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Editor’s Note

This Comment-Reply pair departs from our pub-
lished Instructions for Authors in that the comment is
longer and introduces more ideas than usual. It has been
published as a rare exception to the Instructions because
it raises a broad viewpoint concerning the totality of the
Journal’s recent Supplement, as well as the authors’
specific suggested mechanism. This viewpoint is held
by a number of readers, while the Reply presents the
contrasting viewpoint of the committee members, as
well as other readers. As usual, the thoughts of the
customary peer reviewers were shared with authors and
considered by the Editor before acceptance.
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Questions of safety of electromagnetic (EM) fields should be based on relevant biological properties,
i.e., specific cellular reactions to potentially harmful stimuli. The stress response is a well documented
protective reaction of plant and animal cells to a variety of environmental threats, and it is stimulated
by both extremely low frequency (ELF) and radio frequency (RF) EM fields. It involves activation of
DNA to initiate synthesis of stress proteins. Thermal and non-thermal stimuli affect different segments
of DNA and utilize different biochemical pathways. However, both ELF and RF stimulate the same
non-thermal pathway. Since the same biochemical reactions are stimulated in different frequency
ranges with very different specific absorption rates (SARs), SAR level is not a valid basis for safety
standards. Studies of EM field interactions with DNA and with model systems provide insight into
a plausible mechanism that can be effective in ELF and RF ranges. Bioelectromagnetics 25:642–646,
2004. � 2004 Wiley-Liss, Inc.
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INTRODUCTION

Supplement #6 of the Bioelectromagnetics
Journal [2003], entitled ‘‘Reviews of Effects of RF
Energy on Human Health,’’ has stimulated much dis-
cussion about differences between thermal and non-
thermal processes and the biological mechanisms that
could provide a rational basis for electromagnetic (EM)
field safety standards. We feel that recent advances in
biology have not been adequately considered in the
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search for EM safety standards, and that a biological
perspective is essential if the process is to be realistic.
This article is a more detailed discussion of the ideas in
letters published in the January/February BEMS News-
letter [2004] (Number 176).

Safety Problem in a Biology Context

The EM spectrum is continuous, and its division
into frequency ranges, like extremely low frequency
(ELF) and radio frequency (RF), is based on physics
and engineering criteria related to instrumentation and
physical descriptors of the energy, rather than biology.
The divisions reflect differences in absorption depth and
fractional absorption/reflection of all materials, due to
changes in dielectric constant, and are not specifically
related to living tissues. The distinction between ioniz-
ing and non-ionizing ranges based on chemical reac-
tivity also has limited utility, since the dividing line
is within the UV range and chemical reactions are
stimulated in ELF and RF ranges. Except for the visible
range with its connection to vision, there is no relation
between divisions in the EM spectrum and biological
properties, and there is no reason to expect responses
of living systems to follow the arbitrary classification
based on frequency. Despite attempts to alert engineers
to developments in biology [e.g., Kasevich, 2002], there
is little biological input in formulating the safety pro-
blem. As discussed below, new information clarifies the
biology of thermal and non-thermal responses, and
shows that specific absorption rates (SARs) are not a
valid criterion to evaluate biological response.

Thermal and Non-Thermal Responses
in Biological Cells

Living cells have mechanisms to maintain home-
ostasis (constancy of the internal environment in the
face of external changes). The stress response mechan-
ism is activated in reaction to many environmental
stimuli, i.e., changes in temperature, pH, osmotic pres-
sure, toxic ions, alcohol, etc. In the classic thermal
stress response, originally called ‘‘heat shock,’’ stress
proteins (originally ‘‘heat shock proteins’’) are synthe-
sized via the biochemical heat shock pathway [Lind-
quist and Craig, 1988]. Stress protein synthesis also
occurs in the non-thermal response to EM fields [Blank
et al., 1994; Goodman et al., 1994; Goodman and Blank,
1998, 2002]. The same stress proteins are synthesized in
both thermal and non-thermal processes, but via two
different biochemical pathways that involve different
segments of DNA and that have very different thresh-
olds [Blank et al., 1994; Blank and Goodman, 2000].

An important insight into the EM induced non-
thermal response comes from similarities in stress

protein synthesis stimulated in ELF and RF frequency
ranges [Goodman and Blank, 1998; dePomerai et al.,
2000; Kwee et al., 2001; Leszczynski et al., 2002;
Shallom et al., 2002; Weisbrot et al., 2003]. The
biochemical mechanism activated, the MAPK signal-
ing pathway, is the same non-thermal pathway in both
ELF and RF. Several points immediately come to mind:

. Since quantum energies of EM fields in ELF and
RF ranges are very different, the responses must be
triggered by a mechanism that does not depend on
total energy or one for which the threshold energy is
independent of frequency.

. A standard based on biological response should
apply in all ranges. Since SAR does not apply for
both ELF and RF, it cannot and should not be a
criterion for evaluating safety.

. The same biological response in ELF and RF ranges
suggests that the effects of a wide range of EM field
frequencies could be additive and perhaps synergis-
tic. The cumulative effects of all frequencies in the
environment and summation in long term exposures
need to be considered in setting safety standards.

Approximate calculations point up the magnitude
of the problem [Blank and Goodman, 2004]. In the RF
range, the accepted safe occupational exposure SAR
level is 0.4 W/kg and the public exposure level is
0.08 W/kg, based on a SAR of 4 W/kg as the level at
which ‘‘adverse effects’’ are said to be detected. A SAR
of 4 W/kg (power density/mass) can be compared to the
measured threshold for stress protein synthesis in the
ELF range, 2.6� 10�7 J/m3 (energy density/volume)
by first converting to a per mass basis using an ap-
proximate tissue density of water, 103 kg/m3, the major
constituent of cells. In these units, the threshold for
stress protein synthesis is 2.6� 10�10 J/kg.

Since a Joule is a Watt-second, the threshold is
2.6� 10�10 W-s/kg. Changes in protein synthesis were
observed by 300 s [Lin et al., 1996], an upper limit for
response time. If we assume 300 s is needed, the ELF
threshold is �10�12 W/kg, and it is �10�10 W/kg if
only 3 s are needed, a duration considered too short for
protein synthesis. This means the accepted safe level in
the RF range,�10�1 W/kg, and the measured threshold
for cellular changes in the ELF range differ by �109–
1011, a factor of over a billion. The accepted SAR
standard bears no relation to the threshold for the bio-
logical response to environmental threats.

Elements of a Plausible EM Field
Interaction Mechanism

A plausible mechanism for EM interactions is
needed in developing a safety standard, especially for
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evaluating long term exposures and exposure to many
frequencies. Experiments with models and the stress
response itself have provided insights into mechanism.

Interaction of EM fields with DNA. Stress protein
synthesis indicates that EM fields have stimulated
transcription from the separated DNA chains that
encode these proteins. Direct evidence for interaction
with DNA comes from experiments identifying a seg-
ment of DNA, an electromagnetic response element
(EMRE), associated with and essential for an EM field
response [Lin et al., 1999, 2001].

Interaction of EM fields with electrons. Studies of
model systems indicate that weak EM fields accelerate
electron transfer from cytochrome C to cytochrome
oxidase and in the catalyzed oxidation of malonic acid,
the Belousov–Zhabotinski reaction [Blank and Soo,
2001b, 2003]. The Na,K-ATPase is also accelerated,
and the calculated speed of the charge suggests that it
is an electron. Interaction with electrons could perturb
H-bonds that hold DNA together and initiate protein
synthesis.

Need for repeated interactions involving many
cycles. The Na,K-ATPase is accelerated at ELF fre-
quencies, but not by DC fields of the same and larger
magnitudes [Blank and Soo, 1997], so the enzyme must
only react to regular repetitions of the alternating field.
EM sensitive biological reactions have optimal accel-
erations at frequencies that coincide with natural
rhythms [Blank and Soo, 2001a; Blank and Goodman,
2004]. Optima for Na,K-ATPase and cytochrome
oxidase are close to the turnover numbers (i.e., rates)
of the reactions. Since the interactions wax and wane in
each cycle, the need for repetition suggests that the
oscillations in each cycle build up to the threshold.

Energetics of Interaction With Electrons

The very low energy level in the ELF range is
sufficient to trigger gene expression. This suggests that
EM interaction with DNA can stimulate chain separa-
tion, at least in the segment of the chain needed to start
the process [Young et al., 2004]. Destabilization of
H-bonds when electrons oscillate in the EM field is
consistent with the low electron affinity of nCTCTn
bases in the EMREs needed for interaction with DNA.
The force (in N) on an electron,

F ¼ q v B;

where q¼ 1.6� 10�19 coulombs, v¼ velocity (in m/s),
and the magnetic flux density,B, is approximately 10mT
(100 mG) in our experiments. The electron velocity,

v¼ 103 m/s, calculated from electric and magnetic field
thresholds of the Na,K-ATPase [Blank and Soo, 1992,
1996], is comparable to electron velocities measured in
DNA [Wan et al., 1999] and also to expected velocities
if electrons move at the �nanometer/picosescond flic-
ker rate of protons in H-bonded networks [Fecko et al.,
2003]. The assumed value for v leads to F� 10�21 N
and an acceleration of�109 m/s2 for an electron of mass
9.1� 10�31 kg. This acceleration can move an electron
1 nm in 1 ns, a displacement greater than the �0.3 nm
average length of H-bonds [Blank and Goodman,
2004]. ELF fields appear to have sufficient energy to
perturb electrons.

Electric fields have a comparable effect on DNA,
and in vivo and in vitro stimulation of biosynthesis by
electric fields occurs with forces on electrons com-
parable to those generated by EM fields [Blank and
Goodman, 2004]. The in vivo studies show that field
stimulation of DNA is a natural mechanism to relate
muscle composition to function [Blank, 1995].

Effect of Frequency

The fact that the same non-thermal mechanism
(and biochemical pathway) is activated in ELF and RF
ranges shows that total energy of the field is not critical,
but rather the regular oscillations of the stimulating
force. The energy associated with each wave (i.e.,
energy/cycle) is probably more or less independent of
the frequency. In the ELF range, a typical frequency is
102 cycles/s, and a cycle lasts 10�2 s. In the RF range, a
typical frequency is 109 cycles/s and a cycle lasts 10�9 s.
If same energy is needed to reach threshold in RF, the
effect in a single cycle must be the same as in ELF. If
we assume the energy is approximately proportional
to frequency (energy¼ Planck’s constant� frequency),
the energy associated with an RF cycle is �107 fold
greater than in the ELF range. Since durations are in the
inverse ratio, the energy transferred in each cycle is
about the same (see Table 1). However, because of
many repetitions at the higher frequency, the non-
thermal threshold is reached in a shorter time. This
should apply until there are interactions with normal
vibration frequencies of chemical bonds in the IR range.

The threshold energy/cycle is essentially fre-
quency independent, but total energy absorbed over
time (energy/s in Table 1) increases with frequency and
contributes to the thermal process. In the RF range, the
EM non-thermal stress response pathway is activated
first, and at longer times, the thermal pathway is stim-
ulated due to heating. The biological responses are
complicated by negative feedback involving stress
proteins [Lin et al., 1996] and longer term habituation
effects [Shallom et al., 2002]. Even in the ELF range,
where SAR levels are very low, the stress response is
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activated by short exposures to fields of 10 mG (0.1mT),
while single and double strand breaks in DNA have
been reported at longer exposures to higher field
strengths �1 G (0.1 mT) [Lai and Singh, 2004]. The
two mechanisms may be related in that breaks in DNA
appear to result from free radical mechanisms that also
involve electron transfer reactions.

Stress Response in a Practical Context

The increase in RF broadcasting and communi-
cation devices, together with ELF power frequency
devices, create an urgent need for realistic safety
standards. The stress response is an appropriate bio-
logical guideline to evaluate cell safety in both thermal
and non-thermal ranges, as well as the effects of long
term and complex repeated exposures. It is also a
natural biological bridge to the more complex mechan-
isms that affect human health.

The ubiquity and low threshold of the stress
response, and the wide range of frequencies that interact
with DNA and affect electron transfer reactions, has
prompted us to ask why biological effects do not occur
with greater frequency. Several factors may contribute
to this:

. EM field interactions require special alignment of
field with reactants, and a small fraction of reactants
is properly oriented to maximize the effect. The
alignment problem is pronounced in DNA, where
adjacent base pairs would have to react simulta-
neously to create an opening for RNA polymerase.
The fact that the stress response is induced at rela-
tively short exposures indicates the ubiquity and
sensitivity of stress genes.

. Cells and organisms do not sit idly by when inter-
actions occur. In addition to the stress response,
various protective mechanisms are activated to miti-
gate the effects. However, DNA repair mechanisms
may themselves be compromised by exposure to EM
fields.

. Effects occur on opposing reactions, as in cyto-
chrome oxidase [Blank and Soo, 1998], where
forward and backward reactions are accelerated and
equilibrium is reached faster.

. Cellular damage may not be detected, and diseases,
such as cancers, may take years to develop. Because
of the long induction period, other factors may
contribute to the development of the disease and
confound the analysis.

By focusing on biological mechanisms, we have
linked thermal and non-thermal effects to a protective
cellular mechanism that appears to be independent of
frequency over a large part of the spectrum. Further
insights should result from utilizing the stress response
and specific markers in the biochemical pathway to
evaluate effects of complex and repeated exposures. We
cannot overemphasize the importance of focusing on
biological mechanisms in assessing risk.
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E� t a
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E/s
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Comment:Biological Safety Guide 645



Blank M, Soo L. 2003. Electromagnetic acceleration of the
Belousov–Zhabotinski reaction. Bioelectrochem 61:
93–97.

Blank M, Khorkova O, Goodman R. 1994. Changes in polypeptide
distribution stimulated by different levels of EM and thermal
stress. Bioelectrochem Bioenerg 33:109–114.

dePomerai D, Daniells C, David H, Allan J, Duce I, Mutwakil M,
Thomas D, Sewell P, Tattersall J, Jones D, Candido P. 2000.
Non-thermal heat-shock response to microwaves. Nature
405:417–418.

Fecko CJ, Eaves JD, Loparo JJ, Tokmakoff A, Geissler PL. 2003.
Ultrafast hydrogen-bond dynamics in infrared spectroscopy
of water. Science 301:1698–1701.

Goodman R, Blank M. 1998. Magnetic field stress induces expres-
sion of hsp70. Cell Stress Chaperones 3:79–88.

Goodman R, Blank M. 2002. Insights into electromagnetic inter-
action mechanisms. J Cell Physiol 192:16–22.

Goodman R, Blank M, Lin H, Khorkova O, Soo L, Weisbrot D,
Henderson AS. 1994. Increased levels of hsp70 transcripts
are induced when cells are exposed to low frequency elec-
tromagnetic fields. Bioelectrochem Bioenerg 33:115–120.

Kasevich R. 2002. Cellphones, radars, and health. IEEE Spectrum
39:15–16.

Kwee S, Raskmark P, Velizarov S. 2001. Changes in cellular pro-
teins due to environmental non-ionizing radiation. I. Heat-
shock proteins. Electro- Magnetobiol 20:141–152.

Lai H, Singh NP. 2004. Magnetic field induced DNA strand breaks in
brain cells of the rat. Environ Health Perspect (published on
line 26 Jan 2004).

Leszczynski D, Joenvaara S, Reivinen J, Kuokka R. 2002. Non-
thermal activation of the hsp27/p38MAPK stress pathway by
mobile phone radiation in human endothelial cells: Mole-
cular mechanism for cancer- and blood–brain barrier-related
effects. Differentiation 70:120–129.

Lin H, Blank M, Jin M, Lam H, Goodman R. 1996. Electromagnetic
field stimulation of biosynthesis: Changes in c-myc transcript
levels during continuous and intermittent exposures. Bioe-
lectrochem Bioenerg 39:215–220.

Lin H, Blank M, Goodman R. 1999. A magnetic field responsive
domain in the human HSP70 promoter. J Cell Biochem 75:
170–176.

Lin H, Blank M, Rossol-Haseroth K, Goodman R. 2001. Regulat-
ing genes with electromagnetic response elements. J Cell
Biochem 81:143–148.

Lindquist S, Craig E. 1988. The heat shock proteins. Ann Rev Genet
22:631–677.

Shallom JM, DiCarlo AL, Ko D, Penafiel LM, Nakai A. 2002. Micro-
wave exposure induces hsp70 and confers protection against
hypoxia in chick embryos. J Cell Biochem 86:490–496.

Wan C, Fiebig T, Kelley SO, Treadway CR, Barton JK. 1999.
Femtosecond dynamics of DNA-mediated electron transfer.
Proc Nat Acad Sci USA 96:6014–6019.

Weisbrot D, Lin H, Ye L, Blank M, Goodman R. 2003. Effects
of mobile phone radiation on growth and development in
Drosophila melanogaster. J Cell Biochem 89:48–55.

Young BA, Gruber TM, Gross CA. 2004. Minimal machinery
of RNA polymerase holoenzyme sufficient for promoter
melting. Science 303:1382–1384.

646 Blank and Goodman


