive interference.

Free field propagation from the antenna along the main
beam follows the law: P(x) = EIRP/(4π·x2), with P(x) the
power flux density in x meters distance and EIRP the equiv-
alent isotropic radiated power of the antenna. Significant
deviations from this expectation occur due to the side lobes,
presence of interfering objects, differences in vertical beam
width, and variations in the number of active transmissions.
For these reasons distance to the antenna is a poor proxy for
exposure level.

Since the early 1990s tens of thousands of base stations
have been erected in countries where digital networks were
introduced. While older systems with their low number of
base stations have hardly received public attention, the vast
increase in base stations has led to public concerns all over
the world. Anecdotal reports about various effects on well-
being and health have led also to an increased awareness
of physicians [1,2] and increased research efforts have been
demanded [3]. Despite these professional and public con-

cerns, the WHO International EMF Project has discouraged
research into effects of base stations, because it deemed
research into effects of mobile phones of higher priority. This
position was changed in 2003 when the new research agenda
recommended studies around base stations. In 2006 it was
again stated that research into potential health effects of base
station is of low priority [4].

Due to these circumstances only very few investigations
of effects of base stations on wellbeing and health exist. In
addition some experimental studies have been conducted,
most of which address the problem of short-term effects on
complaints and performance.

The following review summarizes available evidence and
critically assesses the investigations as to their ability to sup-
port or dismiss a potential effect of microwave exposure from
base stations on wellbeing and health.

2. Epidemiological investigations

2.1. Wellbeing and performance

Santini et al. [5,6] report results of a survey in France to
which 530 individuals (270 men and 260 women) responded.
Study subjects were enrolled through information given by
press, radio, and website, about the existence of a study on
people living near mobile phone base stations. Frequency for
each of 18 symptoms was assessed on a 4 level scale (never,
sometimes, often, and very often). Participants estimated
distance to the base station using the following categories:
<10m,10–50m,50–100m,100–200m,200–300m,>300m.
For comparison of prevalence of symptoms >300m served as
reference category. For all symptoms a higher frequency of
the categories ‘often’ or ‘very often’was found at closer (self-
reported) distance to the base station. Fatigue, headaches, and
sleeping problems showed highest relative increase. Due to a
less than optimal statistical analysis comparing each distance
category separately with the reference category the overall
response pattern can only be assessed qualitatively. Fig. 1
shows relative prevalence averaged over all symptoms as a
function of self-reported distance to the antenna. Interestingly
the function is not monotonous but shows, after an initial
drop, an increase at a distance of 50–100m. Because of the
fact that in many cases this is the distance at which the main
beam reaches ground level this may indicate a relationship to
actual exposure levels.

This study was a first attempt to investigate a potential
relationship between exposure to base station signals and
health and has, therefore, several shortcomings: (1) partici-
pants selected themselves into the study group by responding
to public announcements; (2) distance was self-reported and
no attempt was made to validate these reports (a German
cross-sectional study in over 30,000 households revealed that
more than 40% did not know they were living in the vicinity
of a base station [7]); (3) no assessment of subjects’ concerns
about the base station; and (4) no measurement or calcula-
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Fig. 1. Relative symptom frequency averaged over all 33 reported symptoms from Santini et al. [5] as a function of distance from base station.

tion of actual exposure. Although selection bias and wrong
estimation of distance to the base station could have led to a
spuriously increased prevalence of symptoms, the pattern of
symptom frequency as a function of distance is intriguing and
suggests that part of the increased symptom prevalence could
be due to exposure because people do not know the typical
pattern of field strengths found in the vicinity of base stations.

A Spanish version of the questionnaire as applied in the
French study was distributed in La Nora, a small town in
Murcia, Spain, to about 145 inhabitants [8].Overall 101 ques-
tionnaires (from 47 men and 54 women) were included in
the analyses. Electric field strength in the frequency range
1MHz to 3GHz was measured in the bedrooms of the par-
ticipants. Data were analyzed in two different ways: first
subjects were subdivided into those living less than 150m
from the base station and a second group living more than
250m away (according to self-reports); the average expo-
sure level of the first groupwas 1.1mW/m2, and of the second
group 0.1mW/m2; self-reported symptom severity was com-
pared across these groups. The second method correlated
log transformed field strengths with symptom scores. The
majority of symptoms showed a relationship both by com-
parison of the contrast groups according to distance from
the base station as well as when correlated to measured field
strength. Strongest effectswere observed for headaches, sleep
disturbances, concentration difficulties, and discomfort.

In contrast to the French investigation the study has
assessed actual exposure by short-term measurements in the
bedroomsof participants. The fact that both, reporteddistance
as well as measured field strength, correlated with symptom
severity supports the hypothesis of an association between
microwaves from the base station and wellbeing. However,
because subjects knew that the intention of the study was
to assess the impact of the base station there is a potential
for bias. Also concerns of the participants about effects of
the base station on health were not assessed. Furthermore,
method of selection of participants was not reported.

In a cross-sectional study in the vicinity of 10 GSM base
stations in rural and urban areas of Austria, Hutter et al.
[9] selected 36 households randomly at each location based
on the characteristics of the antennas. Selection was done
in such a way as to guarantee a high exposure gradient.
Base stations were selected out of more than 20 locations
based on the following criteria: (1) at least 2 years opera-
tion of the antenna; (2) no protest against it before or after
erection; (3) no nearby other base station; (4) transmission
only in the 900MHz frequency band. (The last two criteria
were not fully met in the urban area.) In order to minimize
intervention of interviewers all tests and questionnaires were
presented on a laptop computer and subjects fulfilled all tasks
on their own. Wellbeing was assessed by a symptoms list (v.
Zerssen scale), sleeping problems by the Pittsburgh sleep-
ing scale. In addition several tests of cognitive performance
were applied. Concerns about environmental factors were
inquired and sources of EMF exposure in the household were
assessed as well. It was not disclosed to the subjects that the
studywas about the base station, but about environmental fac-
tors in general. Among other measurements high-frequency
fields were assessed in the bedrooms. From the measured
field strength of the BCCH maximum and minimum expo-
sure to the base station signals were computed. In addition
overall power density of all high-frequency fields was mea-
sured. Results of measurements from 336 households were
available for analysis. Exposure from the base station was
categorized into three ranges: below 0.1mW/m2, between
0.1 and 0.5mW/m2, and above 0.5mW/m2. Cognitive per-
formance tended to be better at higher exposure levels and
was statistically significant for perceptual speed after cor-
rection for confounders (age, gender, mobile phone use, and
concerns about the base station). Subjective symptoms were
generally more frequent at higher exposure levels and sta-
tistically increased prevalence was found for headaches, cold
hands or feet, and concentration difficulties. Although partic-
ipants reported more sleeping problems at higher exposure
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levels, this effect was removed after controlling for concerns
about the base station.

Despite limitations inherent in the cross-sectional study
design themethodological problemsmentioned in the French
and Spanish investigations were avoided. Authors conclude:
“The results of this study indicate that effects of very low but
long lasting exposures to emissions from mobile telephone
base stations on wellbeing and health cannot be ruled out.
Whether the observed association with subjective symptoms
after prolonged exposure leads to manifest illness remains to
be studied.”

A study in employees working within or opposite a build-
ing with GSM base station antennas on the roof was reported
by Abdel-Rassoul et al. [10]. The investigation took place
in Shebin El-Kom City, Menoufiya Governorate, Egypt,
where the first mobile phone base station was erected in
1998 on a building for agricultural professions. Overall 37
subjects working within this building and 48 subjects work-
ing in the agricultural directorate about 10m opposite the
building were considered exposed. A control group, work-
ing in another building of the agricultural administration
located approximately 2 km away, consisted of 80 persons.
Participants completed a structured questionnaire assessing
educational and medical history. A neurological examination
was performed and a neurobehavioral test battery (tests for
visuomotor speed, problem solving, attention and memory)
was presented.The combined exposedgroupswere compared
to the control group that was matched by sex, age and other
possible confounders. Statistical analysis accounted for these
variables. Further comparisonswere performed between sub-
jects working in the building with the base station on the
roof and those opposite. Exposed subjects performed signif-
icantly better in two tests of visuomotor speed and one test
of attention, in two other tests the opposite was the case.
The prevalence of headaches, memory problems, dizziness,
tremors, depressive symptoms, and sleep disturbances was
significantly higher among exposed inhabitants than controls.
Measurements conducted 3 years before the investigation
revealed compliancewith the Egyptian standard (80mW/m2)
with values between 27 and 67mW/m2, but locations of the
measurements were not specified.

Like in the study of Hutter et al. [9] it was not disclosed to
the participants that the study was about the base station. An
important aspect is studying employees that occupy the area
of exposure for 8–16 h a day. Several possible confounders
(age, sex, education, smoking, and mobile phone use) were
considered and did not change the reported results. Other fac-
tors like stressful working conditions, indoor pollutants and
other attributes of thework placewere not assessed andmight
have had an effect on the reported symptoms. Although no
recent measurements were available it can be assumed that
both, subjects working within the building as well as those
opposite the building with the base station are exposed at
comparatively high levels. The picture of one antenna shown
in the article indicates that the panel is slightly uptilted. It
can be assumed that the sidelobes of the antenna are directed

downwards into the building below the base station as well
as into the opposite building. Measurements in Germany
revealed that, in contrast to a general belief that there is no sig-
nificant exposure in buildings below a base station antenna,
the field strength in buildings below an antenna is almost
equal to field strength in opposite buildings.

An experimental field trial was conducted in Bavaria [11]
during three months before an UMTS antenna on a gov-
ernmental building started operation. Based on a random
sequence the antenna was turned on or off one, two, or three
days in a row during 70 working days in winter 2003. Con-
ditions were double-blind since neither the experimenters
nor the participants knew whether the antenna was on or
off. This was guaranteed by software manipulation of the
antenna output that prohibited UMTS mobile phones from
contacting the base station and by locating the computer con-
trolling the antenna in a sealed room. The UMTS antenna
operated at a mean frequency of 2167.1MHz. The protocol
has not been specified, but considering that no real trans-
mission occurred it is assumed that only the service channel
was used. The antenna had a down-tilt of 8◦ expected to
result in rather high exposure within the building. Measured
electric field strength in the rooms of the participants varied
between the detection limit of the field probe (0.05V/m) and
0.53V/m (corresponding to 0.75mW/m2) with an average
of 0.10± 0.09V/m (corresponding to 0.03mW/m2). Partici-
pants should answer an online questionnaire on eachworking
day they were in the office in the morning when they arrived
and in the evening shortly before leaving. The questionnaire
consisted of a symptom list with 21 items, and in the evening
participants should state whether or not they considered the
antenna has been on during this day and whether they con-
sidered, if they experienced any adverse effects, these effects
due to the base station. From approximately 300 employ-
ees working in the building 95 (28 females, 67 males) that
answered the questionnaire on at least 25% of the working
days were included in the analysis.

None of the 21 symptoms showed a statistically significant
difference between days on and days off. Amore comprehen-
sive analysis of the overall score across all 21 items applying
a mixed model with subjects as random factor and autore-
gressive residuals revealed a tendency (p= 0.08) for an effect
of actual exposure on the difference between morning and
evening values. Self-rated electrosensitivity had a significant
effect on evening scores but did not affect difference scores.
As expected, subjective rating of exposure had a significant
influence both, on evening scores and score difference. Cor-
rect detection rate of base station transmission mode was
50% and thus equal to chance. No person was able to detect
operation mode correctly on significantly more days than
expected.

The study design was a great strength of this pilot inves-
tigation. It combined the advantages of a field trial with the
rigorous control of exposure conditions in an experiment.
However, there are a number of severe shortcomings too:
first, no correction for actual exposure has been applied. As
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stated above, exposure varied considerably within the build-
ing and some participants were not exposed at detectable
levels at all. The resulting exposure misclassification leads
to a bias towards the null hypothesis. Furthermore, it was
not specified which UMTS protocol was actually transmit-
ted. Another important limitation is the quite low exposure
even in the offices with the highest levels. Problems with
the statistical evaluation are indicated by a highly significant
time factor suggesting insufficient removal of autocorrela-
tion. Finally, the symptom list contains several items that
were not implicated previously as related to exposure from
base stations (e.g. back pain). Such items reduce the overall
power to detect an effect of base station exposure.

A cross-sectional study based on personal dosimetry was
conducted in Bavaria [12]. In a sample of 329 adults (173
females, 155males, and 1 unknown) chronic and acute symp-
toms were assessed. Chronic symptoms were taken from the
Freiburger Beschwerdeliste and acute symptoms from the
v. Zerssen list. Symptoms assessed were headache, neuro-
logical symptoms, cardiovascular symptoms, concentration
problems, sleeping disorders and fatigue. Participants wore
a dosimeter (Maschek ESM 140) for 24 h on the upper arm
on the side used for holding a phone (during the night the
dosimeter was placed next to the bed). The dosimeter mea-
sured exposure in frequency bands including GSM 900 up-
and down-link, GSM1800 up- and down-link, UMTS,DECT
and WLAN (2.45GHz).

Acute symptoms at noon and in the evening were
dichotomized and related to exposure during the previ-
ous 6 h (night time measurements were considered biased
and not analyzed). Exposure was expressed in percent of
the ICNIRP reference levels. Odds ratios for the different
symptom groups were computed in relation to exposure sub-
divided into quartiles with the first quartile as reference.
Similarly, dichotomized chronic symptoms were related to
average day time exposure levels. None of the symptom
groups was significantly related to exposure. Odds ratios for
headaches and cardiovascular symptoms during the last 6
months were increased for all three tested exposure quartiles
(for headaches odds ratios were: 1.7, 2.7, and 1.2 for 2nd to
4th quartile; for cardiovascular symptoms these figures were
1.4, 3.3, and 2.4). But none of these odds ratios was statisti-
cally significant. Acute symptoms at noon and in the evening
showed a tendency for lower prevalence of fatigue at higher
exposure levels. Odds ratios for headaches and concentration
problems in the evening were increased at higher exposure
levels in the afternoon but also these results were statistically
not significant (odds ratios for headaches were 1.7, 1.6, 3.1
and for concentration problems 1.4, 2.0, 1.4 for 2nd to 4th
quartile of afternoon exposure levels).

Exposure was low and ranged from a daytime average of
0.05V/m (at or below the limit of determination) to 0.3V/m
(corresponding to 0.24mW/m2 power density). (In order
to make results comparable to other investigations figures
expressed in percent of ICNIRP reference levels were recal-
culated to field strengths and power densities). Quartiles for

daytime exposurewere: up to 0.075V/m, 0.075 to 0.087V/m,
0.087 to 0.110V/m, and 0.110 to 0.3V/m. It can be seen that
the first three quartiles are almost indiscernible with a ratio
of the upper limit of the third and first quartiles of only 1.5.

Although the study of Thomas et al. [12] was the first
one using personal dosimetry in the context of investigating
effects of exposure to mobile phone base station signals on
wellbeing it has not explored the potential of an almost con-
tinuous exposure measurement. Only average exposure was
computed and the probably most important nighttime values
were left out. A number of different exposure metrics should
have been assessed, like duration of exposure above a certain
limit, maximum exposure level, longest period below limit of
determination, and variability of exposure levels to name but
a few. Furthermore, prevalence of symptoms was so low that
the power of the investigation to detect even substantially
increased risks was inferior (less than 25%). Despite these
shortcomings the study has its merits as a first step in using
personal dosimetry. An earlier report of the group [13] with
a comparison between two personal dosimeters (Maschek
and Antennessa) demonstrated that improvements are neces-
sary before personal dosimetry can be successfully used in
epidemiological studies.

A large population-based cross-sectional study was con-
ducted in the context of the German ‘Mobile Phone Research
Program’ in two phases [7]. In the initial phase 30,047 per-
sons from a total of 51,444 (58% response rate) who took
part in a nationwide survey also answered questions about
mobile phone base stations. Additionally a list of 38 health
complaints (Frick’s list) was answered. Distance to the near-
est base station was calculated based on geo-coded data of
residences and base stations. In the second phase, all respon-
dents (4150 persons) residing in eight preselected urban
areas were contacted. In total, 3526 persons responded to
a postal questionnaire (85% response rate) including ques-
tions about health concerns and attribution of symptoms to
exposures from the base station as well as a number of stan-
dardized questionnaires: the Pittsburgh Sleep Quality Index,
the Headache Impact Test, the v. Zerssen list of subjective
symptoms, the profile of mental and physical health (SF 36),
and a short version of the Trier Inventory of Chronic Stress.
Overall 1808 (51%) of those that responded to the ques-
tionnaire agreed to have EMF measurement taken in their
homes. Results of the large survey from the first phase of
the study revealed a fraction of 10% of the population who
attributed adverse health effects to the base station. An addi-
tional 19% were generally concerned about adverse effects
of mobile phone base stations. Regression analysis of the
symptoms summary score on distance to the base station
(less or more than 500m) and attribution/concerns about
adverse effects adjusted for possible confounders (age, gen-
der, SES, region and size of community) revealed a small but
significant increase of the symptom score at closer distance
to the base station. Higher effects, however, were obtained
for concerns about adverse effects of the base station (with
higher scores for those concerned) and still higher effects for
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those that attributed their health problems to exposures from
mobile phone base stations. The latter result is only to be
expected because attribution presupposes existence of symp-
toms and hence thosewith attributionmust have higher scores
than those without. Because effects of concerns/attribution
were accounted for in the multivariate model, effect of dis-
tance to the base station is independent of these concerns
or attributions. In the second phase measurements in the
bedrooms revealed an overall quite low exposure to EMFs
from the base station. Only in 34% of the households was
the exposure above the sensitivity limit of the dosimeters
of 0.05V/m (∼7�W/m2). On average power density was
31�W/m2 and the 99th percentile amounted to 307�W/m2.
A dichotomization at the 90th percentile (exposure above
0.1V/m, corresponding to 26.5�W/m2) did not indicate any
effect of exposure on the different outcome variables but
effects of attribution on sleep quality and overall symptom
score (v. Zerssen list).

This large study has a number of important advantages: it
started from a representative sample of the German popula-
tion with over 30,000 participants and the second phase with
a regional subsample had a participation rate of 85%. Fur-
thermore, several well-selected standardized tests were used
in the second phase. Results of the first phase are essentially
in line with the Austrian study of Hutter et al. [9]. Not only
the fraction with attribution of health complaints to exposure
from the base station (10%) is identical, but also the higher
symptom score in proximity to the base station independent
of concerns/attributions found in the previous study has been
replicated. However, the study has also severe shortcomings,
most notably: the failure to include a sufficient number of par-
ticipants that can be considered as exposed to microwaves
from the base station. Note that Hutter et al. [9] selected
households based on the characteristics of the antennas in
such a way as to guarantee a large exposure gradient. In the
randomly selected households of the study by Blettner et al.
[7] the 90th percentile used as cutoff was well below the
median (∼100�W/m2) of the earlier investigation and the
99th percentile was still below the level (500�W/m2) that
was found to increase the prevalence of several symptoms.
Therefore it is unlikely that the investigation of the second
phase could detect an effect if it occurs at levels consistent
with those reported by Hutter et al. [9].

2.2. Cancer

Despite considerable public concerns that exposure to
microwaves from mobile phone base stations could be detri-
mental to health and may, in particular, cause cancer, up to
now only two studies of cancer in the vicinity of base stations
applying basically an ecological design have been published.

In a Bavarian town, Neila, the physicians of the town
conducted an epidemiological investigation [14] to assess a
possible association between exposure to base station radia-
tion and cancer incidence. The design used was an improved
ecological one. Two study areas were defined: one within

a circle of 400m radius around the only base stations (two
that were located in close proximity to each other) of the
town, and one area further than 400m from the base stations.
Within these defined areas streets were randomly selected
(after exclusion of a street where a home for retired people
was situated) and all general practitioners of the town that
were active during the whole period of operation of the base
stations (one base station started operation September 1993
the other December 1997) scanned their files for patients
living in the selected streets. Overall 967 individuals were
found, constituting approximately 90% of the reference pop-
ulation. The study period 1/1994 to 3/2004 was subdivided
into two segments: The first 5 years of operation of the base
station (1994 through 1998) and the period from the sixth
year, 1999, until 3/2004. Among the identified individuals 34
incident cases of cancer (excluding non-melanoma skin can-
cer) were found. Assessment of cancer cases was assumed to
be complete and all cases were verified histologically and by
hospital discharge letters (note that there is no cancer registry
in Bavaria). Age distributionwas similar in the two areaswith
a mean age of 40.2 years in both, the area within 400m of the
base station and the area further apart. Crude annual cancer
incidence in the first 5 years after start of operation of the
base station was 31.3× 10−4 and 24.7× 10−4 in the closer
and farther area, respectively. In the second period these fig-
ures were 76.7× 10−4 and 24.7× 10−4. The age and gender
adjusted expected value of incident cancer cases in the study
population based on data from Saarland, a German county
with a cancer registry, is 49× 10−4. In the second period
cancer incidence in the area within 400m of the base station
was significantly elevated, both, compared to the area further
away as well as compared to the expected background inci-
dence. The incidence in the region further apart was reduced
but not significantly when compared to the expected value.

Although this so-called Neila-study applied an improved
ecological design with a random selection of streets and
inclusion of some information from selected individuals, it is
still subject to potential bias because relevant individual risk
factors could not be included in the analyses.

A similar though less rigorous study has been performed
in Netanya, Israel.Wolf andWolf [15] selected an area 350m
around a base station that came into operation 7/1996. The
population within this area belongs to the outpatient clinic
of one of the authors. The cohort within this area consisted
of 622 people living in this area for at least 3 years at study
onset, which was one year after start of operation of the base
station and lasted for 1 year. Overall cancer incidence within
the study area was compared to a nearby region, to the whole
city of Netanya, and to national rates. In the second year
after onset of operation 8 cancer cases were diagnosed in
the study area. In the nearby area with a cohort size of 1222
individuals, 2 cases were observed. Comparison to the total
populationwith an expected incidence of 31× 10−4 indicates
a pronounced increase in the study area with an incidence
of 129× 10−4. Also against the whole town of Netanya an
increased incidence was noted especially in women. In an
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addendum authors noted that also in the subsequent year 8
new cases were detected in the study area while in the period
5 years before the erection of the base station 2 cases occurred
annually. Spot measurements of high frequency fields were
conducted in the homes of cancer cases and values between
3 and 5mW/m2 were obtained. Although these values are
well below guideline levels, they are quite high compared to
typical values measured in randomly selected homes [7].

Also in the case of the Netanya study lack of information
on individual risk factors makes interpretation difficult. Fur-
thermore, migration bias has not been assessed although only
subjects were included that occupied the area for at least 3
years. The short latency after start of operation of the base
station rules out an influence of exposure on induction period
of the diseases. The substantial increase of incidence is also
hardly explainable by a promotional effect.

3. Experimental studies

3.1. Experiments in human sensitive and non-sensitive
individuals

There are persons who claim to suffer from immediate
acute as well as chronic effects on exposure to EMF and in
particular to those from mobile phones or their base stations.
Often these persons are called EMF hypersensitive (EHS).
The preferred term agreed upon at a WHO workshop [16]
was Idiopathic Environmental Intolerance with attribution to
EMF (IEI-EMF). Indeed, it would be a misunderstanding
to confuse EHS with allergic reactions; rather these persons
react with different unspecific symptoms such as headaches,
dizziness, loss of energy, etc. Whether these persons have
actually the ability to tell the difference between situations
with and without exposure to EMFs is an open question. In a
recent review Röösli [17] concluded that “. . .the large major-
ity of individuals who claim to be able to detect low level
RF-EMF are not able to do so under double-blind conditions.
If such individuals exist, they represent a small minority and
have not been identified yet.” However, it is important to
differentiate between EMF sensitivity and sensibility [18].
Independent of the question whether or not there are individ-
uals that sense the presence of low levels of EMFs such as
those measured in homes near mobile phone base stations,
there could well be an effect of such exposures on wellbeing
and performance even under short-term exposure conditions.
In several experimental investigations this question has been
addressed by exposure of persons with self-reported symp-
toms and also in persons without known adverse reaction to
an assumed exposure.

The first of these investigations was carried out by the
Netherlands Organization for Applied Scientific Research
(TNO) and published as a research report [19]. Two groups
of persons were included in the experiment. One group
consisted of individuals (25 females, 11 males) who have
previously reported complaints and attributed them to GSM

exposure. The other group consisted of subjects without such
complaints (14 females, 22 males). Four experimental condi-
tions were applied in a double-blind fashion: Sham exposure,
exposure to 945MHzGSM, 1840MHzGSM, and 2140MHz
UMTS. Each participant underwent sham exposure and two
of the active exposure conditions. Sequence of exposure
was balanced such that each active exposure condition was
tested equally often at each of three experimental sessions.
Each experimental session and a training session lasted for
45min. All three experimental sessions and the training ses-
sion were completed on one day for each participant. Both,
for GSM and UMTS exposure, a base station antenna was
used and a simulated base station signal was transmitted dur-
ing sessions. For the GSM conditions a 50% duty cycle (4
slots occupied) was applied with pulses of peak amplitudes
of 1V/m (0.71V/m effective field strength; corresponding
to 1.3mW/m2). For UMTS exposure a protocol was used
with different low frequency components and an effective
field strength of 1V/m (corresponding to 2.7mW/m2). Dur-
ing each session several performance tests were conducted
and immediately after each session awellbeing questionnaire
was administered (an adapted version of the Quality-of-Life
Questionnaire of Bulpitt and Fletcher [20] with 23 items).

Overall score of wellbeing was significantly reduced
in both groups after the UMTS condition compared to
sham exposure. Considering subscores anxiety symptoms,
somatic symptoms, inadequacy symptoms, and hostility
symptoms were increased in the groups of sensitive individ-
uals whereas in the control group only inadequacy symptoms
were increased after UMTS exposure compared to sham. No
effects were found in the two GSM exposure conditions.
Concerning cognitive performance both groups revealed sig-
nificant exposure effects in almost all tests in different
exposure conditions. In most of these tests reaction time was
reduced except for one simple reaction time task.

This study had an enormous echo both in the media as
well as in the scientific community because it was the first
experimental investigation with very low exposure to base
station like signals and in particular to UMTS signals, and
because it was conducted by a highly respected research insti-
tution reporting systematic effects of exposure that seemed
to support citizens initiatives claiming that base stations have
adverse effects on wellbeing and health. Immediately doubts
were expressed that results could be biased due to a faulty
methodology. In fact, study design can be improved. First
of all testing all exposure conditions on the same day has
the advantage to reduce variance from between day differ-
ences but could cause transfer effects if biological reactions
do not immediately terminate after end of exposure and start
of the next condition. Also time-of-day effect from chrono-
biological variations could be superimposing the reactions
from exposure. Such effects are sometimes not removed by
balancing exposure conditions. Second, not all subjects were
tested under all exposure conditions. The decision to reduce
total experimental duration by presenting only two of the
three exposure conditions together with sham was sound but
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on the other hand led to a reduced power. Several other argu-
ments such as the different gender distribution in the two
groups are not very important because each subject served as
his/her own control and comparison between groups was not
important in this investigation. Other criticismwas expressed
against statistical analysis. No correction for multiple testing
was applied. While some advice protection against inflation
of type I error others recommend correction only for cru-
cial experiments and not for pilot studies like this. Another,
more serious, criticism was put forward against disregarding
sequence of experimental conditions. As mentioned above,
sequence, transfer, and time-of-day effects could have com-
promised results because such effects are not completely
removed by balancing exposure sequence. Due to this crit-
icism several studies were planned that should investigate
whether the effects observed in the TNO study are robust and
could be replicated under improved study designs.

One of these experiments was performed in Switzerland
[21]. Like in the TNO study, two groups of individuals
were included: one with self-reported sensitivity to RF-EMF
(radio-frequency EMF) and a reference group without com-
plaints. The first group consisted of 33 persons (19 females,
14 males) and the reference group of 84 persons (43 females,
41 males). The experiment consisted of three experimental
and one training session each 1 week apart performed on the
same time of day (±2 h). Design was a randomized double-
blind cross-over design like in the case of the TNO study,
however, with a week between sessions and with all sub-
jects tested under all experimental conditions that were solely
simulated UMTS base station exposure at 1V/m, 10V/m
and sham. The same UMTS protocol as in the TNO study
was used. Each exposure condition lasted for 45min. Dur-
ing exposure two series of cognitive tasks were performed.
After each exposure condition the same questionnaire as has
been used in the TNO study was applied and questions about
sleep in the previous night, alcohol, coffee consumption,
etc., were asked. Moreover, subjects had to rate the per-
ceived field strength of the previous exposure condition on a
visual analogue scale. In addition, before and after each ses-
sion the short Questionnaire on Current Disposition [22] was
answered by participants. Questionnaires were presented in
a separate office room.

Except for a significant reduction of performance speed
of sensitive participants in the 1V/m condition in one of six
cognitive tests no effect of exposure was detected. In par-
ticular, no reduction of wellbeing neither as assessed by the
TNO questionnaire nor from scores of the Questionnaire on
CurrentDispositionwas found.Also correlation between per-
ceived and real exposure was not more often positive than
expected from chance. Fig. 2 compares results of the TNO
study and the results of Regel et al. [21] for the matching
conditions (UMTS at 1V/m). There are some notable differ-
ences between the two studies: first, the reference group in
the study of Regel et al. [21] had significantly higher scores
(reduced wellbeing) as the reference group in the TNO study
in both the sham and the UMTS 1V/m condition; second,

Fig. 2. Comparison of mean (±SEM) overall wellbeing scores (TNO ques-
tionnaire) obtained in the TNO study [19] and in the study of Regel et al.
[21] for the matching conditions: Sham exposure and UMTS exposure at
1V/m in sensitive participants and the reference group.

average scores from sensitive participants after exposure at
1V/m are comparable in both studies but the sham condi-
tion resulted in much lower scores (better wellbeing) in the
TNO study. There are several explanations for this difference
between the two studies. It is possible that the reference group
in the TNO study consisted of exceptionally robust individ-
uals. The fraction of males was higher in the TNO study and
males have typically lower scores. However, considering that
the reference group in the TNO study was almost 10 years
older (mean age 47 years) as compared to the study ofRegel et
al. [21] (mean age 38 years) this is not a satisfactory explana-
tion. It is possible that the basic adversity of the experimental
setupwas higher in the latter study resulting in overall greater
reduction of wellbeing. That this has not been observed in the
sensitive group assumed to be more vulnerable to a ‘nocebo’
effect (the nocebo effect is the inverse of the placebo effect
describing a situationwhen symptoms occur due to expecting
adverse reactions) in both conditions could be due to a ceiling
phenomenon. Although the study by Regel et al. [21] had an
improved design and could not replicate the earlier findings
of the TNO study, doubts exist whether this can be considered
a refutation of an effect of UMTS exposure on wellbeing.

Another experimental study in sensitive and non-sensitive
participants has been conducted in Essex, Great Britain, by
Eltiti et al. [23]. The experiment consisted of two phases:
an open provocation test and a series of double-blind tests.
In the open provocation phase 56 self-reported sensitive and
120 non-sensitive control individuals participated. Of these,
44 sensitive (19 females, 25 males) and 115 controls (49
females, 66 males) also completed the double-blind tests.
Participants took part in four separate sessions each at least
1 week apart. First session was the open provocation trial,
sessions 2–4 were double-blind exposure trials with a sham,
a GSM and a UMTS exposure condition. Double-blind ses-
sions were reported to last for 1.5 h, however, Table 1 of the
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article showed an overall length of 48min only. GSM expo-
sure was a simulated base station signal with both a 900 and
a 1800MHz component each at an average level of 5mW/m2

andwith a simulatedBCCHwith all time slots occupied and a
TCH with a simulated 40% call activity resulting in a total of
10mW/m2 GSM exposure at the position of the participants
(corresponding to 1.9V/m E-field strength). The UMTS sig-
nal had a frequency of 2020MHz with a power flux density
of 10mW/m2 over the area where the participant was seated.
Traffic modeling for the UMTS signal was achieved using a
test model representing a realistic traffic scenario, with high
peak to average power changes. During double-blind ses-
sions participants watched a BBC “Blue Planet” video for
20min, performed a mental arithmetic task for 20min, per-
formed a series of cognitive tasks lasting 8min, and made
‘on/off’ judgments. During the first 40min every 5min sub-
jective wellbeing was recorded on visual analogue scales
(VAS) measuring anxiety, tension, arousal, relaxation, dis-
comfort, and fatigue. In addition a symptom scale consisting
of 57 items was answered. During the whole period physio-
logical measurements of heart rate, blood volume pulse, and
skin conductance were performed.

Physiological measurements revealed higher average val-
ues for sensitive individuals compared to controlswhichwere
especially high under UMTS exposure conditions. Symptom
list did not reveal any differences between double-blind con-
ditions, but the overall frequency of solicited symptoms was
low. Concerning subjective wellbeing as assessed by VAS
there were increased values for anxiety, tension, and arousal
underGSMand especiallyUMTSexposure conditions.Com-
bining all scores of the six scales (with relaxation reflected)
reveals a significant increase during UMTS exposure com-
pared to sham for the sensitive group and a significant
reduction for the control group (see Fig. 3). Judgment of par-
ticipants about presence of exposure was not correct more
often than inferred from chance.

Fig. 3. Mean (±SEM) total visual analogue scale scores computed from
Table 2 of Eltiti et al. [23] during sham,GSM, orUMTS exposure in sensitive
and control individuals.

The increased values for anxiety, tension, and arousal
found in this investigation were interpreted by the authors
as due to an imbalance in the sequence of conditions with
UMTS being more often the first exposure condition pre-
sented in the double-blind sessions. The imbalance was due
to not reaching the predefined sample size. This points to the
importance of setting the block size for randomization to a
low level (e.g. in this experiment with 6 possible exposure
sequences a block size of 18 would have been appropri-
ate). Interpretation of authors, however, is questionable as
pointed out by Röösli and Huss [24]. For arousal tabulated
values stratified for sequence of presentation (Table 3 in [23])
demonstrates that the difference between sham and UMTS is
present regardless of sequence of presentation. An additional
analysis of the authors presented in response to the criticism
in their statistical analysis seems to support their view that the
observed difference to sham is due to a sequence effect. How-
ever, it seems that this analysis has not been correctly applied
as the sequence was introduced as a between subjects factor
which corrects only the interaction between group and con-
dition. Also the figure they provided [23] is inconclusive as
it only demonstrates what is already known: that first expo-
sure leads to higher reduction of wellbeing (higher values
of arousal). This investigation, although well designed and
applying amore realistic exposure scenario than the other two
studies, leaves some questions open. Despite an apparent cor-
roboration of the findings of the TNO study, the imbalance in
the sequence of exposuresmakes it difficult to decidewhether
the interpretation of authors that the observed effect is due to
an excess number of UMTS exposures presented first in the
sequence is correct or an actual effect occurred. Irrespective
of these difficulties, consistent with the other investigations,
wellbeing was not strongly affected.

There are several other investigations of a similar type
that have been completed and already reported at scientific
meetings (e.g. Watanabe, Japan; Augner, Austria, personal
communication) but have not yet been published.

3.2. Animal and in vitro experiments

Anane et al. [25] applied the DMBA (7,12-dimethyl-
benz(a)anthracene) model of mammary tumor induction in
female Sprague–Dawley rats to test whether a sub-chronic
exposure to microwaves from a GSM-900 base station
antenna affects tumor promotion or progression. Exposure
was 2 h/day, 5 days/week for 9 weeks starting 10 days
after application of 10mg DMBA administered at an age
of animals of 55 days. Exposure was applied in an anechoic
chamber with animals placed in Plexiglas compartments that
confined animals to a position parallel to the E-field. Details
of the exposure protocol were not provided. Two series of
experiments were conducted with four groups of 16 animals
each. In the first experiment groups were: sham, 1.4, 2.2,
and 3.5W/kg whole-body SAR, and the second experiment
with sham, 0.1, 0.7, and 1.4W/kg. In the first experiment
the tumor incidence rate was significantly increased at 1.4




