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INTRODUCTION

Radiofrequency electromagnetic field /radiation (RFR)
covers a large segment of the electromagnetic spectrum
and falls within the nonionizing bands. Its frequency
ranges between 3 KHz and 300 GHz. Cellular phones,
wireless transmission towers for radio, TV, and telecom-
munication, radar and many other applications emit
RFR. Different frequencies of RFR are used in different
applications. For example, the frequency range of
540-1600 KHz is used in AM radio transmission, while
76-108 MHz is used for FM radio. Cell phone technology
uses frequencies mainly between 800 MHz and 3 GHz,
and RFR of 2450 MHz is used in microwave cooking.

Because of the proliferation of wireless communica-
tion in recent years, a large population of people is
exposed to RFR constantly. There are two major con-
cerns on the possible biological/health effects of RFR:
the effect of RFR absorbed during cell phone use and
the exposure to RFR emitted from transmission towers.
These two situations represent very different exposure
conditions. The close proximity of a cell telephone
antenna to the user’s head leads to the deposition of a
relatively large amount of radiofrequency energy in the
head. The relatively fixed position of the antenna relative
to the head causes a repeated irradiation of a more
or less fixed amount of body tissue. Exposure to
RFR from cell phones is of a short-term, repeated
nature at a relatively high intensity, whereas exposure
to RFR emitted from transmission towers is of long
duration but at a very low intensity and, in general, the
whole body of a person is exposed.

Biological effects of RFR depend on how energy is
deposited in the exposed organism. There are three
major physical parameters: frequency, intensity, and
duration of exposure. To understand the possible
health effects of exposure to RFR, one needs first to
understand the effects of these different parameters
and how they interact with each other. These are
discussed in this entry.

FREQUENCY, INTENSITY, AND PATTERN OF
ENERGY ABSORPTION

The frequency of RFR is analogous to the color of
a light bulb, and intensity is its wattage. There is

a question of whether the effects of RFR of one
frequency are different from those of another frequency.
In this case, one is basically asking the question, “Are the
effects of red light different from those of green light?”’
The answer to this is that it depends on the situation.
They are different: if one is looking at a traffic light,
“red’” means “stop’” and ‘“‘green’” means “go.”’ But, if
one is going to send some information by Morse Code
using a light (on and off, etc), it will not matter whether
one uses a red or green light, as long as the receiver can
see and decode it. We do not know which of these two
cases applies to the biological effects of RFR regarding
frequency.

It must be pointed out that data are sparse showing
either different frequencies producing different effects
or an effect observed at one frequency but not at
another. An example is the study by Sanders, Joines,
and Allis, who observed that RFR at frequencies of
200 and 591 MHz, but not at 2450 MHz, produced
effects on energy metabolism in neural tissues.! There
are also several studies that showed that different fre-
quencies of RFR produced different effects.*~> How-
ever, it is not certain whether these differences were
actually due to differences in the pattern of energy
absorption in the body of the exposed animal at the
various frequencies. In addition, some studies showed
frequency-window effects, i.e., effect is only observed
at a certain range of frequencies and not at higher or
lower ranges.[*'”! These results may suggest that the
frequency of an RFR can be a factor in determining
the biological outcome of exposure.

On the other hand, there are more studies showing
that different frequencies can produce the same effect.
For example, changes in blood-brain barrier have
been reported after exposure to RFRs of 915, 1200,
1300, 2450, and 2800 MHz, and effects on calcium
metabolism have been reported at 50, 147, 450, and
915 MHz.[6:82:1213.16-20] 1f there is any difference in
effects among different frequencies, it is a difference
in quantity and not in quality.

The intensity of RFR in the environment is the
power density measured in units such as milliwatts
per square centimeter. However, power density pro-
vides little information on the biological consequence
unless the amount of energy absorbed by the irradiated
object is known. This is generally given as the specific
absorption rate (SAR), which is the rate of energy
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absorbed by a unit mass of tissue of the object, and
usually expressed as watts per kilogram. Thus, to
understand the biological effect of RFR, one should
know the SAR. It is a more reliable determinant and
index of RFR biological effects than power density.
Specific absorption rate is used in the setting of expo-
sure standards for RFR.

Biological effects can occur after exposure to high
intensity of RFR (high SAR) that can cause general
or local heating. In some RFR exposure guidelines,
the limits of 0.4 W /kg for occupational exposure and
0.08 W/kg for general public exposure are used based
on the experimental results that “disruption of behav-
ior”” in animals occurs at 4 W/kg. However, there are
many studies that show biological effects at SARs
less than 4 W /kg after short-term exposure to RFR.
For example, behavioral effects have been observed
at SARs less than 4 W /kg: D’Andrea et al., 0.14-
0.7W /kg; DeWitt et al, 0.14 W/kg; Gage, 3 W/kg;
King, Justesen, and Clarke, 2.4W/kg; Lai et al,
0.6 W/kg; Mitchell, Switzer, and Bronaugh, 2.3 W /kg;
Navakatikian and Tomashevskaya, 0.027 W /kg; Schrot,
Thomas, and Banvard, 0.7 W/kg; Thomas et al., 1.5~
2.7W/kg; Wang and Lai, 1.2 W/kg.”'=*! There are also
many reports of other biological functions affected by
RFR at a SAR less than 4 W/kg. Most of the energy
from a cellular telephone antenna is deposited in the
skin and the outer portion of the brain. The peak energy
output of cell telephones can range from 0.3 to 1W,
although the average output could be much smaller.
Relatively high SARs have been determined in various
dosimetry studies: Dimbylow and Mann, 2.3 and
4.8 W /kg per watt output at 900 MHz and 1.8 GHz;
Anderson and Joyner, 0.12—0.83 W /kg; Gandhi et al,,
0.13-5.41 W /kg at 0.6 W output (835 and 1900 MHz);
and Van de Kamer and Lagendijk, 1.72-2.55W /kg at
0.25W output (915 MHz).?>733

Surprisingly, effects have also been reported in
cells and animals after exposure to very low-intensity
RFR that apparently cannot cause a physiologically
significant change in temperature. Some 40 studies
can be listed as low-intensity effects. The following
are examples of some of these studies (some studies
only give the power density, in mW/cm?, of the radia-
tion, whereas others give the SAR, in W/kg, in the
exposed objects). Lebedeva et al. showed changes in
brain wave activation in human subjects exposed to
cellular phone RFR at 0.06 mW/cmz.[36] Magras and
Xenos reported a decrease in reproductive function
in mice exposed to RFR at power densities of
0.000168-0.001053 mW /cm?."! Phillips et al. reported
DNA damage in cells exposed to RFR at SAR of
0.0024-0.024 W /kg.®® Salford et al. reported nerve
cell damage in brain of rats exposed for 2hr to
cell phone signal at O.OZW/kg.[39] Tattersall et al.
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showed that low-intensity RFR (0.0016-0.0044 W /kg)
modulated the function of a part of the brain called
the hippocampus, in the absence of gross thermal
effects.[*"!

In addition, there are some indications that biologi-
cal effects may also depend on how energy is deposited
in the body. The rate of absorption and the distribu-
tion of RFR energy in an organism depend on many
factors. These include the dielectric composition of
the irradiated tissue, e.g., bones with a lower water
content absorb less of the energy than muscles; the size
of the object relative to the wavelength of the RFR
(thus, the frequency); the shape, geometry, and orienta-
tion of the object; and the configuration of the radia-
tion, e.g., how close is the object from the RFR
source? These factors make the distribution of energy
absorbed in an irradiated organism extremely complex
and nonuniform, and also lead to the formation of so
called “hot spots’” of concentrated energy in the tissue.
For example, an experiment reported by Chou et al.,
measuring local energy absorption rates (SARs) in dif-
ferent areas of the brain in a rat exposed to RFR, has
shown that two brain regions less than a millimeter
apart can have more than a twofold difference in
SAR .Y The rat was stationary when it was exposed.
The situation is more complicated if an animal is mov-
ing in an RF field. Depending on the amount of move-
ment of the animal, the energy absorption pattern in its
body could become either more complex and unpre-
dictable or more uniform. Thus, the pattern of energy
absorption inside an irradiated body is nonuniform,
and biological responses are dependent on distribution
of energy and the body part that is affected.[*>*)
Related to this is that we have found that different
areas of the brain of the rat have different sensitivities
to RFR.* This further indicates that the pattern of
energy absorption could be an important determining
factor of the nature of the response.

Different propagation characteristics such as “mod-
ulation,”” or different waveforms and shapes may have
different effects on a living system. For example, the
same amount of energy can be delivered to tissue “con-
tinuously’” or “in short pulses.”

Another interesting observation of the research is
that modulated and pulsed RFR seem to be more
effective in producing an effect. They can also elicit a
different effect when compared with continuous-
wave radiation of the same frequency.!!®1%434>47 Thjg
observation is important because cell phone radiation
is modulated at low frequencies. This also raises the
question of how much do low-frequency electric and
magnetic field components contribute to the biological
effects. Biological effects of extremely low-frequency
(<100 Hz) electric and magnetic fields are quite well
established.
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REPEATED EXPOSURE AND DURATION
OF EXPOSURE

The majority of the biological studies on RFR have
been conducted with short-term exposures, i.e., a few
minutes to several hours. Little is known about the
effects of long-term exposure. However, in actual
human exposure situations, RFR exposure tends to
be repetitive and long term. What are the effects of
long-term exposure? Does long-term exposure produce
different effects from short-term exposure? Do effects
accumulate over time?

An important question regarding the biological
effects of RFR is whether the effects are cumulative,
i.e., after repeated exposure, will a biological system
adapt to the perturbation and, with continued expo-
sure, when will homeostasis break down leading to
irreparable damage? The question of whether an effect
will cumulate over time with repeated exposure is par-
ticularly important in considering the possible health
effects of cell phone usage, because it involves repeated
exposure of short duration over a long period (years)
of time. Existing results indicate changes in the
response characteristics of a biological system with
repeated exposure, suggesting that the effects are not
“forgotten’” after each episode of exposure. Various
biological outcomes have been reported after long-
term/repeated exposure to RFR:

1. Effects were observed after prolonged, repeated
exposure but not after short-term exposure.[***%!

2. Effects that were observed after short-term
exposure, disappeared after prolonged, repeated
exposure (i.e., habituation) (e.g., Refs.>*-?),

3. Different effects were observed after different
durations of exposure (e.g., Refs 263334,

4. There is also an indication that an animal
becomes more sensitive to the radiation after
long-term exposure (e.g., Refs.**=>)) For
example, the conclusion from a series of experi-
ments on disruption of behavior in animals after
one-time exposure to RFR is that “disruption
of behavior occurred when an animal was
exposed at a SAR of approximately 4 W/ kg, B3}
However, after long-term exposure (7hr/day,
7 days/week for 90 days to 14 weeks), the thresh-
old for behavioral and physiological effects of
RFR was found to occur between 0.14 and
0.7 W/kg.[21’22] Thus, RFR can produce an effect
at much lower intensities after an animal is
repeatedly exposed. This can have very significant
implications for people exposed to RFR in the
environment.

The conclusion from this body of research is that
effects of long-term exposure can be quite different

from those of short-term exposure. There is also some
evidence that effects of RFR accumulate over time.
Here are some examples: Phillips et al. reported
DNA damage in cells after 24 hr of exposure to low-
intensity RFR. DNA damage can lead to gene muta-
tion, which accumulates over time.[*® Magras and
Xenos reported that mice exposed to low-intensity
RFR became less able to reproduce.” After five gen-
erations of exposure, the mice were not able to produce
offspring. This shows that the effect of RFR can pass
from one generation to another. Persson, Salford,
and Brun reported an increase in permeability of the
blood-brain barrier in mice when the total energy
deposited in the body exceeded 1.5J/kg, i.e., the effect
depends on the amount of energy deposited and not
the rate of deposition.®® This suggests that, under
similar exposure conditions, a short-term/high-intensity
exposure can produce the same effect as a long-term/
low-intensity exposure. This is an indication that RFR
effects can accumulate over time.

Related to this is that various lines of evidence
suggest that responses to RFR could be a stress
response.”’38 Stress effects are well known to cumu-
late over time and involve first adaptation and then
an eventual breakdown of homeostatic processes when
the stress persists.

The possibility that effects cumulate over time and
that acute effects change with repeated exposure have
important implications on the setting of standards of
RFR exposure. This suggests that the total amount
of energy absorbed, the specific absorption (SA)
(SA = SAR x time) rather than SAR, should be
used as the index.

THERMAL AND NONTHERMAL EFFECTS

When RFR energy is absorbed, it is converted into
heat. A readily understandable mechanism of effect
of RFR is tissue heating (thermal effect). Biological
systems alter their functions as a result of change in
temperature. However, there is also a question as to
whether ‘“‘nonthermal’ effects can occur from RF
exposure. There can be two meanings to the term non-
thermal effect. It could mean that an effect occurs
under the condition of no apparent change in tempera-
ture in the exposed animal or tissue, suggesting that
physiological or exogenous mechanisms maintain the
exposed object at a constant temperature. The second
meaning is that somehow RFR can cause biological
effects without the involvement of heat energy (i.e.,
temperature independent). For practical reasons, it
may be futile to make these distinctions simply because
it is very difficult to rule out thermal effects in biologi-
cal responses to RFR, and because heat energy is inevi-
tably dissipated when RFR is absorbed.



In some experiments, thermal controls (i.e., samples
subjected to direct heating) have been studied. Indeed,
there are reports showing that “heating controls’’ do
not produce the same effect of RFR.*? These were
taken as an indication of nonthermal effects. However,
as we have discussed earlier, it is difficult to reproduce
the same pattern of internal heating of RFR by exter-
nal heating, as we know that a conventional oven
cooks food differently from a microwave oven. And the
pattern of energy distribution in the body is important
in determining the effect of RFR (e.g., Refs[!*44l)
Thus, “heating controls do not produce the same effect
of RFR,”” does not really support the existence of non-
thermal effects.

Furthermore, even though no apparent change in
body temperature during RFR exposure occurs, it can-
not really rule out a “thermal effect.”” In one of our
experiments, we have shown that animals exposed to
a low SAR of 0.6 W/kg are actively dissipating the
energy absorbed, thus, no significant increase in body
temperature was observed in these animals.*?! This
suggests that the nervous system involved in body tem-
perature regulation is activated. The physiology of
body temperature regulation is complicated and can
involve many organ systems. Thus, changes in thermo-
regulatory activity can indirectly affect biological
responses to RFR.

Another difficulty in eliminating the contribution of
thermal effects is that it can be “microthermal.”” An
example of this is the auditory effect of pulsed RFR.
We can hear RFR delivered in pulses. One of the
explanations for this ‘“hearing’ effect is that it is
caused by thermoelastic expansion of the head of the
“listener.”” In a paper by Chou et al., it was stated that
“...one hears sound because a miniscule wave of
pressure is set up within the head and is detected at
the cochlea when the absorbed microwave pulse is con-
verted to thermal energy.”’!® The threshold of hearing
was determined to be approximately 10uJ/g/pulse,
which causes an increment of temperature in the head
of one millionth of a degree centigrade. Lebovitz gives
another example of the microthermal effect of RFR on
the vestibulocochlear apparatus, an organ in the inner
ear responsible for keeping the body balance and sense
of movement.’® He proposed that an uneven distribu-
tion of RFR absorption in the head can set up a tem-
perature gradient in the semicircular canals of the
vestibulocochlear apparatus, which in turn affects the
function of the vestibular system. The semicircular
canals are very minute organs in our body.

What about in vitro experiments in which isolated
organs or cells are exposed to RFR? Generally, these
experiments are conducted with the temperature con-
trolled by various regulatory mechanisms. However,
it turns out that the energy distribution in culture
disks, test tubes, and flasks used in these studies are
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often very uneven.® Hotspots are formed. There is a
question of whether the temperature within the
exposed samples can be efficiently controlled.

However, the existence of intensity windows,
reports of modulated fields producing stronger or
different effects than continuous-wave fields, and the
presence of effects when exposed to RFR at very low
intensity described in the sections above could be
indications of nonthermal effects. My argument is that,
in the setting of exposure standards, it may not be
practical to differentiate these effects owing to the
difficulty of eliminating the thermal effects.

OTHER CONSIDERATIONS

It has been repeatedly pointed out that the results
reported in RFR research are difficult to replicate or
reproduce. Problems in data reproducibility are not
uncommon in science. In RFR research, it is further
complicated by the complexity of interaction among
the various exposure parameters as discussed above.
This may make the response more sensitive to experi-
mental procedures. Moderate variations in procedures
could lead to different results. Examples are recent
attempts to study RFR-induced DNA damage and
spatial learning deficit.*®%"! Different results were
observed when different experimental procedures were
used. However, by comparing them carefully, these dif-
ferences in results may actually help to reveal the
mechanisms of interaction between RFR and biologi-
cal systems.

An area of research that requires more study is
the role played by the physiological conditions of an
organism on its response to RFR. For example, The
British Stewart Report on ““Mobile Phone and Health”’
recommends caution in the use of cellular phones by
young children because of their “developing nervous
system.”’[’? Yet, little is known on whether developing
biological systems are actually more vulnerable to the
effects of RFR. On the other hand, people under certain
drug therapies may be more susceptible to RFR. This is
suggested by a study by Kues et al. in the early 1990s
showing that the ophthalmic drug timolol significantly
enhanced corneal endothelial lesion induced by RFR in
the monkey.”?) Little research has been carried out to
further investigate this type of interactions.

Another consideration is that the genetics of an
organism may affect its response to electromagnetic
fields. For example, two groups of researchers reported
different effects of magnetic field on 7,12-dimethylbenz
[a]anthracene (DMBA)-induced breast tumors in
Sprague-Dawley rats.”¥! One team, led by Wolfgang
Loscher, later found that two substrains of Sprague—
Dawley rats responded differently to the carcinogen
and the magnetic field and that this could account
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for the different results found by the two research

group

S.[75]

CONCLUSIONS

1.

It is quite certain that RFR exposure can cause
biological effects even at low intensity. How-
ever, the potential hazardous health effects of
such exposure to humans are not clear. We do
not know if these effects occur in humans
exposed to RFR, or whether the reported effects
are health hazards. Biological effects do not
automatically mean adverse health effects.
Many biological effects are reversible. However,
it is very clear that low-intensity RFR is not bio-
logically inert. Much more needs to be learned,
however, before a presumption of safety can be
made.

Frequency, intensity, exposure duration, and
the number of exposure episodes can affect the
response to RFR, and these factors can interact
with each other and produce different effects.
To understand the biological consequence of
RFR exposure, one must know whether the
effect is cumulative, whether compensatory
responses result, and when homeostasis will
break down. The response is not likely to be lin-
ear with respect to the intensity of the radiation.
Other parameters of RFR exposure, such as
waveform, frequency and amplitude modula-
tion, etc., are also important determinants of
biological responses and affect the shape of
the dose-response relationship.

Not much is known about the biological effects
of long-term exposure. The effects of long-term
exposure can be quite different from those of
short-term exposure. The effects may accumu-
late. In that case, the total energy absorbed
(i.e., specific absorption) is a more relevant
index of biological effect than the rate of energy
absorption (SAR).

In many RFR exposure guidelines, a limit of
0.4W/kg is used based on the experimental
results that disruption of behavior in animals
occurs at 4 W /kg. However, there are many stud-
ies that show biological effects at SARs less
than 4 W /kg after short-term exposure to RFR.
Therefore, the rationale of 4W/kg should
be reconsidered. The guidelines also only con-
sider short-term exposure effect. Effects of
long-term exposure, modulation, and other pro-
pagation characteristics are not considered.
Another omission is that the physiological con-
ditions of the exposed organism are not taken
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into consideration. Therefore, the present guide-
lines are questionable in protecting the public
from possible harmful effects of RFR exposure.
Owing to the uncertainty in science, exposure of
the general population to RFR should be kept
to a minimum and should follow the ALAR-
principle (As Low as Reasonably Achievable).

REFERENCES

1.

10.

Sanders, A.P.; Joines, W.T.; Allis, J.W. The differ-
ential effect of 200, 591, and 2450 MHz radiation
on rat brain energy metabolism. Bioelectromag-
netics 1984, 5, 419-433.

D’Andrea, J.A.; Gandhi, O.P.; Lords, J.L;
Durney, C.H.; Johnson, C.C.; Astle, L. Physiolog-
ical and behavioral effects of chronic exposure to
2450-MHz microwaves. J. Microw. Power 1979,
14, 351-362.

D’Andrea, J.A.; Gandhi, O.P.; Lords, J.L;
Durney, C.H.; Astle, L.; Stensaas, L.J.; Schoenberg,
A.A. Physiological and behavioral effects of
prolonged exposure to 915 MHz microwaves. J.
Microw. Power 1980, /5, 123-135.

de Lorge, J.; Ezell, C.S. Observing-responses of
rats exposed to 1.28- and 5.62-GHz microwaves.
Bioelectromagnetics 1980, 7, 183-198.

Thomas, J.R.; Finch, E.D.; Fulk, D.W.; Burch,
L.S. Effects of low level microwave radiation on
behavioral baselines. Ann. N.Y. Acad. Sci. 1975,
247, 425-432.

Bawin, S.M.; Kaczmarek, L.K.; Adey, W.R.
Effects of modulated VHF fields on the central
nervous system. Ann. N.Y. Acad. Sci. 1975, 247,
74-81.

Blackman, C.F.; Elder, J.A.; Weil, C.M.; Benane,
S.G.; Eichinger, D.C.; House, D.E. Induction of
calcium-ion efflux from brain tissue by radiofre-
quency radiation: effects of modulation frequency
and field strength. Radio Sci. 1979, /4, 93-98.
Blackman, C.F.; Benane, S.G.; Elder, J.A.; House,
D.E.; Lampe, J.A.; Faulk, J.M. Induction of
calcium ion efflux from brain tissue by radio-
frequency radiation: effect of sample number
and modulation frequency on the power-density
window. Bioelectromagnetics 1980, 7, 35-43.
Blackman, C.F.; Benane, S.G.; Joines, W.T.;
Hollis, M.A.; House, D.E. Calcium ion efflux
from brain tissue: power density versus internal
field-intensity dependencies at 50-MHz RF radia-
tion. Bioelectromagnetics 1980, 7, 277-283.
Blackman, C.F.; Kinney, L.S.; House, D.E.;
Joines, W.T. Multiple power density windows
and their possible origin. Bioelectromagnetics
1989, 10, 115-128.



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Chang, B.K.; Huang, A.T.; Joines, W.T.; Kramer,
R.S. The effect of microwave radiation (1.0 GHz)
on the blood-brain-barrier. Radio Sci. 1982, 17,
165-168.

Dutta, S.K.; Subramoniam, A.; Ghosh, B.;
Parshad, R. Microwave radiation-induced calcium
ion efflux from human neuroblastoma cells in
culture. Bioelectromagnetics 1984, 5, 71-78.
Dutta, S.K.; Ghosh, B.; Blackman, C.F. Radio-
frequency radiation-induced calcium ion efflux
enhancement from human and other neuroblas-
toma cells in culture. Bioelectromagnetics 1989,
10, 197-202.

Dutta, S.K.; Das, K.; Ghosh, B.; Blackman, C.F.
Dose dependence of acetylcholinesterase activity
in neuroblastoma cells exposed to modulated
radiofrequency electromagnetic radiation. Bio-
electromagnetics 1992, 73, 317-322.

Lin-Liu, S.; Adey, W.R. Low frequency ampli-
tude modulated microwave fields change calcium
efflux rate from synaptosomes. Bioelectromag-
netics 1982, 3, 309-322.

Oscar, K.J.; Hawkins, T.D. Microwave alteration
of the blood-brain-barrier system of rats. Brain
Res. 1977, 126, 281-293.

Sheppard, A.R.; Bawin, S.M.; Adey, W.R.
Models of long-range order in cerebral macro-
molecules: effect of sub-ELF and of modulated
VHF and UHF fields. Radio Sci. 1979, /4, 141-145.
Salford, L.G.; Brun, A.; Sturesson, K.; Eberhardt,
J.L.; Persson, B.R. Permeability of the blood-
brain barrier by 915 MHz electromagnetic radia-
tion, continuous wave and modulated at 8, 16,
50, and 200 Hz. Microsc. Res. Tech. 1994, 27,
535-542.

Frey, A.H.; Feld, S.R.; Frey, B. Neural function
and behavior: defining the relationship. Ann.
N.Y. Acad. Sci. 1975, 247, 433-439.

Albert, E.N. Light and electron microscopic
observations on the blood-brain-barrier after
microwave irradiation. In Symposium on Biologi-
cal Effects and Measurement of Radio Fre-
quency Microwaves; Hazzard, D.G., Ed.; HEW
Publication (FDA): Rockville, MD, 1977.
D’Andrea, J.A.; DeWitt, J.R.; Emmerson, R.Y;
Bailey, C.; Stensaas, S.; Gandhi, O.P. Intermittent
exposure of rat to 2450-MHz microwaves at
2.5mW/ cm”: behavioral and physiological effects.
Bioelectromagnetics 1986, 7, 315-328.

D’Andrea, J.A.; DeWitt, J.R.; Gandhi, O.P;
Stensaas, S.; Lords, J.L.; Nielson, H.C. Behav-
ioral and physiological effects of chronic 2450-
MHz microwave irradiation of the rat at
0.5 mW/cmz. Bioelectromagnetics 1986, 7, 45-56.
DeWitt, J.R.; D’Andrea, J.A.; Emmerson, R.Y;
Gandhi, O.P. Behavioral effects of chronic

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Biological Effects of Radiofrequency Electromagnetic Field

exposure to 0.5mW /cm? of 2450-MHz micro-
waves. Bioelectromagnetics 1987, 8, 149-157.
Gage, M.I1. Behavior in rats after exposure to var-
ious power densities of 2450 MHz microwaves.
Neurobehav. Toxicol. 1979, 1, 137-143.

King, N.W.; Justesen, D.R.; Clarke, R.L.
Behavioral sensitivity to microwave irradiation.
Science 1971, 172, 398-401.

Lai, H.; Carino, M.A.; Horita, A.; Guy, A.-W.
Low-level microwave irradiation and central cho-
linergic systems. Pharmacol. Biochem. Behav.
1989, 33, 131-138.

Mitchell, D.S.; Switzer, W.G.; Bronaugh, E.L.
Hyperactivity and disruption of operant behavior
in rats after multiple exposure to microwave
radiation. Radio Sci. 1977, 12, 263-271.
Navakatikian, M.A.; Tomashevskaya, L.A. Pha-
sic behavioral and endocrine effects of micro-
waves of nonthermal intensity. In Biological
Effects of Electric and Magnetic Fields;
Carpenter, D.O., Ed.; Academic Press: San Diego,
CA, 1994; Vol. 1, 333-342.

Schrot, J.; Thomas, J.R.; Banvard, R.A. Modifi-
cation of the repeated acquisition of response
sequences in rats by low-level microwave expo-
sure. Bioelectromagnetics 1980, 7, 89-99.
Thomas, J.R.; Finch, E.D.; Fulk, D.W.; Burch,
L.S. Effects of low level microwave radiation on
behavioral baselines. Ann. N.Y. Acad. Sci. 1975,
247, 425-432,

Wang, B.M.; Lai, H. Acute exposure to pulsed
2450-MHz microwaves affects water-maze perfor-
mance of rats. Bioelectromagnetics 2000, 21,
52-56.

Dimbylow, P.J.; Mann, J.M. SAR calculations in
an anatomically realistic model of the head for
mobile communication transceivers at 900 MHz
and 1.8 GHz. Phys. Med. Biol. 1994, 39, 1527-
1553.

Anderson, V.; Joyner, K.H. Specific absorption
rate levels measured in a phantom head exposed
to radio frequency transmissions from analog
hand-held mobile phones. Bioelectromagnetics
1995, 16, 60-69.

Gandhi, O.P.; Lazzi, G.; Tinniswood, A.; Yu, Q.S.
Comparison of numerical and experimental
methods for determination of SAR and radiation
patterns of handheld wireless telephones. Bioelec-
tromagnetics 1999, 4 (suppl.), 93-101.

Van de Kamer, J.B.; Lagendijk, J.J.W. Computa-
tion of high-resolution SAR distributions in a
head due to a radiating dipole antenna represent-
ing a hand-held mobile phone. Phys. Med. Biol.
2002, 47, 1827-1835.

Lebedeva, N.N.; Sulimov, A.V.; Sulimova, O.P.;
Kotrovskaya, T.I.; Gailus, T. Cellular phone



Biological Effects of Radiofrequency Electromagnetic Field

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

electromagnetic field effects on bioelectric activity
of human brain. Crit. Rev. Biomed. Eng. 2000, 28,
323-337.

Magras, I.N.; Xenos, T.D. RF radiation-induced
changes in the prenatal development of mice.
Bioelectromagnetics 1997, 18, 455-461.

Phillips, J.L.; Ivaschuk, O.; Ishida-Jones, T.;
Jones, R.A.; Campbell-Beachler, M.; Haggren,
W. DNA damage in Molt-4 T-lymphoblastoid
cells exposed to cellular telephone radiofrequency
fields in vitro. Bioelectrochem. Bioenerg. 1998, 45,
103-110.

Salford, L.G.; Brun, A.R.; Eberhardt, J.L.;
Malmgren, L.; Persson, B.R.R. Nerve cell damage
in mammalian brain after exposure to micro-
waves from GSM mobile phones. Environ. Health
Perspect. 2003, /117, 881-883.

Tattersall, J.E.; Scott, I.LR.; Wood, S.J.; Nettell,
J.J.; Bevir, M.K.; Wang, Z.; Somasiri, N.P.; Chen,
X. Effects of low intensity radiofrequency electro-
magnetic fields on electrical activity in rat hippo-
campal slices. Brain Res. 2001, 904, 43-53.
Chou, C.K.; Guy, A.W.; McDougall, J.; Lai, H.
Specific absorption rate in rats exposed to
2450-MHz microwaves under seven exposure
conditions. Bioelectromagnetics 1985, 6, 73-88.
Lai, H.; Horita, A.; Chou, C.K.; Guy, A.W. Acute
low-level microwave irradiation and the actions
of pentobarbital: effects of exposure orientation.
Bioelectromagnetics 1984, 5, 203-212.

Lai, H.; Horita, A.; Guy, A.W. Acute low-level
microwave exposure and central cholinergic activ-
ity: studies on irradiation parameters. Bioelectro-
magnetics 1988, 9, 355-362.

Lai, H.; Carino, M.A.; Horita, A.; Guy, A.W.
Acute low-level microwave exposure and central
cholinergic activity: a dose-response study. Bio-
electromagnetics 1989, 10, 203-209.

Arber, S.L.; Lin, J.C. Microwave-induced changes
in nerve cells: effects of modulation and tempera-
ture. Bioelectromagnetics 1985, 6, 257-270.

Frey, A.H.; Feld, S.R. Avoidance by rats of illu-
mination with low power nonionizing electromag-
netic radiation. J. Comp. Physiol. Psychol. 1975,
89, 183-188.

Sanders, A.P.; Joines, W.T.; Allis, J.W. Effect
of continuous-wave, pulsed, and sinusoidal-
amplitude-modulated microwaves on brain energy
metabolism. Bioelectromagnetics 1985, 6, §89-97.
Baranski, S. Histological and histochemical
effects of microwave irradiation on the central
nervous system of rabbits and guinea pigs. Am.
J. Physiol. Med. 1972, 51, 182-190.

Takashima, S.; Onaral, B.; Schwan, H.P. Effects of
modulated RF energy on the EEG of mammalian
brain. Radiat. Environ. Biophys. 1979, 16, 15-27.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

7

Johnson, R.B.; Spackman, D.; Crowley, J.;
Thompson, D.; Chou, C.K.; Kunz, L.L.; Guy,
A.W. Effects of Long-Term Low-Level Radiofre-
quency Radiation Exposure on Rats, Vol. 4. Open
field Behavior and Corticosterone; Brooks AFB:
San Antonio, TX, 1983; USAF SAM-TR83-42;
Report of USAF School of Aerospace Medicine.
Lai, H.; Horita, A.; Chou, C.K.; Guy, A.W.
Effects of low-level microwave irradiation on hip-
pocampal and frontal cortical choline uptake are
classically conditionable. Pharmacol. Biochem.
Behav. 1987, 27, 635-639.

Lai, H.; Carino, M.A.; Horita, A.; Guy, A.W.
Single vs. repeated microwave exposure: effects
on benzodiazepine receptors in the brain of the
rat. Bioelectromagnetics 1992, /3, 57-66.

Di Carlo, A.; White, N.; Guo, F.; Garrett, P.;
Litovitz, T. Chronic electromagnetic field expo-
sure decreases HSP70 levels and lowers cytopro-
tection. J. Cell. Biochem. 2002, 84, 447-454.
Dumansky, J.D.; Shandala, M.G. The biologic
action and hygienic significance of electromag-
netic fields of super high and ultra high frequen-
cies in densely populated areas, Biologic Effects
and Health Hazard of Microwave Radiation:
Proceedings of an International Symposium;
Czerski, P., et al., Ed.; Polish Medical Publishers:
Warsaw, 1974.

de Lorge, J.O. Operant behavior and colonic tem-
perature of Macaca mulatta exposed to radiofre-
quency fields at and above resonant frequencies.
Bioelectromagnetics 1984, 5, 233-246.

Persson, B.R.R.; Salford, L.G.; Brun, A. Blood-
brain barrier permeability in rats exposed to
electromagnetic fields used in wireless communi-
cation. Wireless Network 1997, 3, 455-461.

Lai, H.; Carino, M.A.; Horita, A.; Guy, A.W.
Single vs. repeated microwave exposure: effects
on benzodiazepine receptors in the brain of the
rat. Bioelectromagnetics 1992, /3, 57-66.

Lai, H.; Horita, A.; Chou, C.K.; Guy, AW. A
review of microwave irradiation and actions of
psychoactive drugs. IEEE Eng. Med. Biol. 1987,
6, 31-36.

D’Inzeo, G.; Bernardi, P.; Eusebi, F.; Grassi, F.;
Tamburello, C.; Zani, B.M. Microwave effects
on acetylcholine-induced channels in cultured
chick myotubes. Bioelectromagnetics 1988, 9,
363-372.

Johnson, C.C.; Guy, A.W. Nonionizing electro-
magnetic wave effect in biological materials and
systems. Proc. IEEE 1971, 60, 692-718.

Seaman, R.L.; Wachtel, H. Slow and rapid
responses to CW and pulsed microwave radiation
by individual Aplysia pacemakers. J. Microw.
Power 1978, 13, 77-86.



62.

63.

64.

65.

66.

67.

68.

69.

Wachtel, H.; Seaman, R.; Joines, W. Effects of
low-intensity microwaves on isolated neurons.
Ann. N.Y. Acad. Sci. 1975, 247, 46-62.

Chou, C.K.; Guy, A.W.; Galambos, R. Auditory
perception of radiofrequency electromagnetic
fields. J. Acoust. Soc. Am. 1982, 71, 1321-1334.
Lebovitz, R.M. Detection of weak electromag-
netic radiation by the mammalian vestibulo-
cochlear apparatus. Ann. N.Y. Acad. Sci. 1975,
247, 182-193.

Guy, A.W.; Chou, C.K.; McDougall, J.A. A quar-
ter century of in vitro research: a new look at
exposure methods. Bioelectromagnetics 1999,
(suppl. 4), 21-309.

Diem, E.; Schwarz, C.; Adlkofer, F.; Jahn, O,
Rudiger, H. Non-thermal DNA breakage by
mobile-phone radiation (1800 MHz) in human
fibroblasts and in transformed GFSH-R17 rat
granulosa cells in vitro. Mutat. Res. 2005, 583,
178-183.

Lai, H.; Singh, N.P. Single- and double-strand
DNA breaks in rat brain cells after acute expo-
sure to radiofrequency electromagnetic radiation.
Int. J. Radiat. Biol. 1996, 69, 513-521.

Malyapa, R.S.; Ahern, E.W.; Straube, W.L.;
Moros, E.G.; Pickard, W.F.; Roti Roti, J.L. Mea-
surement of DNA damage after exposure to 2450
MHz electromagnetic radiation. Radiat. Res.
1997, 148, 608-617.

Cassel, J.C.; Cosquer, B.; Galani, R.; Kuster, N.
Whole-body exposure to 2.45 GHz electromagnetic

70.

71.

72.

73.

74.

75.

Biological Effects of Radiofrequency Electromagnetic Field

fields does not alter radial-maze performance in
rats. Behav. Brain Res. 2004, 155, 37-43.

Cobb, B.L.; Jauchem, J.R.; Adair, E.R. Radial
arm maze performance of rats following repeated
low level microwave radiation exposure. Bioelec-
tromagnetics 2004, 25, 49-57.

Lai, H.; Horita, A.; Guy, A.W. Microwave irra-
diation affects radial-arm maze performance in
the rat. Bioelectromagnetics 1994, 15, 95-104.
National Radiological Protection Board (NRPB).
Mobile phones and health 2004. Doc. NRPB
2004, 15 (5), 1-114.

Kues, H.A.; Monahan, J.C.; D’Anna, S.A.;
McLeod, D.S.; Lutty, G.A.; Koslov, S. Increased
sensitivity of the non-human primate eye
to microwave radiation following ophthalmic
drug pretreatment. Bioelectromagnetics 1992, /3,
379-393.

Anderson, L.E.; Morris, J.E.; Sasser, L.B.;
Loscher, W. Effects of 50- or 60-hertz, 100
microT magnetic field exposure in the DMBA
mammary cancer model in Sprague-Dawley rats:
possible explanations for different results from
two laboratories. Environ. Health Perspect.
2002, 108, 797-802.

Fedrowitz, M.; Kamino, K.; Loscher, W. Signifi-
cant differences in the effects of magnetic field
exposure on 7,12-dimethylbenz(a)anthracene-
induced mammary carcinogenesis in two sub-
strains of Sprague-Dawley rats. Cancer Res.
2004, 64, 243-251.



