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ABSTRACT 

Four strains of Escherichia coli and one strain of Pseudomonas aeruginosa 
have been exposed to continuous 2450 MHz microwave radiation for 12 hours 
at an intensity of 60 mW/cm2

• The growth curves of control and exposed bacteria 
have been: compared for this 12 hour period. No effect on cell replication rate 
was detected that could not be explained as a result of temperature variation. 

Introduction 

The -possible environmental hazard to man from microwaves has increased 
greatly since the development of radar during World War II. Since that time the 

- introduction of the microwave oven has resulted in a large increase in the number 
of people who potentially may be exposed to microwave radiation l1l. These ovens 
are used primarily by commercial establishments such as restaurants or snack 
bars, however many units are being installed in homes. It is conceivable that in 
the near future a large proportion of modem homes may be equipped with micro
wave ovens. These ovens operate at two principle frequencies 2450 MHz and 
915 MHz. 

Review articles have been written concerning the biological effects of exposure 
to microwave radiation which give the currently accepted exposure limit standards 
and how they were derivedl1,

2l. A tri-service committee with representation from 
the U.S. Army, Air Force and Navy was formed in 1956 to evaluate the potential 
hazard of exposure to microwaves. An exposure limit of 10 mW /cm2 was recom
mended by this committee. This limit which forms the basis for most of the 
exposure standards used in the United States is founded on two principal findings: 
first, it has been shown theoretically and experimentally that continuous whole 
body exposure of a human to this power density would result in a maximum 
equilibrium body temperature rise of 1 °C, a level considered tolerable on a long 
term basis without risk of irreversible damage Pl; and second, investigations 
with rabbits show. that the threshold for production of lens opacity is about 
100 mW /cm2 l•l. If a safety factor of 10 is applied then 10 mW /cm2 is again 
determined to be a safe level of exposure. 
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These exposure limits are based essentially on considerations of damage which 
may be produced by an excessive temperature rise. In general, experiments done 
in this country tend to support the conclusion that physiological alterations pro
duced by microwaves can be duplicated by increasing the temperature the same 
amount by other means .. ·However, in the USSR and in several other Eastern . 
European countries an exposure limit of 0.01 mW /cm2 has been set for long 
term exposure Pl. This limit is not based on thermal damage since usually no 
overt heating will occur at this level, but is based on experiments where a 

· response has been elicited without a concurrent temperature increase. 

Webb and co-workers l7
, sJ have reported that when E. coli bacteria are ex

posed to microwaves in the frequency region 65,000-75,000 MHz and at 136,000 
MHz, the growth rate is either enhanced or inhibited depending on the frequency 
of the radiation. The power levels were low (order of microwatts/cm2

). Observed 
effects were correlated with the frequency dependent absorption of various cell 
components. It should be noted that people are seldom exposed to microwave 
frequencies this high and that radiation of this frequency has a very short range 
of penetration. Therefore, individuals exposed in this frequency region are pro
teeted to a large degree by their skin. 

Fleming (PJ has reported the effects of microwave radiation on E. coli in the 
ran:ge 11-340 MHz. In these experiments, the bacteria were exposed to high 
power levels ( approximately 10 watts) for up to several minutes. A high per
centage (80-100%) of the bacteria were killed with this treatment. The effect 
,.,·as frequency dependent ( as in the case of Webb) with the maximum killing 
occurring at 40-50 MHz. The maximum temperature reached in these short ex
?05ures was reported as less than 31 °C. 

In this article we are reporting some preliminary biological studies with 
microwaves of frequency 2450 MHz. This frequency was chosen because it is 
one of the principal frequencies used in microwave ovens. The microwave system 
and exposure arrangement have been described in detail in a previous article l 6l. 

The system was designed to give a uniform field of 2450 MHz continuous wave 
radiation at the sample holder with no more than ten percent variation in power 
density over a six inch diameter. This is achieved using an absorber-lined radia- · 
tion horn system which has an output intensity that can be varied from 0.01 
mW/cm2 to greater than 400 mW /cm2 at the sample holder. Large panels (7 feet 
high} of microwave absorber surround the area of the sample to minimize re
flection of the microwaves. Samples are mounted on polystyrene supports. 

Because of space and personnel limitations we decided our initial studies 
would be made on bacterial or molecular systems, It is generally assumed . that 
for extrapolation to man, exposure of large animals would be· more appropriate. 
However, work with systems such as bacteria is less complex and these systems 
are relatively wen understood so that any observed effects can likely be related 
to known biochemical processes. 

Since the biological effects of microwaves, in particular those reported as 
athermal, are dependent on frequency, it is important to consider the effects of 
microwaves in the range 1,000-10,000 MHz or of a particular frequency such as 
the 2450 MHz which is in such widespread use. These considerations led us 
to the present· studies which have shown no effects on cell replication rate that 
cannot be attributed to an increase in temperature. However, we deemed it worth-
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while to report these experiments since they do indicate some areas in which 
it is unlikely that other than thermal effects will be observed with 2450 MHz 
radiation. 

Experimental Procedure 
. / 

Four strains of E. coli and one strain of Pseudomonas aeruginosa were exposed 
to 2450 MHz radiation. One-tenth ml of an appropriately diluted overnight 
culture of bacteria incubated at 37°C and aerated by a rotary shaker was used 
to innoculate 30 ml of media in two plastic tissue · culture flasks. Orie of the 
flasks was exposed to microwaves and the other used as a control. The initial 
concentration of bacteria in the flasks was of the order of 100 to 1000 cells per 
ml as determined by colony counts. The media used was nutrient broth or F
media £101. The cells were exposed for 12 hours resulting in most cases in a 
final titer of 107 to 108 cells per ml. One-half ml samples were taken every two 
hours and serial dilutions made in phosphate buffer. One-tenth ml or one ml 
aliquots were pipeted into _sterile petri plates and approximately 20 ml of melted 
nutrient agar at 50°C was poured into the plates and the plates were swirled to 
uniformly distribute the bacteria. Colony counts were made with a Fisher Colony 
Counter after the plates had been incubated for 24 hours at 37°C. 

The microwave power was adjusted so that the temperature of the media 
was held at 37 + 0.5°C. Control flasks were placed in an incubator at 37°C. 
The temperature of the· exposed flask was monitoredc with a shielded thermistor; 
The thermistor \Vas placed in the center of the flasks for all ruris. The tempera
ture as indicated by the thermistor was fairly uniform over the entire flask 
( + 0.6°C) with the temperature near the front surface being warmer than that 
near the back surface. The microwave field had little effect ( + 0.2°C) on the 
readi...'1g of the tl1ermistor as determined with and without the microwave power 
on. In addition, flasks were exposed with and without the thermistor in the 
flask and the temperature compared for the same microwave power input. Again, 
the temperature differences were within + 0.2 °C. -Microwave exposure -levels 
were measured with a Narda probe placed in the position of the sample. Micro
wave absorption levels were determined from cooling curves mad~ on the samples 
with the microwave generator off. The microwave energy absorbed rriust be 
equal to the energy lost at 37°C for equilibrium. Figure 1 shows a ~ypical cooling 
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curve. The amount of heat lost per unit time is obtained from the slope of the 
curve at 37°C using the equation: AQ/At = me AT/At, is the amount of heat lost 
per unit time, m is the mass of the solution, c is the specific heat of the solution, 
and AT/At is the change in temperature per unit time at 37°C. 
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Results 

Figures 2-6 show growth curves of Pseudomonas aeruginosa and E. coli when 
exposed to power levels sufficient to maintain a temperature of 37°C. The micro
wave power necessary to maintain this temperature varied several mW /cm2 due 
to such factors as room temperature fluctuations ( ± 1 °C). The power output 
at the sample holder as measured using the Narda probe was about 60 mW /cm2 

and the absorbed power per unit surface area as determined from the cooling 
curve was about 41 mW/ cm2 

( absorbed power per unit volume of 29 .2 mW/ cm3
). 

Samples were taken every two hours and the experimental points lie along the 
curves as drawn in the figures. The numbers of the bacterial strains are those of 
the American Type Culture Collection. The growth curves for control and ex
posed bacteria are the same within the limits of error of the experiment. 

In figure 7, E. coli 23224 was exposed at a higher rate with an absorbed 
. dose of 259 mW /cm2 calculated as before from a cooling curve. In this case it 
was necessary to provide additional cooling to keep the temperature at 37°C. The 
tissue culture flask was wrapped in wet gauze and air was blown over the surface 
to keep foe flask cool. Even with this high power level no difference could be 
detected in the growth curves between exposed and control specimens. · Figure 8 
compares the growth curve of an exposed and control strain of E. coli 9637 at 
a: temperature of 44°C so that an even higher exposure level could be achieved. 
The absorbed power was determined as 450 mW /cm2

• Again there is no appre
cia_.:,}e difference in the growth curves of the control and exposed bacteria. Figure 
9 compares the growth curve of controls at three temperatures, 37°C, 34°C, and 
40'°C. These data show that a 3°C change in temperature is readily detectable 
in the growth curves. The growth rates at 34°C and 40°C are less than at 37°C 
2S expected. 
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Fig. 5 Growth at 37°C of E. coli 12407 
Exposed to 2450 MHz Microwave 
Radiation (absorbed dose of41_mW/cm2 ) 
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The absorbed power levels per unit surface area attained in these experi
ments have been low (about 40 mW /cm~) except for two cases of 259 and 
450 mW /cm2

• Even these power levels are low compared to the peak power 
levels used in many pulse experiments. It is known that at high power levels, the 
voltage gradients produced by the microwave field are great enough to lead to 
non-thermal phenomena such as pearl-chain formation l11l. However, our emphasis .. 

1 

HAMRIC 

Summar 

In SU 

level con 
or Pseud 
level mic 
rate. It 9 
other bid1 
that diffe 
this is trt 
whereas 

.. microwa, 

Acknowl 
We~ 

Dr. P. J. 

Referet, 
1 Cleaq 

Expos 
pp. 5_2; 

2 Milro: 
tion". 

3 Schw, 
Proc .. 

4 McRs 
Sing'<, 
matia 

5 Sette, 
violet 
graph 

6.McRi 
mens 

7 Web'.! 
Natlt 

8 Webl 
Mic.r 

9 Flem 
Eng~! 

10 Adar 
11 Schv; 
- Parti 
12 Vanr 

of tt 
of JI✓. 



HAMRICK, BUTLER: EXPOSURE OF BACTERIA 233 

for the present has been to consider the biological effects of microwave fields 

of the order of 10 mW /cm~ since this is the present guideline of safety in the 

, United States. 

Summary 
In summary, these experiments indicate that at the frequency 2450 MH,, low 

level continuous microwave radiation does not interfere with the growth of E. coli 
or Pseudomonas aeruginosa. This does not imply that bacteria exposed to low 

level microwave radiation of other frequencies will not exhibit changes in growth 

rate. It also does not imply that 2450 MHz microwave radiation will not affect 

other biological systems. Fo:r example, studies on the chick embryo l12l indicate 

that differentiating tissues may be affected by low level microwave radiation. If 
this is true, then, the fact rapidly growing and dividing bacteria are not affected, 

whereas the differentiating tissues are, should be important in discovering how 

microwave .radiation interacts with biologic~l material. 
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