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1. Summary of Testimony
Along with the growing need for electric power in modern society, there are growing
concerns about the health riské arising from exposure to the electromagnetic fields (EMF)
associated with transmission and use of electric power., Scientific research has continued the
study of biological processes affected by EMF and the consequences to human health. The
present level of understanding of biological mechanisms underscores the need for greater
protection of populations .exposed to EMF, especially young children. Recent research has even
provided a plausible biological explanation for the link between EMF and leukemia at the 3-4
milligauss {mG) level found in epidemiology studies. .shall present evidence regarding EMF and
leukemia showing that:
* EMEF affects many fundamental biological processes at field strengths in the range of
observed epidemiology thresholds
e Low levels of EMF stimulate stress protein synthesis (the stress response), a protective

cellular mechanism in reaction to such harmful stimuli as high temperature and acidity.



Activatién of the stress response indicates that cells react to low levels of EMF as
potentially harmful.

e It is clear that EMF leads to DNA chain separation, since initiation of stress protein
synthesis requires the two strands of DNA to come apart. EMF interacts with DNA in the
siress response at very low intensities, and can cause damage to DNA at higher
intensities. EMF stimulation of DNA is important, because cancer is associated with
changes in DNA called mutations.

» The relevance of DNA damage is seen in a study where children missing DNA repair
genes have a much greater incidence of leukemia.

e EMEF has also been associated with harmful biological effects in adults. EMF inhibits the
secretion of melatonin which normally inhibits the growth of breast cancer cells, and
breast cancer cells have been shown to grow faster in EMF. EMF also increases the
incidence of Alzheimer's disease .and senile dementia, the incidence increasing with the
duration of EMF exposure.

e There are plausible molecular mechanisms to account for the observed biological effects
of EMF. Biochemical studies have shown that EMF can accelerate electron transfer
reactions and that electrons can be displaced in DNA. The physical properties (electron
affinity, fluorescence depolarization) of the CTCT groups in DNA activated by EMF
could contribute to these interactions.

In the past, EMF safety issues only dealt with the need to protect against acute large EMF
effects, such as electric shock or the firing of nerves, and not against chronic low level effects.
Recent research, showing potentially harmful biological effects associated with chronic low level

EMF, indicates the need for greater protection. We now know that even weak magnetic fields




are biologically active. They easily pass into cells and are unlike electric fields that are
attenuated at the cell membrane by a factor of over a million, For this reason, even weak EMF
constitute a significant risk, especially to children who spend many hours a day in schools and
summer camps located near power lines. The magnetic fields exceed biologically active levels 'at
the edge of the right of way (ROW), and for some distance beyond ROW.

II. Testimony of Martin Blank, Ph.D.

Q.1. Please state your name and address.

A.1. My name is Martin Blank. I reside at 157 Columbus Drive, Tenafly, NJ 07670.

Q.2. Please state your profession and describe your academic responsibilities. |

A2, I am Associate Professor of Physiology and Cellular Biophysics at the College of
Physicians and Surgeons, Columbia University in New York City. My primary responsibility
has been to conduct research, and I have specialized in the study of electromagnetic fields (EMF)
and their effects on cell biochemistry and cell membrane function. 1 have recently specialized in
the study of stress proteins and charge transport enzymes (protein catalysts). I have also taught
Medical Physiology to first year medical, dental and graduate students, including a year as
Course Director in charge of 250 students. My Curriculum Vitae is provided as Exhibit A.

Q.3. Please describe your formal education.

A.3. ThaveaPhD. degree from Columbia University (1957) in physical chemistry, as well as
a Ph.D. from Cambridge University (1959), England, in colloid science. Colloid science was an
interdisciplinary department that included biology, physics and chemistry that would be called
biophysics in the United States,

Q4. Please state related academic and industrial research experience,



A4, In addition to Columbia University and Cambridge University, I have worked in other
academic seftings: Polymer Department, Weizmann Institute (Israel); Bioengineering
Department, University of California-Berkeley; Pharmacology Department, Hebrew University
(Israel); Biochemistry Department, Monash University (Australia); Frumkin Institute of
Electrochemistry (Moscow, USSR); Biophysics Department, University of Warsaw (Poland);
Chemical Physics Department, Tata I_nstitute for Fundamental Research (India); Chemistry
Department, University of the Negev (Israel); Biology Department, University of Victoria
(Canada); Department of Theoretical Physics, Kyoto University ( Japan).

[ have also done research in industrial laboratories: California Research Corp, Richmond,
CA,; Esso Research and Engineering Corp, Linden, NI; 3 Unilever Research Labs tPort Sunlight
and Welwyn in England, and Vlaardingen in the Netherlands).
Q.5. Please describe your scientific publications
A5, T am author of over 200 peer-reviewed papers and reviews, and 12 edited books on
¢lectrical properties of bioclogical systems. The books include Proceedings of the First World
Congress on "Electricity and Magnetism in Biology and Medicine"; "Biomembrane
Electrochemistry"; "Nerve-Muscle Function”, based on the 4th Erice (Italy) course;
"Electromagnetic Fields: Biological Interactions and Mechanisms" for the American Chemical
Society series, Advances in Chemistry.
Q.6. Please state other relevant professional experience
A.6. [ worked for the United States Office of Naval Research (ONR) as a Liaison Scientist in
London (UK) and as a Program Officer in Arlington (US), where I developed and managed a
research program in biomembrane electrochemistry. I have also consulted for other research

agencies, including the American Institute of Biological Sciences (AIBS) and Electric Power



Research Institute (EPRI), as well as private corporations, helping to evaluate proposed and
oﬁgoing research programs. In 2008, 1 was invited to address the Brazil Chamber of Deputies on
EMF safety.

I have served as an officer of various scientific societies, editor of scientific journals,
reviewer of scientific papers for publication and proposals for funding, as well as an expert
advisor in the evaluation of the performance of research laboratories for various government
agencies.

Q.7. Do you have a particular perspective on research?

A.7. The various research and teaching roles I_have assumed in my career have generally
involved an interdisciplinary approach to complex problems. This has given me a broad
perspective on scien.tiﬁc research and specifically in bioelectromagnetics.

I reported on interdisciplinary research in biology at ONR-London, and organized
interdisciplinary symposia as Chairman of the Biology Division of the Electrochemical Soc., as
Bioelectrochemical Soc. President, and as Bioelectromagnetics Soc. President. This was also true
of other scientific meetings [ organized, such as the 4th International Symposium on
Bioelectrochemistry (1976), the first Gordon Research Conference on Bioelectrochemistry
(1980), and four interdisciplinary courses at the Majorana Center, Erice (Italy). The Gordon
Conference enabled our group to organize the First (1992) and Second (1997) World. Congresses
on Electricity and Magnetism in Biology and Medicine. My editorial work for the Journal of the
Electrochemical Society, and American Editor of Bioelectrochemistry and Bioenergetics was
also interdisciplinary. My most recent activities have been more directly related to research and
safety issues in Bioelectromagnetics. I was one of the organizers of the Bioinitiative working

group that published the online Bioinitiative report (2007) evaluating electromagnetic safety



standards. I am also Editor of the special issue of Pathophysiology devoted to Electromagnetic
Fields that will be published in August 2009.
Q.8. How do you see the role of science in determining EMF safety?
A.8. The need to base EMF safety standard_s on science is widely recognized. The IEEE
guideline for revision of C95.1-1991 safety standards begins with that principle
(Bioelectromagnetics, Supplement 6). Science is both a body of information and a method to
obtain new information. Scientific research is designed to answer questions, and ‘scientific
proof” is best understood in terms of the old meaning of ‘proof” as ‘test’. Scientific proof does
not rely on ‘weight of the evidence’, where one keeps a scoreboard of positive versus negative -
results and merely tallies the numbers. In scientific proof, number and weight do not count. It is
the continuing accumulation of relevant data from all sources and the testing of scientific
hypotheses regarding the biological effects of EMF that has provided useful information. It is in
this way that scientific data from both epidemiology and laboratory studies continue to
contribute to ouf understanding of the health risks associated with exposure to EMF. What
started as an epidemiological link between EMF énd childhood leukemia is now better
understood in terms of EMF interactions with DNA. This current understanding of the scientific
data underscores the need for greater protection from EMF exposure, esi:ecially for children.
Q.9. Please provide a brief history of biological effects of EMF as it relates to the proposed
PSEG powerline project?
A.9. Years ago when EMF safety standards were first considered, they were meant to protect
only against large and acute effects, such as electric shock or the firing of nerves, and not against
chronic effects at low level EMF exposures. Recent research has shown potentially harmful

biological effects at low level EMF exposures for extended periods of time, so there is a great



need to reconsider EMF safety. This is especially true for magnetic fields. Unlike electric fields
that are attenuated at cell membranes by a factor of over a million, magnetic fields pass easily
into cells and are biologically active. For this reason; even weak magnetic fields constitute a
significant risk to living cells, especially to the rapidly growing cells in children.

Recent awareness of EMF risk started in 1979, when an epidemiology study by
Wertheimer and Leeper suggested an association between magnetic field exposure and an
increased risk of leukemia. The evidence from subsequent epidemiology and laboratory research
led to the May 1999 National Institute of Environmental Health Sciences (“NIEHS”) Report to
the Congress (see Executive Summary, Exhibit B} to recommend “that the power industry
continue its current practice of siting power lines io reduce exposures and continue to explore
ways to reduce the creation of magnetic fields around transmission and distribution lines without
creating new hazards.” The NIEHS-EMF review panel announced in June 1998 that magnetic
fields should be considered a “possible human carcinogen”, and two pooled analyses (Greenland
et al, Epidem 2000; Ahlbom et al, Brit J Cancer 2000), the first analyzing 15 major studies and
the second 9 major studies, subsequently showed a statistically significant doubling of the risk of
childhood leukemia at EMFs exceeding 3-4mGI. (The analyses are Exhibits C and D.) The
epidemiological evidence was strong enough to serve as a basis for practical recommendations,
and laboratory research has provided data on plausible mechanisms.

Q.10.  Is the 3-4mG level similar to EMF thresholds for other biological effects?

A.10. Low EMF thresholds in several biological systems have been published in peer reviewed
journals, The ﬁrst five values in the following Table are from our laboratory at Columbia
University, and the measured thresholds for changes in enzyme activity and in biosynthesis of

stress proteins are in the range of the epidemiology threshold.



Biological EMF Thresholds {60Hz range)

Reactions: Na,K-ATPase 2-3mG

Cytochrome C Oxidase 5-6mG
Malonic acid oxidation 1-2mG
Stress response: HL60 cells : <8mG
Sciara larva cells <8mG

Cancer cells: Block inhibition by melatonin
(Breast cancer cells) 2-12mG
Epidemiology: 3-4mG

The biochemical reactions are central to biological function. Electron transfer to
cytochrome C oxidase is a critical step in converting foodstuff into ATP, the fuel used to power
living cells. The Na,K-ATPase uﬁlizes the ATP to drive the biclogical ‘pump’ that maintains the
ionic composition of living cells. The ‘stress respomse’ is a reaction to potentially harmful
agents, such as high temperature, toxic metals, alcohol, etc, that leads to stimulation of DNA and
the synthesis of stress proteins. Stimulation of the stress response by EMF shows that cells react
.to relatively low EMF levels as potentially harmful. EMF blockage of the inhibition of breast
cancer cell growth by melatonin will be discussed in Q.14
Q.11. How extensive is the health risk due to EMF levels near power lines?

A.11.  All of the biological systems listed above, as well as many inter-connected ones, would
be stimulated within the ROW of existing powerlines. In addition to the risk of leukemia, there
would be changes in the fundamental cellular processes of energy production and utilization, as
well as activation of DNA that contains genetic information. It is clear that the 3-4 mG level set

in the NIEHS report to Congress would be exceeded along the proposed powerline route that



includes areas near the school and summer camp where children would be exposed to an
increased health risk. It is also clear that the added 500 kV line would raise the EMF above the
present level.

Actually, a 3-4 mG field does not indicate safety below that level. It is important to
realize that doubling the risk at 3-4mG implies a lesser but still existing non-zero risk at levels
just below that. Even when the PSE&G quoted fields are below 3-4 mG, the values quoted are
median values with fields being higher half the time and lower half the time. EMF is bound to
vary according to the power demands, and the median values are bound to be exceeded. Since
there is no indication how high the values can go, they could exceed the thresholds of many
additional biochemical reactions.

There are other issues that are difficult to evaluate, but, undoubtedly contribute to adverse
biological effects.

e There is evidence that the radiofrequency RF ‘noise’ that accompanies a 60Hz signal may
cause harmful effects (e.g., cancer, diabetes).
o The ground currents that account for a percentage of the AC return current are an
indeterminate additional source of magnetic field exposure and depend on grounding,
- local circuiiry, usage, etc.
A desirable optimal design would generate peak magnetic fields that are as small as
possible, and as ‘clean’ (pure 60 Hz sine wave) as possible.
Q.12. How long must one be exposed to EMF to result in a biological change?
A.12. There is relatively little information about the effect of exposure duration on adverse
health effects. Recent evidence from the Alzheimer’s disease and dementia study discussed in

Q.14. shows an increased incidence with exposure duration over a period of 15 years. Studies of



radio frequency EMF and cell phone use show an increased risk of brain tumors at 10 years. The
peak incidence of leukemia in children at 3-4 years of age indicates that it can occur in a much
shorter time. Current ideas of mechanism suggest that EMF initiates the change in DNA, which
then follows a different course.

At the cellular level, there are indications that in addition to very low thresholds, some
biological changes occur after very short exposure durations. Studies on EMF stimulation of the
enzyme ornithine decarboxylase (Litovitz et al. Biochem Biophys Res Comm 178: §62-865,
1991; Bioelectromagnetics 14. 395-403, 1993) showed that a full response could be obtained
when cells were exposed for only 10sec. The studies uséd either pure low frequency sine waves
or modulated radiofrequency (RF) sine waves. In both cases, the EMF signal had to be
continuous, since gaps in the sine wave resulted in a reduced response. The very short time to be
effective would be expected if EMF acts as an initiator of DNA strand separation, as in the
mechanism discussed below in Q.13.

Q.13. Please show how EMF interaction with DNA helps in understanding the stress
response and the possible link to cancer.
A.13. The DNA molecule in a cell nucleus is a long, tightly coiled, double helix. The two
strands of the helix are connected by four interacting chemicals called bases given the symbols
C, G, A, and T. In human DNA there arc about 3 billion bases that interact as pairs, C with G and
A with T, one base from each strand. The sequence of the bases along the DNA is in a code
needed to make the proteins essential for life, and that has been deciphered in the “Human
Genome” project. Each protein is encoded in a separate segment called a gene, and individual

genes are activated by specific chemicals in regions of the gene called promoters.
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Tﬁe integrity of the DNA is essential for life, since changes in the information for making
proteins generally damage the cell. An accumulation of changes (mutations) in the DNA is
associated with the development of cancers, diseases that are believed to arise from a multi-step
process: initiation (damage to DNA in at least two places), promotion (effect on cellular
processes that causes loss of control over protein synthesis) and progression (tumor growth).
Cancer mechanisms are not well understood, and different mechanisms may be operating in each
tissue. However, there is agreement that interaction with DNA and damage to DNA is a key
factor.

Protein synthesis in a cell is regulated by a system that activates DNA to supply
particular proteins when more are needed. When there is a potentially harmful change in a cell’s
environment (a stress), stress proteins are synthesized. The stress response, first identified in
reaction to elevated temperatures, is used by all species in response to harmful environmental
stimuli {(e.g., high temperature, low oxygen, toxic metal ions).

Research has shown that cells react to EMF as a stress and make stress proteins.
Stimulation. of the stress response indicates that cells react to EMF as a potentially harmful
stimulus at field strengths slightly above normal background levels. The response to EMF
requires remarkably low energy input - over a trillion times.lower than the thermal energy
needed to evoke a response, as shown in the following Table:

ENERGY to STIMULATE STRESS RESPONSE

Form of Energy Stimulus Energy'Density
Magnetic 8mG 2.6 x 107 joules/m’
Thermal - +5.5°C 2.3 x 10" joules/m®
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Our laboratory was the first to report EMF stimulation of the stress response, and we
identified EMF responsive regions with -CTCT- sequences in the promoter of the stress protein
(hsp70). Inactivating these sequences-by removal or mutation, eliminates the response to EMF.
Inserting these sequences into an artificial construct containing a gene, causes the gene to be
activated by EMF. (See Exhibit E) Linkage of EMF responses with specific regions of DNA
provides a non-invasive, precise technique for gene activation. Columbia University has a patent
for this process based on our research.

Recent studies show that DNA conducts clectrons along the bases within the double
helix, and we have shown that EMF accelerate electron transfer reaction rates. The velocity of
charge movement calculated from experiments with the enzyme, Na,K-ATPase, 1000 m/s, is
similar to ultrafast electron transfer in DNA of 400 m/s. The forces at low field strengths that
affect enzyme reactions are large enough to move electrons in DNA and could lead to repulsive
forces that cause chain separation. The physical properties (electron afﬁrﬁty, fluorescence
depolarization) of the chemical groups (CTCT) activated by EMF could contribute to
interactions with DNA. From estimates of the balance of forces (repulsion-attraction) at the DNA
bases, sites rich in C and T, as in the identified -CTCT- sequences, appear to be more likely to
come apart when repulsive forces are generated by EMF. These calculations (Blank and
Goodman, J Cell Physiol, 2004) suggest a plausible mechanism for stimulation of DNA by EMF,
and provide a rationale for EMF specific sequences that are effective in this process. A more -
general discussion of plausible EMF mechanisms can be found in Blank, Electromagnetic
Biology and Medicine, 2008. (The two papers are attached as Exhibits F and G.)

Q.14, Has EMF been linked to diseases other than leukemia?

A.14. As mentioned in the reply to Q.10., EMF exposures have been shown to modify
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the tumor suppressing action of melatonin secreted by the pineal gland in the brain.
(Liburdy et al. J Pineal Res 14:89-97, 1993). Studies replicated in four labs show that
2mG blocks the growth-inhibiting action of melatonin on human estrogen receptor-
positive, breast cancer cells, as well as the near-complete blockage of the anticancer
(chemotherapeutic) drug Tamoxifen. A field strength of 2mG has no effect, indicating
that the threshold for this effect lies between 2mG and 12mG.

There are currently many studies of tumors in the head (gliomas, acoustic neuroma,
parotid gland tumors) correlated with the use of cellphones. These are generally discussed in
terms of the radio frequency EMF that carries the cellphone signals, although there are low
frequency components (12Hz, 217Hz) associated with the transmission that could be involved.

A recent study from Switzerland (Hus et al., American Journal of Epidemiology, January
2009) (Exhibit H) found that exposure to relatively low EMF from 220-380 kV power lines is
correlated with an increase in the incidence of Alzheimer’s disease and senile dementia. The risk
for those living within 50m compared to over 600m, increa.sed with duration of exposure over 5,
10 and 15 years, with a doubling of the risk at 15 years. The fields were not measured, but it is
possible to estimate that the fields at 50m were in the range of 8-10mG, based on data published
by the Bonneville Power Administration.

EMF interaction with DNA is important, because cancer is associated with changes in
DNA (mutations) and a probable explanation of epidemiology results. We know that EMF
activates DNA in the stress response at very low intensities, and can cause damage to DNA at
higher intensities (Lai and Singh, Bioelectromagnetics 18:156-165, 1997). The relevance of
DNA damage induced by EMF is reinforced in a recent epidemiology study where children

missing the DNA repair genes were found to have a 4 fold greater incidence of leukemia from
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exposure to EMF as low as 1.4-1.8mG (Yang et al, Leukemia and Lymphoma 49: 2344-2350,
2008) (Exhibit I).

Q.15. Please summarize the evidence linking EMF and cancer

A.15. From what we have learned about EMF interactions with cells, the plausibility of a link
between low frequency EMF and childhood leukemia, and the possibility of other diseases, can
be stated with growi.ng confidence:

¢ Epidemiology studies show a doubling of the risk of childhood leukemia associated with
EMF exposures in excess of 3-4mG. EMF is also associated with greater growth of breast
cancer cells and an increase in the incidence of Alzheimer’s disease and senile dementia.

e At the cellular level, stimulation of the cellular stress response (a cellular protective
mechanism) by EMF indicates that cells react to EMF as harmful. The same low level of
EMF can also affect fundamental cellular processes.

e A plausible molecular mechanism has been proposed for stimulation of protein synthesis
by EMF, based on interaction with electrons in DNA and identification of a specific
DNA sequence that has been shown to respond to EMF.

e Children missing the genes needed to repair DNA have a four fold greater incidence of
leukemia from exposure to EMF as low as 1.4mG. This recent result links DNA damage
by EMF to leukemia.

Q.16. Please assess the cancer risk from EMF of the proposed PSEG powerline,

A.16. The proposed addition of the 500kV PSEG line to the existing 230kV line is designed to
minimize the EMF produced by distributing the current in three cables that carry current out of
phase. However, there can be no doubt that the added 500 kV line would add to the level of

EMF from the existing 230kV line and thereby create an additional potential hazard. This would
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be contrary to the recommendations of the May 1999 NIEHS Report to the Congress. The
studies cited here indicate that even the weak magnetic fields that extend beyond the ROW of the
proposed power lines have the ability to cause significant changes in living cells by affecting
fundamental biological processes, and predisposing them to the development of cancer and other
diseases. It is therefore essential to minimize exposure to EMF, where errors in DNA that can
occur during cell division are most likely in rapidly growing children.

Because of the wide range of biological systems affected, the low response thresholds,
the possibility of cumulative effects by repetitive stimulation and the inadequacy of exposure
standards, it is urgent that the proposed po.werline be moved to a distance where the anticipated
magnetic fields will not pose a hazard to the community. At the very least, peak EMF levels
should not exceed 3-4mG. The recent study linking the absence of DNA repair genes to EMF
induced leukemia (Exhibit I) suggests that half that value, 1.4-1.8mG, would be a more

prudent peak limit to aim for.
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ForTSBC_NK’Mip CPCN - Exhibit C1-43

Columbia University, College of Physicians & Surgeons
Department of Physiology and Cellular Biophysics Telephone: (212) 305-3644

630 West 168 Street Telefax: (212) 305-5775
New York, NY 10032 EMAIL:
mb32@columbia.ed

January 10, 2006
M. Robert J. Pellatt, -
Commission Secretary
British Columbia Utilities Commission
500 Howe Street, Box 250
Vancouver, BC V6Z 2N3 : sent via Email: Commission.Secretary@bcuc.com

Dear Mr, Pellatt,

Re: FortisBC Inc. Order No. G-114-05 / Project No. 3698407CPCN Application for
Nk’Mip Substation and Transmission Line

Mr. Hans Karow, Coalition to Reduce Electropollution (CORE), has asked me to
provide testimony addressing the electromagnetic pollution issue associated with the
proposed project cited above. As indicated in my CV (attached), [ have spent many years
studying the effects of low frequency electromagnetic fields (EMF) at both the cellular
and molecular levels, and I have published extensively in peer reviewed journals.

Before addressing the main points, et me state that EMF from a 63kV power line
will exceed the 3-4mG level within about 70-80 feet of the line, at typical power levels,
based on the Bonneville Power Administration data. This level field will extend over an
~ even wider range at peak power levels. Many biological systems are perturbed at
relatively low EMEF, bat it has been shown that the risk of lenkemia in children is doubled
at the 3-4mG level. This field level is well within current safety limits, but the scientific
basis of these limits is open to serious questions (Blank and Goodman, 2004) that
challenge the capacity of these limits to be protective.

The main points I wish to emphasize are the following:

. recent epidemiological studies in the power frequency range suggest mcreased
risk of leukemia associated with exposure to EMF

. current safety guidelines are not based on biological thresholds, and are many
times above the levels that epidemiological studies have correlated with elevated
risk of leukemia in children

. EMEF thresholds of biological reactions are very low. Very low field strengths
stimulate the stress response, the protective cellular reaction to potentla]ly
harmful stimuli



. the mechanism by which EMF cause changes in several well-documented
biochemical systems involves interaction with electrons. Such a mechanism
would affect many biological reactions, and possibly lead to cancer on interaction
with DNA

Recent epidemiological studies indicate need for caution

Since the Wertheimer, Leeper paper of 1979, there have been many
epidemiological studies of the effects of EMF in the power frequency range. Two recent
meta analyses by groups of experts (Greenland et al, Epidem 2000; Ahlbom et al, Brit J
Cancer 2000), of 15 and 9 major studies respectively, have shown a statistically
significant doubling of the risk of childhood leukemia when exposures to low frequency
EMF exceed 3-4mG. While the small number of cases of high exposure has resulted in a
lack of statistical significance, the doubling of the risk of leukemia has persisted in many
studies near the “significant” level. By pooling cases, it has been possible to demonstrate
statistical significance. There is now quite general agreement that the epidemiological
evidence indicates an association of EMF with childhood leukemia when exposures
exceed 3-4mG.

Current safety guidelines are not based on bielogical mechanisms

- In assessing the potential biological impact and risk of exposure, one would
generally turn to the safety standards set by professional agencies such as ICNIRP and
IEEE. However, the standards set by these agencies are unrelated to biclogical
thresholds. They are based solely on the heating of tissue that results from the energy
deposited by EMF. The energy deposition rate, the SAR, does not take into account many
biological properties that change long before a change in the SAR can be detected. This
fundamental flaw in the current standards makes them unreliable as a basis for safety:

. they assume that there are no biological reactions unless heating of cells occurs.
The EMF thresholds discussed below, show that significant biological reactions
occur in cells at very low EMF, in the absence of heating. These ‘non-thermal’
reactions raise an alarm regarding questions of safety.

. the standards were derived assuming that in EMF, the magnetic fields do not act
directly, but only through the relatively weak electric fields they induce. This is
not so. We have shown that both electric and magnetic fields can affect cells. In
fact, magnetic fields penetrate cells far more effectively than electric fields at low
frequency.

The SAR is a valid measure of energy deposition rate, but not of safety. It was derived at
a time when all one could measure was temperature increase. Because of scientific
advances, it is now possible to show many biological changes due to EMF that occur
within the current safety guidelines. The current guidelines have been challenged by
scientists, e.g., by an international commission that met in Catania, Italy in September

- 2002,



EM fields stimulate the cellular stress response

Regarding the question of safety, the most important observation is activation of
stress protein synthesis in cells by EMF at both power and radio frequencies. The stress
response occurs in reaction to a variety of potentially harmful influences in the
environment, such as high temperature, toxic metal ions, alcohol, deviations of pH from
neutrality, etc. For this reason, stimulation of the stress response by EMF can be seen as a
direct answer by cells to the safety question. Cells react to EMF as a significant departure
from a normal environment and as potentially harmfil.

The stress proteins are the same whether stimulated by fields or by an increase in
temperature, but the response to EMF requires much lower energy input. In Sciara
salivary gland cells, the threshold energies of the EMF and thermal stimuli needed to
evoke a stress response differ by 14 orders of magnitude, as shown in the Table below.

ENERGY to STIMULATE STRESS RESPONSE

Form of Energy Stimulus Energy Density (joulesfm3)
Magnetic 8mG 2.6 x 107
Thermal 5.5°C : 2.3x10"

In addition to the stress response, many biological reactions, such as enzyme
systems and electron transfer reactions, are affected by weak EMF. Low thresholds have
been measured in several systems, and the values have been published in peer review
journals. The Table below shows that the measured thresholds for changes in reaction
rates of enzymes, the BZ reaction (oxidation of malonic acid), and reactions in DNA
leading to biosynthesis of stress proteins, are in the range of cut-off thresholds in
epidemiological studies. The table also has an entry for EMF needed to block the
inhibition of breast cancer cell growth by melatonin. That study has been replicated in six
labs, and it shows that a low EMF of 12mG blocks the growth-inhibiting action of
" melatonin on human estrogen receptor-positive, breast cancer cells, as well as the near
complete blockage of the anticancer {(chemotherapeutic) drug Tamoxifen. An EMF of
2mG has no effect, indicating that the threshold for an effect on these cancer cells lies
between 2mG and 12mG.

Biological EM Field Thresholds (power frequency range)

Reactions: Na,K-ATPase 2-3mG
Cytochrome C Oxidase 5-6mG
BZ (redox) reaction 1-2mG
DNA: Stress proteins (HL.60 Cells) <8mG
' Stress proteins (Sciara Cells) <8mG
Cells: Block inhibition by melatonin
{Breast cancer cells) 2-12mG

Epidemiology threshold (Jeukemia) 3-4mG



Stimulation of the stress response by EMF shows that they activate DNA as the
first step in protein synthesis. Several labs have shown that DNA. can conduct electrons
within its structure. Therefore, it appears possible for EMF to activate DNA by
generating repulsive forces when interacting with electrons in DNA. We have shown that
specific regions of DNA are associated with the response to EMF, and inactivating these
sequences by removal or mutation eliminates the response to EMF. Inserting these DNA
sequences into an artificial construct containing a gene makes the gene EMF-responsive.
In brief, our understanding of mechanism has reached the point where we have identified
an EMF sensitive DNA sequence, have transplanted it and have reactivated it with EMF.
(We have obtained a patent for this process.) That experiment, together with the breast
cancer cell study indicate that EMF can enter into health related mechanisms at very low
field strengths.

Recommendation

Based on recent research on biological changes induced by EMF, it is wise and
prudent to recommend minimizing exposure by all reasonable methods, especiaily of
school age children, with the aim of being below 3-4mG at peak power levels. ALARA
(As Low As Reasonably Achievable) has been a policy with regard to radiation safety,
and the European Union has adopted a related measure, the Precautionary Principle, as
a general approach to environmental issues. Italy and Austria have applied this approach
to EMF, and T have organized a symposium on the Precautionary Principle for the next
meeting of the Bioelectromagnetics Society.

On request, I am prepared to provide additional information and clarification.
Please feel free to contact me via e-mail mb32@columbia.edu , or telephone provided
above.

Martin Blank, PhD
Associate Professor of Physiology and Cellular Biophysics
Columbia University
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CC: Mr. George Isherwood, Director Reg. Affairs, FortisBC George Isherwood@fortisbe. com
Mer. Hans Karow, CORE hkarow@shaw.ca
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Elected to Phi Beta Kappa, City College .
Elected to Sigma Xi, Columbia University
Consumers Union Research Fellowship, Columbia University
Postdoctoral Research Fellowship, National Heart Institute, Cambridge University
Research Career Development Award (USPHS), Columbia University

Certificate of Appreciation, Office of Naval Research, London
Distinguished Visiting Professor, Univ Western Australia

Distinguished Lecturer in Physiology, Wayne State University

Certificate of Commendation, Office Naval Research, Arlington

Invited Lecturer, International Biophysics Congress, Jerusalem

Invited Lecturer, Univ of Balogna, 900™ Anniversary Symposium

Visiting Professor, Acad Sci USSR, Institute of Electrochemistry, Moscow

and Dept of Biophysics, University of Warsaw, Poland

Certificate of Appreciation, The Electrochemical Society

Yasuda Award, Bioelectrical Repair and Growth Society

Invited Opening Speaker, First Congress of European Bioelectromagnetics Association,

. Brussels, Belgium
(Nov) Visiting Professor, Tata Institute, Bombay, India
Editor-in Chief, Proceedings, First World Congress on "Electricity and Magnetism in
Biology and Medicine"

American Editor; "Bioelectrochemistry and Bioenergetics”

Certificate of Appreciation, American Chemical Society, Environment Division
Visiting Professor, Dept of Chemistry, University of Beersheba, Isracl

Visiting Scientist, Dept of Biology, University of Victoria, BC, Canada

Plenary Lecturer, Second World Congress on "Electricity and Magnetism in Biology

and Medicine", Bologna, Italy

Plenary Lecturer, Bioelectromagnetics Society, Quebec, Canada.

Visiting Professor, Dept of Theoretical Physics, Kyoto University, Japan

Plenary Lecturer, Conference ‘Biological Effects of Electromagnetic Fields®, Kyoto, Japan
Invited Lecturer, House of Deputies of Brazil on Biclogical Effects of EM Fields, Brazil

Areas of Research

General Experimental and Theoretical Areas:
Electromagnetic field effects on cells (stress response, enzyme reactions, DNA)
Membrane biophysics and transport mechanisms (active, passive, excitation mechanisms)
Biopolymers (sarface and electrical properties of proteins, DNA})

Theoretical Models of Processes in Membranes and Biopolymers:
Electric and magnetic field effects on electron transfer reactions, enzymes, DNA
Ion fluxes in excitable membranes and ion gating in channels
Cooperative reactions in membranes, hemoglobin

Specific Biological Systems:
Electron transfer reactions: Belousov-Zhabotinski (oxidation of malonic acid), cytochrome oxidase
Enzymes: Na,K-ATPase, cytochrome oxidase, FgF ATPase (effects of ions and EM fields)
Proteins: hemoglobin, red cell membrane, Jung surfactant, Sciara salivary gland proteomics
Cells: red blood cells, sperm cells, HL60, Sciara salivary gland, E. coli
Membranes; red blood cells, sperm cells, membrane enzymes

Interfaces, Monolayers (proteins, lipids, ions), Bilayers:
Permeability (to water, gases, ions) and Rheology (elasticity, yield stress, flow)
Electrical effects: Adsorption, Electrode Noise, Surface Potential
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Teaching
Faculty of Medicine - College of Physicians and Surgeons, Columbia University
Medical Physiology - from 1961 to 1991
Lectures- physical biochemistry, membranes, transport.
Demonstrations- membrane properties, lung surfactant, analog computer.
Laboratory teaching including mammalian experiments.
Course Director, 1989-1990
Computerized syllabus and administration (30 faculty, 310 students)
Introduced lab reports and new lab exercise
Summer Science Teachers Program, 1995, 2000, 2004
Faculty of Pure Science - Graduate School of Arts and Sciences, Columbia University
Basic Principles in Membrane Biophysics - Physical biochemistry (1970 - present)
membranes, electrical properties, ion fransport
~ Membrane Biophysics - Surfaces, membranes, channels, model systems.
Graduate Seminar - Basic papers on membranes and transport.
Control Mechanisms iri Physiology - Lectures and lab on analog computer.
Principles of Physiology - Lectures on biophysics (membranes, biopolymers)
~ Ettore Majorana Center, Erice, [taly-International School of Biophysics (Co-Director of 4 courses}
1981 Bicelectrochemistry I: Redox Processes
1984 Biocelectrochemistry II: Membrane Phenomena
1988 Bioelectrochemistry I1I; Charge Separation Across Biomembranes
1991 Bioelectrochemistry IV: Nerve-Muscle Function .

~ National Medical School Review

Lectares on Membranes, Nerve, Muscle
City University of New York (Graduate School}

Surface Chemistry - Lectures on Surface Chemistry in Blology
Tata Institute, Bombay, India

Course in Bioelectrochemistry
University of Beersheba (Department of Chemistry), Israel

Course in Biophysics’

Faculty Committees

Admissions, Faculty Council (and Executive Committee of the Faculty Council), By-Laws (Formulation of
Stated Rules), First Year Faculty, Divisional Elections Commission, ad hoc tenure and department-

review committees.

Department of Physiology: Director of Seminar Program 1973-1984, Graduate Committee, Undergraduate

Committee

Society Memberships

American Association for the Advancement of Science
Bioelectromagnetics Society

Bioelectrochemical Society

Ametican Chemical Society {Colloid and Surface Chemistry Divisiomn)
Biophysical Society :
Electrochemical Society (Organic and Biological Division)
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Professional Activities
Ediforial Boards
Bioelectrochemistry and Bioenergetics - Editorial Board, 1978 -1998;
Co-Editor, 1981 - 1987; North American Editor, 1993 - 1998
Journal of Electrochemical Society - Divisional Editor (Biology), 1978 -1991
Journal of Colloid and Interface Science - Advisory Board, 1978 -1981
Colloids and Surfaces (founded 1979) - Editorial Board, 1979 -1986

Guest Editor, Pathophysiology (2008-2009)
Special Issue of on EMF

Bioelectrochemiecal {BES) Society

Founding Member, March 1979; Vice President, 1979 - 1988; President, 1988 - 1992,

Co-organizer, 4th International Symposium, Woods Hole, MA, 1977.

Plenary Lecturer, Weimar, DDR, 1979,

Organizing Committee, Topical Lecturer, Jerusalem, 1981.

Scientific Committee, Invited Lecturer, Stuttgart, Germany, 1983; Bologna, Italy, 1985.

Liaison to Bioelectromagnetics Society Board, 1984-1996.

Organizing Committee, Invited Lecturer, Szeged, Hungary, 1987.

Honerary Committee, Invited Lecturer, Pont-a-Moussor, France, 1989; Biclefeld, Germany, 1992;
Seville, Spain, 1994; Israel, 1996.

Organizer, Symposium on Biological Effects of Environmental EM Fields, Israel, 1996.

International Scientific Committee, Invited Lecturer, Denmark, 1998; Bratislava, Slovakia, 2001;
Florence, Italy, 2003,

Bioelectromagnetics (BEMS) Society
Invited Lecturer, BEMS meetings, San Francisco, CA, 1985; Madison, W1, 1986;
Stamford, CT, 1988; Quebec, Canada, 2002
Invited Speaker, BEMS Workshop on Cooperative Phenomena, Bethesda MD, 1988
invited Speaker, BEMS Gene Workshop, Los Angeles, CA, 1993
Board of Directors, 198%-1992; liaison from BES 1985-1996. '
President Elect, 1996; President, 1997-1998; Past President, 1998-1999
(Nominating Comm, Journal Comm, Public Affairs Comm)
Plenary Lecturer, Quebec, Canada, 2002
Symposium Organizer, Speaker (Bioelectromagnetic Mechanisms), Washington, DC, 2004
Symposium Organizer, Speaker (Precautionary Principle), Cancun, Mexico, 2006
Symposium Co-Organizer, (Detecting Risk and Societal Responses), San Diego, 2008

Biolnitiative Working Greup (2005 - 2007)
An international group of scientists focused on EMF issues (including science, public pelicy and public
health). The Biolnitiative Report, entitled ‘A Scientific Perspective on Health Risk of Electromagnetic
Fields’ was published on line on August 31, 2007. _hitp.//www.bioinitiative.org/report/index.him
Author of Section 7, pp. 1-40. Evidence for Stress Response (Stress Proteins)

‘World Congress on Electricity and Magnetism in Biology and Medicine
1992-3 Execuiive Committee, Site Selection Committee, Program Committee.
1992-3 Editor-in-Chief of Proceedings Volume, First World Congress
1994-7 Vice President, Executive Committee for Second World Congress
Chairman, Technical Program Committee, Second World Congress
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International School of Biophysics, Erice, Italy; Co-Director and Lecturer in following:
Bioelectrochemistry I: Biological Redox Reactions and Energetics, 1981,
Bioelectrochemistry 11: Membrane Phenomena, 1984,

Bioelectrochemistry III: Charge Separation Across Biomembranes, 1988.
Bioelectrochemistry IV: Nerve-Muscle Function, 1991.

Division of Colloid and Surface Chemistry, American Chemical Society
Symposium Chairman, "Surface Chemistry of Biological Systems", 1966; 1969.
VK LaMer Award Committee, 1971-1976, Chairman 1975-1976
Sympesium Chairman, "Bioelectrochemistry”, Miami, 1978; Cleveland, 1981; Washington, 1983;
Denver, 1987. '
Program Committee, Biology and Medicine, Chairman, 1979-1983.
Invited Lecturer, Colloid and Surface Science Symposium, Ann Arbor, 1987.
Invited Lecturer, Biological Interfacial Reactions Symposium, Atlanta, 1991,

Division of Organic and Biclogical Electrochemistry (Electrochemical Society)
Symposium Chairman, "Electrochemical Processes at Biological Membranes", Seattle, 1978
Officer: Secy-Treas 1979-1981; Vice Chair 1981-1983; Chair 1983-1985.
Board of Directors, Electrochemical Society, 1983-1985.
Symposium Chairman, "Electrical Double Layers in Biology”, Toronto, 1985,
Invited Speaker, "Ton Transfer Across Interfaces”, Boston, 1986.
Member, Interdivisional Committee on Chemical Sensors, 1984-1987,
Invited Speaker, "Redox and Interfacial Properties”, Washington, 1991.

Gordon Research Conferences
Speaker, "Chemistry at Interfaces”, 1963.
Speaker, "Sensory Transduction in Microorganisms", 1978.
Day Chairman and speaker, "Chemistry at Interfaces”, 1974.
Organizing Chairman, First Conference "Bivelectrochemistry™, 1980,
Day Chairman and speaker, "Bioelectrochemistry", 1982,
Speaker, "Bicelectrochemistry”, 1984, 1986, 1988.
Speaker, "Protons and Membrane Reactions", 1985.
Speaker, "Physicochemical Aspects, Transport in Microvasculature”, 1985.
Discussion Leader, "Bioelectrochemistry”, 1920, 1992, 1694, 1996, 1998, 2000 (Oxford)}, 2002,
Speaker, "Bioelectrochemistry”, 2004,

Invitations to Miscellaneous Meetings, Workshops, Panels (Departmental Seminars not listed)

Chairman and Lecturer, "Physical Chemistry of Interfacial Transport: Biological Interfaces - Flows and
Exchanges” NY Heart Assoc, 1968 .

Chairman and Lecturer, "Transport and Rheology of Interfacial Layers”, Internat Conf on Surface and
Colloid Science, Jerusalem, [srael, 1981

Lecturer, "Structure and Function in Excitable Cells", Biophysical Congress Satellite Conf, Woods
Hole, MA 1981

Lecturer, "Biophysics of Cell Surface”, Arendsee, DDR, 1981

Guest Speaker, CIBA Foundation, Biological Effects of Electromagnetic Fields, London, 1984

Lecturer, "Electrochemical Growth Stimulation”, International Society of Electrochemistry, Berkeley,
CA, 1984

Lecturer, "Biophysics of Cell Surface", Heringsdorf, DDR, 1985

Lecturer, Bioelectrical Repair & Growth Soc, Utrecht, Netheriands, 1986

Lecturer, IEEE/Engineering in Biology and Medicine Soc, Fort Worth, TX, 1986
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Lectarer, Intemational Biophysics Congress, Jerusalem, Israel, 1987

Session Organizer, IEEE/Engineering in Biology and Medicine Soc, Boston, MA, 1987

Lecturer, Bioelectrical Repair & Growth Soc, Washington, DC, 1988

Lecturer, "Chemistry Physics of Electrified Interfaces", Bologna, Italy, 1988 Symposium

Organizer, "Bioelectrochemistry”, AIChE, Washington, DC, 1988

Speaker, BEMS Workshop on Cooperative Phenomena, Bethesda MD, 1988

Speaker, National Research Council, "Health Effecis of EM Fields", Washington, DC, 1989

Lecturer, "Electrobiology Today", Bologna, Italy, 1939

Speaker, California Department of Health Service Workshop on "ELF Field Exposure and Possible
Health Effects”, Berkeley, CA 1951

Speaker, FASEB Symposium on "Cancer, EM Fields and Biological Systems", Atlanta, GA 1991

Panelist, EPA- NYC Dept of Health Panel on Health Effects of EM Fields, New York, NY, 1991

Panelist, BEMS Workshop, Research Agenda, Health Effects of EM Fields, Milwaukee, W1, 1991

Opening Speaker, First Congress of European Bioelectromagnetics Association, Brussels, 1992

Speaker, EPRI Workshop on Neurobiology, Asilomar, CA, 1992

Speaker, FASEB Symposium, Biological Effects of Electromagnetic Fields, Anaheim, CA, 1992

Panelist, Molecular Electronics Symposium, First World Congress on Electricity and Magneiism in
Biclogy & Medicine, Orfando, FL, 1952

Lectures (4) on Bioelectrochemistry of Proteins and Membranes, Tata Inst, Bombay, India, 1992

Plenary Lecture, Bioelectrochemical Society of India, Bombay, 1992

Speaker, Biophysical Society Public Policy Symposium on Biological Effects of Electromagnetic
Fields, Washington, DC, 1593

Organizer, ACS Symp, Biological Effects of Environmental EM Fields, Denver, CO, 1993

Speaker, Helen Hayes Hospital, Haverstraw, NY, 1993

Speaker, Bell Labs (Series on EMF), Murray Hill, NJ 1993

Speaker, International Society of Molecular Electronics & Biocomputers, Gaithersberg, MD, 1993

Speaker, International Society of Toxicology, New Orleans, 1993

Speaker, ACS Conference on Chemical Health and Safety, Garden City, 1993

Panclist, Deadline Club, "Tenslon over High Tension", New York, 1993

Organizer and Speaker, Biophysical Society Workshop on Biological Effects of Environmental
Electromagnetic Fields, New Orleans, LA, 1994

Speaker, ACS Conference on Environment, Hofstra University, NY, 1994

Lecturer, Hackensack Meadowlands Environment Centet, Lyndhurst, NI, 1994

Plenary Lecture, International Society of Electrochemistry, Portugal, 1994

Seminar Lecturer, Weizmann Institute, Rehovoth, Israel, 1995

Seminar Lecturer, Hebrew University-Hadassah Medical School, Jerusalem, Israel, 1995

Distinguished Lecturer, Wayne State University Medical School, Detroit, M1, 1995

Lecturer, Centre for Environmental Health, Victoria, BC, 1995

Lecturer, Victoria Cancer Clinic, Royal Jubilee Hospital, Victoria, BC, 1995

Speaker, First World Congress in Magnetotherapy, London, UK, 1996

Speaker, Applied Physics Division, CSIRO, Sydney, Australia, 1996

Speaker, Complementary Healing Conference, Baltimore, MD, 1996

Speaker, Vermont Law School Conference "Unplugged”, Killington, VT, 1996

Speaker, 9th International Congress on Stress, Montreux, Switzerland, 1997

Speaker, Internat’l Comm Non-Ionizing Radiation Protection/ World Health Org (ICNIRP/WHO)

' Seminar, Bologna, Italy, 1997

Plenary Lecturer, Second World Congress on "Electricity and Magnetism in Biology and Medicine",
Bologna, Italy, 1997

Speaker, EMF - Scientific and Legal Issues , Catania, Italy, 2002

Speaker, Chemistry and Biochemistry Departments, CUNY. 1998
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Speaker, 10th International Congress on Stress, Montreux, Switzerland, 1999

Speaker, Electromed99, Norfolk, VA, 1999 .

Speaker, Tutorial on Magnetic Ficlds, Procter & Gamble, Cincinnati, 1999

Speaker, Potential Therapeutic Applications of Magnetic Fields, Vanderbilt Univ, 1999
Speaker, North American Academy of Magnetic Therapy, Los Angeles, 2000

Speaker, 34 International Conference on Bioelectromagnetism, Slovenia, 2000

Speaker, Electromed2001, Portsmouth, VA, 2001

Speaker, EBEA Conference on EMF. Helsinki, 2001

Plenary Lecturer, Bioelectromagnetics Society, Quebec, Canada, 2002

Speaker, XXVII URSI General Assembly, Maastricht, Netherlands, 2002

Speaker, EMF - Scientific and Legal Issues , Catania, Italy, 2002

Speaker, Physics Colloquium, University of South Flotida, 2003

Speaker, RIFE Conference. Topic: Electromagnetic Fields and Living Cells. Seattle, 2004
Plenary Lecturer, Conference ‘Biological Effects of Eleciromagnetic Fields’, Kyoto, Japan, 2005
Speaker, Conference on EMF and the Precautionary Principle, Benevento, Italy, 2006

Keynote Speaker, Conference on Cell Towers and Wireless Technologies, Evereti, MA, 2007
Invited lecturer on Biological Effects of EM Fields, Chamber of Deputies, Brasilia, Brazil, 2007
Speaker, Conference on Responsible Cell Tower Siting. Cornwall, CT, 2008

Grant Review Consiiltant
Office of Naval Research, Department of Defense : :
IPA Biologist, Manager of Membrane Electrochemistry ARI, 1986-1988
Chairman, Panel on Biological Sciences Div, August 1986
Member, Panel on Interdisciplinary Research, April 1979
Electric Power Research Institute, Palo Alto, CA
Member, Basic Sciences Advisory Committee, 1987-1991
National Institutes of Health
Radiation Study Section, 1991
(several ad hoc Study Sections and site visit committees)
National Science Foundation
US Army Research Office
US-Israel Binationzl Science Foundation
Petroleum Research Fund
Medical Research Council - Canada
Australian Research Grants Committee ‘
Research Corporation (Providence, Rhode Island)
University and Polytechnic Grants Commitiee, Hong Kong
International Science Foundation (for Former Soviet Union), Washington, DC
Breast Cancer Research Program, University of California
US Army Medical Research and Materiel Command, Neurotoxin Exposure Program, AIBS
US Army Radiofrequency Radiation Rescarch Program, AIBS

Consultant to various environmental groups on biological effects of electromagnetic fields (power frequency
and radiofrequency) '
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PUBLICATIONS - Books, Reviews, Chapters

Blank M (1957) The Transfer of Monclayers through Suiface Channels. PhD Dissertation,

: Chemistry Department, Columbia University, 54pp.

Blank M (1959) The Permeability of Monolayers to Carbon Dioxide and Oxygen. PhP Dissertation,

Department of Colloid Science, Cambridge University, England, 105pp.

Blank M (1967) Editor, Symposium "Surface Chemistry of Biological Systems”. Journal of Colloid

and Interface Science 24:1-127. :

Blank M and Britten JS (1970} Physical Principles in Monolayer and Membrane Permeation. in
"Physical Principles of Biological Membranes", edited by F Snell et al; Gordon & Breach,

New York, pp 143-163.

Blank M (1970) Editor, "Surface Chemistry of Biological Systems". Volume 7, “Advances in

Experimental Medicine and Biology", Plenum Press, New York, 340pp.

Blank M (1972) The Measurement of Monolayer Permeability, in "Techniques of Surface Chemistry

and Physics”, Volume L. Good, Stromberg, Patrick (eds); Marcel Dekker Inc., New York, pp 41-88

Blank M (1979) Monolayer Permeability. Progress in Surface & Membrane Science 13:87-139.

Blank M (1979) Surface Pharmacology: Drug Binding Equilibria and lon Transport in Membrane

Siructures. Pharmacology and Therapeutics 7:313-328.

Blank M (1980) Editor, "Bioelectrochemistry: Ions, Surfaces and Membranes"”, Advances in

Chemistry, Volume 188, American Chem Soc, Washington, DC, 527pp. ‘

Blank M (1981) Surface Pharmacology: Drug Binding Equilibria and Ton Transport in Membrane

Structures, in International Encyclopedia of Pharmacology and Therapeutics, Inhibitors of

Mitochondrial Functions, M Erecinska, DF Wilson (eds). Pergamon, New York, pp 19-34.

Milazzo G and Blank M (1983) Editors, " Bioelectrochemistry 1: Biological Redox Reactions",

School of Biophysics, Erice, Italy. Plenum, New York, 348pp.

Blank M (1983) Transmembrane Potentials and Redox Reactions from the Physiclogical Pomnt of View.

in "Bioelectrochemistry I: Biological Redox Reactions", G Milazzo, M Blank (eds), Plenum, New

York, pp 227-247.

Blank M (1983) The Effects of Surface Compartments of Ion Transport Across Membranes. in
"Structure and Function in Excitable Cells”, DC Chang, I Tasaki, WJ Adelman, IIR

Teuchtag (eds); Plenum, New York, pp. 435-449,

Blank M (1986) Editor, "Electrical Double Layers in Biology", Plenum, NewYork, 319pp

Blank M (1987) The Surface Compartment Model: A Theory of Ion Transport Focused on Ionic

Processes in the Electrical Double Layers at Membrane Protein Surfaces, Biochimica et Biophysica

Acta - Reviews on Biomembranes 906:277-294,

Blank M and Findl E (1987) Editors, "Mechanistic Appreaches to the Interaction of Electric and

Electromagnetic Fields with Living Systems", Plenum, New York, 439pp.

Milazzo G and Blank M (1987) Editors, "Bioelectrochemistry II: Membrane Phenomena”,

International School of Biophysics, Erice, Italy. Plenum, New York, 543pp.

Blank M (1987) An Electrochemical Perspective on Excitable Membranes, Channels and Gating. in

"Bioelectrochemistry Il: Membrane Phenomena", G Milazzo, M Blank (eds); Plenum, New York,

pp. 431-456.

Blank M (1988) Recent Developments in the Theory of lon Flow Across Membranes Under Imposed

Electric Fields. In "Modern Bioelectricity", AA Marino (ed); Dekker, New York, pp 345-364.

Markov M and Blank M (1988) Editors, "Electromagnetic Fields and Biomembranes", Plenum, New

York, 309pp.

Blank M (1990) Editor, Syllabus for Human Physiology Course, 13th Edition, Physiology

22.

Departinent, Columbia University, New York, 704pp.
Milazzo G and Blank M (1990) Editors, "Bioelectrochemistry ITI: Charge Separation across
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Membranes”, Plenum, New York, 337pp.

Blank M (1991) Membrane Transport: Insight from Colloid Science. in "Interfacial Phenomena in

Biological Systems", M Bender (ed). Dekker, New York, pp 337-366.

Blank M (1993) Electrochemistry of Nerve Excitation, "Modern Aspects of Electrochemistry”

Number 24, edited by RE White et al, Plenum, New York, ppl-37.

Blank M (1993) Editor-in-Chief, Proceedings of First World Congtess on "Electricity and
Magnetism in Biology and Medicine”, San Francisco Press, 932pp.

Blank M and Vedyanoy 1 (1994) Editors, ""Biomembrane Electrochemustry" Advances in Chemistty

Series of the American Chemical Society Press, 605pp.

Blank M (1994} An Electrochemical Model of Voltage Gated Channels. Advances in Chemistry

235:429-446. _

Melandri BA, Milazzo G and Blank M (1994) Editors, "Bioelectrochemistry IV: Nerve-Muscle

Function", Life Sciences Volume 267, Plenum, New York, 376pp.

Blank M (1995) Editor, "Electromagnetic Ficlds: Biological Interactions and Mechanisms",
Advances in Chemistry, Volume 250, American Chemical Society Press, 512pp.
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P. 0. Box 12233

Research Triangle Park, NC 27709

May 4, 1999

Dear Reader:

In 1992, the U.S. Congress authorized the Electric and Magnetic Fields Research and Public

Information Dissemination Program (EMF-RAPID Program) in the Energy Policy Act.

The Congress instructed the National Institute of Environmental Health Sciences (NIEHS),
National Institutes of Health and the U.S. Department of Energy (DOE) to direct and
manage a program of research and analysis aimed at providing scientific evidence to clarify
the potential for health risks from exposure to.extremely low frequency electric and
magnetic fields (ELF-EMF). The EMF-RAPID Program had three basic components: 1} a
research program focusing on health effects research, 2) information compilation and
public-outreach and 3) a health assessment for evaluation of any potential hazards arising
from exposure to ELF-EMF. The NIEHS was directed to oversee the health effects
research and evaluation, and the DOE was given the responsibility for overall
administration of funding and engineering research aimed at characterizing and mitigating
these fields. The Director of the NIEHS was mandated upon completion of the Program to
provide this report outlining the possible human health risks associated with exposure to
ELF-EMF. The scientific evidence used in preparation of this report has undergone
eXtensive scientific and public review. The entire process was open and transparent.
Anyone who wanted “to have a say” was provided the opportunity.

The scientific evidence sugpesting that ELF-EMF exposures pose any health risk is weak.
The strongest evidence for health effects comes from associations observed in human
populations with two forms of cancer: childhood leukemia and chronic lymphocytic
leukemia in occupationally exposed : adults. While the support from individual studies is
weak, the epldemlologxcal studies demonstrate, for some methods of measuring eXpOosure, 3
fairly consistent pattern of a small, increased risk with increasing exposure that is

somewhat weaker for chronic lymphocytic leukemia than for childhood leukemia. In

‘contrast, thc mechanistic stud'les and the animal tox1cology 11terature fall to demonstrate

observed,

The lack of connection between the human data and the experimental data (animal and
mechanistic) severely complicates the interpretation of these results. The human data are
in the "right" species, are tied to "real life" exposures and show some consistency that is
difficult to ignore. This assessment is tempered by the observation that given the weak
magnitude of these increased risks, some other factor or comimon source of error could
explain these findings. However, no consistent explanation other than exposure to ELF-

EMPF has been identified.
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Epidemiological studies have serious limitations in their ability to demonstrate a cause and
effect relationship whereas laboratory studies, by design, can clearly show that cause and
effect are possible. Virtually all of the laboratory evidence in animals and humans and
most of the mechanistic work done in cells fail to support a causal relationship between
exposure to ELF-EMF at environmental levels and changes in biological function or disease
status. The lack of consistent, positive findings in animal or mechanistic studies weakens
the belief that this association is actually due to ELF-EMF, but it cannot completely’
discount the epidemiological findings.

The NIEHS concludes that ELF-EMF exposure cannot be recognized at this time as
entirely safe because of weak scientific evidence that exposure may pose a leukemia hazard.
In my opinion, the conclusion of this report is insufficient to warrant aggressive regulatory
concern. However, because virtually everyone in the United States uses electricity and
therefore is routinely exposed to ELF-EMF, passive regulatory action is warranted such as
a continued emphasis on educating both the public and the regulated community on means
aimed at reducing exposures. The NIEHS does not believe that other cancers or non--
cancer health outcomes provide sufficient evidence of a risk to currently warrant concern.

The interaction of humans with ELF-EMF is complicated and will undoubtedly continue to
be an area of public concern. The EMF-RAPID Program successfully contributed to the
scientific knowledge on ELF-EMF through its support of high quality, hypothesis-based
research. While some questions were answered, others remain. Building upon the
knowledge base developed under the EMF-RAPID Program, meritorious research on ELF-
EMF through carefully designed, hypothesis-driven studies should continue for areas -
warranting fundamental study including leukemia. Recent research in two areas,
neurodegenerative diseases and cardiac diseases associated with heart rate variability, have
identified some interesting and novel findings for which further study is ongoing.

Advacacy groups have opposing views conceming the health effects of ELF-EMF. Some
advocacy groups want complete exoneration and others want a more serious indictment.
Our conclusions are prudent and consistent with the scientific data. I am satisfied with the
report and believe it provides a pragmatic, scientifically-driven basis for any further

regulatory review.
I am pleased to transmit this report to the U.S. Congress.

Sincerety,

'/K\S‘u\\

Kenneth Olden, Ph.D.
Director
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EXECUTIVE SUMMARY

Introduction

Electrical energy has been used to great advantage for over 100 years. Associated
with the generation, transmission, and use of electrical energy is the production of
weak electric and magnetic fields (EMF). In the United States, electricity is
usually delivered as alternating current that oscillates at 60 cycles per second
(Hertz, Hz) putting fields generated by this electrical energy in the exiremely low
frequency (ELF) range.

Prior to 1979 there was limited awareness of any potential adverse effects from
the use of electricity aside from possible electrocution associated with direct
contact or fire from faulty wiring. Interest in this area was catalyzed with the
report of a possible association between childhood cancer mortality and proximity
of homes to power distribution lines. Over the next dozen years, the U.S.
Department of Energy (DOE) and others conducted numerous studies on the
effects of ELF-EMF on biological systems that helped to clarify the risks and
provide increased understanding. Despite much study in this area, considerable
debate remained over what, if any, health effects could be attributed to ELF-EMF

exposure.

In 1992, the U.S. Congress authorized the Electric and Magnetic Fields Rescarch
and Public Information Dissemination Program (EMF-RAPID Program) in the
Energy Policy Act (PL 102-486, Section 2118). The Congress instructed the
National Institute of Environmental Health Sciences (NIEHS), National Institutes
of Health and the DOE to direct and manage a program of research and analysis
aimed at providing scientific evidence to clarify the potential for health risks from
exposure to ELF-EMF. The EMF-RAPID Program had three basic components:
1) a research program focusing on health effects research, 2) information
compilation and public outreach and 3) a health assessment for evaluation of any
potential hazards arising from exposure to ELF-EMF. The NIEHS was directed
to oversee the health effects research and evaluation and the DOE was given the
responsibility for overall administration of funding and engineering research
aimed at characterizing and mitigating these fields. The Director of the NIEHS
was mandated upon completion of the Program to provide a report outlining the



possible human health risks associated with exposure to ELF-EMF. This
document responds to this requirement of the law.

This five-year effort was signed into law in October 1992 and provisions of this
Act were extended for one year in 1997. The Program ended December 31, 1998,
The EMF-RAPID Program was funded jointly by Federal and matching private
funds and has been an extremely successful Federal/private partnership with
substantial financial support from the utility industry. The NIEHS received

$30.1 miltion from this program for research, public outreach, administration and
the health assessment evaluation of ELF-EMF. In addition to EMF-RAPID
Program funds from the DOE, the NIEHS contributed $14.5 miltion for support of
extramural and intramural research inciuding long-term toxicity studies conducted
by the National Toxicology Program.

NIEHS Conclusion

The scientific evidence suggesting that ELF-EMF exposures pose any health risk
is weak. The strongest evidence for health effects comes from associations
observed in human populations with two forms of cancer: childhood leukemia and
chronic lymphocytic Jeukemia in occupationally exposed adults. While the
support from individual studies is weak, the epidemiological studies demonstrate,
for some methods of measuring exposure, a fairly consistent pattern of a small,
increased risk with increasing exposure that is somewhat weaker for chronic
lymphocytic leukemia than for childhood leukemia. In contrast, the mechanistic
studies and the animal toxicology literature fail to demonstrate any consistent
pattern across studies although sporadic findings of biological effects (including
increased cancers in animals) have been reported. No indication of increased
leukemias in experimental animals has been observed.

The lack of connection between the human data and the experimental data (animal
and mechanistic) severely complicates the interpretation of these results. The
human data are in the “right” species, are tied to “real-life” exposures and show
some consistency that is difficult to ignore. This assessment is tempered by the
observation that given the weak magnitude of these increased risks, some other
factor or common source of error could explain these findings. However, no
consistent explanation other than exposure to ELF-EMF has been identified.

Epidemiological studies have serious limitations in their ability to demonstrate a
cause and effect relationship whereas laboratory studies, by design, can clearly
show that cause and effect are possible. Virtually all of the laboratory evidence in
animals and humans and most of the mechanistic work done in cells fail to
support a causal relationship between exposure to ELF-EMF at environmental
levels and changes in biological function or disease status. The lack of consistent,
positive findings in animal or mechanistic studies weakens the belief that this
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assoctation 1s actually due to ELF-EMF, but 1t cannot completely discount the
epidemiological findings. ‘

The NIEHS concludes that ELF-EMF exposure cannot be recognized as entirely
safe because of weak scientific evidence that exposure may pose a leukemia
hazard. In our opinion, this finding is insufficient to warrant aggressive
regulatory concern. However, because virtually everyone in the United States
uses electricity and therefore is routinely exposed to ELF-EMF, passive
regulatory action is warranted such as a continued emphasis on educating both the
public and the regulated community on means atmed at reducing exposures. The
NIEHS does not believe that other cancers or non-cancer health outcomes provide
sufficient evidence of a risk to currently warrant concern,

The interaction of humans with ELF-EMF is complicated and will undoubtedly
continue to be an area of public concern. The EMF-RAPID Program successfully
contributed to the scientific knowledge on ELF-EMF through its support of high
quality, hypothesis-based research. While some questions were answered, others
remain. Building upon the knowledge base developed under the EMF-RAPID
Program, meritorious research on ELF-EMF through carefully designed,
hypothesis-driven studies should continue for areas warranting fundamental study
including leukemia. Recent research in two areas, neurodegenerative diseases and

- cardiac diseases associated with heart rate variability, have identified some
interesting and novel findings for which further study is ongoing.

Background
Program Oversight and Management

The 1992 Energy Policy Act created two committees to provide guidance and
direction to this program. The first, the Interagency Committee (IAC), was
established by the President of the United States and composed of representatives
from the NIEHS, the DOE and seven other Federal agencies with responsibilities
related to ELF-EMF. This group receives the report from the NIEHS Director
and must prepare its own report for Congress. The IAC had responsibility for
developing a strategic research agenda for the EMF-RAPID Program, facilitating
interagency coordination of Federal research activities and communication to the

public and monitoring and evaluating the Program.

The second committee, the National EMF Advisory Committee (NEMFAC),
consisted of representatives from public interest groups, organized labor, state
governments and industry. This group was involved in all aspects of the
EMF-RAPID Program providing advice and critical review to the DOE and the

NIEHS on the design and implementation of the EMF-RAPID Program’s
activities.
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" ELF-EMF Health Effects Research

The EMF-RAPID Program’s health effects research initiative relied upon
accepted principles of hazard identification and risk assessment to establish
priorities. All studies supported by the NIEHS and the DOE under this program
were selected for their potential to provide solid, scientific data on whether
ELF-EMF exposure represents a human health hazard, and if so, whether risks are
increased under exposure conditions in the general population. Research efforts
did not focus on epidemiological studies (i.e. those in the human population)
because of time constraints and the number of ongoing, well-conducted studies.
The NIEHS health effects research program focused on mechanistic, cellular and
‘laboratory studies in the areas of neurophysiology, behavior, reproduction,
development, cellular rescarch, genetic research, cancer and melatonin.
Mechanistic, cellular and laboratory studies are part of the overall criteria used to
‘determine causality in interpreting epidemiological studies. In this situation, the
most cost-effective and efficient use of the EMF-RAPID Program’s research
“funds was clearly for trying to clarify existing associations identified from
population studies. The DOE research initiatives focused on assessment of
exposure and techniques of mitigation.

The EMF-RAPID Program through the combined efforts of the NIEHS and the
DOE radically changed and markedly improved the quality of ELF-EMF

research. This was accomplished by providing biological and engineering
expertise to investigators and emphasizing hypothesis-driven, peer-reviewed
research. Four regional facilities were also set-up where state-of-the-art magnetic
field exposure systems were available for in-house and outside investigators to
conduct mechanistic research. The EMF-RAPID Program through rigorous
review and use of multi-disciplinary research teams greatly enhanced the
understanding of the interaction of biological systems with ELF-EMF.

Information Dissemination and Public Outreach

The EMF-RAPID Program provided the public, regulated industry and scientists
with useful, targeted information that addressed the issue of uncertainty regarding
ELF-EMF health effects. Two booklets, a question and answer booklet on
ELF-EMF and a layman’s booklet addressing ELF-EMF in the workplace, were
published. A telephone information line for ELF-EMF was available where
callers could request copies of ELF-EMF documents and receive answers to
standard questions from operators. The NIEHS also developed a web-site for the
EMF-RAPID Program where all of the Program’s documents are on-line and
links are available to other useful sites on ELF-EMF. Efforts were made to
inctude the public in EMF-RAPID Program activities through sponsorship of
scholarships to meetings; holding open, scientific workshops; and setting aside a
two-month period for public comment and review on ELF-EMF and the
workshop reports. In addition, the NIEHS sponsored attendance of NEMFAC
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members at relevant scientific meetings and at each of the public comment
meetings.

Health Risk Assessment of ELF-EMF Exposure

In preparation of the NIEHS Director’s Report, the NIEHS developed a process to
gvaluate the potential health hazards of ELF-EMF exposure that was designed 10

~ be open, transparent, objective, schelarly and timely under the mandate of the -
1992 Energy Policy Act. The NIEHS used a three-tiered strategy for collection
and evaluation of the scientific information on ELF-EMF that imctuded: 1) three
science review symposia for targeted ELF-EMF research areas, 2) 2 working
group meeting and 3) a period of public review and comment. Each of the three
symposia focused on a diffesent, broad area of ELF-EMF research: mechanistic
and cellular research (24-27 March 1997, Durham, NC), human population
studies (12-14 January 1998, San Antonio, TX) and laboratory human and clinical
work (6-9 April 1998, Phoenix, AZ). These meetings were aimed at including a
broad spectrum of the research community and the public in the evaluation of
ELF-EMF health hazards, identifying key research findings and providing opinion
on the quality of this research. Discussion reports from small discussion groups
held for specific topics were prepared for each meeting.

Following the symposia, a working group meeting (16-24 June 1998, Brooklyn
Park, MN) was held where a scientific panel reviewed historical and novel
evidence on ELF-EMF and determined the strength of the evidence for human
health and biological effects. Stakeholders and the public attended this meeting
and were given the opportunity to comment during the process. The Working
Group conducted a formal, comprehensive review of the literature for research
areas identified from the symposia as being important to the assessment of
ELF-EMF-related biological or health effects. Separate draft documents covering
areas of animal carcinogenicity, animal non-cancer findings, physiological
effects, cellular effects, theories and human population studies (epidemiology
studies) in children and adults for both occupational and residential ELF-EMF
exposures were rewritten into a single book. The Working Group characterized

' the strength of the evidence for a causative link between ELF-EMF exposure and
disease in each category of research using the criteria developed by the
International Agency for Research on Cancer (IARC).

The IARC criteria fall into four basic categories: sufficient, limited, inadequate
and evidence suggesting the lack of an effect. After critical review and
discussion, members of the Working Group were asked to determine the
categorization for each research area; the range of responses reflected the
scientific uncertainty in each area. A majority of the Working Group members
concluded that childhood leukemia and adult chronic lymphocytic leukemia from
occupational exposure were areas of concern. For other cancers and for non-

cancer health endpoints, the Working Group categorized the experimental data as




providing much weaker evidence or no support for effects from exposure to

- ELF-EMF.

Following the Working Group Meeting, the NIEHS established a formal review
period for solicitation of comments on the symposia and Working Group reports.
The NIEHS hosted four public meetings (14-15 September 1998, Tucson, AZ;
28 September, Washington, DC; 1 October 1998, San Francisco, CA; and

5 October 1998, Chicago, IL) where individuals and groups could voice their
opinions; the meetings were recorded and transcripts prepared. In addition, the
NIEHS received 178 written comments that were also reviewed in preparation of
this report. The remarks that NIEHS received covered many areas related to
ELF-EMF and provided insight about areas of concern on behalf of the public,

researchers, regulatory agencies and industry.
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A pooled analysis of magnetic fields and childhood
leukaemia
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Summary Previous studies have suggested an association between exposure to 50-60 Hz magnetic fields (EMF} and childhood
leukaemia. We conducled a pooled analysis based on individual records from nine studies, including the most recent ones. Studies with
24/48-hour magnetic field measurements or calculated magnetic fields were included. We specified which data analyses we planned to do

-and how to do them before we commenced the work, The use of individual records allowed us to use the same exposure definitions, and the

large numbers of subjects enabled more preclse est:matmn of risks at high exposure levels. For Ehe 3203 chitdren with leukaemia and 10 338

) relative risk was 2.00 (1.27-3.13), P value = 0.002). Adjustrnent for potentlai confoundmg variables did not appremably change the results.

For Norih American subjects whose residences wers in the highest.wire code category, the estimated summary relative risk was 1.24
(0.82-1.87). Thus, we found no evidence in the combined data for the existence of the so-called wire-code paradox. in summary, the 99.2%
of children residing in homes with exposure levels < 0.4 uT had estimates compatible with no increased risk, while the 0.8% of children with
exposures = 0.4 uT had a relative risk estimate of approximately 2, which is unlikely to be due to random variability. The expianation for the

' elevated risk is unknown, but selection bias may have accountéd for some of the increase. © 2000 Cancer Research Campaign

Keywords: EMF; cancer; childhood leukaemia; meta-analysis; pooled analysis; epidemniology

It is now ‘twenty years since Wertheimer and Leeper (1979) 2. Does adjustment for confounding from sociceconomic class,
published the first study suggesting an association between resi- mobility, level of urbanization, detached/not detached

i dwelling, and level of traffic exhaust change the results?
(EMF} and childhood cancer. Ever since, this has been a contro- 3. Do the combined data support the existence of the so-called
versial issue with the findings from several, but not all, subse- wire code paradox, that is, a stronger association between
quent epidemioclogical studies being consistent with an proxy measures of EMF and cancer than between direct
association, particularly with respect to residential exposure and measurements and cancer?

childhood lenkaemia (Portier and Wolfe, 1998). However, many

" of the reports have been based on small numbers of exposed

cases, and despite intense experimental research no known
biophysical mechanism to explam an effect has been estab-
lished.

We conducted a pooled analyms based on primary data from

" nine studies on EMF and childhood leukaemia, addressing three -

specific questmns

1. Do the combined results of these studies indicate that thcrc is
an association between EMF exposure and childhood
leukaemia risk, which is  larger than one would expect from
- random vanablhty‘? :
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. METHODS

The criginal plan for this project was to include all European
studies that addressed the question of an association between EMF
and childhood leukaemia and were based on either 24 or 48 hour
magnetic field measurements or calculated fields. At the time five
such studies were reported (Feychting and Ahlbom, 1993; Olsen
et al, 1993; Verkasalo et al, 1993; Tynes and Haldorsen, 1997;
Michaelis et al, 1998). In addition, a nationwide childhood cancer

.study was in progress and near completion in the UK (UKCCS,
"+ 1999). Since we were not aware of any other European study to be
-+ published in the near future, the inclusion of the UK study would

give us a complete set of Europcan studies. We felt that if we could

_ also- incorporate new studies from non-European countries this

pooled analysis would be up to date and presumably stay current
for several years. We were aware of three more studies in other
parts of the world with compatible information that were all nearly



Table T . Refevant characteristics for studies included in the pooled analysis

A pooled analysis of magnetic fields and childhood leukaemia 693

Subjects Exposure Matching Potential confounders
measures variables Common Study specific {no, of groups)
Measure of
sacial status
1
5 't g [= =
! 7] a2 g E ﬁ .% & '§ § w S % g
=t uw 0 = © Q - w9 TP 2a e @ 9 <
@ g 5 g 3 Ba o .8 SE Sy £ o 28§ E § & 3
§ 8 §8 £3 =% £ 3§ § B8 z£ 839838 E £ 3 5
: 5] [¥] 5 S5 od& = (773 * <% QOB Zo oo 2o £ 5 O O
-Canada 272 304 1990-94 v v v v v v g 3 2
Denmark: 833 4746 196886 ' v s v 5 4
Finland? 29 1027 1974-93. v v v 2
Germany 175 - 409 1992-95 s v v v v v 2 3 2 2c
MNew Zealand 86 . B 1990-93 v v v 's 5 2
Norway 148 572 196589 v g v v v v 5 2
Sweden 36 508 1960-85. v v ' ' v v 4 2 3
USA® 595 530 198994 s v v v v v v 3] 4
UK 1073 ,2224 1992-96 I's e v v 7
: Specihcatlon of exposure Information selected for the pooled analysis
Canada - . Latest home inhabited before diagnosis for which a 24-hour bedroom measurement was available {may not be same
B * home fof long measurement & wire cade)
Denmiark . - Latest home inhablted before diagnosis for which a calculated field was avallable
- Finland - Calculated field for 12 months prior to diagnosis was prnv:ded especially for this exercise (may be average of values
' - 7. for more than one home}
~ Germany . - Latesthome inhabited before diagnosis (was home at dlagnosrs for almost all Indwrduals}
New Zealand- Home inhabited at diagnosis
© Norway - Latest home irhabiled before diagnosis in which child Iwed in the power line corridor, field calculated for entire period
. Sweden Latest home inhabited before diagnosis in whick child lived in the power line corridar, field calculated for entire period
- USA Latest hame inhabited before diagnosis for which a record was avaiiable {may niot be same home for leng
' _measurement & wire code)
UK - .+ Home inhabited at diagnosis (UKCCS selection meant that the child must have lived there for previous 12 manths)

*Case controf data generated from the original cohort; "acute lymphoblastic leukaemia only; “East/West Germany.

completed or recently completed, so we could include those too

‘(Linet et al, 1997; Dockerty et al, 1998, 1999; McBride et al,

1999). Table 1 lists the studies and their relevant characteristics. A
fourth study was also near completion in Ontario, Canada, but jt
was decided that since this study did not provide 24-hour indoor

measurements, or anything similar to it, the exposure information -

in this study was not similar enough to justify inclusion (Green et

al, 1999a,b). In effect, all large-scale published studies with -

extended indoor measurements or calculated fields were included

~ in the pooled analysis with the exception of a few studies that were '
not population based.

The primary apalyses reported here were all discussed and
agreed upon prior to the commencement of the work, This
included diagnostic categories, exposure definitions, time period

" for evaluation, cut-points, confounders, and statistical methods. In

addition certain analyses were done to confirm that the findings

~ from these primary analyses were not dependent on these specifi- -
cations and yet other analyses were done with an exploratory

purpose..
_This pooled -analysis focused on childhood leukaemia, even
though several of the studies also included other cancer diagnoses.

The US study included only acute lymphocytic leukaemia (ALL). -
© We did analyses both for total leukaemia and for ALL, but for
- brevity the more detailed results are given for total leukaemia.

There was some variation with respect to age groups in the studles,l
and we decided to use the age interval 014 years.
Since we wanted the data to be as consistent as possible

- across studies, the data that we used from a particular study were

© 2000 Cancer Research Campaign

sometimes different from those that formed the basis for the orig-
inal publication from that stedy. This was paricularly the case

*-with the exposure variables (Table 1). In effect, the study-specific

results that we report in this article differ to various degrees from

" the results as reported in the original publications. These differ-

ences are biggest for the US study. Compared with the published
results of the US study, the pooled analysis included fewer cases
and controls (34 cases and 90 controls were excluded becanse
24/48-hour measurements were missing), limited the study period
to the year prior to diagnosis rather than the five years immediately
prior to diagnosts, restricted the number of residences for which
measurements were utilized to one per subject rather than all
homes resided in during the five years immediately prior to diag-
nosis, and used geomeiric means rather than arithmetic means.

In studies with long magnetic field measurements (24/48-hour),
these were chosen as the primary exposure measure. The publica-
tion from the Canadian study uses personal measurements, but to
achieve consistency with the other studies we chose to use the in-
home measurements instead. In the UK, a two-phase measurement
strategy was used, according to which 48-hour measurements were
conducted when either a shorter measurement (108 minutes) or a
characteristic of the residency indicated that EMF exposure was
‘elevated. These ‘measurements were all treated as long measure-

" ments because almost all elevated readings would come from 48-

hour measurements. None of the adjustments to the measured
exposure that were presented in the UKCCS analysis were used in
the pooled analysis. (¥t should be noted that these adjustments.had
negligible effect.)

British Journal of Cancer (2000) 83(5), 692-698
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As a summation of all measurements for one subject, over the
24/48 hours, most of the centres used arithmetic means. We
decided, however, to use geometric means from all studies,
because they are less affected by outliers. For comparison we also
analysed the data using arithmetic means. Therefore, each centre
provided the geometric means as well as the arithmetic means,
regardless of what they used in their original publication.

All centres without long measurements had calculated fields,
i.e., calculations of magnetic fields based upon distance between
the subject’s home and the nearby power line, line characteristics,
and load on the line. For these centres calculated fields were
evaluated as the primary measure.

We also analysed wire-codes (i.e., a proxy measure of residen-
tial magnetic field level, based on the distance and configuration
of nearby power lines) for all North American studies. These
were classified and analysed according to the original
Wertheimer-Leeper scheme (Wertheimer and Leeper, 1982). We

" also developed a European version of the wire-code, but eventu-

ally decided that the differences between the North American and

the European distribution systems were too large to make this:

meaningful, The wire-code analyses, therefore, only included the
North American studies. - )

. With respect to the reference time for exposure characterization,
there was considerable variation across studies. ‘Residential
meastrement data \ivere‘available for various periods from birth to
diagnosis. We decided to aim for the average exposure during the
last year prior to diagnosis for the cases and the corrgsponding age
for the controls. We achieved this by using the exposure informa-
tion for the home at the time of diagnosis for the cases and the
bome lived in by the matched control at the same age; when this
information was unavailable we used instead the latest time period

_prior to diagnosis (Table I). The reasons were that all studies could

provide exposure data specified in this way and that exposure
close to date of diagnosis is relevant to the hypothesis that EMF, if
anything, would act as a promoter.

All studies utilized a matched case-control design, although the
matching variables were not the same in all studies (Table 1). In
Finland the original publication reported findings from a cohort
study, but in preparation for this pooled analysis a control group
was selected and the data were evalvated using a matched case-
control design with 3 additional years of follow-up. Because we
wanted to use as many as possible of the cases and controls to

" increase the flexibility of the analysis, we decided to ignore the

matching. Instead we included adjustment for age and sex in all

. -analyses, with age classified into one-year groups up to five years

of age and then into five year groups. In alf analyses, the measure-
ment studies were also adjusted for socio-economic status,
according to centre-specific definitions (Table 1). In addition, we
adjusted for residence in the eastern or western part of the country
in Gérmany. 7

One of the aims of this study was to test whether adjustment for
any available covariate would have an effect on the summary rela-

_ tive risk estimates, In addition to the covariates included in the

basic model, the following factors were available: socioeconomic

status, mobility, level of urbanization, detached/not detached

dwelling, and level of traffic exhaust. All of these variables were

not available in all studies (Table 1). For sociceconomic class,

level of urbanization, residential mobility, and traffic exhaust, the
basic information and the definitions varied between centres as

.- described in Table 1.

British Joumal of Cancer (2000) 83(5), 692698

To estimate a summary relative risk across centres, a logistic
regression maodel was applied to the raw data, with centres repre-
sented by dummy variables. We did this for measurement studies
and calculated field studies separately but also across all studies.
In the primary analyses, exposure was categorized in the four
levels: < 0.1 pT; 0.1-<0.2 pT; 0.2—<0.4 pT; Z 0.4 1T and entered
into the model with the use of dummy variables. The wire-code
analyses were treated correspondingly. In addition, a similar
analysis but with continuous exposure was conducted, the resulis
of which are reported as relative risks per 0.2 uT intervals. This
continuous analysis was also the basis for a likelihood ratio test of
homogeneity of effects across studies.

RESULTS

Table 2 gives the absolute numbers of subjects by case/control
status, study, and exposure level. In total there are 3247 cases and
10 400 controls. The UK provided by far the largest number of
cases, while Denmark had the largest number of contrels. In the
highest exposure category (= 0.4 uT) there were 44 cases and 62
controls, with the largest number of cases from the USA and the
largest number of controls from Sweden. Out of the 3247 cases,
2704 (83%) are ALL cases. The US study was restricted to ALL,
which explains why the US numbers are the same in the left and

-right panels of Table 2.

In Table 3 we summarize the primary results for total leukaemia.
For each centre the relative risks are estimated by exposure level
and with adjustment for the basic potential confounders. Some of
the studies are based on small numbers, particularly the highest
exposure categories, and in some instances there are zero cases or
controls, Although some of the centre-specific relative risk esti-

mates are of little interest in themselves, particularly in the higher

categories, all studies still provide information for the summary
measures. The last column of the table gives the results of the
logistic regression analysis with continuous exposure. The homo-

- geneity test based on the continuous analysis across all nine centres

resulted in a y? with eight degrees of freedom of 10.7 corre-

sponding to a P value of (.22. The interpretation is that the varia-

tion in point estimates between the studies, is not larger than one’
would expect from random variability. We compared results for
matched versus unmatched analyses to confirm that ignoring the
matching did not introduce a bias. Because the résults were similar,

we only report the uninatched results.

Across the measurement studies, the summary relative risk is
estimated at 1.87 (95% CI.: 1.10-3.18} in the highest exposure
category, with a corresponding P value of 0.01. The two lower
categories have estimates close to unity. For the calculated fields
studies the summary measure for the top exposure category is 2,13
(0.93-4.88), with a P value of 6.04.

In the very last line of Table 3, we give the summary relative

* risk estimate across all studies, regardless of whether the study is a

measurement study or a calculated field study. We consider this an
anatysis based on the exposure measure that is closest to the spec-
ified magnetic field measurement and time period of study defined
for the pooled analysis. The relative risk estimates in the two inter-
mediate exposure categories are near the no effect value, while in

 the top category (> 0.4 uT) the relative risk estimate is 2.00 (95%

CIs: 1.27-3.13), with a P value of 0.002. The continuous analysis
gives a relative risk estimate per 0.2 uT of 1.15 (1.04-1.27) with a
test for trend P value of 0.004.

© 2000 Cancer Research Campaign
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Table 2 A'bsolute numbers of childhood leukaemia cases and controls by study and exposure level

Measurement studies

Leukaemia cases <01 0.1-0.2 06.2-04 204 Total All cases < 0.1 0.1-0.2 0.2-04 z0.4 Tolal
Canada 7 - 174 56 29 13 272 1514 50 26 12 239
' Germany ’ 156 12 5 2 175 130 10 [} 2 147
New Zealand 76 B 4 0 86 64 5 3 0 72
UK 1018 38 13 4 1073 7 859 - 34 10 3 906
USA } ’ 418 111 49 17 595 418 111 49 17 595
Total ) ’ 1842 223 100 36 2201 1622 210 93 34 1953
Contrals” : <01 0.1-0.2 0.2-04 204 Total
Canada : ’ 215 &3 26 10 304
-Germany 380 21 B8 2 409
" New Zealand 72 8 0 0 80
UK 2099 1 26 8 2224
USA ' 386 85 44 5 530
Total ) ] 3162 268 102 25 3547
Calculated fields studies
- Leuksemiacases . <O.1 0.1-02 0204 204 Total  ALLcases <0. 01-02 0.2-04 204 Total
Denmark . - - 830 1 4] 2 833 596 1] 0 2 598
Finland '~ 27 -0 1 i 29 25 0 1 1 27
‘Norway - 140 ] 2 0 148 92 5 2 o] 49
Sweden .. - ] 27 3 1 5. [ 17 1 o 3 21
Totaf ’ - 5024 i0 4’ 8 1046 730 6 3 6 745
Gontrols " T <01 0.1-02 0204 204  Total
Denmark Sl 4736 - 2 .8 0 4748
Finland - - . - 991 - .19 B 4] 7 1027
-Norway . . 0. 542 13 7 10 572
Sweden "~ . . . - 438 30 20 20 508
Total ’ © 8707 64 45 * 37 6853

Table 3 Total leukasmia. Relative risks (95% C1) by exposure |evé| and with exposure as continuous variable'(ﬂﬂ per 0.2 uT) with adjustment for age, sex,
and SES (measurement studies) and EastWest in Germany. Reference level: < 0.1 uT. Observed {Q) and expacied {E) case numbers = 0.4 uT, with expecled
nos. given by modeling probability of membership of each exposure categary based on distribution of cantrols including covariates.

Type of study - 0.4—=0.2uT 0.2-<0.4 uT T204pT 0 E Continuous
. . - analysis

Measurement studies -

1.21 (0.96-1.52)

Canada 1.29 (0.84-1.99) 1.39 {D.78-2.48) 1.55 (0.65-3.68) 13 10.3

Germany 1.24 (0.58-2.64) 1.67 (0.48-5.83} 2.00(0.26-15.17) 2 0.9 1.31 (0.76-2.26)
New Zealand 0.67 (0.20-2.20) 4 cases/Ocirls - 0 cases/0 ctris 0 ] 1.36 (0.40-4.61)
UK 0.84 (0.57-1.24) 0.98 {0.50~1.93) 1.00 {0.30-3.27) 4 4.4 0.93 {0.69-1.25)
USA . 1.11 (0.81-1.53) 1.01 (0.65~1.57) 3.44 (1.24-9.54) 17 47 1,30 {1.01-1.67)
Calculated fields studies. .~ : . : R

Penmark 2.68 (0.24-30.45)" 0 cases/8 cirls 2 cases/0 cirls 2 0 1.50 (0.85-2.65)
Finland 0 cases/M9 ctrls 4.11 {0.48-35.1) 6.21 {0.68-56.9} 1 0.2 1.15 (0.79-1.66)
Norway 1.75 (0.65-4.72) 1.06 (0.21-5.22) 0 cases/10 ctrls 0 2.7 10.78 (0.50-1.23)
Sweden 1.75 (0.48-6.37) 0.57 (0.07-4.65) 3.74 (1.23-11.37) 5 1.5 1.31 (0.98-1.73)
Summary : - . ’ ) .

Measurement studies - 1.05 (0.86—-1.28) 1.15 (0.85-1.54) 1.87 (1.10-3.18) 36 20.1 1,17 {1.02-1.34)
Calculated fields studles 1.58 (0.77-3.25) 0.79 (0.27-2.28) 2.13(0.93-4.88) 8. 4.4 1.11 (0.94~1.30}
All studies 1.08 (0.89-1.31) -1.11 {0.84-1.47} 2.00 (1.27-3.13) - 44 24.2 1.15 {1.04-1.27)

In the measurement studies, because several of the relative risk

" estimates were higher when geometric rather than arithmetic
means were employed the data were reanalysed using arithmetic

means. Although the summary relative risk for -all measirement
studies was still elevated 1.59 (1.04-2.45), it was lower than that
obtained when the analysis was based on geometric means.
While the primary categorical analyses were based on the prede-
termined cut off points, we evalvated the robustness of the results
by als6 using other cut off points. With 0.3-<0.4, 0.4-<0.5 and 2
0.5 uT as the three highest categories we found, across all studies

© 2000 Cancer Résearch Campaign

and for-total leukaemia, relative risks of 1.60, 2. 54 and 1.75,
respectively.
The largest studies and therefore the studies that carry most of the
* weight in the sumnmations are those from the US, Canada, and the
UK. If the US study were to be excluded, the summary estimate for
the highest exposure category would be reduced from. 2,00 to 1.68
(1.00-2.83; ¥ = (.03). The exclusion of Canada would increase the
summary estimates to 2.14 (1.27-3.61), while exclusion of the UK
study would increase it to 2.29 (1.41-3.74). Table 3 also gives the
expected number of cases in the highest category under the null

British Journal of Cancer (2000} 83(5), 692-695'
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Table 4 Acuts lymphocytic leukaemia. Relative risks (95% G1) by exposure level with adjustment for age, sex, and
SES (measurement studies) and East/Wast in Germany. Reference level: < 0.1 uF.

Measurement studies

0.1—<0.2uT

0.2-<04T

20.4 nT

1.44 (0.79-2.60)
2,19 (0.62-7.71)
3 cases/0 clrls

0.87 (0.42-1.84)
1.01 {0.65-1.57)

1.65 (0.68-4.01)
2.21 (0.29-16.7)
0 cases/0 cirls

0.88 {0.23-3.39)
4,44 {1.24-9.54)

Canada 1.33 (0.85-2.07)
Germany 1.29 (0.58-2.89)
New Zealand 0.71 (0.21-2.44)
UK 0.89 (0.59-1.34)
USA 1.11 {0.81-1.53)
Calculated fields studies

Denmark 0 cases/2 cirls
Finland 0 cases/19 ctrls
Norway 2.25{0.78-6.55)
Sweden 0.88 {0.11-7.19)
Summary

Measurement studies 1.07 (0.87-1.31}
Calculated fieids studias 1.42 (0.58~3.45)
All studies 1.08 (0.88-1.32)

2 cases/0 ctrls
6.79 (0.74-62.6)
0 cases/i0ctrls -
3.46 {0.84-14.3)

0 cases/8 eirls
4:31 (0.50-37.2)
1.49 {0.30-7.45)
0 cases/20 cirls

1.95 {1.14-3.35)
223 {0.88-5.65)
2,08 {1.30-3.33)

1.15 (0.84-1,56)
0.84 {0.25-2.81)
1.12 {0.84-1.51)

Tahle5 Summary relative risks. (95% CI) for total leukaermia by exposure level based on best available measure with adjustment for

potentlal confounders. Germany also includes East/West adjustment.

0.1-<0.2uT C02—<04uT 2 04uT
Al stuches but Flnland : ‘
. Age;sex . _-1.07(0.88-1.29) - 1.11 (0.84-1.47) 1.91 {1.21-2.99)
Age, sex, SES ' 1.08 (0.89-1.31) 1.10 (0.82~1.46) 1.92(1.22-3.02)
. All studies but UK’ . .
Age, sex, SES 1.18 {0.94-1.48) 1.16 (0.84-1.58) . 2.26 (1.40-8.71)

Age, sex, SES, Urban

All studies but UK, Denmark, leand and NZ
. Age, sex, SES

_Age, sex, SES, type of dweli:ng

All studies but UK and Finfand.

Age, sex, SES '

Age, sex, SES, mobility

Sweden ard Germany

Age, sex, SES

Age, sex, SES, car exhaust

1.13 {0.90-1.42)

1.20 {0.96-1.52)
1.21 {0.96-1.52)

1.19 (0.95~1.49)
1.18 (0.94-1.48)

1.37 (0.71-2.64)
1.36 (0.70-2.63)

1.09 {0.72~1.50) 2.24 (1.37-3.67)

1.15 (0.83-1.58)
1.15 (0.83-1.59)

1.97 (1.19-3.25)
1.97 (1.19-3.26)

2.20 (1.34-3.61)
2,20 (1.34-8.61)

1.13 (0.83-1.55)
" 1.14 {0.83-1.56)

1.28 {0.47-3.51)
1.27 {0.46-3.49)

3.30 {1.24-8.81)
3.24 (1.22-8.63)

Reference lovel: <0.1pT.

" hypothesis. The total number of excess cases across all studies is 20,

the largest number being contributed by the US study.
‘We then restricted these analyses to ALL. Since the ALL cases
make up as much as 83% of all cases and since the controls are the

‘same, the ALL results must be similar to the total jeukaemia

results. The results in Table 4 show that this is indeed the case, but
in the highest exposure category the ALL relative risks are some-
what higher than for total leukaemia.

We also locked separately at other lenkaemia to see whether the
observed excess risk was restricted to the ALL group. The
summary relative risk for other leukaemia was 1.42 in the highest
exposure category, but based on only 4 exposed cases.

Next we addressed the issue of a possible effect of adjustment
for more covariates. The results of this analysis are given in Table
5. In addition to the centres using different definitions of potential
confounders we also faced the problem that all centres did not

have data on all potential confounders. When we adjusted for a

particular confounder we therefore included only those studies that

"have data on that confounder. Because of the centre specific differ-

ences in relative risks we could not compare the adjusted results

calculated from only a subset of the studies to the basic model

British Journal of Cancer (2000) 83(5), 692698

results calculated from all the studies. Therefore, in Table 5 we
present results with and without adjustment for a potential
confounder for the group of siudies that the estimates are based
upon. As can be seen in Table .5, for none of the potential
confounders does the adjustment result in anythmg but minor
changes in any of the refative risk estimates.

The final issue is the so-called wire-code patadox. Table 6 has

- the results according to wire-code categories including a summary

estimate for the two North American studies. In the table we also
give magnetic field levels for each wire code category. The rela-
tive risk for the highest wire-code category is 1.24 (0.82-1.87) so
these analyses do not provide evidence for the existence of such a
paradox.

DlSCUSSlON

We did not find a.ny ev;dence of an increased risk of childhood
Jeukaemia at residential magnetic field levels < 0.4 uT. We did,
however, find a statistically significant relative risk estimate of
two for childhood leukaemia in children with residential exposure
to EMF 2 0.4 uT during the year prior to diagnosis. Less than 1%
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Table.s Total leukaemia. Relative risks (95% Cl) by wire-code with adjustment for age, sex, SES {local definitions) and mobility, number
of subjects, and EMF levels based on subset of subjects with measurement on hame used in wira code analysis.

North American studies UGHVLCS! oLce? OHece? VHCC!
Canada q 0.98 {0.66-1.48) 0.75 (0.52-1.10} 1.59 (0.80-2.82)
~ Casefcontrol 151/154 77077 831105 39/23
USA 1 1.03 (0.73-1.44) 1.04 {0.74-1.51) 0.87 (0.47-1.61)
Casefcontrob : 1771173 1194115 88/87 24/26
All North American studies 1 1.01 (0.78-1.30) 0.89 (0.68-1.16) 1.24 {0.82-1.87)
EMF fevel, median in ¢controls 0.04 . 0.05 0.08 611

'Under ground/very low current configuration; 20rdinary low current configuration; 2Crdinary high current configuration; “ery high current

configuration.

of subjects were in this highest exposure category. Thie results did
not change following adjustment for the potential confounders, In
addition, the existence of the so-called wire-code paradox could
not be confirmed. '
Farlier analyses of the-hypothesis of an association between
"EMF and cancer have sometimes been criticized on the grounds

-that the findings might be a consequence of so-called data

dredging. In order to avoid this and because this work has been a

“- collaborative effort of a rather large .group of investigators we

specified which primary analyses we planned to do and how to do

* them before we commenced the analysis: this was before the

results of several of the individual studies were known. -

" The fact that we had access to the raw data from each 'study.gavc.

us two substantial advantages. First, it allowed us to make the data
from the various centres as compatible as possible, which was
particularly important for the exposure-variables, For example, it
made it possible to use the same cut-off points in all studies, to use
geometric means of the measurements, and to focus on exposure
during the year preceding diagnosis. Second, we could arrange
data in ways that were of little interest in themselves for some of
the individual centres because of small numbers, but still of
considerable interest for the total material. In particular this made
it possible to analyse, in a consistent way, higher cut-off points
than the commonly used 0.2 uT.

For the measurement studies, the findings may have reflected
effects of selection bias due to non-participation. Differences were
observed in several measures of socioeconomic status between
cases and controls, particularly in the US study, with controls
generally characterized by higher socipeconomic status than cases.

“In a recent analysis, Hatch et al found that exclusion of partial or

non-cooperative participants from analyses of either in-home
magnetic field measurements or wire-codes tended to increase the
risk estimates for. childhood leukaemia in the US study (Hatch et
al, 2000). This was confirmed in the UK study in which there was
a moderate association between a deprivation index and measured
magnetic fields (UKCCS, 1999). This suggests that at least some
of the elevation of risk estimates arose from differential participa-
tion of cases and controls. - _

Exposure measurements from both calculated and measured
field studies are subject to error. Time-weighted average in a single
24- or 48-hour period immediately prior to diagnosis may not

- represent typical levels or the proper metric at the time period that

is relevant for assessing risk of leukaemia, if any, and may not
reflect the exposure of a ¢hild living in the home. Calculated fields
are also averages over time and do not take individual characteris-

tics of homes into consideration. Since elevated risk appears to be

confined to only the small fraction of children who are highly

© 2000 Cancer Research Campaign

exposed and since we have no basis for determining the pattern of
measurement errors in each study, we cannot reliably infer the
underlying risk function that would be consistent with the
observed risk pattern.

One feature of our results is the high degree of consistency
between the group of studies with measured fields and the group of
studies with calculated fields. This may be of significance when
considering potential confounders because in.the calculated fields
studies, the dominant source of exposure is high voltage power
lines, while in the measured fields studies internal sources (such as
ground currents, household wiring, and exposures from electrical
appliances) may predominate. In effect one would not expect the
same confounders to be operating in these two types of studies.
This may also be of significance when considering selection bias
problems, because the calculated fields studies are using popula-
tion registries in a way that makes selection bias a small issve, In
this comparison between the measurement studies and the calcu-
lated fields studies, one must keep in mind, however that the calcu-
lated fields studies are small and based only on a total of 8 cases
with exposure in the highest exposure category.

One of our goals was to see whether controlling for as many
putative confounders as possible would change the results, but
none of the covariates that we had access to changed the results in
any substantial way when included in the models. On the other
hand, none of these is an established risk factor for childhood
leukaemia. Indeed, knowledge about risk. factors for childhood
leukaemia is very limited so one cannot exclude the possibility that
adjustment for some other variable would have an effect. For the
moment we can only conclude that mobility, traffic exhaust, type
of dwelling, and urban/rural residency are not important
confounders when studying EMF and childhood leukaemia.

An interesting finding in our analysis relates to the so-called
wire-code paradox. In an earlier review, an expert committee noted
on the basis of the earlter studies that there is a stronger association
between markers for EMF exposure and leukaemia risk than
between direct measurements and leukaemia risk (National
Research Council, 1996). Our data based on subsequent studies do
not support this. In fact, the two North American studies show no
evidence of increased risk associated with residing in homes in
high wire-code categories. It is also worth noting that the measured
magnetic fields are low in all the wire-code categories. The
reasons for the elevated risk estimates for high wire-code cate-

‘gories in the earlier North American studies are unclear, although

considerable potential for bias has been noted for both studies
carried out in Denver (Portier and Wolfe, 1998).

The results of numerous animal experirnents and laboratory
studies examining biological effects of magnetic fields have

British Journal of Cancer (2000} 83(5), 692698
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- produced no evidence to support an aetiologic role of magnetic
fields in leukaemogenesis (Portier and Wolfe, 1998). Four lifetime
exposure experiments have produced no evidence that magnetic
fields, even at exposure levels as high as 2000 uT, are involved in
the development of lymphopoietic malignancies. Several rodent

" experiments. designed to detect promotional effects of magnetic

fields on the incidence of leukaemia or lymphoma have also been

 uniformly negative. There are no reproducible laboratory findings

- demonstrating biological effects of magnetic fields below 100 uT.

Qur results have clear implications for future studies, The level
of significance that we see for the excess risk at high exposure
makes chance an unlikely explanation. Future studies will be of
use only if the operation of selection bias and confounding can be
adequately addressed, and if there are sufficient numbers with
exposure over 0.4 uT.

In summary, for exposure up to 0.4 uT our data demonstrate
relative risks near the no-effect level, For the very small proportion

(0.8%) of subjects with exposuré above 0.4 uT, the data show a
two-fold increase, which. is unlikely to be due to random vari-
ability. The explanation for the elevated risk estimate is unknown,
but selection bias may have accounted for some of the increase.
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A Pooled Analysis of Magnetic Fields, Wire Codes,

and Childhood Leukemia

Sander Greenland,! Asher R. Sheppard,? William T. Kaune,® Charles Poole,* and
Michael A. Kelsh,” for the Childhood Leukemia-EMF Study Group

We obtained original individual data from 15 studies of mag-
netic fields or wire codes and childhood leiikemia, and we
estimated magnetic field exposure for subjects with sufficient
data to do so. Summary estimates from 12 studies thar supplied
magnetic field measures exhibited little or no association of
magnetic fields with leukemia when comparing 0.1-0.2 and
0.2-0.3 microtesla (uT) categories with the 0-0.1 uT cate-
goty, but the Mantel-Haenszel summary odds ratio comparing
=03 T 0 0-0.1 uT was 1.7 (95% confidence limits = 1.2,
1.3). Similar results were obtained using covariate adjustment
and spline regression. The study-specific relations appeared

.consistent despite the numerous methodologic differences

among the studies. The association of wire codes with leukemia
varied considerably across studies, with odds ratio estimates for
very high current s low current configurations ranging from

0.7 to 3.0 (homogeneity P = 0.005). Based on a survey of
household magnetic fields, an estimare of the U.S. population
atteibutable fraction of childhood leukemia associated with

residential_exposure is 3% {95% confidence limits = —1%,

Taify 8

8%). Our results contradict the idea that the magnetic field
association with leukemia is less consistent than the wire code
association with leukemia, although analysis of the four studies
with both measures indicates that the wire code associatiog is
not explained by measured fields. The results also suggest that
appreciable magnetic field effects, if any, may be concentrated
among relatively high and uncommon exposures, and that
studies of highly exposed popularions would be needed to

he relation of magnetic fields to ¢ childhood Jenkemia,
(Epidemiology 2000;11:624—634)

Keywords: childhood neoplasms, electromagnetic fields, environmental exposure, leukemia, magnetic fields, wire codes,

The question of health effects of extremely low-fre-
quency electromagnetic fields {EMFs) remains an unset-
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tled topic.! The National Institute of Environmental
Health Sciences funded our research team to conduct a
pooled analysis of those studies of EMF and childhood
leukemia for which original data could be obtained. We
felt that a direct analysis of individual study data would
allow a more reliable evaluation of interstudy differences
in results {heterogeneity). It also could allow more reli-
able evaluation of dose-response relations and effects on
public health than could a combination of summaries
from studies, especially in light of the very different
analyses presented in the published reports. The present
paper reports our analyses.

Subjects and Methods

STUDIES

From literature searches, we identified 24 studtesz'25 that
presented data on household EMF or power-supply wiring
information and childhood leukemia. To be eligible for
inclusion in our pooled analysis, the study had to have
obtained quantitative magnetic field measures for individ-

ual subjects or enough information to approximate Wer-
theimer-Leeper wire codes.! Nineteen studies?'622-% had
eligible data. Five articles reporting four seudies?® ap--
peared after our initial search in 1998; investigators in two
of those studies?? supplied data in time for inclusion here.

One study group'® refused our data request. Two studies®!?
were conducted using identical methods within the same
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TABLE 1. Description of Studies in Pooled Analyses [All Are Case-Control

Studies {Verkasalo Nested in Cohort}]
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rooms,>® and averaged personal and

house measures?t),

Some studies*$-81022 gypplied more

First Author Location Measurements* Matching FactorsT i
than one type of magnetic field mea-
gogfclillz . E]nglagd I gifea Qgeﬁsex surement. For example, there were
ockerty ew Zealand Direct irth quarter, sex . _
Fajardo-Gutiérrer?  Mexico WC. Age, sex “Ormal or low-power measurements,
Feychting* Sweden Calc; some direct  Birch year, sex, diagnosis year, spot and 24-hour measurements, mean
Pafiﬁg‘ transmission-line and median values, data from the res-
corridor . . .
" Fulron’ Rhode Island WO Birth year idence at diagnosis, anc! data from
Ereetx;z‘ %tario WCt Birth year, sex other residences. There is as yet no
ine tern U.S.  Direct; some WC  Age, race, RDD e fi EXPOSUTE
London’ Los Angeles Direct; WC Age, sex, race; some friend, RDD measnzlre of roagnetic ﬁelld i lfljo }1;
McBride? Canada Direct; WC Age, sex, area that is known to be biologically the
g{]ich%eliss S:rmanl)(f 8irlec: girtg date, sex; zlome by lgcale most relevant. In the absence of such
ser nmar ale irth year, sex, diagnosis date ; .
Savitz*? Denver WC; some direct  Age, sex, RDD knowledge, i WOUId. be best to exam
Tomenius!! Sweden Direct Age, sex, birth district ine a number of different measures.
Tynes'? Norway Cale Birth year, sex, municipality This was indeed done in several stud-
Verkasalo!? Finland Calc Age, sex ies. but it rai tiplici bl
Wertheimer™ Denver WC Birth dare; some by county tes, but it raises mulitiplicity probiems

that are difficult to deal with statisti-

* Cale = magnetic field exposure calculated from configuration and electric load data; direct = ditect.

magnetic field measurements; WC = wire code.
t RDD = randem-digit dialing.

$Only wire code data from published report used here. Green et al?%% aiso chtained magnetic field data.

country and treated as one study.® Fulton et al’ and Tome-
nius'? published analyses that used residence as the analysis
unit, but we used individual-level exposures from their
data. We thus had anonymous records on individual sub-
jects from 15 distinct studies. ' :

cally in even a single study. For a
pooled analysis of the studies here,
there would be more than 100 combi-
nations of measures {although we did -
not have all measures for all of the
studies). '

To avoid multiplicity issues and to keep our task

- manageable, we defined our target measure to be a

child’s time-weighted average exposure up to 3 months
before diagnosis. When we had several measures from a

Table 1 summarizes the studies included here. All are
case-control studies. Verkasalo et al'? initially conducted
and reported a person-time cohort study. They supplied
data from an unpublished case-control study nested
within their cohort, based on all cases observed in the
cohort plus ten controls for each case, and which ob-
tained additional covariate data; the controls were age-
sex matched but otherwise randomly sampled from the
cohort. The two Swedish studiest!
had a small overlap in source popula-
tions and so share a few cases, bur this

stucy, we used a measure that, based on earlier work,?%
seemed likely to provide the best approximation to this
target. In particular, we preferred calculated historical
fields or averages of multiple measurements rather than
spot measurements when there was a choice. Table 2
summarizes the measurements used from each study. We
also conducted analyses of each supplied measure and a

TABLE 2.  Magnetic-Field Measures Used in Primary Analyses

overlap could not be identified from First Author Summary Measure Description*
the avall'able d:—.lta'. Mos_t studles had ‘Coghilt Nighttime (8:00 pm to 8:00 am) recordings in child’s bedroom
geographic restrictions on their source Dockerty??  Arithmetic mean of 24-hour recordings in child's bedroom
populations beyond those shown in Feychting* Averagedolf_ calculations based on distances, phases, and loads of above-
! Lo ground lines
Table 1; somie had restrictions to areas Linet$ Time-weighted househald mean based on rypical child activity patterns and
near or crossed by high-voltage 24-hour child bedroom measurements and spot measurements in kitchen
lines. 41213 and family room; front door measurement when these data were not
4 e available; includes multiple homes covering 70% or more of the reference
: . period (up to 5 vears before diagnosis datgf
PRIMARY MEASURES London” Arithmetic mean of 24-hour recordings in child's bedroom
) ] . McBride®  Time-weighted mean based on 48-hour personal monitoting plus predictions
Twelve studies supplied magnetic field from perimeter measurements :
exposure estimates for some or all indi- Michaelis®  Arithmetic mean of 24-hour recordings in child’s bedroom
viduals. For four Nordic studies. 491213 Qlsen® - Average of calculations based on distances; phases; and loads of 50-400-kV
. . * transmission: lines, cables, and substations within areas calculated as
we used estimates calculated by the potentially having 20.1 1T exposure
original investigators from measured Savitz!? Arithmetic mean of low-power spot measurement in three or more locations
S li d hi (child’s bedroom, parent’s bedroom, other room occupied by child =1
proximity to power lines and histor- : hour/day, front door) ‘ o
: "ica_i' _current-supply.data. For eight stud- Tomenius'!  Maximum uniaxial value outside front door of single-family homes and
Tiae L6~8,10,11,22,23 . : apartnents ' - .
155, . we used estimates based Tynes'? Avetage of caleulations based on distances, phases, and loads of above-
on direct measurements (measured mag- - ground lines =11 kV ,
netic fields at the front door of the res- Verkasalo'* Average of calculations based on distances, typical line configuration; and

loads of overhead 110-400-kV lines

idence,!! measured fields in the child’s
bedroom,>*#® averaged fields in several

* For derails see original reports.
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limited sensitivity analysis of summaries based on revi-
sions of initial choices.

All North American studies® 7 1014222% gbtained wire
code data. Wire codes from two studies™!* were recalcu-
lated from original data on distances to type of distribu-
tion line. Wire codes from one study? were in a umque
three-level form.

OTHER INFORMATION

Studies varied considerably in the covariates available
for conuol and in their compfeteness of exposure and
covariate information. One study!! supplied no covariare
data and so was excluded from covariate-adjusted anal-
yses. Several studies?-%12222 sypplied at least one socio-
economic variable on some or all subjects. One impor-
tant ecologic covariate available for all studies was’
location; studies in North America involved 60-Hz fields

with 110-125-V home supply, whereas all other studies -

involved 50-Hz fields with 220-240-V power. Thus,-all ’
comparisons of 60-Hz vs 50-Hz fields are also compan--
sons of 110-125-V vs 220-240-V systems and ot North
America vs other locations.

There are several discrepancies between the data we :

report and those in some published reports”m“

Some differences arose because we did not impose ex-"
" sott of geographic unit}. Many studies experienced some

clusion criteria used by certain authors. For example, we
included ren Down-syndrome subjects excluded by Linét:
et al® because we could not identify such subjects in other.

studies and_ we could not identify any bias that would 7

justify such an exclusion. Other differences arose. from
postpublication corrections or additions to the study
data by the original investigators and from our usé of
exposure measures and cutpoints different fromi those:

used in the original publications; these differences led 1 ;"
especially large upward changes for the Tomenius™® and: -

McBride et al*? estimates. A few small discrepanciés were -

uniresolved; no such discrepancy appeared capable £

producing more than negligible differences in summ
results.

Coghill et al? and Linet et al® restricted the1r cas
acute lymphoblastic leukemia (ALL). Because :

80% of childhood leukemias are ALL, and becaus_ér not ..

all datasets distinguished leukemia subtypes, we-
ducted no analysis restricted ro ALL. - .

STATISTICAL METHODS

~ Data were analyzed using inverse-variance welghted..‘.
(Woolf), Mantel-Haenszel, and maximum-likelthood

(ML) tabular methods, and using ML logistic regres-
sion.®®*! (Inverse variance methods were included be-’

- cause they are common in meta-analysis.) All P-values

were derived from score statistics or deviance (log like-
lihood-ratio) statistics.™: For magnetic field eXposures,
dose response was examined using category indicators
and splines in logistic models.’™* All results were ad-
justed for study: tabular analyses were always stratified
on study, and all regressions included 1nd1cal:0rs for
study
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All magnetic field measurements were converted into
units of microtesla (uT). Only two studies® had more
than four cases above 0.4 uT; therefore, for categorical
magnetic field analyses, values above 0.3 uT were com-
bined in a single category to ensure cell counts large
enough for all statistical procedures. To avoid the trend
distortions and power loss associated with percentile-
category boundaries,”** we used equally spaced bound-
aries below the 0.3-uT cutpoint. We combined low-
exposure wire codes (UG = underground, VLCC = very
low cuerent code, and OLCC = ordinary low current
code} into a single “LCC” low-current reference cate-
gory for comparison with the two high-exposure wirg
codes (OHCC = ordinary high current, and VHCC =
very high current). Previous results indicate that the
three low-current categories do not correspond to mean-
ingful differences in EMF exposure or childhood leuke-
mia risk.}*-110202435 Byrchermore, in three studies, 3614
the proportions of subjects with a UG or VLCC code
were too small to yield efficient estimates using those
codes as reference category; in another, UG and VLCC
were combined in the supplied data; and in another,’

- low-current codes had been combined in data collection.

Complications arose in accounting for the variety of
matching protocols used. Most studies matched on cer-
tain covariates (typically sex, age or birth date, and some

failures to match, leading to fewer subjects available for
. matched analyses than unmatched analyses. Several

considerations led us ro focus on unmatched analyses

with analytic control for matched covariates, First, this
choice provided the most subjects for analysis. Second,

this choice avoided further efficiency loss due to the type

of analysis overmatching documented by Brookmeyer et
al.% Third, this choice also helped avoid small-sample

* bias away from the null due to sparse matched-set counts

in study-specific analyses”’; although we would expect
the unmatched analyses to suffer some small bias toward
the null, we thought this possibilicy preferable to a
potentially large bias away from the null due to sparse
data. Fourth, resuls from matched analyses were less

" stable but exhibited the same patterns seen in the un-

matched analyses.

- Results for Magnetic Fields

CATEGORICAL ANALYSES

Table 3 displays the distribution of magnetic field mea-
surements among the studies supplying such: measure-
ments. There are extensive differences among the stud-

ies, ranging from Olsen et al’ (which has only 0.5% of -
cases and controls above 0.1 uT) to Linet et alf (which -
has more than one-third of measured subjects above 0.1 -
£T). Values above 0.3 pT are relatively infrequent in all.

studies. The differences appear associated chiefly with
location rather than with measurement method (direct
vs calculated). Distributions in North American studies

~ tend to be much higher than those in European studies,

probably reflecting differences in power systems (for
example, more overhead wires and lower household

of
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TABLE 3. Study-Specific Distributions of Magnetic-Field Data

Magmetic-Field Category (uT)

First Author =01 >0.1-=0.2 >0.2-=0.3 >03-=04 >0.4-=0.5 >{(.5 Total Nao Measure*
Cases
Coghill? 48 5 A 0 1 0 56 ¢
Dockerty? 72 9 3 1 1 1 87 34
Feychting* 30 I 1 2 0 4 38 0
Linet® 403 152 41 20 13 9 638 46
London’ 110 30 5 9 4 4 162 68
McBride?? - 174 17 32 it ! 2 297 102
Michaelis® 150 17 3 3 3 0 176 0
Olsen® 829 1 0 0 0 3 833 0
Saviz!® 24 7 2 3 0] 0 36 62
Tomenius!! 129 i6 5 0 0 3 153 0
Tynest? 146 2 ¢ 0 0 Y 148 0
Verkasalo'* 30 1 0 Q 1 o 3z 3
Controls
Coghill* 47 9 0 0 0 0 56 0
Dockerty® 68 13 1 t 0 0 82 39
Feychting? 488 26 18 10 2 10 554 0
Linet® 407 144 41 17 5 6 620 69
- London’ 99 28 6 1 2 6 143 89
McBride?? 194 96 28 5 3 3 329 10
Michaelis® 372 29 7 4 0 z 414 0
QOlsen? 1,658 3 2 z 0 1 1,666 4]
Savitz!? 155 28 10 3 2 ¢ 198 67
Tomenius'! 546 19 24 4 2 3 698 21
Tynes*? L9l 25 7 5 4 22 2,004 0
Verkasato!? 300 9 6 4 0 1 30 30

* No measure for a residence at or before time of diagnosis (cases) or corresponding index date (for controls).

al'? imposed a 500-meter limit and Tomenius'! restricted
subjects to census wards with transmission lines).
Table 4 displays odds ratio estimates computed di-
rectly from the raw counts underlying Table 3 and sum-
mary estimates assuming common odds ratios for each
analysis category. The study-specific and summary esti-

- voltage in North America), per capita electricity con-
sumption,*® and grounding practices. The higher distri-
bution in Feychting and Ahlbom* compared. with the
other Nordic studies reflects the fact that the source
population was restricted to children dwelling within
300 meters of high-voltage lines* (although Verkasalo et

TABLE 4. Stﬁdy-Specif_ic Odds Ratio Estimates and Study-Adjusted Summary Estimates, Magnetic Field Data (Reference
Category, =0.1 uT) :

Magnetic Field Category (uT)

) >0.1-=0.2 >0.2-=0.3 >0.3
" First Author Estimate 95% CL Estimate 95% CL - Estimare 95% CL
Caghill? 0.54 0.17, 1.74 No controls : No controls
Dockerty® : 0.65 0.26, 1.63 1. 029,279 No controls
Feychtingt 0.63 0.08, 4.77 0.90 0.12,7.00 444 1.67, 11.7
" Linet® 1.07 0.82,1.39 1.01 0.64, 1.59 1.51 0.92, 2.49
London? 0.96 0.54, 1.73 0.75 0.22,2.33 1.53 0.67, 3.50
McBride? 0.89 0.62,1.29 1.27 0.74, 2.20 1.42 0.63,3.21
Michaelis® 1.45 0.78,2.72 1.06 0.27,4.16 248 0.79, 7.81
Olsen?® 0.67 0.07, 6.42 -No cases 2.00 0.40, 9.93
Savig!® T 161 0.64,4.11 1.29 0.27,6.26 3.87 0.87,17.3
Tomenius'! 057 - 0.33,0.99 0.88 0 0.33,2.36 1.41 0.38,5.29
Tynes'? 1.06 0.25,4.53 No cases Nocases
Verkasalo¥ 1.11 0.14,9.07 No cases 2.00 0.23,17.7
Study-adjusted summaries* ]
‘colf 0.96 . 0.81, .14 1.08 0.80, 1.45 1.83 1.34,2.49
MH ©095 7 0.80,1.12 1.06 0.79, 1.42 1.69 1.25,2.29
- Study + age + sex adjustedt T . : ’
MH : 1.01 0.84,1.21 1.06 0.78, 1.44 1.68 1.23,2.31
Splinef - L0O 0.81,1.22 1.13 092, 1.39 1.6% .15, 2.36

95% CL = 95% confidence limits.

* MH = Mantel-Haenszel; maximum-likelthood summaries differed by less than 1% from

3-degree-of-freedom. (df} MH categorical P = 0.01; L df Mantel oend P = 0.06 (from continuous data). ]
viate data); based on 2,484 cases and 6,335 conwols with age and sex data; 3-df MH categorical P = 0.01; 1 df Mantel wrend P =

T Excludes Tomenius et al' {no cova
0.04 {from continuocus data).

these summaries; based on 2,556 cases and 7,084 conerols. Summary tests:

1 Escimares comparing odds ar category means {0.14, 0.25, and 0.58 vs 0.02 1T} from a quadraric logistic spline with one knot ag 0.2 pT, plus age and sex terms.
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mates tend to show little or no association of fields
below 0.3 uT with leukemia, but all studies with cases
and controls in the >0.3 uT category exhibit positive
assaciations for that caregory. The differences across
studies were within chance variation (deviance P = 0.42

 using exposure categories in Table 4), as were differences
between studies with different measures [ML odds ratios
for >0.3 uT = 1.70 from studies with calculated fields
and 1.68 from studies with direct measurement;- 95%
confidence limits {(95% CL) for ratio of odds’ratios =
0.46, 2.22] or different field frequencies (ML odds ratios
for >0.3 uT = 1.97 from studies with 50-Hz fields and
1.58 from studies with 60-Hz fields; 95% CL for ratio of
odds rarios = 0.66, 2.36).

The Tomenius data'! included no covariate md 50
were excluded from covariate-adjusted arialyses. The
penultimate line of Table 4 shows the age-sex-study-
adjusted Mantel-Haenszel estimates. The exclusions and
adjustments had negligible effect, and odds ratio differ-
ences across age and sex caregories (not shown) were
within chance variation. Table 5 summarizes cat
analyses upon restriction to subjects with i
data. Neither restriction nor adjustment-for a
covariates changed the qualitative result that
litele or no association evident below 0.2 T b
positive association was evident above 0.3 }.LT

TREND ANALYSIS
The final line of Table 4 displays estimated- odd,s ratios
from a logistic model fit to individual-level -magnetic
field data .using a quadratic spline for field along with
age, squared age, and sex terms. The spline has ‘a'single
knot at 0.2 uT (the middle category boundary) and so
has one linear and two quadraric magnetic figld: terms;
the model thus uses 3 degrees of freedom for field; the
same number of degrees of freedom as”in 4:}153 four-
category analysis. The spline estimate under £ach cate-
gory is the leukemia odds ratio comparing ¢
measure in that category with the mean field

smooth dose-response relation between fle ;
leukemia. Nonetheless, the spline results are’sii
the categorical results: there appears to be"httl
association below 0.2 ,u,T but some assogia
ing high with low exposures; furthermore,-diffecences
among covariate-specific curves (not shown) were
within chance variation.

- Figure 1 displays a graph of the “floated” case»c‘cmtroi
: ratios"-’ fit by the spline model, along with pointwise
confidence limits. This figure is a plot of the fitted odds
of being a case vs being a control in our studies. Assum-
ing these odds are proportional to the underlying child-
hood leukemia rates, this plot is an estimate of the shape
of the curve relating leukemia rates to magnetic fields
under the spline model.’ The vertical axis corresponds
to geometric mean case-control ratios rather than to
odds ratios, but ratios of different points on the curve
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equal the madel-firted odds ratios”; for example, the
ratio of the curve heights at 0.58 and 0.02 uT (the
means of the->0.3 and =0.1 uT categories) is 1.65,
equal to the final odds tatio in Table 4. We caution
against focusing on the central curve, however, because

“the datra are compatible with a wide range of trends,

including nonmonotonic, linear, and exponentially in-
creasing shapes. For example, the strictly increasing
trend above 0.1 uT is not a statistically stable feature, in
that curves that plateau or even decline above 0.6 uT
also fit the dara well.

INFLUENCE ANE SENSITIVITY ANALYSES !
As with covariate adjustment, neither single-study dele-
tions nor, alternative choices for the exposure measure
altered results qualitatively, nor did deletion of large
field values {for example, the five subjects above 2.0 uT,
all controls from Tynes and Haldorsen!?). Although the
highest-category estimates and the fitted curve varied
considerably with category-boundary and model choices,
these choices also did not alrer the basic qualitative
results.

Use of alternatives among the supplied exposure mea-
sures produced only small differences in the summaries;
we did not have all measures from all studies, however.

‘Missing data varied with choice of measure, and this

variation sometimes had more influence on estimates
than the choice of measure. Two studiest!? supplied
calculated yearly exposure of children; we used these
data to construct alternative-exposure measures that
might arguably approximate more closely our target than
the measures used in the original reports and in our
analysis above. Use of these alternatives had little effect
on_the study-specific odds rarios below 0.3 pT but raised
the >0.3-v5-=0.1 odds ratio to 5.9 (95% CL = 2.0, 17)
for Feychting and Ahlbom* and to 10 (95% CL = 14,
74) for Vetkasalo et al.3 Some of this increase may only
be increased small-sample bias®” due to reduction in
numbers above 0.3 uT. In any event, use of these alter-
natives changed the summaries by only a few percent.
The calculated-field measures from the Nordic studies
were based on high-voltage lines and did not include,
contributions from sources such as in-home wiring and
appliances. #1413 The effect of the latter omissions is not
straightforward to assess, because fields are vector addi-
tive and so may even destructively interfere with one
another, depending on the relative orientation and
phase of the contributions from different sources. One
study* supplied spot measurements as well as calculated

fields on 24 of 38 cases and 344 of 554 controls. These

dual measurements permitted instrumental-variable cor-

rections® for estimates from the calculated fields in the

‘Nordic studies. Because these corrections involve strict

assumpt[ons and require extensive technical descrip-
tion,¥ they were not used in Tables 3 and 3, and we omit

", details. The main result was that odds ratio estimates

from the Nordic studies**12* were corrected toward the
null. Nonetheless, because these studies contributed so
few cases at the hzgher exposure levels, the corrections_

- hadonly a smalf effect on the overall summary estimates. ™

(RIS
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TABLE 5. Study-Specific Odds Ratio Estimates and Study-Adjusted Summary Maguetic Field Estimates from Data Re-
stricted to the 2,078 Cases and 5,516 Controls with Complete Covariate Data, without and with Covariate Adjustment*

{Reference Category, =0.1 uT)

Magnetic Field Category (1T)

>0 1-=0.2 >0.2-=0.3 >0.3
Fist Author Estimate 95% CL Estimate 95% CL Estimate 95% CL
Restricted, no covariate adjustment
Coghill? 0. 0.06, 1.52 No controls Ne controls
Dockerty?? 0.65 024, 1.78 3.0% 0.31, 301 No controls
Feychting! 0.63 008, 4.77 Q.90 0.12, 7.00 4.44 167,11.7
Linet® 1.06 0381, 140 Q.99 0.63, 1.58 1.70 101, 2.87
London? 1.08 0.58, .01 .07 0.28, 4.12 1.82 0.75,4.43
McBride? 0.88 061, 1.28 1.30 0.73, 2.25. 1.45 0.04, 3.27
Michaelis® 1.45 0.78,2.72 1.06 0.27.4.16 2.48 0.79,1.81
Olsen’ 1.03 0.09, 11.4 No cases 4.13 0.37,45.7
Savirz!? 1.68 0.6, 4.30 1.30 ' 0.27.6.29 3.89 0.87,174
Tynes" 111 0.26,4.74 No cases Nao cases
Verkasalo® 1.13 0.14,9.25 No cases 104 0.23,18.0
MH* 1.02 0.85,1.23 1.10 0.81,1.51 1.87 1.35, 2.60
Restricted and covariate adjusted
Coghiil? 0.28 0.06, 1.44 No controls Nao controls
Daockerty? 0.66 0.24,1.81 1.83 0.29,21.9 Ne controls
Feychting? 060 0.08, 4.54 C.80 0.10,6.22 4.57 1.72,12.1
Linet® 107 0.81, 142. .96 - 061, 152 1.67 0.99,2.82
London’ 102 0.55, 1.89 0.98 0.25,3.75 1.82 0.75,4.44
McBride? 0.85 0.99, 1.23 1.24 0.72,2.14 1.40 - 062,3.18
Michaelis? 1.24 0.66, 2.33 0.93 0.24,3.64 202 0.64,6.37
Olsen’ 1.03 0.09,11.4 No cases 3.74 0.34,41.4
Savitz!? 1.78 0.70, 4.57 1.27 0.26, 6.17 4.08 0.91,18.2
Tynes'? 1.12 0.26, 4.78 No cases No cases
Verkasalo® 1.13 0.14,9.25 No cases 209 0.23,18.1
* 1.01 0.82, 1.25 0.94 0.65, 1.37 206 1.40,3.01

95% CL = 95% confidence limits; MH = Mantel-Haenszel.

* Excludes Tomenius et ai'! {no covariate data). Covariate adjustment is for age and sex, plus social and economic variables in nine studies. $6-912132223 Covariate-

adjusted summary: 3-degrees-of-freedom Mantel-Haenszel caregorical P = 0.0L

The dip in the curve in Figure I below 0.1 uT is
mostly attributable to the Danish data,’ in which expo-
sures below 0.1 T were effectively set to O when cal-
culating averages, and which contributed about one-
quarter of the subjects in the =0.1 uT category. When
this study was deleted, the dip disappeared, but the curve
-remained mildly sigmoidal.

INONCONTRIBUTING STUDIES
Myers et al'® reported only one case and two controls for
“non-solid tumors™ above 0.1 wT; exclusion of this study
could not-have influenced our results 1o an important
* degree. Most of the data from the much larger study by
.Green et al** were neither presented in categories that
could be combined directly with our categories nor bro-
ken into analysis categories above 0.15 uT; the esti-
mates in this study varied considerably with the measure
and adjustment used, but all had wide confidence inter-
" vals and were statistically compatible with our results.
Crude data from a personal-monitoring substudy by

- Green et al*’ produced odds ratios of 1.20 (95% CL = .

0.59, 2.41}, 1.76 (95% CL = 0.82, 3.80}, and 0.71 (95%
- CL = 0.18, 2.88) comparing 0.1-0.2, 0.2-0.3, and >0.3
T with =0.1 T, reflecting the small numbers in this
substudy. The UK. Childhood Cancer Study group?®

“reported  birthdate-sex-sociceconomic  status-adjusted

. odds ratios for total leukemia of 0.78 {95% CL = 0.55,
_ 1.12), 0.78 (95% CL = 0.40, 1.52}, and 1.68 (95%

Cl. = 0.40, 7.10) comparing categories of 0.1-0.2, 0.2—
0.4, and >0.4 uT with =0.1 uT; our pooled data yielded
age-sex-study-adjusted ML estimates of 1.01 (95% Cl. =

floated case-control ratio

Lol rah PRI ol

]

D45 055 065 075 D085 095

magnetic fizld [microteslas)

005 015 025 035

FIGURE 1. Floated case-control ratios?® from 3-degree-of-
freedom quadratic-logistic spline model fit to pooled magnetic
field data, with adjustment for study, age, and sex. Inner
dotted lines are pointwise 80% confidence limits; outer dot-
ted lines are pointwise 99% confidence limits.
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TABLE 6. Distribution of Residential Magnetic Field
Measurements in Electric Power Research Institute Survey
of U.S. Homes? (N = 987) (Categories Exclude Lower
Boundary} :

No. of Homes

Category (pT) in Category %
=0.05 437 44.1
0.05-0.1 27 28.1
0.1-02 173 173
(.2-03 55 5.6
0.3-04 20 20
04-0.5 ] 0.8
0.5-0.6 7 0.7
0.6-0.75 6 0.6
over 0.7% 4 0.4

Median = 0.06 xT, mean = 0.0% p.T, and maximum = 1.01 pT.

0.84,1.21), 1.25 (95% CL = 0.96, 1.61), and 1.60 (95%
CL = 1.03, 2.48) using the same categories.

ATTRIBUTABLE-FRACTION ANALYSIS

We estimated the excess fraction of U.S. childhood -
jeukemia incidence that would be attributable to mag-
netic field exposures above 0.05 ¢ T, under the assump-
tion that the dose-response estimate in Figure 1 repre-
sents the causal effects of fields. To estimate the us. -
population distribution of field exposure, we used data
from a utility-based cluster-sampled survey conducted by
the Electric Power Research Institute (EPRI).1 The data
we obtained (Table 6) comprised spot field measure-
ments averaged across rooms within each of 987 homes

~ sampled from residences served by 301 EPRI utilities,

which together served about 67% of U.S. homes.*!
When these data were combined with the spline func-
tion in Figure 1 using a model-based attributable-frac-
tion formula,# we obtained a popula-
tion attributable-fraction estimate of
3% for the effect of magnetic fields
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ResuLTs FOR WIRE CODES

Table 7 displays the distribution of wire codes among the
studies supplying such codes, as well as data from Table
V of Green et al.2* As with fields, there are extensive
differences among the studies, ranging within the U.S.
from 15% with OHCC or VHCC codes in Linet et al® to
nearly 50% with those codes in London et al.” These
differences reflect well-documented differences in pow-
er-grid architecture withiny the United States.4*

Table 8 displays odds ratio estimates computed di-
rectly from the raw counts underlying Table 7, and the
cotresponding covariate-adjusted estimates. Summary
estimates are omitred because of the extensive unex-
plained heterogeneity among the study-specific results;
for example, the VHCC odds ratios are less than 1 in
three studies and more than 2 in three others (homoge-
neity P = 0.005). We found no covariate that accounted
for the large variation in results, but deletion of Wer-
theimer and Leeper!* increased the homogeneity P-value
to 0.11; no other single-study deletion increased the
homogeneity P-value above 0.04. Eliminating Werthei-
mer and Leeper and Fulton et alf (the two earliest
studies) yielded summary ML odds ratios of 1.02 (95%
CL = 0.87, 1.22) for OHCC and 1.50 (95% CL =117,
1.92) for VHCC based on 1,457 cases and 1,962 controls
from six studies’67102224 (deviance P = 0.005 for wire
code; homogeneity P = 0.15).

As with fields, confounder adjustment had little effect
on the wire code results beyond reducing the number of
subjects, tesulting in less stable estimates and more pro-

nounced heterogeneity. For example, adjustment
t al¥-estimate of the VHCC odds

TABLE 7. Study-Specific Distributions of Wire-Code Data

greater than 0.05 T {95% CL =

- —2%, 8%). The estimate is nearly the

same if one uses any reference level up

Wire Code

: Ne
QHCC VHCC Measure

to 0.15 tiT (rather than 0.05 uT), Firet Author vicer O

reflecting the fact that 90% of sur- Cases L :

veyed homes ate in the 0-0.2 uT : gﬂ{";i?ﬁ““emz 7 A g% ?% 8

range, in which the ficted ratios ex- Green™§ 82 41 6 6 46

hibit little variation. The wide confi- E“e; , 180 ‘ 1%2 9% ig 2??

dence interval reflects the uncertainty MeBride® 12‘{ 77 353 30 48

about the distribution of exposure, as Savitr?® 32 38 2 1 0

‘well as the considerable uncertainty CX;&E"“““H 4 86 53 13 1

“about dose response. We further cau- Fajardo-sziéne? 20t L 102 65 0
" tion' that our estimate refers only to - Fulwn; g 126 .65 26 0
" effects of ambient residential fields and E‘,f:g Ve %;% '. 1?’11 ' gg 5‘7‘ 2%*

excludes effects of unmeasured per- lMoné:luS’i_ 31 87 Sg %g %g

i i ride*
z.'i-:rzief:ld sources such as electric %; <l ) {(5); 1(75 1946 : 0
i ertheimer!*, 17 107 26 6 .1

We did not have survey data for
Europe, but given the low Northem
European exposures seen in Table 3,
we would expect a comespondingly
lower attributable-fraction estimate for
Northern Europe. R

VLCC = very low current eode; OLCC = ordinary low cutrent code; OHCC = ordinary high cument
éode; VHCC = very high current code. )
+VLOC includes underground (UG). . .
1 Low-current categories not distinguished; transkated as “baja™ = LCC {low cucrent code), “mediana” =
QHCC, “aia” = VHCC. . B

. 1 Subjects in Linet et al® had to meet a “residential stability” critetion to be wire coded.
§ Taken from Table V of Green et.al?, - : : Co

8(99% CL= Co
he delerionof =~ 7 1
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TABLE 8. Study-Specific Odds Ratic Estimates and Study-Adjusted Sum-
mary Estimates without and with Restriction and Covariate Adjustment, Wire-
Code Data [Reference Category: LCC (OLCC + VLCC + UG)]

o ———
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fraction of all subjects and because fields
and codes are strongly associated (mean

fiefds of 0.09 for LCC, 0.13 for OHCC,

and 0.19 for VHCC), the results are

Wi
ire Code even more unstable. Nonetheless, the
QHCC VHCC associations seen with fields and codes
First Author Estimate  95% CL Estimate 95% CL entered into the same model were simi-
Wichoue restriction or adjustment lar to the associations seen with sgparate
Fajardo-Gutiérrez 1.39 065, 2.95 1.94 0.90, 4.19 models for the measures.
Fulton’ 0.92 055, 1.52 0.70 0.32, 152
gree?“* 0.82 0.50, 1.36 O.gS 0.33,2.35
inet! 0.97 0.69, [.34 0.91 0.52, 1.61 : :
London’ 1.63 1.05, 2.53 222 1.26, 3.91 D‘SC“SS}"“ o
McBride? 0.81 057, .14 1.73 1.00, 2.99 For brevity and on scientific grounds,
\S)g;’r'g::imer,, ég? ?g%gg %gg ?gé gfg we restricted this report to analyses
Wich restriction and adjustmentt ' T specified as a priori relevant to the
Fajardo-Gutiérrer’ L4 0.66, 2.99 2.05 0.95,4.43 main study question: Are magnetic
&lrll?t? ggg 8;8 }2{ 8;; 8%% {gé fields or wire codes consistently asso-
London? 1.46 091, 2.35 215 121, 4.20 ciated with childhood leukemia? Our
g’li?[rigeu ?;g 8;? éé; ;gg ?gg %lﬁg prior restrictions were meant to avoid
Wertheimer 2.84 16548 310 1.14, 8.47 analyses that “capitalize on chance”

(small numbers and unstable esti-

OLCC = ordinary low current code; VECC = very low current code; UG = underground {LCC combines
these three categories); OHOC = ordinary high current code; VHCC = very high current code,

* Computed from Table V of Green et al 2*

T Excludes Green et al'* {which was not in our database); restricred to subjects with covariate dagg;
covartate adjustment is for age and sex, plus social or economic variables in four studies. 72

15 cases and 23 controls without covariate data. Ad-
justed results in our three-level format could not be
computed from Green et al,* but their own adjustment
produced little change in their estimartes. 24Tz V Fajardo-
Guriérrez supplied additional data on wiring configura-
tions that allowed one of us (W. T. K.) to construct an
alternative approximation to the Wertheimer-Leeper
wire code in this study.’ This alternative coding pro-
duced OHCC and VHCC (vs LCC) odds ratios of 1.5

(95% CL = 0.80, 2.9) and 1.2 (95% CL == 0.80, 1.9),

which appear less consistent with other studies than the
odds ratios from the original coding (Table 8).

Four studies®?*92? recorded both magnetic fields and
wire codes, allowing us to examine these exposures to-
gether (Table 9). Because these analyses involve only a

mates) either to reinforce or refute a
particular  hypothesis. Such restric-
tions are especially important in dose-
response analyses of magnetic fields
because of suggestions that the entire
topic of EMF research is a product of
unconstrained dara dredging.*

Purely categorical dose-response analyses {that is,
those conducted without regard to ordering, spacing, or
smoothness constraints) can almost always be made to
yield nonmonotone patterns by using categories small
enough so that category-specific estimates become un-
stable. To avoid such problems, we supplemented our
initial categorical analyses with smooth regression anal-
yses (splines) rather than with smaller categories, We '
believe that dose-response modeling is important in the
present context because, even upon pooling, there are
still too few data to reject any plausible dose-response
shape, especially above 0.2 uT. In particular, the data
appear to be statistically consistent with anything from

‘TABLE 9. . Summary Odds Ratio Estimates Based on 850 Cases and 1,004 Controls from Four Studies with Both Magnetic

Field Measurements and Wire Codes®"1%22 (Reference Categories: <0.1 pT and LCC)

Estimates from Logistic Regression* with

Magnetic Field Alone Wite Code Alone Field and Wite Code
Estimate 95% CL Estitnate 95% CL " Estimate 95% CL
Field (u T}
0102 1.08 (.86, 1.35 1.02 0.81,1.29
0.2-0.3 110 0.76, 1.60 1.01 (.69, 1.48
>03 - 1.52 - 099,233 1.38 T 0.89,2.13
P valuet 0.27 0.55
Wire code ‘
QHCC 1.15 (.92, 1.44 1.13 0.90, 1.42
VHCC 1.65 1.15,2.35 1.58 1.18,2.28
P valuet 0.02 0.04 :

LCC = low cufrent code; OHCC = ordinary high current code; VHCC = very high current code.
* Includes study indicators. : C
T From deviance tests of all categoeies.
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curves that are nealy flat to curves that rise and then fall
at high exposures to curves that rise faster than expo-
nentially.

We had planned to use available information to im-
pute magnetic field values for subjects having only wire
codes, on the basis of informarion relating codes to field
measurements.'®¥ Nonetheless, because of the hetero-
geneity among wire code results and doubts about the
accuracy of the imputation, we decided to forego those
analyses.

One interesting result from our analysis is resolution
of an apparent “wire code paradox.” It has been re-
marked that wire codes show more consistent associa-

" tions with childhood cancers across studies than do

magnetic fields. The paradoxical element arose in part
from the presumption that wire codes were a proxy for
fields and thus should show less consistent associations if
fields have an effect. An examination of our tables
suggests that, after allowing for statistical variability,
wire codes in fact show less consistent associations with
childhood leukemia than do magnetic fields. Nonethe-
less, adjustment for measured fields does not reduce the

association of wire codes with childhood leukemia {Ta-

ble 9). Perhaps only fields are biologically relevant, but
errors in the field measures are so large that wire codes
pick up much of the field effect; another possibility is
that both measures only reflect effects of some biologi-
cally relevant exposure that is missing from our data.
One can of course raise many criticisms of the indi-
vidual studies, which would increase the already large
uncertainty in our results. For example, confounding
effects of socioeconomic status, residential mobility, res-
idence type, viral contacts, and traffic density have been
raised as possible explanations for the observed associa-
tions. ¥-5! These confounding hypotheses are themselves
problematic. First, a confounding explanation requires
the confounder to have an effect considerably larger
than the observed association, as well as a strong asso-
ciation with exposure < ! These attributes have not
yet been demonstrated for the hypothesized confounders
across the different populations that display positive
associations. Adjustment for recorded socioeconomic
and housing factors produced only small changes in the
field-leukemia association, but our data on such factors

-are incomplete and we have only limited data on other

potential confounders. Some results suggest that traffic-
density effects may be large enough to partly explain the
associations seen here. -4 We thus recommend that

future studies obtain data on traffic density and ambient.

pollution levels, as well as derails of socioeconomic
status and residence history. '

_ Biases due to measurement errors are undoubtedly
present in and vary across all of the studies, but their
assessment is not wholly straightforward. One problem is
that there is no agreed-upon definition of the target
exposure, although it is often thought of as some sort of
average or cumulative exposure during some biologically
relevant time before leukemia diagnosis. Only under
fairly restrictive conditions*®? can one be certain that
the net bias due to such error will be toward the null.
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Unfortunately, there is little or no evidence to establish
such detailed attribures of the errots, and there is no
basis for assuming such attributes are the same across
studies and measures. For example, although some U.S.
studies have found clear associations between fields mea-
sured at the front door, average magnetic fields in the
horne, and personal exposure to children’* and another
U.S. study found some repeatabifity of spot measures
over extended time periods,** these associations are not
Jarge enough to ensure that the measures would tend to
exhibit similar associations with childhood leukemia.
Furthermore, the associations are imperfect enough to
indicate that probably alt of the measuses suffer consid-
erable error as proxies for any biologically relevant ex-
posure measure (if one exists). One study suggested that
electric rather than magnetic fields may be the relevant
exposure. Other studies conflict with this suggestion,
however, insofar as the electric-field associations with

childhood leukemia reported in those studies tended to

be null or smaller than the reported magnetic-field as-
sociations.”1%%23

Selection biases may be present in the studies, but for
most there is little evidence that would establish their
magnitude or even their direction with any certainty.
Some studies reported low response rates (for example,
field measurements were obtained on only half the iden-
tified potential controls in McBride et al”?), and accurate
response rates cannot be determined for all studies.
Whether such problems have led to serious bias remains
a matter of speculation; the limited evidence from U.S.
studies appears conflicting (for example, contrast Savitz
et al®r35 with Hatch et af’ and Savitz and Kaune® ).

Given the preceding considerations, it seems reason-
able to suppose that measurement and validity differ-
ences are responsible for some of the variation in study-
specific results. Those considerations also raise a serious

criticism of our, analysis, in that we pooled different .-

magnetic field measures without demonstrating that all
of the measures are comparable or combinable. Indeed,
it is highly implausible that the measures we used (or any
other choices among available measures) reflect com-
mon underlying exposure and ertor distributions. Fur-
thermore, our criteria for choosing measures when we
had a choice are not compelling (for example, minimize
missing data), and one could reasonably argue in favor of
other choices™ (although not without dispute®®). We
expected that measure heterogeneity would lead to extra
variation among the study-specific results, so we are all
the more surprised that the observed variation was lim-
ited. We caution, however, that other choices could lead
to very different degrees of variation; our results may not
even be typical of what would be seen upon trying all
defensible choices: (although exploring the full range of
choices would not indicate which choice is most valid).
These problems should further expand the considerable

.uncertainty apparent in our resulis.

Another meta-analytic issue is that of publication
bias. Because of the publicity surrounding the topic, we
speculate that the data in small unpublished studies (if
any exist) would have little influence on the results, and
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thar all large studies of this topic get published. Unfor-
tunately, there are as yet too few published studies of
fields or wire codes and childhood leukemia to support a
reliable analysis of this bias,*®% and current methods for
analyzing the bias are not well suited for relations that
require several degrees of freedom to summarize.

Our attributable-fraction estimate is subject to further
criticism through its dependence on the EPRI survey.t!
The survey measurements ate of residential fields and
therefore exclude sources such as school exposutes and
electric blankets; this exclusion error probably increases
with age, especially upon school entry. Furthermore,
selection bias could have been introduced because the
survey homes were not limited to homes with children.
Nonetheless, we think our estimate shows that any pop-
ulation effect of fields is probably much too small to
detect via ecologic or time-trend studies; large ecologic
variation or trends in levkemia rates would more likely
be due to ecologic or temporal confounding than to real
EMF effects. '

In light of the above problems, the inconclusiveness
of our results seems inescapable; resolution will have to
await considerably more data on high electric and mag-
netic-field exposures, childhood leukemia, and possible
bias sources. It also appears to us that, if an effect exists
below 0.2 T, it is probably too small to reach consensus
about it via epidemiologic investigation alone. In con-

trast, both our categorical and trend analyses indicate

that there is some association comparing fields above 0.3
iT to lower exposures, although there are as yer insuf-
ficient data to provide more than a vague sense of its
form and its possible sources. We believe individual-
level studies that focus on highly exposed populations
would be needed to clarify this association. Such popu-
lations might be found in densely settled areas of some
_industrialized countries, such as Japan.® Even in these
countries, efficiency might be improved by restricting
the source population to locales containing transmission
lines, as was done in some Scandinavian studies.
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Abstract

A 900 base pair segment of the c-myc promoter, containing eight nCTCTn sequences, is required for the

induction of c-myc expression by electromagnetic (EM) fields. Similarly, a 70bp region of the H5P70 promoter,
containing three nCTCTn sequences, is required for the induction of HSP70 expression by EM fields. Removal of the 900
base pair segment of the c-myc promoter eliminates the ability of EM fields to induce c-myc expression. Similarly,
removal of the 70 bp region of the HSP70 promoter, with its three nCTCTn sequences, eliminates the response to EM
fields. The nCTCTn sequences apparently act as electromagnetic field response elements (EMRE). To test if introducing
EMREs imparts the ability to respond to applied EM fields, the 900 bp segment of the c-myc promoter (containing eight
EMREs) was placed upstream of CAT or luciferase reporter constructs that were otherwise unresponsive to EM fields.

EMREs-reporter constructs were transfected into Hel.a ce

lis and exposed to 8 uT 60 Hz fields. Protein extracts from EM

field-exposed transfectants had significant increases in activity of both CAT and luciferase, compared with identical
transfectants that were sham-exposed. Transfectants with CAT or luciferase constructs locking EMREs remained
unresponsive to EM fields, i.e., there was no increase in either CAT or luciferase activity. These data support the idea that
EMREs can be used as switches to regulate exogenously introduced genes in gene therapy. J. Cell. Biochem. 81:143-

148, 2001. @ 2001 Wiley-Liss, inc.

Key words: electromagnetic field response elements; gene therapy

Low frequency electromagnetic (EM) fields
induce increased expression of the stress res-
ponse gene HSP70 [Lin et al., 1997, Goodman
and Blank, 1998]. There are several parallels in
the biochemical pathways induced by EM fields
and heat shock, but there are striking differ-
ences as well. Both pathways involve the bind-
ing of heat shock factor 1 (HSF1) to a heat shock
element (FISE), but regulation of HSP70 gene
expression by EM fields requires three nCTCTn
binding sites in the HSP70 promoter that lie
between —230 and —160, upstream from the
transcription initiation site. These three
nCTCTn sequences appear to act as electro-
magnetic field response elements (EMREs),
since the ability of an EM field to induce stress

Abbreviations used: CAT, chloramphenicol transferase;
EM, electromagnetic; Hz, hertz (cycles/s) EMRE, electro-
magnetic field response element.
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proteins gradually disappears as the EMREs
are mutated one by one [Lin et al., 1998a, 1999].
Removal of EMREs by mutation does not affect
the response to heat shock, since the heat shock
domain is downstream from the EM field do-
main in the HSP70 promoter (between —106
and —67) [Lin et al., 1997, 1998b, 1999).

We previously showed that a 900 bp region in
the c-myc promoter (—1257 to —353) was res-
ponsive to EM fields [Lin et al., 1994]. Recent
reanalysis of this 900 bp region revealed eight
nCTCTn sequences within this DNA fragment.
These eight EMREs in the c-myc promoter
could account for the EM field sensitivity of the
c-myc gene, and the resultant increased c-myc
transcript levels in cells exposed to EM fields
[Jin et al., 1997].

To determine whether EMREs can serve as
switches to regulate exogenously intreduced
genes, the 900 bp fragment of the c-myc promo-
ter was placed upstream of CAT or Iuciferase
reporter constructs that were otherwise unres-
ponsive to EM fields. EMRE-reporter cons-
tructs were transfected into HeLa cells and

This article published onfine in Wiley InterScience, December XX, 2000.
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transfectants exposed to EM fields. Protein
extracted from EM field-exposed transfectants
showed increased CAT and luciferase activ-
ities, whereas no increase in CAT or luciferase
was measureable in the controls. Three kinds of
controls were used: transfectants that were
sham-exposed; transfectants lacking EMREs;
and non-specific protein. These data support
the theory that EMREs can be inserted into the
promoters of exogencusly introduced genes to
serve as switches that respond to EM fields.
This would provide a new and powerful non-
invasive technique for regulating gene expres-
sion during gene therapy.

MATERIALS AND METHODS

Cell culture and transfections. As pre-
viously described, HeLa cells were used for
transient transfections and the lipofectin
method (Gibeo/BRL, Cat. No. 18292-011) was
used for transfection as described {Lin et al,,
1997, 1998a,bl.

900bp segment from the c-myc promo-
ter. The 900bp region of the c-myc promoter
containing eight copies of nCTCTn extends
from -353 (Pvull site) to —1257 (Clal site).

pAH-11-CAT HSP70 deletion con-
struet. (This plasmid was kindly provided by
Dr. R. Kingston, Department of Genetics,
Harvard University). A diagrammatic repre-
sentation of this construct is presented by Lin
et al. [1999]. This construct contains the first
111 base pairs upstream from the transcription
initiation site and includes the heat shock
domain (—106 to —67). There are no nCTCTn
binding sites in this construct and it is
unresponsive to EM fields [Lin et al., 1999].

Construction of EMRE-CAT expression
vector, Plasmid pA11-CAT was digested with
Hind111 and Poull, harvested from gel (Fig. 1A).
Two oligonucleotides were used for PCR which
allowed us to create two enzyme sites and
amplify the 900 bp region from c-myc promoter.

1. CCTGAGCTCTTCTTTGATCAGAATCGATA
2. TCTAAGCTTCTTTGATCAGAATCGATG

One microliter of plasmid (digested with Hin-
dIII and Puull) was mixed with 3ul PCR
product, placed at 12°C overnight for ligation
and transformed using DH52 bacteria. Clone
hybridization verified insert.

Construction of EMRE-luciferase ex-
pression vector. A luciferase expression vec-

tor PGL3 (Promega) was digested with Sacl
and Smal and harvested from a gel (Fig. 1B).
Two oligonucleotides (see above) were used for
PCR which allowed us to create two enzyme
sites and amplify the 900bp region from c-mye
promoter. One microliter of digested plasmid
was mixed with 3l PCR product, placed at
12°C overnight for ligation and transformed
using DH52 bacteria. Clone hybridization
verified insert.

Protein. Protein was extracted and concen-
trations determined as previously described
[Lin et al., 1997, 1998a,b, 1999].

CAT assay. CAT assays were performed as
previously described [Lin et al., 1997, 1998a].
Results were quantified using a PhosphorIma-
ger and ImageQuant software.

Luciferase assay. Luciferase activity was
determined (Luciferase Assay Kit) (Promega
#E1501) and results quantified as suggested by
Promega.

Magnetic field exposures of transfec-
tants. Transfectants were exposed and sham-
exposed as previously described [Lin et al,
1998a,b, 1999].

Heat shock. Samples from cells that had
been heat shocked (43°C) served as positive
controls for CAT assay. Petri dishes containing
transfectants were wrapped in Parafilm,
placed in a Mu metal box (to shield them from
exposure to the magnetic fields generated by
the water bath heating motor) and immersed in
the water bath at 43°C for 30 min. Petri dishes
were removed from the water bath and, follow-
ing an additional 30 min at 37°C, protein was
extracted [Lin et al., 19971

Sinusoidal electromagnetic field expo-
sure system. Two fully functional exposure
units provided simultaneous sham and experi-
mental exposures. Exposures used Helmholtz
coils (Electric Research and Management,
Pittsburgh, PA) that consisted of 19-gauge wire
bundles wound 164 times around a rectangular
form 13cm long and 14em wide with 8cm
spacing. The coils were energized by a function
generator (11 MHz Wavetek Stabilized Func-
tion Generator; model 21). A digital multimeter
was used to measure the field intensity and
verify the systems operation (Fluke 87 digital
multimeter). Field parameters were monitored
with a Hitachi V-1065 100 MHz oscilloscope
and calibrated inductive search coil (25X
Electro-Biology Inc., Parsippany, NJ). Detailed
description of the exposure system, including
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background magnetic fields in the incubater,
harmonie distortion, DC magnetic fields, and
mean static magnetic fields in the incubator,
both vertical and horizontal components, can
be found in Jin et al. [1997]. Cells were placed
on a Plexiglas stand in a horizontal orientation,
i.e., the entire area of the dish was exposed to
the field. The bottom of the dish was 2 cm below
the axis level. The height from dish bottom to
top surface of liquid was ~1.1 cm; the height of
the liquid was 0.6 cm. The calculated electric
field was ~11 uV/m for an 8 uT 60 Hz exposure.

Mu metal shielding. Helmholtz coils were
enclosed within Mu metal containers to mini-
mize stray fields during EM field exposures.
Both active (experimental) and sham-exposed
(controls) coils were enclosed in a 30cm high,
15 cm diameter cylindrical Mu metal container
(0.040 inch thickness) (Amuneal Corp. Phila-
delphia, PA). The 60Hz shielding factor is
(min) 90.1 (39.08dB). Sham-exposed controls
and experimental exposures were performed si-
multaneocusly in identical Mu metal containers.

Statistical analyses. A minimum of five
experiments were performed to assure statis-
tical significance. Statistical significance is
determined by multifactor analysis of variance
program (INSTAT).
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RESULTS

EMREs Increase Luciferase Activity in
Transfectants Exposed to EM Fields

To determine whether the nCTCTn se-
quences (EMREs) that are EM field responsive
would confer EM field responsiveness to a re-
porter construct lacking these sequences, a
900 bp region from the c-myc promoter contain-
ing eight copies of nCTCTn, was ligated to a
PGL3 plasmid containing a portion of the SV40
promoter and carrying the luciferase gene (Fig.
1B). This plasmid construct was transfected
into HeLa cells and the transfectants exposed
to 8T 60 Hz fields for 30 min, followed by an
additional 30min out of the field prior to pro-
tein extraction for the luciferase assay. Luci-
ferase activity increased at an average of 61%.
Three sets of controls were used (Fig. 2A): (1)
sham-exposed transfectants that served as
controls for EM field exposure, and showed no
significant luciferase activity; (2) transfectants
containing the luciferase reporter construct
without the 900bp insert served as controls for
background and showed no measurable lucifer-
ase activity; and (3) non-specific protein served
as negative controls with no measurable activ-
ity. These transfectants were not responsive to

c-myc promoter

PGL,
Luciferase Sacl olig3 “oligz e
PCR Amplify
Sacl
Sact VLI
PGL, :

Luciferase S00bp

Sma l\ /

T, DNA Ligation

PGL, + 900bp
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Fig. 1. Construction of EMRE-expression vectors. A: pA11+ 900bp +CAT; B: PGLy + 900 bp + luciferase.
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Fig.- 2. CAT .and luciferase activities. Samples in lane 1 were
sham-exposed (3¢min); samples in lanes 2, 3, and 4 were
exposed to BpT 60Hz EM fields (30min). A: (1} luciferase
activity in protein extracted from transfectants containing
luciferase construct plus the 900 bp insert {sham-exposed); (2)
luciferase activity using non-specific protein (negative control)
(EM field-exposed); (3) luciferase activity in protein extracted
from transfectants containing luciferase construct minus the
900bp insert (EM field-exposed); (4} luciferase activity in
protein extracted from transfectants containing luciferase
construct plus the 900bp insert {EM field-exposed). B: (1) CAT
activity in protein from transfectants containing CAT construct
plus the 900 bp insert (sham-exposed); (2) CAT activity using
non-specific protein (negative control) (EM field-exposed); (3)
CAT activity in protein from transfectants containing CAT
construct minus the 900 bp insert (EM field-exposed); (4) CAT
activity in protein from transfectants containing CAT construct
plus the 900 bp insert (EM field-exposed}.

heat shock, as expected from the absence of
heat shock consensus sequences (nGAAn) in
this plasmid construct.

EMRESs Increase CAT Activity in Constructs
Exposed to EM Fields

In similar experiments with a CAT reporter
construct, the 900bp region from the c-myc
promoter containing eight nCTCTn was ligated
to pAll- CAT (Fig. 1A), transfected into HeLa
cells, and the transfectants exposed to an 8 pT

60 Hz field for 30 min, followed by an additional
30 min out of the field prior to protein extrac-
tion for the CAT assay. There was an average
60% increase in CAT activity. The same three
sets of controls described above were employed
in these experiments (Fig. 2B): (1) sham-
exposed transfectants, served as controls for
EM field exposure, and showed no significant
CAT activity; (2) transfectants containing the
CAT reporter construct without the 900bp
insert (pA11-CAT) served as controls for back-
ground; protein extracts from these transfec-
tants showed no measurable CAT activity; and
(3) non-specific protein served as negative
controls. Transfectants with and without the
900 bp insert were heat shocked for 30 min at
43°C followed by protein extraction after an
additional 30 min out of the heat. There was an
average 45% increase in CAT activity in heat
shocked transfectanis. The pAll plasmid eon-
tains the heat shock domain, —106 to —67,
therefore response to heat shock served as an
additional control.

DISCUSSION

Since EM fields penetrate tissues without
attenuation, they must penetrate to the cell
nucleus with its DNA and interact with moving
charges there [Blank and Goodman, 1999].
That there are conducting electrons in DNA
has been shown by Porath et al. [2000], who
have made direct measurements of electrical
transport through DNA, and by Wan et al
[1999], who have measured the dynamics of
DNA-mediated electron transfer at the femto-
second level. Conduction in DNA appears to
depend on specific structure, since different
DNA sequences have different conductivities
[Meggers et al, 1998]. Therefore, EM fields
could theoretically interact preferentially with
specific DNA sequences, and the nCTCTn
sequences (EMREs) in the HSP70 and c-myc
promoters used in these studies may be such
sequences.

Of course, at this stage, it is possible for some
unidentified indirect mechanism to be at play,
but we have shown that these sequences are
critical for EM field responsiveness in our ex-
periments, and other data appear to support
this. Verdugo-Diaz et al. [2000], in totally
unrelated investigations, showed that low fre-
quency EM field stimulation in nigro-striatal
lesioned rats with chromaffin transplants in-
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duced changes in the subventricular zones and
led to significant motor improvements in a rat
Parkinson model. A second report from the
same laboratory [Olivares-Banuelos et al,
2000] has used differential display to analyze
possible alterations in DNA of EM field-
exposed chromaffin cells. Differential bhands
observed in the EM field-exposed group show
changes in gene expression induced by EM
fields. One specific differential band in the EM
field-exposed samples, containing 349 bp, was
sequenced. In an independent analysis of this
DNA fragment we have identified three copies
of the EM field response element (nCTCTn)
that we describe in this report. A computer
search is currently underway to determine
whether this 349bp DNA fragment is con-
tained in the promoters of any known genes,
possibly a specific gene related to the differen-
tiation process of chromaffin cells.

Advantages of Using EMREs for Gene Therapy

Gene therapy was proposed about 20 years
ago as a way to ameliorate genetic defects by
providing a source for missing essential genetic
components. The injection of copies of the gene
responsible for the production of a specific pro-
tein directly into the targeted area by means of
a viral vector was considered a mode of insur-
ing that the protein required would be synthe-
sized at the site where it was needed. This
approach offered a distinct advantage over
prior conventional treatment of metabolic dis-
eases, which required continuous injection of
gene product from exogenous sources.

The principle hehind gene therapy is simple,
but practical application has been difficult.
Failure of early gene therapy was mainly due
to three problems:

1) difficulties in efficiently transducing pri-
mary quiescent human cells in vivo;

2) strong immune responses to the gene
therapy vectors, as well as to the foreign
therapeutic transgenes that rapidly elimi-
nated transgene expressing cells in hu-
mans;

3) the ability of many cell types to shut off the
viral promoters that controlled transgene
expression in humans.

One positive outcome of these early efforts at
gene therapy was the demonstration that intro-
ducing cloned genes into humans could be safe,
with little or no morbidity. More recently, new

vectors have been engineered, including ade-
noviruses and even naked DNA, enhancing the
efficiency of in vivo gene delivery and reducing
the immunogenicity of vectors and transgenes.

We have demonstrated that EM fields induce
gene expression [Goodman and Blank, 1998;
Lin et al., 1999] and that activation of the gene
by EM fields requires specific EMREs, which
control genes when placed upstream of reporter
constructs. Their ability to confer EM field
responsiveness suggests the use of EMREs in
the control and regulation of gene therapy. The
characterization of a cellular promoter system
that can be regulated, such as described here,
provides a novel, noninvasive technique for the
regulation of transgene expression in humans
without interfering with normal physiologic
function. The applied EM field can be directed
to the region where the gene product is needed
and, since the EM field intensities needed to
affect EMREs are well below the human per-
ception threshold, their introduction and pre-
gence would not be felt by the patient. An
example of such application would be the intro-
duction of an exogenous insulin gene contain-
ing one or more EMREs placed upstream of the
gene. Regulation would be provided by the
simple and safe application of EM fields. The
whole operation would be made automatic by
having the EM field generating circuit acti-
vated by an implanted glucose sensor respon-
sive to pre-set blood glucose levels.

How Many EMREs are Required for EM Field
Responsiveness?

Our results show that the eight nCTCTn
sequences (EMREs) in the 900bp DNA frag-
ment from the e-myc promoter are effective in
regulating CAT or luciferase activity. However,
not all eight EMREs may be needed for a res-
ponse [Lin et al., 1999]. We previously demon-
strated that the EM-induced expression of
HSP70 is mediated through three EMREs in
the human HSP70 promotor. EM field exposure
of HSP70 promoter constructs, linked to a CAT
reporter gene and containing all three sites,
showed more than a threefold increase in CAT
activity. Yet, the presence of even one site was
sufficient for a 1.5-fold increased CAT res-
ponse. These data show that even a single
EMRE can promote interaction with EM fields.
The data also suggest that the level of interac-
tion appears to be roughly proportional to the
number of EMREs,
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Electrons have been showntomove in DNA, and 3 specific DNA sequence Is assoclated with the response to EM fields. In addition, there s
evidence from biochemical reactions that EM fields can accelerate electron transfer. Interaction with electrons could displace electrons in

H-bonds that hold DNA together leading to chain separation and
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inftiating transcription. The effect of charging due to electron
ectron transfer would favor separation of base pairs, and that DNA

fluctuations suggest that the applied EM ficlds are effectively DC pulses and that interactions extend to microwave frequencies.
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How weak electromagnetic (EM) fields interact with DNA to
stimulate protein synthesis is currendy not well understood. An
important clue, however, is the identification of a specific DNA
sequence on the gene promoter that is associated with the
response to EM fields. When this sequence is transfected into
the promoter of a reporter gene, previously unresponsive to
EM fields, this gene is now EM field-responsive. Previous
research showed that EM field induction of the HSP70 gene
invalved signaling pathways that could respond to feedback
information from the DNA interaction mechanism, An EM field
sensitive DNA, sequence suggests that EM fields may interact
both direcdy and indirectly with DNA. The initial interaction
could involve the displacement of electrons in the H-bonds that
hoid DNA together, thereby causing chain separation and
nitiating transcription and translation. Electrons have been
shown to move in DNA and data from biochemical reactions
indicate that EM fields can accelerate electron transfer.
Interaction with electrons could account for activation of DNA
by weak low frequency EM fields as well as the more energetic
high frequencies. It has also been shown using multi-subunit
proteins that charging leads to disaggregation. A simple model
of the effect of charging due to electron displacement on the
energetics of DINA aggregation shows that electron transfer
would favor separation of base pairs, and that DNA geometry is
optimized for disaggregation under such conditions. Electric
fields exert comparable forces on electrons and also stimulate
biosynthesis, as expected. The Proposed mechanism suggests
that there could be a maximum frequency for the EM field
response, and that modifications of the charge on DINA affect
the response,

EM Field Stimulation of Transcription

The interplay between experiment and theory usually catalyzes
scientific development, but thus far, studies of EM field
interactions with biological systems have not fed to a generally
accepted expianation of established biological effects.
Theoretical approaches have been proposed, based on
cyclotron resonance of ions (Liboff, 1985) and ralated
approaches {¢.g., Lednev, 1991;Blanchard and Blackman, 1994),
the forced vibration of ions (Panagopoulos et al., 2002), and
effects on efectron transfer (Blank and Goodman, 2002, 2004;

© 2007 WILEY-LISS, INC.

Blank, 2005). The very low energy of thefields that are reported
to be effective have even led to theoretical papers that question
the validity of the experiments themselves (Valberg etal., 1997;
Weaver et al., 1998). The lack of success in defining a
mechanism may be due to trying to find a single over-arching
principle that would describe a variety of experimental
observations. For example, cyclotron resonance undoubtedly
applies to charges in DC and AC fields in a vacuum, but would
not be expected to apply to hydrated ions in membrane
channels. in ali cases, the low energies that are effective nead to
be explained, especially in activating the signaling pathways in
the stress response,

Theoretical approaches to EM field mechanisms would
probably do better to focus on a single well characterized
biclogical effect and the low energy processes that could be
involved. Two such attempts consider on electron
transfer in a mechanism for EM field-DNA interactions that
initiate transcription (Blank and Goodman, 2004), as well as for
EM fleld acceleration of the NaK-ATPase that leads to ion
pumping (Blank, 2005). Elson (2008) has also considered the
possibility that charge transfer in DNA may be important in
affecting the rate of development of Hiving systems. These
approaches incorporate experimentally observed processes as
links in a causal chain, This paper proposes the following
processes in DNA activation of transcription:

EM fields displace electrons in DNA. This causes transient
charging of smalt groups of base pairs. At the charged sites,
disaggregation forces overcome H-bonds. Disaggregation
of the two chains at those sites enables transcription,
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EM FIELD STIMULATED BIOSYNTHES!S

We know that power frequency {ELF) fields alter RNA
transtiption patterns {Goodman et al., 1983), induce
upregulation of the early response genes, cfos (Rao and
Henderson, 1996) and c-myc (Lin et al, 1994, {996), and the
strass response gene HSP70 (Goodman et al., 1994; Lin et al.,
1997: Goodman and Blank, 1998). Radic frequency {RF) fields
have also been shown to induce stress response genes (Kwee
et al., 2001; Leszezynski et al, 2002; Shallom et al,, 2002;
Waisbrot et al., 2003). Additionat studies that support EM field
interaction with DNA are electron conduction in DNA (Wan
etal., 1999,2000) and EM field-induced DNA singie and double
strand breaks {Lai and Singh, 1997, 2004; Diem et al., 2005;
{vancsits et al., 2005; REFLEX Project Report, 2004).

However, notall cell types respond to EM fields. A series of
recent studies using both ELE and RF fialds found, in addition to
DINA strand breaks, cell type specific genotoxic effects from
exposures to ELF fields (Sarimov et al., 2004; Winker et al,
2005; REFLEX Project Report, 2004). One effect of ELF fields
on DNA that has been repeated many times in different.
laboratories is that 12 mG fields interfere with the ability of
Tamoxifen to inhibit the growth of MCF7 breast cancer cefls at
low thresholds (2-12 mG; Liburdy, 2003).

The ‘dilemma’ of the call line that does not respond to EM
fields and the inability to ‘replicate’ positive reports have
plagued this area of research for many years, and has led to
mistrust of data. One such controversy concerned two cell
lines of HLEQ cells obtained from different sources. The
discrepancy was resolved when it was shown that the two cell
{ines in question had dramatically different growth rates as well
as differences in response to EM field exposure (Jin etal., 1997).
These results show that cell fines that have been maintained for
a tong period of dme in different laboratories must be
characterized before using them in EM field experiments: for
example, number of passages; whether they are transf o
and their genomic and proteomic composition. Effects of ELE
and RF have been shown to differ depending upon a number of
factors including different human donors and how longacellline
has been maintained in a specific laboratory. Natural selection
takes place at each cell passage and eventually the genome of the
call line is permanently altered. Inability to replicate published
data can be due to any number of factors. One such factor could
be the presence or absence of the EM-field sensitive DNA
;er]auence on the promoters of some of their genes, as described

elow.

Biochemical Signaling Pathways

In the absence of EM fields, an important series of cellufar
signaling events normally occurs prior to upregulation of gene
expression, These events are controlled by members of the
mitogen activating phosphokinase (MAPK) family.
Transcription factors in the p38 MAPK pathway are involved
during both ELF and RF exposures (Leszezynski et al., 2002,
2004). Increased phosphorylation of specific transcription
factors has alsa been shown when cells and tissues are axposed
to EM fields (jin et al,, 2000; Leszczynski et al,, 2002 Weisbrot
et al., 2003). In considering how EM fields affect DNA and the
regulation and control of gene expression, it is important 1o
take into account that the chain of events coming into the cell
from outside i comprised of a large number of transcription
factors that are regulatory proteins. Some of these enter the
nudleus and bind to specific recognition sites on the DNA of the
promaoter.

.How these ongoing events may be affected by EM ficld
stimutated processes in the DNA is currently unknown, but
t};e biochemical signaling pathways are inter-connected much
like the intermediary metabolism charts, and they connect with
the products of DNA transcription (Lin et al, 1996). The EM
field can initiate DNA transeription by itself once the DNA
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sequences in the promoter transduce the field anergy, and this
sets in motion the inter-connected processes thatare actival

in the stress response. Figure | shows a diagram linking
activation of DNA with activation of the bicchemical pathways.
By this mechanism DNA stimulation can occur directly via the
DMA molecule itself, as well as indirectly via the biochemical
pathways, without necessarily involving interaction with the cell
membrane.

The stress response, characterized by synthesis of stress
proteins (e.g. hsp70}), can be induced by elevated temperatures
(‘heat shock’) as well as EM fields, but the stimuli act on
distinctly different parts of the promoter. See Figure 2
Upregulation of the HSP70 gene by EM fields occurs in the
absence of elevated temperature. The promoters of both
HSP70 and another EM field-sensitive gene, c-myc, have multiple
copies of a specific nucleotide sequence that responds to EM
field exposures. This consensus sequence, nCTCTn (shown as
the MYC binding sites in Fig. 2), is upstream on the promoter
relative to the transcription initiation site from a different
nucleotide sequence that is associated with the heat shock
response (Lin et al., 1994, 1999, 2001). €M field exposure of
HSP70 deletion constructs, linked to 3 CAT or Luciferase
reporter genes and containing all three nCTCTn binding sites,
chowed more than a three-fold increase in CAT and Luciferase
activity (Lin etal., 1998, 1999, 2001). The presence of even one
ACTCTn binding site is sufficient for a 1.5-fold increase. To
demonstrate EM field specificity and sensitivity, nCTCIn
sequences were mutated one by one. The CAT and Luciferase
assays showed that the ability of an EM field to induce
hsp70 protein disappears as the sequences are mutzated (Lin
et al., 1998, 1999). Since the nCTCTn sequences have low
electron affinites and electrons are easily displaced, these data
support the idea that EM fields could interact with efectrons in
the promoter of the gene.

EM Fields Interact With Electrons in
Biochemical Reactions

One expects electric (E) and magnetic (B) fields to interactmost
strongly with electrons, because of their unusually high charge
0 mass ratio. In quantum theory, this basic assumyption,
known as the Born-Oppenheimer Approximation, applies to
sub-atomic reactions. Electrons are assumed to respond
instantaneously compared to protons and heavier atomic nuclei

Signaling Pathways
N W KRN
DNA "> hsp70

AAS
EM fields

ic of feedback mechanisms in the signali
e acth . s in signaling pathways of




BLANK AND GOODMAN

HSP HSP HSP
MYC A MYC C MYCE
192 166  -160

EMF Domain
(non-thermat)

407 <100 68 ATF +  (bp)
-0 tata-+{ Hsero |
AP-2
Heat Shock Domain
(thermal)

Fig. 2. Amap

indicated (MSE, AP-2, 5p!). The DNA consansus seq

of the EM field and thermal {*heat shock’) domains on the HSP70 promoter. Binding sites within the M field domain are
with EM fiekds is nCTCTn and isat the three MYC binding sites (A,B,C)

shown as boxes. All the locations are indicated by the numbered sequence of bases at the tap of the diagram.

because of their much smaller mass, and electronic responses
are assumad to be essentially complete before the heavier
atomic puclei start to react. ltis, therefore, reasonable to
expect EM fields to interact initially with electrons in biological
systems, including DINA,

Interaction of electricand magnetic fields with electrons was
indicated instudies of the Na K-ATPase, the membrane enzyme
that transports Na¥ and K tons across membranes against
electrochemical gradients {(Blank, 2005). Low frequency
électric and magnetic fields were shown to affect enzyme
function differently, but both fields accelerated the reaction
when the enzyme was relatively inactive. We assumed that the
same force was needed at the threshold for acceteration by
each field, and calculated the velocity {v) of the charge (q) thatis
affected in the two fields by equating the electric with the

magnetic force,
F = qE = qvB. (1}

It follows that v=E/B, the ratic of the threshold fields.
The measured thresholds (Blank and Soo, 1992, 1996)
were E=5x 107* Vim and B=5x 16-7 T (0.5 pT), gving
v 10° mis, a speed similar to that of electrons in DNA (Wan
et ak., 1999).

Since elactrons are affected by EM fields in the ELF range,
there should be sufficient energy to stimutate electrons in DNA
and other biochemical reactions. Tatest the effect of EM fields
on reactions where we know that electrons are involved, we
studied electron transfer from cytochrome c to cytochrome
oxidase (Blank and Sao, 1998) and in the Balousov—
Zhabotinsky (BZ) reaction, which is the oxidation of malonic
acid (Blank and Soo, 2003}. In all three reactions, EM fields:

e accelerate chemical reactions (including electron transfer
reactions)

s compete with the intrinsic chermical forces driving the
reactions, and are most effective when the intrinsic chemical
forces are [ow.

¢ activate at low thresholds: NaK-ATPase {0.2-0.3 =T},
cytochrome oxidase (0.5-0.6 pT), BZ reaction (<0.5 pT)
the threshold for biosynthesis is below 0.8 wT.

® show frequency optima for the two enzymes studied that
are close to reaction turnover numbers (Na,K-ATPase,
60 Hz; cytochrome oxidase, 800 Hz), suggesting a tie-in
with the molecular kinetics. This is not a resonance-like
interaction because the optima are broad.

A study reporting no effect of EM fields on the BZ reaction
(Sontag, 2006) actually strengthens the above imterpretation. in
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that study, the EM field was not applied until the reaction was
well undar way for about seven minutes. 1n our studies, the field
was applied from time zero, that is, at the mixing of the
reactants. This difference is critical We have shown that all
three reactions studied respond to EM fields only when the
intrinsic chemical forces are relatively weak. EM flelds
accelerated the Na,K-ATPase reaction only when enzyme
activity was fow. The same was true for cytachrome oxidase,
and also can be seen from the temperature dependence of the
BZ reaction. EM fields are not magic. They exert a force in
competition with other forces that affect chemical kinetics, and
their effect is negligible when overcome by Intrinsic chemical
forces. To study effects of EM fields, one must select conditions
where intrinsic chemical forces are weak and the EM field is
strong enough to have an affect on the kinetics.

Studies of the three biochemical reactions, show that EM
Fields accelerate electron transfer, and that the EM forces
(~10"% N} at the low thresholds may be strang enaugh 0
displace electrons in DNA. The force due to interaction of an
elactron with a magnetic field is determined by the strength of
the fiald and the velocity of the electron. Relative change of field
or motion of electron is required. The force due to an AC
magnetic field acting on a ‘static” electron is due to the rate of
variation of the B field and is usually much smaller. The fargest
force on an electron resufts when the magnetic field is changing,
a5 in AC, and the electron is also moving. Significant movement
would be expected due to the ‘fickering’ of H-bonds that
oceurs in water (Fecko et al,, 2003). This also occurs at water
interfaces (McGuire and Shen, 2006), and probably in the
hydration layer of DNA.

In the experiments stimulating protein synthesis, an EMforce
of onlly ~1072° N was shown to activate DINA. This force can
move an isolated electron ~1 nm in I nsec, a distance that is
greater than the length of an H-bond (~0.3 nm). The displaced
charge can create conditions that lead to disaggregation by
overcoming the cohesive forces, including the H-bonds, and
enabling water molecules to enter any gap created by the
weakened bond. In principle, this process could occur atthe site
where the electron has added a net negative charge, or at the
site where the electron came from and left an unbatanced
positive charge.

A related mechanism probably occurs in the DNA of
striated muscle, where the electric fields {not EM fields)
associated with action jals stimulate the nuclei to
synthesize muscle proteins in vivo (Blank, 1995). That the effect
is due to the electric field stimulus is shown by the relation
between the muscle protalns synthesized and the frequency of
the action potentials. Under normal physiclogical conditions,
conduction of an action potential along the muscle membrane
creates an electric field estimated at ~10 Vim (Blank and
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Goodman, 2004). In striated muscle, this eleciric field drives the
currents across the nuclei adjacent to tire membrane and .
stimuiates the DINA to synthesize different muscle proteins in
response tf the frequency of the:action potenitials; The
magnitude of electric field provides a large safety miargin in
muscle, since fields as low as' 3 mVim stimulate HE6O celis
(Blank et al., 1992}, and the threshold electric stimulus for the
Na,K-ATPase is even lower, at ~0.5 mVim (Blank, 2005).
Differences in the frequency response between DNA and
thie enzymes provide some insight irito the EM field interaction
mechanism. For the two enzyme reactions studied in the ELF
range, the peaks of the broad frequency optima are dlose to
reaction turnover numbers (NaK-ATPase, 60 Hz
¢ytochrome oxidase, 800 Hz) and appear to be refated to the
molecular kinetics. That is, the applied EM fields at those
particular frequencies aid the electron transfer that occurs at
that frequency. Unlike the case of the enzymes, the wide range

of frequencies that stimulate stress protein syrithesis indicates -

that the characteristics of the EM signal that activate DINA are
probably unrelated to an ongoing biochemical reaction.
Electrons in DNA probably interact with the H-bonded

~ water network, where bonds are in constant motion, and they.

move much faster than the changing EM fields that have been
studied. Electrons would be, expected to move at the
~nanometer/picosecond ‘flicker’ rate of protons in H-bonded
networks (Fecko et al, 2003), and one would expect a velocity
of this magnitude. Comparing the flicker” rate {102 Hz) to the
power (60 Hz) and radic (10" Hz) frequencies in DNA studies,
it appears that the EM fields hardiy change while an electron s in
motior; they are like repeated *DC pulses” For this reason, all
frequenciesin the range where EM fields actas DC pulses affect
the electrons similarly, and even the weak power frequency
fields exert sufficient force to move an electron. The
characteristics of the fluctiations suggest that EM field
interactions éxtend to microwave frequencies. The picosecond
“flicker’ rate (10'* Hz) may also represent an upper limit in the
ability of EM fields to affect DNA, because there may be
insufficient time to move electrons at the higher frequencies.

EM Fields Interact With Electrons in DNA

DNA is composed of two single strands in the form of a
double helix or twisted ladder that has ‘rungs’ formed by
pairs of complamentary molecular bases, AT and GC. Thereare
ar-glectron orbits within the base pairs that extend above and
below each ‘rung’ of the ladder, and these overlap with their
counterparts from neighboring rungs, thus creating a electron
pathway through the molecule that enables charge migration/
transport. Wan et al. {2000) have used a well-characterized
duplex DNA consisting of a fluorescent charge donor and a
charge accepior, bridged by varying numbers of intervening
base pairs. They found indications of a decrease in charge
transfer rate as a function of bridge distance. Several groups
have shown that DNA can transfer electrons and that electron
transfer can chemically repair a thymine dimer, that is, when
two adjacent thymines on the same DNA strand bond together.
They have shown that cefls can modulate the electrical
properties of DNA using an enzyme, methyltransferase, and
that electron transfer can be interrupted by inserting an
insulating chemical group in the w-slectron stack.

Electron migration in DMA is complicated, and the debate on
the nature of the conductivity of DNA has been controversial
and contentious. One model that has been used 1o explain
charge migration is hole hopping between local amine acid sites
driven by the torsional motions of the ‘floppy’ ribose-
phosphate backbones. This model has been used wo anslyze
experimental results for sequence-dependent long range hole
transport in DNA (Ratner, 1999; Giese and Spichty, 2000;
Berlin et al,, 2001). Porath et al. (2000} have made direct
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alectrical transport measurements on DINA, and have shown
‘that DNA behaves as afinear conductor: Shao et al. (2005) have
demonstrated sequence dependence on charge transport
through DNA domains. DNA charge appears to be remarkably
sensitive to DINA sequence and structure. The unique DNA
sequerice on both the HSP70 and cinye promoters, annCTCTn
dowmain, responds to EM fields and induces upregulation of the
genes. The responsiveness is deperdent on the number of
nCTCTn present (Lin etal,, 2001). It is clear that electrons can
move in DINA and that some DNA sequences are associated
with the response to EM fields.

Separation of Biopolymer Chains Due to Charging

In the proposed mechanism, DMNA chain separation is initiated
by charging of the chain segments where electrons are .
displaced. The disaggregation that follows is not simply the .
result of electrostatic repulsion, since 2 large part of the energy
change s associated with hydration of the newly exposed chains
to the aqueous solvent. The extent of disaggregation is
determined by the balance between electrostaticand hydration
forces, with H-bonds between the base pairs also contributing
to the bonding energy. .

Biopolymer disaggregation has been, seudied primarily in
proteins in solution, where the emphasis has been on
interacton with the aqueous medium. bauffer (1975, 1989)
focused almost entirely on the hydration energy. He used the
term ‘entropy driven’ to describe aggregation of protein
subunits in aquecus media, where the large increase in entropy
was due to release of many bound water molecules when
subunits aggregate. The term ‘entropy driven” indicates that
aggregation is spontaneous (j.e., the free energy change k
negative), and that it occurs with a production of heat (ie, 2
positive enthalpy). The negative free energy together with.a
positive heat, production results in a large positive entropy
change.

Characterizing protein aggegation as ‘entropy driven” has
caused many to overiock the importance of charge. Proteins
disaggregate when the pH differs from the isoelectric point and
their net charge increases (e.g.. Klug, 1979; Blank and Soo,
1987}, while the entropy increase due to release of water
malecules is the same at every pH. The effects of charge can
usually be neglected at constant pH, but they must be
considered when the protein ionizes due to a conformational
change, as during hemoglobin oxygenation, where an analysis
shows that both electrostatic (due to ionization of a histidine)
and hydration energies (due to changes in the surface area in
contact withwater) are needed to account for the observations
(Blank, 1975, 1994). Tha refation between molecular surface
area in contact with water and the surface charge density has
proven useful in understanding a number of bispolymer
properties, for example, the dissociation of hemegiobin
tetramers into dimers (Blank and Soo, 1987), cooperative
interactions and the Hill coefficient (Blank, 1989, 1994), the high
viscosities of concentrated hemoglobin selutions {Blank, 1984)
and the relation between gating current and opening of voltage-
gated channel proteins in excitable membranes (Blank, 1987).
The idea can account for the different effects of electric and
magnetie fields on the Na,K-ATPase reaction (Blank, 2005),
The ability of changes in molecular charge to explain
complex physiological effects, suggests that the same forces
apply to DNA, and that local charging should favor local

disaggregation.

Charging of DNA Segments and Chain Separatjon

£M fields aciivate DINA by affecting the competition between
forces minimizing charge density and those minimizing

molecular contact with water. Charge tends to increase the
area occupied, since this decreases electrostatic repulsion,
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Hydration energy and H-bond energy oppose an increase in
area which means greater contact of DINA bases with water,
The charge density on the bases Is a measure of the
electrostatic repulsion, and the surface area of the bases
exposed to water is a measure of the hydration energy, so we
can use these two measures to estimate the relative effects of
electrostatic and hydration energies on the disaggregation of
the two DNA chains. The displacament of an electron also
affects H-bonds, but H-bond energy is small compared to
hydration energies.

The DNA surface exposed to water can be estimated from
model structures. The effect of charge can be estimated from
measurements of hemoglobin disaggregation asa function of pH
(Blank and Soo, 1987). In the hemoglobin experiments, the
osmotic pressure increase enabled calculation of the surface
area increase when tetramers splitinto dimers, while the added
charge was determined by the titrated acid. It is Imporant to
note that the disaggregation equilibrium constant varied with
the pH, but the surface charge density wos the same atevery pH. In
hemoglobin, despite the increase in total positive or negative
charge, the charge density remained at ~.01 nm™2. Apparently,
the surface charge density determiries the balance between
- areas exposed to watey and unexposad (aggregated) areas. One
expects quantitative differences between hydration of protéins
and nudeic acids, but we can assume that the energy assodiated
with breaking of water-water bonds is the same, and that the
hydration energles are probably comparable. What is different
in DNA is the association with histones and other charged
chemicals that would alter the equilibrium. In any case, we
would expect DNA to maintain a particular charge density and
start to disaggregate when the charge density exceeded that
value.

The structure of DINA is quite complicated at the molecular
level, but we can approximate the energetics with a simple
geometric model that estimates the area exposed to solution
and the surface charge density for small DNA segments before
and after they disaggregate/separate. Figure 3A shows the
model used 1o estimate surface ¢ density of a 4 bp DNA
segment in two DNA chains, DNA | and DNA I, before
disaggregation. Each segment is approximated as four cubes,
and each cube of!eng&aa{sdfadalmalreprmmsa_base(ﬁ)
connected to a ribose (R} phosphate (P} polymer chain that
forms the backbone of DNA. The end segments are joined to
other segments on the same chain, and do not contribute to the
exposed area of the segment. A total of 24 faces of area a® are in
contact with the aquecus solvent. In Figure 3B, the 4 bp
segments on the two chains have disaggregated. The bases on
- segment i, shown as CTCT, are exposed 1o the agueous
solvent, as are their (hidden) conjugates GAGA on segment |.
AsinFigure 3A, the end segments joined to the rest of the same
chain do not contribute to the exposed area of the segment, but
the newly exposed bases make a total of 32 faces of area a* in
contact with the aqueous solvent. When aggregated,

total exposed area = 24 x 0.64 nm® = {536 nm®.  (2)

When the 4 bp in contact split apart, they generate an
additioral 8 x 0.64 nm? or 5.12 nm for a total solvated area of
20.48 nm?.

Initially, the two segments {f and Il} are attached and the
surface charge, Q, which can be as high as | per PO, group, is
spread over 15.36 nm® If an EM field stimulus adds a single
charge to the block, a charge of Q + ! will now be spread over
20.48 nm’. If we assume that the surface charge density has the
same value as:a result of 2 DNA gplit.and.an increase-in bases
exposed to solution, '

Q _Q+i
1536 2048° 3
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Fig. 3. A: Geometric model used to estimate surfare charge
density ofa 4bp DNA segment oftwo DNA chains, DNA land DNA Y,
before jorr. Each segment is approximated as four cubes, and
each cube of length & and fxckal ares a* a base (B)
commected to a ribose (R) phosphate (P) polymer chain that forms the
backbone of DNA. The end segments are joined to other segmcnisi
and donot contribute tothe exposed area. A total of 24 fuces of areaa’
are in contact with the aqueous solvent. B: When the 4 bp DNA,
segments on chzins DNA | and DNA Il separate, the bases on
segment [I, shown as CTCT, are exposed to the aquecus solvent, as
are their (hidden) conjugates GAGA on segment |. As insubpart (A),
the end segments joined to the rest of the same chain do not
contribute to the exposed arei, but the newly exposed bases imake a
total of 32 ﬁnsof‘matinmuctwiﬂ:ﬂmqmm

This leads to Q= 23.0, or three charges on the original 4 bp.
Repeating the calculation using different numbers of base
pairs ina segment, the value Q = 3 appears to be a consequence
of the idealized geometry we have chosen and the assumption
of a constant surface charge density. The calculated values are

based on approximations of inolecular dimensions and
neglect of interactions with histones, etc, but the value of Q is
not unreasonable. Orthaphosphate, an approximation for
the ribose phosphate groups in DNA is about half ionized at
pH 7.2. What has been demonstrated is that a polymer having
the geometry of DNA can undergo aggregation-
disaggregation transitions at various segment lengths with equal
ease. DINA appears ready to be disaggregated and expose its
cade for transcription when there is a small change in the charge
at a particular site. This may expldin the specificity of
transcription factors at particular sites and the ability of the
same RNA polymerase mechanism to operate alf along the
chain.

Although disaggregation of DNA appears equally likely atall
segment lengths, the strain of distorting the ribose-phosphate
chain to pull out one base is probably too great. Also, the
opening of 1 bp may not be enough to allow entry of RNA
polymerase for transcription to proceed. With longer
segmients, there is less distortion to the DNA backbone, but
more anergy is needed to mova the larger molecutar mass after
it has been hydrated. The balance between these two factars
may eoincide with the 4 bp unit CTCT associated with the
rasponse to EM fields. The perturbations of DINA structure dus
to interaction with proteins, as when bases flip out of 3 DNA
double helix (Roberts and Cheng, 1998), can involve onlya smalt
number of base pairs. '
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The above mechanism offers a general rationale for
disaggregation of DNA at small groups of bases, and the simple
example made it appear that DNA is equally likely to
disaggregate at ali segment lengths and compositions. ltis
obvious that small differences in the actual dimensions of the
individual bases and the groups that have interacted with them
must affect the equilibria. The 4 bp unit CTCT associated with
the response to EM fields and used in the example may be
particularly effective. In addition to the low electron affinities,
which enable electrons to be displaced relatively gasily, the
CTCT surface is ‘molecularly smooth. CTCT bases are
pyrimidines and smaller than their complementary purines
A and G. 50 a split forming CT CT and GAGA, surfaces has 2
smaller total area than the usual mixture of pyrimidines and
purines. A displaced electron at this site would have a greater
effect on the charge density and create a greater driving force
for separation. The smoother it on the molecular level also
leads to a lower tendency 10 form muitiple H-bonds that
increase the strength of adhesion between chains {Suehnel,
2002). Fewer multiple H-bonds would make it easier for base
pairs to separate.

It is hard to make quantitative predictions, since both a
900 bp segment of the c-myc promater with eight CTCT
sequences,anda 70 bpregion of the HSPTQ promoter with only
three CTCT sequences, respond to EM fields. However, in the
expariments with thea ificial construct, the EM field response
appeared to be proportional to the number of CTCT groups
present in the promoter (Lin et al., [998). The nCTCTn
sequences existina 3D configuration and arg therefore alsoin
cantact with other DMNA sequences that could be involved in
the interaction. kt is becoming clear from the discovery that
genes could be affected by their position on the chromosomes,
that overlap of genetic functional units is a widespread

phenomenon. Given the fact that the DNA chain is contorted in
space, and can be methylated, acetylated and phosphorylated,
the positioning of the CTCT groups along the chain is probably
also significant. CTCT groups separated by many base pairs may
actually be quite close together in space, and some separations
may allow two groups 1o act synergistically in helping the two
chains to disaggregate.

Conciusion

Charge is a major factor controllin disaggregation of
blopolymers at molecular cleavagegplanes. For this reason,
srancfor of charge in EM fislds could contribute to separation of
base pairs in DNA. A simple model of DNA geometry shows
that an increase in local crnrge can cause separation of small
groups of base pairs, and the low elecuonegativities of CTCT
bases associated with the response to EM fields increase the
likelihood of electron displacement. EM field initiated DNA
separation can set in motion the inter-connectad biochemical
signaling pathways that are activated in the stress response
Some clear implications of these ideas can be tested. The
response of DNA to EM fields should vary with the charge and
electron affinity of the DINA bases. Predictions aboutresponses
of DNA to ch_argingshould be testable through variations of pH
by the selective binding of metal ions, histones and known
transcription factors, or changes in the charge due to
&hosphoryllauop. acetylation, etc. itis also possible to test if the
re-sl::::\i;ﬂ!cker frequency in water is an upper fimit for DNA
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Editorial

Starting with this issue, Electromagnetic Biology and Medicine institutes a new
addition to the types of articles that are published. Readers will now occasionally
find lengthy review articles, covering subjects in a detailed way with appropriate full
referencing. This speaks to the fact that the subject matter in this research area has
become so extensive as to warrant providing in- depth and hlstoncal perspectives for
researchers and students.

It is particularly fitting that the first such review for this journal is by Martin
Blank of Columbia University, who for nearly four decades has made many key
contributions to studying how electromagnetic fields interact with biomolecules.

A. R. Liboff
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Protein and DNA Reactions Stimulated by
Electromagnetic Fields

MARTIN BLANK

Department of Physiology and Cellular Biophysics, Columbia University,
New York, New York, USA

The stimulation of protein and DNA by electromagnetic fields. (EMF) has been
problematic because the fields do not appear to have sufficient energy to directly
affect such large molecules. Studies with electric and magnetic fields in the extre-
mely low-frequency range have shown that weak fields can cause charge movement.
It has alse been known for some time that redistribution of charges in large mole-
culés can trigger conformational changes that are driven by large hydration energies.
This review considers examples of direct effects of electric and magnetic fields on
charge transfer, and structural changes driven by such changes. Conformational
changes that arise from alterations in charge distribution play a key role in mem-
brane transport proteins, including ion channels, and probably account for DNA
stimulation to initiate protein synthesis. It appears likely that weak EMF can
control and amplify biological processes through their effects on charge distribution.

" Keywords Electric ficlds; Magnetic fields; Charge transfer; Protein; Hydration
energy; DNA. .

The Problem

Mark Twain once defined common sense as the sense that tells you the earth is flat.
For most people, that line generally evokes a guilty smile, We know the carth is not.
flat even as our senses deceive us into believing that it is. In the study of biological
effects of clectromagnetic fields (EMF), we know that we do not usually perceive.
effects of these fields. However, we also know that biochemical and physiological
measuréments show profound effects of EMF on living cells. As scientists, we try to
let science guide our common sense. '

To put EMF in perspective, we know that of the four fundamental physical
interaction forces, EM forces are those that mainly affect living systems. One would
expect that biological responses to EM forces evolved over time in optimizing the
ability of cells to survive. However, it appears that biological systems are unusually
sensitive to EMF in frequency ranges that are unlikely to have been experienced by
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: living systems before the advent of modern technology. Obviously, EMF must affect

' ' the same systems and reactions as were affected by other factors that played a role in _

g the adaptation of living systems. ;

3§ One of the other factors is easy to pinpoint, an ability to influence molecular

: interactions with water. Water is an essential component of living systems, so much i

50, that the search for life beyond Earth is essentially a search for the water needed to

sustain it. Water has many unusual properties, among which is an ability to interact

with and dissolve ions and many biopolymers. Because water hydrates molecules and
forms solutions, chemical forces play a major role in biological systems. Of course,
hydration forces are ultimately electromagnetic, e.g., water dipoles interacting with
ions and the charged groups on proteins, but their effects are easier to describe in
chemical terms and using thermodynamic properties. Natural biopolymers such as
proteins and nucleic acids in solution are hydrated, and changes in charge dis-
tribution can lead to changes in molecular conformation. Such structural changes
are generally accompanied by changes in hydration and very large changes in heat

; and entropy. ,

EMF interact with molecules to cause changes in charge distribution, but when
considering biological mechanisms, we must also focus on the cell as the functional
unit and on the ultra-thin (~10nm) cell membrane that surrounds the cell and
controls traffic in and out of the cell. The cell is sustained by biochemical reactions,
many of which involve electron transfer, while cell functions are generally carried out
by membrane components and involve ions. In this review, we shall consider electron
and ion transport processes in solution and across membranes. We shall also discuss
the effects of EMF on two major classes of biopolymers, proteins involved in
transport across meémbranes, and the DNA in the cell nucleus that can be stimulated

i to initiate protein synthesis. Charge transfer due to- EMF is a likely tr(ifgering

mechanism in both biopolymers. The overall effect occurs in a two-step procéss, in

‘; which EMF move charges within the biopolymers, and the perturbations cause the

; biopolymers to change their conformation to accommodate the changes in charge

distribution: Many of the biological examples discussed, e.g., the multi-subunit

proteins, hemoglobin and Na,K-ATPase, and the DNA that initiates stress protein .

: synthesis, are from studies carried out in. this laboratory. Recent reviews des-

cribe EMF mechanisms in Na,K-ATPase (Blank, 2005) and in DNA (Blank and

‘ Goodman, 2007).

' Electron Transfer in Chemical Reactions

Electric and magnetic fields exert a force on static and moving charges, and
accelerate them. The largest effects of the fields are on electrons, the unit negative
charges, because of their high charge to mass ratio. At the sub-atomic level, the
Born-Oppenheimer Approximation assumes that electrons respond instantaneously
~ compared to protons and heavier atomic nuclei. Even weak EMF in the low-
§ frequency range can affect the rates of electron transfer reactions between molecules.
; A 10 1T magnetic field exerts a very small force of only ~ 10™2 newtons on a unit
charge, but this force can move an isolated electron more than a bond length,
~1nm, in ~ | nanosecond. :
Effects on electrons in chemical reactions were detected indirectly in studies of
the effects of electric and magnetic fields on the Na,K-ATPase (Blank, 2005). Each
field, studied scparately, accelerated the reaction when the ¢nzyme was relatively




i

EMF Stimulated Proteins, DN A 5

inactive. By assuming that the same charge was affected in the two fields, one could

estimate the velocity (v) and determine the nature of the charge (q) that was critical :
in the action of this enzyme. If both fields exerted the same force at the threshold, we -
can equate the electric (E) and the magnetic (B) forces:

F =qgE=qvB. M

From this v=E/B, the ratio of the threshold fields, and by substituting the measured
thresholds (Blank and Soo, 1992, 1996), E=5x 10~* volts/m and B=5x 107'T
(0.5uT), we obtain v=10°m/s. This very rapid velocity, similar to that of clectrons
in DNA (Wan et al., 1999), indicated that electrons were probably involved in
the ATP splitting reaction and the ion transport mechanism of the Na,K-ATPase
(Blank, 2005). An clectron moving at a velocity of 10°my/s crosses the enzyme
(~ 10™*m) before the 60 Hz ficld has had a chance to change. This means that even:
though a low-frequency sine wave signal was used, the effective stimulus was actually
a repeated DC pulse. This is true in all low-frequency studies that involve effects on
fast moving electrons. o ' '

The magnitudes of the threshold ficlds that affect the Na,K-ATPase are in the
very low range of mV/m electric field and pT magnetic field. The very small force of
~107% newtons on an electron and the very small dimensions and short times,
calculated above, are relevant at the molecular level for the proteins and DNA that
we consider in later sections. The small magnitudes also suggest boundary conditions
on the responses that can be expected from weak fields. In essence, they question the
possibility of direct effects of such weak fields on much more massive ions and
molccules. There just is not sufficient EMF energy to cause significant movement of LS
tons, especially if they are hydrated. Tons are affected by the much larger DC electric
fields involved in physiclogical membrane processes, a subject treated below.
~In the search for weak fields that can cause biological effects, we realized that

~ weak DC magnetic fields are also unlikely to affect physiological processes for the ¢
same reasons. The ability of DC magnetic fields to affect lifetimes of free radical
pairs (Steiner and Ulrich, 1989) only occurs at field strengths that are several orders
of magnitude higher than the AC magnetic field thresholds mentioned earlier and
other studies to be discussed. This review is focused on the effects of the low levels of
EMF, comparable to those in the environment, that are apt to influence biological
processes, so the effects of DC magnetic fields will not be considered.

. Electrons are not usually invoked in the mechanism of the Na,K-ATPase, so it..
was necessary to demonstrate the effects of magnetic fields on electrons in known.
electron transfer reactions. This was done by studying electron transfer from cyto-
chrome C to cytochrome oxidase (Blank and Soo, 1998) and in the oxidation of
malonic acid (Blank and Soc, 2003), also known as the Belousov-Zhabotinsky (BZ})
reaction. In both of these reactions, as well as in the Na,K-ATPase reaction, the
following was true:

® Magnetic fields accelerated the rate of the reaction at very low thresholds. The
experimentally determined threshold values were Na,K-ATPase (0.2-0.3pT),
cytochrome oxidase {0.5-0.6 uT), BZ reaction (<0.5uT).

® In all three cases, magnetic fields were most effective when the intrinsic chemical
forces were low, showing that EMF competes with the intrinsic chemical forces:
driving the reactions. To emphiasize the fact that EMF will affect a reaction only
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when the intrinsic chemical forces are weak, a recent study reported no effect of
magnetic fields on the BZ reaction (Sontag, 2006) under conditions where the
chemical forces swamped the magnetic forces. The magnetic fields were only
applied well after the reaction was under way and the chemical forces had already :
set the oscillatory pattern of the reaction.

It was interesting that the two enzymes studied showed frequency optima close
to the reaction turnover numbers, Na,K-ATPase, 60 Hz; cytochrome oxidase,
800 Hz, suggesting that the EMF were interacting optimally when in synchrony with
the molecular kinetics (Blank and Soo, 2001). As we shall sec in a later section, this is
not true for magnetic field interactions with DNA, which are stimulated in both the
power frequency and radio frequency ranges (Blank, 2007). EMF interactions with
DNA do not appear to involve electron transfer reactions with well-defined kinetics.

" There are no other frequency data on enzymes to add to this list; studies on the
enzyme ornithine decarboxylase (Byus et al., 1987) were done at 60 Hz only. While
4 there are very few examples from which to generalize, it is reasonable to expect
l frequency optima only where electron transfer reactions have well-defined kinetics.
P There are additional frequency data for DNA that should be mentioned, but
the experiments are quite different from the above studies and the results cannot be
compared. The studies involved stimulation of DNA in striated muscle to f)gr%duce
specific muscle proteins by stimulating {electrical) action potentials in the attached
L nerves. The stimulation of DNA will be discussed in detail in a later section, but the
: ' electric fields associated with the action potentials are likely to stimulate electron
movement in DNA of the muscle nuclei (Blank, 1995). The two frequencies studied
i in muscle, high (100 Hz) and low (10 Hz) frequency, were chosen to correspond to
¥ the frequencies of the fast muscles and slow muscles that are characterized by dif-
ferent contraction rates and different 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 potentials. This clear frequericy
dependence on electric fields was to be expected from the muscle physmlogy, but it.is
unlikely to have come from particular electron transfer reactions as in cytochrome
I , oxidase: It is more probable that an entire reg:on of DNA, coding for multiple
: proteins, was activated simultaneously.
Many of the biochemical charge transfer reactions that occur in living cells are
oxidation-reduction reactions, but by and large, they have not been the concern of
biologists interested in EMF mechanisms. It is the electrochemists who study elec-
tron transfer mechanisms at electrode surfaces driven by electric fields, and who ask
such questions as the number of steps in a reaction, number of electrons transferred
per step, rate of each step; etc. Those concerned with biological EMF mechanisms
are oriented towards cell function and focus on physical chemical processes involving
membranes and ions, the topic of the following section.

Cell Membranes and Ion Transfer

The functional ugit in physiological systems, the cell, is surrounded by an ultra-thin
(~ 10 nm) cell membrane having the basic structure of a phospholipid bilayer. The
bilayer serves as a matrix in which many different functional elements (e.g., enzymes,
channels, transporters) are embedded in varying amounts in different tissues. in the
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red cell, a refatively inactive cell, the functional elements constitute about half of the
membrane (Blank et al., 1979), while in active synaptic vesicle membranes there is
twice as much protein by weight as lipid. A diagram of a synaptic vesicle membrane
is on the cover of the November 17, 2006 issue of Cell.

Cells are sustained by biochemical reactions, many of which involve clectron
transfer, but the charge transport processes in many cell functions (e.g., nerve, muscle
conduction) primarily involve ions and the much more energetic electric fields needed
to transport them. This accounts for the focus on ions and electric fields as triggers of
physiological processes. The word trigger is appropriate. Electric fields transfer
relatively small amounts of charge that cause changes in the membrane, which then
allow the normal ion gradients to cause much larger changes in the cell. This will
become clearer when we discuss the effects of electric fields on ion gradients across
membranes and on ion channels in membranes.

Ton transport differs from electron transport in many ways. Ions are much more
massive, have both positive and negative charges, and are stable in solution. In ion
transport studies carried out in electric fields, cations and anions move in opposite
directions and at different speeds because of their different sizes and degrees of
hydration. These differences lead to significant jon concentration changes due to ion
transport across ion selective membranes.

Living cells have compositions that differ markedly from the surrounding
solutions, so natural membranes normally separate solutions having very different
lonic compositions and concentrations. K is the main intra-cellular cation and Na is
the main extra-cellular cation, so large ionic gradients exist across cell membranes
(see bold faced symbols K and N in Fig. 1). Most cell membrancs are cation
selective, and differences in the rates of diffusion of K and Na across membranes
lead to membrane potentials of about 100mV. lonic leaks are compensated by ‘ion
pumps’, such as the Na,K-ATPase to be discussed in a later section, so the steady-
state potentials are known as resting potentials. When nerves or muscles are
activated, the changes in membrane potential are called action potentials.

Because of the differences in steady-state concentrations across the membrane,
and because the permeability of the membrane to K is normally much greater than to
Na, small currents due to applied electric fields can cause large changes in the ionic
concentrations at the membrane surfaces. Take the examples given in Fig. 1, of an
electric field across a cation selective membrane that separates a cell from its sur-
rounding solution. Both solutions contain the cations sodium (N) and potassium
(K), shown with N higher outside and K higher inside, as normally distributed in
cells and with the symbols. for the steady state N and K in proportion to the con-
centrations. (The anions are the same concentration on both sides and assumed not
to cross the cation selective membrane.) _

An ion current, indicated by arrows, will be carried by both ions, but in different
proportions because of the steady-state ion concentrations across the membrane.
In the top panel for an outward current, the major part of the current is carried by K.
In the bottom panel for an inward current, the major part of the current is carried by
N. The main result of a sustdined DC current flow in either direction, shown in italic
symbols, is a decreased cation gradient across the membrane for each cation. This
means that a depolarizing current that normally stimulates a nerve and causes
sodium ion flux actually decreases the concentration gradient (i.e., the chemical
driving force} of the sodium ions that start the action potential. The decreased cation
gradients across the membrane also decrease the membrane potential and affect
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Figure 1. Changes in sodium (N) and potassium (K) concentrations at the surfaces of a cation
selective membrane due to the current flow in outward and inward directions, as indicated by
the arrows in the membrane. The relative sizes of the symbols N and K in the solution
compartment indicate the relative concentrations in the two solutions, and the sizes of the
arrows indicate the relative magnitudes of the current. The bold symbols represent the steady-
state concentrations and the italic symbols show the concentrations after current flow in the
two different directions. The upper diagram is for current out of the cell, when cafions in
the solution increase, and the lower diagram is for current into the cell, when cations in the
solution decrease. Current in either dircction leads to a reduction in the concentration
gradients of both cations.

the distribution of charge across the membrane. As discussed in a later section,
because of a direct effect on the charges as well as an indirect effect due to lowering
the membrane potential, a depolarizing current opens ion channels, which are the
major contributor to the increased ion fluxes. The depolarizing currents also have a
direct effect through the changes in ion concentration at the membrane surfaces.

The changes in concentration at the membrane surfaces persist there, because
they are dissipated slowly by diffusion into the solution. Such changes were
demonstrated when the actual concentration of ions at a surface was measured by
transporting surface active ions across liquid/liquid interfaces. The surface active
ions carried the direct (DC) current and also indicated their presence at the interface
by changes in interfacial tension (Blank and Feig, 1963). The concentration changes
during current flow were significant and relatively long lived.

Intuitively, one expects that passing an alternating current (AC) through a cell
might leave no net effect, because the processes during the initial half of the cycle
would be canceled in the second half, when the electric field is reversed. However, it
is easy {o see from Fig. 1 that for cation selective cell membranes with cation gra-
dients across them, the effects of AC on cation concentrations are additive. When
considering an entire cell, the inward current directed into one side of a cell appears
to be balanced by an outward curtent on the other side. Here again, we see from
Fig. 1 that the effects on both sides of a ccll are in the same direction. Cation
gradients are reduced on both sides.

Because the cffects on the cation concentrations are additive, even small AC

electric fields lead to significant changes over time. The effects of AC currents

through a simple theoretical model membrane showed that the concentrations do
not increase indefinitely because of diffusion away from thé surface and binding
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reactions with fixed charges at the membrane surface. The effects varied with the AC
frequency (Blank and Blank, 1986), depending upon the ion binding constants to
fixed counter charges on the surface and ion mobilitics in solution. It has been
known for a long time that AC currents across nerves can reduce and block their
activity. AC apparently decreases the ion gradients to the point that they can no ;
longer drive the action potentials.

The fixed charges at a membrane surface not only can bind to the ions near the :
surface layer, but the change in surface charge can allect ion transport through
the surface. To study the effect of the charge on a surface on the ability of ions to
diffuse across the boundary, Miller and Blank (1968} used charged monolayers to show
that the rate of ion transport is controlled by the charge on the surface. The effects of
charged surfaces on the ability of ions to cross an interface could be explained by the
expected ion mncgntration changes in the surface region, e.g., fixed positive charges
reduce concentrations of adjacent cations and increase anion concentrations. '

These studies show that ions at membrane surfaces may be important for
understanding biological ion transport across membrane dimensions and in milli-
second time scales. Actually, the surface concentration of ions at an axon membrane
surface in the steady state is comparable to the magnitude of the ionic flux during

having a capacitance of 106 farads/cm? and a resting potential of 100mYV, is about
~ 10712 jons/cm?. The magnitude of the ion flows in an action potential is also about
~10~12 jons/cm? of nerve axon membrane surface.

When discussing ion concentration changes at membrane surfaces and changes
in polarization across membranes, it is important to realize that there is a major
difference between . the characteristic response times of chemical systems and elec-

forces for iomic movement, the chemical potential for diffusion and the electrical
potential for migration, change at very different rates. A membrane can be depo-
larized quite rapidly, with time constants on the order of 1-10 microseconds, while
chemical potentials readjust at much slower rates with time coastants of about
1 millisecond, characteristic of diffusion processes over distances on the order of cell

short periods of time by manipulating membrane (electrical} potentials. The dis-:
parity in the response times of the two forces that drive ions across membranes can-
lead to unusual transicnt ionic fluxes. : =
Biological systems add an additional complication to the changes expected in-
physical systems, i.e., changes in ion concentration at surfaces due to depolarizing:-
currents and due to the great disparity between the rates of change in concentration:
and electrical potential. In biological systems there are voltage-dependent iom:
channéls that open when depolarized. This topic will be discussed in greater detaill -
in a later section. ¥
An analysis of the ion flows in excitable membranes, called the Surface Comei
partment Model (Blank, 1987), showed what happens when all of these factors oceu
in the layers of solution immediately adjacent to the membrane surfaces, specifically:

e the changes in ion concentration due to depolarizing currents (Fig. 1), ion flo
* under electrochemical forces (described by the same equations that apply to ion
in solution), and any ion exchange between Na and K that occurred with fixed
surfade charges at the membrane surfaces due to changes in concentration; : '
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e the disparity between the rates of change in ion concentration by diffusion and
migration, and the much faster changes in electrical potential;

e the effects due to voltage-dependent ion channels that open by a charge transfer
process shown in Fig. 3, to be discussed in detail later. The ion channels that had
been incorporated into an cmpirical description of ion transport across
membranes were complicated functions of time, while these were dependent on
charge distribution.

The Surface Compartment Model was able to show that these factors could
‘account for the unusual ionic fluxes seen in excitable membranes. It also showed how
the apparent selectivity of channels could vary with different rates of opening. This
description of ionic fluxes in excitable membranes offered insights into factors that
contribute to the unusual fluxes and the apparent ion selectivity in channels.

It is obvious that the electrical activity that drives nerves and muscles utilize
mechanisms that take advantage of ionic gradients that are normally present in living
systems. These ionic gradients are built up by the action of membrane enzymes like
the Na,K-ATPase and are fueled by the energy from the splitting of ATP. Conse-
quently, it takes relatively little energy to trigger an action potential and take
advantage of the energy stored in the ionic gradients across cell membranes. The jon
fluxes that evoke an action potential are very weak stimuli by comparison. However,
it does take energy to open the voltage gated ion channels and various transporters
in the membrane. This source of energy, triggered by changes in charge, is the
conformational energy stored in chemical structures. This is a probable explanation
G : ~ for the way ion channels are stimulated to open by depolarizing currents, and also
: for the way very weak EMF can stimulate responses in DNA, both of which require
i considerable energy.

[ Proteins and Hydration Energy—Hemoglobin Equilibria

The energetics of intermolecular interactions and interactions with water as a solvent

determine membrane structure, as well as the changes that occur when perturbed by
: applicd EMF. Among the eatly attempts to understand the energetics of chemical
: structures and their relation to chemical properties, Langmuir (1916) showed that
the surface tension of a pure liquid could be derived from information about the
interaction energy between molecules. Vaporizing a liquid breaks all bonds between
molecules, while molecules at a Fiquid surface are not completely surrounded and
miss interactions with the missing neighbors. It is the missing interactions that give
rise to the surface tension. The unbalanced energy at a surface requires molecules to
have extra energy to get to the surface, and that the liquid minimizes the energy and
the surface area. Langmuir’s success in relating surface tension to heat of vapor-
ization indicated that nearest neighbor interactions account for most of the energy,
and that the change in surface free energy (i.e., the surface tension) is a good
approximation to the total frec energy change.

The situation in aqueous solutions is more complex, but we have estimated the
total free energy change of a molecule in solution from the changes in surface area
when interacting with water. In aqueous solutions, the interactions with water
are quite energetic and have a profound influence on equilibria, especially those
‘involving proteins. Lauffer (1975, 1989) characterized ific aggregation of multi-subunit
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protein molecules in aqueous media using the short-hand phrase “entropy driven” to
summarize the energetics of the interaction. The aggregation is spontaneous (i.e., the
free energy change, AF, is negative) and it occurs with an evolution of heat (i.e., the
.enthalpy change, AH, is positive). The negative AF together with the positive AH
means that there is a large positive entropy change. Hence, “‘entropy driven”. The
large increase in entropy is due to release of many water molecules when the
hydrated proteins come into contact after releasing their bound water. The increase
in AH is another consequence of the release of water from protein surfaces and the
- aggregation of the protein subunits. .

This description is correct but incomplete, because aggregation is very dependent
on pH while hydration is not. The pH affects molecular charge, since it is well known
that proteins disaggregate as the charge increases, and they aggregate as the charge
decreases. Two often quoted examples are hemoglobin (Fanelli et al., 1964) and-
tobacco mosaic virus protein (Klug, 1979). It is- possible to extend Langmuir’s
approach to include an effect of charge. The aggregation of multi-subunit proteins -
with a decrease in molecular charge can be formulated as a simple relation between
molecular charge and the area of the protein molecule in contact with aquecus
solvent. The basic idea is that proteins in aqueous media minimize their surface free
energy by decreasing contact with the water and decreasing charge. For this reason,
decreases in charge drive the protein toward aggregation. However, when there is an
increase in charge, the two driving forces compromise and there is an increase dis-
aggregation. The repulsive forces between charges would increase the surface free
energy, and this can only be reduced by an increase in area. Disaggregation spreads-
the charges and lowers the repulsion between them.

This simple model using surface free energy to account for the influence of
charge on subunit assembly was shown to apply quantitatively to the protein,
hemoglobin (Hb) as a function of surface charge (Blank and Soo, 1987). The actual
study, the disaggregation of the Hb tetramer («p)” into 2 dimers (), where o and §
are protein subunits, showed that the concentration of hemoglobin dimers increased
linearly with surface charge as the pH varied from the isoelectric point. As the Hb
tetramers were disaggregating, the increasing charge was being spread over an
increasing protein/water interface, and the surface charge density (total charge/total
molecular area) remained constant.

The same sutface free energy model could also account for the unusual effects of
increasing concentration of Hb on the viscosity of solutions (Blank, 1984) if one
assumes that the increase in viscosity with Hb concentration is due to aggregation
into larger particles. The same forces that drive the aggregation of dimers to tetra-
mers should continue because of the same loss of area upon aggregation:

B - (@B) ~@B) - @B)* - (B)’. B

At the point where the chain becomes long enough to close upon itself, there should
be a steep change in the equilibrium. The closing of the chain means that an added:
of has caused two links, with double the loss of interfacial area and double the free
energy change. A closed chain would also account for the steep increase in viscosity;
since a chain where the ends are joined is no longer as flexible and behaves more like
a rigid rod : :
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The relation between chianges in interfacial arca and the free energy change
enabled a semi-quantitative estimate of the energy change due to the changes in
molecular shape when Hb is oxygenated. The conformational changes in Hb,
documented by X-ray crystallography, enabled estimation of the interfacial area.
The charge on the Hb at different pH’s could be determined from titration studies,
such as those in the study of disaggregation. The data enabled calculation of the acid
and alkaline Bohr effects, the names given to the variation of the oxygenation
equilibrium constant with pH and jonic strength (Blank, 1975).

The success of the surface free energy model in calculating the acid and alkaline
Bohr cffects demonstrated the predictive value of the relation between changes
in surface free energy and the equilibrium constant. This idea also led to under-
standing the physical meaning of the empirical Hill coefficient that is widely used
as a measure of cooperativity. By using the surface free energy model to estimate
conformational changes (e.g., Hb), it was pessible to show that the changes in
free encrgy that affect the equilibrium constant ar¢ simply related to the Gibbs
surfacc excess, a fundamental property in surface chemistry (Blank, 1989).
According to the surface free energy model, the Hill coefficient is not empirical and is
not constant. Tt varies with the degree of reaction, has a maximum value at the
half way point, and is definitely equal to unity at both extremes. The approach to
unity has been observed in the reaction between Hb and oxygen (Paul and
Roughton, 1951).

The surface free energy model is a way to estimate the energy changes due to the
hydration of nascent - hydrophilic surfaces of biopolymers, such as proteins and
aucleic acids, in terms of the surface free energies of newly formed surfaces. To make

calculations, one needs estimates of surface areas and surface charge, so it has been

relatively easy to apply these ideas to many properties of Hb, a well-characterized
molecule. The model has also related the conformational changes of voltage-gated
channel proteins (Blank, 1987, 1989) to the depolarizing currents that transfer charge
across a channel, and the conformational changes of the Na,K-ATPase {Blank,
2005) and other membrane transporters to- the charge movement when ATP splits.
The same effects of EMF on charge movement may account for the ability of EMF
to cause DNA to initiate protein synthesis (Blank and Goodman, 2007). These are
examples of biological amplification that are related through the ability of smait
charge movements to stimulate large structural changes utilizing the energy stored in
biopolymer conformation. The following three sections are devoted to NaK-
ATPase, ion channel proteins, and DNA.

Membrane Transport Proteins—Na,K-ATPase

Many of the biological transport systems embedded in membranes are multi-subunit
proteins that can open to both sides of a membrane in alternate conformations. This
process enables the binding of substances to one side of the protein and subsequent
release to the other side after a conformation change. The opening of a transporter
creates new protein water interfaces and involves changes in binding of the subunits
with each other, the water and the bilayer lipids. Similar reactions occur when
the protein opens on the other side. If the two open states of the protein on opposite
sides of the membrane were of approximately the same energy, it would minimize the
energy required for the transport. In transport, the conformation change is usually .
triggered by the ehergy released from th ATP splifting reaction.
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This type of transport mechanism has been documented for many different
substances. A short list of recent articles includes studies on p-galactosidase and
glucose-6-phosphate (Locher et al.,, 2003), various drugs (Dong et al., 2005; Yin
et al., 2006; Reyes and Chang, 2005), zinc (Lut and Fu, 2007), metal chelates (Pickett
et al., 2007), and vitamin B12 (Hvorup et al., 2007). The mechanism is best known
from its association with the Na K-ATPase, the enzyme that “pumps” Na and K
ions against their gradients across cell membranes. '

The Na,K-ATPase is probably the best studied of this class of transporters,
known as ABC (ATP Binding Cassette) transporters, and as such it offers insights
into how ATP driven conformation changes can occur in bilayer structures. The lipid
bilayer membrane is stable because of hydration forces, and the term hydrophobic
interactions used to describe these forces indicates that the lipid molecules interact
with each other and avoid contact with water molecules. Exposing bilayer lipid
molecules to water is energetically unfavorable, so membrane transport mechanisins

- utilize multi-subunit proteins in the bilayer that have hydrophobic areas that can

interact with lipid molecules in the bilayer and hydrophilic areas that can interact
with water at the surfaces. Because of their compositions, transporters can flip
their conformations from inner-face-open-to-water to outer-face-open-to-water to
enable the transfer of molecules by expanding the hydrophilic areas and contracting
the hydropliobic and vice versa. In the Na,K-ATPase the different conformations
are determined by the binding of Na, K-and ATP. ‘

The Na,K-ATPase is composed of two polypeptide chains (x and p) that extend
through the bilayer in the form of a tetramer (ap;). The ATPase activity resides in
the o chain and is directly influenced by the ion concentrations in contact with the
two sides of the enzyme (Skou, - 1957; Tonomura, 1986; Lauger, 1991; Jorgensen
et al., 2003). The Na,K-ATPase is activated when sodium ions bind on the inside
surface and potassium ions on the outside surface. In a compilete cycle, the catalytic
unit splits ATP on the inside surface, and for each ATP molecule split, 3Na* ions
move from inside out and 2K* ions from outside in.

The enzyme complex has. two conformations, E;, when Na' ions (and ATP) are

- bound on the inside, and B, when K ions are bound on the outside. The ion binding

sites are not fully accessible to ion exchange with the surrounding solutions in
the two conformations (Rephaeli et al., 1986; Glynn and Karlish, 1990). Potential
sensitive dyes show charge shifts at specific points in the ATP-splitting cycle (Buhler
et al., 1991). A release of Na' ions accompanied a rapid movement of charge when
binding sites open to the outer surface in the presence of Na* jons (Hilgemann, 1994).
These data suggest that conformational changes of the Na,K-ATPase and charge
shifts within the protein are involved in the mechanism. The effects of applied low
frequency electric and magnetic fields on Na,K-ATPase function, presented earlier,
provide additional evidente of rapid charge movement that contributes to the
conformation change after .the enzyme has reacted.

“The key to the conformation change is the rapid shift of charge across the enzyme.
Figure 2 illusirates changes in a protein channel that starts with an asymmetric charge
distribution. The outside surface is normally negatively charged, and the charged
groups interact with water. This expanded area of contact with water is opén to the
ouiside. A significant shift in charge causes the channel to shift from an inside facing
channel to an outside facing channel. If the charges crossing the enzyme are electrons,
they cross very rapidly to the opposite side of the enzyme, and the ratio of charged
hydrated arca and uncharged unhydrated area remains virtually unchanged. With
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Figure 2. Changes in 2 protein channel that starts with an asymmetric charge distribution, and
there is 2 large and rapid shift in charge as indicated by the arrow. The outside surface is
initially negatively charged, and an expanded area of contact with water faces the outside.

A large shift in charge causes the channel to change from an inside facing channel to an outside

facing channel. If the charges crossing the enzyme are electrons, they cross very rapidly to the
opposite side of the enzyme, and the ratio of charged hydrated area and uncharged unhydrated
area remain virtually unchanged and with virtually no net change in energy.

virtually mo net exothermic aggregation or endothermic disaggregation, the con-
formation change probably occurs with a minimum of energy change.

It is not generally accepted that ATP splitting and the accompanying ion
transport involve electron transfer. However, it is quite clear from EMF measure-
ments discussed earlier that there is a rapid flow of charge through the enzyme,
resulting from the enzyme reaction. This flow of charge could trigger the sequence of
conformation changes that are part of the cation transport mechanism (Blank,
2005). The effective concentrations of non-specific cation inhibitors of the
Na,K-ATPase were related to the redox potentials (Britten and Blank, 1973), sug-
gesting involvement of an electron transfer stcp. Many observations associate elec””
trons with the ATPase reaction. In mitochondrial function, the ATP synthase.
catalyzes the same reaction and is directly coupled with electron transport. In the
ATP synthase, it is possible to stop the flow of electrons in the electron transport
chain with inhibitors, or to reverse the flow of electrons by changing the con-

" centration of substrates. The electron transport chain can also be made to go in

reverse when, ATP is hydrolyzed and electrons are fed into the chain.

In line with the known reversibility of ATPases in mitochondria, Garrahan and
‘Glynn (1967) were able to reverse the Na,K-ATPase reaction in red cells to generate
ATP. They did this by creating a supernormal K ion gradient, thus hyperpolarizing
the membrane. When the membrane potential changed from —15mV to —85mV,
they were able to approximately double the ATP concentration from ADP and
phosphate normally present. The increase in membrane potential makes the region
near the catalytic portion of the Na,K-ATPase on the inner surface of the membrane
more negative. The increase in H jon concentration near the enzyme would be
expected to drive the reaction toward making more ATP. In any case, the experiment
clearly shows the tight coupling between the ATPase reaction and ion flow across the
membrane: It also shows their similar reversibility to charge flow, the Na,K-ATPase
to ion flow and the mitochondrial ATP synthase to electron flow. :

Charge Transfer and Ion Channel Function

In the section on ion transfer, the transient ion flows in excitable membranes were

_ '"'dt:scribéd in terms of concentration changes in the layers of solution. immediately
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Figure 3. Changes in a protein channel that starts with an asymmetric charge distribution, and
a large portion of the charge shifls rapidly, as indicated by the arrow, to spread across the
length of the protein in the bilayer. If the charges crossing the enzyme are electrons, they can
spread out very rapidly. The shift in charge is sufficient to open a hydrophilic channel and
create a conduit for ions from inside to outside solutions. This implies that the charged parts
of the protein that interact strongly with water create a continuous aqueous path. Because
there is a change in the ratio of charged hydrated area and uncharged unhydrated area, this
process must result in a significant change in energy. The distribution of charge depends on the
membrane polarization, and if the charge movement is reversed by repolarization, the channel

closes.

adjacent to the membrane surfaces. These thin regions were referred to as surface

compartments and the equations describing the processes as the surface compart-
ment model (Blank, 1987). The main processes were variations in Na and K ion
concentrations due to depolarizing currents, ion exchange between ions in solution
and those bound to fixed surface charges at the membrane surfaces, and the very
different rates of ion concentration changes by diffusion and changes in electrical
potential. Voltage-dependent ion channels that open and close depending on changes
in charge distribution were included in the description, but a fuller discussion was
deferred until after the section on transport mechanisms in the lipid bilayer.

The discussion of voltage dependent ion channels is easier to understand fol-
- lowing the section on multi-subunit protein transporters that flip from inner-face-
open-to-water to outer-face-open-to-water. Proteins like the Na,K-ATPase can
apparently negotiate these changes with a minimum change in hydration energy by
keeping the ratio of hydrated and unhydrated protein surfaces relatively constant -
during the charge transfer. However, this does not appear to be possible with the
opening of an ion channel, where the whole length of a hydrophilic pathway through
the bilayer must be open to enable the continuous flow of ions. Figure 3 shows a
protein channel that starts with an asymmetric charge distribution, and where a large
portion of the charge spreads across the length of the protein in the bilayer. If
the charges are electrons, they can spread very rapidly. The change in the ratio of
charged hydrated area and uncharged unhydrated area must result in a significant
change in energy, and the energy change must be reversed when channel returns to
its testing. state, i.e., closes.

The surface free energy model can relate the opening of voliage gated channel
proteins (Blank, 1987, 1989) to charge transfer due to the depolarizing currents, and it
also provides a way to evaluate the energy changes that occur. The process shown in
Fig. 3 assumes that the gating currents in excitable membranes transfer charge across
the protein, and this changes the energetics of the channel protein to favor opening a.
channel. Since disaggregation is endothermic and aggregation exothermic, the model
predicts an initial cooling as protein contacts water on channel opening, followed by
heating on channel closing. The thermal changes should be quite large because of the
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_pature of hydration interactions and the protein surface areas involved. As described
below, thermal changes occur, but not quite as predicted by Fig. 3.

Thermal measurements are generally difficult, especially when the changes are
rapid and the systems small, as with nerves. It is always difficuit to get an accurate
measurement of temperature change when the action potentials in nerves are faster
than the respomse time of the thermal sensors. Also, action potentials involve the
opening and closing of two sets of channels at different rates. There are Na channels
that enable the initial rapid depolarization, and K channels that account for the
slower repolarization phase but that may open at the same time. The effect of an
overlap of opening and closing on the temperature sensor further complicates the
analysis. To add to the difficulties, even the easiest nerves to study contain many
axons that conduct action potentials at different rates, so there is some interference
because of slow and fast conducting axons. Analyzing these data is an unenviable
challenge. _

Despite the difficulties, thermal measurements have been made and analyzed,
and there is agreement about the observations. In excitable membranes, the heat
associated with excitation of nerve (Howarth et al., 1968) or electric organ (Keynes -
and Aubert, 1964) shows three distinct phases during an action potential. There is an
initial, short-lived warming phase followed by a longer cooling phase of comparable
amplitude and a still longer warming phase having the largest amplitude and most
probably associated with recovery mechanisms. The net heat evolved is actually
small in comparison with the initial heating and cooling, suggesting that the net heat
is a measure of the dissipation due to the flow of ions down electrochemical
gradients, and the chemical bond energy used to restore the ionic gradients.

It is difficult to interpret the measurements in terms of channel protein inter-
actions, because there are multiple sources of thermal changes. These include current
flow during the action potential, discharging and recharging the membrane capa-
citor, ion pumping during recovery, etc. ‘The major changes of heat appear to be due
to reversible processes, and the discharging and recharging of the membrane capa-
citor can account for about half of the reversible heat change observed. The changes .
in hydration energy during channel opening and closing are another source that may
account for the reversible changes. It would be hard to find another source for the
large negative heat, which is a major unexplained aspect of the process.

We can estimate the energy changes from channel opening and closing, assuming
that the number of sodium channels per unit area of membrane is the same as in
unmyelinated C fibers of rabbit vagus nerve (Howarth et al., 1968) of 110 amoi/kg
wet weight. C fiber diameters range from 0.4-1.2 pm, so assuming an average dia-
meter and a density of Na channels comparable to the squid axon (Levinson and
Meves, 1975), it is possible to estimate the measured heats per gram from the esti-
mated positive heat of 25 pcal/g and the negative heat of 22 pcal/g. If all of the AH
were due to the reactions of the proteins in the channels, the negative heat is a better
measure of the largely reversible AH for channel opening and closing. In that case,
the reversible channel process involves a AH of about 6 kcal/mole of channel protein
(molecular weight 270 kD), or about .02 cal/g of channel. The AH for the aggrega-
tion of tobacco mosaic virus protein (Klug, 1979) is about 0.7 cal/g. This implies that
only about 3% of the protein surface is involved in the reactions affecting channel
opening and closing. Since the discharging and recharging of the capacitor can
account for about half of the reversible heat change observed, only ~1% of the
protein surface can account:for the unexplained heat. '
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The measured heats appear of reasonable magnitude, but the sequence is at odds
with what would be expected if the simple model depicted in Fig. 3 were the only
source of heat exchanged. One expects the positive AH for channel closing to
coincide with the (alling phase of the action potential, and channel opening shouid
be associated with a negative AH or heat absorption. The channel is certainly more
complicated than the model in Fig. 3, and so are the thermal changes. The heat
evolved during the discharging of the membrane capacitor is simultaneous with the
heat absorbed during channel opening. The two are also opposed during repolar-
ization and channél closing. Furthermore, the discharging is much faster than the
recharging. Undoubtedly, the thermal measurements are missing a large part of the
heat exchanged, and the heat changes associated with channel opening and closing
are therefore much greater than we have estimated and involve a much larger
fraction of the protein surface. '

In the absence of an al-inclusive and accurate analysis of all the thermal con-
tributions to the measurements, it is nevertheless clear that an action potential is
accompanied by:

* 3 net heat evolution as one would expect in a dissipative process;

® 3 reversible heat due to dlschargmg and recharging the membrane capac1t0r and

® 3 reversible heat of channel opening and closing due to the hydratlon energy
associated with a small part of the protein surface.

A recent artiele accounts for the unexplained heat changes during an’ action
potential by suggesting the possibility of soliton propagation in the membrane lipids
as the source (Jackson, 2005; Heimburg and Jackson, 2006). The authors point out
that this idea can also account for the well-known Meyer-Overton correlation
between the effective concentrations of a wide range of anesthetics and- their oil/
water partition coefficients. The Meyer-Overton correlation is not a particularly
good test, because many theories predict that correlation. In a review on anesthesia,
Vandam (1966) referred to two then popular new theories of anesthesia—Pauling’s
clathrate formation theory and Miller’s dissociation pressure of hydrates—and
pointed out that any theory based on weak interactions between anesthetics and
other molecules is bound to correlate with the Meyer-Overton data.

A better counter argument to the soliton proposal is probably invoking.
Ockham’s razor rather than a detailed discussion and evaluation. Simply. stated,
voltage-gated ion channels are acknowledged by all to be clearly associated with the
action potential, and the properties of these essential proteins may be able to account
for the thermal obsetvations without the need to turn to the properties of the matrix
in which the channels are embedded. Tt could be that some of the optical properties
ascribed to the lipids by Heimburg and Jackson are also associated with the much
larger structures that appear to be parts of channels, such as the cytoplasmic com-
ponents of the K channel (Long et al.,-2005). Certainly, the observed changes in the
thermodynamic properties are to be expected from the protein channels.

Electromagnetic Field Stimulation of DNA

One 6f the earliest biological effects of EMF to be described was the ability to
stimulate biosynthesis (Goodman et al., 1983; Goodman and Henderson, 1988). Since
those early experiments, it has been shown that EMF in both extremely low frequency
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(ELF) and radio frequency (RF) ranges stimulate protein synthesis. This means that
‘even the weak EMF in the ELF range have made DNA come apart to initiate protein
synthesis. So it is no surprise that EMF can cause dose dependent, single and double
strand breaks in DNA at higher field strengths and higher frequencies (Lai and Singh,
1997; REFLEX Report, 2005; Ivancsits et al., 2005; Winker et al., 2005). -

The data suggest that weak EMF produce strains in DNA that can cause the
chains to separate, and if the strains are large enough, cause the chains to break.
Since DNA is held together by H-bonds, and since EMF are most likely to act on
electrons, EMF probably act on electrons in the H-bonds to weaken the bonds.
Electrons could also be affected in the H-bonds that flicker in water at a frequency
~10PHz, and that would be expected to do so in aqueous solutions as well
(Fecko et al., 2003; McGuire and Shen, 2006). This would create many transient
protons and electrons in and around the DNA solution that can be accelerated
by EMF.

In research. focused on the stimulation of a specific stress protein, hsp70
{Goodman and Blank, 1998; Blank and Goodman, 2002, 2004), it has been possible
to identify specific DNA sequences in the promoter of this protein that are needed
for the EMF response (Lin et al., 1999, 2001). This was clearly demonstrated when
the EMF responsive DNA sequences were transfected into the promoter of a
reporter gene, and the reporter gene responded to EMF (Lin et al., 2001). The EMF
responsive DNA sequences on the promoter contain sites with bases CTCT that
appear to be essential. CTCT bases have low electron affinities, so electrons would
be more easily displaced. Also, the CTCT are pyrimidines, and when the H-bonds
split between CTCT and the GAGA (purines) bases on the complementary chain,
there is a smaller smoother arca that would make it easier to disaggregate.

When electrons are displaced by EMF, it can be shown that there is a favorable
energy balance in the DNA disaggregation that enables the process to proceed.

Strong reactions between the newly exposed IDNA surfaces and water contribute to

the energetics of the process. Blank and Goodman (2007) estimated the energies
associated with the changes, and showed that the aggregated and disaggregated
DNA structures can have equivalent energies. A simple model of disaggregation due
to an increase in charge at a local site shows that an increase in area lowers the
increased charge density, and that DNA cleavage would be optimal for short seg-
ments and low initial charge. The essential CTCT sites identified on the promoter
may be sites of DNA cleavage or sites from which electrons have been displaced. In
DNA, the initial charge can fluctuate, since electrons in DNA are not localized and

are able to move as a result of the random fluctuations in H-bonded networks. This -

would mean that the arca of DNA exposed to water molecules also fluctuates, on
a slower time scale, and that some fluctuations may produce large (emporary.
increases in local charge density. At that point, the two DNA chains would come
apart to create more surface in contact with water.

The method to estimate the energy change at the DNA site associated with the
response to EMF uses the same criterion as in the disaggregation of muiti-subunit
proteins due to charging. In proteins, where Q is the initial charge and A the area of
protein exposed to water, we found that the surface charge density, Q/A, remained
constant while both Q and A increased (Blank and Soo, 1987). In DNA, Q is the
initial charge due to partially ionized phosphate groups and A the initial area of
a DNA segment exposed to water. We assumed the surface charge density, Q/A
remained constant while both Q and A increased. This way the tendency to minimize

S—
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the surface and to spread the charge over the maximum surface (thereby minimizing
the repulsion between charges) was balanced. The separation of the DNA chains
enables initiation of transcription.

If AA is the extra area that opens up to water when 1 charge is added to a
segment having an initial charge, Q, we can set the charge density before equal to the

charge density after a split

Q Q+l |
ry . (3)

From this,

A 1
BV ’
Q  chargedensity @

. This means it is easier to open up a larger AA if one starts with a larger A, but not so

large as to minimize the effect of adding one charge. Also, the fractional increase in
open area will be greater as the charge density decreases. In any case, the opening

must be large enough to allow access to the transcription enzymes. The optimal
segment size may be the four base pair CTCT that was found to be associated with -

the EMF response.

The stimulation of DNA by magnetic fields is related to the physiological
mechanism in striated muscle, where electric fields (not EM fields) associated with
action potentials stimulate the DNA in muscle nuclei to synthesize muscle proteins
in vivo (Blank, 1995). The effect is due to the electric field stimulus, since there is a
clear relation between the muscle proteins synthesized and the frequency of the

action potentials. Under normal physiological conditions, an action potential along
a muscle membrane creates an electric ficld estimated at ~10V/m (Blank and-
Goodman, 2004). In striated muscle, this electric field drives the currents across the.

DNA in nuclei that are normally adjacent to the membrane carrying the action
potential, and the DNA is stimulated to synthesize different muscie proteins in

_ response to the frequency of the action potentials. The magnitude of electric field

provides a large safety margin in muscle, since fields as low as 3mV/m stimulate
HL60 cells, and the threshold electric stimulus for the Na,K-ATPase is even lower, at
~0.5mV/m (Blank and Soo, 1992).

This model based>on an ability to displace charges in DNA can account for

observations on activation of DNA by eithér electric or magnetic fields. The same:

effects should be stimulated by a wide range of frequencies. ELF and R¥ frequencies

have been shown to stimulate stress protein synthesis (Blank, 2007) and because of the -

relation to H-bond fluctuation frequencies described earfier, there is reason to believe
that frequencies up to ~ 10'> Hz would be effective (Biank and Goodman, 2007).

The Proposed Mechanism in Perspective

EMF do not have sufficient energy to directly affect large protein and DNA
molecules, but even weak electric and magnetic fields can cause changes in charge

distribution that trigger Jarge structural changes in proteins. Electric and magnetic
fields can move both ions and electrons, but they require very different energies |

bt




20 Blank

because of the different masses of the charged particles. The electric fields that
"normally affect ions in physiological systems are orders of magnitude stronger than
the magnetic fields that affect electrons. Yet, both initial reactions cause changes in
charge that couple with chemical forces and provide sufficient energy to trigger
physiological processes. Much of the energy in biopolymer conformations is in the
form of hydration energy, and this energy can drive many of the physiological
processes stimulated by EMF. The similar effects on DNA when stimulated at high
or low frequencies suggests that the biological mechanisms utilize the hydration
cnergy stored in molecular conformations, even when strong EMF forces are
available.

Biological systems tend to be energy efficient even when large energy stores are
available to drive these processes. The chemical changes in biopolymers triggered by
charge movements frequently involve conformational changes between structures
of approximately equal energy. Also, biological systems appear to use a wide range
of frequencies to drive these processes. The few biochemical reactions that show a

frequency dependence (Blank and Soo, 1998b) suggest synchronization of the signal
with the kinetics of the reaction. On the other hand, EMF stimulation of stress
protein synthesis occurs in many cells with a wide tange of frequencies (Blank, 2007).

The purpose of this review has been to develop an understanding of possible
biological mechanisms of EMF based on experimental results. However, it is
important that the proposals should also be considered in the context of a more
general discussion in the EMF literature. In the past, a frequent criticism of
experimental EMF studies describing biological changes has been the absence of
a mechanism to account for the effects of weak EMF. The absence of a theoretical
framework was often presented as an indication that the results were not possible.
Despite the clear experimental evidence of repeatable biological effects, this point of
view was made to sound plausible by the relatively large energy demands of the
biological phenomena ascribed to stimulation by weak EMF. The present proposal
indicates a huge energy source that can account for many biological phenomena,
including those stimulated by EMF.
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The relation between residential magnetic field exposure from power lines and mortality from neurodegenerative
conditions was analyzed among 4.7 million persons of the Swiss National Gohort (linking mortality and census
data), covering the period 2000-2005. Cox proportional hazard models were used to analyze the relation of living in
the proximity of 220-380 kV power lines and the risk of death from neurodegenerative diseases, with adjustiment
for a range of potential confounders. Overall, the adjusted hazard ratio for Alzheimer's disease in persons living
within 50 m of a 220-380 kV power line was 1.24 (95% confidence interval (Cl): 0.80, 1.92) compared with persons
who lived at a distance of 600 m or more. Thers was a dose-response relation with respect to years of residence in
the immediate vicinity of power lines and Alzheimer's disease: Persons living at least & years within 50 m had an
adjusted hazard ratio of 1.51 (95% CI: 0.91, 2.51), Increasing to 1.78 (95% Cl: 1.07, 2.96) with at least 10 years and
to 2.00 (95% CI; 1.21, 3.33) with at least 15 years. The pattern was similar for senile dementia. There was [ittle
evidence for an increased risk of amyotrophic lateral sclerosis, Parkinson's disease, or multiple sclerosis.

dementia; neurodegenerative diseases; radiation, nonionizing

Abbreviations: ALS, amyotrophic lateral sclerosis; Cl, confidence interval; ELF-MF, extremely fow frequency magnetic field(s);

ICD-10, Intemational Classification of Diseases, Injurfes, and Causes of Death, Tenth Revision.

Research on the long-term effects of extremely low fre-
guency magnetic fields (ELF-MF) has focused on cancer since
Wertheimer and Leeper (1) published their results on child-
hood cancer and wiring configurations in 1979. In 2001, the
International Agency for Research on Cancer classified expo-
sure to residential magnetic fields above 0.4 uTas a ““possible”
cause of childhood leukemia (2). For noncancer endpoints, an
initial report by Sobel et al. (3) on occupational ELF-MF
exposure and Alzheimer’s disease suggested that the risk
could be substantial. Studies published subsequently have
produced inconsistent results, but a recent meta-analysis (4}
reported elevated risks in cohort, as well as case-control, stud-
ies. A recent review of the evidence for an association between
ELE-MF and Alzheimer’s disease by the World Health Orga-
nization (5) concluded that the available data were inadequate,
and the topic was identified as a key research priority.

To our knowledge, no study has so far examined whether
residential exposure from power lines is associated with an

elevated risk of neurodegenerative diseases. Even a small
association could be of high public health relevance, since
a considerable number of persons are exposed to these
fields. For example, 9.2% of the Swiss population live
within 600 m of a 220 or 380 kV power line, We used the
Swiss National Cohort, a longitudinal study of the Swiss
population (6), to investigate whether living in the vicinity
of power lines was associated with mortality {from neuro-
degenerative diseases such as Alzheimer’s disease, senile
dementia, amyotrophic lateral sclerosis (ALS), multiple
sclerosis, and Parkinson’s disease.

MATERIALS AND METHODS
Study population

The present analysis was based on the 2000 national cen-
sus. Mortality data were available for the period 20002005,

Comespondence to Dr. Anke Huss, Institute of Social and Preventive Medicine, University of Bern, Finkenhubelweg 11, CH-3012 Bern,

Switzerland {e-mail: ahuss @ispm.unibe.ch).
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Table 1. Number of Deaths by Cause, Recorded in Swiss Mortality Data Between December 4, 2000, and December 31, 2005

No. of % of Mean Age at

cotcows [N s e pelbimemele el
All causes 294,833 282,378 96 78.2 (71.6-88.5) 51
Alzheimer's disease G30 9,758 8,228 95 85.3 (80.0-90.5) 68
Senile dementia G30, Foo, FO3 29,975 28,288 94 86.9 (82.7-91.7) 68
Amyolrophic lateral sclerosis G122 759 744 98 70.3 (63.5-79.0) 46
Parkinson's disease G20-21 6,994 6,683 96 83.7 (79.6-88.8) 48
Multiple sclerosis G35 838 773 92 67.0 (57.9-77.4) 67
Cancer of the trachea, C33-C34 14,384 14,281 99 70.0 (62.4-78.1) 26
bronchus, or fung
" Cancer of the esophagus C15 2,119 2,101 99 70.5 (61.5-79.9) 24
Alcoholic liver disease K70 3,356 3,303 98 €3.4 (55.4-71.5) 28

Abbreviation: ICD-10, Infermational Classification of Diseases, Injuties, and Causes of Deat, Tenth Revision.

a Deaths that could be linked to the census (refer to the text).

b Excluded were persons with unknown building coordinates or who were under 30 years of age at the start of follow-up or death.

with causes of death coded according to the International
Classification of Diseases, Injuries, and Causes of Death,
Tenth Revision (ICD-10). Enumeration in the 2000 census
is nearly complete: Coverage was estimated at 98.6% (7).
“Deterministic and probabilistic record linkages were used to
link census records to a death record or an emigration record
(6).’Of death records of persons older than 30 years, 95.1%
could be successfully linked to a 2000 census record. At
present, the database includes follow-up data until December
31, 2005.

We excluded persons aged 29 years or Jess at the census,
as well as persons with incomplete information on building
coordinates. The database contains information on age, sex,
marital status, education, and occupation, as well as addi-
tional variables describing, for example, the degree of ur-
banization of the area or building characteristics such as the
number of apartments per building. The geo-coded place of
residence of the participants (i.e., Swiss-grid coordinates
extracted from the Swiss building registry) is also included
in the census data. In general, these coordinates pinpoint
a location within a few meters of the building’s midpoint.
Data from the 1990 census were used to identify the place of
residence at that time. The 1990 and 2000 censuses addi-
tionally include information on whether individuals had
Jived at the same place 5 years before the census, that is,
in 1985 or in 1995. We were thus able to identify persons
who had lived at their place of residence for at least 5, 10, or
15 years.

Outcomes

We considered deaths from the following neurodegener-
ative diseases: Alzheimer’s disease, senile dementia, ALS,
Parkinson’s disease, and multiple sclerosis. These diseases
had to be listed on the death certificate as the primary or
a concomitant cause of death. The recording of neurodegen-
erative diseases on death certificates might be related to
socioeconomic position. We therefore included outcomes
that are known to be related to socioeconomic position:

cancer of the trachea, bronchus, or lung; alcoholic liver
disease; and all-cause mortality. The ICD-10 codes used
are listed in Table 1.

Exposure

Exposure assessment was based on the distance of the
place of residence to the nearest power line. We included
ail 220-380 kV power lines in Switzerland, over 5,100 km
in total. We obtained geodata of the power lines from
the Federal Inspectorate for Heavy Current Installations.
Figure 1 illustrates localization of the power lines and build-
ings in Switzerland, We determined the shortest distance to
any of the transmission lines and derived the number of
persons living within the corridors around the power lines.
We defined corridors of 0-<50 m, 50-<200 m, 200-<600 m,
and 600 m or beyond. We determined exposure at the time
of the 2000 census,

Information about the use of a building as a clinic or
nursing home was available from a separate building record,
which was completed by the owner of the building, and this
information was then matched to the personal records of
individuals. Some persons might live in a nursing home or
clinic because of a neurcdegenerative disease. Therefore,
in order to obtain more appropriate exposure data for indi-
viduals living in such an institution in 2000, we used the
exposure for the place of residence at the time of the 1990
census instead, Persons who lived in a nursing home or
clinic in 1990 were excluded from the analysis.

Statistical analyses

We analyzed data using Cox proportional hazard models.
We compared the risk of dying from neurodegenerative
diseases across corridors and according to the duration of
vesidence in exposed corridors (at least 5, 10, and 15 years).
Person-years of observation were defined as the interval
between December 4, 2000 (the date of the census), and
death, emigration, or December 31, 2003.

Am J Epidemiol 2009;169:167—175
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Kilometars
0 50 100

Figure t. Powerlines and buildings in Switzerland. Data sources: Federal Inspectorate for Heavy Current Installations, Fehraltdorf (power lines);
Register of Buildings and Dweliings, Federal Statistical Office, Neuchitel (building coordinates); and Federal Office of Topography swisstopo,

Wabern (background map of Switzerland).

We used age as the underlying timescale in our models.
All models were adjusted for sex; educational level (com-
pulsory education, secondary level, and tertiary level); high-
est reported occupational attainment by code (4 levels
extracted from the International Standard Classification of
Occupations of 1988—1) legislators, senior officials, man-
agers, and professionals, 2} technicians and associate pro-
fessionals, clerks, service workers, and shop and market
sales workers, 3) skilled agricultural and fishery workers,
craft and related trades workers, plant, machine operators,
and assemblers, and elementary occupations, and 4) no oc-
cupation reported); civil status (single, married, divorced,
widowed); urbanization category (city, agglomeration, rural
municipality); and language region (German, French, Ital-
ian). We also included the number of apartments per build-
ing into the model, a potential risk factor for magnetic field
exposure due to indoor wiring (8).

Finally, because Alzheimer’s disease might be associated
with benzene exposure, we adjusted models for living
within 50 m of a major road. We extracied proximity of
the buildings to the “major road network” using data from
the Swiss TeleAtlas database for this purpose. The major
roads network includes motorways and motorway exits, as

Am J Epidemiol 2009;169:167-175

well as “major roads of high importance™: nearly 8,700 km
with 7% of the population exposed to major roads in the 50-m
corridor. In sensitivity analyses, we repeated analyses for
persons aged less than 85 years, by sex, and examined
whether results differed between deaths where Alzheimer’s
disease or senile dementia had been coded as the primary or
concomitant cause of death.

We tested our models successfully for the proportionality
assumption using Nelson-Aalen survivor functions and sta-
tistical tests based on Schoenfeld residuals, Data were ana-
lyzed by using Stata 9 (StataCorp LP, College Station,
Texas) software. Resulls are presented as hazard ratios with
95% confidence intervals.

The Swiss National Cohort was approved by the cantonal
ethics committees of Bern and Zurich.

RESULTS

Of the 7.29 million persons recorded in the 2000 census,
2.59 million were excluded because they were under the age
of 30 years at the census, Furthermore, 39,871 persons with
unknown building coordinates were excluded. The cohort




170 Huss et al.

Table2. Numberof Deaths, Person-Years of Follow-up, and Hazard Ratios for Alzheimer's Disease and §

enile Dementia Mortality According to

Distance to Power Lines, Entire Study Population and Individuals With at Least 15 Years at the Identical Place of Residence, Swilzerland,

2000-2005*
Crude Adjusted
Cause of Death D e Lines . Cases Person-vears Hazard Contidonce Hazard Confience
Interval Interval
Entire study population

Alzheimer's disease 0—<50 20 58,423 1.18 0.76, 1.83 1.24 0.80, 1.92
50-<200 130 363,460 1.12 0.94, 1.33 113 0.85, 1.34

200—-<8600 572 1,688,323 0.99 0.91,1.08 1.02 0.94, 1.11

>600 8,506 20,711,618 1 Referent 1 Referent

Senile dementia 0-<50 60 58,423 1.19 0.92,1.53 1,23 0.96, 1.59
50-<200 37 363,460 1.08 0.96,1.18 1.08 0.97, 1.19

200-<600 1,702 1,688,323 0.98 0.23, 1.02 0.99 0.94, 1.04

>600 26,155 20,711,618 1 Referent 1 Referent

Individuals living af least 15 years at the identical place of residence

Alzheimer’s disease 0-<50 15 22,320 1.90 1.14, 3.15 2.00 1.21,3.33
50—<200 63 145,148 112 0.88, 1.44 1.15 0.89, 1.47

200—<600 259 641,017 0.96 0.85,1.09 1.00 0.88,1.13

>600 3,861 7,698,419 1 Referent 1 Referent

Senile dementia 0-<50 33 22,320 1.40 0.99, 1.97 C 141 1.00, 1.98
50-<200 169 145,148 1.00 0.86, 1.16 1.01 0.86, 1.17

200~<600 819 641,017 1.00 0.93, 1.07 1.01 0.84,1.09

>600 11,930 7,698,419 1 Referent 1 Referent

& Cox propottional hazard models were based on either 4.65 million {entire study population) or 1.75 million {individuals with at least 15 years at
the identical place of residence) people, with age as the underlying timescale, crude and adjusted for sex, educationat level, occupational
attainment, urban-rural area, civil status, language region, number of apartments per building, and living within 50 m of a major road.

thus consisted of 4.65 million persons. During the study
period, 282,378 eligible and linked deaths from all causes
were recorded, including 9,228 deaths from Alzheimer’s
disease, 28,288 deaths from senile dementia, 773 deaths
from multiple sclerosis, and 6,683 deaths from Parkinson’s
disease (Table 1). The total number of person-years of
follow-up was 22.82 million for the whole study population
and 8.51 miilion for persons who reported living for at least
15 years at the identical place of residence (Tables 2 and 3.

The adjusted hazard ratio of Alzheimer’s disease for per-
sons living within 50 m of a 220-380 kV power line com-
pared with that for persons who lived at a distance of 600 m
or more was 1.24 (95% confidence interval (CI): 0.80, 1.92).
There was little evidence of an increased risk beyond 50 m.
Analysis by exposure duration revealed a dose-response re-
lation with respect to years of residence in the vicinity of
power lines: Persons living at least 5 years within 50 m had
an adjusted hazard ratio of 1.51 (95% CL: 0.91, 2.51), which
increased to 1.78 (95% C1: 1.07, 2.96) for persons with at
least 10 years and to 2.00 (95% CIL: 1.21, 3.33) for persons
with at least 15 years (Figure 2; Table 2). These adjusied
hazard ratios of 2.04 (95% CI: 1.06, 3.93) and 1.96 (95%
Cl: 0.88, 4.38) were similar for women and men, respec-
tively, and for persons under 85 years of age (adjusted
hazard ratio = 1.94, 95% CI: 0.97, 3.89).

For senile dementia, we observed the same pattern as with
Alzheimer’s disease, although associations tended to be
weaker. For increasing exposure time in the vicinity of
power lines, the adjusted hazard ratio increased from 1.23
(95% CL: 0.96, 1.59) for any exposure duration to 1.34(95%
CI: 0.98, 1.82) for persons with at least 5 years, to 1.36
(95% CI: 0.98, 1.89) with at least 10 years, and to 1.41
{95% CI: 1.00, 1.98) with at least 15 years of residence near
the power line (Table 2). For both Alzheimer’s disease and
senile dementia, there was little evidence for a difference in
effects between deaths coded as primary and deaths coded
as concomitant cause (Pineraction = 0.2).

Parkinson’s disease and ALS were not associated with
residence in the proximity of power lines. The adjusted
hazard ratio for any duration of exposure in the 50-m cor-
ridor was 0.83 (95% CI: 0.46, 1.49) for Parkinson’s disease
and could not be estimated (no case occurred in the 50-m
corridor) for ALS. The adjusted hazard ratio for multiple
sclerosis was 1.20 (95% CI: 0.30, 4.80). Similar results were
cbtained when restricting analyses to persons with at least
15 years at the same place of residence (Table 3).

No increased risk in the proximity of a power line was
found for all-cause mortality, cancer of the lung, bronchus,
or trachea, cancer of the esophagus, or alcoholic liver dis-
ease, for any duration of residence (data not shown) or when

Am J Epidemiol 2009;169:167-175
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Table3. Numberof Deaths, Person-Years of Follow-up, and Hazard Ratios for Amyotrophic Lateral Sclerosis, Parkinson’s Disease, and Multiple
Sclerosis Mortalily According to Distance to Power Lines, Entire Study Population and Individuals With at Least 15 Years at the Identical Place of

Residence, Switzerland, 2000-2005°

Crude Adjusted
Cause of Death D;(s\;a;\:;;: Elil:an?o g:.s:; Pergaor;-?lfears Hazard CO,.?ﬁs;I:me Hazard Congflst::/;nce
Ratlo interval Ratlo Interval
Entire study population
Amyotrophic lateral sclerosis 0-<50 0 58,423
50-<200 10 363,460 0.88 0.47, 1.64 0.85 0.46, 1.59
200-<600 39 1,688,323 0.74 0.54,1.02 072 0.52, 1.00
=600 695 20,711,618 1 Referent 1 Referent
Parkinson’s disease 0-<50 12 58,423 0.95 0.54,1.67 0.87 0.50, 1.56
50—<200 99 363,460 1.15 0.94, 1.40 1.06 0.87,1.29
200-<600 416 1,688,323 0.28 0.90,1.09 0.92 0.84,1.02
>600 6,156 20,711,618 i Referent 1 Referent
Muttiple sclerosis 0—<50 2 58,423 1.1 0.28, 4.43 1.19 0.30, 4.79
50—<200 16 363,460 1.38 0.84, 226 1.45 0.88, 2.39
200~<600 60 1,688,323 1.12 0.86, 1.45 1.16 0.89, 1.51
>600 695 20,711,618 1 Referent 1 Referent
Individuals fiving at least 15 years at the identical place of residence
Amyotrophic lateral sclerosis 0—<50 0 22,320
50 —<200 7 145,148 1.05 0.50, 2.21 1.00 0.47,2.11
200-<600 29 641,017 0.97 0.66, 1.41 0.93 0.63, 1.35
=600 389 7,698,419 1 Referent 1 Referent
Parkinson’s disease 0-<50 8 22,320 1.25 0.63, 2.51 1.15 0.57, 2.30
50-<200 56 145,148 1.25 0.96, 1.63 1.14 0.87,1.49
200-<600 210 641,017 0.99 0.86, 1.14 0.93 0.81,1.08
=600 3,006 7,698,419 1 Referant 1 Referent
Multiple sclerosis 0—<50 1 22,320 1.26 0.18,8.98 1.35 0.19,9.62
50-<200 i1 145,148 2.09 1.15, 3.82 2.19 1.19, 4.01
200-<600 26 641,017 1.10 0.74,1.65 1.14 0.76,1.71
=600 299 7,698,419 1 Referent 1 Referent

2 Cox proportional hazard model based on 4.65 million and 1.75 million people, with age as the underlying timescale, crude and adjusted for sex,
educational level, occupational attainment, urban-rural area, civil status, language region, number of apartments per building, and living within 50 m

of a major road.

restricting analyses to persons with at least 15 years at the
same place of residence (Table 4).

DISCUSSION

This large study of the entire Swiss population found that
persons who lived within 50 m of a 220-380 kV power line
were at increased risk of death from Alzheimer's disease,
compared with persons who lived farther away from power
lines. The risk increased with increasing duration of resi-
dence in the 50-m corridor. Notably, the risk declined rap-
idly with increasing distance, with only weak evidence for
an increased risk beyond 50 m. A similar patiern was ob-
served for senile dementia. In contrast, we found no consis-
tent association for ALS, Parkinson’s disease, or multiple
sclerosis. Our study thus indicates a possible association

Am J Epidemiol 2009;168:167-175

between ELF-MF exposure and risks of Alzheimer’s disease
and senile dementia.

Comparison with previous studies

Established risk factors for Alzheimer’s disease include
age and genetic factors (9). Controversy remains regarding
environmental risk factors, including ELF-MF (10). The
association between Alzheimer’s disease and ELF-MF has
generally been studied with respect to occupational expo-
sures. Occupational exposures are typically about 0.5 pT for
electricians, some machine operators, or train drivers, above
1 uT for some machine operators, and around 3 PT for
electrical power installers and repairers (11). In occupa-
tional settings, increased risks of Alzheimer’s disease have
been reported with magnetic field exposures at levels around
0.5 uT (4). To our knowledge, an analysis of the potential
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Figure 2. Mortality from Alzheimer's disease in relation to proximity to 220-380 kV power lines, Switzerland, 2000-2005. Cox proportional hazard
madels for persons in Switzerland who reported living at the place of residence at the time of the 2000 census or at the identical place of residence
for at least 5, 10, or 15 years, using age as the underdying timescale, adjusted for sex, educational level, occupational attainment, urban-rural area,
civit status, language region, number of apartments per building, and living within 50 m of a major road.

association of neurodegenerative diseases and residential
exposure has not been reported in the scientific literature,
even though ELF-MF exposure from power lines can be of
the same magnitude as in occupational settings. In the

United Kingdom, propagation of magnetic fields at levels
of about 0.5 pT at a distance of 50 m to a 275 kV line was
reported (12). At maximum load, these levels could, how-
ever, be considerably higher. In Switzerland, the Federal

Table 4. Number of Cases and Hazard Ratios for Comparison Quicomes of Total Mortality, Alcohglic Liver Disease, Cancer of the Esophagus,
and Lung Cancer According to Persans Who Reported Living at Least 15 Years at the Identical Place of Residence, Switzerland, 200020056
Crude Adjusted
oot CGEESEE WD T ol MR ot
Ratio Interval Ratio Interval

Total mortality 0-<50 341 1.11 1.00, 1.24 1.07 0.96, 1.19
50-<200 2,144 1.1 0.97, 1.06 0.97 0.93, 1.01

200-<600 10,104 1.02 1.00,1.04 1.00 0.98, 1.02

>600 135,851 1 Referent 1 Referent

Alcoholic liver disease 0-<50 4 1.01 0.38, 2.70 1.11 0.41,2.96
50-<200 32 1.23 0.87,1.75 1.31 0.92, 1.86

200—<600 94 0.82 0.68, 1.01 0.87 0.70, 1.07

=600 1,409 1 Referent 1 Referent

Cancer of the esophagus 0-<50 1 0.37 0.05, 2.62 0.36 0.05, 2.55
50~-<200 16 0.88 0.54, 1.45 0.84 0.51,1.38

200-<600 77 0.94 0.75, 1.19 0.92 0.73,1.16

>600 1,055 1 Referent 1 Referent

Lung cancer 0-<50 19 1.02 0.65, 1.59 1.00 0.64, 1.57
50-<200 119 0.95 0.79,1.14 0.94 0.78,1.12

200—<600 551 0.98 0.90, 1.07 0.99 0.80,1.08

=600 7,248 1 Referent 1 Referent

2 Cox proportional hazard models, using age as the undetlying timescale, crude and adjusted for sex, educational level, 6ccupational attainment,
urban-tural area, civil status, language region, number of apartments per building, and living within 50 m of a major read. The study population is the

same as that for Table 3.
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Office for the Environment estimated that, at full load, 1 pT
would not be exceeded at a distance of 60-80 m from a 380
kV line and at 40-35 m from a 220 kV line (13).

For ALS, an association between the risk of ALS and
employment in electrical occupations, which is related to
both magnetic field exposure and the risk of experiencing
electric shock, has been reported (14). The electric shock
hypothesis would be consistent with our results, as we did
not observe an association with residential magnetic field
exposure. In the absence of a known biologic mechanism,
the World Health Organization recently concluded that
the available evidence on a possible association between
ELF-MF and Alzheimer’s disease, as well as ALS, was
inadequate (5).

Of the few studies so far that evaluated magnetic field
exposure and multiple sclerosis, none reported statistically
significant increased risks, which is in line with the incon-
sistent results observed here (15-17). Also in line with pre-
vious studies, our results for Parkinson’s disease provide
little evidence for an association (18).

Strengths and limitations

This study combined the mortality register data with
nearly complete population data from the 2000 census, com-
plemented with information on duration of residence from
the 1990 census. With the exception of persons emigrating
from Switzerland, particularly older immigrants who tend to
retum to their countries after retirement, mortality data are
also virtually complete. Record linkage failed in some in-
stances, but this is unlikely to be associated with residence
in the vicinity of power lines, Linkage success is very high
in the age group above 30 years and highest in the age group
between 65 and 85 years. Because mortality from neuro-
degenerative diseases is negligible in younger people, we
restricted our analyses to persons aged 30 years or over. In
sensitivity analyses, we excluded people aged 85 years or
older and obtained virtually identical results.

The development of neurodegenerative disease, as well as
its recording on death certificates, may be associated with
sociceconomic position. The availability of data on educa-
tion and occupation and other potential confounders on an
individual level is an important strength of our study. This
allowed us to adjust for several indicators of socioeconomic
position, but this adjustment had only very small effects on
our estimates. In addition, causes of death known to be
associated with socioeconomic position were included for
comparison but did not show an increased risk in the 50-m
corridor.

There is no registry for neurodegenerative diseases in
Switzerland, and we had to rely on information given on
death certificates, where neurodegenerative diseases are
known to be underreported (19-21). The degree of under-
reporting varies by disease. Death certification of cases of
ALS and multiple sclerosis has been found to be reasonably
accurate (22, 23). Underreporting of Alzheimer’s disease, as
well as senile dementia, is more common and increases with
the age of the deceased (19, 21, 24-27). Mortality rates for
Alzheimer’s disease have been increasing since 1993, when
a specific code was introduced in the ICD-10 system, in-
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dicating that reporting of Alzheimer’s disease on death cer-
tificates has become more complete in recent years.
However, it is unlikely that the completeness of reporting
is associated with living in the proximity of power lines.

The magnetic ficlds produced by power lines depend on
a variety of factors, including the load characteristics, dis-
tance between conductors, and the placement of phases.
Unfortunately, information on these characteristics was
not available in our study. We acknowledge that the use of
exposure corridors, without measurements or taking the
load of the line and other factors into account, may have
introduced Berkson-type error inio the exposure assessment
(28), and this could have reduced the power of our study. On
the other hand, it is possible that cur surrogate is not pre-
dictive for true exposures at all because other sources may be
more important, for instance, at work or when travelling.
This would imply that the observed association is due to
another factor that could not be controlled for in the analysis.
However, we believe that we allowed for the most important
factors in the analysis, and we are not aware of other expo-
sures that could plausibly explain the observed associations.

There is no consensus as to which exposures from over-
head power lines are biologically relevant and should be
measured (2). For example, ionized particles or contact cur-
rents may also be relevant (29-31). However, all of these
exposures are associated with distance to a power line. We
extended the corridors around power lines up to a distance
of 600 m to make our results comparable with those of the
study by Draper et al. (32). In contrast to their study, we
found little evidence for an increased risk beyond 50 m.
With respect to a potential mechanism, we can only specu-
late whether one of the mechanisms that have been proposed
in the literature (5) might be of importance in the context of
magnetic field exposure and neurodegenerative diseases.
For example, induced electric fields in neural networks
(electric fields induced in tissue by exposure to exiremely
low frequency electric and magnetic fields) have been re-
ported to affect synaptic transmission in neural networks, as
well ag the radical pair mechanism (5). Increased free rad-
jcal concentrations can cause oxidative damage to cellular
components, which could play a role in the etiology of
Alzheimer’s disease.

Finally, underground cables that replace overhead power
lines in some urban areas may represent an additional source
of residential magnetic field exposure, but these were not
considered in our study. In Switzerland, underground cables
of 220-380 kV represent only around 0.8% of the grid, and
we decided to omit cables from our analyses.

Public health implication

Assuming that the associations observed in this study are
causal, what are the public health implications? Considering
the relatively small number of cases of Alzheimer’s disease
and senile dementia diagnosed in the 50-m corridor
(Alzheimer's disease: 20 of 9,164 (0.22%); senile dementia:
59 of 28,045 (0.21%)), it is clear that the public health
impact appears limited. The true public health impact, how-
ever, is difficult to determine. Rates of Alzheimer’s disease
were reported to be from 2- to 8-fold higher if diagnoses were
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based on clinical examination instead of death certificates
(20, 24). In addition, Alzheimer’s disease might go undiag-
nosed in another group of persons. Finally, although we
found only weak evidence for an increased risk beyond
50 m, it is unlikely that there is an abrupt change in risk at
50 m. Nevertheless, our results do provide reassurance for the
population living at distances of 50-600 m from a power line.

Conclusions

The results of our study support the hypothesis that mag-
netic field exposure plays arole in the etiology of Alzheimer’s
disease and senile dementia but not of ALS or other neuro-
degenerative diseases. Despite the large sample size covering
the whole Swiss population, these findings must be inter-
preted with caution, because of the lack of known biologic
mechanisms.
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Abstract

A case-only study was conducted in 123 patients with sporadic acute leukemia (AL). The locations of electric transformers
and power lines were noted in each area, and their distances from the houses of the study patients were measured. The
intensities of magnetic fields (B) were measured in 66 cases. Unconditional logistic regression analysis was performed
adjusting for age, gender, parental education and occupation, indoor and outdoor pesticides use, presence of television sets,
refrigerators and microwave ovens in children’s rooms and the presence of chemical factories or telecommunication
transmitters within 500 m of the houses. The results of the gene-environment analyses revealed that an_interaction existed
between the XRCC! Ex9+ 16 A allele and the presence of electric Mﬁ_m_pmw\e{[%}%ﬂhw (Mean
B=0.14 yTeslas, y1) of the houses {interaction odds ratio, COR = 4.31, 95%CI: 1.54-12.08). The COR for the interaction
of XRCC! Ex9 + 16A and the presence of these installations within 50 m (Mean B=90.18 uT) of the houses was 4.39

(95%CI: 1.42-13,54). Our results suggest a possible association between electric transformers and power lines and the
XRCC1 Ex9 + 16A allele in patients with childhoed AL,

Keywords: Electromagnetic fields, gene—environment interactions, DNA damage, single nucleotide polymorphisms, cancer

ence cell proliferation and DNA damage in both
normal and tumour cells through the action of free
Leukemias account for 25-35% of all childhood radicals [13-15}. Many of the enzymatic genes
cancers [1,2]. The mechanism by which leukemia involved in DNA repair are polymorphic and can

Introduction

arises is likely to involve gene—environment interac- affect the capacity for DNA repair [16,17], possibly
tions, with the environmental exposure including accounting for differential susceptibilities to child-
both endogencus and exogenous factors [3]. Ex- hood leukemia.

posure to residential power-frequency magnetic Genetic variation in the coding regions of the
fields has been suspected to increase the risk of mismatch repair gene AMLHI (lie-219Val) could

childhood leukemia, though the risk suggested by the
first report [4] has not consistently been supported by
the following ones [5-12]. Laboratory-based experi-
ments and recent studies have suggested that low
frequency electromagnetic fields (EMF) can infiu-

contribute to an individual’s susceptibility to leuke-
mogenesis [18,19], though the involvement of the
repair systerm in the pathogenesis of plasma cell
dyscrasias has not yet been fully elucidated [20]. A
single base A to G transiton in exon 8 at position 23
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upstream was identified as a polymorphism of the
BMLHI gene, and the AA genotype may be
associated with decreased activity of the encoded
enzyme. Genetic variations in base excision repair
genes are associated with bladder cancer risk through
gene-gene and gene-environment interactions. The
Aspl48Glu amino acid substitution is due to a single
T to G base pair change in exon 5 at position 5
downstream in the APEX] gene which has been well
studied [21]. Silencing of the MGMT gene, a key
gene for DNA repair, is involved in carcinogenesis.
However, the effects of these polymorphisms on the
levels and types of genetic damage induced by
specific environmental carcinogens remains to be
fully determined. Evidence suggests that the 143 Val
c single nucleotide polymorphism (SNPs) (MGMT
Ex7+ 13 G allele) may alter the functional char-
acteristics of the MGMT protein, resulting in
suboptimal repair of genetic damage [22]. The
XRCC1 280His (XRCCI Ex9+ 16 A) alleles affect
individual chromosomal aberration levels, most
probably by influencing the DNA repair phenotype
[17]. The Asp312Asn and Lys751Gln polymorph-
isms in the XPD gene may also alter DNA repair
capacity. The hypothesis that these two XPD poly-
morphisms were associated with lung cancer risk was
confirmed in a large hospital-based, case—control
study among Chinese patients [23].

EMF and the aforementioned genetic polymorph-
isms may be associated with childhood acute
leukemia (AL), in light of the fact that there is an
unexplained association between exposure to the
magnetic fields arising from the supply and use of
electricity, and an increase in risk of childhood
leukemia [24]. The present study was conducted to
explore the rele of interactons between EMF and
DNA repair enzymes in childhood leukemia, using a

case-only study in a Chinese Han population of

children.

Methods
Study population and data collection

Participants in the study were all inpatients admitted
to the hematological department of the Children’s
Medical Centre affiliated to Shanghai Jiao Tong
University School of Medicine in Shanghai, China.
All subjects were ethnic Han Chinese and residents
of Shanghai and Zhejiang and Jiangsu province, who
resided within 500 km of Shanghai. We recruited
123 patients who had been diagnosed with AL at
ages <15 between May 2006 and August 2007.
Children with AL were diagnosed according to the
French-American—British classification by bone mar-
row biopsy [25]. A combination of morphologic,

Interactions betweenn DNA repair genes and EMF 2345

immunophenotypic and cytogenedc studies is used
to establish the diagnosis of acute myeloid leukemia
(AML) [26,27). After informed consent from the
parents of each participant, 0.5 mL of blood was
collected before chemotherapy and stored at — 80°C.
The study was approved by the ethics and research
committee of the Shanghai Children’s Medical
Centre, which is affiliated with the Shanghai Jiaotong
University School of Medicine.

The mothers of the patients were interviewed at
the hospital by specifically trained medical doctors
using a questionnaire. Visits to the present (or
previous) residential areas of 66 cases were arranged,
and the actual values of magnetic field intensities
were measured using an EMF detector (TriField
Meter, Alphalab, USA). Questionnaires covered
information about the parents’ sociodemographic
characteristics, the children’s pre and postatal
characteristics and the familial history of cancer and
autoimmune diseases. The questions related to
environmental exposure covered pregnancy and the
period from birth to diagnosis and detailed informa-
tion including: Was there a television set/refrigerator/
microwave oven in the children’s rooms? Did you
regularly use insecticides at home? Did you use
gardening chemicals such as, fertilisers, herbicides,
insecticides, fungicides, others? Were there chemi-
cal factories/telecommunication transmitters/electric
transformers/power lines around your house? Eleciric
transformers were taken to mean those typically
located within a city area to serve city districts or the
main power transformation stations (10, 35, 110 kV).
Distances between such installations and the houses
were noted. The guestionnaire also addressed the
parents’ occupations during pregnancy and during
the study subjects’ childhoods.

SNP detection using the MassARRAY system

The MassARRAY technology platformn (Sequenom,
San Diego, California, USA) was used to detect
the SNPs in AMLHI Ex8-23A > G (rs1799977),
APEX1 Ex5+5T > G (rs1130409), MGMTEx7 +
13A > G (rs2308321), XRCC! Ex9+16G> A
(rs25489), XPD Ex10-16G > A (rs1799793) and
XPD Ex23 461 T > G (rs13181) [28]. The test was
based on the principle of allele-specific primer
extension reaction, whereas the read-out of the result
was realised using matrix-assisted laser desorption/
ionisation time-of-flight mass spectrometry (MAL-
DI-TOF-MS). Polymerase chain reaction (PCR)
primers and extension primers were designed by
MassARRAY Assay Design 2.0 software. To provide
a significant improvement in overall performance,
10-mer tag (5-ACGTTGGATG-3") was added to
the 5’ ends of each PCR primer (Table I}. To start
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the experiment, the polymorphic loci were amplified
by PCR on a 384-well plate in a volume of 5 puL
reaction mixrure with 0.1 U HotStarTag DNA
polymerase (QIAGEN GmbH, Hilden, Germany).
PCR thermocycles were performed as follows: a
denaturation at 95°C for 15 min, 45 cycles consisting
of 20 s at 95°C, 30 s at 56°C and 60s at 72°C,
followed by a final elongation step at 72°C for 3 min.
The PCR products were then purified with shrimp
alkaline phosphatase. In the second step, 2 uL primer
extension mixture, including approximately 9 pM
extension primer (Table I), 0.018 uL. Thermoseque-
nase and 0.2 pL. 10 x Termination Mix of ddATPD,
ddCTP, ddTTP and ddGTP (suitable for the each
SNP) (Amersham Biosciences, Uppsala, Sweden)
were added to the PCR products. The mixture was
thermocycled to process the reaction protocol as
follows: 94°C for 2 min; 55 cycles each of 94°C for
5s, then 52°C for 55 and 72°C for 5s. After
desalting, the reaction products were transferred
onto a 384-well SpectroCHIP and analysed by using
the MassARRAY Analyser (Sequenom).

Statistical analysis

The y’-goodness-of-fit test was used to test the
Hardy-Weinberg equilibrinm. For polymorphisms
with a low variant allele frequency, the homozygote
for the variant allele was combined with the hetero-
zygote, including AMLHI Ex8-23A > G, APEX!
Ex5+5T > G, XRCC! Ex9+16G > A and XPD
Ex234-61 T>G. The low risk genotypes (in
hMLH1 genotypes, A/A allele; in APEXT genotypes,
T/T allele; in MGMT genotypes, A/A allele; in
XRCC1 genotypes, the G/G allele; in XPD

Ex23+ 61T > G genotypes, T/T allele; in XPD
Ex10-16G > A, G/G allele) were designated as the
referent category to evaluate potential effect mod-
ification. For XRCC1, genotypes were also combined
based on a known phenotype-~genotype relationship.
The combination of XRCCI Ex9 + 16 A/G and A/A
genotypes was defined as a ‘poor metaboliser’,
whereas the G/G genotype of XRCCI Ex9 + 16 was
termed as an ‘extensive metaboliser’ [16,17,29].

To estimate gene-environment interactions, a
case-only design was applied. The case-only design
is an efficient way of estimating gene-environment
interactions, but it cannot evaluate the main effect of
either [30-32]. Such interactions may be obtained in
a case-only design if independence between geno-
types and environment exposure is assumed. In this
study, we validated this independence assumption
through the analysis of a relatively large number of
healthy subjects (n=135, median age 5.0 years,
range 0.5-15 years) randomly selected from the same
population. Generally, when E is categorical or
continuous, we can assess the independence assump-
tion by fitting the following logistic regression model
to the control data:

logitP{G=1)=n4+mE (1)

where a test of whether ;=0 is a test of the
independence assumption. We assume that the
genetic mutation and environmental exposure
are binary variables. G and E indicate presence of
the genetic mutation or polymorphism, and environ-
mental exposure, respectively. We perform a case-
only analysis if the test is nonsignificant at the 0.05
significance level or otherwise a case—control analysis

Table I. Qligonucleotide primers for polymerase chain reaction,

Genes Primers (5'-%; F, forward; R, reverse; E, extension)

Fragment length {bp)

RMLH1 Bx8-23A > G

m R

APEX1 Ex5+5T > G

bl

MGMTEx7+13A>G

W

XRCC1 Ex9+16G > A

e

XPD Ex10-16G > A

Aoo

XPDEx23+61T>G

A

[es]

ACGTTGGATGCTGATGTTAGGACACTACCC 102
: ACGTTGGATGTCGACATACCGACTAACAGC

: GACTAACAGCATTTCCAAAGA
ACGTTGGATGCACCTCTTGATTGCTTTCCC 120
: ACGTTGGATGACAATCACCCGGCCTTCCTG
CCTCCTGATCATGCTCCTC
ACGTTGGATGCTGCTGCAGACCACTCTGT 100
: ACGTTGGATGAGATCCCTGACTGACAGTGG

: ACCTGTCTTCCAGGTCCCCATCCTC
ACGTTGGATGTTTGCCTGTCACTGCCCCCT 105
: ACGTTGGATGTTTGTCTTCTCCAGTGCCAG
TGTCGTCTCCAGTGCCAGCTCCAACTC
ACGTTGGATGACGGACGCCCACCTGGCCAA 112
: ACGTTGGATGAGGCGGGAAAGGGACTGGG
CTGCGCACCCTGCAGCACTTCGT
ACGTTGGATGAGCAGCTAGAATCAGAGGAG 113
: ACGTTGGATGCACCAGGAACCGTTTATGGC

: GCAATCTGCTCTATCCTCT
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is used. When the log-odds ratio (n;) assessing
independence is zero, the case-only design is
unbiased and very efficient. In our study, the odds
ratio assessing independence between electric trans-
formers and power lines and XRCCY was closer to 1
(estimate 1.37, P=0.656).

Case-only odds ratios for the relevant interactions
and 95% confidence intervals (95%CI) were esti-
mated using unconditional logistic regression. Possi-
ble confounding variables included for age, gender,
parental education and occupation, indoor and out-
door pesticides use, television sets, refrigerators and
microwave ovens in children’s rooms and chemical
factories or telecommunication transmitters within
500 m of the houses. Participants with missing values
for any of the variables in the regression model were
omitted from the analysis. The Mann—Whitney test
was used for comparison between magnetic field
intensities at residences for 66 cases in terms of
distances from residences to the electric transformers.

Table II. Characteristics of study patients with childhood AL.

Variables Cases no. (%)
Sex

Boys 82 (66.67)

Girls 41 (33.33)
Age (years)

<2 14 (11.38)

2-7 69 (56.10)

8-14 40 (32.52)
Maternal education

<High school 70 (56.91)

>High school 53 (43.09)
Paternal education

<High school 78 (63.41)

>High school 45 (36.59)
Socioprofessional categoties®

Professional, technical workers, 23 (18.70)

administrators and managers

Clerical, sales and services workers 55 (44.72)

Factory and agricultural workers 45 (36.58)
Television set in children’s rooms

No 27 (21.95)

Yes 96 (78.05)
Refrigerator in children’s rooms

No 120 (97.56)

Yes 3 (2.44)
Microwave oven in children’s rooms

No 122 (99.19)

Yes 1 (0.81)
Home insecticide use

Never 61 (49.59)

Ever 62 (50.41)
Garden pesticide use

Never 120 (97.56)

Ever 3 (2.44)

*Socioprofessional categories: best occupational activity of child’s
mother or father.
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All P-values are two-sided, and all analyses were
carried out using SPSS software packages (version
11, SPSS, USA).

Results
Characteristics of children with AL

The characteristics of children with AL are shown in
Table II. Of the participants, 66.67% were boys and
33.33% were girls; 56.10% of the cases were 2—7 years
old, with the median age 5.0 years (range 0.5-14
years). Ninety-nine of the patients had acute lym-
phoid leukemia (ALL), and 24 had AML. All those
exposed to electric transformers were also exposed to
the power lines (Table III} and two cases exposed
only to power lines are not included in the table.

Mean peak values for magnetic field intensities were
0.13 4T (r=19), 0.14 yT (#=13) and 0.18 yT

(n=9) for houses within 500, 100 and 50 m of
electric_transformers and power lines, respectively.
There were significant changes in magnetic field
intensity with different distances (500 m, 100 m,
50 m) between the houses and the eleciric transfor-
mers or power lines in 66 cases (Table IV).

Table IIE. Distances between installations and the houses.

Installations around

the houses Cases no. (%)
Electric Within 500 m Within 100 m Within 50 m
transformers
and power lines
No 84 (68.29} 92 (74.80) 103 {83.74)
Yes 39 (31.71) 31 (25.20) 20 (16.26)
Telecom Within 500 m Within 100 m Within 50 m
transmmitter
No 103 (83.74) 116 (94.31) 121 (98.37)
Yes 20 (16.26) 7 (5.69) 2 (1.63)
Chemical Within 500 m Within 100 m Within 50 m
factory
No 109 (88.62) 114 (92.68) 119 {96.75)
Yes 14 (11.38) 9 (7.32) 4 (3.25)

Table IV. Peak values of magnetic field intensity with different
distances from the houses to electric transformers and power lines
for 66 cases, median (range) pT,

Cut-offs of Houses within Houses within
the distances distance <cut-offs distance > cut-offs P-value*

500 m 0.02 (0.02-0.8) 0.02 (0.01-0.2) 0.005
100 m 0.02 (0.02-0.8) 0.02 (0.01-0.5) 6.0606
50 m 0.02 (0.02-0.8) 0.02 (0.01-0.3) 0.014

*Compatisons of magnetic field intensity for houses within
distance <cut-offs and houses within distance > cut-offs from
electric transformers and power lines; by Mann-Whitney test.
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COR for gene—environment interactions between
DNA repair enzyme genotypes and electric transfor-
mers and power lines is shown in Table V. Case-only
analyses revealed that an interaction existed between
electric transformers and power lines situated within
100 m of the houses and the presence of the XRCCI
Ex9 + 16A allele in childhcod AL (COR=4.31,
95%CI: 1.54-12.08), while the COR for the inter-
action between XRCCI Ex9 + 16A and their occur-
rence within 50 m of the houses was increased
further (COR =4.39, 95%CL 1.42-13.54). No sig-
nificant interactions between the proximity of the
electric transformers and power lines and other
genotypes were observed. No significant interactions
were observed between genotypes and the presence
of television sets, refrigerators or microwave ovens in
children’s rooms, pesticides use or the presence of
chemical factories or telecommunication transmitter
within 500 m of the houses.

Discussion

Epidemiological studies have suggested that gene-
environment interactions were associated with cancer
susceptibility [33~35]. Therefore, investigation of the
role of gene—environment interactions involving low
penetrance genes may help to elucidate the cause of
common sporadic cancers, In the present study, we

Table V. Gene-environment interactions for combination of
XRCCI Ex9 + 16G > A and electric transformers and power lines
in childhood AL.

XRCCI
Ex9+16G > A

Electric transformers  —
GIG  A/GH+A/A

and power lines OR (95%CD*

Within 500 m
from houses
No 66 16 1.00 {Ref)
Yes 25 16 2.37 (0.94-5.97)
Within 100 m
from houses
No 75 17 1.00 (Ref)
Yes 16 15 4.31 (1.54-12.08)%
Within 50 m
from houses
No 82 21 1.00 (Ref)
Yes 9 11 4.39 (1.42-13.59)%

*Unconditional logistic regression adjusted for age, gender,
parental education and occupation, indoor and outdoor pesticides
use, television set, refrigerator and microwave oven in children’s
toom, the chemical factory, telecom transmitter around the houses
in 500 meters.

#P < 0.01.

examined gene—environment interactions for 51x
polymorphsms of DNA repair genes and generators

of EMF using a case- -only design.

"Our gene and environment combined analyses
suggest that a significant interaction, which could
potentially increase the risk of childhood AL, exists
between the XRCCI Ex9 + 16A and the proximity of
electric transformers and power lines. No previous
reports have described an association between this
gene—environment interaction and childhood leuke-
mia risk to date. However, a gene—environment
interaction in childhood AL has been reported
between the CYPIAI*2A variant allele, GSTM!
deledon and maternal smoking during pregnancy,
NQOI! polymorphism and coffee drinking [36],
DNA repair genes and X-rays [37] and CYPI14Iml
and CYPIAIm2 mutations and insecticides [38].
Previous studies have also suggested an association
between leukemogenesis in children and DNA
repair, and thus pointing to an the effect of
environmental exposure [18,39]. Moreover, it was
indicated that modification of genetic susceptibility
in vulnerable subjects may be invoived in the effect of
extremely low frequency magnetic fields [40].
Although studies have been carried out on various
biological aspects of childhood AL, very little has
been done with regard to the role of genetic
polymorphisms in the DNA repair gene XRCCI,
and other members of the various DNA repair
pathways, in susceptibility to the disease. It was
reported that individuals with the XRCC1 399GIn
allele were associated with increased risk for this
disease [41-43]. Risk of ALL among children with
RKRCC1 codon 194 variant genotypes were dispu-
table [42,43]. Molecular epidemiologic research
provides compelling evidence that environmental
factors are major contributors to human carcinogen-
esis and that the risk of developing cancer is strongly
influenced by genetically determined differences
[44,45]. Our results indicated thar carriers of
XRCC! Ex9416A allele were at increased risk
from electric transformers and power lines. No study
has been published regarding the combination of
XRCCI and electric transformers and power lines in
association with childhood leukemia risk. It has been
reported that EMF contributes to DNA damage
through the action of free radical species [13-15].
Functional studies using lymphocytes suggested that
the 280His polymorphism reduced genomic stability
[16,17]. DNA damage and chromosome breaks
which are inadequately repaired, ultimately lead to
the initiation and progression of disease [3]. Carriers
of the XRCCI Ex9 + 16A allele exposed to electric
transformers may experience a similar process.
The risk of leukemia was further increased with
shorter distance between the houses and the electric
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transformers and power lines. However, our current
knowledge of the role of these enzymes in the DNA
repair process is based primarily on in virre models,
which might not reflect the complex biological
situation, and the biological interpretation remains
to be understood. Larger studies are needed to
explore the interactions between the susceptibility
genes and electric transformers, and to identify the
underlying mechanisms of childhood leukemia.

One of the limitations of the case-only design is
that, in order to identify gene—environment interac-
tions, independence between genotypes and envir-
onmental exposure must be assumed. However,
relying on tests of independence in the controls is
not effective because of their generally low power to
detect meaningful departures from independence
[46]. Another limitation of the current study was the
potential for biased recall by patients’ parents.
Though the mothers of the cases were interviewed
in hospital, face-to-face, by specifically trained
medical doctors using a questionnaire, we did not
visit the residential areas of all cases and actual values
for magnetic field intensities were measured only for
those cases visited, because of limited time and loss
of contact in some cases. The possibility of some
recall bias in cur findings cannot, therefore, be ruled
out.

Although our smdies were limited by EMF
exposure information, the small number of exposed
subjects and an independence assumption, it is still
noteworthy that children with the XRCC1 Ex9 + 16A
polymorphism could be particularly sensitive to the
carcinogenic effects of EMF. Future research should
include improved exposure assessments, evaluation
of risk in relation to age at exposure and an
investigation of genetic-environmental interactions
using a case—control design. There is the potential to
prevent some childhood leukemias by reducing or
eliminating EMF exposure for children with XRCCI
Ex9 + 16A.

In summary, our results demonstrated a possible
association between electric transformers and power
lines and the XRCC1 Ex9+ 16A allele in patients
with childhood AL. Residence near electric transfor-
mers and power lines, at distances <100 m, and
magnetic fields >0.14 4T, may be considered a risk
factor for the development of AL in children with
XRCC! Ex9+416A genotypes. These preliminary
exploratory results need to be confirmed by further,
larger studies.
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