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7.1. MACROMOLECULES 

To determine if microwaves disrupt the hydrogen bonding between DNA 
strands of the double helix, Hamrick (1973) constructed DNA melting 
curves after exposure of DNA to continuous-wave (eW) 2.45-GHz 
microwaves at 67 W /kg for 16 hr and up to 160 W /kg for 1 hr. Tempera
ture was controlled, usually at 37°e, but for some experiments at 4Ooe, 
45°e, and 50oe. All melting curves were virtually identical to those for 
unexposed, temperature-matched controls. 

To examine macromolecular structure, Allis (1975) exposed bovine 
serum albumin to 1.70- and 2.45-GHz ew microwaves with SARs 
ranging from 30 to 100 W /kg in an exposure apparatus where UV and 
visible spectrophotometric measurements could be made during ex
posure. The temperature of the exposed sampies was controlled during 
exposure, and equaled the temperature of the control sampies. Tempera
tures ranged from 24 to 32°e depending upon the SAR. Spectra were 
measured immediately upon initiation of exposure and 30 min later (with 
continuous exposure). The study conc1uded that no changes in the UV 
spectrum could be found over a variety of structural states of the protein. 
Thus, no changes in the structure of the protein due to exposure to 
microwaves could be inferred. 

Kerova (1964) reported changes in nuc1eic acid metabolism in the 
skin and internal organs of rats exposed to 10,OOOMHz, 100-500mW/ 
cm2, for 6 min. An increase in RNA and a decrease in DNA in the skin 
and internaiorgans were noted. 

A decrease in skin and increase in spleen RNA and DNA have been 
noted in white rats exposed to 10,OOOMHz, 200mW/cm2 , for 30min. A 
more significant increase in DNA content was observed on the day 
following irradiation. The RNA content remained practically unchanged 
in the liver on the day of treatment, while the DNA decreased 
(Syngayevskaya, 1970). 

Repeated exposures to 3000-10,000 MHz, for 10-20 min daily for 
21-22 days, amplified or maintained the changes observed after a single 
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exposure. The deviations in nucleic acid content were different in 
different organs and tissues (liver , spleen, skin) of the irradiated animal, 
which were apparently related to wavelength and the degree of absorp
tion of the energy by these organs and tissues. The fact that the changes 
in nucleic acid content either persisted or were even slightly greater on 
the day following exposure, suggested to the author that disturbances 
arising during irradiation persist for a certain time after it is terminated. 
More pronounced changes were observed in the intact organism after 
exposure at higher intensities, and were accompanied by an increase in 
colonic temperature. According to Kerova (1964), the changes in 
nucleoprotein metabolism are the same under the thermal effects of 
1O,OOO-MHz microwaves as under ordinary infrared heating of the body 
surface. 

Kamat and Laskey (1970) attempted to determine if the heat
resistant bacterial a-amylase (Bacillus subtilis) could be inactivated with 
2450-MHz microwaves under conditions that maintained the temperature 
below the thermocritical temperature for this enzyme. The results of in 
vitro microwave irradiation at 2450 MHz, l00mW/cm2, clearly indicate a 
thermal effect. The inactivation of the bacterial a-amylase depended on 
the temperature increase during irradiation. There was no significant 
inactivation of the enzyme in sampies that did not exceed 38°C. 
Significant inactivation (62.78%) as compared with controls occurred 
only when the temperature of the sampies was raised to about 65°C or 
maintained at 63.7 ± 11.1°C for 15 min during irradiation. The 
temperature-dependent inactivation of the bacterial enzyme with 2450-
MHz microwaves is supported by the significant inactivation of the 
enzyme (96.51 %) by heating at 72.0 ± 1.6°C for 15 min. 

Ward et al. (1975) examined three enzymes, glucose-6-phosphate 
dehydrogenase, adenylate kinase, and NADPH-cytochrome reductase, 
exposed to 2.45-GHz CW microwaves at an SAR of 42 W /kg for about 
5 min during which the enzyme activity was measured. All exposed and 
control sampies were maintained at 25°C. No differences between 
exposed and control sampies were found. Bini et al. (1978) followed the 
activity of lactic acid dehydrogenase exposed to 3.0-GHz CW microwaves 
at SAR values between 33 and 960 W /kg. They demonstrated that the 
changes found in the enzyme activity were entirely consistent with 
calculations of thermal inactivation of the enzyme at the temperatures 
attained. The sampie exposed at 33 W /kg was not different from the 
unexposed control; a11 other exposures (165-960 W /kg) showed evidence 
of enzyme inactivation. 

The effects of 2.8-GHz with l-kHz square wave modulated micro
waves at SAR levels of 200 to 500 W /kg on enzyme preparations 
(glucose-6-phosphate dehydrogenase, lactic acid dehydrogenase, acid 
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phosphatase, and alkaline phosphatase ) were analyzed by Belkhode et al. 
(1974a,b). Exposures were conducted at 37, 46.7, and 49.7°C, and 
enzyme activities were compared to heat-treated controls. Activities of 
the exposed enzymes at each temperature were indistinguishable from 
those of the controls. 

Henderson et al. (1975) reported a change in enzyme activity that 
was interpreted as being indicative of a direct action of microwaves on 
the enzyme. In this experiment, horseradish peroxidase was exposed to 
2.45 GHz CW at levels between 62,500 and 375,000 W Ikg in a tube 
(4.7-mmID) protruding through a waveguide. The sampie tube was 
surrounded by a concentric cooling jacket through which an organic 
coolant was pumped continuously to maintain the temperature at 25°C. 
Total sampIe exposed was about 0.8 ml. A marked decrease in enzyme 
activity was found at 62,500 W Ikg after 30 min of exposure and at 
187,500 W Ikg after 20 min of exposure, even though the temperature was 
reported never to exceed 35°C. At these extremely high dose rates, 
however, it appears likely that very high local heating occurred in the 
sampie and that this was responsible for the enzyme inactivation. This 
likelihood was substantiated by the work of Harrison et al. (1980), who 
performed liquid-crystal thermography for a similar exposure situation. 
Temperature rises of as much as O.3°C were recorded within a micropip
ette suspended in a waveguide and cooled with water circulating through 
the waveguide. 

UV absorption spectra were determined during exposure to CW 
microwaves at 1.70 and 2.45 GHz with an SAR of 39 W Ikg to determine 
if the binding relationship between an enzyme and substrate could be 
affected by microwaves (Allis and Fromme, 1976). Measurements were 
performed immediately upon beginning irradiation and after 30 min of 
exposure. Neither structural change in the enzyme-substrate complex 
nor change in the binding constants was found. 

Allis and Fromme (1979) also studied ATPase in RBC membranes 
and cytochrome oxidase in the inner mitochondrial membrane of rat 
liver cells. The dose rate was 26 W Ikg, and the 2.45-GHz microwaves 
were sinusoidally modulated at 16, 30, 90, and 120 Hz. The enzyme 
activity was not measurably affected by these exposures. 

Tyazhelov et al. (1979) exposed a phospholipid membrane formed 
between two chambers containing solutions of NaCl or KCl. An anti
biotic was added to facilitate passage of Na+ or K+. Conductance was 
measured across the membrane as a function of exposure from 125 to 
280 V Im (internal field strength in the aqueous medium) at 900 MHz. 
Four-second pulses were delivered, during which conductance measure
ments. were made. The results show a change in conductance under 
exposure that is consistent with a temperature rise of up to 12°C, but the 
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temperature of the NaCI or KCI solutions did not vary by more than 
0.5°C. However,information concerning the exposure setup is insufficient 
for judging whether serious nonhomogeneities in energy deposition and 
in the temperature distribution, were possible. 

7.2. GELL MEMBRANES 

Ismailov (1977) investigated the infrared absorption spectra of 
proteins in RBC membranes exposed to 1000 MHz at SAR levels of up to 
45 W /kg with the temperature maintained at 25°C. The sampies were 
exposed for 30 min in an aqueous suspension in a stripline, then dried to 
a thin film to obtain the infrared spectra. No change in «-helix or ß-sheet 
content of the membrane proteins was noted. However, when D20 was 
added to the suspension before initiation of exposure, application of 
microwaves was found to increase the degree to which strongly bound 
amide hydrogens were exchanged. This effect was pronounced at an SAR 
of 45 W /kg but disappeared when the SAR was below 10 W /kg. 

Sheridan et al. (1979) reported results of Raman spectroscopy on 
single- and multilamellar synthetic phospholipid vesicles exposed to 
2.45 GHz CW. No change was found in the Raman bands of single
layered vesicles. In contrast, the data for multilamellar vesicles indicate 
that the hydrocarbon tails of the phospholipids were undergoing a 
temperature-dependent phase transition at a point where the bulk 
temperature was too low for the transition to have begun. The change 
was reported to be equivalent to a temperature difference of about 2°C at 
an exposure of 25 m W/cm2 • 

7.3. MITOGHONDRIA 

Mitochondria function is indicative of cellular energy production and 
control. Studies by various Soviet investigators indicate that oxidative 
phosphorylation is uncoupled in liver mitochondria isolated from rats 
exposed to electromagnetic fields of low power density (s 1 mW/cm2). 

Phosphorylation was decreased in rats exposed to electromagnetic fields 
of 7 kHz (Kolodub and Yevtushenko, 1972), 2.5 GHz (Dumansky and 
Rudichenko, 1976), and 10 GHz (Faitel'berg-Blank and Sivorinovs'kiy, 
1972). 

Eider and Ali (1975) and Eider et al. (1976) presented results of 
exposure of rat liver mitochondria to microwaves. They examined oxygen 
consumption of the mitochondria under various conditions. Eider and Ali 
(1975) tested mitochondria kept at O°C during exposure in the far field at 
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2.45 GHz. The mitochondria functions were examined at 25°C after 
exposure. Exposures were conducted for up to 3~ hr at SAR of 17.5 and 
87.5 W /kg. No changes in mitochondria activity were seen. EIder et al. 
(1976) exposed sampies to 2.45, 3.0, and 3.4 GHz CW at 41 W /kg and 
also to swept frequencies between 2 and 4 GHz with an SAR range of 1.6 
to 2.3 W /kg. Again, no effect of the microwave exposure was detected 
under any condition. In general, a 5% change would have been sufficient 
for detection of a difference. 

Straub and Carver (1975) reported that irradiation of isolated rat 
liver mitochondria at or near some of these frequencies at higher power 
densities did not alter oxidative phosphorylation. 

EIder and Ali (1975) found no effect on oxidative phosphorylation of 
isolated liver mitochondria exposed to 2.5 GHz at power densities of 10 
and 50mW/cm2• Straub and Carver (1975) found no effect on ADP/02 

ratios of isolated rat liver mitochondria exposed to selected frequencies 
between 1 and 12 GHz at apower density of 2 m W / cm2• EIder et al. 
(1976) also irradiated mitochondria at 2 to 4 GHz, and found no 
significant difference in oxidative phosphorylation between irradiated. and 
control sampies. 

7.4. EFFECTS ON MICROORGANlSMS 

Studies on the effects of MW /RF exposure on microorganisms can 
be divided into two groups, according to the particular goals involved. 
First, and most common, studies have been made, systems proposed, and 
devices buHt to enhance or inhibit the growth of microorganisms. In some 
cases, the final devices have achieved some degree of commercial success. 
Second, studies have been made to relate effects observed in microorgan
isms to probable mechanisms for cellular and tissue damage, and hence 
to an understanding of the causes of responses in animals. The 
extrapolations involved have been neither theoretically nor experimen
tally substantiated, so such connections remain, at most, speculative. 

7.4. 1. Bacteria, Viruses, and Fungi 

Studies on the effect of MW /RF energy on bacteria, viruses, fungi, 
and protozoa have been reported. In several of these studies, effects of 
higher power densities on bacteria were attributed to heating (Brown and 
Morrison, 1954; Epstein and Cook, 1951). Others have suggested 
nonthermal effects of microwaves on microorganisms (Chukhlovin, 1965, 
1971; Nyrop, 1946) because lethai or altered growth effects were noted in 
the absence of a critical' temperature rise in the surrounding· medium. 
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Interpretation of these studies is difficult because the accuracy of 
determining the temperature rise within the culture receptac1e during 
microwave exposure is unknown. 

Nyrop (1946) reported effects on bacterial cultures that were 
ascribed to nonthermal interactions. Effects were observed on bacteria, 
viruses, and tissue cultures with the electromagnetic energy applied as 
low-repetition-frequency 20-MHz pulses, conditions that were considered 
to prec1ude thermal effects. Intestinal bacteria were destroyed in 5-10 sec 
when treated with these fields at 205 V/cm, the medium being heated to 
40°C. However, with conductive heating this effect was obtained at 60°C 
in 10 min. Hoof-and-mouth disease virus was completely inactivated by a 
field intensity of 260 V Icm in 10 min, and in 2.4 sec at 480 V Icm. In 
studies in which RF energy of 10-100 kHz was applied to Escherichia coli 
in broth suspensions, 99.6% kill was achieved with a field strength of 
205 V Icm in a 5-sec exposure and 99.8% kill in a lO-sec exposure. There 
was no marked difference in results when the treatments were made 
between 12-40°C and 4O-6O°C. Viruses inactivated by 20-MHz energy 
had no immunogenic capacity , suggesting action on the molecular 
structure of the virus. This is in contrast to evidence indicating that virus 
inactivated by heat has the capacity to induce an antibody response. 

Webb and Dodds (1968) found that exposure to 136 GHz, 7 J,lWI 
cm2 , for up to a 4-hr duration appeared to affect cell metabolism in E. 
coli. If the washed cells were immediately exposed to the microwave 
energy, no cell division occurred. The radiation was not lethai, since the 
cell count showed no decrease during the 4-hr exposure. If the cells were 
incubated in nutrient broth for 90 min before exposure, inhibition of cell 
division was not immediate, and the number of cells per mi11i1iter 
continued to increase until it approximately doubled. It was suggested 
that the radiation had two effects; retardation of eell division' and specifie 
inhibition of some metabolie process occurring during the early part of 
the cell's life span. In another study, Webb and Booth (1969) reported 
investigations of the absorption of 65- to 75-GHz microwave energy on 
isolated protein, RNA, and DNA and its effect on some metabolic 
processes. The baeterial cells were found to selectively absorb energy at 
specifie frequencies, and the absorbed energy altered metabolie processes 
and cell growth. Temperature change did not seem to play a part in these 
phenomena. The authors suggested that apart from a possible value in 
cell identification, microwaves may prove useful in studies of in vivo 
macromolecular complexes and cell metabolism. 

Blackman and Tell (1972) used 85-94 GHz to determine whether 
effects similar to those of Webb and Dodds (1968) and Webb and Booth 
(1969) could be obtained. The results essentially showed no reduction in 
the rate of cell doubling during exposure that could be attributed to the 
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electromagnetic energy. The authors concluded that microwave energy in 
the frequency range 85-94 GHz under the exposure conditions used, 
does not inhibit growth of E. coU as had been cited for 136 GHz and 
65-75 GHz. In a later study, Blackman et al. (1975), using 1.70 or 
2.45 GHz CW, exposed E. coli to power densities of up to 50 m W / cm2 

(75 mW /g absorbed dose). In general, the results did not demonstrate 
microwave-induced cell growth inhibition. The data demonstrated growth 
enhancement attributed to the temperature rise in the test system. 

Brown and Morrison (1954), studying the effect of RF energy at 
50 Hz, 190 kHz, and 26 MHz on E. coli, observed many instances of 
destruction of the bacteria. However, a thermal effect was held respon
sible, as temperatures in the capsule reached 55°C. After repeating 
earlier work, it was concluded that there was no significant killing effect 
in most treatments unless the final temperature exceeded 50°C. 

Fabian and Graham (1933) treated 30-cm2 broth suspensions of E. 
coli with 7.5, 10, and 15 MHz in a heat exchanger apparatus that 
maintained the medium at about 19°C. Destruction of the bacteria 
occurred at the three frequencies with the lethai effect greatest at 
10 MHz. About 88% destruction of E. coU occurred after 8 hr of 
treatment. 

Jacobs et al. (1950) carried out many experiments on E. coli and 
Staphylococcus aureus at frequencies from 1.2 to 66 MHz. Six-milliliter 
aliquots of broth cultures of the organisms were exposed to the RF 
energy applied either by two Hat electrodes or by a concentric coil 
electrode. In most of the experiments, no significant killing of the 
microorganisms was observed. The maximum temperature reached in the 
suspensions was about 23°C. 

Fleming (1944) exposed E. coli at various frequencies from 11 to 
350 MHz. A lO-W power input was used and the time of exposure for all 
treatments was 1 min. The maximum temperature reached during any 
treatment was 30°C. All frequencies tested had alethal effect on the 
bacteria with the greatest effect, about 98% destruction, occurring at 
approximately 60 MHz. 

Taking advantage of the thermal aspects of microwave exposure, the 
feasibility of using microwaves to destroy viab1e lyophilized microorgan
isms was investigated (Pederson and Blomquist, 1967). Samples of 
Serratia marcescens and Bacillus subtilis var. niger were exposed to power 
densities of 10, 15, and 20 W average power at a frequency of 1496 MHz. 
Parameters investigated included duration of exposure, power level, 
impedance, and moisture content. It was noted that a graphical plot of 
reduction at this frequency resembles classical thermal destruction, so it 
was postulated that heat is the primary destructive mechanism. It was 
suggested that microwave exposure is a feasible means of destroying 
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resistant forms of microorganisms (spores) in a short period of time. 
Irradiation of fowl sarcoma viruses with 3000 MHz caused complete loss 
of activity, which was attributed to the heating of the medium (Epstein 
and Cook, 1951). 

Olsen (1965) noted that bread mold fungal spores can be eliminated 
when treated in a 2450-MHz microwave conveyor of a simulated 
industrial process. The temperature of the bread was brought to 65°C in 
2 min and cooled at room temperature. When spores of the same fungus 
were exposed to the same conditions by conductive heat, there was no 
reduction in spore viability. When Penicillium sp. spores on the 
microwave-treated bread were recovered and plated, counts showed only 
about 0.143 colony per plate, whereas sampies from untreated bread 
yielded 1486 colonies per plate. A similar reduction in the number of 
viable spores of Aspergillus niger, recovered from microwave-treated 
bread, was noted. Temperature control below 65°C, however, was not 
achieved in these experiments and no conventionally heated controls 
were employed. Inhibition of bread mold is, in fact, the only effect of 
microwave energy upon microorganisms that has resulted in commer
cially viable systems: bread "sterilization" using microwave energy is in 
use in Japan (Suzuki and Oshima, 1973) and several countries in Europe 
(Meisel, 1973). 

Olsen et al. (1966) found certain microorganism population reduc
tions that could not be related to a time-temperature factor. They noted 
a substantial reduction in bacterial count on chicken parts during a 
40-min steamcooking in which a temperature of 85°C was reached. When 
cooked by microwaves, however, the same reduction could be realized in 
about 10 min with the same final temperature. 

Microwave energy has been used to reduce mesophilic bacteria by as 
much as 97-99% but thermophilic bacteria are more tolerant. Sterile 
food sampies have been produced with a combination of microwave and 
infrared treatments. The infrared energy was used to preheat a micro
wave cavity prior to microwave irradiation. If the preheating phase was at 
least 65°C for 2 min followed by a treatment of 1 kW of available energy 
for 3 min, the spore-forming bacteria were killed (Olsen et al., 1966). 

Macrospores of Fusarium solani v. phaseoli were treated in water 
suspension in a microwave conveyor operating at 2450 MHz at various 
power densities and time durations. Similar techniques were applied to 
spores thermally treated in a water bath. The data plotted as cumulative 
spore germination curves revealed dissimilar shapes; the thermal treat
ment curves were conventional in shape but the microwave-treated 
spores (2 kW for 1 or 2 min) did not show any recovery in percent 
germination through the 7-day observation period (Olsen et al., 1966). 

During studies on soil sterilized with 915-, 2450-, and 5800-MHz 
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microwaves, it was found that the microorganisms were killed at various 
temperatures depending on size. Root knot nematodes (Meloidogyne 
javanica) were killed with sufficient microwave energy to produce only a 
4°C rise. A larger soil fungus, Rhizoctonia soloni, was killed at a 
temperature about 10°C below that of its normal thermal-death point. 
Bread mold fungal spores (relatively small spores) were killed at 3-5°C 
below the normallethal temperature (Olsen, 1965). Non-spore-forming 
bacteria, however, are killed by microwave energy at a point as much as 
10°C below their thermal-death point. Spore-forming bacteria require 
about the same temperature for kill regardless of the type of energy used 
(Olsen et al., 1966). 

Robe (1966) reported on a process for pasteurizing liquids with 
27.12 MHz in a waveguide configuration surrounding a glass or plastic 
tube through which the liquid flows. Experiments were conducted on 
beer and wine inoculated with yeast. Sterilization of these products was 
brought about by heating them to 46.4-48.8°C with the RF energy. As 
30 min at 60°C is usually required for sterilization using conventional 
heating, it was suggested that the RF energy had a synergistic killing 
effect with heat on the yeast. 

Lechowich et al. (1969) investigated the effect of heat and 2450-MHz 
microwaves on the respiration rate of Saccharomyces cerevisiae, and on 
the viability of Streptococcus faecalis and Saccharomyces cerevisiae. The 
highest temperature attained by the S. faecalis suspension, after 30 min of 
microwave exposure, was 52°C, which produced approximately the same 
lethality as 30 min at 52°C from conventional heat. It was conduded that 
the death of S. faecalis ceHs upon exposure to microwaves is brought 
about by thermal rather than nonthermal effects. 

Carpenter (1959) suggested that differentiation of Neurospora may 
be adversely affected by microwaves (2450 MHz CW, 400 m W / cm2) 

through a nonthermal mechanism. Exposure of Neurospora crassa to 
2450 MHz inhibited formation of conidiophores, thus showing inter
ference with fungal ceH differentiation without inhibiting growth. 

CarroH and Lopez (1969) studied the lethality of 6O-MHz energy 
upon Saccharomyces cerevisiae, Escherichia coli, and Bacillus subtilis. An 
aqueous buffer medium was used to suspend the microorganisms for 
treatment. No killing effect of the 6O-MHz energy per se on the organism 
was observed at any of the various buffer pH values, nor was there any 
observable synergistic killing effect of RF energy and heat on the 
microorganisms in any of the buffers. However, a synergistic killing effect 
of ethanol and heat at 48.8°C was demonstrated on S. cerevisiae. 
Irradiating S. cerevisiae and E. coli in several liquid foods also failed to 
show a selective killing effect of RF energy. It was suggested that since 
most microbial cells carry an electrical charge, it is possible that cells may 
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be caused to oscillate rapidly in the applied field. If these oscillations are 
rapid enough and/or of a large enough displacement, the elastic limits of 
the cell structure might be exceeded, thus causing the cell to rupture and 
die. It should be noted, however, that if RF energy of a given frequency 
is selectively absorbed by certain critical organic molecules of the 
microbial cell, such as essential protein or DNA molecules, these 
molecules could be irreversibly denatured and the microorganisms 
rendered nonviable at low-heating levels of the suspension medium. 

Microwave ovens are used to heat precooked frozen foods. Because 
of the reported bactericidal action of microwave energy in such processes 
(Lechowich et al., 1969; Baldwin et al., 1968; Dessei et al., 1960), the 
effect of freezing and 2450-MHz microwave heating of precooked frozen 
food deliberately contaminated with E. coli and Streptococcus faecalis 
was studied by Madson et al. (1970). The results suggest that microwave 
heating will satisfactorily kill or reduce incidental and introduced 
microorganisms to a safe level providing the microwave exposure time is 
correlated with the size and type of food substance being treated. 

Pederson and Blomquist (1967) described several characteristics of 
microbial destruction by microwave energy, namely, (1) more energy is 
required to destroy bacterial spores than vegetative cells; (2) the 
destructive effect of microwaves is a direct function of the total joules 
delivered to the sampie; (3) the decay rate for bacteria is very rapid at 
high power densities and remembles heat destruction curves at very high 
temperatures; (4) there is an increased decay rate in lyophilized bacteria 
as the proportion of moisture increases, suggesting that added moisture 
serves to enhance denaturation of cell proteins at high temperatures. 

7.4.2. Mechanisms 0' Microbial Action 

Bacteria have been used to study the mutagenic potential of 
microwaves because the single-cell systems are simple, easy to grow, 
quick to test, and relatively sensitive to the action of mutagenic agents. 
Blackman et al. (1976) exposed growing cultures of E. coli to either 1.7-
or 2.45-GHz CW energy for 3 to 4 hr. Exposure to 1.7 GHz was in the 
ne ar field at approximately 250 V Im, which corresponds to an SAR of 
3 W Ikg. The 2.45-GHz exposures were in the far field at either 10 or 
50 m W I cm2 , corresponding to SAR values of 15 or 70 W Ikg. No 
mutagenic activity was detected. UV light was used as a positive control 
to demonstrate the sensitivity of the assay method. 

Dutta et al. (1979a) exposed growing cultures of various bacterial 
strains of Salmonella typhimurium, commonly used in the Ames's Test 
procedure to detect chemical mutagens (Ames et al., 1975), to 
2.45 GHz CW for 90 min at 20 mW Icm2 (SAR = 40 W Ikg) and to 8.6-, 



MOLECULAR, CELLULAR, INVERTEBRATE BIOLOGY 251 

8.8-, 9.0-, 9.2-, 9.4-, and 9.6-GHz pulsed energies [(l-llsec pulse width, 
1-kHz Pulse Repetition Rate (PRR)] at 10 and 45 mW/cm2 average, 
10,000 and 45,OOOmW/cm2 peak power densities. (Estimated SAR at 
45 mW/cm2 is 80 W/kg.) No mutagenic activity was observed for any of 
these exposure conditions. 

Another approach, which has been used with bacterial systems, is to 
test for radiation-induced alterations in genetic processes including cell 
death. Corelli et al. (1977) exposed cultures of E. coli to microwaves at 
frequencies between 2.6 and 4.0 GHz for 8 hr at an SAR of 19 W /kg. 
Although at 26°C these cultures were probably growing very slowly, no 
change was noted in the number of colony-forming units in the cultures 
following the exposure period, which indicates that no detectable lethai 
events occurred due to the irradiation. These workers also examined the 
infrared spectrum of these cells exposed to 3.2-GHz microwaves for 11 to 
12 hr at an SAR of either 21 or 16 W /kg. There was no observable effect 
on the molecular or conformational structure of these cells, in contrast to 
results obtained using ionizing radiation, which constituted a positive 
control. 

Two strains of E. coli, one deficient in an enzyme needed to repair 
damaged DNA, were tested by Dutta et al. (1979b) for survival following 
microwave exposure. The exposure conditions were 8.6 GHz pulsed 
(l-llsec pulse width, 1-kHzPRR) at 12W/kg, for 1, 2, 4, or 7hr. There 
were no significant changes in the relative growth patterns of these strains 
that could be attributed to microwave-induced DNA damage repairable 
in one strain but not in the other. Blackman et al. (1975) exposed a 
different strain of E. coli in log phase (actively dividing) and in lag phase 
(undergoing metabolic activities preparatory to division) at 32°C for 4 hr 
to 2.45 GHz at 0.05,0.5,5.0, or 50mW/cm2 • (50mW/cm2 corresponds to 
an SAR of 75 W /kg.) Additional experiments were conducted at 5 m W / 
cm2 and 25°C, to test for the influence of cold stress, and in two culture 
media at 30 and 35°C, to compare the relative influence of a rich medium 
versus a minimal medium, which requires greater utilization of the 
genetic apparatus of the cell for growth to occur. They found no change 
in the colony-forming ability of the cultures due to the exposure except 
for enhanced growth at 50 m W / cm2 , which was attributed to increased 
temperature in the exposed cultures. 

Dutta et al. (1979a) exposed the yeast Saccharomyces cerevisiae, a 
primitive eukaryote, to 2.45 GHz CW for 2 hr at 20 m W / cm2 (SAR = 
40 W /kg). They found essentially no change in the number of mutations 
at either of two Iod affecting the nutritional requirements for adenine or 
tryptophan. These investigators also did additional work at 8.4-, 8.6-, 
8.8-, 9.0, 9.2, 9.4, and 9.6-GHz pulsed energies (l-llsec pulse width, 
1-kHz PRR) for 2 hr at average power densities of 1, 5, 8.9, 10, 15, 30, 
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35,40, and 45 mW/cm2 • Although no measurements of SAR were cited, 
thereby making comparisons with CW exposures difficult, the highest 
power density was reported to increase the temperature of the culture by 
12°C, indicating substantial absorption of the energy. The estimated SAR 
at 45 m W / cm2 is 80 W /kg. In no case did the exposures cause a change in 
the frequency of genetic events, altering the requirements for either 
adenin~ or tryptophan, in the treated population compared to the control 
population. 

Some work has been done with bacterial and yeast cultures 
comparing the lethal and mutagenic efIects of microwaves with those due 
to conventional heating. Dutta et al. (1980) examined the responses of 
various strains of the bacteria Salmonella typhimurium and E. coli and 
the yeast Saccharomyces cerevisiae, exposed to 8.6-, 8.8-, or 9.0-GHz 
microwaves (pulsed at 1-kHz PRR, with a 1-Jlsec pulse width) at average 
power densities of up to 45 m W / cm2 (est. SAR up to 80 W /kg). The 
bacteria were exposed for 2 hr at 30°C. The results of these treatments 
were compared to those at temperatures elevated by conventional 
heating. Cellular damage leading to reduced survival was produced in 
both cases. Care must thus be exercised in evaluating genetic changes in 
microbial assay systems when elevated temperatures are induced during 
microwave exposure. 

The emission of light by a photoactive bacterium, Photobacterium 
fischeri, has been used as the endpoint of one study (Barber, 1962), 
where the bacterial suspension was circulated through a waveguide. 
Bacteria were exposed at several frequencies between 2.6 and 3.0 GHz; 
assay was performed 24 hr later. In spite of extremely high dose rates 
(660 to 5300 W /kg) , there were no difIerences between exposed sampies 
and heated sampies conducted in parallel. 

Far-field exposures were made (Hamrick and Butler, 1973; Black
man et al., 1975) on several strains or mutants of E. coli and on 
Pseudomonas aeruginosa. Sampies were exposed in t-ftasks or petri 
dishes principally at 2.45 GHz CW. Growth was measured by assaying for 
colony-forming units from exposure to 29 to 320W/kg (60 to 600mW/ 
cm2) (Hamrick and Butler, 1973) or 0.0075 to 75 W/kg (0.005 to 
50 mW/cm2) (Blackman et al., 1975). In both experiments the duration of 
exposure was sufficiently long that the average cell divided at least once 
(12 and 4 hr). Blackman et al. (1975) examined several growth conditions 
such as lag, log, and stationary phases of growth, rich and minimal 
media, and a "normal" as weIl as a mutant amino-acid-requiring strain. 
In each case, no difIerences between the exposed sampies and 
temperature-matched control sampies were found. 

Goldblith and Wang (1967) exposed E. coli and B. subtilis spores in 
a microwave oven (2.45 GHz) for up to 1 min. An SAR of about 
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400 W /kg can be estimated from their heating data. In this case, 
microwave heating and conventional heating were found to have identical 
effects on survival. 

In an experiment conduced at 10 GHz, a transient effect was found 
in the virulence of Agrobacterium tumefaciens toward its normal hosts, 
potato and turnip disks (Moore et al., 1979). This bacterium produces a 
plasmid, which it injects into the host ceHs and which is responsible for 
turning these cells into uncontrolled tumor ceHs. In this experiment, a 
suspension of A. tumefaciens was exposed in a petri dish for 30, 60, or 
230 min. The longer exposures produced a 60% decrease in virulence 
with no essential change in the number of viable ceHs. The effect was 
unchanged 6 hr postexposure, but virulence returned to normal 23 hr 
postexposure when the bacteria were maintained at 27°C or lower during 
irradiation. From the temperature data, cited in the paper, a dose rate of 
approximately 1 W/kg can be estimated. (Exposure was 0.58mW/cm2,) 

A possible explanation for this effect is that the plasmid DNA of the A. 
tumefaciens was incorporated into the major DNA of the bacteria during 
microwave exposure, preventing injection into the host. Normal growth 
may have subsequently aHowed the plasmid to return to its original 
situation, restoring activity. The results of the experiments by Moore et 
al. (1979), in which the virulence of A. tumefaciens was decreased for 
more than 6 hr after exposure to microwaves, are suggestive of reversible 
functional change in the organism. In this case, the implications for 
ceHular function after microwave exposure would be broad. However, no 
other worker has noted a similar effect with other uniceHular organisms, 
and this experiment has not been independently replicated. Therefore, its 
significance is uncertain at this time. 

Several investigators (Grundler et al., 1977; Keilmann, 1978; Grund
ler and Keilmann, 1980) have demonstrated that· S. cerevisiae exhibits 
an enhanced or inhibited growth rate when exposed at certain closely 
spaced frequencies between 41.60 and 41.80 GHz. For example, they 
found a 10 to 15% increase in growth rate at 41.64 and 41.68 GHz, and a 
20% decrease at 41.66 GHz. The experiments were conducted using.a 
unique waveguide termination, which was dipped into a suspension of 
yeast ceHs. In a typical experiment, 24 W was dissipated in the yeast cell 
suspension, and the authors estimated a maximum exposure intensity of 
about 10mW/cm2 ; however, because of the unusual nature of the 
waveguide termination and the high attenuation of high-frequency energy 
by aqueous sampies, SAR values are not available. Sampie temperature 
was mentioned and was within 0.5°C of the desired 32°C. Temperature 
controls were performed, and the authors believe that changes of the 
observed magnitude are not· temperature effects, since the growth rate· 
increased or decreased at the same incident energy but at different 
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frequencies. The decrease is difficult to explain, based on the authors' 
reports of no observable temperature rise. If, however, a localized 
temperature of greater than 37°C (more than 5°C above the controlled 
temperature) occurred elose to the waveguide termination, then the 
decrease could be explained solelyon the basis of temperature. 

Averbeck et ai. (1976), using microwaves of 70 and 75 GHz, at 5 to 
100 m W I cm2 , studied the effects on bacterial growth and lethai and 
mutagenic effects in bacterial and yeast cells. A possible interaction 
between microwaves and X rays was tested as weIl. A growing culture of 
E. coli K12 (wild type) was exposed at apower density of -lOmW/cm2 

in a temperature-controlled chamber. The number of cells in the growing 
culture was determined by plating cells on complete growth medium and 
counting the outgrowing colonies. No global thermal effects on E. coli 
were observed at the power density employed. The frequency was 
changed in steps of 0.5 GHz to permit detection of possible frequency
specific effects. In the neighborhood of 70.5 and 73 GHz, a decrease in 
cell growth was observed. The results were in good agreement with those 
reported by Webb and Booth (1969). 

These authors (Averbeck et al. , 1976) also reported that microwave 
irradiation for 30 min at frequencies between 70 and 75 GHz at power 
densities of up to 60 m W I cm2 does not induce any killing in mutant and 
wild-type strains of E. coii and S. cerevisiae. Such exposure did not 
produce any DNA damage, which can be recognized by the known DNA 
repair systems. This was true for the prokaryotic as weIl as for the 
eukaryotic cell system. These results demonstrated that microwave 
irradiation does not produce mutagenic effects. Reversion rates observed 
after microwave treatment were always the same as the spontaneous 
mutation rates. The authors suggest that the effect of microwaves may be 
reversible. Simultaneous exposure to microwaves and X rays produced 
increased survival of X-irradiated E. coli, suggesting enhanced repair due 
to increased metabolism. 

The effects of 9.4, 17, and 70-75 GHz were investigated in bacteria 
and yeast by Dardalhon et ai. (1981). At power densities below 
60 m W I cm2 and SAR values not exceeding 28 m W I g, no significant 
effects on survival of repair-competent and -deficient strains were 
observed in E. coli and S. cerevisiae. In addition, 17 GHz did not induce 
mutations in E. coli B/r WP2 trp- uvr- above the spontaneous level, and 
the induction of nuclear reversions, cytoplasmic "petite" mutations, and 
mitotic recombination as weIl as the efficiency of sporulation was not 
affected in yeast. 

The results of Dardalhon et ai. (1981) indicate that microwaves at 
the frequencies and power densities used do not have appreciable effects 
on cell survival of the wild type and repair-deficient mutants and 
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mutation induction in E. eoli and S. eerevisiae, suggesting the absence of 
significant effects on DNA. In diploid yeast, the efficiency of sporulation 
and segregation of genes in meiosis does not appear to be significantly 
altered by the microwave treatment. 

This is consistent with work performed at low power levels and at 
frequencies of 1.7, 2.45, 8.5-9.6, and 68-74 GHz in which there was an 
absence of lethai and mutagenic effects in several microorganisms 
(Blackman et al., 1975, 1976; Dutta et al., 1979a,b). 

Studies on the effect of microwaves on viral multiplication in 
mammalian cells have been performed by Szmigielski et al. (1976) and 
Luczak et al. (1976). These investigators suggest that microwaves 
(3 GHz, 5-20 mW /cm2) intluence cell function and metabolism in vitro, 
leading to short-Iasting stimulation of protein synthesis and glucose 
utilization (5 mW/cm2) or temporary inhibition of the growth rate of cell 
cultures (20 m W / cm2). 

Experiments on viral multiplication in vitro were performed using 
WISH cells (continuous line of human embryonic cells) and myxovirus 
paraintluenza 3 (Luczak et al., 1976). The cell cultures were irradiated 
with 3-GHz microwaves under far-field conditions in an anechoic 
chamber (30 min) at power densities of 5 or 20 m W / cm2 • Inoculation with 
viruses was performed 2 hr before, simultaneously, 2 hr after, or 24 hr 
after irradiation. Irradiation of cells at 5 mW/cm2 resulted in increased 
viral multiplication in cultures inoculated 2 hr before, simultaneously, or 
2 hr after inoculation, suggesting that the increased multiplication is due 
to stimulation of cell metabolism (protein and nucleic acid synthesis) and 
not to increased adsorption of viruses on the cell surface. On the other 
hand, irradiation of WISH cdls at 20mW/cm2 resulted in Iowered 
multiplication of viruses in cells irradiated at 2 hr before or 2 hr after 
inoculation, while in cultures irradiated 24 hr after inoculation normal 
viral multiplication was found. 

In vivo experiments were performed on young (ca. 12-g bw) CFW 
mice infected with vaccinia or herpes viruses intravenously. The animals 
were irradiated 7 days after infection (3-GHz microwaves, far-field 
conditions, 40 m W / cm2 , 2 hr daily). The authors found that microwave 
heating of mice after viral infection produced virus block or decreased 
viral multiplication in vitro. Microwave hyperthermia produced a de
crease in mortality in mice with nasally introduced virus. From this study 
it would appear that microwave hyperthermia may inhibit viral multi
plication in vivo and in vitro if exposure is started immediately 
postinfection (Luczak et al., 1976). 

Baranski et al. (1976) studied the intluence of microwaves on genetic 
processes of Aspergillus nidulans. Radiation was 2450 MHz, pulsed: 
power density not exceeding 10 m W / cm2 for 1 hr at room temperature. 
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Spores of A. nidulans irradiated before or during germination did not 
show any changes in survival rate and, in addition, no increase in 
mutation frequency was noted. 

7.5. EFFECTS ON PROTOZOA AND OTHER UNICELLULAR 
ORGANlSMS 

Marha et al. (1968) noted that unicellular organisms react in a 
variable manner to 30 to 300-kHz fields. The effect of pulsed 27-MHz 
energy was studied by Wildervanck et al. (1959), who found that dead 
and live nonmotile unicellular organisms behave exactly like colloidal 
solutions of inorganic or organic particles, Le., they form chains. When 
motile microorganisms are exposed to fields, their spatial orientation is 
disturbed; they then move in a given direction. Organisms arrange 
themselves parallel to the lines of force of the field at low frequencies, 
whereas at higher frequencies they are sometimes transverse to the field. 
When the external forces cease, they usually resume their initial position. 
In some kinds of amoebae and a few larger microorganisms, changes in 
external and internal structures have been observed (orientation of 
subcellular particles). In the proper field, an amoeba can be made to 
divide and die. 

The frequency at which the direction of movement changes and the 
minimum field intensity required for this phenomenon depend on the 
type of microorganism and can be dissimilar for two different strains of 
the same organism (Marha et al., 1968). Attempts have been made to 
explain thisphenomenon on the basis of nonhomogeneous dielectrics 
(Jaski and Susskind, 1961) as weH as consideration of the time constant 
for pearl chain formation of colloid particles (Saito and Schwan, 1961). 

The inftuence of 30 to 300-kHz fields on growth, viability, and other 
metabolie processes in unicellular organisms has been studied by several 
investigators (Frank-Kamenetskii, 1961; Gilles, 1944; Heller and 
Teixeira-Pinto, 1959; Lystsov and Frank-Kamenetskii, 1965). Depen
dence on frequency was found: growth is slow at low frequencies; at 
higher frequencies, growth is retarded and eventually halted so that the 
organism dies. 

Presman and Rappeport (1965) studied the reaction of paramecia to 
pulsed and CW MW /RF energy. They found that irradiating a para
mecium with a pulse or aseries of pulses of direct or alternating current 
produces a so-called "electric shock" reaction, a sharp braking motion. 
For example, paramecia were exposed to pulsed or CW microwaves at 
2450-3000 MHz, which produced an "electric shock" reaction similar to 
that when paramecia were exposed to ac or dc currents. The mean 
threshold values for eliciting the reaction were lower for CW than for 
pulsed microwaves. The threshold values of the power per pulse (or the 
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mean power for the sequence of pulses) at which this reaction occurred 
were inversely proportional to the duration of the pulses or sequence of 
pulses. In addition, although microwaves did not elicit the "electric 
shock" reaction at subthreshold power values, there was a rise in the 
sensitivity of the paramecia to other stimuli. 

Presman (1965) suggests that the "electric shock" reaction is a result 
of a nonthermal action of the RF fields, and that the nature of this 
re action is independent of frequency. He described studies reported by 
Kulin and Morozov (1964,1965) who showed that under the action of 
2375-MHz microwaves, the phagocytic activity of Infusoria varies in two 
phases depending on the intensity; in the range from 1.5 to 275mW/cm2 , 

there is at first an almost twofold increase in activity, and then a decrease 
to the normal level, and finally, a fall below the normal level. 

Ismailov (1966) investigated the dynamics of the effect of RF energy 
on cells of the infusorian Opalina ranarum, a frog parasite. Capacitance 
of the ceHs was found to vary with cell size and at a frequency of 0.4 MHz 
it averaged 40-60 pF; it decreased with increasing exposure time until it 
finally disappeared when the cell died (at the 7th or 8th min). There was 
adefinite relationship between the decrease in capacitance of the cells 
and the duration of exposure. 

According to Mickey (1963), various organisms respond to specific 
ranges of frequencies. Euglena have been shown to align themselves 
parallel to an electric field of 6-7 MHz. At 27 to 30 MHz, however, the 
organisms orient themselves transverse to the electric field (Teixeira
Pinto et al., 1960). 

The observation that the main axis of paramecia or amoebae could 
be oriented in one direction at the same time that small asymetrical 
particles in their cytoplasm could be aligned at right angles suggested to 
Mickey (1963) that subcellular units of the cell would respond differently 
to RF fields; therefore, the mitotic mechanism could be modified to 
produce genetic changes. Presman (1965) suggests that the behavior of 
unicellular organisms when subjected to RF fields involves an excitable 
structure, a prototype of the neuromuscular system, that they are 
assumed to possess. On the basis of studies by Friend et al. (1975) in 
which they noticed perpendicular and parallel elongation of the giant 
amoeba Chaos chaos in altemating electric fields over a wide frequency 
range (from about 1 Hz to about 10 MHz), the authors suggest that 
simple dielectric forces may be important in the production of these 
effects. The changes were frequency dependent. .. 

Conclusion 

It is difficult to explain the killing effects of RF energy on 
microorganisms reported by various investigators other than on athermal 
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basis. Aside from the differences in frequencies employed, there is the 
possibility that localized overheating or some experimental artifact might 
be responsible for the observed lethality. Some authors feel that RF 
energies may lower the infective power of bacteria and inactivate certain 
viruses through some nonthermal mechanism (Pratt and Sheard, 1935; 
Presman et al., 1961). According to Nyrop (1946), such inactivated 
viruses do not possess the antigenic properties still present after usual 
heat inactivation. 

Orientation etIects that have been reported are no doubt caused by 
the change in potential electric energy that occurs when a nonspherical 
partic1e is turned with reference to the applied field (Schwan, 1968). 
Analysis by Schwan and Piersol (1954) has shown that selective RF 
etIects are possible only if the particles are fairly large-no less than 
1 mm in diameter. Hence, it seems doubtful that a selective etIect on 
microorganisms exists in the absence of significant heating of the medium 
in which they are suspended. In the final analysis, no consistent biological 
etIects of RF /MW exposure have yet been found with molecular and 
subcellular systems other than those etIects resulting from general 
temperature increases. 

7.6. CHROMOSOME-GENETIC EFFECTS 

Some investigators have reported chromosomal changes in various 
plant and animal cells in tissue culture (Heller, 1970; Janes et al., 1969; 
Yao and Jiles, 1970). Other investigators have reported no changes 
(Huang et al. , 1977). Reported chromosomal changes inc1ude structural 
aberrations, polyploidy, and stickiness (Yao and Jiles, 1970; Yao, 1976, 
1978; ehen et al., 1974). Exposures range from 7 mW /cm2 to more than 
200mW/cm2 • 

Heller and Teixeira-Pinto (1959), using a 5-min exposure to 27-MHz 
pulsed (80-180 pulses/sec, pulse length 5 x 10-5 sec) energy, reported 
various alterations in the chromosomes and mitosis of growing garlic root 
tip cells 24 hr postexposure. The field strength and other pertinent data, 
however, were not reported. The authors also failed to indicate any 
control groups or statistical analysis. To provide meaningful analysis of 
these data, one would need to know fixation time, aberration frequency, 
and spontaneous yield. This study must, therefore, be viewed with 
skepticism since heat-induced etIects were not eliminated, leaving the 
possibility that the applied field caused biologically significant field
induced force etIects. Although the authors describe their results as 
nonthermal, neither a description of the methods for measuring tempera
ture nor actual measured temperature is given. This is a particularly 
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important omission. Since the electrodes were separated by a distance of 
only a few millimeters, much of which was occupied by glass insulation, it 
is most likely that significant thermal effects were induced. Additionally, 
it is rather doubtful that one of the published photographs showing 
"linear shortening of chromomosomes" is any different from what one 
routinely sees when colchicine is used. The relative length of chromo
somes also varies during mitosis; metaphase chromosomes are con
siderably "shorter" than anaphase chromosomes. In another report 
(Teixeira-Pinto et al., 1960), exposure of gladiolus bulbs to 21 MHz 
stimulated breaking dormancy and produced more vigorous plants. 
Because the dosimetry in these studies is vague and in serious question, it 
is possible that very high field strengths, probably much greater than 
1 kV/m, were achieved. 

Chinese hamster lung cells and human lympocytes were exposed in 
culture to pulsed RF fields at approximately 4O-500V/cm (Heller, 1970). 
At 15 MHz the chromosome aberration yield in the irradiated cultures 
was significantly greater than controls at postexposure fixiation periods of 
24 and 30 hr. Cultures irradiated at 19 MHz had significantly greater 
aberration yields than controls. Results at 21 MHz were variable. At 
25 MHz, significant increases in chromosome abnormalities in exposed 
cultures over controls appeared at 6, 18, and 48 hr postexposure. At 
40 MHz, exposed cultures showed significant increases of chromosome 
breaks over controls at 18, 24, and 48 hr postexposure. The most effective 
frequency appeared to be 25 MHz. There was no difference in the 
amount of chromosome damage between 1 W/cm2 and 50mW/cm2 ; the 
latter appeared to be the threshold for the observed effect. 

The above reports restate the original conc1usion of the authors 
(Heller and Teixeira-Pinto, 1959) that MW /RF exposure induces chromo
some aberrations, but none offers any conc1usive and statistically relevant 
data to support this conc1usion. These investigators have attributed their 
findings to subthermal or nonthermal interactions of the energy and 
biological system. In the absence of reliable information, it is doubtful 
that the observed changes are nonthermal or even significant (Kalant, 
1959). 

These studies have been criticized by investigators who assert that 
the systems were subjected to thermal stress. The chosen parameters of 
the applied field caused biologically significant field-induced force effects 
and many of these experiments have not been independently replicated. 
Generally , in studies of the response of cells in culture, undetected 
temperature deviations between irradiated and control systems of no 
more than 1°C can lead to erroneous interpretations. 

Subsequent studies have failed to confirm the findings of Heller and 
Teixeira-Pinto (1954) and Heller (1970). Coate and Hoo (1970) examined 
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the tips of onion grown under 72-hr exposure to 45 and 75 Hz, 10 and 
20 V Im electric fields and 1.0- and 2.0-G magnetic fields. For comparison, 
root tips were grown in only the earth's magnetic field (- 0.6 G) and in 
an ambient 6O-Hz electric field (about 0.05 V/m). They noted no 
chromosomal effects attributable to exposure to these fields. 

Hamrick (1973) studied the thermal denaturation properties of 
isolated, dissolved DNA exposed in vitro at 37°C for 16 hr to 2450 MHz 
(SAR 94 W/kg). Using aseries of buffer conditions and temperatures, he 
found no difference between control and exposed sampIes when the 
temperature of the exposed sampIe was identical to that of the control 
sampIe during treatment. Even elevated temperatures (up to 50°C) 
produced by microwaves (1 hr at an SAR ::::;; 225 W Ikg) did not cause a 
difference in the thermal denaturation profile of a DNA solution 
containing formaldehyde to enhance the sensitivity of the test to detect 
alterations in the pairing of the two strands of the DNA molecule when 
compared to a similar temperature elevation produced by conventional 
heating. 

To investigate possible somatic consequences of exposure to RF 
energies, McLees and Finch (1971) and McLees et al. (1972) studied 
adult male rats that had been continuously irradiated with pulsed and 
CW fields at 13.12 MHz for up to 44 hr post partial hepatectomy. The 
experiment involved monitoring mitotic activity and chromosome aberra
tions in the regenerating liver. All experiments were conducted with 
radiation power levels just below the heating threshold. It is estimated 
that the absorbed dose was approximately 1 m W I g. Comparison of the 
results from control and experimental animals failed to reveal any 
statistically significant differences in mitotic activity or the number of 
chromosome aberrations. In addition, light and electron microscopy 
revealed no evidence of tissue damage. 

Zufarov and Shnaivais (1970) have reported mitochondrial swelling 
and lysis following a 3-hr exposure to 1625 kHz and 2500 V Im RF energy. 
In the study by McLees et al. (1972), mitochondria from both kidney and 
liver showed no evidence of swelling. No giant mitochondria and no 
structure compatible with the myelinlike organelle described by Zufarov 
and Shnaivais (1970) were seen. 

Yao and Jiles (1970) investigated the effects of microwave energy on 
cell proliferation and the induction of chromosome aberrations in 
cultured choroid and bone marrow cells derived from the kangaroo rat 
(Potorous triadactylus apicalis). The cells were exposed to 2450 MHz at 
power densities of 0.2, 1.0, and 5.0W/cm2• At 0.2 W/cm2, a lO-min 
exposure increased cell proliferation; a 30-min exposure reduced cell 
proliferation. Cell proliferation was greatly reduced at 1 W Icm2 for 
exposures of 20 min or longer . At 5 W I cm2 , cell proliferation was 
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reduced and at the same time chromosome aberrations increased. The 
authors suggest that the types of chromosome aberrations observed in 
the ceHs were the same as those induced by X rays but the distribution of 
aberration types differed from that of X rays. Chromatid breaks were 
observed as late as 48 hr, and the peak aberration frequency was 
recorded at 48 and 72 hr postirradiation. This may be a reftection of ceH 
proliferation delay, due possibly to the exposure regimens, culture 
conditions, and handling techniques. The very high field intensities and 
consequent heating are the critical factors in this study. 

In X-irradiated ceHs, chromatid breaks are first observed about 6 hr 
postirradiation and are predominant among the aberrations (Chu et al., 
1961). The peak frequency of aberrations occurs at 12 and 24 hr 
postirradiation. In the study by Yao and Jiles (1970), chromosome 
aberrations were observed only in the ceHs that were exposed to 5 W /cm2 

for more than 10 min but not longer than 20 min. Cultures that were 
exposed for longer than 20 min developed few or no mitotic ce11s. 

Janes et al. (1969) reported an increased frequency of chromosome 
stickiness in cells obtained from bone marrow of Chinese hamsters 3, 4a, 
and 5 hr after exposure to 2450 MHz. It should be noted, however, that 
the animals were irradiated in a field of unknown intensity for 15 min that 
caused 46% mortality with a mean lethai time of 15.4min. The mean 
colonic temperature rise among survivors was 7.5°C. The data that were 
presented lack details. There is neither an indication of the number of 
animals used nor the number of metaphases scored per animal. The data 
appear inconsistent and highly variable. There are no ca1culations of the 
variability and confidence limits of the data. The authors' conclusions are 
not supported by statistical analyses. Furthermore, it is difficult to 
understand how the authors were able to score "chromosome stickiness" 
since they treated a11 their animals with co1cemid, which "prevents" ce11s 
from proceeding to anaphase and telophase. This metaphase aberration 
can best be scored in the absence of any type of mitotic inhibitor since 
the "stickiness" becomes more apparent as the chromatids undergo 
separation at anaphase and telophase (Carlson and Harrington, 1965). 

Prince et al. (1972) reported that in monkeys exposed to 10-27 MHz 
at power densities from 100mW to 1.32W/cm2 , karyotyping showed an 
increase in the number of visible "secondary characteristics" which 
appears to reach a peak at 96 hr postexposure. The incidence of ceHs with 
structuraHy altered chromosomes following RF exposure was 10.5% 
which is an increase of nearly three times that of the preexposure 
incidence. Sticky chromosomes were not found nor were rings and 
dicentrics. Monkeys exposed to 1.32 W/cm2 at 10.5, 19.2, and 26.6 MHz 
for 30 min revealed a modification of peripheral blood lymphocyte 
growth potential. The most obvious effect was an apparent increase in the 
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number of metaphase cells 70 hr postirradiation. There was a 9- to 
15-fold increase in mitotic response, which could be partial 
synchronization. 

Stodolnik-Baranska (1974) studied the influence of microwave energy 
on human lymphocytes unstimulated and stimulated to mitosis by 
phytohemagglutinin (PHA) treatment. Cultures were irradiated with 
pulsed 3000-MHz microwaves 15 min daily at 20 m W I cm2 or 4 hr daily at 
7 m W I cm2 for 3-5 days. In addition, lymphocytes stimulated to mitosis 
by PHA treatment were exposed to microwaves for 5-30 min daily at 
20 m W I cm2 or 3-4 hr daily at 7 m W I cm2 • The results showed that 
untreated lymphocytes transform to blastoid forms and macrophagelike 
ceHs after microwave exposure. Microwave treatment was found to 
increase the mitotic index and to induce mitotic aberrations characterized 
by dicentric chromosomes and bridges between chromatids. Interphase 
cells were noted to have irregularly shaped or fragmented nucleL 

Other studies have used cytogenetic techniques to examine some 
physical and chemical properties of chromosomes in intact cells to 
determine if the relationship of various parts of the genetic material had 
been altered by microwave exposure. Huang et al. (1977) reported no 
RF-induced chromosome aberrations in white blood cells from Chinese 
hamsters exposed to 2450 MHz at up to 45mW/cm2 (SAR = 20.7W/kg) 
for 15 min a day for 5 consecutive days. McRee et al. (1978) in a 
preliminary report found no sister chromatid exchanges in bone marrow 
ceHs of mice exposed to 2450 MHz at 20 m W I cm2 (SAR = 15.4 W Ikg) 
8 hr daily for 28 days. Alam et al. (1978) showed that chromosome 
aberrations occur in a Chinese hamster cell line (CHO-K1) exposed for 
30 min to 2450 MHz from a diathermy applicator only if the temperature 
of the culture is allowed to rise to 49°C during exposure. These authors 
demonstrated that high power densities exceeding 200 m W I cm2 

(est. SAR = 360 W Ikg) could be used, under proper temperature con
trol, without inducing cytogenetic effects. Thus, heating seems to account 
for the observed cytological changes. 

Inferences of apparent genetic effects as a result of chromosome 
studies should be viewed with circumspection, since chromosome scoring 
techniques are tedious and require considerable skill (Savage, 1971). 
Such studies are very complex and conclusions made from only fragmen
tary data should be suspect. In general, results such as chromosome 
stickiness are interesting but unresolved phenomena. Stickiness has been 
attributed to a spatial dissociation and reorganization of the nucleo
proteins and appears to be reversible. 

Although studies of chromosome aberrations are potential early 
indicators of biological changes related to cancer or genetic effects, such 
effects in tissue culture may reflect total response of a specific tissue, but 
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not neoplastic potential or genetic injury to the germinal epithelium 
where it is especially important. There are several sources of error in 
estimating chromosome aberration frequencies (Bender, 1967; Brooks 
and Lengemann, 1967; Evans, 1967) and in using these estimates to 
evaluate microwave exposure. When cells are cultured in vitro, 
aberration frequencies may vary with postexposure time in culture. A 
similar situation exists for whole organism responses. There are also 
many variables in the tissue culture techniques used in various labora
tories, which must be considered when comparing and evaluating results. 
The possible infiuence of agents such as viruses, heat, chemicals, and so 
on, which are known to produce chromosome anomalies should not be 
ignored (Leonard and DeKnudt, 1967; Nichols, 1966; Wald et al., 1964). 
In short, numerical data representing the various types of chromosome 
lesions, like any other type of biological changes in any type of disease, 
are significant only in the context of all other available information about 
the exposed specimen. In evaluating studies on isolated cell systems, it is 
often possible to measure changes in cells when they are not apart of an 
integrated living system; it is not always correct, however, to extrapolate 
these findings to the intact organism where the cell may be in a different 
relationship to other cells with differing sensitivities or protective 
capacities (Ingram, 1969). 

There have been some questions concerning the exact magnitude of 
the fields and temperatures within the receptacles containing cell culture, 
blood sampies, and solutions during exposure. Often the sampies are 
placed in fields of known strength and power density, but due to the 
complex shapes of the vessels holding the sampies, the actual fields acting 
on the cells or organisms are unknown. Also, it is difficult in some cases 
to determine whether the effects are specifically due to the fields or 
simply due to a temperature rise. Attempts to measure the temperature 
of fields within the sampie by conventional methods can produce 
perturbations that can significantly modify the results of the experiment 
(Guy, 1977). 

Miro et al. (1974) exposed Swiss albino mice to pulsed 3105 MHz at 
20 m W I cm2 average power density (40 W I cm2 peak) for 145 hr, Stimula
tion of splenic lymphopoiesis and increased [35S]methionine incorpora
tion in spleen, thymus, and liver were found. The authors interpret these 
results as a sign of stimulation of cells belonging to the reticuloen
dothelial system. 

Both inhibitory and stimulatory effects on the expression of geneti
cally regulated enzyme synthesis and on bacterial and mammalian cell 
growth were reported by Webb (1975) at 59 to 143 GHz, 10 to 
50 mW Icm2 ; a frequency-dependent periodicity of the effects was de
scribed. Hill et al. (1978) found no effect on growth of E. coli exposed to 
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10-70mW/cm2 at 65 to 75 GHz. Miro et al. (1974) also reporteda 
"radioprotective" effect of exposure of bacteria to 3105 MHz, pulsed at a 
peak power of 39W/cm2 , temporal average 2mW/cm2 • Other reports 
show interference with genetically controlled synthesis in bacteria 
(Smolyanskaya and Vilenskaya, 1973; Zalyubovskaya, 1973). Blackman 
et al. (1975) reported no effect on bacterial growth at 68, 69, 70, 
71, 72, 73, or 74 GHz at an incident power density estimated to be 
0.3mW/cm2 , or at 1.70 or 2.45 GHz between 0.005 and 50mW/cm2 

(0.008 to 75 mW/g) , nor was there any effect on mutagenesis in bacteria 
exposed to 2.45 GHz (10 and 50mW/cm2, 15 and 70W/kg) or to 
1. 70 GHz (88 V Im; 3 W Ikg) (Blackman et al., 1976). 

Baranski et al. (1976, 1978) were not able to attribute mutagenic 
effects or metabolic changes in Physarum polycephalum or Aspergillus 
nidulans to specific effects of 10mW/cm2 , 2450-MHzCW or pulsed 
microwaves. Corelli et al. (1977) also reported no mutagenesis after 
exposure to 2.6 to 4.0 GHz at 20 W Ikg. They investigated the effects of 
RF energy on colony-forming ability (CFA) and molecular structure 
(determined by infrared spectroscopy) of E. coli B cells in aqueous 
suspension. Cells were exposed for 10 hr at SARs of 20 W Ikg (equivalent 
to 50mW/cm2). No RF-induced effects on either CFA or molecular 
structure were observed. 

Sharp and Paperiello (1971) investigated the uptake of tritiated 
thymidine in female albino rats exposed to 2450-MHz microwaves. The 
results indicated that a 10-min exposure at 32 mW Icm2 decreased 
thymidine uptake in ovarian and intestinal tissues. At apower density of 
16mW/cm2 for 10min of exposure, an increase in thymidine uptake in 
ovarian tissue was noted with no change in intestinal tissue uptake 
relative to controls. Little if any change in uptake by lung, liver, heart, or 
kidney was noticed. These tissues, it should be noted, are not normally 
proliferative; their cells are postmitotic and would not normally be 
expected to take up tritiated thymidine. The ovarian and intestinal cells 
are, however, normally proliferative. Presumably the changes in thymi
dine uptake in the intestinal and ovarian tissues reftect an alternation of 
cellular progression as a result of the microwave heating. It can be 
presumed that a rapid mitotic proliferation of the ovarian follicles was 
induced, although direct evidence is necessary to confirm this hypothesis. 
It would appear that subtle or gentle heating as in this study might have a 
stimulatory effect on partial cell synchronization on certain groupings of 
cellular systems. Pregnant rats were exposed to 2450 MHz at 50.67 to 
63.82mW/g and used for cytokinetic analysis by means of tritiated 
thymidine uptake. Rats were exposed to a total of 6 (l-hr) sessions at 
5 m W I cm2 , 12 (l-hr) sessions at 10 m W I cm2 , 5 (l-hr) sessions at 
20mW/cm2 , and 2 (l-hr) sessions at 30mW/cm2 • In examinations of the 
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brain, it appeared that the G2 (post DNA synthesis) interphase period 
was about twice as long in exposed fetuses as in controls. There was an 
increase in glial proliferation without affecting neurons. It is possible that 
the increased metabolic rate induced by the thermalizing radiation might 
have been associated with potentiation of mitotic activity. 

Wiktor-Jedrzejczak et al. (1976) exposed adult male mice to 
2450 MHz CW at an absorbed dose of 12-15 m W / g for 30 min in an 
environmentally contro11ed waveguide facility. Such exposure failed to 
produce any detectable increase in DNA, RNA, and protein synthesis, as 
measured by spontaneous incorporation of tritiated thymidine, uridine, 
and leucine by spleen, bone marrow, and peripheral blood lymphocytes 
in vitro. Results of this study, however, suggest that microwaves 
stimulate the maturation of B lymphocytes in the spleen of exposed mice. 

The effects of 2450-MHz microwaves on the ce11ular elements in the 
peritoneal fluid and peripheral blood of the rat were investigated by 
Valtonen (1966). He reported the only pronounced change to be an 
increase in disrupted mast ce11s in rats exposed to microwaves. An 
electron microscopic examination of the fine structure of giant mast ce11s 
in the peritoneal fluid of the rat was also undertaken (Valtonen, 1967). 
The most obvious feature of the giant mast cell appeared to be an 
abundant swelling of the cytoplasm, which increased the distance 
between the granules, and the partial disappearance of the granules. 
Whether the formation of the giant mast cells is a reversible process 
could not be determined on the basis of this study. 

Sawicki and Ostrowski (1968) performed an autoradiographie study 
of uptake of labeled sulfate by peritoneal mast ce11s exposed in vitro to 
3000-MHz microwaves, 3 m W / cm2 for 10 min. The dry mass of such ce11s 
and the intensity of metachromasia were determined. The irradiated mast 
ce11s remained alive, but their ability to be stained metachromatically was 
markedly reduced. The dry mass of mast ce11s, as weIl as their diameter, 
diminished by 50 to 65%. There was a two- to threefold reduction of 
sulfate uptake by the mast cells. 

The mutagenic potential of microwave energy has been evaluated by 
various techniques, including the dominant lethai test in mammalian 
systems (Varma and Traboulay, 1976; Varma et al., 1976; Berman and 
Carter, 1978), genetic transmission in Drosophila (Mittler, 1976; Pay et 
al., 1972), and point mutations in bacterial assays (Blackman et al., 
1976), with inconsistent results. 

Varma and Traboulay (1976, 1977) and Varma et al. (1976) reported 
increased mutagenesis, using the dominant lethal test with male mice 
exposed to 10 and 50 m W / cm2 , 1.7 GHz CW for 90 and 30 min, respec
tively. Mice exposed to 2.45 GHz CW at 100 m W / cm2 for 10 min and at 
50mW/cm2 three times, 10min each within 1 day, also showed increased 
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mutagenesis. Mice subjected to four exposures of 50mW/cm2 , 10min 
each over aperiod of 2 weeks, showed no increase of dominant lethality 
above oontrol levels. These authors reported radiation-induced changes 
in thermal denaturation profiles as we11 as changes in the base composi
tion of testicular DNA extracted from anesthetized mice whose testes 
were irradiated in the near field. Ten animals were exposed individually 
to either 1.7 -GHz microwaves at 50 m W I cm2 for 30 min (est. SAR in 
testes = 2.4 W/kg) or at 10mW/cm2 for 80min (est. SAR in testes = 
0.48W/kg), or 0.985-GHz microwaves at 10mW/cm2 for 80min (est. 
SAR in testes = 0.26 W Ikg). The animals exposed to 1.7 GHz at 50 m W I 
cm2 or to 0.985 GHz at 10 mW Icm2 were used in another test for 8 weeks 
before they were sacrificed and the DNA was extracted. It is difficult to 
evaluate the results of these studies. Although the percent adenine I 
thymine is higher in the DNA extracted from the exposed animals, which 
could be responsible for the drop in the transition curve, the identical 
values cited for each measurement of the DNA extracted from the three 
groups of control animals are highly unlikely. Based on the variability 
norma11y inherent in these biochemical measures, a more probable 
explanation is that the oontrol values were a pool of a11 the control groups 
or represent just one of those groups. Since the normal experimental 
variability in the measurements is not described-either for repeated 
measures on one DNA-extraction preparation, or between extraction 
preparations-it is impossible to conclude that the observed differences 
between oontrol and exposed sampies are significant and are due to the 
exposure directly, rather than to differences induced by the extraction 
procedures. Similarly, the crude SAR values estimated for testicular 
exposures appear to be too low to produce the types of damage cited by 
these authors. A more likely explanation is that the assumptions 
underlying either the SAR estimates or the exposure conditions are in 
error and that elevated temperatures produced by the exposures were the 
causative factor. In an anesthetized animal, exposed in the near field to 
1.7GHz at 50mW/cm2 for 30min and shielded with loaded urethane 
foam except for the testes (est. SAR = 2.4 W/kg) , a 1 to 2°C colonic 
temperature increase was recorded fo11owing exposure (Varma and 
Traboulay, 1977). In another report, animals were exposed under the 
same conditions, except that the exposure time varied between 30 and 
40 min, and the testes were examined histologically (Varma and Tra
boulay, 1975). The lumens were empty with complete disintegration of 
spermatids, Sertoli cells, and the delicate connective tissue that surrounds 
the seminiferous tubules. In the same report, for animals exposed to 
1. 7 GHz at 10 m W I cm2 there was little or no damage to the tests, except 
when the time of exposure was increased to 100 min, whereupon severe 
changes in morphology were observed. There was no explanation as to 
why little or no damage suddenly becomes severe changes at 100 min of 
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exposure. It is probable that even at 10mW/cm2 there is sufficient energy 
deposition in these anesthetized animals to overcome any thermoregula
tory function that may exist, and cause significant temperature elevation 
that results in many of the changes that are attributed to the microwave 
exposure directly. Thus" an evaluation of the existing evidence from 
physical studies on DNA indicates that low-to-moderate-intensity micro
wave radiation (1) does not cause changes in DNA bases, the fundamen
tal unit of the genetic code, and (2) may cause disruptions in the pairing 
of the two complementary strands as weIl as other damage when 
substantial temperature elevations occur during exposure. 

Manikowska et al. (1979) reported a non-dose-dependent increase in 
chromosome translocations and in chromosome pairs remaining as 
univalents at metaphase I in the sperm cells of mice exposed 1 hr / day, 
5 days/week, for 2 weeks to 9.4 GHz pulsed at either 200, 1000,2000, or 
20,000mW/cm2 peak (pulse width 0.5 Jlsec; 1-kHzPRR; 0.1, 0.5, 1, and 
10mW/cm2 average, respectively). A rough estimate of the SAR is 
5 W/kg (average) and 9000 W/kg (peak), for the highest power density 
used. The authors do not describe the relationship of the animals' testes 
to the incident field, thereby raising the question of the actual exposure 
received by the target cells at 9.4 GHz, where the tissues exhibit large 
attenuation coefficients. A description of the environmental conditions 
during exposure is also not given. These omissions essentially prevent any 
critical assessment of the results. Furthermore, because of the small 
number of animals used in the study, the authors state that "the 
findings ... obviously need confirmation on larger number of 
animals .... " 

Berman and Carter (1978) exposed male rats daily to 425 MHz CW 
(day 12 of gestation to 90days of age, 10mW/cm2 4hr/day) or 
2450 MHz CW at 5, 10, or 28 mW /cm2 from day 6 of gestation to 90 days 
of age, 4 or 5 hr/day. No significant evidence of germ cell mutagenesis or 
alteration in reproductive efficiency was detected. 

Berman et al. (1980) exposed male mice to 2.45 GHz CW using three 
treatment regimens: 4 hr/day from day 6 of gestation to 90 days of age at 
5 m W /cm2 (SAR varied from 4.7 W /kg to - 0.9 W /kg at day 90 because 
of the growth of the animals), 5 hr / day for 5 days beginning on day 90 at 
lOmW/cm2 (est. SAR2W/kg), and 4hr/day, 5days/week, for 4weeks 
beginning on day 90 at 28 m W / cm2 (est. SAR 5.6 W /kg). At selected 
weekly periods after treatment, the exposed males were bred to 
untreated females that were examined in late pregnancy using the 
dominant lethai test. No significant germ-cell mutagenesis was detected 
for any treatment condition, even though significant increases in colonic 
and testicular temperature were observed during the 28 m W / cm2 ex
posure with a concomitant decrease in pregnancies during some of the 
breeding periods, which indicates temporary sterility. In addition, these 
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authors reexamined the data of Varma and Traboulay (1976) and Varma 
et al. (1976) and concluded that they had been incorrectly interpreted, 
because the effects of litter size on fetal mortality had been ignored and 
the differences between treated and control groups had been overem
phasized when the control values were not representative of normal 
values. Thus, well-controlled experiments with biological systems having 
complex genomes similar to man's have not unequivocally demonstrated 
any mutagenic activity for microwave radiation. 

There is no satisfactory evidence of microwave-induced genetic 
effects at low to modest power densities (Baranski and Czerski, 1976). It 
is known that the rate of induction of mutation increases with increasing 
temperature. It is possible, therefore, that artifacts or thermal stress 
could be factors in some of the reported studies. 

Several studies on primitive organisms (Baranski et al., 1976, 1978; 
Blackman et al., 1976) and on rodents (Varma et al., 1976; Varma and 
Traboulay, 1976; Leach, 1976) have confirmed earlier findings that 
microwave exposure at power densities below 10 mW Icm2 is not mutage
nic in these organisms. 

Changes of cell membrane permeability have also been attributed to 
RF energy (Baranski et al., 1974). Washed rabbit erythrocytes and 
isolated peritoneal granulocytes were irradiated with 3000-CW MHz 
microwaves at apower density of 1 mW Icm2 for 15, 30, 60, 120, and 
180 min. No increase in temperature of the suspensions was observed 
under these conditions. Irradiation at 1 mW Icm2 for 15 and 30 min 
resulted in effiux of potassium from erythrocytes, followed by appearance 
of hemoglobin and lowering of osmotic resistance after 120 and 180 min 
of irradiation. 

Hamrick (1973) examined the response of mammalian lymphocytes 
to 2450-MHz CW microwave exposure. Lymphocytes were exposed in 
cultures to 20 m W / cm2 (7 m W I g) for 48 hr and examined for stimulation 
by changes in [3H]thymidine uptake. Changes in the stimulation caused 
by PHA under control and exposed conditions were also tested. No 
effects of exposure were detected. No effect on DNA was found at power 
densities as high as 67 to 160mW/g (-200-300mW/cm2). He con
cluded, therefore, that microwave energy (2450 MHz CW) "has very 
little, if any, effect other than the effect of heating on the secondary 
structure of DNA as determined by comparison of thermal denaturation 
curves." Others (Liu and Cleary, 1977) have failed to find effects 
different from those resulting from RF heating. Janiak and Szmigielski 
(1977) likewise reported no significant differences in the sequence and 
time course of cell membrane injury between cells treated in a water batb 
and those heated witb 2450-MHz microwaves. 

Chen and Lin (1978) exposed Chinese hamster lung cells, V79, in a 
waveguide fitted with a micropipette containing tbe cell suspension. 
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Temperature was regulated by circulating cooling water through the 
waveguide around the micropipette. SampIes were exposed to 
2450 MHz CW for 20 min and allowed to grow in cultures for 12 days 
after exposure. The exposed cells divided at a slower rate and exhibited a 
fibroblast type of growth, in contrast to the controls. These cells were 
exposed at 400mW/cm2 (1059W/kg ca1culated SAR) under conditions 
very similar to those where Harrison et al. (1980) found temperature 
elevations in the sampIe that were up to 0.3°C higher than the cooling 
bath. Chen and Lin (1978) state that temperature-treated controls at 38°C 
(1°C higher than the coolant temperature during microwave exposure) 
did not display the changes observed in the microwave-exposed cells. It is 
not c1ear whether the changes in the microwave-treated cells are caused 
by heating inside the micropipette. 

Carpenter (1965) and van Ummersen and Cogan (1970) have 
reportedly suppressed the maturation of lens epithelium. The right eyes 
of adult New Zealand white rabbits were exposed to cataractogenic levels 
(120 mW/cm2) of 1450-MHz CW microwaves; the nonirradiated left eyes 
served as controls. At postexposure intervals varying from 6 hr to 
1 month, the animals were sacrificed. One hour before sacrifice, tritiated 
thymidine, which is an indicator of cell cyc1e activity, was injected into 
the anterior chambers of both eyes. The irradiated lenses showed an 
initial pronounced suppression of both DNA synthesis and cell division. 
These effects gradually diminished du ring the ensuing 2 weeks, by which 
time cell progression had recovered and by 1 month postirradiation they 
were proceeding at a slightly accelerated rate. In several of the irradiated 
eyes, however, there was superimposed upon the usual course of 
recovery a precipitous rise in DNA synthesis occurring on the fourth to 
fifth day after exposure. This sharp rise in DNA synthesis is similar to 
that which is observed in galactose-fed rats when hydration of the lens 
occurs in the form of equatorial vesic1es, which seem to stimulate the 
overlying epithelium to proliferate at a greatly accelerated rate. The 
metabolic stimulus of heat from this level of exposure should not be 
ignored. 

It is thus reasonable to conc1ude that exposure to RF /MW energy 
does not appear to cause mutations or genetic changes in test systems 
unless temperatures weH above the normal physiological range are 
produced. Similarly, no physical changes in chromosomes, DNA, or 
reproductive potential of animals have been reported in the absence of 
substantial temperature rises. 

7.7. HYPERTHERMIA AND GELL KINETIGS 

Significant investigations on the effects of microwave-induced hyper
thermia on cell kinetics have provided background information on the 
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potential application of hyperthermia as an adjunct in cancer therapy. 
Moressi (1964) compared the inftuence of temperature and chromc 
2450-MHz CW exposure on mouse sarcoma 180 cells. Tumor cell suspen
sions were irradiated with a field intensity of approximately 0.3 W/cm2 at 
temperatures ranging from 43°C to 38°C. Cell mortality patterns were 
essentially identical for irradiated and nonirradiated cells when 
microwave-induced heat was dissipated at a rate that ensured comparable 
temperatures for both experimental and control systems. Rate of cell 
growth depression appeared to be highly temperature dependent as 
would be expected from the "spontaneous" destruction of cellular 
material. 

Rats with hepatoma 223 were subjected to 3-GHz microwaves for 
8-10 min by suspending the tumor-bearing limb in front of an open 
waveguide (Carter et al., 1964). The tumor temperatures measured with 
a thermocouple ranged from 45 to 47°C. Little effect was evident, 
probably because of the short heating period. Other investigators, 
however, such as Overgaard and Overgaard (1972) treated mouse 
mammary adenocarcinoma locally with 27.12-MHz diathermy. A per
manent cure was observed in approximately 25% of the treated mice 
when the degree of heating and duration of exposure were optimal. 
Other investigators such as Yerushalmi (1975) and Mendecki et al. (1976) 
have also used microwaves in experimental tumors with intriguing results. 

Key and Charyulu (1976) exposed Chinese hamster cells to 
2450 MHz raising the temperature to various levels between 34°C and 
45°C for periods up to 5 hr. Several indices of cell damage were measured 
induding inhibition of colony formation and vital dye exdusion. The 
therapeutic effect of the microwave exposure was assessed by using it to 
locally heat Ehrlich ascites cells grown intraperitoneally in mice. A 
temperature of 42SC for aperiod of 30 min repeated for several days 
generally produced extended survival times but very few total cures. 
Marmor et al. (1977) using 13.5 MHz for heating to 43-44°C were able to 
effect cures in mice with a large variety of transplanted tumors. The use 
of microwave-induced heating as an adjunct to other methods of cancer 
therapy is a fascinating area of investigation. 

Overt thermal effects due to RF /MW energy absorption have been 
demonstrated and documented. The reports of effects that appear to 
depend on specific frequencies and amplitudes or "windows" (Bawin and 
Adey, 1977) would imply biological responses that may not always be due 
to a rise in temperature. Prohofsky and Lu (1979) have suggested that 
low-lying longitudinal vibrational modes of DNA molecules could be 
induced or enhanced by electromagnetic fields at microwave frequencies 
of 3 GHz or higher. Such induced modes could theoretically produce 
conformational changes in the DNA molecule and could result in 
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biologically significant functional alterations. Fröhlich (1975) has similarly 
suggested microwave interactions with macromolecular biologically active 
complexes. Illinger (1976, 1978) has treated the problem of molecular 
interaction from a quantum mechanical approach. He suggests the 
possibility of field-induced quasi-resonant transitions occurring at fre
quencies higher than 10 GHz from the excitation of coherent vibrational 
modes. Although some experiments seem to provide results that support 
such a theory, it has been pointed out that great care must be exercised in 
differentiating between actual biological interactions and cyclic and 
multiple resonances in cavity, waveguide, and other exposure systems 
that have the capability of creating multiple reftections (Hershberger, 
1978). 

The principal technical problem in studying RF-induced effects on 
cells is that the studies are often conducted using conventional apparatus 
designed for cell studies-ftasks, dishes, holders, agitators, water baths, 
incubators, and so on. Various elements of these apparatus may distort 
RF fields in such a way that the SAR in the cell cultures may be 
considerably higher or lower than field measurements would indicate. 
So me progress has been made in designing cell culture apparatus that will 
provide accurate, calibrated exposure to RF fields, but results of much of 
the earlier work on cell and tissue cultures must be questioned with 
regard to the actual absorbed RF energy in the cell culture media (Guy, 
1977; Michaelson, 1970, 1978). 

Our present knowledge of biophysical mechanisms underlying cell 
membrane function, and functional and structural properties of subcellu
lar components is limited. Interpretation of studies of such phenomena 
and their biological significance, therefore, requires considerable cir
cumspection. The anomalous behavior of the "bound water" of mem
branes as reported by Grant (1978) may help in providing explanations 
for such effects. 

Conclusion 

In investigations concerning the effects of MW /RF energies on 
biological systems, especially when some form of cellular response is 
involved, temperature control must be a major consideration. 

Guy (1977) has noted that in analyzing the data from many 
experiments involving the effects of electromagnetic fields on cell 
cultures, blood sampies, and solutions containing microorganisms, there 
have been some questions concerning the exact magnitude of the fields 
and temperature within the solutions during exposure. Often the sampies 
are placed in fields of known strength and power density, but due to the 
complex shapes of the vessels holding the sampIes, the actual fields acting 
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on the cells or organisms are unknown. Also, it is difficult in some cases 
to determine whether the effects are specifically due to the fields or 
simply due to a temperature rise. Attempts at measuring the temperature 
of fields within the sampie by conventional methods can produce 
perturbations that may significantly modify the results of the experiment. 

Because of the questionable techniques utilized, reports concerning 
the genetic implications of microwave exposure are highly suspect, 
especially since hyperthermia by itself has been shown to induce 
chromosome damage and gene mutations in a wide range of organisms 
(Lindegren, 1972). 

It is known that hydrogen bond energy (perhaps the weakest bond of 
all) is nearly 5 kcal. Microwave energy is too low to produce nonthermal 
effects on the structure of DNA. Takashima (1966) using changes in 
optical density and viscosity as criteria for strand separation and, thus, 
structural change, failed to observe structural changes in DNA from 
exposure to pulsed energy (10 Hz-10 kHz and 100 kHz-10 MHz) at levels 
of 300 V (peak-to-peak) across the radiation cello 

The effects of RF /MW energies on cells and tissues should be 
investigated by reliable and carefully controlled techniques that are 
sufficiently sensitive to detect cellular damage in the absence of thermal 
infiuence. An essential element in the proof of mutagenicity is the 
establishment of a field intensity/time-related effect. Sueh studies should 
be free of interacting variables and should permit valid extrapolation to 
the whole organism with its multiple interdependent, integrated fune
tions. In addition, testing must not be confined to one organism or cell 
type, but investigations must include a wide range of both in vivo and in 
vitro systems. If possible, testing should be done in parallel with 
recognized genetie tests, since only in this way will it be possible to 
decide which methods constitute a meaningful way of assessing genetie 
hazards from chromosomal aberration studies (Savage, 1971). 

7.8. EFFECTS ON INVERTEBRATES 

Historically, the effects of RF energy on inseets were one of the 
earliest of the biologieal effects of nonionizing radiation to be studied: the 
possibilities for insect control using RF energy were explored in the 
1930's (Ark and Parry, 1940). Insects at all metamorphie stages-egg, 
larva, pupa, and adult-have been the subject of RF radiation studies, 
both to evaluate the pertinent effeets on invertebrates and, as in the 
earlier work, to hopefully arrive at inexpensive, effective sehemes for 
inseet eontrol in the food and related industries. 
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7.8. 1. Genetic Effects 

It has been reported that when insects are exposed to RF fields, the 
first re action is an attempt to escape; this is followed by disturbance of 
motor coordination, stiffening, immobility, and, after a certain interval, 
death, with the period of exposure required to kill depending on the type 
of insect. Drosophila, for exarnple, survives longer than 30 min, while 
certain tropical species live only a few seconds at the same field intensity. 
Changes have also been noted in the concentrations of a great variety of 
metabolic products. Exposure to RF fields also affects embryogenesis: the 
period required for a butterfly to complete its metamorphosis is changed; 
gastrulation and the growth of larvae are accelerated (Marha et al., 
1968). 

Drosophila melanogaster, the fruit fly, has been used in several 
studies to investigate possible genetic effects of microwave exposure since 
it has a well-described genetic system with a short generation time, large 
broods, ease of exposure, and minimal space requirements. Heller and 
Mickey (1961) and Mickey (1963) claim that somatic and genetic changes 
are produced in D. melanogaster by RF energy. In some experiments, 
flies were apparently exposed for 5 min to 1 hr to 5-40 MHz (15-30 Ilsec, 
500-1000 pulses/sec, 250-6000 V/rn peak). According to the authors, the 
number of lethaI and externally manifested mutations increased ap
proximately 13-fold as compared with the mean number of such 
mutations in control populations. The most effective frequency appeared 
to be 21 MHz, leading to the contention of frequency-specific effects. The 
genetic tests employed were not described nor were any data given with 
regard to the frequency of their observations. No temperature recordings 
were reported. From a careful analysis of these reports, it would appear 
that any response seen results from high E-field exposure under pulsed 
conditions. The authors did not determine thresholds, yet the lowest field 
value reported with damaging effects appears to correspond roughly to 
53 W/cm2• 

The effects of chronic exposure of colonies of D. melanogaster larvae 
to 2450-MHz CW microwaves have been investigated by Imig and Searle 
(1962) and Se arIe et al. (1961). The larvae were exposed to power 
densities of up to -1.0W/cm2 • To eliminate the thermal effects of the 
exposure, the temperatures of the experimental and control groups were 
maintained at a constant 28°C. The larvae were exposed throughout their 
entire period of growth. Two experiments were conducted at approxi
mately 0.3 W /cm2 • For an average 69! hr duration, the ratio of the exposed 
to control growth constants showed no significant difference from unity, 
having a value of 0.9 ± 0.058. Larvae were also irradiated for an average 
period of 48 hr at apower density of - 1.0 W / cm2 • In this case the ratio 
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of the irradiated to control growth constants was 1.02 ± 0.025 and was 
also not significantly different from the control values of unity. Larvae 
were exposed to 0.3 W Icm2 without the dissipation of heat. For irradia
tion periods of 20, 30, and 45 min, - 95% of the larvae survived. Tbe 
equilibrium temperature noted was - 30°C, which is compatible with 
survival of these larvae. Tbe results of these investigations seem to 
indicate the absence of specific or nonthermal e:IIects upon D. 
melanogaster. 

Beyer et al. (1970) also investigated the potential mutagenicity of 
2450-MHz microwaves on D. melanogaster. Males were placed in an 
acrylic capsule 18 cm from the antenna and exposed to 2450-MHz CW 
energy generated at forward powers of 2.1, 2.75, and 3.0 kW. Tbe 
2.75-kW level was lethaI to two of five flies. Each irradiated fly was 
serially placed with two virgin Muller-5 females at 24-hr intervals for a total 
of 15 days (30 females per male). Sham-exposed control flies at each 
radiation level were similarly mated. Tbe F1 generation times showed no 
e:IIect. Total F1 production and sex ratios (female/total) showed statisti
cally significant daily deviations, but no trends were present. Sex-linked 
lethaI mutations were not observed. 

In contrast to the studies of Heller and Mickey (1961) and Mickey 
(1963) who reported a tenfold rise in sex-linked recessive mutations after 
pulsed radiation in the frequency range 30-60 MHz generated by 
capacitor plates, Beyer et al. (1970) did not find a rise in sex-linked 
recessive mutations after 2450-MHz CW radiation. No mutagenic e:IIects 
were reported by Hamnerius et al. (1979) in embryos exposed in water at 
24.5°C to 2450 MHz CW at 100 W Ikg for 6 hr. Negative e:IIects were also 
reported by Pay et al. (1972) who exposed adult males to 2450 MHz for 
45 min at 4600, 5900, or 6500 mW Icm2 (est. SARs 140, 190, and 
210 W Ikg, respectively) and mated the surviving males individually with 
two virgin females on each of 15 consecutive days. No changes were 
observed in the generation time or sex ratio pattern of the offspring, 
which were then mated and observed for possible sex-linked lethaI 
mutations in their o:IIspring. Such mutations were not found at fre
quencies greater than 1 %, a detection limit based on the small number of 
chromosomes (less than 800) actually evaluated. Mittler (1976) exposed 
adult males from various strains of D. melanogaster to 29 MHz CW at 
600 V Im (SAR ca. 0.024 W Ikg) and to 146 MHz CW at 62.5 V Im (SAR 
ca. 0.015 W Ikg) for 12 hr and mated them with virgin females for 12 hr 
every 2 days for four or five broods. Tbere were no mutations induced by 
these treatments as evidenced by the lack of chromosome loss, nondis
junction, or sex-linked recessive lethals. In addition, Mittler (1977) 
observed no mutagenic effects (recessive lethals) when adult females 
were exposed to 98.5 MHz, frequency modulated with audio, at 0.3 V Im 
(est. SAR 0.0004 W/kg) , 134hr/week for 32weeks. 
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Beyer et al. (1970) note that the extent of coupling between 
Drosophila and 2450-MHz microwave energy is in question because of 
the small size of the fly. Clustering of flies could account for the observed 
lethality. The number of flies may affect the observed lethality. It has 
been suggested that body dehydration during exposure could cause 
lethality. This idea was supported by microscopic examination, which 
revealed physical deformation of the thorax after receiving lethai 
microwave exposure (Tell, 1972). 

While the results with Drosophila are difficult to extrapolate to 
humans, it is nevertheless worthy of note that this test system as a 
qualitative index was not able to detect any mutagenic alterations due to 
RF radiation over a wide frequency range. 

In order to explain so me of the results obtained with Drosophila, 
Tell (1972) exposed a group of 6-day-old, male, wild-type D. melanogaster 
to 2450 MHz for 55 min at an "intense" field. A dramatic change in body 
weight (about 65% reduction) resulted. To assess the absorption 
efficiency of the fmit flies, their absorption cross section to plane 
electromagnetic waves was computed. The important result of these 
calculations is that a fly presents an effective area for electromagnetic 
absorption of approximately 1/1000 of its geometric cross section. Clearly 
then, the fmit fly is a very inefficient test system with respect to imparting 
absorbed microwave energy at this frequency. It is possible, nevertheless, 
that the fmit fly might be reasonably responsive to absorbed energy 
provided adequate energy can be delivered and accurately measured. A 
rough estimate of the thermal dose-effect dependence from microwave 
exposure was made, based on the assumption that the fly is, for practical 
purposes, a black body radiator. If the fly is to be heated above the 
ambient temperature, it would take apower density of about 1.044 X 

105 W 1m2 to raise the fly's temperature 1°C above an ambient of 25°C. 
This corresponds to a thermal flux of 0.562 x 10-3 cal (Tell, 1972). 

7.8.2. Specific Effects: Insect Control 

The response of insects to RF fields has been used to eradicate insect 
contaminants from grains (Baker et al., 1956; Frings, 1952; Whitney et 
al. , 1961). It appears that the more specialized insects are the most 
susceptible to microwave exposure. It has been suggested that their more 
elaborate nervous system is less tolerant to exposure than are less highly 
specialized forms (Frings, 1952). The total temperature rise during 
treatment is thought to be important (Whitney et al., 1961). This 
indicates that thermal energy is the lethai factor since organisms 
incubated at low temperatures are less he at tolerant than are those 
incubated at higher levels. It has also been suggested that larvae are more 
tolerant than adults because of the absence of appendages, wh ich act as 
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conducting paths to the body, rather than their having a simpler nervous 
system (Frings, 1952). 

Hirose et al. (1975) examined batch and conveyor 2450-MHz 
microwave exposure systems as alternatives to the conventional fumiga
tion, spraying, and plant cleaning routinely used to control tobacco moths 
and cigarette beetles in manufacturing processes. Insects at an stages of 
metamorphosis were exposed to microwave energy at various power 
levels of up to 2 kW /kg tobacco, and for time durations adequate to 
produce final temperatures of 40°C to 6O"C. Adult insects were found to 
be the most susceptible to exposure. Larvae surviving microwave 
exposure were found to produce adults identical to those from control 
populations, which ruled out genetic damage from the exposures. 
Mortality was found to approach 100% when the final temperature was 
53°C or greater, Tbe results observed were ascribed to: (1) differential 
absorption where the insects absorbed more power than their surround
ings, (2) a possible inability of the insects to survive the thermal shock 
created by rapid turn-on of the microwave energy, and (3) a possible 
susceptibility to high electric field intensities. Differential absorption was 
partially confirmed through observations of lethality as a function of 
insect size. Tbe thermal shock postulate was supported, but not con
firmed, by exposure time tests. Tbe electric field intensity postulate was 
checked by the authors by repeating the experiments at other fre
quencies, including 30 MHz, which suggested plausibility. 

Larvae of the mealworm beetle, Tenebrio molitor, were exposed to 
two different intensities of 39 MHz (Kadoum et al., 1967a,b). An 
electrode voltage of 3.6 kV was used for one experiment, and 0.9 kV for 
another. Adults developing from larvae exposed at sublethal levels 
exhibited malformed and missing legs. It was conc1uded that the 
deformities most likely resulted from heat damage to the histoblasts that 
project into the legs of the sixth or last-instar larva. Mortality increased 
with exposure time and voltage applied across the holder. Mortality 
continued to increase over a 2-week period following exposure. Internal 
thoracic temperatures increased almost linearly with length of exposure. 
Temperatures in the thorax and last abdominal segment were significantly 
higher than temperatures in the cervical region or in the first and fourth 
abdominal segments, probably because the appendages in this region 
caused development of higher electric field intensities. Measured thoracic 
tempera 'ures approached levels that were normally lethai, so that 
internal heating was suggested as the cause of death (Kadoum et al., 
1967c). 

Carpenter and Livstone (1971) studied the effects of lO-GHz CW 
microwaves on pupae of T. molitor. Each pupa was inserted into a 
waveguide and irradiated at 80 m W / cm2 for either 20 or 30 min or at 
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20mW/cm2 for 120min, after which development was observed. In 
control groups, 90% metamorphosed to become normal adult beetles. In 
the exposed groups, only 24% developed normally; 25% died and 51 % 
developed abnormally. When these thermal conditions within pupae were 
duplicated by radiant heating, subsequent development of pupae was 
normal in 80% of the experiments. The authors concluded that the 
abnormalities induced by microwave radiation were not athermal effect. 

Later studies by Lindauer et al. (1974) suggested that pulsed 
microwaves produced comparable effects as did CW microwaves at an 
equivalent "dosage", defined as energy level-exposure duration. Appar
ently total dose and not dose rate more nearly determines the extent of 
the morphological alteration (Liu et al., 1975). In experiments conducted 
by Olsen (1977) at 4.0 and 5.95 GHz and a ca1culated energy dose of 37.8 
to 1526 J / g with exposures of 5 min to 6 hr, morphological alteration was 
found for both E-field and H-field exposures in both parallel and 
perpendicular polarization. 

The probability of extremely high local fields created in exposures of 
Tenebrio, nutritional and health status of the organism, or the possibility 
of posthatching cannibalism were apparently not considered by many 
of these authors (Green et al., 1977). Olsen (1977) noted teratogenesis to 
be associated with a rise of pupal temperature in excess of 10°C. 
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