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Bioelectromagnetics 5:1-12 (1984) 

Electric-Field Exposure of Persons Using 
Video Display Units 

S.M. Harvey 

Ontario Hydro Research Division, Toronto, Ontario, Canada 

Electric fields produced by a selection of video display units have been measured over a 
frequency range from DC to 1 MHz. The magnitude and the time variation of the electric 
fields were both recorded by means of a single broadband capacitive sensor located on the 
surface of a simple simulation of the human body. The electric field at a given location 
was found to be the sum of three discrete components, each having a different spatial and 
time variation. These components are produced by, respectively, the charged CRT screen, 
the flyback transformer, and the low-voltage circuitry. For the units tested, operator 
exposures are substantially below the limits of existing workplace guidelines. 

Key words: video display unit (VDU), electric field, ELF 

INTRODUCTION 

In response to publicly expressed concerns about health problems among video 
display unit (VDU) operators, a number of studies have been carried out to determine 
the strength of radiofrequency (including microwave) radiation from VDUs. The 
studies have shown that the strongest proximal electromagnetic fields produced by 
VDUs are not radiative but are reactive (capacitive and inductive) fields with funda
mental frequencies close to or below the bottom end of the radiofrequency band. 

Some measurements of the low-frequency fields have been published [Weiss 
and Petersen, 1979; BRH, 1981; Stuchly et al, 1983a, b]. However, an evaluation of 
the published data showed that information is still lacking about some field character
istics that may be of importance in a complete study of possible biological effects. 
Specifically: 

Measurements of electric fields do not extend below 10 kHz and 
therefore do not cover the extremely low frequency (ELF) range. Pulse 
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2 Harvey 

repetition rates of approximately 8-25 Hz are associated with cellular and 
neurological processes [Blackman et al, 1980]. 

Information about field waveforms and in particular the ratio of peak 
to average field values does not appear to be readily available. 

The available measurements are of free space or "unperturbed" 
fields and are subject to some uncertainty owing to the disturbing effect of 
the sensor. It is difficult to determine the electric fields around a human 
body that is capacitively coupled to the VDU. 
The present study was undertaken in an attempt to correct these deficiencies for 

electric fields. It is a "generic" study. That is, we have made detailed measurements 
on a small number of units in order to characterize more fully the types of electric 
field to which VDU operators are occupationally exposed. The frequency range 
covered in the study is from DC to beyond 1 MHz. Within this range there are 
guidelines for occupational exposure to radiofrequency fields [OML, 1981; ACGIH, 
1981], and the measurements are compared to these guidelines. 

MEASUREMENTTECHN~UES 

The VDU electric fields are produced by static or time-varying charges on 
conductors contained in the device. When these sources are located close to a 
conductive human body, it is evident that a complicated spatial field pattern will exist. 
Although the field pattern can in theory be computed from measurements of the 
unperturbed field (ie, the field that exists when the operator is absent), such calcula
tions are normally limited to much simpler geometries. 

It has been shown [Kaune and Gillis, 1981] that at low frequencies a grounded 
metallic mannequin may be substituted for a grounded body without changing the 
fields external to the body. Metal models may therefore be used to recreate the 
perturbed fields. Advantages of a metal model include 1) the field perturbation is 
known and reproducible; 2) simple broadband surface sensors may be used; and 3) 
fields measured at the model surface are of direct biological significance. 

For the present study we used a highly simplified metal model, consisting of a 
flat sheet of copper foil, to simulate the human body and limited our measurements 
to the "worst case" electric fields that exist at the point on the surface that is closest 
to the VDU. The foil was electrically grounded for all measurements. The dimensions 
of the foil were selected to give a frontal surface area about equal to that of a seated 
operator as shown in Figure 1. Figure 2 shows the location of the foil in relation to a 
seated operator's position when the foil is placed 30 cm from the display screen. 

The electric field within I cm of the foil surface was measured with a flat plate 
capacitive sensor having a surface area of 100 cm2

. Provided the foil is not too close 
to the VDU, the sensor is parallel to the field equipotentials and therefore does not 
perturb the surface field. The sensor output was measured with the electrical arrange
ments shown in Figure 3, giving a useful frequency range from DC to 10 MHz. 
Calibration was performed from DC to 1 MHz in a known uniform field produced by 
placing a second foil parallel to and 10 cm from the grounded foil. 

UNITS SELECTED FOR TESTING 

Four video display units of varying ages from three different manufacturers 
were selected for comprehensive laboratory testing. The newest unit carried a sticker 

__ __J 
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E FIELD SENSOR 

(A) SEA TED OPERA TOR (B) COPPERFOIL SIMULATOR 
30 cm x 1 20 crn 

Fig. 1. Copper foil simulation compared to a seated operator. Body size is 50th percentile American 

woman from "Humanscale 4/5/6" [Diffrient et al, 1981, with permission]. 

stating compliance with part 15 of FCC rules for Class A computing devices ( effective 
October 1981). All units were desk-top models with display screen dimensions of 
approximately 18 x 24 cm and raster-type displays. 

These units were tested on a wooden table in an area with low levels of 
background fields. Because of the small sample, the units are represented by numbers 
1 to 4 in order of decreasing age. Two additional units, identical models, were sub
sequently tested in an office environment. These are identified collectively as unit 5. 

DESCRIPTION OF ELECTRIC FIELDS 

All of the tested VDUs were found to produce qualitatively similar electric 
fields having complex time variations and spatial distribution. These characteristics 
appear to be common to all raster-type CRT devices including television sets. 

The observed fields were found on evaluation to be the sum of three discrete 
components each having a different spatial and time variation. The three components 
are described individually below and the field values at 30 cm from the display screen 
are summarized in Table 1. 

Flyback Transformer Fields 

The flyback transformer produces a pulsed field having a pulse repetition rate 
that, for the units in our sample, was between 15.8 and 18.5 kHz. The time variation 
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Fig. 2. Location of electric field sensor in relation to operator position. [From Diffrient et al, 1981.] 
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TABLE 1. Electric Fields Observed for a Frequency Range of DC to 1 MHz at a Simulated Body 

Surface 30 cm From the Display Screen of Selected Video Display Units* 

Unit number 

Description of electric field 2 3 4 5 

Flyback transformer field 
Pulse repetition rate-kHz 15.9 18.5 15.8 15.8 17 

Peak-to-peak amplitude-V Im 55 170 23 19 30 

Approx rms amplitude-V Im 12 35 5 4 6 

CRT field-Measured with half-filled 
screen and normal brightness 
DC magnitude after 0.5 h-Vlm 6,000 700 7,000 6,000 300 

rms modulation amplitude-VI m 60 65 25 30 10 

Other fields-Estimated from 
broadband low-level spectra 
Approx rms amplitude-Vim <1 <I <I <I <1 

*These fields should not be compared to unperturbed field values frequently cited for biological 

experiments without correction for body enhancement factors. 

of the electric field produced by the flyback transformer is shown for two represent

ative units in Figure 4. The angular distribution of the field around unit 1 is shown in 

Figure 5. 
The data for Figure 5 were obtained by positioning the grounded foil at different 

locations around the VDU. Although measurements made close to the unit are not 

expected to be accurate, the results show that the operator's location is shielded from 

the flyback transformer by the conductive surfaces of the CRT and the metal subframe. 

We found smaller field values and a smaller angular variation on the newest units, 

indicating improved design or the presence of internal shielding. 

Figure 6 shows a spectrum analyzer display of the pulsed field in the frequency 

range from 0 to 1 MHz. The spectral bandwidth, measured at the 20 dB point, is 

about 180 kHz. This is in qualitative agreement with prior observations [BRH, 1981] 

that 95 % of the total amplitude can be accounted for by the fundamental and the next 

five harmonics. Root-mean-square (rms) field values were computed from digitized 

waveforms and were found to be between 0.19 and 0.23 of the peak-to-peak values. 

The corresponding ratio for a pure sine wave (CW) field is 0.35. The peak-to-peak 

variation of the pulsed field is therefore approximately twice that of a CW field 

having the same rms value. 

CRT Fields 

A quasistatic electric field is produced by the charge, usually positive, resident 

on the front or anode surface of the cathode ray tube. The magnitude of the quasistatic 

field at the surface of the grounded foil is greatest when the foil is positioned directly 

in front of the display screen and falls off rapidly as the foil is moved away from the 

screen in any direction. Figure 7 shows the measured variation with distance directly 

in front of the screen. 
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Fig. 4. Electric-field Wi>'eforms produced by flyback transformers :n t.v > different VDUs. The 
horizontal scales are 20 µ~ per division. 

The charge on th:: :='.RT surLce depends or many factors · ,cludin5 the previous 
operating history of th:: Jnit, the cisplay brightness, tl:e nun:ber of cha0cters on the 
screen, and the rate at .>:hich the .vr ting bean is turned en and off. AI, a result, the 
electric field has a co7.plex time dependence, the main feature, of w1ich may be 
described as drift and rr.odulation. 

Drift is seen as c. gradual deeay to smaJe- field value~ for a pe:-iod of one to 
several hours after the unit is turr:ec on. It was noted that drif:' :::ontines, although 
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Fig. 5. Constant field-strength contours for the flyback transformer field from unit I, horizontal and 

vertical planes. The field strengths are approximate rms values. 

from a new initial value, after the unit is turned off. Modulation is seen as an AC 

waveform having a fundamental frequency equal to the screen refresh rate of about 

60 Hz. The modulation amplitude varies directly with display brightness and, for 

constant brightness, is greatest when the top or bottom half of the screen is filled with 

characters and the other half is clear. 
An oscillogram of the AC field modulation produced by a half-screen display is 

shown in Figure 8 and a spectrum analyzer display of the modulation is shown in 
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unit I. The horizontal scale is Oto I MHz and the vertical scale is log amplitude (10 dB/division). 
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Fig. 8. Waveform showing the AC modulation of the quasi,tatic electric field produced by the CRT. 
The display format was a half-filled screen. The horizontal scale is 5 ms/division. 

Figure 9. Figure 10 shows an expanded portion of the spectrum covering the fre
quency range from O to 100 Hz. The spectrum of the modulation produced by a 
flashing cursor, which varies in brightness with a frequency of 2 Hz, may be seen in 
the latter display. 

Tests were performed with automatic character entry at 18 characters per second 
and with interlace (scan fields alternating at 30 Hz). AC field modulation could be 
seen on the spectrum analyzer display at these frequencies. At a distance of 30 cm 
from the display screen the amplitudes were about 0.001 V/m and 0.2 V/m 
respectively. 

Other Fields 

Other fields appeared on the spectrum analyzer displays as a broad band of 
quasirandom frequency components extending from a few kHz to about 1 MHz. 
These components were independent of display brightness but did depend on infor
. mation entered at the keyboard and are therefore attributed to the low-voltage logic 
circuits. No further analysis was attempted on these low-amplitude fields. 

LIMITATIONS OF THE PRESENT STUDY 

Although only a few units were tested in this study, the measured field strengths 
and time variations are believed to be broadly representative of VDU equipment and 
to encompass the electric fields of biological interest in the ELF to low radiofrequency 
range. 
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CH A: + 10dBV FS 
MKR: - 36.3dBV 

-, 0 Hz 
MKR: 1 560 Hz 

10dB/DII/ 

2.5 KHz"' ew: 1s.0 Hz 

Fig. 9. Spectrum analyzer display of the AC modulation shown in Figure 8. The horizontal scale is 0 
to 2.5 kHz, and the vertical scale is log amplitude ( 10 dB/division). 

CH A: + 10dBV FS 
MKR: - 3.8d8V 

60.0 Hz 

10d8/DII/ 

100 Hz"' ew: 600 MHZ 

Fig. 10. Expanded portion of the spectrum shown in Figure 9. The horizontal scale is Oto 100 Hz. 

If more precise upper limits on the magnitudes of the fields external to the body 
are required, it would be necessary to survey a larger number of units and to use a 
more realistic mannequin. The latter would significantly increase the experimental 
and instrumental difficulties. Approximations introduced by the simple model were 
therefore briefly explored. 

The use of a grounded surface is not considered to be a serious limitation. The 
effect of grounding on AC fields is discussed by Kaune and Gillis [1981]. For steady-
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state fields, it is likely that an ungrounded person capacitively coupled to a VDU 

voltage source would eventually arrive at a potential between that voltage and ground 
potential, and would thus experience lower fields than would a person at ground 
potential. 

Keyboard fields were checked with a small grounded probe. The results indicate 
that there is an increase in the quasistatic field strength, for example at the hand 
surface, by a factor between 2 and 4. A 30-kHz field with a value of about 6 V /m 
rms was also observed when the probe was placed at keytop level on one unit. 

Finally, some computer calculations were performed to compare the field 
enhancements produced by the flat foil and a three-dimensional object such as the 
human head, when placed 30 cm from the charged CRT surface. A finite-differences 
program [Smith, 1978] designed for power-line insulator research was used. Because 
the program is limited to axial symmetry, the surface geometries had of necessity to 
be highly simplified. The selected geometries are shown in Figure 11 and the results 
are tabulated in Table 2. Measurements of the field listed in Table 2 were obtained 
experimentally using a circular disk at 1,000 V as a field source. 

The calculations show that for this simple geometry the field at the copper foil 
surface is eight times stronger than the unperturbed field at the same location, and 

ov 
lOOOV ov 1000V 1 ooov 

1-------e- !------- - 1--------
L 30cm ~ L 30cm L ro ----

(A) HEAD MODEL (B) SIMULATION MODEL (C) UNPERTURBED FIELD 

Fig. II. Models used for computer calculations. The models have axial symmetry. Circular disks of 

equivalent effective area are used to represent the CRT face and the copper foil. 

TABLE 2. Calculated Values of Electrostatic Field for a CRT 
Potential of 1,000 V (From Fig. 11) 

Location 

I. "Simple-minded" estimate 
(voltage/distance) 

2. Average field around head 
3. Field at eyes 
4. Field at tip of nose 
5. Unperturbed field 
6. Field at surface of copper

foil simulation 
7. Measured field (for comparison 

with Item 6) 

Field magnitude-Vim 

3300 
1900 
1000 
3800 

300 

2500 

2600 
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appears to be reasonably representative of the "worst case" fields that will exist 
around the head or torso of a VDU operator. 

COMPARISON WITH EXPOSURE GUIDELINES 

Many countries have standards or guidelines governing safe exposure to electro
magnetic radiation. In North America, the most restrictive guidelines covering the 
frequency range below 1 MHz appear to be those of the Ontario Ministry of Labour 
and the American Conference of Governmental Industrial Hygienists [OML, 1981; 
ACGIH, 1981]. In this range, the guidelines are generally interpreted as limiting 
time-averaged whole or partial body electric field exposures to unperturbed field 
values of 60 V /m rms above 300 kHz and 600 V /m rms above 10 kHz, respectively. 

To compare our measurements with the guidelines it is necessary to estimate the 
unperturbed fields that would produce equivalent field values at the surface of the 
body. Above 10 kHz, our results are in quantitative agreement with free-space field 
measurements [Stuchly et al, 1983b] if a body enhancement factor between 5 and 10 
is assumed. Using this factor we find that the partial body electric-field exposures 
received by the operators of the VD Us in our sample would be typically two or three 
orders of magnitude below the permitted exposures. It may be concluded that these 
video display units present no hazard to human health within the context of existing 
guidelines. 
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Minimal Changes in Hypothalamic 
Temperature Accompany Microwave
Induced Alteration of Thermoregulatory 
Behavior 

Eleanor R. Adair, Barbara W. Adams, and Gillian M. Akel 
John B. Pierce Foundation Laboratory (E.R.A., B. W.A., G.M.A.) and Yale University 
(E.R.A.), New Haven, Connecticut 

This study probed the mechanisms underlying microwave-induced alterations of thermo
regulatory behavior. Adult male squirrel monkeys (Saimiri sciureus), trained to regulate 
the temperature of their immediate environment (Ta) behaviorally, were chronically im
planted with Teflon reentrant tubes in the medical preoptic/anterior hypothalamic area 
(PO/ AH), the brainstem region considered to control normal thermoregulatory processes. 
A Vitek temperature probe inserted into the tube measured PO/ AH temperature continu
ously while changes in thermoregulatory behavior were induced by either brief (IO-min) 
or prolonged (2.5-h) unilateral exposures to planewave 2,450-MHz continuous wave (CW) 
microwaves (E polarization). Power densities explored ranged from 4 to 20 mW/cm2 (rate 
of energy absorption [SAR] = 0.05 [W/kg]/ [mW/cm2

]). Rectal temperature and four 
representative skin temperatures were also monitored, as was the Ta selected by the animal. 
When the power density was high enough to induce a monkey to select a cooler Ta (8 mW/ 
cm2 and above), PO/AH temperature rose - 0.3 °C but seldom more. Lower power 
densities usually produced smaller increases in PO/ AH temperature and no reliable change 
in thermoregulatory behavior. Rectal temperature remained constant while PO/ AH tem
perature rose only 0.2-0.3 °C during 2.5-h exposures at 20 mW/cm2 because the Ta 
selected was 2-3 °C cooler than normally preferred. Sometimes PO/AH temperature 
increments greater than 0.3 °C were recorded, but they always accompanied inadequate 
thermoregulatory behavior. Thus, a PO/ AH temperature rise of0.2-0.3 °C, accompanying 
microwave exposure, appears to be necessary and sufficient to alter thermoregulatory 
behavior, which ensures in turn that no greater temperature excursions occur in this 
hypothalamic thermoregulatory center. 
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INTRODUCTION 

Exposure to microwave fields, at intensities above well-defined thresholds, will 
alter thermoregulatory behavior [Adair and Adams, 1980; Stern et al, 1979]. The 
primary behavioral indicant is the selection by the animal of an environment cooler 
than that normally preferred. The cooler environment serves to increase the thermal 
gradient away from the body and optimizes dissipation of the thermalizing energy 
deposited by the radiation. In general, the magnitude of the selected change in 
environmental (or operative) temperature is a linear function of the intensity of the 
imposed microwave field, at least for whole-body rates of energy absorption (SAR) 
equivalent to less than the resting metabolic heat production of the animal [Adair and 
Adams, 1980, 1983; Berglund, 1983]. 

Other kinds of experiments have demonstrated that when a source of microwave 
radiation is made available to an experimental animal for its direct manipulation, that 
source will be energized or utilized efficiently so as to ensure constancy of the internal 
body temperature [Adair, 1983b; Justesen, 1983]. In all of these experiments, 2,450-
MHz microwaves, either free-field or cavity exposure, constituted the available 
source of thermalizing energy. For most of the experimental animals studied (with 
the possible exception of some lizards used by D 'Andrea and colleagues [ cf Adair, 
1983b]) this frequency was higher than that predicted to produce maximal energy 
absorption [Durney et al, 1978], but still should have deposited significant amounts 
of energy in noncutaneous sites that are known to be thermosensitive. Foremost 
among these sites is the medial preoptic/anterior hypothalamic area of the brainstem 
(PO/ AH), considered to be the locus of the central thermostat for the regulation of 
the body temperature [Hardy, 1961; Bligh, 1973; Hensel, 1981]. Temperature changes 
of;;,: 0.3 °C, produced experimentally in this brainstem area with the aid of implanted 
thermode devices, will mobilize all of the thermoregulatory effector responses in an 
animals's repertoire, specific responses being dependent upon the environmental and/ 
or behavioral contingencies of the experiment. [Stitt et al, 1974; Satinoff, 1964; Adair 
et al, 1970; Lipton, 1971]. Simulation models [eg, Kritikos and Schwan, 1979] have 
predicted regions of high local SAR within the brain of animals exposed to microwave 
fields. We hypothesized that sufficient heating of hypothalamic tissue occurs during 
low-intensity microwave exposure to provide impetus for the mobilization of ther
moregulatory responses, regardless of temperature elevations that may occur in 
thermosensitive tissue located elsewhere in the body. 

The results of three previous studies bear upon this hypothesis. Merritt et al 
[1977] measured the brain and rectal temperatures of rats after exposure to 1,600-
MHz (CW) microwaves (both E and H polarization) at power densities of 10 to 80 
mW/cm2. The animals were euthanized immediately after exposure in order to 
measure the temperature of the brain. Although the brain temperatures of animals 
exposed at 10 mW I cm2 for 10 min did not differ from those of nonirradiated controls, 
significant elevations in brain temperature did occur at 20, 40, and 80 mW/cm2

. A 
more recent report by Brainard et al [1979] demonstrated that when conscious rats, 
implanted with thermistors in the hypothalamus, were exposed for 60-min periods to 
2,800-MHz pulsed fields at low power densities (5 to 15 mW/cm2

), deep brain 
temperature was elevated from a few tenths to about 1.0 °C. 

A pilot experiment conducted in our laboratory also provided evidence in 
support of this hypothesis. Two squirrel monkeys (acute preparations) were implanted 
stereotaxically with sealed nylon tubes in the medial preoptic area of the hypothalamus 
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(PO/ AH); one monkey was also implanted in the midbrain reticular formation (MB). 
The tubes were of a size to accept a Vitek probe [Bowman, 1976] for measurement 
of the local temperature of brain tissue in the vicinity of the tip of the implanted tube. 
Postsurgically, an anaesthetized animal was placed in a restraining chair inside an 
anechoic chamber and equilibrated to a circulating air temperature of 35-36 °C so 
that rectal temperature would remain constant at -38 °C. The monkey was then 
exposed to 2,450-MHz CW microwaves at a variety of power densities while the 
brain temperatures were recorded continuously. Pertinent data appear in Figure 1, 
which shows the temperature increase measured in the PO/ AH and the MB as a 
function of the power density of 10-min microwave exposures. Also indicated in the 
figure is the local PO/ AH temperature increase (produced with an implanted ther
mode) that is usually necessary to initiate changes in the thermoregulatory responses 
of the squirrel money [ cf Adair et al, 1970]. The data provide strong evidence that a 
power density of 6-8 mW/cm2, a level that mobilizes a variety of thermoregulatory 
responses in conscious squirrel monkeys, can produce a rise in PO/ AH temperature 

of 0.2-0.3 °C. 
The experiments described below have confirmed and extended the preliminary 

results depicted in Figure 1 by measuring changes in the PO/ AH temperature of 
conscious squirrel monkeys during ongoing thermoregulatory behavior in the pres
ence of controlled microwave fields. Their purpose was to probe the mechanisms that 
may underlie microwave-induced alterations of thermoregulatory behavior. 
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METHODS 
Subjects 

The experimental subjects were three adult male squirrel monkeys (Saimiri 
sciureus). Their estimated ages ranged from 6 to 7 yr and their body masses from 
800 to 1,100 g at the time of testing. They were housed individually in a vivarium 
maintained at 24 ± 2 °C. They had free access to water and were fed Purina monkey 
chow daily supplemented by fresh fruits, peanuts, and a milk-cereal mixture. Each 
animal was highly trained to regulate environmental temperature behaviorally. (For a 
detailed description of the basic training procedures, see Adair et al [1970]; Adair 
and Adams [1980]). All had previously participated in a variety of behavioral experi
ments, many of which involved multiple exposures to microwave fields at power 
densities ranging from 2 to 20 mW/cm2. One year before the present study began, 
two of the animals had undergone a regime of chronic exposure to 2,450-MHz CW 
microwaves for 15 weeks at a power density of 1 mW/cm2. No alteration of normal 
thermoregulatory processes had been detected in extensive behavioral and physiolog
ical tests conducted during and after this chronic exposure period. 

Surgical Procedures 

Before the present experiments were conducted, each animal underwent a 
surgical procedure during which a pair of sealed nonmetallic reentrant tubes were 
implanted, under stereotaxic guidance, in the medial preoptic nucleus of the anterior 
hypothalamus. These tubes were machined from Teflon rod and had a I . I -mm inside 
diameter and a 0.16-mm wall thickness. The sealed tip of 0.5-mm thickness was 
rounded smoothly on a jeweler's lathe. A 2.0-mm diameter x 0.5-mm thick flange 
was machined 21. 5 mm from the sealed tip of the tube so as to lie 1-2 mm above the 
skull surface after implantation. When covered with dental acrylic, this flange pre
vented vertical movement of the implanted tube. The tubes were anchored to the skull 
with three specially-prepared 6-32 nylon screws. The screw head was pared tol mm 
thickness and then truncated on two sides to form a 1.5 x 3-mm rectangle. During 
the surgical procedure, slots were drilled in the calvarium to accept the rectangular 
screw heads, the heads were inserted and rotated 90° under the skull, and nylon nuts 
were then tightened down against the skull surface. A mound of dental acrylic tied 
the implanted tubes to the screws in the manner described by Adair [1969]. 

A preanaesthetic injection of 5 mg/kg Thorazine + 0.05 mg atropine sulphate 
i.m. was followed 30 min later by pentobarbital sodium (Diabutal), administered at 
15 mg/kg i.p. Aseptic surgical procedures were rigorously followed. One reentrant 
tube was implanted stereotaxically using the following coordinates: 13 mm anterior 
to the interaural line, 0.5 mm lateral to the midline (left), and 1.0 mm above the 
horizontal zero plane [Emmers and Akert, 1963]. The second tube was centered 2.5 
mm lateral to the first on the ipselateral side of the midline. An estimate of the 
placement and alignment of the implanted tubes was made from biplane X-rays taken 
before the animal regained consciousness. Stainless steel stylettes were inserted into 
the reentrant tubes during this procedure. 

Following surgery, 60,000 units of Flocillin i.m. were administered daily for 5 
days to prevent infection. The wound was cleaned and treated daily with Betadine 
ointment until healing was complete. At least IO days of postoperative recovery were 
allowed before experimental tests were conducted on any animal. 
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Apparatus and Response Measures 

During the experimental tests, a monkey was restrained in a Plexiglas chair in 
the far field of a 15-dB standard gain horn antenna inside an electromagnetically
anechoic chamber. The interior dimensions of the chamber were 1.8 x 1.8 x 2.5 m. 
A schematic diagram and a detailed description of the basic elements in the test 
system have been published by Adair and Adams [1980]. During the present experi
ments the chair was enclosed by a 30 x 51 X 33-cm box constructed of 5-cm-thick 
closed-cell Styrofoam. A valve system allowed air from one of two temperature 
controlled(± 0.5 °C) sources to circulate at 0.36 m/s through the box, as shown in 
Figure 2. The monkey was trained to pull a response cord to operate the valves, 
providing selection between two preset air temperatures, 10 and 50 °C. During the 
experiments the animal was exposed to cool air and each response was reinforced by 
a 15-s presentation of warm air. The cool air then automatically returned until the 
animal responded again. Over a period of several hours, highly trained monkeys 
routinely respond at a rate that yields a time-averaged air temperature of 35-36 °c 
[Adair and Adams, 1980; Adair et al, 1970]. The selected air temperature was 
measured by a copper-constantan thermocouple in the air outlet from the anechoic 
chamber (Fig. 2) and was recorded continuously on a strip chart. A detailed diagram 
of the system for air control is given in Figure 1 of Adair and Adams [1980]. 

During the experiments, rectal temperature (Tre) and the temperatures of four 
representative skin areas (tail, leg, abdomen, and foot) were read once a minute by 
an on-line computer. For this purpose, thermocouples with O °C reference junctions 
were constructed in special configurations from 36-gauge copper-constantan wire. 
The leads were shielded and held out of alignment with the electric field vector of the 
incident planewave to minimize field effects. Any measured body temperature that 
showed abrupt changes greater than 0.1 °C (equivalent to an EMF change greater 
than 4 µ V) correlated with microwave onset or termination was discarded as an 
inadmissible datum. Measurements of the strength of the E field with a Narda probe 
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Fig 2. Schematic diagram (as viewed from the horn antenna) of the convective system through the 
animals's test box inside the anechoic chamber. 



18 Adair, Adams, and Akel 

at the animal's location (monkey absent) revealed that no perturbations were intro
duced by the fine thermocouple wires. From the four skin temperatures, a weighted 
mean skin temperature was calculated [Stitt et al, 1971]: 

Tsk = 0.07 Tfoot + 0.37 Tteg + 0.45 Tabdomen + 0.11 Ttail· 

The temperature of the medial preoptic area of the hypothalamus (T po) was 
measured with the probe of a Vitek Model 101 Electrothermia Monitor [Bowman, 
1976] inserted to the bottom of the implanted tube that was located closest to the 
midline. The probe was held in place by a Tygon sleeve slipped over the protruding 
Teflon reentrant tube. The output voltage of the Vitek system was recorded on a strip 
chart to yield a continuous tracing of preoptic temperature. 

The monkey was under video surveillance during the 4-5-h experimental ses
sions. These were conducted in the presence of a 73-dB (SPL) masking noise to 
prevent auditory cues when the microwave generator was turned on and off. 

Continuous microwaves at a frequency of 2,450 ± 25 MHz were generated 
(Cober Model S2.5W) and fed to the antenna through standard waveguide. The far 
field in the region occupied by the monkey exhibited 8 % nonuniformity when the 
chair was absent as measured by a broadband isotropic radiation detector (Narda 
Model 8316B) fitted with a field probe (Model 8323). Details of the procedures used 
to map the field, as well as the dosimetry, are given by Adair and Adams [1980]. 
Power densities explored in these experiments ranged from 4 to 20 mW/cm2

, deter
mined with the Narda probe positioned, with chair present, at the location of the 
monkey's head. The approximate whole-body rate of energy absorption, or SAR, 
was 0.15 (W/kg)/(mW/cm2

); thus the range of SARs explored was 0.6 to 3.0 W/kg. 

Experimental Procedures 

Five 4-h experimental sessions of behavioral thermoregulation, conducted prior 
to surgery, constituted baseline data for each monkey. During these sessions the 
animal selected its preferred air temperature while rectal and skin temperatures were 
monitored continuously. These baseline data provided controls for temporal variations 
in the thermoregulatory behavior of each monkey. The sessions were always con
ducted between 0830 and 1430 h, after which the animal was fed. No animal was 
tested in this or any subsequent experimental series more often than once a week. 
After implantation of reentrant tubes in the PO/AH, the following experimental tests 
were conducted: 

Postsurgical tests. Each animal was tested once postsurgically to measure 
changes in body temperatures during exposure to 2,450-MHz microwaves. Ambient 
temperature was held constant at thermoneutrality (34 °C). A 90-min equilibration to 
the environmental temperature was followed by five IO-min microwave exposures at 
4, 6, 8, 10, and 20 mW/cm2. An interexposure interval of 10 or 15 min was sufficient 
to restabilize all measured variables. In addition to the preoptic, rectal, and four skin 
temperature measurements, metabolic heat production, calculated from oxygen con
sumption, was measured in the manner described by Adair and Adams [1982]. These 
tests were designed to confirm and extend, using conscious animals, the preliminary 
results presented in Figure 1. 

Short-duration microwave exposures: Threshold series. Following a 2-h 
stabilization period of behavioral thermoregulation, the monkey was exposed to 10-
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min periods of 2,450-MHz CW microwaves of increasing power density (4, 6, 8, 10 
and 12 mW/cm2). As we have reported [Adair and Adams, 1980], this duration will 
permit a sufficient number of microwave exposures to determine a reliable threshold 
within a total experimental time of 4-5 h. For one animal, a sixth exposure at 14 
mW/cm2 was added. The interexposure interval was always 10 min, sufficiently long 
to restabilize thermoregulatory behavior. These power densities encompassed the one 
that would reliably alter ongoing thermoregulatory behavior, ie, that would stimulate 
each animal to select a cooler environment. Five such experiments were conducted 
on each of three monkeys. 

Short-duration microwave exposures: Repetitive series. The procedure was 
the same as that described above except that the power density of each microwave 
exposure was always the same, 10 mW/cm2

. Four such experimental sessions were 
conducted on each of two monkeys. This power density was at or above the threshold 
to alter the thermoregulatory behavior of both animals. 

Long-duration microwave exposures. Each test session began with a 90-min 
period of behavioral thermoregulation to ensure stabilization of behavior and all body 
temperatures. This was followed by a single 2.5-h microwave exposure at a power 
density of20 mW/cm2

• A 10-min postexposure period of behavioral thermoregulation 
terminated the session. Five such experimental sessions were conducted on each of 
three monkeys. 

RESULTS 

Postsurgical Tests 

A summary of the data collected in the postsurgical tests appears in Figure 3. 
In the upper panel, the mean change in brain and body temperatures from minute
minus-1 to minute- to of each microwave exposure is plotted as a function of power 
density; in the lower panel, the concomitant change in metabolic heat production is 
shown. In general, the higher the power density, the greater the increase in each 
measure of body temperature. The sharp discontinuity in the temperature of the foot 
skin that occurs between 8 and 10 mW/cm2 reflects vasodilation of the peripheral 
blood vessels of the foot. There is little difference between temperatures measured in 
the hypothalamus and in the rectum, except perhaps at 20 mW/cm2

. An N of 3 is too 
small to demonstrate that this difference is reliable. Mean increases of 0.15 and 0.25 
~C in PO/AH temperature occurred at power densities of 6 and 8 mW/cm2 , respec
tively, identical with the increases of PO/ AH temperature measured in anaesthetized 
monkeys (Fig. 1). At 10 and 20 mW/cm2

, PO/AH temperature rose slightly more in 
the anaesthetized animals (Fig. 1) than in conscious animals with intact thermoregu
lation (Fig. 3). All measured changes in metabolic heat production shown in Figure 3 
were within the normal range of variability of this thermoregulatory response at a Ta 
of 34 °C. 

Short-Duration Microwave Exposures: Threshold Series 

The data from the baseline (no microwaves) experiments and the microwave 
threshold series were analyzed for each animal individually; thus each animal served 
as its own control. Mean values ( ± 1 SEM) of each measured dependent variable 
were computed for each 10-min segment of each experiment across the five experi
ments in each series. The air temperature selected by the animal was determined from 
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Fig 3. Mean change in brain (T po; AH) and body temperatures of three squirrel monkeys recorded during 
IO-min exposures to 2,450-MHz CW microwaves at different power densities. Associated mean change 
in metabolic heat production (L1M) is also shown. Animals equilibrated to an ambient temperature (Ta) 

of34 °C, N = 3. 

air-outlet temperature (Ta in Fig. 2); for this purpose the strip chart temperature 
record was digitized at 1-min intervals. 

The mean ambient temperature selected (solid circles, solid lines), together with 
the brain (small solid circles), rectal (small open circles), and weighted mean skin 
temperatures (solid squares) are shown for two of the three monkeys in Figure 4. The 
mean Ta selected in the baseline sessions of behavioral thermoregulation (open circles, 
dashed lines) is also plotted in the figure to illustrate the method of determining the 
microwave threshold for the alteration of thermoregulatory behavior. This threshold 
was taken to be that power density which reliably (P< .05, Student's test) reduced 
the selected Ta below that selected at the same time during the baseline sessions, with 
the further requirement that subsequent exposures at higher power densities also pro
duce a reliable reduction of Ta. These thresholds were 8, 10, and 12 mW/ cm2 for the 
three monkeys studied. Associated with the threshold power density for both animals 
in Figure 4 was a rise in PO/AH temperature of0.2 - 0.3 °C but no measured change 
in rectal temperature. Data for the third monkey were in essential agreement with this 
finding. Suprathreshold power densities produced no increase in PO/ AH temperature 
greater than 0.3 °C for any animal with the single exception of 14 mW/cm2 for 
S:DUMBO where the recorded mean rise was 0.4 °C. This temperature stability can 
be attributed to the behavioral selection of a cooler environment: for example, the 
monkey (S:WHITEHEAD) that produced the greatest reductions in selected Ta 
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Fig 4. Mean ambient temperature (± l SEM) selected by each of two monkeys (computed in IO-min 
time bins) as a function of experimental time during five control experiments (large open circles) and 
five experiments in which the animal was exposed (hatched regions) to IO-min periods of 2,450-MHz 
CW microwaves at increasing power density (large solid circles). The weighted mean skin temperature 
(solid squares), rectal temperature (small open circles), and preoptic temperature (small solid circles) 
measured during the microwave experiments are also shown. A) S:DUMBO. B) S:WHITEHEAD. 
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whenever the microwave field was turned on also exhibited the smallest increases in 
PO/ AH temperature. 

Another notable result concerns the rise in preoptic temperature associated with 
the power density just below the threshold level (always antecedent to the threshold 
power density in the ascending series). For two of the three monkeys tested, this 
temperature rise was 0.3 °C. This interesting measurement may relate to the increase 
in PO/ AH temperature recorded during the first of a series of identical microwave 
exposures (see below). 

Short-Duration Microwave Exposures: Repetitive Series 

Figure 5 represents the mean results of eight experiments on two monkeys when 
they were exposed repeatedly to a suprathreshold microwave field, following a 2-h 
baseline period of behavioral thermoregulation. Thus, the experimental protocol was 
identical to that described above (Threshold series) except that the microwave power 
density was always the same, 10 mW/cm2. The figure shows that the air temperature 
selected during the initial microwave presentation fell within the range of air temper
atures preferred during the preexposure baseline period and was at least 1 °C warmer 
than that selected during the four subsequent periods of microwave exposure. The 
minimal behavioral change when the microwave field was first presented was accom
panied by a mean elevation of 0.4 °C in weighted mean skin temperature, 0.5 °C in 
deep-body temperature, and 0.5 °C in preoptic temperature. All of these elevations 
were greater than occurred to any subsequent microwave presentation (P > . 95, 
Dunnett's test) and were ameliorated somewhat during the following microwave 
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Fig 5. Mean ambient temperature (± 1 SEM) selected by two monkeys, four sessions each, exposed 
repetitively at 10 mW/cm2 (hatched regions) for IO-min. Skin (solid squares), rectal (small open circles), 
and preoptic (small solid circles) temperatures produced by this behavior are also shown. 
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exposures by substantial behavioral reduction of the circulating air temperature. This 
result confirms that reported by Adair and Adams [1983]. 

Long-Duration Microwave Exposures 

The data of each animal were analyzed separately so that the results could be 
compared directly with baseline data. Means and standard errors of preoptic, rectal, 
and weighted mean skin temperature, together with the ambient temperature selected, 
were calculated in IO-min time bins across the five experimental sessions conducted 
on each animal. The results for two of the three animals, including the mean air 
temperature selected during control (no microwave) sessions, are presented in Figures 
6 and 7. Error bars on the data points for selected air temperature represent 1 SEM. 
In most cases, the standard errors calculated for individual body temperatures were 
smaller than the symbols used to plot the data; therefore they are not shown on the 
figure. 

Both animals preferred an average ambient temperature within the range 34-36 
~C when no microwave field was present. The control data in both figures show that 
this preference remained unchanged for up to 4 h. The behavior that generated such 
a stable environment from the 10 and 50 °C available air sources, also produced 
highly stable body temperatures: the skin temperature averaged over the body surface 
equilibrated at 37-38 °C while the deep body temperatures were maintained at levels 
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Fig 7. Mean ambient temperature(± l SEM) selected by one monkey during five control experiments 
(large open circles) and five experiments in which the animal was exposed for 2.5 h to 2,450-MHz CW 
microwaves at 20 mW/cm2 (large solid circles). Skin (solid squares), rectal (small open circles), and 
preoptic (small solid circles) temperatures measured during the microwave experiments are also shown. 

between 39 and 39.5 °C, the temperature of the brain being characteristically a few 
tenths of a degree higher than that of the body core. 

The onset of the microwave field at 20 mW I cm2 produced significant alterations 
in two of these measured variables; during the first 10 min of microwave exposure, 
preoptic temperature rose 0 .4-0. 5 ° C and a dramatic reduction (2. 0-3. 0 ° C) in air 
temperature was brought about by changes in the animal's behavior. As the exposure 
continued, additional environmental cooling prevented further increases in brain 
temperature while ensuring the stability of skin and deep body temperatures. The 
preoptic temperature slowly returned toward the preexposure level as the animals 
adjusted their thermoregulatory behavior. During the final 1.5 h of the microwave 
exposure, an air temperature 2.0-3.0 °C below that normally preferred was selected 
by both animals. Cessation of the microwave field stimulated immediate behavioral 
restoration of the normally preferred ambient temperature and an abrupt reduction of 
0.4-0.5 °C in PO/AH temperature. No significant post-exposure change was mea
sured in either skin or rectal temperature. 

DISCUSSION 

Several experimental protocols were used to determine the changes in the 
temperature of the medial preoptic/anterior hypothalamic area of the brainstem (PO/ 
AH) that accompany microwave-induced alterations in the thermoregulatory behavior 
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of squirrel monkeys. Both brief (10-min) and prolonged (150-min) exposures to 

2,450-MHz CW microwaves were studied. Power densities ranged from 4 to 20 mW/ 

cm2 (SAR range ~ 0.6 to 3.0 W/kg). The results confirmed previous reports [Stern 

et al, 1979; Adair and Adams, 1980, 1983] that a specific intensity of microwaves 

( designated the threshold) must be presented before a reliable change is seen in 

thermoregulatory behavior. The behavioral change generates a cooler environment 

which facilitates regulation of the internal body temperature at the level characteristic 

of the species under study. Suprathreshold microwave intensities stimulate proportion

ally greater behavioral reductions in environmental temperature. 
The present experiments have provided three important new findings: 
1) A rise in PO/AH temperature of 0.2-0.3 °C accompanied 10-min microwave 

exposures at power densities sufficiently high to induce the animals to select a cooler 

environment behaviorally (threshold and above); 
2) The rise in PO/ AH temperature seldom exceeded 0.3 °C during ongoing 

behavioral thermoregulation, even during 150-min exposures at suprathreshold field 

strengths; 
3) Occasionally, an increase of PO/ AH temperature higher than 0.3 °C was 

measured: this was associated with inadequate behavioral thermoregulation, was 

accompanied by a rise in rectal temperature, and often occurred during the initial 
microwave presentation of a series or the early minutes of a single long microwave 

exposure. 
What do these results reveal about the role of the PO/ AH thermoregulatory 

center in the control of behavioral responses in the presence of microwave fields? It 
seems fairly clear that the hypothalamus is directly involved in the generation of the 

threshold response; a rise in PO/ AH temperature of 0.2-0.3 °C always accompanied 

reliable changes in thermoregulatory behavior. A local temperature change of this 

magnitude, when produced via an implanted thermode, is sufficient to trigger appro

priate thermoregulatory behavior of the species in question [Adair et al, 1970]. Once 

the behavioral response was mobilized, it continued at a rate that ensured that no 

further deviations in PO/AH temperature occurred (Figs. 6,7). In other words, 

thermoregulatory behavior was adjusted so that the thermal error signal (AT PO/AH) 

seldom exceeded that which was necessary to generate the response change in the 

first place. 
However, the picture is not quite so simple: sometimes a PO/ AH temperature 

rise of this same magnitude accompanied microwave exposure (Fig. 4A) but failed to 
influence thermoregulatory behavior; other times an even greater PO/ AH temperature 

rise occurred (Fig. 5) without behavioral consequence. These results force the conclu

sion that either other thermosensitive sites than the PO/ AH are also involved in the 

generation of changes in thermoregulatory behavior or other thermoregulatory effec

tor responses driven by changes in PO/ AH temperature play a mediating role in the 

initiation of thermoregulatory behavior. 
Since 2,450-MHz CW radiation may penetrate at least 2 cm below the skin 

surface [Durney et al, 1978], this thermalizing energy may be deposited inside a 1-kg 

squirrel monkey at many CNS sites known to be thermosensitive. In addition to the 

PO/AH, which has long been considered to be the site of the "central thermostat" 
[Bligh, 1973; Hammel, 1968; Hardy, 1961; Cabanac, 1975], these sites include the 
posterior hypothalamus [Adair, 1974; Nutik, 1973], midbrain reticular formation 

[Cabanac and Hardy, 1969], medulla [Lipton, 1971], spinal cord [Guieu and Hardy, 
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1970], and deep abdominal structures [Rawson and Quick, 1970; Riedel et al, 1973; 
Wood, 1970]. On the basis of preliminary data, Adair and Adams [1980] argued for 
the involvement of multiple thermosensitive sites in the generation of observed 
changes in mammalian thermoregulatory responses in the presence of low-intensity 
microwave fields. While the present results lend support to theoretical predictions of 
regions of high local SAR in the vicinity of the hypothalamus [Kritikos and Schwan, 
1979], they certainly do not rule out the involvement of extrahypothalamic thermosen
sitive neural tissue elsewhere in the body. 

Normal thermoregulatory behavior depends upon the conscious perception of 
changes in the thermal environment or the thermal state of the body. The primary 
neural aperture for the appropriate afferent input is the cutaneous thermosensitive 
tissue, the warm and cold receptors which respond to changes in the temperature of 
the skin [Hensel, 1981]. Attempts to demonstrate conscious perception of localized 
internal thermal events ( eg, temperature changes produced in the PO/ AH with 
implanted thermodes) have produced equivocal results [cf Corbit, 1969, 1973; Corbit 
and Emits, 1974; Adair, 1977a,b; Dib et al, 1982; Cabanac, 1983] due in large part 
to technical difficulties inherent in these experiments. While it is clear that under 
optimal conditions experimental animals may learn to warm or cool their thermore
gulatory centers behaviorally, it is not clear that "sensations" of temperature are 
involved in the learning process. Cabanac has recently pointed out [1983] that these 
facts may be important to the understanding of how microwaves are detected by 
irradiated organisms. The delayed behavioral response to thermalizing microwave 
energy sometimes exhibited by the monkeys in the present study implies that not only 
are the cutaneous thermodetectors receiving insufficient input, but also the internal 
thermodetectors, if stimulated, have no direct input to "consciousness." 

There are at least two different processes by which the cutaneous thermodetec
tors could be stimulated by thermalizing energy deposited in deep tissues [ Adair and 
Adams, 1983]. One process would involve the passive conduction of heat outward to 
the receptors from heated tissues deeper in the body. The other process would involve 
the active mobilization of a physiological mechanism such as increased blood flow to 
the peripheral tissues, a process that could be triggered automatically when PO/ AH 
temperature rises. 

Increased peripheral blood flow (eg, vasodilation) is often assessed by increases 
in the skin temperature of the extremities [Stitt and Hardy, 1971; Lynch et al, 1980]. 
The minute-to-minute measurements of tail and foot skin temperature taken in the 
present experiments were carefully scrutinized for evidence of changes in vasomotor 
state. We examined especially the data taken during the early minutes of the prolonged 
microwave exposures at 20 mW/cm2 (Figs. 6, 7) and the first of the series of identical 
brief microwave exposures at 10 mW/cm2 (Fig. 5). No transitory changes in the 
temperature of foot or tail skin that could have provided cutaneous cues for behavioral 
change were detected for any animal in any experiment. Another mediating response 
could be endogenous heat production. Although metabolic rate was not measured 
during these experiments, other data [Stitt and Hardy, 1971; Adair and Adams, 1982] 
have shown that heat production remains at a minimal, resting level in squirrel 
monkeys restrained in slightly warm environments (30-36 °C) such as those the 
animals selected for themselves in the present study. Thus alterations in heat produc
tion are probably not involved in the mediation of behavioral responses. Another 
physiological response, thermoregulatory sweating, should not be overlooked as a 
possible mediator, especially since sweating from the feet of squirrel monkeys is 
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easily initiated by thermal stimuli at the environmental temperatures in question [Stitt 

et al, 1971; Adair, 1983a]. It is clear that, apart from the rise in PO/AH tempera

ture,the data from the present experiments fail to identify the underlying cue for the 

observed changes in thermoregulatory behavior, and that additional research is 

required. 
Preliminary results from other experiments conducted in our laboratory offer 

some tantalizing possibilities, however. By using a temperature-controlled, nonaque

ous fluid (light silicone oil) to perfuse the Teflon tube implanted in the PO/ AH, the 

temperature of this brainstem thermoregulatory center can be artificially and indepen
dently manipulated while the experimental animal is exposed to controlled microwave 

fields. The changes in PO/AH temperature produced in this manner can be measured 

with a Vitek probe inserted in the adjacent implanted tube. Some examples of the 

interplay between brain and body temperatures that can occur in a behaving animal 

undergoing such diverse thermal stimulation are shown in Figure 8. The depicted 

experiment involved exposing a squirrel monkey to PO/ AH heating and/or 2,450-

MHz CW microwaves at a power density of 20 mW/cm2 while the animal exerted 

behavioral control over the environment. Each of the four exposure epochs was 20-

40 

~ 33 

12 32 
~ 
~ 31 

~ 
I-: 30 

29 

28 . 

27 . 

26 

25 

24 

23 

. Tft 

S• STEVE 

II· 22 82 
BEHAVIORAL 

30 60 90 120 150 180 210 240 270 

MINUTES 

T po 

Tre 

T0 selected 

Fig 8. A single demonstration experiment on one monkey illustrating the effects on thermoregulatory 

behavior and brain and body temperatures of unrestricted microwave exposure at 20 mW/cm2 and/or 

preoptic (PO/ AH) heating via an oil-perfused implanted thermode. Reading from the top, the tracings 

record preoptic temperature (Tpo), rectal temperature (T,e), weighted mean skin temperature (T,k), 

ambient temperature (T3 ) selected, and foot skin temperature (Tft)-
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min long and the first occurred after a 90-min baseline period of behavioral thermo
regulation. The first and third epochs involved microwave exposure alone, the fourth 
involved PO/ AH heating alone, while the second involved the simultaneous presen
tation of microwaves and PO/ AH heating. The experimental protocol, designed for 
demonstration purposes only, did not include sufficient time for reequilibration of the 
animal between successive epochs; nevertheless, the data illustrate dramatically the 
qualitative differences in thermoregulatory responses to localized PO/ AH heating on 
the one hand and the PO/ AH heating that accompanies generalized whole-body 
heating induced by microwave exposure on the other hand. 

In a nutshell, localized PO/ AH heating stimulates vigorous heat loss responses, 
whereas whole-body heating with microwaves can result in heat storage. The recorded 
elevations in brain temperature were similar during all epochs (0.7 to 1.2 °C). The 
elevation occurred very slowly during the entire 20-min exposure of the animal to 
microwaves alone. In contrast, POI AH heating via thermode, with or without simul
taneous microwave exposure, was accomplished in l-2 min and stimulated such 
robust behavioral cooling of the environment that the brain temperature measured by 
the Vitek probe (as well as the rectal temperature) fell by an amount greater than the 
initial PO/ AH elevation. Thus, the rate of change of PO/ AH temperature may be a 
variable of great importance to the initiation of appropriate behavioral changes, a 
variable not heretofore explored. It is clear that PO/ AH heating and microwave 
heating interacted synergistically during the second epoch, with the brain heating 
playing the more dominant role in the resultant changes in thermoregulatory behavior. 

Of particular note in Figure 8 is the sharp rise in the temperature of the foot 
skin during microwave exposure, particularly during epoch l. The peripheral blood 
vessels in the feet of the squirrel monkey vasodilate in still air at an ambient 
temperature of 30-33 °C [Stitt and Hardy, 1971] and in moving air, such as that used 
in the present experiments, at an ambient temperature of 32.5-35 °C [Lynch et al, 
1980]. The steady increase in foot skin temperature to levels approaching that of the 
body core indicate that warm central blood has been diverted to the skin to facilitate 
heat loss from the body. Such vasomotor activity could easily warm the cutaneous 
thermodetectors and thereby provide a peripheral cue for the alteration of thermore
gulatory behavior during microwave exposure. It is not clear why similar responses 
were not detected in the data from the other experiments reported in this paper; their 
occurrence may vary between individual animals and with other variables that are 
unidentified at this time. 

In the absence of a significant sharp increase in PO/ AH temperature or an active 
process such as vasodilation to warm the cutaneous thermodetectors, it is still not 
clear what the physiological process may be that underlies detection of the presence 
of a low intensity microwave field. Our data show that such fields are sometimes not 
immediately counteracted by appropriate behavioral action when they first appear 
(Figs. 5-7), an observation already made by others [Adair and Adams, 1983; Levin
son et al, 1982]. The results of the present study allow us to conclude that the PO/ AH 
thermo regulatory center is involved with the alteration of behavioral thermoregulation 
at threshold power densities. Extrahypothalamic thermosensitive sites must also play 
an active role in the maintenance of altered thermoregulatory behavior as long as the 
microwave field persists and perhaps also in the initiation of these behavioral re-
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sponses. Autonomic thermoregulatory effector responses, triggered by increases in 
PO/ AH temperature, may play a mediating role in the mobilization of thermoregula
tory behavior. Clarification of these complex processes awaits further experimentation. 
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Offset of the Vacuolar Potential of 
Characean Cells in Response to 
Electromagnetic Radiation Over the Range 
250 Hz-250 kHz 

Kathleen Montaigne and William F. Pickard 

Department of Electrical Engineering, Washington University, St. Louis, Missouri 

Measurements were made of the small, transient offsets of vacuolar potential produced in 
single cells of Nitella flexilis and Chara braunii by isolated bursts of audio frequency 
electromagnetic radiation. The offsets increased in magnitude with decreasing frequency 
of the electromagnetic radiation and, below about 6 kHz, seemed to approach a low
frequency asymptote. This frequency dependence for the offset is shown to be in accord
ance with a previously developed model in which the incident radiation is weakly rectified 
by the cell's membrane system. 

Key words: Characean cells, vacuolar potential, electromagnetic radiation, Nitella flexilis, Chara 
braunii 

INTRODUCTION 

Various workers [Wachtel et al, 1975; Barnes and Hu, 1977; Pickard and 
Rosenbaum, 1978] have postulated direct rectification of an applied field by cell 
membranes as a possible athermal response to radiofrequency (RF) electromagnetic 
radiation. A theoretical model, showing that such rectification should be observable 
as a slight offset of the membrane potential, was outlined by Pickard and Rosenbaum 
[1978]. This model implies certain testable characteristics of the rectification re
sponse: (1) at sufficiently high frequencies transit-time effects should become signifi
cant, resulting in a cutoff frequency above which no voltage offset will be observable; 
(2) at frequencies below the cutoff frequency, the magnitude of the offset should vary 
quadratically with the applied voltage and inversely with the square of the irradiation 
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frequency; and (3) at sufficiently low frequencies, this inverse quadratic variation of 
offset with frequency should roll off toward a DC asymptote (see Appendix). A 
technique for measurement of resting potential offsets, and for separation of athermal 
from thermal effects, has been used recently [Pickard and Barsoum, 1981; Barsoum 
and Pickard, 1982] to confirm that offsets in accordance with characteristics (1) and 
(2) do indeed occur in giant algal cells as a response to electromagnetic radiation in 
the 25 kHz-20 MHz range. The present study uses the same techniques to observe 
the response at frequencies below 25 kHz, and to test prediction (3). 

MATERIALS AND METHODS 

The methods used were essentially those described earlier by Pickard and 
Barsoum [1981]. A single long cylindrical cell of Chara braunii or Nitellaflexilis was 
placed in an exposure device such that one end was subjected to bursts of electromag
netic radiation of the desired frequencies. Classical electrophysiologic techniques 
were then used to monitor burst-correlated offsets of the vacuolar resting potential in 
the field-free region at the other end of the cell. 

The irradiation circuitry was altered slightly so that ( 1) low-pass filtering 
occurred before the signal reached the AC-coupled amplifier; and (2) the 3-dB point 
dropped to one-quarter of the irradiation frequency at frequencies below 10 kHz; this 
was necessary to avoid saturation of the system by large switching transients at the 
onset and termination of irradiation pulses of low carrier frequency. 

Data collection focused on the frequency range of 250 Hz-25 kHz, with data 
taken regularly at 250 kHz for purposes of normalization, and occasionally at fre
quencies between 25 and 250 kHz. The drive voltage was varied with frequency, 
from 4 V at 250 kHz to 0.2 V at 2.5 kHz and below. This produced offsets of a 
consistent magnitude (generally 100-200 µV) over the entire frequency range. Ex
amination of the variation of offset size with drive voltage was carried out at various 
frequencies during the course of the experiments and confirmed the expected quad
ratic relationship that was then used to scale all data to a drive voltage of 4 V. After 
scaling, all data were normalized to offsets seen in the same cell at an irradiation 
frequency of 250 kHz. 

Rectification by the silver electrodes of the exposure cell, first described by 
Pickard and Barsoum [ 1981], was again seen and was particularly obvious at lower 
frequencies. It could be substantially reduced by careful polishing of the microstrip 
and channel surfaces, but no amount of polishing was able to eliminate it reliably at 
the lowest frequencies. In order to minimize the impact of this artifact on the analysis 
of data (1) the channel was polished daily with 2/0 emery paper; and (2) at the start 
of each day of experiment, recordings (usually at 250 Hz, and 2.5, 25, and 250 kHz) 
were made of the rectification by the channel in the region directly below the 
microstrip, where the rectification was greatest. If rectification by the channel was 
objectionable, it was polished again; and no data were collected until the measured 
artifacts were small compared to the offsets produced by the cells. 

RESULTS 
General Observations 

In all, four types of cell behavior were observed. In addition to nonelectrogenic, 
electrogenic, and "hyperelectrogenic" cells [Barsoum and Pickard, 1982], a fourth 
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kind of cell was seen that exhibited resting potentials in the range of typical electro
genie cells, but that had a less clearcut response to radiofrequency pulses. Typically, 
these cells produced comparatively small offsets in response to irradiation in the 
frequency range being studied, and these offsets were depolarizing at the highest 
frequencies and hyperpolarizing at lower frequencies. The transition frequency was 
different among these cells, and sometimes would drift within a single cell. This 
behavior appeared in only a small portion of the cells studied. Only stable electrogenic 
or nonelectrogenic cells were used for the present analysis of the variation of the 
voltage offset with frequency. 

Frequency Dependence 

The variation of normalized offset with frequency observed in nonelectrogenic 
cells is shown in Figure IA. Figure 1B presents the same relationship obtained from 
stable electrogenic cells. In this study all of the electrogenic cells observed were from 
Chara braunii and all of the nonelectrogenic cells were from Nitella flexilis. Because 
earlier work [Barsoum and Pickard, 1982] suggested strongly that the cellular re
sponse was dependent primarily on the state of the cell rather than on the species, no 
effort was made to collect data on nonelectrogenic Chara or electrogenic Nitella cells, 
which are quite rare in our present cultures. 

DISCUSSION 

Although rectification by the silver electrodes of the exposure cell was unavoid
able at some of the frequencies used in this study, several points argue against the 
dismissal of the data as being artifactual in origin. First, the shape of the offset caused 
by rectification in the channel was characteristic, and differed from the shape of the 
offsets attributed to rectification by the cell membrane (Fig. 2). If the channel artifact 
was especially strong relative to the cellular response, its characteristic shape showed 
up superimposed on the offsets attributed to cell membrane rectification; i.e., these 
offsets had an unusually fast rise time and began to take on a swaybacked appearance. 
Therefore, data that had these characteristics were not used in the analysis of the 
frequency variation of the cell response. Second, the magnitude of the rectification 
seen intracellularly was generally much greater than that seen in the channel alone. 
This was especially true at frequencies above 2.5 kHz, where the magnitude of the 
channel artifact dropped rapidly with frequency and was normally an order of 
magnitude smaller than the cell-mediated effects. The large offsets observed inside a 
living cell disappeared almost completely upon the death of the cell. Lastly, the shape 
and the variation with drive voltage and irradiation frequency of the observed offsets 
were identical in nonelectrogenic and electrogenic cells even though the signs of the 
offsets were different in the two types of cells; it is hard to see how rectification by 
the channel could contribute equally to offsets of different signs and magnitudes since, 
on a given day, the channel artifact is quite steady. 

Earlier work on the variation of offset magnitude with applied voltage and with 
frequency in the 25 kHz-50 MHz range partially confirmed the predictions of Pickard 
and Rosenbaum [1978] and allowed for the provisional acceptance of their rectifica
tion model. As can be seen in Figure 1, the present results are also consistent with 
predicted behavior and can be used to support further the rectification model. Admit
tedly there is some minor divergence between the observed and predicted values at 



34 Montaigne and Pickard 

---.... 
E .. 
0 
C 

~ 

---.... 
! 
0 
C 

> 
<l 

IOOOi::----------------------

Fig. I. Normalized voltage offset, Ll.V00,m(t), versus irradiation frequency f. A. Data for six nonelec
trogenic cells of Nitella flexilis. B. Data for five electrogenic cells of Chara braunii. The cross ( +) 
denotes the normalization point. In certain cases symbols were placed slightly to one side of the 
frequencies at which the data were taken, in order to make all the data points clearly visible. The solid 
line denotes the behavior predicted by Eq. (7) when f½ = 6 kHz and 2(1 - o) = 1.6. 
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Fig. 2. Rectification by (A) the channel of the exposure apparatus and (B) an electrogenic cell of Chara 
braunii (resting potential = -127 mV) placed in it. In both instances the irradiation was at 250 kHz and 
4 V rms and the horizontal bar is 40 ms; in (A) the vertical bar is 20 µ,V and in (B) it is 200 µ,V. Note 
that in (A) the offset is characterized by a fast rise followed by a rapid decay within the first 50 ms. 

the lowest frequencies studied, but this is probably related to the great difficulty of 
eliminating entirely the channel artifact at those frequencies. 

Since the rectification model has now successfully predicted (1) the offset's low
frequency asymptote, (2) its quadratic voltage behavior, (3) its rolloff with increasing 
frequency, (4) its rise time, and (5) its high-frequency cutoff, one might suggest that 
this model approximates closely the correct explanation of the phenomenon. How
ever, so positive a conclusion is not necessarily warranted, and at least one alternative 
explanation can be advanced: at the field strengths employed, there might well be 
electrostatically induced force effects [eg, Pickard, 1965; Schwan, 1977; Pohl, 
1978] that affect the membrane system and its ionophores (ie, porters). In theory, 
these effects would vary as the square of the applied field and linearly in the 
permittivity difference between the protoplasm and the bathing medium. This permit
tivity difference [Schwan, 1959] can be very large at low frequencies, is known to 
display both plateaus and regions of sharp decline, and might, if electrostatic force 
effects are important, impart a frequency variation to the offset that is somewhat like 
that observed. We do, however, incline toward the rectification hypothesis because: 
(1) it correctly predicted the corner frequency of the rolloff, whereas [Schwan, 1959] 
the corner frequency for the relevant dispersion of the permittivity is often shown to 
be somewhat higher; (2) because the C 1.6 decline above 10 kHz spans at least two 
decades of frequency, whereas [Schwan, 1959] so broad a dispersion might be 
expected to show a somewhat less precipitous decline; and (3) because the putative 
transit time cutoff in the low-RF range [Pickard and Barsoum, 1981; Barsoum and 
Pickard, 1982] is characterized by an accelerated falloff with increasing frequency, 
whereas [Schwan, 1959] the decline of permittivity difference should, after several 
decades of rapid decline show a decelerated falloff. 

We further suggest that future studies of the offset in Characean cells be carried 
out in the low-RF range where artifacts appear to be negligible and that they might 
profitably be directed toward the elucidation of the still poorly understood ion 
transport mechanisms of the membranes of these cells. 
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APPENDIX 

The model and notation to be employed here follow that of Pickard and Barsoum 
[1981], to which the reader is referred for complete details. 

In theory, a rectification offset .::l V [V] should vary according to the formula 

(1) 

where a2 [v- 1] is a constant which depends upon the experimental preparation 
employed and { v~} eff [V2

] is the value averaged over the cell surface of v~, the mean 
square voltage impressed on a patch of cell membrane by the applied alternating 
electromagnetic field. 

By Appendix I of the previous study, [Pickard and Barsoum, 1981], 

{v~}eff = 2a
2
E!ms I 

(1 

!e 

aY 12 

+ re/ti) + I~ · 
(2) 

where a[m] is the cell radius, Erms [V /m] is the applied electric field; r = a + jwE 
[S/m] is the conductivity of a medium; w = 27rf [rad/s] is the angular frequency of 
the irradiation; and E [F/m] is the permittivity of a medium. The subscripts e and i 
denote, respectively, the extracellular bathing medium and the intracellular cytoplasm. 
Also, Y = G + jwC (G [S/m2] is the resting membrane conductivity while C[F/m2

] 

is its capacivity). Below 1 MHz r is not sensibly different from a; and ae < < ai. 
Therefore Eq. (2) reduces to 

{v~}eff == 2a2E;msl 
1 

(3) 

However, since ae ::::: 0.1, a::::: 2 X 10-4 , and G :$ 10, this formula can be reduced 
further to 

2 2 2E2 
{ 2} _,_ a ae rms 

Vo eff - 2 2 • ae +(awC) 
(4) 
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This frequency dependence clearly displays two asymptotic forms of behavior: 

(5a) 

and 

{v~}eff = 2a2E;ms [ ae ] 2 , ae < < awC. 
L~wC 

(5b) 

It has been pointed out previously [Pickard and Barsoum, 1981] that this 

f- 2 behavior is not seen at radio frequencies, the actual variation being more akin to 

r-2<1 - o) where o is a small positive number; this nonideality was presumed due to a 

gradual decline of capacitance with frequency such as that reported by Haydon et al 

[1980]. If, as has long been observed empirically [see Cole, 1968, p. 11], it is 

assumed that 

(6) 

where C 1 is the inferred capacivity at 1 Hz, then Eqs. (1) and (4) imply 

~Vnorm(0) 
~ v norm(f) = l + (f/f1n)2(1 - o) ' 

(7) 

where 

ae --
[ ] 

1 

f t/2 = 27raC I 1 - o . (8) 

For the nonelectrogenic cells studied by Pickard and Barsoum [1981] from 250 

kHz to the putative transit time cutoff, the value of 2 (1 - o) was roughly 1.8. For 

the electrogenic cells reported by Barsoum and Pickard [1982] its value over the 

range 25-250 kHz was roughly 1.7. The capacitance data of Haydon et al [1980] for 

squid axon membrane yielded a o of roughly 0.4 for the range 50-300 kHz. The 

value adopted for 2(1 - o) in this study will be 1.6 since it nicely represents the data 

over the range 25-250 kHz. 
If then it is assumed that the normalized offset is unity at 250 kHz, that f½ = 

6.0 kHz as is the case experimentally, and that 2(1 - o) = 1.60, then the low

frequency asymptote will be 392. This curve is shown in Figure 1; its behavior is 

similar to that of the data. For a typical cell, ae :::::: 0.06 and a :::::: 160 x 10-6 so that 

f½ = 6,000 Hz and 2(1 - o) = 1.60 imply C 1 = 0.057. This value of C 1 is 

severalfold larger then the value of C normally measured in this laboratory by current 

pulse injection [Pickard and Barsoum, 1981] and also much larger than the combined 

plasmalemma-tonoplast capacitances normally seen in the literature. However, it is 

almost exactly that reported by Coster and Smith [1977] for the tonoplast of Chara 
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corallina; further, the C(t) data reported by these workers for the range 4-100 Hz fit 
well Eq. (6) with o = 0.16 [2(1 - o) = 1.68]. These surprising agreements raise the 
intriguing possibility that the observed offsets arise not at the plasmalemma but rather 
at the tonoplast! 
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In Vitro Effects of Microwave Radiation on 
Rat Liver Mitochondria 

M. Susan Dutton, Michael J. Galvin, and D.I. McRee 

Laboratory of Environmental Biophysics, National Institute of Environmental Health 

Sciences, Research Triangle Park, North Carolina 

Liver mitochondria were exposed in vitro at 30°C to microwave radiation (2.45 GHz) 

during the following states of respiraton: resting, state l; substrate dependent, state 2; 

ADP stimulated, state 3; and ADP depleted, state 4. At 10 or 100 mW/g, with succinate 

as substrate, no effect of exposure was observed on states 1-4 or the respiratory control 

index (state 3/state 4) of either tightly or loosely coupled mitochondria. When glutamate 

was used as substrate, no effects were observed at 10 mW/g. However, in the loosely 

coupled mitochondria the 100 mW/g exposure produced an increase in states 2 and 4 and 

a decrease in the respiratory control index. The results suggest that the function of loosely 

coupled mitochondria can be affected at high power levels of microwave radiation. 

Key words: microwaves, effects of mitochondria; nonionizing radiation, mitochondrial respiration 

INTRODUCTION 

The expanding applications of microwave technology in commercial and do

mestic markets have increased the chances of human exposure to various wavelengths 

and intensities of microwaves [McRee, 1972; Stuchly, 1977], thus creating a concern 

for the biological consequences of microwave exposure. Although the thermal actions 

of microwave radiation have been recognized, other putative effects not associated 

with measurable thermal changes may exist. However, much of the data on nonther

mal microwave biological effects from both in vivo and in vitro studies are equivocal 

[Cleary, 1977]. 
Exposure of organisms to microwave radiation has been reported to affect a 

variety of biological systems. For example, mammalian cells in suspension following 

in vitro exposure exhibit changes in permeability of the cell membrane [Baranski et 

al, 1974; Galvin et al, 1981b], depression of phagocytosis [Mayers and Habeshaw, 

1973], and inhibition of cell growth [Peters et al, 1979]. Although the mechanism(s) 

for these microwave-induced effects are unknown they have been attributed by the 

authors to nonthermal actions of microwave radiation. 

Received for review March 3, 1983; revision received August 2, 1983. 

Address reprint requests to Dr. M. J. Galvin, Laboratory of Environmental Biophysics, National 

Institute of Environmental Health Sciences, Research Triangle Park, NC 27709. 

© 1984 Alan R. Liss, Inc. 



40 Dutton, Galvin, and McRee 

In addition to these cellular effects, microwaves can affect mitochondrial func
tion. Baranski [1972] has reported a decrease in the activity of succinate dehydrogen
ase in brain homogenates from animals irradiated with 3-GHz microwaves for 3 h at 
3.5 mW/cm2. Recently, Sanders et al [1980] have reported that exposure of rat brain 
to 591 MHz microwaves [continuous wave (CW)] at 13.8 mW/cm2 for one-half 
minute or 1 minute caused a reduction in brain adenosine triphosphate (ATP) and 
creatine phosphate (CP) levels. These changes in ATP and CP were not attributed to 
a general tissue hyperthermia. The authors hypothesized that microwave exposure 
inhibited mitochondrial electron transport chain function. However, in an earlier 
study Elder et al [1975] examined the effects of 2-4-GHz irradiation in vitro on 
mitochondrial function after microwave exposure and observed no effect on respira
tion rates, respiratory control indexes (RCis), or adenosine diphosphate (ADP)/ 
oxygen (02) ratios. Because of contradictory data from in vitro and in vivo studies on 
the effects of microwaves on mitochondria constitutents, a method was developed for 
assessing the respiratory activity of liver mitochondria during 2.45-GHz irradiation. 

MATERIALS AND METHODS 
Animals 

Adult male, specific pathogen-free rats (Charles River, CD strain) weighing 
220-260 g were used in these experiments. The animals were decapitated at 8:30 
AM. 

Isolation of Loosely Coupled Mitochondria 

Loosely coupled mitochondria were isolated according to a modified procedure 
of Sordahl et al [ 1971]. After decapitation the liver was quickly removed and weighed. 
After mincing, the liver was homogenized as a 5% (w/v) suspension with a Potter
Elvehjem tissue grinder in a cold medium containing 5 mM Tris-HCI, 0.3 M sucrose, 
and 0.5 mM EGTA [ethyleneglycol-bis-({1-aminoethyl ether) N,N'-tetraacetic acid], 
pH 7.5. The homogenate was centrifuged at 4 °C at 1,000 x G for 5 min to remove 
nuclear material and cellular debris. The supernatant was then centrifuged at 8,000 
X g for 10 min. The pellet was washed twice in isotonic Tris-KC! buffer (20 mM 
Tris and 125 mM KCl, pH 7.4) and centrifuged at 8,000 x g for 10 min. The final 
mitochondrial pellet was resuspended in cold Tris-KC!. Protein was determined by 
the Biuret method [Gornall et al, 1949] and was 20-30 mg/ml. The mitochondrial 
suspension was diluted with buffer to 3 mg/ml for the succinate substrate experiments 
and 2 mg/ml for the glutamate experiments. Respiratory control indexes, an indicator 
of mitochondrial integrity [Sordahl et al, 1971], were <4. For our studies loosely 
coupled mitochondria were defined as having RCis < 4 and tightly coupled mito
chondria as having RCis > 5. 

Isolation of Tightly Coupled Mitochondria 

Tightly coupled mitochondria were isolated according to the method of Johnson 
and Lardy [1967]. The homogenizing medium was 0.225 M mannitol, 0.075 M 
sucrose, 1 mM EDTA, and 5 mM Tris-HCI (pH 7.4). The mitochondria were 
suspended in a reaction medium containing 0.25 M sucrose, 34 mM KCI, 5 mM 
MgCl2, 0.9 mM EDTA, 9 mM Tris-HCI, 3 mM K2HPO4, and 3 mM NaH2PO4 (pH 
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7.4). Protein was determined to be 40-50 mg/ml. The suspension was diluted with 
buffer to 2 mg/ml for all experiments. Respiratory control indexes were > 5. 

Microwave Exposure 

The mitochondrial suspension was stirred continuously and irradiated in glass 
sample tubes inserted through a waveguide chamber (Fig. 1) described in detail 
elsewhere [Galvin et al, 1980; Galvin et al, 1981a,b]. Throughout exposure, >95% 
of the the sample was in the microwave field. A 2.45-GHz power supply (CW) was 
coupled to the waveguide by coaxial to waveguide adaptors. The distilled water in the 
waveguide chamber adaptors. The distilled water in the waveguide chamber was 
continuously circulated through a constant temperature water bath to maintain the 
exposed and sham-exposed mitochondrial suspensions at 30 °C. A maximum differ
ence of 0.2 °C between the sham and exposed samples was measured at the highest 
specific absorption rate (SAR, 100 mW /g). 

0 2 Consumption of Mitochondria During Microwave Exposure 

Loosely coupled mitochondria. Respiration was measured polarographically 
with a Clark oxygen electrode (Yellow Springs model YS 5331) positioned outside 
the microwave field at the bottom of each sample tube (Fig. lJ). Mitochondria were 
exposed to microwaves simultaneous with the measurement of 0 2 consumption. 
Mitochondria were suspended in Tris-KCl buffer to which was added 4 mM Na2HPO4 

and 1 mM MgCl2 resulting in a final volume of 4.85 ml. The mitochondrial suspen-

2.45 GHz CW 
Microwave 
Generator 

SCHEMATIC OF EXPOSURE SYSTEM 
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Atten. 

Forward 
Power 
Meter 

R~flected 
Power 
Meter 

Dual Directional 
Coupler 
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Wave 
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Constant 
Temperature 
Water Bath 

A - Control Tube 
B - S-Band Waveguide 
C - Disti lied Water 
D - Exposed Tube 
E - Inlet Tube from Water Bath 
F - 1/4 Matching Dielectric 
G - Magnet 
H - Magnetic Stirrer 
I - Outlet Tube to Water Bath 
J - Probe 

Fig. I. Schematic diagram of microwave exposure apparatus. 
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sion was exposed to microwaves (Fig. lD) for 5 min prior to the addition of 2 mM 
sodium succinate or 1.25 mM sodium glutamate. After 1.5 min, ADP at 0.5 mM or 
0.25 mM was added to suspensions containing either succinate or glutamate, respec
tively. Sham-exposed samples (Fig. lA) were treated in an identical manner except 
they were not exposed to microwaves [see Galvin et al, 1981b for explanation]. The 
rate of oxygen consumption was calculated based on the known solubility of oxygen 
in water at 30 °c. 

Respiration states were defined as follows: state 1, mitochondria in the presence 
of oxygen; state 2, addition of substrates succinate or glutamate; state 3, addition of 
ADP creating the active state of respiration; and state 4, utilization of ADP and the 
decline in respiration rate [Chance, 1956]. The RCI was calculated by dividing state 
3 respiration rate by state 4 respiration rate. 

Tightly coupled mitochondria. Tightly coupled mitochondria were treated in 
the same manner as loosely coupled except they were suspended in a different reaction 
buffer (see isolation of tightly coupled mitochondria) to which was added 6 mM 
glutamate or succinate. Following a 5-min exposure to microwave radition, 0.3 mM 
ADP was added. 

Statistical Methods 

Data were analyzed using Student's t-test for paired values (ie, sham-exposed 
compared to microwave-exposed) and P values of .05 or less were considered 
significant. 

RESULTS 

The preparations used in this study routinely had respiratory control indexes of 
< 4 for loosely coupled and > 5 for tightly coupled mitochondria. Slight differences 
in oxygen electrodes were compensated for by analysis of the respiratory rates of 
sham and 0 mW/g exposure samples prior to and after each experiment. The differ
ences in rates were less than 2 % and were not significant. The oxygen electrodes 
were switched between sample tubes for consecutive experiments, thus eliminating 
effects due to electrode differences. 

Table 1 summarizes the data on respiration of loosely coupled mitochondria. 
When succinate was used as substrate, no effects were noted on respiration rates 2, 
3, and 4 or the RCI at either power level. However, when glutamate was used 
respiration rates 2 and 4 increased during 100 mW/g and the RCI decreased. These 
changes were not evident during the 10 mW/g exposure. 

In Table 2, the effect of microwave radiation on tightly coupled mitochondria is 
shown. These mitochondria had significantly higher RCis than the loosely coupled. 
There were no changes in respiration rates for succinate or glutamate at either power 
level used. 

DISCUSSION 

In this study the system provided for continuous monitoring of 0 2 consumption 
during microwave exposure whereas a previous study by Elder et al [1975] deter
mined 0 2 consumption using a flow-through coaxial air line exposure system that did 
not allow simultaneous microwave exposure and monitoring of respiratory activity. 
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TABLE 1. Respiratory Activity of Loosely Coupled Rat Liver Mitochondria During Microwave 
Exposure* 

Treatment N State 2 State 3 State 4 RCI 

Succinate 
Sham 6 1.60 ± 0.05 5.46 ± 0. 10 1.71 ± 0.06 3.21 ± 0.11 
0mW/g 6 1.65 ± 0.06 5.39 ± 0.09 1.69 ± 0.08 3.23 ± 0.18 

Sham 6 1.67 ± 0.02 5.74 ± 0.22 1.69 ± 0.05 3.40 ± 0.09 
100 mW/g 6 1.80 ± 0.06 5.75 ± 0.19 1.74 ± 0.06 3.30 ± 0.06 

Glutamate 
Sham 13 0.77 ± 0.05 4.28 ± 0.22 1.29 ± 0.10 3.47 ± 0.24 
0mW/g 13 0.73 ± 0.04 3.92 ± 0.18 1.25 ± 0.08 3.24 ± 0.22 

Sham 8 0.82 ± 0.03 4.02 ± 0.12 1.32 ± 0.05 3.14 ± 0.21 
10 mW/g 8 0.81 ± 0.05 3.82 ± 0.13 1.37 ± 0.06 2.71 ± 0.13 

Sham 12 0.76 ± 0.06 4.41 ± 0.28 1.34 ± 0.13 3.52 ± 0.32 
100 mW/g 12 0.97 ± 0.05" 4.06 ± 0.27 1.94 ± 0.12• 2.38 ± 0.32" 

*Values are mean ± SEM. For states 2, 3, and 4 data are expressed as µmol 0 2 consumed/mg 
mitochondrial protein· min. 
Respiratory Control Index (RCI = state 3/state 4) was calculated from the oxygen consumption rate. 
"Values are significantly different from the corresponding sham group P < .05. 

TABLE 2. Respiratory Activity of Tightly Coupled Rat Liver Mitochondria During Microwave 
Exposure* 

Treatment N State 2 State 3 State4 RCI 

Succinate 
Sham 6 10.68 ± 0.42 41.73 ± 3.13 7.31 ± 0.51 5.72 ± 0.21 
0mW/g 6 9.80 ± 1.00 39.68 ± 3.84 6.68 ± 0.53 5.95 ± 0.28 

Sham 7 10.03 ± 0.56 40.95 ± 2.20 7.48 ± 0.44 5.64 ± 0.28 
10 mW/g 7 9.28 ± 0.60 37.53 ± 1.58 6.64 ± 0.26 5.60 ± 0.28 

Sham 7 10.74 ± 0.39 47.72 ± 1.85 7.60 ± 0.33 6.30 ± 0.22 
IOOmW/g 7 11.79 ± 0.37 46.55 ± 2.43 7.31 ± 0.45 6.40 ± 0.16 

Glutamate 
Sham 6 3.85 ± 0.43 25.16 ± 2.56 2.44 ± 0.23 10.39 ± 0.74 
0mW/g 6 4.29 ± 0.43 25.35 ± 2.12 2.64 ± 0.23 9.81 ± 0.93 

Sham 6 4.44 ± 0.12 30. 13 ± 0.49 3.27 ± 0.09 9.27 ± 0.38 
10 mW/g 6 4.63 ± 0.28 29.07 ± I. 13 3.12 ± 0.13 9.18 ± 0.25 

Sham 7 3.51 ± 0.34 21.77 ± 1.52 2.76 ± 0.28 8.08 ± 0.36 
100 mW/g 7 3.89 ± 0.27 21.48 ± 1.52 2.59 ± 0.22 8.39 ± 0.33 

*Values are mean ± SEM. For states 2, 3, and 4 data are expressed as µmo! 0 2 consumed/mg mito-
chondrial protein· min. 
Respiratory Control Index (RCI = state 3/state 4) was calculated from the oxygen consumption rate. 

By measuring mitochondrial respiratory activity during exposure, transient effects of 
microwave radiation could be detected. 

When glutamate was the substrate, microwave irradiation at a SAR of 100 mW/ 
g increased respiration states 2 and 4 but did not alter state 3 (ADP dependent) in 
loosely coupled mitochondria. The respiratory control index was reduced at the high 
microwave level because of the increase in state 4. No effects were observed on rat 
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liver mitochondria exposed at 10 mW/g nor at 100 mW/g when succinate was used 
as the substrate. Also no effects were noted with tightly coupled mitochondria re
gardless of substrate or power level. 

Previously this laboratory has reported effects of microwave exposure on the 
structural integrity of the cardiac cell membrane (increase in trypan blue permeability) 
in vitro at SARs as low as 10 mW/g [Galvin et al, 1981bj. The mechanism of this 
effect was not due to temperature because the sample temperature during exposure 
was within 0.2 °C of the sham temperature. It was thought to be caused by some 
specific interaction of microwave radiation with the cell membrane. However, in 
other experiments no effects were noted on rat liver lysosomes [Galvin et al, 1981a] 
or the integrity of turkey sperm membranes [Hall et al, 1982] exposed to similar 
levels of microwave radiation. These differences in sensitivity have been suggested 
to be due to differences in the condition of the cells and organelles following isolation 
[Galvin et al, 198la,b]. The sperm cells and lysosomes had not been biochemically 
treated while the cardiac cells had been obtained by a tryspinization method that may 
have increased the sensitivity of these cells to microwaves. Data from the present 
study support the concept of different sensitivities of different cells and organelles to 
microwave radiation. Loosely coupled mitochondria were altered in the presence of 
microwaves while tightly coupled mitochondria remained unaffected. 

There have been a number of reports on the effects of microwave radiation on 
mitochondrial function. Several reports from Eastern European laboratories describe 
changes in a mitochondrial bioenergetic reaction in animals exposed to nonionizing 
radiation. For instance, in animals irradiated at 3 GHz, Baranski [1972] found a 
decrease in brain succinate dehydrogenase activity, an enzyme involved in mitochon
drial bioenergetic reactions. Kolodub and Evtushenko [1972] found uncoupled oxida
tive phosphorylation in animals exposed to pulsed (7 kHz) electromagnetic radiation. 
In addition, in the Western literature, Sanders et al [1980] noted a decrease in rat 
brain ATP and CP concentrations following microwave exposure (591 MHz, CW, 
13.8 mW/cm2

) of the brain. In contrast to the positive effects reported in vivo studies 
cited above, Elder et al [1975) did not detect changes in respiratory activity of 
mitochondria with succinate, pyruvate, or hydroxybutyrate as substrate following in 
vitro exposure at SARs of 41 mW/g and frequencies of 2.4, 3.6, and 3.4 GHz. The 
data from our study also failed to show any effects of microwave radiation on 
mitochondrial activity when succinate was the substrate. However, when glutamate 
was used as the substrate there were changes in mitochondrial respiration. These 
differences in the in vivo and in vitro studies may be due in part to differences in 
mitochondrial integrity or a secondary effect of microwave radiation in vivo that is 
not found in vitro. 

Although the mechanism of the microwave effect on state 2 and 4 respiration 
cannot be determined solely from our data, two possibilities should be considered. 
First, electromagnetic radiation may cause a subtle alteration in the integrity of the 
mitochondrial membrane that induces a slight uncoupling of oxidation phosphoryla
tion. The absence of the effect when succinate was the substrate could be due to 
differences in the sensitivity of the respiratory pathways. Second, there could be 
small thermal changes that preferentially alter mitochondrial function. The waveguide 
system used in these studies was designed for exposure of isolated mitochondria in a 
constant-temperature environment. However, there was a maximum increase in spec
imen temperature of 0.2 °Cat a SAR of 100 mW/g, this effect could be attributable 
to a thermal mechanism. In addition, one could speculate that thermal microgradients 
at the membrane/media interface could exist during microwave exposure and could 
account for the observed effects. 
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In conclusion, the data from this study suggest that mitochondrial function of 

loosely coupled mitochondria is altered during in vitro exposure to microwave 

radiation in the absence of macroscopic temperature changes. The mechanims of this 

effect remains equivocal; however, it is associated with the functional integrity of the 

mitochondria. 
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The Frequency Dependence of an 
Analytical Model of an Electrically 
Stimulated Biological Structure 

G.P. Drago, M. Marchesi, and S. Ridella 

lstituto per i Circuiti Elettronici, C.N.R., Genova, Italy 

A digital computer simulation has been carried out of the exposure of a cell, modeled as a 
multilayered spherical structure, to an alternating electrical field. Electrical and electro
chemical quantities of possible biological interest can be evaluated everywhere inside the 
cell. A strong frequency behavior in the range 0-10 MHz has been obtained. 

Key words: digital computer simulation, alternating electrical field, electromagnetic field, 
biological structure 

INTRODUCTION 

In the last few years the interaction of weak electromagnetic (EM) fields with 
biological structures has received increased study. This is not only related to potential 
hazards, but also to possible therapeutic uses. The recent experimental evidence of 
bone healing and cell differentiation are examples of significant biological effects 
[Pilla, 1974; Jaffe, 1977; Beltrame et al, 1980]. What is quite impressive is the very 
low field strength involved: so far no clear explanation of the possible biological 
mechanisms exists. 

We will not attempt to explain the origin of biological effects of EM fields or to 
propose the existence of "new" physical phenomena in biological materials. This 
study, which is an extended version of a previous work [Drago and Ridella, 1982], 
has the following purposes: (1) using available experimental data to construct a set of 
equations (or equivalently a model) relating electrical and electrochemical variables, 
such as ion fluxes and binding processes, in a biological structure; (2) solving the 
equations to evaluate these variables when the structure is subjected to an externally 
impressed electrical field. 
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The main result we have obtained is a strong frequency-selective behavior in 
the range 0-10 MHz. This is a direct consequence of the inhomogeneity of the 
structure. Many experimental results have confirmed this behavior [Bawin and Adey, 
1976; Beltrame et al, 1980]. 

Our use of linear equations is the result of our interest in effects of very low 
levels of power, and such an approach gives only a first approximation in evaluating 
any variable. However, if all possible biological effects are considered, a nonlinear 
approach may be necessary. Some preliminary results have been reported [Marchesi 
and Parodi, 1982]. 

THE CELL MODEL 

Construction of the model of a single cell is the first step in building more 
comprehensive simulations. A cell can be considered as a multilayered spherical 
structure (the extension to a spheroidal one being always possible). This nonhomo
geneous structure is placed under the influence of an external alternating electric 
field. Every layer is completely characterized, from the electrical point of view, by 
its complex dielectric constant. In the present model, for instance, we take into 
account eight layers: karioplasm, nuclear membrane, ionic environment, bound water, 
cytoplasm, cell membrane, ionic environment, and bound water. 

Electric Field Evaluation 

The general structure simulating a cell consists of M = 8 layers. The potential in 
the ith layer is given by: 

<Pi = (:~ + BiR) cos0 

where Rand</> are the usual polar coordinates. 
By introducing the boundary conditions, we get [Drago and Ridella, 1982]: 

Ai-I 
3 t\-2 - Ei-1 = -Ri-2 - Bi-I 

€i-2 + 2Ei-l 

Bi-I 
( €i ) fi-1 + 2Ei-l = - - Bi 

€i - I Ei - I + 2€i 

(1) 

(2) 

(3) 

In the outermost layer (i = M), (-Bm) is the external applied field, which is known. 
Then using Eqs. (2) and (3) repeatedly, we can obtain the coefficients (Ai, Bi) for 
every layer. Ei is the equivalent permittivity of the whole structure at radius R = Ri: 

(4) 

This relation (which is an exact expression) is formally equal to the well-known 
Maxwell-Wagner-Fricke (MWF) expression for suspensions (which is an approxi
mation [Fricke, 1925] provided that we interpret: 
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Ei = permittivity of the suspension; 
Ei = permittivity of the suspending medium; 
Ei- I = permittivity of the suspended medium 
Vi = volume fraction of the suspended medium). 

The factor 2 in the denominators can be generalized as a shape factor (x), for 
nonspherical suspended particles [Fricke, 1925]. 

PHYSICAL CHARACTERISTICS OF THE LAYERS MODELING THE CELL 

Generally speaking, the structure of a cell can be divided into five fundamental 
layers: (1) the external environment, (2) the "greater" cell membrane, (3) the 
cytoplasm, (4) the "greater" nuclear membrane, and (5) the karioplasm. 

In this section the physical phenomena pertinent to the various sections are 
considered and numerical values for the complex equivalent permittivity are evaluated 
always starting (directly or indirectly) from experimental measurements. The cell is 
considered as a multilayered spherical structure neglecting any anisotropy. A sector 
view is shown in Figure 1. 

The data used are obtained from experimental results on different kinds of cells, 
because they are not available for a single type of cell. The electrolyte solutions are 
described in terms of the "equivalent NaCl solution" that is characterized by the same 
low-frequency conductivity; this allows use of the Stogryn formulas [Stogryn, 1971] 
to obtain the complex permittivity as a function of frequency, temperature, and 
normality (N). 

F7 electrolyte 
l:Ll solution 

Fig. I. Sector view of the cell structure. 
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External Environment 

The external environment is simulated by a suspension of hydrated proteins in 
an electrolyte medium of normality N = 0.1 [Cook, 1952]. The proteins are consid
ered to be spherical particles with a Debye expression for the permittivity: Eco = 2, 
Es = 385 and f0 = 0.4 MHz. These values are obtained by fitting the experimental 
values of the complex dielectric permittivity of protein suspensions [Grant et al, 
1978], using the MWF mixture expression and considering the protein as a sphere of 
complex dielectric constant to be determined. The volume fraction of proteins was 
estimated to be 5.2% [White et al, 1973] in the external environment (from data on 
human serum). The bound water layers are always represented by a Debye-type 
permittivity with Eco = 4.9, Es = 80 and f0 = 400 MHz [Grant et al, 1978], and by a 
DC conductivity equal to the DC conductivity of the surrounding free water; its 
volume has been estimated as 0.28 g bound water/g protein [Fisher, 1965]. 

Greater Cell Membrane 

The "greater" cell membrane is composed of three layers: bound water, ionic 
environment, and cell membrane. 

The dielectric permittivity of water bound to the membrane is the same as the 
water bound to proteins in the external environment. The thickness of the bound 
water layer was estimated to be 5 A , which is equivalent to two layers of water 
[Grant et al, 1978]. 

The ionic environment is characterized by a relaxation frequency of 100 Hz 
[Schwan, 1959], a counter-ion density of7.28 x 1017 m--2 [Drago and Ridella, 1982], 
and a thickness of 4 A [Blank and Britten, 1978]. The Schwarz expressions [Schwarz, 
1962] have been used. The cell membrane is based on the Blank and Britten model 
[Blank and Britten, 1978], with the aid of major simplifications, in order to be able to 
fit Pilla's measurements on toad urinary bladder membranes [Pilla and Margules, 
1977] (Fig. 2). 

The equations we have used are the following [Drago and Ridella, 1982]: 

111 
sN22 
s(N2 + N22) 
I 
q 
q 
1n 

= G1(E1 - E2) 

= P1(N2 - N22) 

= 111 - 1n 
= 1n + sq 
= C2E2 
= C1(E1 - E2) + N22 

= G2E2 + P2N2 

Laplace generalized frequency (rad/s) 
electrical voltage across the membrane (V) 

(5) 

electrical voltage across the membrane pores (V) [Blank and Britten, 
1978] 

N2 = concentration of positive ions in the outside surface compartment (Cl 
m2) [Blank and Britten, 1978) 

111 = passive flux of positive ions from the outside to the surface (A/m2
) 

1n passive flux of positive ions across the pores of the membrane com
partment (A/m2) 
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I total current through the membrane system (A/m2) 
N22 = surface-bound positive ions (C/m2) 
q = total charge in the outside surface compartment (C/m2) 

It is known from Pilla's work [Pilla and Margules, 1977) that the equivalent 
circuit of the membrane is shown in Figure 3, where 

R2 = 242 X 10-4 (0 m2) 

R3 = 449 X 10-4 (0 m2) 

~ = 3,525 X 10-4 (0 m2
) 

C1 = 0.385 x 10-2 (Fm-2) 

C2 = 0.459 x 10-2 (Fm-2) 
C3 = 99 X 10-2 (Fm-2). 

Receptor 
Sites 

Bulk 

N, 
A, 

E, 

Surface 
Layer 

l Lipids 

E=O 
4 

-q 

sN :a(N-N l 
22 1 2 2:t 

X2 : free sites } 
S : total 

N : adsorbed ions 2 
22 

Fig. 2. Cell membrane model, following the "Surface Compartment Model" approach [From Blank 
and Britten, 1978]. 
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Fitting the data in Pilla's results [Pilla and Margules, 1977] we have obtained: 

C1 = 5.45 X 10-3 (Fm-2), 

C2 = 1.31 X 10-2 (Fm-2), 

G1 = 3 (0- 1m-2), 

G2 = 1.5 x HY (0- 1m-2), 

P1 = 13.2 (s- 1
), 

P2 = 9 X 103 (s-ll 

The thickness of the cell membrane is 80 A [lrimajiri et al, 1978] and the 
equivalent complex permittivity of the layer is obtained by multiplying the complex 
capacitance of the circuit of Figure 3 by the thickness. 

Cytoplasm 

The cytoplasm is simulated as a suspension of proteins in an electrolyte solution 
(N = 0.07). The proteins are represented as simple spherical particles, characterized 
by a Debye-type permittivity with E00 = 2, Es = 390 and f0 = 2 MHz. These values 
have been obtained [Drago and Ridella, 1982] in a similar way as for the proteins in 
the external environment, using data by Pennock and Schwan [1969]. Every particle 
is surrounded by a bound-water shell that is the same as in the external environment. 
The protein fraction in the cytoplasm was estimated as 26.2 % (from data obtained 
using erythrocytes) [Pauly and Schwan, 1966]. The whole cytoplasm thickness is 
1.78 µm. 

Greater Nuclear Membrane 

The "greater" nuclear membrane is also characterized by three layers [Irimajiri 
et al, 1978]: bound water, ionic environment, and nuclear membrane. The bound 
water has been defined previously. The thickness of the layer is 5 A . The ionic 
environment here is the same as considered previously inside the greater cell mem-

+ V = E p 1 

LIPIDS 

ADSORBED 

PORES 

Fig. 3. Cell membrane: equivalent electrical circuit, from Pilla and Margules [1977]. 
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brane. The nuclear membrane is considered as a composite structure formed by two 

lipidic bilayers separated by a "cisterna" and crossed by pores. Its equivalent circuit 

is shown in Figure 4, where 

Cm = 0.35 X 10-2 (Fm-2) 

Gm= 3.6 cn- 1m-2) 

Cc = 2.07 X 10-2 (Fm-2) 

Ge = 3.04 X 107 cn- 1m-2) 

Cp = 7 X 10-4 (Fm-2) 

Gp = 2.02 X 10-4 cn- 1m-2) 

The nuclear membrane thickness is 400 A and the equivalent complex permit

tivity of the layer is obtained by multiplying the complex capacitance of the circuit of 

Figure 4 by the thickness. 

Karioplasm 

The karioplasm (whose radius is 4.67 µm) is composed by three layers: electro

lyte solution, ionic environment, and a chromatin sphere. The electrolyte solution has 

N = 0.049. The ionic environment is described by the Schwarz theory [Schwarz, 

1962] where the parameters are 159 H~ for the relaxation frequency, 1.16 x 1019 

m-2 for the counter-ion density, and 4 A for the thickness. 

The chromatin is represented by a Debye expression with E00 = 2, Es = 200, fo 

= 1.6 MHz, obtained in a similar way as for proteins in the external environment 

from Grant et al [1978). The chromatin volume fraction in the karioplasm is 1.11 % 
[lrimajiri et al, 1978). Now we are able to compute all the electrochemical variables 

of the model. 

IMPROVING THE MODEL OF CHROMATIN STRUCTURE 

The karioplasm model can be improved accounting for the details of the 

continuity and transport equations for the ions. This can be considered as a second 

approximation with respect to the simple complex dielectric constant model that has 

LIPIDS 'CISTERNA" 

PORES 

Fig. 4. Nuclear membrane: equivalent electrical circuit, from Irimajiri et al [1978]. 
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been proposed previously. This new approach leads to analysis of the detailed 
behavior of particular ionic components, that are reported to trigger chromatin 
condensation. 

The karioplasm is modelled as a spherical region S of radius R and complex 
dielectric constant En [Beltrame et al, 1980]. Inside it, two kinds of electric charges 
are considered, namely the negative "d" fixed charges simulating DNA phosphate 
groups, and the positive divalent "a" ions, simulating Mg2+. These ions, whose 
concentrations are Cct and Ca, respectively, can combine with each other, one positive 
and two negative charges, neutralizing each other. All the other ions present in the 
karioplasm are taken into account in the value of the imaginary part of the nuclear 
complex permittivity E~. 

The equations describing the electric field and current inside the karioplasm are 
the following (all time-dependent quantities are Laplace-transformed): 

1. the Poisson equation 

(6) 

where <Pn is the electric potential inside the spherical region and qa, qd are the electric 
charges of the two ionic populations ( qd = -e +, qa = 2e +); 

2. the ionic current densities of the "a" and "d" charges 

(7) 

where Da. 'Ya are the diffusion coefficient and the conductivity of positive ions, 
respectively; and 

3. the conservation of electric charge 

(8) 

These equations are derived simply by linearizing first-order kinetic equations: 
Ta and Tct are the related coefficients. The last terms on their right sides account for 
the binding reactions between ions of opposite charges. the waveform of the im
pressed field is assumed to be sinusoidal. It is worth noting that Ca and Cct are not the 
actual values of the concentrations, but are "small signals" variations with respect to 
their equilibrium values. 

The boundary conditions on the surface of the karioplasm are the following: the 
continuity of electric potential, the continuity of the normal component of the current 
density, and the following relationship between the current density of type "a" ions, 
the electric potential, and the ion concentration 
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(9) 

where fi is the unit vector normal to the spherical surface. This equation is derived 

from linearizing a more complex equation, due to Goldman, on ionic flux across a 

membrane [Sjodin, 1971]. 
The coefficients of this karioplasm model, namely En, Da, 'Ya, Ta, Tct, a, and {1 

are obtained from experimental work found in the literature. In particular, 'Ya is 
assigned a value of 10-3 (O·m)- 1

, by using dielectric measurements on native DNA 

from Takashima [1966], under the assumptions that the ion conductivity on DNA 

surface in dilute solutions is the same as the inside the nucleus, and that the conduction 

along the DNA filament is much higher than in other directions. It is worth noting 

that the value for the nuclear environment conductivity jw E; is about 50 times greater 

than 'Ya, and this is due to other ionic populations inside the nucleus. The diffusion 

coefficient Da is found through the Einstein equation: 

(10) 

where the mobility µa is directly related to Ca. The parameter a, which is dimen

sionally equivalent to conductivity, is set equal to 0.27 'Ya = 0.27 x 10-3 (O·m)- 1
, 

since it represents the conduction of "a" ions through nuclear membrane pores, and 

these cover about 27 % of the whole membrane. The same assumption is made for {1: 

{1 = 0.27 Daqa ::::: 2.4· 10-22 (A/m) 
d 

(11) 

d being the estimated thickness of the nuclear membrane. En is computed in the usual 

way, with an equivalent normality of 0.049 mol/liter and a protein volume percentage 

of 0.03 (this because the DNA contribution is considered elsewhere in the model). 'Yn 

is the corresponding complex conductivity ('Yn = jwEn)- Finally, the values of Ta and 

Tct do not have a significant influence on the whole model, provided they are small 
enough. 

These equations lead to a Helmholtz equation for the ionic concentration Ca: 

(12) 

and to a Laplace equation for a function <f>o defined as: 

(13) 

V 2 </>o = 0 

Solving the above equations with the usual hypothesis of axial symmetry of the 

nuclear spherical region and of the boundary conditions leads to the usual spherical 
harmonic expansion for <f>o and Ca, in which it is already considered that these 

functions must remain limited as r tends to 0: 
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<Po (r ,0) = ~i Ani ri Pi ( cos 0) 
(14) 

where J and Pare the Bessel and Legendre functions, respectively. 
It can be shown that, in the hypothesis where the nuclear region is contained in 

a dielectric of permittivity E and with an applied electric field E constant at the infinity, 
all the terms of the above series but the ones in P 1(cos 0), vanish. In this case, the 
potential outside the nucleus is given by the following equation: 

where: 

En is given by: 

where: 

and 

B1 
<I> = 2 cos 0 - Er cos 0 

r 

B R2E _E_n _-_E 
I = n -

En + 2E 

qaDa 'Yn - a K + /3H + 'Ya - a qaDa H 
- 'Yn + 'Ya 'Yn + 'Ya Rn 
En = ---------------

jw [qaDa ('Yn + a)K + /3('Yn + 'Ya)H] 

2 jw (i 7ct 1 :) ( 'Y~ X = - - + ---- 1 + -
Da Ta 1 + jwT 'Y 

(15) 

(16) 

(17) 

(18) 

(19) 

If the nucleus were substituted by an homogenous region of complex permittiv
ity En, the potential outside it would have the very same expression. So, we may 
define En as the "equivalent permittivity" of the karioplasm. This is not a complex 
permittivity in the usual sense, since, for instance, it does depend on Rn, but it may 
be used in the multilayered cell model without further assumptions, once Rn has been 
fixed. 
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From the knowledge of the "equivalent" nuclear potential ¢n, which would 
hold true if En were the nuclear complex permittivity in the usual sense, it is possible 
to find <Pn, Ca, Cct and all the other quantities of physical relevance inside the 

karioplasm. 
In order to give a quantitative description of the charge shift inside the nucleus, 

the first-order momentum of negative DNA charges has been evaluated. This quantity, 

p1z, is given by 

(20) 

where z is the coordinate of the axis along which the external field is impressed. It is 
worth noting that the anion's first-order momentum is proportional to p12 and there
fore does not need to be evaluated. The monitoring of charges inside the nucleus is 
important because anions, and in particular Mg2+ strongly promote chromatin decon
densation [Jerzmanowksy and Staron, 1980]. 

This model is extremely simplified and more work is needed to give a better 
insight into this problem, from both theoretical and experimental points of view. 

RESULTS 

A cell suspension, with a concentration of 15 % , has been modeled. The equiv
alent dielectric constant (E) of the suspension is easily found by means of the MWF 
formula [Fricke, 1925]. We imagine that the suspension is inserted between the plates 
of a plane capacitor, of unit size (thickness = 1 m, area = 1 m2), that is maintained 
at an average field inside the suspension of 1 V /m. 

Our goal is to evaluate the transfer functions between the stimulation (E0) and 
physical quantities inside every cell, in the frequency range 10-6-10 11 Hz. 

We can use the cell model described in the previous section, provided that we 
are able to estimate the field "far" from the cell (E00 ) [Fricke, 1925]. Following 
Fricke's approach [Fricke, 1925], it can be shown that the "far" field is equal to the 
average field in the suspending medium: 

E 
_ E + 2Ea 

""-
3 

Eo 
Ea 

(21) 

where Ea is the equivalent dielectric constant of the suspending medium. 
We can obtain immediately the equivalent complex dielectric constant of the 

suspension and compare it with well-known measurements of biological tissue 
[Schwan, 1959]. It compares favorably: in Figure 5 the well-known a, (3, 'Y, and o 
dispersions are evident and the orders of magnitude of the values are correct. This 
property does not guarantee that the results obtained for the transfer functions which 
will be discussed below are correct, but, starting from the consideration that it is 
impossible at present to obtain direct experimental confirmation of the results, this is 
the only possible experimental validation of our electrical model of the cell. 

In the described exposure condition the average field inside the suspension is 
assigned the value of 1 V /m. Owing to the linear properties of the model, the values 
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Fig. 5. Dielectric constant (E') and conductivity (a) of a cell suspension as a result of the model. The a, 
(3, 'Y, and o relaxations are shown. 

of every computed quantity can be immediately obtained from any other field strength. 
For high field strengths, however, other effects have to be taken into account, such 
as heating [Schwan and Foster, 1980], and orientation [Schwan, 1982]. It must be 
stressed that in the following the computed results will be compared with experiments 
that are usually done with field strengths inside the tissue much lower than 1 V /m. 
The comparisons refer only to similarities in the frequency behavior. 

Figure 6 shows the ions' density variation (ap) on the cell membrane (normal
ized to the bias counter-ion density). This is the accumulation of moving ions on the 
surface of the cell in the direction of the attractive field (following Schwarz's theory 
[Schwarz, 1962]). Its maximum value (about 10-4 [Schwarz, 1962]) is in the fre
quency range 0-10 Hz, with possible consequences on membrane receptors and, 
consequently, on biological behavior [Jaffe, 1977]. 

Figure 7 shows the voltage drop across the cell membrane (V p). It has a low
pass behavior with cutoff frequency centered at about 3 MHz: its DC value is 9 µ V 
and it compares well with previous evaluations [Schwan and Foster, 1980]. 

Figures 8 and 9 refer to the passive ionic flux On) across the cell membrane and 
to the vicinal ion concentration (N2). Both these quantitites show clear maxima, the 
first (4 X 10-4 A/m2) is in the frequency range 1 kHz-1 MHz, while the second is 
between 10 Hz and 10 kHz, with a value of 4 x 10-8 C/m2

. The superposition of 
these maxima occurs in the same frequency range that is used for healing bone 
fractures [Beltrame et al, 1980]. 

Figure 10 shows the current density <IttP) in the nuclear membrane pores. It 
reaches a very high and sharp maximum of 0.22 A/m2 in the frequency range 1-5 
MHz; it has been estimated that currents two orders of magnitude higher can modify 
chromatine [Anderson, 1979]. The quantity p12 has a clear maximum between 1 and 
5 kHz, and a minimum near 12 Hz, as shown in Figure 11. 
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Fig. 6. Variation in counter-ion density on cell membrane, in the direction of the attractive field, 
normalized to the bias counter-ion density. 
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Fig. 7. Voltage drop across the cell membrane. 
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Fig. 8. Positive ions' passive flux across the cell membrane. 
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Fig. 9. Ion concentration in the vicinity of the cell membrane. 
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In a previous study [Drago and Ridella, 1982], results were presented showing 
a selective frequency behavior of some electrochemical quantities of the model, 
assuming a bound water DC conductivity equal to zero. In this report it is shown that, 
considering a bound water DC conductivity different from zero, this selective behav
ior still holds true for many electrochemical quantities. 
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Fig. 10. Current density through nuclear membrane pores. 

lons-m 

5x1 o-3 

-3 
3x10 

-3 
1x10 

0 

F Hz 

Fig. 11. First-order momentum p17 of negative DNA charges inside the nucleus. For definition of p1,, 

see text. 

CONCLUSIONS 

Using experimental results available in the literature we were able to evaluate 
the electrical fields and the current densities at every point of an idealized biological 
cell. The main result is the frequency-selective behavior of the transfer functions 
between electrical and electrochemical variables of potential biological interest and 
the applied field. This can be used to explain recent results obtained by various 
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researchers. The structure of the computer program is such that the model of the cell 
can be easily improved or modified in order to take into account unique cell properties 
or new experimental information. 
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The Effects of Hyperthermia and 
Hyperthermia Plus Microwaves on Rat 
Brain Energy Metabolism 

Aaron P. Sanders and William T. Joines 

Division of Radiobiology, Duke University Medical Center (A.P.S.), and Department of 

Electrical Engineering, Duke University, Durham, North Carolina and Health Effects 

Research Laboratory, U.S. Environmental Protection Agency, Research Triangle Park, 

North Carolina (W IJ.) 

The effects of hyperthermia, alone and in conjunction with microwave exposure, on brain 
energetics were studied in anesthetized male Sprague-Dawley rats. The effect of tempera
ture on adenosine triphosphate concentration [ATP] and creatine phosphate concentration 
[CPJ was determined in the brains of rats that were maintained at 35.6, 37.0, 39.0, and 
41.0 °c. At 37, 39, and 41 °C brain [ATP] and [CP] were down 6.0, 10.8, and 29.2%, 
and 19.6, 28.7, and 44%, respectively, from the 35.6 °C control concentrations. Exposure 
of the brain to 591-MHz radiation at 13.8 mW/cm2 for 0.5, 1.0, 3.0, and 5.0 min caused 
further decreases (below those observed for 30 °C hyperthermia only) of 16.0, 29.8, 22.5, 
and 12.3% in brain [ATP], and of 15.6, 25.1, 21.4, and 25.9% in brain [CP] after 0.5, 
1.0, 3.0, and 5.0 min, respectively. Recording of brain reduced nicotinamide adenine 
dinucleotide (NADH) fluorescence before, during, and after microwave exposure showed 
an increase in NADH fluorescence during microwave exposure that returned to preexpo
sure levels within 1 min postexposure. Continuous recording of brain temperatures during 
microwave exposures showed that brain temperature varied between -0.1 and +0.05 °C. 
Since the microwave exposures did not induce tissue hyperthermia, it is concluded that 
direct microwave interaction at the subcellular level is responsible for the observed 
decrease in [ATP] and [CP]. 
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INTRODUCTION 

The question of possible biological effects from microwave exposure that are 
independent of general tissue hyperthermia has been a matter of controversy for some 
time [Gavalas et al, 1970; Baranski, 1971; Czerski et al, 1974; Adey, 1975; Bawin et 
al, 1975; Blackman et al, 1980]. Data from earlier work in our laboratory were 
consistent with the hypothesis that microwave exposures in vivo inhibit the mitochon
drial electron transport chain resulting in decreased adenosine triphosphate concentra
tion [ATP] and creatine phosphate [CP] concentration [Sanders et al (1980)]. This 
study showed that microwaves induced an increase in reduced nicotinamide adenine 
dinucleotide (NADH) fluorescence in rat brain with a concomitant decrease in [ATP] 
and [CP] in the brain of rats exposed to 591 MHz, continuous wave (CW) radiation 
at 13.8 mW/cm2

• No significant change in brain temperature was observed even 
though significant changes were observed in brain [ATP], [CP], and NADH 
fluorescence. 

This study reports the results of experiments performed to determine the effects 
of hyperthermia alone and in combination with microwaves on energy metabolism as 
reflected in brain [ATP] and [CP]. 

METHODS 
Animal Preparation and Instrumentation 

Male Sprague-Dawley rats (175-225 g), were anesthetized with urethane (1,250-
1,350 mg/kg, IP injection). Urethane anesthesia was selected to facilitate sustaining 
deep anesthesia over a prolonged time interval, and to avoid barbituate effects on 
brain energy metabolism [Siesjo, 1978]. A 4x8-mm aperture was made through the 
skull with a small bone saw after the scalp and muscle were removed above the area 
to be studied. The sagittal sinus was avoided. The dura remained intact before, 
during, and after microwave exposures until the time for biochemical assays for 
[ATP] and [CP]. 

Animals receiving sham or microwave exposures were positioned under a 
titania-loaded horn antenna so that only the head and neck were exposed to the 
microwaves, as previously described [Sanders et al, 1980]. The head ot the rat was 
held rigid in a Teflon head holder for all NADH fluorescence studies. The excitation 
light (366 nm) of the fluorimeter 1 was focused to a 1- to 2-mm spot on the cerebral 
cortex. The end of a fiber optic bundle was positioned at approximately 45 ° with 
respect to the excitation light beam, and at a distance of 1-2 cm from the excitation 
focal spot. The fiber optic bundle bifurcates 15 cm from the distal end. Each end is 
attached to an interference-filter-photomultiplier-op amp-assembly that is connected 
to a strip chart recorder. One of the two channels has a 460 ± 5 nm half-bandwidth 
(HBW) interference filter for measuring NADH fluorescence, and the other has a 549 
± 2 nm HBW filter for measuring general brain fluorescence. The latter allowed 
correction of NADH fluorescence data for the effects of changes in hemoglobin 
content in the field of study, as detailed by Kramer and Pearlstein [1979]. This proved 
to be unnecessary in all experiments. All animals appeared to maintain normal 

1·The fluorimeter was obtained from Dr. Britton Chance, The Johnson Research Foundation, University 
of Pennsylvania, Philadelphia, PA 19104. 
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respiration throughout microwave exposures. No changes were observed in the 

general brain fluorescence at 549 ± 2 nm during and after the microwave exposures. 

These results support the observation that normal respiration rate was maintained in 

animals during microwave exposures. (A decrease in 0 2 delivery sufficient to de

crease energy metabolism in the brain would cause vascular dilatation and increased 

hemoglobin in the field resulting in changes in the general brain fluorescence signal 

at 549 ± 2 nm, which was not observed.) 

Microwave Instrumentation and Dosimetry 

The output of a microwave generator (AIL 125A) was connected via a circulator 

(Western Microwaves Model 3JA 2087) and a dual-directional coupler (NARDA 

Model 3020A) with two HP 435A power meters and detectors (for measuring forward 

and reflected power) to a dielectric-loaded (titania) horn antenna. The design and 

construction of this antenna have been described previously [Sanders et al, 1980]. 

The 3 X 3-cm aperture antenna was positioned approximately 3 cm above the surface 

of the brain and the electric field parallel to the body axis as shown in Figure 1. With 

the 3-cm spacing, the electric and magnetic field intensities were approximately 

constant on a plane perpendicular to the direction of energy propagation, ie, the 

field is approximately a uniform plane wave at the tissue surface. Measurements 

made with a microwave power density meter (General Microwave Corp. RAHAM 

Model 2) showed that the radiation pattern from the horn antenna was such that the 

head of the animal was uniformly irradiated, and most of the torso received power 

densities below 0.1 mW/cm2
. The nose and the neck of the animal were not uniformly 

irradiated. 
A prolate spheroid with electric field parallel to the major axis is a reasonable 

simulation of the volume of the rat's head under these exposure conditions, since the 

+-- From Microwave 
Source 

Fig. I. Horn antenna exposure arrangement. E is the vector electric field intensity. H is the vector 

magnetic field intensity, and Pis the Poynting vector of instaneous power density. 
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nose and neck of the animals are partly within the irradiation field of the antenna. 
This means that the total irradiated volume is not precisely known. To establish upper 
and lower limits of the specific absorption rate (SAR), we used data at 591 MHz from 
curves in "The Radiofrequency Radiation Dosimetry Handbook" [Durney et al, 
1978]. A 110-cm3 prolate spheroid (semiaxes a=7 cm and b= 1.94 cm) and one of 25 
cm3 (a=3.8 cm and b= 1.25 cm) were selected as limiting cases for which the SARs 
are 0.42 and 0.18 mW/g per mW/cm2 respectively. Average values of brain SAR are 
comparable to, but less than, localized values of SAR that can be estimated from 
measurements of change in localized temperature per unit time. 

The density of absorbed power at a site within the rat brain may be estimated 
from: 

Pa = Kc.:iT/t, 

where Pa = absorbed power 

K = 4.186 J/cal 

c = specific heat of tissue (g/ 0 C) 

.:iT = temperature change ( 0 C) 

t = time(s) 

Temperature was measured continuously at a point approximately 2 mm below 
the surface of the brain and in the middle of the 4 X 8-mm skull aperture via a 22-
gauge thermistor probe (Yellow Springs Instrument Model 514). The probe was 
oriented at right angles to the electric field vector in air to minimize artifacts. Using 
the value of 0.88 cal/g °C for the specific heat of brain tissue [Cooper and Trezek, 
1972], SAR was determined from .:iT/t values recorded at the localized point in the 
brain of a dead rat at two levels of incident power. 

At the localized point in the brain the values of .:iT/t were 0.010 and 0.017 °C/ 
s at 60 mW/cm2

, and 100 mW/cm2
, respectively, providing estimates of the local 

SAR of 0.613 and 0.626 mW/g/mW/cm2
. These SAR values, determined at a point 

about 2 mm beneath the irradiated surface, are understandably greater than the SAR 
averaged over the entire irradiated volume. The average SAR was estimated to be 
within the 0.18-0.42 mW/g/mW/cm2 range. 

Temperature Regulation 

Each animal was maintained at the selected temperature for at least 5 min to 
establish an NADH fluorescence baseline prior to sham or microwave exposure. In 
the hyperthermia plus microwave exposure experiments each rat had its brain temper
ature regulated to within -0.1 to +0.05 °C of 39 °C for a minimum of 5 min prior 
to microwave exposures (591 MHz, CW, 13.8 mW/cm2

) of0.5, 1.0, 3.0, and 5 min. 
Based upon an average SAR of0.18-0.42 mW/g/mW/cm2

, the l3.8-mW/cm2 expo
sure would result in an SAR for brain to be within 2.48-5.80 mW/g. 

Biochemical Procedures 

Immediately after completion of the sham or microwave exposure, the head, 
neck, and upper thorax were rapidly immersed in liquid nitrogen. After 2 min, the 
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frozen head was decapitated and stored in liquid nitrogen until the ATP and CP assay. 

The brain was removed from the skull and pulverized in an ethanol-dry ice-cooled 

( - 35 °C) tissue pulverizer; the frozen powder thoroughly mixed, and an aliquot of 

0.15-0.25 g placed on top of 1.5 ml perchloric acid in a previously cooled (liquid N2) 

test tube and weighed. The test tube was placed in a bath at -10 °C for 25 min with 

gentle swirling of each test tube at 5-min intervals. After the 25 min all samples were 

analyzed for [ATP] and [CP] by the method of Lowry and Passoueau (1972). 

Earlier studies had shown brain [ATP] decreasing almost simultaneously with 

decreasing [CP]. A hypoxia experiment was performed to show the normal energy 

relationship between [ATP] and [CP] where hypoxia was the only exogeneous stress. 

Another group of animals with brain temperature of 35.6 °C were subjected to 2% 

0 2 plus 98% N2 for 0.5, 1, and 2 min. ATP and CP assays were performed on the 

brain of each animal as detailed above. 

RESULTS AND DISCUSSION 

The brains from the first 10 urethane-anesthetized control animals (sham expo

sure), with brain temperature of 35.6 °C gave brain [ATP] and [CP] of 2.47 ± 0.03 

and 3.44 ± 0.11 µmol/g (mean ± SEM), respectively. These were not significantly 

different from previously reported values [Sanders et al, 1980]. Each subsequent set 

of sham or microwave exposures at 37.0 or 39.0 or 41.0 °C had a group of 35.6 °C 

controls. Thus, the total number of sham-exposed (35.6 °C) controls was 51. Figure 

2 shows the effect of temperature only on brain [ ATP] and [ CP]. Based on these data, 

39.0 °C was selected as representative of an increased temperature effect (hyperther

mia) for comparison of hyperthermia plus microwave exposure and normothermic 

(35.6 °C) sham and microwave exposure. 
The work previously reported [Sanders et al, 1980] used sodium pentobarbital 

as an anesthetic agent. Urethane was selected for these studies because it gives longer 

periods of deep anesthesia and avoids barbituate effects on energy metabolism, it was 

necessary to ascertain if there were significant differences in brain [ATP] and [CP] in 

sham or microwave exposures due to the anesthesia. Groups (six rats/group) of 

urethane-anesthetized animals with brain temperature maintained at 35.6 °C were 

exposed to 591-MHz, CW radiation at 13.8 mW/cm2 for 0, 0.5, 1, 3, and 5 min. 

Brain ATP and CP were assayed, as described above. The maximum deviation of any 

urethane-anesthetized brain [ATP] and [CP] for any group was ~4.5% when com

pared with the pentobarbital-anesthetized groups at the corresponding exposure inter

val. The 35.6-°C brain [ATP] and [CP] data include the urethane and sodium 

pentobarbital-anesthetized, sham-exposed brain [ATP] and [CP] data. 

The measurement of brain NADH fluorescence is complicated by the wide 

variability in the network of blood vessels immediately above and on the surface of 

the cerebral cortex. Since such variation resulted in large differences in the location 

of the excitation focal spot, voltage on the photomultiplier tube, and amplifier gain, 

it was not considered valid to group all data for statistical analyses. Each animal 

served as its own control. The NADH fluorescence levels observed during microwave 

exposure were compared with the preexposure NADH fluorescence level. Conse

quently, Figure 3 shows brain-NADH-fluorescence curves of single animals that are 

representative of the curves obtained from a minimum of six animals during micro-



68 Sanders and Joines 

100 
' ' 2 ' ' C: 90 ' 0 

' (._) 

' (._) ' 0 \ T 
<D 

\ 
1 P<O 001 

'° 80 t--r<) ', 
0 I 

l ',..., 

?ft ', 
',f<OOOl (10) 

"' 1or P<OOOl 0 ' C: \ 

' 0 
\ 

2 60 \CP 

' C: 

' <l) 

u ' C: 

' 0 

' (._) 50 \ 
C: Meon:tSEM ' 2 35 6'C Brain \f P<O 001 CD 

40 [ATP] , 2 .50 :t O 03 ,u moles/g 
[CP) , 341 :!.009 µmoles/g 

30.__~-~--~-~-~-~--~ 
35 36 37 38 39 40 41 42 

Brain Temperature °C 

Fig. 2. Brain [ATP] and [CP] versus brain temperature. 

wave exposures. The control baseline fluorescence was maintained for a minimum of 
5 min prior to microwave exposure. This corresponds to the zero point on the % 
NADH fluorescence increase versus exposure time curves. The postexposure data 
are not shown since, in general, the brain NADH fluorescence returned to the baseline 
control level within 1 min. 

The results of increasing the temperature of rat brain on [ATP] and [CP] are 
shown in Figure 2. The decreases in [ATP] and [CP] observed with the increase in 
temperature (37, 39, and 41 °C) were significantly different (Student's t-test for a 
two-group comparison, P< .01) from the control values (35.6 °C), with the exception 
of the [ATP] in the 37-°C brain. 

Figure 3 shows the results of the microwave exposures on brain [ATP], [CP], 
and NADH fluorescence for the 35.6-°C brain, the 39-°C brain, and the effects of 
hypoxia on the 35.6-°C animals. Note that in the hypoxic animals brain [ATP] did 
not decrease until [CP] decreased below 59% of control levels. This illustrates the 
functional role of CP as a support system for maintaining [ATP] within narrow limits. 
Brain [CP] will decrease to levels of approximately 55-60% of control levels at 
normothermic conditions before any significant decrease in [ATP] can be observed. 

In the microwave exposures of the 35.6 °C brain, [ATP] decreased to 74.8% of 
control at 0.5 min even though the [CP] had only decreased to 60.4%. The observed 
decreases in brain [ATP], when [CP] was at a level that would sustain normal [ATP], 
is consistent with the concept of a direct microwave inhibition of mitochondrial ATP 
production (oxidative phosphorylation). Previous work [Sanders et al, 1980] showed 
that with bilateral skull apertures the brain temperature decreased 0.1 °C during a 5-
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Fig. 3. Rat brain NADH fluorescence and [ATP] and [CP] changes at 35.6 and 39 °C with and without 

microwave exposure at 591 MHz, CW, 13.8 mW/cm2
; and rat brain [ATP] and [CP] in hypoxia at 35.6 

°C. Unless shown, P< .01 by unpaired Student's t-test between groups. NS=not significant. 

min, 591 MHz, 13.8 mW/gm2 microwave exposure. Thus, the observed decreases in 
brain [ATP] and [CP] could not be attributed to a general increase in the temperature 
of the brain. 

The brain NADH fluorescence response to microwave exposure shows a rapid 
increase in NADH fluorescence immediately after microwave exposure begins. It 
could be argued that the decrease in [ATP] is due to increased ATP utilization by 
extramitochondrial cell functions. When ATP utilization increases, ADP is rapidly 
returned to the mitochondria and is available in greater concentrations. This results 
in an increased rate of mitochondrial electron transport chain activity. Therefore, the 
hydrogen atoms from the NADH molecules are transferred more rapidly down the 
chain. This results in a shift in kinetics of the NADH NAD redox state toward NAD
the oxidized state-which results in a decrease in NADH concentration [NADH]. The 
NADH fluorescence level increased immediately with the onset of microwave expo
sure. The data are consistent with the hypothesis of direct microwave inhibition of 
mitochondrial electron transport chain function of ATP production. 
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Results at 39 °C indicate that the increase in metabolic rate due to temperature 
affected the relationship between [CP] and [ATP] in brain. The [CP]/[ATP] ratio at 
35.6 °C was 1.36 compared to 1.09 at 39 °C. At 39 °C the increase in demand for 
ATP due to the higher, heat-induced metabolic rate could not be met by an increase 
in the mitochondrial ATP-production rate and/or increase in CP-kinase activity. Thus, 
new levels of brain [ATP] and [CP] are observed. 

The temperature regulator was adjusted so that power would turn off when the 
selected temperature (35.6 or 37 or 39 °C) was reached. The observations during the 
5-min microwave exposure that (1) temperature never went above 39.05 °C and (2) 
the heating pads were turned on at least once during microwave exposure, indicate 
that the resultant decrease in [ATP] and [CP] could not be due to microwave-induced 
brain hyperthermia. 

The decreases in [ATP] and [CP] in the 39 °C brain during microwave exposure 
were significant and resulted in [ATP] and [CP] being much lower than observed at 
the 35.6 °C. Thus, at 39 °C when the brain metabolic rate was increased, subsequent 
microwave exposure rapidly induced further decreases in [ATP] and [CP], similar to 
the 35.6 °C microwave exposure data, ie, without a further increase in brain 
temperature, are consistent with the concept of direct microwave inhibition of energy 
metabolism. 
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Microwave Radiation-Induced Calcium Ion 
Efflux From Human Neuroblastoma 
Cells in Culture 

S.K. Dutta, A. Subramoniam, B. Ghosh, and R. Parshad 

Departments of Botany and Radiotherapy, and Cancer Research Center (S.K.D., A.S., 

B.G.), and Department of Pathology (R.P.), Howard University, Washington, D.C. 

Monolayer cultures of human neuroblastoma cells were exposed to 915-MHz radiation, 

with or without sinusoidal amplitude modulation (80%) at 16 Hz, at specific absorption 

rates (SAR) for the culture medium and cells of 0.00, 0.01, 0.05, 0.075, 0.1, 0.5, 0. 75, 

1.0, 1.5, 2, or 5 mW/g. A significant increase in the efflux of calcium ions (45Ca2 +) as 

compared to unexposed control cultures occurred at two SAR values: 0.05 and 1 mW/g. 

Increased efflux at 0.05 mW /g was dependent on the presence of amplitude modulation at 

16 Hz but at the higher value it was not. These results indicate that human neuroblastoma 

cells are sensitive to extremely low levels of microwave radiation at certain narrow ranges 

of SAR. 

Key words: human neuroblastoma cells, calcium ion efflux, microwave, amplitude modulation 

INTRODUCTION 

Calium ions are important in the regulation of cell function and normal devel

opment of eukaryotic organisms [Changeaux et al, 1967; Rasmussen, 1970; Boucek 

and Snyderman, 1976; Hemmes and Silva, 1980]. They play a role in the release of 

neurotransmitter substances at nerve terminals and in the regulation of resting mem

brane potential in the nervous system [Frankenhauser and Hodgkin, 1957; Katz, 

1969; Dixey and Rein, 1982]. Efflux of calcium ions from brain tissue is altered by 

amplitude-modulated radiofrequency radiation or by extremely low-frequency elec

tromagnetic signals in freshly removed and sliced avian and feline brain tissues 

[Bawin et al, 1975; Bawin and Adey, 1976; Blackman et al, 1979; Blackman et al, 

1980; Blackman et al, 1981; Adey et al, 1982; Lin-Liu and Adey, 1982; Schwartz et 

al, 1983]. Since calcium ions are intimately involved in many physiologic functions 

of brain tissue, enhanced calcium efflux could affect nervous system function. To date 
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there have been no studies on microwave-induced calcium ion efflux from brain cells 
of human origin. We have, therefore, attempted to study the effects of microwaves 
on calcium ion efflux in a human neuroblastoma cell line that is grown as a monolayer 
culture, thus providing a simplified model for dosimetric considerations. 

MATERIALS AND METHODS 

Human neuroblastoma cells (IMR-32, obtained from American Type Culture 
Collection) were seeded with identical aliquots in T-flasks (25 cm2 growth surface) 
and grown to a confluent monolayer, approximately 2.0 x 107 cells in 5 ml of 
minimum essential medium (MEM) (Eagle), supplemented with 10% fetal calf serum, 
glutamine (.02 mM), and gentamycine (I%) (M.A. Bioproducts), containing potas
sium and other necessary elements. Comparison between replicate cultures incubated 
with 45Ca2+ showed essentially no difference in cell numbers. 

The exposure system is basically similar to that described by Blackman et al 
[1979]. The Crawford exposure cell (Instruments for Industry, Model BC-110) con
sists of a rectangular [transverse electric and magnetic (TEM)] transmission line 
tapered at each end to a transection that mates with a standard coaxial cable. It 
supports a TEM-mode propagating wave for carrier frequencies to 1,000 MHz. A 
signal generator [Hewlett Packard (HP), Model 8640] the 915-MHz carrier frequency 
that was sinusoidally amplitude modulated with a low-frequency signal from a func
tion generator (Krohn-Hite, Model 5200). A linear amplifier (Amplifier Research, 
Model lWlOOO) was used to amplify the 915-MHz signal to I Win order to obtain 
adequate input power to the transmission line. Two identical thermoelectric power 
meters (HP, Model 432B) and sensors (HP, Model 478A), attached to a switch (Sage 
Laboratories, Model STN2180A, Type 1P2T), were used to measure the specific 
energy being absorbed by the samples by detecting forward, reflected, and transmitted 
powers via a 20-dB bidirectional coupler (Narda Microwave, Model 3020 A). When 
a high-power level was needed, attenuators (Narda 76602) were used as an additional 
safety measure to reduce the power load to the sensors. 

Specific absorption rates (SARs) were determined from measurements of inci
dent minus reflected and transmitted powers. Forward, reflected, and transmitted 
powers were measured with (1) the empty Crawford cell, (2) the Crawford cell 
containing the empty sample holders (tissue culture flask, Falcon), and (3) the 
Crawford cell containing the sample holders with cells in medium. For each power 
measurement, the reflected power was tuned (Weinschel Engineering, tuner Model 
DS-109LL) close to zero. In this way the absorption due to the Crawford cell, the 
sample holder, and the culture sample can easily be determined using the following 
equations: 

% absorption (Crawford cell) = P0 - Pf/ P0 X 100 
% absorption (sample holder) = Pf - P¥ I PO x 100 

% absorption (culture) = P¥ - P¥! P0 X 100 
SAR = P¥ - P¥ I w 

(1) 

(2) 

(3) 

(4) 

Where P0 is the output power from the generator, Pf P¥. amd P¥are respectively, 
the transmitted powers of the empty Crawford cell, the Crawford cell with empty 
holder, and the Crawford cell with the culture; and w is the mass of the culture. The 
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SARs (mW/g) were determined using Eq. (4). It should be noted that, with this 

method of measurement, absolute measurements of forward and reflected powers are 

not needed to determine SAR. Once the percentage of absorption is determined, SAR 
can be increased or decreased by changing the output power from the generator. 

Details of theoretical considerations used to derive these equations are described by 

Dutta et al [1982]. 
SAR was found to vary linearly with the increasing forward power for the 

various power densities studied using the following carrier frequencies: 200, 300, 

600, 800, and 900 MHz (Fig. 1). The energy absorbed by the tissue culture medium 
was significantly higher than that absorbed by distilled water. The actual power 

absorbed by the monolayer sheet of cells was too small to be measured without power 
meters. 

Monolayer cells in each flask were incubated for 1 hour in 5 ml MEM supple

mented as described earlier in methods with 2 µl 45Ca2 + (sp activity 5 µCi/ µl). Each 

microliter of 45Ca2+ isotopes (New England Nuclear) contained 0.056 ng Ca2+ ion. 

Exposure to 45Ca2 + for 1 hour established the steady state for calcium ion equilibrium 

inside the cells. The labeled cells were washed with 5 ml of MEM by gently moving 

the flask sideways without disturbing the monolayer to remove the 45Ca2+ radioiso

tope not associated with the cells. Cultures were washed three times, with the whole 

process taking 4-5 min. After washing, 6 ml of supplemented MEM was added to 

the culture and gently mixed. One milliliter of the sample was removed to determine 
the initial radioactivity (it was found to be between 400 and 600 cpm/ml). One flask 

was placed on either side of the center plane in the TEM exposure cell and irradiated 

for 30 min with 915-MHz radiation sinusoidally amplitude modulated (80%) at 16 

Hz. The entire exposure cell was placed in an incubator kept at 37 °C. Two identical 

8.0 o 200 MHz cw 
• 300 MHz cw 

7.0 6600 MHz cw 
• 800 MHz cw 

6.0 X 900 MHz cw 

C'I 5.0 
s: 
E 4.0 
0:: 
<( 

V'I 3.0 

2.0 

1.0 

0. 10.1 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 

Forward Power 

Fig. 1. Linear increase in SARs with the increase in forward power using different carrier frequencies 

as symbolized above. 
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control flasks were kept at 37 °C outside the exposure chamber in the same incubator. 
For sham experiments, identical monolayer cultures prepared in T-flasks within 2 
hours following exposure were placed inside the exposure chamber and treated for 
the same period of time without microwave exposure. In repeated experiments, we 
could not find any difference in calcium ion efflux from cells kept in an incubator at 
37 °C from those kept inside the exposure chamber and sham treated. A series of 
experiments were done at 0.00, 0.01, 0.05, 0.075, 0.1, 0.5, 0.75, 1.0, 1.5, 2, and 5 
mW/g. At one SAR, 0.05 mW/g, a series of modulation frequencies between 3 and 
30 Hz were used. At the end of the exposure period, a 1-ml sample of medium was 
withdrawn from each flask. The samples removed before and after irradiation were 
centrifuged at 500 x g for 1 min to ensure that cells or large debris were not present. 
Microscopic examination was used to monitor the preparation. One-half milliliter of 
the supernatant from each sample was then added to 4 ml of scintillation cocktail and 
counted. The counts obtained in the medium before irradiation minus that obtained in 
the medium after irradiation gave 45Ca2+ efflux from the cells. 

To determine the effect of microwaves on the influx of Ca2+ into the cells, the 
normal medium was replaced by a medium containing radioactive calcium. The 
samples were immediately exposed to microwaves, sinusoidal amplitude modulation 
at 16 Hz, for 30 min at SARs of 0.05 and 0.1 mW/g. Controls were left in the same 
incubator for the same period. After exposure, the cells were washed three times as 
described above and suspended in 0.5 ml, 0.25 M ethylenediaminetetracetic acid 
(EDTA) solution that caused the cells to detach from the flask without affecting the 
cell integrity. Counts were recorded from the cell suspension. 

Student's t-test (two-tailed) were used to test the significance of microwave
induced fluxes, as compared to unexposed controls. 

RESULTS 

Figure 2 shows the patterns of 45Ca2 + radioisotope uptake by the human 
neuroblastoma cells in culture. It was apparent that significant uptake occurred within 
0.5 hour and it increased further by 1 hour reaching a steady state with no difference 
between 1 and 2 hours. In order to obtain maximum 45Ca2+ uptake we allowed the 
cultures to incubate for one hour. 

The efflux of calcium from brain tissue is induced only by specific frequencies 
of sinusoidal amplitude modulation (AM) that are within the range of frequencies also 
found in electroencephalogram (EEG) of the intact animal [Bawin et al, 1975]. Data 
compiled in Figure 3 show that in human neuroblastoma cells maximum calcium ion 
efflux occurs at 16 Hz AM. The efflux of calcium ions during a 30-min treatment at 
16 Hz AM is shown in Table 1. Of the 10 different absorption rates tested, a highly 
significant difference in the efflux of calcium ions, in exposed as compared to control 
samples, was observed only at SARs of0.05, 0.75, and 1.0 mW/g. 

Studies were also done without amplitude modulation at two of these effective 
absorption rates and the results are given in Table 2. The microwave-enhanced 
calcium ion efflux occurred without modulation at an SAR of 1.0 mW/g, whereas no 
enhancement occurred in the absence of modulation at an SAR of O. 5 mW I g. 
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TABLE 1. Difference in Calcium Ion Effiux From Human Neuroblastoma Cells Exposed to 915 
MHz Radiation Sinusoidally Amplitude Modulated at 16 Hz 

SAR 
(mW/g) 

0.00 
0.01 
0.05 
O.Q75 
0.10 
0.50 
0.75 
1.0 
1.5 
2.0 
5.0 

Counts per minute Percent 
Control Exposed increase 

[mean ± SEM (n~)•~J ___ ~[m_e_a_n _±_S_E_M~(n~)•~J ____ ~(=[(_E_-_C~)/_C~] _x_l_OO---'-) 

691 ± 25 (6) 689 ± 20 (6) -0.3 
703 ± 11 (4) 704 ± 24 (4) 0.1 
694 ± 33 (6) 1,074 ± 76 (6)* 54. 7 
627 ± 14 (6) 695 ± 43 (6) 10.8 
596 ± 23 (4) 650 ± 37 (4) 9.1 
653 ± 22 (4) 619 ± 14 (4) -5.2 
653 ± 21 (4) 729 ± 16 (4)** 11.6 
684 ± 16 (8) 866 ± 28 (8)* 16.6 
606 ± 23 (4) 621 ± 26 (4) 2.5 
630 ± 33 (6) 733 ± 36 (6) 16.3 
665 ± 36 (6) 641 ± 14 (6) -3.6 

•n = no. of flasks. Details of experiments are given in the text. 
*P < .001; **P < .05. 

TABLE 2. Difference in Calcium Ion Effiux From Human Neuroblastoma Cells Exposed to 
Continuous Microwave Radiation 

____ _ _ C~iunts per minute 

SAR Control Exposed 
~(m_W~/g=) ___ __,['--mean ± SEM (n}"l_ ---~[_m_ea_n ± SEM (n)3

) 

0.05 633 ± 16 (6) 655 ± 19 (6) 
1.0 695 ± 20 (4) 833 ± 38 (4) 

•n = no. of flasks. Details of experiments are given in the text. 
Carrier wave (915 MHz) was used for irradiation. 
*P < .01. 

Percent 
increase 

([(E-C)/C] X 100) 

3.5 
19.8* 

Table 3 shows reduction in the uptake of radioactive counts during irradiation 
for 30 min with 915-MHz microwave AM at 16 Mz at an SAR of0.05 and 0.1 mW/ 
g. There is a significant reduction in the radioactive calcium content in exposed cells 
only at 0.05 mW/gas compared to control cells. 

DISCUSSION 

Human neuroblastoma cells in culture show similar patterns of calcium ion 
efflux at 16 Hz AM as has been found in freshly isolated brain tissues [Bawin et al, 
1975]. Studies reported here indicate the presence of a narrow range of absorbed 
powers at which a significant increase in the efflux of calcium ions occurs from 
human neuroblastoma cells in culture. Similar intensity regions for radiofrequency 
fields were first noted in freshly removed chicken brain by Blackman and his 
colleagues [Blackman et al, 1979; Blackman et al, 1980; Blackman et al, 1981]. In 
the present studies, although we have actually measured by SAR of samples (medium 
+ cells), the energy absorbed by the neuroblastoma cells alone is not known. Thus it 
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TABLE 3. Estimate of Reduction of Radioactive Calcium Ion in Neuroblastoma Cells, Exposed to 
Low-level 915-MHz Radiation (SAR 0.05 mW/g), Sinusoidally Amplitude Modulated at 16 Hz 

SAR 
(mW/g) 

0.05 
0.10 

Counts per minute 

Control 
[mean ± SEM (n)"] 

5,768 ± 048 (4) 
4,666 + 139 (4) 

Treated 
[mean ± SEM (n)"] 

5,382 ± 027 (4)* 
4,875 ± 172 (4) 

Reduction% 
([(C-T)/C] x 100) 

7.0 

Values are radioactive calcium content of neuroblastoma cells (cpm/2.0 x 107 cells). Exposure period 
= 30 min; n = no. of flasks. 
"n = no. of flasks. Details of experiments are given in the text. 
*P < .01. 

is difficult to compare our results with the effective radiofrequency power densities 
obtained for chicken brains. 

The experimental data obtained by previous workers indicate that the frequency 
of amplitude modulation is a significant aspect in radiofrequency-induced calcium ion 
efflux from chicken brain [Bawin et al, 1975; Blackman et al, 1979; Blackman et al, 
1980]. The present study reveals that an unmodulated carrier wave can induce calcium 
ion efflux at an SAR of 1 mW/g. 

In our studies, three SARs between 0.05 and 1.0 mW/g were tested and showed 
no significant difference between exposed and control cultures (Table 1). At these 
low SAR values it is not possible to detect any rise in temperature. Moreover, if the 
calcium ion efflux were due to increased temperature, we should have seen such 
effects at higher SARs, eg, 2 and 5 mW/g. The results in Table 1 clearly show no 
calcium ion efflux at these higher SARs. Hence it is reasonable to conclude that the 
calcium ion effluxes observed in these studies are the result of effects of microwave 
radiation that are not dependent upon temperature changes. The variations in calcium 
ion efflux in the control cultures shown in Tables 1 and 2 could be due to the minor 
variation in cell numbers and uptake of 45Ca2 + by the cells. However, since the 
exposed and control cultures used for experiments at any given SAR come from the 
same parental stock, there should not be a consistent bias. 

The uptake studies suggest that specific microwave intensities known to cause 
enhanced net efflux of calcium ions from prelabeled cells can also reduce the net 
uptake of calcium ions when the cells are exposed during the labeling period. Because 
the exposure time during the uptake studies was not long enough for equilibrium to 
be reached (at least 1 hour, see Fig. 2), there can be no direct comparison between 
the uptake and efflux results. 
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A Circular Waveguide Irradiation System 
for Nonhuman Primates: Design and 
Dosimetry 

Richard G. Olsen, John 0. de Lorge, John R. Forstall, and Clayton S. Ezell 

Bioenvironmental Sciences Department, Naval Aerospace Medical Research Laboratory, 

Pensacola, Florida 

A 275-MHz exposure system, consisting of a circular waveguide irradiator and a transpar

ent plastic animal cage, has been developed to accommodate rhesus monkeys weighing up 

to 15 kg. The vertically oriented waveguide is composed primarily of stainless steel and is 

fitted with an inner cage fabricated from a tubular section of acrylic plastic. Circularly 

polarized electromagnetic energy at 275 MHz, either pulsed_ or continuous wave (CW), 

can be propagated from the removable top section of the waveguide. The cage is designed 

to function as the monkey's permanent home. It is fitted with a lever-actuated behavioral 

performance device on which the monkey responds according to a predetermined schedule 

to obtain a daily food ration. The system can be adapted to provide for the collection of 

metabolic and physiologic data as well. Dosimetric measurements were conducted with six 

rhesus monkeys weighing 3.0-7.2 kg and with a 4-kg model. The dosimetric results show 

that about one-third of the net incident energy is absorbed by a subject in this system at a 

normalized specific absorption rate (SAR) of 0.33 (W/kg)/(mW/cm2). 

Key words: circular waveguide exposure system, radiofrequency dosimetry, rhesus monkey, 

radiofrequency exposure 

INTRODUCTION 

Bioelectromagnetics research in the radiofrequency region has always suffered 

from the fact that the systematic use of human subjects has been virtually impossible 
because of the unknown risk factors. Certain isolated projects have, however, irradi

ated humans at very low average intensities [Beischer and Reno, 1975; Hill, 1982]. 

Because of sparse data on human exposures, the results of numerous animal experi
ments must be extrapolated to the equivalent human situation using the proper size 

and frequency scaling factors. These scaling factors correct for physical differences 

in irradiation parameters, but it is impossible to simultaneously correct for the vast 
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anatomical, physiologic, and psychological differences between man and other spe
cies. To minimize these differences and facilitate extrapolation, it is desirable to 
experiment with higher mammals such as nonhuman primates, but the extreme cost 
associated with acquisition and logistical support have prevented development of 
radiofrequency (RF) exposure systems for monkeys and apes. The device developed 
by Heynick et al [1979] is a notable exception. 

There have been a number of irradiation systems, designed primarily for rats, 
developed during recent years. These systems ranged from a ground-plane, 2,450-
MHz multianimal irradiator [D 'Andrea et al, 1979] to a miniature, single-animal 
plane-wave system which can accommodate small animals such as rabbits [Guy, 
1979]. One irradiation system, developed by Guy and Chou [1976], has been used by 
a number of workers in bioelectromagnetics. That system is a 918-MHz circular 
waveguide transmission system excited with circularly polarized energy. Guy and 
Chou presented considerable dosimetric data to show that the average specific absorp
tion rate (SAR) in rats was relatively constant over long periods of time. Since 1975, 
a similar circular waveguide irradiation system was designed by Lebovitz and Ni
choles [1981] to operate at 1.3 GHz with high-peak, radar pulses. Guy and co
workers, meanwhile, modified the original 918-MHz system to function as a multi
mode waveguide at 2,450 MHz [Guy et al, 1979]. Compactness and SAR uniformity 
have undoubtedly been major reasons why the circular waveguide exposure system 
has received so much attention, especially for chronic irradiation studies. 

As originally designed, the 918-MHz system could not accommodate animals 
much larger than the rat. It was thought that another, larger version of the circular 
waveguide exposure system was needed to allow for chronic irradiation studies using 
rhesus monkeys. The rhesus monkey is a relatively good anatomical and physiologic 
analogue of a human, and recent experimental evidence indicates that the rhesus 
thermoregulatory system is similar to a human's in many respects [Johnson and 
Elizondo, 1979]. The present report details the design and fabrication of a prototype 
275-MHz circular waveguide irradiator and animal cage. A dosimetric analysis of the 
prototype system using six live rhesus monkeys (Macaca mulatta) and a 4-kg muscle
equivalent rhesus model is also presented. The results of this study have validated the 
design parameters of the system. 

MATERIALS AND METHODS 

Design Rationale 

A central feature in the design of our circular waveguide system was that the 
irradiator and cage could function as the permanent home of the monkeys for an 
extended period, up to several years. Consequently, the system must be sufficiently 
large and rugged to withstand the wear and tear of frequent removal and insertion of 
the subjects as well as periodic washdown procedures. The animal cage should, 
moreover, be fitted with a behavioral console at which the animals could work to 
receive their daily food ration. Using an initial concept of a floor-mounted, vertically 
oriented, stainless steel mesh waveguide containing a clear plastic monkey cage, we 
began our design work. 

According to the "Guide for the Care and Use of Laboratory Animals" [Com
mittee on the Care and Use of Laboratory Animals, 1980], the minimum space 
recommendation for group 3 primates ( ~ 15 kg) is a cage with floor area of 0.4 m2 
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and a height of 76.2 cm. A circular cross-section of 0.4 m2 corresponds to a cage 
diameter of slightly more than 71 cm. An initial survey of commercially available 
plastic tubes showed that the largest available was 71.1 cm in diameter (Almac 
Plastics, Miami, FL). At that point, it was decided to utilize a 71.1-cm cage diameter 
inside a 76.2-cm-diameter waveguide with an exposure frequency of 275 MHz. This 
frequency is close to the frequency (225 MHz) that has been shown to produce 
resonance-type absorption in E-polarized rhesus monkeys at high average SAR, with 
deep penetration, and at a relatively low incident intensity resulting in thermoregula
tory effects [Olsen and Griner, 1982]. Such a design would require an irradiation 
system for each animal, but a less costly alternative involving multiple-animal cages 
was rejected because of the dosage ambiguities arising from multibody absorption 
effects as described by Gandhi et al [1979]. The 76.2-cm-diameter waveguide could 
allow single-mode operation from 231 to 302 MHz, and the selection of 275 MHz 
was arbitrary within those limits. 

The overall height of the waveguide presented a problem. To directly scale the 
device of Guy and Chou [1976] to 275-MHz dimensions would require a height of 
more than 3 m from floor to ceiling. This height is excessive for even spacious 
laboratory environments, so instead a section of standard 122-cm-wide stainless steel 
wire mesh (0.64-cm wire spacing, 0.16-cm wire diameter) was mated to solid stainless 
steel end caps, each twice as long as the tuner-to-end dimension of the system 
(approximately 41 cm). The resulting design height of the system was 2.79 m. 

System Fabrication and Tuning 

A stainless-steel plate (type 304), 0.64-cm thick was used to support the 
relatively heavy waveguide. To the plate was welded a circular ring of 0.16-cm-thick 
stainless steel (type 301), 81.3-cm tall and 76.2 cm in diameter. This circular ring 
served as the lower tuning section, and to it was attached the stainless mesh. 

At the top of the circular tube of stainless mesh a rolled aluminum bar, 1.27 x 
6.35 cm was attached which served as the lower electrical contact for the removable 
top section. A similar aluminum bar was attached to that upper tuning section, itself 
constructed of 0.16-cm stainless steel (type 301), and electrical contact around the 
periphery was maintained with four evenly spaced clamping bosses welded to the 
upper and lower rolled bars. The salient details of this construction are given in 
Figure 1. In order to allow both high-peak pulsed and CW operation, standard ElA 
4.12-cm transmission line and flanges were used for RF connections. This transmis
sion hardware has a peak power rating in excess of 100 kW. Individual waveguide 
probes were mounted on curved metal pieces which could be positioned anywhere 
along the vertical slot openings of the upper and lower tuning sections. Four vertical 
lengths of galvanized pipe were used between the base plate and the rolled aluminum 
bar atop the mesh to provide additional strength and torsional rigidity to the waveguide. 

Construction of the animal cage and behaviorial task device began by adding a 
floor of dielectric rods to the 0.63-cm-thick acrylic tube (Fig. 2). These rods were 
composed of high-strength laminated cloth and phenolic resin. The floor was rein
forced around the edge with an 0.32-cm-thick plate of high-impact polystyrene. A top 
which is used to lift the cage from the waveguide and for gaining access to the 
monkey was fabricated of high-impact polystyrene. The door hinge was made of 
strong plastic components. The plastic behavorial console was designed to hang on 
the outside of the stainless mesh with a lever and a food access tube protruding 
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Fig. 2. Photograph of the plastic animal cage, behavioral console, and waste collection funnel. 

through the mesh and the cage so that the animal could observe certain visual stimuli 
(colored lights) on the device, operate the lever, and obtain food pellets. A plastic 

waste collection funnel was constructed to fit directly under the animal cage to 
discharge liquid and solid wastes through a hole near the bottom of the waveguide. 
The cage, behavioral console, and waste collection funnel are shown in Figure 2. 

In tuning the waveguide excitation probes, procedures and hardware similar to 
those employed by Guy and Chou [1976] were used. With the empty cage in the 
waveguide, the upper tuning section required a spacing of 43.2 cm between the end 

of the waveguide and the probes, but the lower tuning section required a spacing of 
only 17.9 cm for a 50-fl match. The 43.2-cm spacing was expected on the basis of 
frequency scaling from other circular waveguide systems, but the 17.8-cm spacing on 
the lower tuner was significantly shorter than on the upper tuner. It was possible to 
tune the circular waveguide system with waveguide probes of20.3-24.8 cm in length. 
When the system was tuned with the emi:ty plastic cage in place, baseline loss was 
found to be 12-15 % of the input power. This factor was used to adjust all of the 
succeeding dosimetric calculations. Groucded probes, 12.7 cm in length, were used 
as in previous designs to improve the uniformity of the circularly polarized RF. 

Dosimetric Measurements 

RF absorption in the rhesus monkey was studied using two experimental config
urations. First, at a transmitter output of 15 mW, instantaneous absorption rate 
measurements were recorded for periods of 10-15 min with each of six rhesus 

monkeys, ranging in weight from 3.0 to 7.2 kg. A rhesus monkey is shown in the 
prototype system in Figure 3. A method similar to that of Guy and Chou [1976] was 
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Fig. 3. A rhesus monkey showr inside the prototypt 275-:'viHz cir:ular waveguide irradiation system. 

used where the electrical c1tput of the various ;,ewer m:ters was fed to a multichannel 
magnetic tape recorder. T1is method is used :o calculate RF whole-body absorption 
rate in the subject (in watt,) as the difference 1::e-ween Le net forward and transmitted 
power. After irradiation, the power meter di:~a wer:: fed into an automatic data 
acquisition system which :ierformed the nece5say calculations and produced plots of 
the instantaneous absorptk,n rate and an average value •)f whole-body absorption rate 
for the irradiation period. 

The second set of dosimetric data used a 4.o:::_-kg squatting rhesus monkey 
model fashioned from rubber surgical glo·1es. The rr<Jdel was composed of tissue
equivalent material [Gu1. 1971] and was SU?ported in the squatting position to 
stimulate an animal oper-1:ing the behavorial manipnlanda. It was first thermally 
stabilized for 24 hours i:-side a gradient-layer calori:neter (Thermonetics SEC-A-
2401) to a temperature ...-ery close to the ambient temperature of the laboratory 
(20.9 °C). The model was then removed from the calorimeter and placed in the 
waveguide. This process t:1pically took abmt 3 :nin after which a timed irradiation of 
50 W was applied for 15 min. During irradia-::ion, a value for whole-body RF ab
sorption rate was determined from various :_Jower rreasurements. Afterwards, the 
model was immediately returned to a seconc gradient-le.fer calorimeter (Thermonetics 
SEC-A-3601) for measure:nent of the ener~y ::1.bsorbed by methods already described 
(Olsen et al, 1980). Two calorimeters were 1sec to minimize the influence of repeated 
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SAR RF ABSORPTION SAR RF ABSORPTION 

(W/Kg) (Percentage of Input Power) 
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Fig. 4. Composite records of RF absorption in six rhesus subjects exposed inside the circular-waveguide 

irradiation system. The horizontal line shows the calculated average RF absorption determined by the 

data aquisition system. 

door openings on the measurement of absorbed energy. Four determinations of whole

body-averaged SAR using two rubber glove models were made. 

RESULTS 

A composite graph is shown in Figure 4 of the instantaneous calculated RF 

absorption rate (given in percentage of net input power) for the six monkey subjects. 

A wide variety of temporal patterns is seen ranging from the rather immobile and 

apparently frightened 3-kg animal to the very active 3.61-kg monkey who, at times, 

produced nearly sinusoidal variations in RF absorption by pacing around the cage in 

a circular motion. A consistent feature in all the graphs, however, is the relatively 

constant value of RF absorption when averaged over time. All animals showed this 

characteristic to some extent, the 6.2-kg animal being the best example. 

14.0 

14.0 
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TABLE 1. Comparisons of RF Absorption in the 275-MHz Circular Waveguide-Irradiation System 

Mean absorption rate ± SD Mean absorption rate ± SD Mean SAR ± SD based on an aver-
from power meter from calorimeter age power density of I (mW/cm2)b 

_Su_b~je_c_t _____ m_e_as_urements• measurements• _ _ __ _ __ _ _ i_~k.E_ _ _ __ _ 

Rhesus monkey 
3.06-7.2 kg 
(n = 6) 

Tissue-equivalent 
rhesus model 
(n = 4) 

4 kg 

33.6 ± 10.5 

30.2 ± 1.8 24.3 ± 1.5 

•RF absorption rate is given as percentage of net input power. 

0.33 ± 0.06 

0.35 ± 0.02 
(from power-meter measurements) 

0.28 ± 0.02 
(from calorimeter measurements) 

bAverage power density was determined by dividing net input power by the waveguide cross-section, 4,560 cm2 . 

The results of the four measurements of RF absorption in the rhesus model are 
given in Table 1 with comparisons to the average live rhesus results. For the tissue
equivalent model, the average SAR of the calorimeter experiments was 20% lower 
than that computed from power-meter measurements. This disparity was not surpris
ing because the model was not thermally insulated during the time it was out of the 
calorimeter, and some of the RF-induced heat was lost during irradiation and during 
the several minutes after irradiation before the model was transferred to the calorim
eter. In addition, measurements using the 2,450-MHz circular waveguide (C.K. 
Chou, personal communication) has shown a correction factor between actual SAR 
and apparent SAR to account for at least half of this disparity because of the presence 
of the subject. The live-rhesus-monkey SAR measurements were not statistically 
different from either of the tissue-equivalent SAR determinations, a feature not seen 
in earlier data presented by Guy and Chou [1976]. Their dosimetric results showed a 
38% lower average SAR in spheroid models as compared to rats in the 0.323- to 
0.490-kg weight range. 

DISCUSSION 

Although not yet tested, the prototype system appears to be durable enough to 
withstand the effects of long-term use. The dosimetric measurements yielded self
consistent results showing that the monkey absorbed approximately one-third of net 
input power producing an average SAR not much different than that measured in a 9-
kg sitting rhesus model at 225 MHz in a plane-wave, E-polarized irradiation system 
[Olsen and Griner, 1982]. 

It must be noted that certain details have been left for future development. A 
specific system for providing liquids to the subject during irradiation was not devel
oped for this exposure system although several RF-compatible water delivery systems 
have already been demonstrated. Guy and Chou [1976] used a double-choke water 
bottle assembly while the system developed by Heynick et al [ 1979] dispensed small 
amounts of liquid; at approximately timed intervals, into an acrylic dish inside the 
cage. An air circulating system was not added to the circular waveguide. Ideally, a 
system for providing fresh air would be combined with an apparatus to obtain 
metabolic data such as oxygen consumption and carbon dioxide production. The 
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practical usefulness of the system would be enhanced by the capability to obtain 

various other physiologic measures during the course of a chronic experiment. For 

example, using present electronic technology, it should be possible to measure heart 

rate and core temperature in the monkeys. 
Based on physical limitations or specific requirements at different laboratories, 

a number of modifications could be made to the circular-waveguide irradiation 

system. For instance, a front-loading cage could be used if an appropriate door were 

built into the side of the waveguide. Also, it is felt that the system could be shortened 

to about 2 m without significantly changing the irradiation parameters. Obviously, a 

smaller diameter could be used with smaller primates. 
A feedback system using the power meters, RF power source, and a central 

controller could be designed to adjust input power to obtain a constant SAR for each 

subject over the duration of a chronic exposure. Such a capability might prove 

valuable in long-term studies in which animal mass increases more than twofold. 
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Theoretical and Experimental 
Determination of SAR Patterns for 
Spherical Tissue Models in a Rectangular 
Resonant Cavity 

Gen-yuan Yang, Chung-Kwang Chou, and Arthur W. Guy 

Bioelectromagnetics Research Laboratory, Department of Rehabilitation Medicine, Center 
for Bioengineering, School of Medicine, and College of Engineering, University of 
Washington, Seattle 

Specific absorption rates (SARs) were determined theoretically and experimentally for 
several spherical models of tissue exposed to electrical fields of TEw1 mode in a rectan
gular cavity of 57.3 MHz resonant frequency. The approximate theoretical SAR can be 
calculated according to the Mie theory by superposition of four plane waves representing 
the fields excited in the cavity. The theoretical and thermographically determined SAR 
patterns in spheres with radii of 5, 7.5, and 10 cm and with conductivities of 0.1, 1, and 
10 Sim were compared. For a sphere with radius less than 7.5 cm and conductivity less 
than 1 Sim, the SAR was quite uniform. When conductivity was increased to 10 Sim, the 
SAR patterns showed higher absorption in the periphery of the largest sphere (10-cm 
radius). These characteristics are important in evaluating the scaling technique of exposing 
a model of a human to very-high-frequency fields to obtain power absorption data in 
humans exposed to high-frequency or very-low-frequency fields. 

Key words: specific absorption rate, resonant cavity, spheres, Mie theory, superposition, 
thermography 

INTRODUCTION 

A technique of using a resonant cavity with very-high frequency (VHF) fields 
to stimulate exposure of biological subjects to high-frequency (HF), uniform electric 
and magnetic fields to obtain power-absorption characteristics in full-scale subjects 
has been developed by Guy et al [1976]. Later the same technique was used in 
quantifying the current distribution in homogeneous bodies of arbitrary shapes ex-
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posed to 60-Hz electric fields [Guy et al, 1982]. This experimental technique is based 
on theoretical studies in which spherical, spheroid, and cylindrical models of muscle 
tissue were used for determination of the absorption of HF electromagnetic fields in 
exposed living systems [Franke, 1961; Lin et al, 1973; Kucia-Korniewicz, 1974; 
Durney et al, 1975]. These theoretical studies have shown that, when the size of a 
man is small compared with the wavelength, the rate of energy absorption may be 
approximated by superposition of the internal electric fields obtained from the quas
istatic coupling characteristics of the electric and magnetic components determined 
independently. The thermography techniques and simulated tissues used in this study 
were described in detail by Guy [1971]. 

A resonant cavity was used to provide the field strength necessary for producing 
measurable power absorption patterns under simulated exposure conditions. The 
specific absorption rate (SAR) and the induced current density in scale models can be 
measured by use of a simulated tissue having the same dielectric constant as the actual 
tissue. The tissue conductivity and exposed frequency must be increased by the scale 
factor. The temperature rises of the simulated-tissue model was recorded with a 
thermographic camera for determination of the SAR pattern. The SAR for the full
scale model is found by dividing the SAR of the scale model by the scale factor. 

If one were to use scaling techniques to study a 60-Hz exposure in a laboratory
size HF resonant cavity, one would encounter the problem of a million-to-one 
reduction in size. However, Kaune and Gillis [1981] have shown that the surface 
potentials as well as internal and external field distributions in highly conducting 
bodies exposed to electric fields are dependent upon the shape of the body but not on 
the size under the following three conditions: (1) the subject is small compared with 
skin depth; (2) the components of the electric fields tangent to the surface of the 
model are approximately zero in comparison to the applied field; and (3) the internal 
fields are approximately zero compared with the applied field. The only quantities 
affecting the magnitude of the current distribution within the body are the electrical 
properties of the tissues and the frequency. Thus, the electrical field and current 
distributions within the body are independent of the scale transformation, so a scale 
model of any size may be used for determination of the current distributions in full
scale bodies exposed to electric fields. In this case, restrictions in scaling the size of 
the model are eliminated. 

In this study we discuss the theoretical calculation and experimental determina
tion of SAR patterns for several spherical tissue models with different sizes and 
conductivities irradiated in a rectangular resonant cavity. This is important for deter
mination of the optimum conductivity of simulated tissue necessary for successful 
modeling, in the resonant cavity, of biological subjects exposed to 60-Hz fields, since 
the finite skin depth of the medium will result in a nonuniform field pattern in the 
model. On the other hand, the tissue conductivity should be sufficiently high to 
maintain the validity of the quasistatic coupling condition. 

MATERIALS AND METHODS 

Basis of Theoretical Calculations 

The large 3.66 x 3.66 x 2.44 m, TE 101 mode cavity resonant at 57.3 MHz 
and the driving system (Figs. 1 and 2) used for quantifying the electric current 
distribution in animals and humans exposed to a uniform 60-Hz, high-intensity 
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Fig. I. Photograph showing cavity and excitation loop for exposing spherical tissue models to 57.3-

MHz electric fields. 
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electric field we:-e described in detail by Guy et al [1982]. This instrumentation was 
also used for thE experimental determi::mtion of the SAR patterns of spherical tissue 
models exposed in the cavity. The fields within the rectangular resonant cavity 
operating in the TE 101 mode are shown in Figure 3. The electric field is oriented in 
the x-direction. The maximum electric field is at the center of the cavity, and the 
magnetic field circulates around the electric fiel:l with its minimum value of zero 
located at the center of the cavity. The field distribution within the resonant cavity 
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Fig. 3. Electric and magnetic fields in rectangular resonator with TEw1 mode. Top: side view. Bottom: 
top view. (From Ramo et al [1965]). 

can be represented by a summation of the positive and negative traveling waves. The 
equations for the time-varying ejwt, electric, and magnetic fields are given as follows 
[Ramo et al, 1965]: 

1ry 7fZ 
Ex = E0 cos - cos - , 

a C 

. E0 A 1ry . 1rz 
H = J - - cos - sm -

Y r,0 2c a c 
(1) 

.E0 A . 1ry 1rz 
H = -J - - sm - cos -

z rio 2a a c ' 

where E0 is the magnitude of the electric field, r,0 is the impedance of free space, and 
a, b, and c denote the width, height, and length of the resonant cavity, respectively. 

When a dielectric sphere is placed in the center of the cavity and exposed, a 
complete analytic expression for the fields in the sphere is difficult to formulate. 
However, the analytic expression for the induced field in a homogeneous dielectric 
sphere can be obtained according to the Mie theory when the sphere is exposed to a 
single-plane wave source [Stratton, 1941]. The electric fields induced in a sphere of 
tissue by an incident plane wavefield can be calculated from the vector spherical
wave solutions of the wave equation 

E +jwt ± . n 2n + 1 [ t . bt 
t = Eoe n = 1 G) n(n + l) an lllo1n - J n Ilo1nl (2) 
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where the functions llloin and lloin are defined, and the coefficients ant and bnt are 

obtained as described by Stratton [1941]. The induced fields and rate of energy 

absorption in the dielectric sphere can then be computed [Shapiro et al, 1971; Johnson 

and Guy, 1972; Lin et al, 1973; Ho, 1975, 1977]. Since the models are very small 

relative to the cavity dimensions, the field distribution within the resonant cavity can 

be represented by a summation of the positive and negative traveling waves along the 

y- and z-axes. It is, therefore, possible to express the field distribution in an empty 

rectangular cavity by four traveling waves with Euler's formula. The origin of the 

rectangular coordinate system is at the center of the cavity and with the x, y, and z 

coordinates in coincidence with height, width, and length of the cavity. The field 

distributions within the cavity of TE101 mode can be expressed in the four propagat

ing-plane waveform as follows: 

E - Eo I . (1ry 7rZ) . (1ry 7rZ) . (1ry 7rZ) . (1ry 7rZ)] 
x - 4 Le+J a+ c + e-J a+ c + e+J a - c + e-J a - c 

H = • Eo ~ I + -(1ry 1rz) _ •(Y 1rz) 
Y J 4110 2c Le J a + c - e J a + c 

- e +j(1r: - :
2

) + e-j(1r: - :
2
)] (3) 

If we denote ky and k2 as the components of the propagation constant along the 

y- and z-coordinates, these four plane waves are characterized by the same propaga

tion constant given by 

(4) 

Equation 4 indicates the frequency with which the partial traveling wave would 

propagate in the cavity. The frequency is the resonant frequency (57.3 MHz) for the 

TE101 mode in the cavity. The second feature of these partial plane waves is that they 

are all polarized in the x-direction. The general expression for one of the plane waves 

can be expressed by 

(5) 

where 00 represents the angle between the propagation direction and +z direction. 

When a dielectric sphere is placed at the center of the cavity and exposed to the 

cavity fields, the four plane waves can be viewed as incident upon the dielectric 

sphere. Therefore, the induced field distribution and the SAR pattern inside the 
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sphere can be obtained approximately by the Mie theory with the superposition of the 
four incident plane waves. This is experimentally evident by the very small deviation 
in frequency (0. 5 % ) from the empty cavity to the cavity loaded with the dielectric 
spheres. 

A computer program was developed for determining the heating patterns inside 
spheres exposed to the cavity by modification of a computer program, developed 
according to the Mie theory, for calculating patterns in the spherical models exposed 
to a single free-space plane-wave source [Johnson and Guy, 1972]. 

Experimental Sphere Models and Synthetic Dielectric Materials 

Spherical models with radii of 5, 7.5. and 10 cm were fabricated by milling 
styrofoam blocks and filling them with synthetic dielectric materials. Synthetic dielec
tric materials of the folowing conductivities were used for the thermographic deter
mination of the SAR patterns: 10 Sim [composed of 73.54% H20, 10.0% NaCl, 
16.46% TX 150 (a gelling agent from Oil Research Engineering); 1.0 Sim (composed 
of89.5% H20, 0.5% NaCl, and 10% TX 150); and0.1 Sim (composed of93% H20, 
0.1 % NaCl, and 6.9% TX 150)]. The dielectric properties of the various synthetic 
materials were characterized by the slotted-line method, described in detail by Guy et 
al [1982]. 

RESULTS 

Theoretically calculated SAR values were compared with those thermographi
cally determined for spheres of different size with different conductivities exposed at 
the resonant frequency of 57.3 MHz. The values were normalized for a mean-squared 
electric field of (1 Vlm)2. In Figure 4 are compared the theoretically calculated SAR 
values (left) and the thermographically determined SAR values (right) in a 0.1-Slm, 
7.5-cm-radius dielectric sphere. The sphere was exposed to the maximum electric 
field (20 kVlm) for about 60 s in the cavity. The upper-left-hand image of the 
thermograms (right half of Figs. 4-8) is a "C" scan in which brightness is propor
tional to temperature; the upper-right hand image is a profile scan in which the 
vertical deflection of each scan line is proportional to temperature. The bottom scans 
on the thermograms are "B" scans taken before and after exposure so that the 
separation between the two scans is proportional to the SAR. Note that the SAR 
pattern of the x-axis of numerical calculation is equivalent to the B-B' scan of the 
thermogram; the SAR pattern of the z-axis ( or y-axis) is equivalent to the A-A' scan 
of the thermogram. The theoretically calculated values at the left of Figure 4 were 
normalized to the maximum SAR values. The results, shown directly below the 
thermograms, indicate the maximum experimental SAR value and theoretical SAR 
values based on the quasistatic coupling theory [Massoudi et al, 1977] as discussed in 
detail by Guy et al. [1982]. The sharp peaks near the surface of the spheres (B-B' 
scan) are due to the heating of the foam material, as the electric fields are much 
higher in the foam material than in the sphere. 

In Figure 4, both B-B' scans in the thermogram and the numerical pattern on 
the x-axis are quite flat, whereas the pattern of the z-axis (A-A') is concave. The 
experimentally determined SAR values are close to the SAR value calculated by the 
Mie theory. The non uniformity varies as a function of distance from the center of the 
sphere. The same patterns were obtained for the IO-cm-radius sphere with the 
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conductivity of 0.1 Sim (Fig. 5). For a small sphere of 5 cm in radius and 1-S/m 
conductivity, the calculated SAR pattern and thermographically determined SAR 
pattern show much better uniformity for both axes (Fig. 6). When the radius of the 
dielectric sphere with the same conductivity was increased to 10 cm, the calculated 
SAR pattern for the x-axis remained flat, but the SAR pattern of the z-axis started to 
curve up at the surface of the sphere (Fig. 7). As the conductivity was increased to 
10 Sim, both thermographic and calculated patterns for the sphere with a 10-cm 
radius showed high absorption at the periphery (Fig. 8). Very little energy was 
coupled to the inside of the sphere. 

When the conductivity of the 10-cm-radius dielectric sphere was increased from 
0.1 to 10 Sim, the nonuniformity of the SAR patterns was reduced at 1 S/m in 
comparison with the patterns of 0.1 and 10 Sim. These results indicate that when a 
dielectric sphere is exposed to electric fields in the center of a rectangular cavity with 
proper choices of conductivity and size of sphere, it is possible to obtain a relatively 
uniform SAR pattern. 

In Figure 9 is shown the calculated SAR pattern of a 0.1-S/m, 10-cm-radius 
sphere exposed to 57-MHz plane waves. The origin of the rectangular coordinate 
system used in this figure is located at the center of the sphere. The plane wave 
propagates along the z-axis, and the E-field is polarized along the x-axis. The 
calculated SAR pattern was normalized to the maximum SAR value of 6.41 x 10-7 

W /kg for a mean-squared electric field of (1 V /m)2. The figure clearly illustrates the 
variations of heating pattern along the x-, y-, and z-axes. The SARs in the x- and z
axes are due to the magnetic field of the plane wave [Guy et al, 1976]. In contrast, 
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Fig. 9. Theoretical SAR patterns along x-, y-, and z-axes of a sphere exposed to plane waves. (SARs 
were normalized to 6.41 X 10 7 W/kg, E-field of 1 V/m). 

the U-shaped heating patterns disappeared after exposure in the cavity as shown in 
Figure 5. These results show how the superposition of four plane waves in the cavity 
improves the uniformity of heating in the sphere. 

CONCLUSION 

Comparisons between the theoretically calculated SAR patterns and thermo
graphically determined SAR patterns were made for several dielectric spheres of 
different sizes with different conductivities. They show that by superposition of four 
plane waves representing the excited fields in the rectangular resonant cavity, the 
approximate theoretical heating patterns can be calculated using the analytical expres
sion of the electric field induced in a dielectric sphere exposed to a single free-space 
plane-wave field. The theoretical results generally agree with the experimental results. 
The SAR patterns of small spheres (5-10 cm) with conductivity of l S/m are quite 
uniform. This is significant for the choice of model size in the scaling technique and 
conductivity in the thermographic studies to ensure the validity of quantifying the 
induced current density of objects exposed to a 60-Hz electric field. The results also 
indicate that the nonuniformity of the SAR patterns can be reduced by superposition 
of four plane waves propagating in certain directions within the limitations of the 
range of the tissue conductivity and the dimension of the exposed object. 
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Studies on Prenatal and Postnatal 
Development in Rats Exposed to 60-Hz 
Electric Fields 

M.R. Sikov, L.D. Montgomery, LG. Smith, and R.D. Phillips 

Biology and Chemistry Department, Pacific Northwest Laboratory, Richland, Washington 

A series of three experiments was performed to determine the effects of 30-day exposures 
to uniform 60-Hz electric fields (100 kV/m) on reproduction and on growth and develop
ment in the fetuses and offspring of rats. In the first experiment, exposure of females for 
6 days prior to and during the mating period did not affect their reproductive performance, 
and continued exposure through 20 days of gestation (dg) did not affect the viability, size, 
or morphology of their fetuses. In the second experiment, exposure of the pregnant rat 
was begun on 0 dg and continued until the resulting offspring reached 8 days of age. In 
the third experiment, exposure began at 17 dg and continued through 25 days of postnatal 
life. In the second and third experiments, no statistically significant differences suggesting 
impairment of the growth or survival of exposed offspring were detected. In the second 
experiment, a significantly greater percentage of the exposed offspring showed movement, 
standing, and grooming at 14 days of age than among-sham-exposed offspring. There was 
a significant decrease at 14 days in the percentage of exposed offspring displaying the 
righting reflex in the second experiment and negative geotropism in the third experiment. 
These differences were all transient and were not found when the animals were tested 
again at 21 days of age. Evaluation of the reproductive integrity of the offspring of the 
second experiment did not disclose any deficits. 

Key words: 60-Hz electric fields, rats, behavior, teratology, growth 

INTRODUCTION 

There are indications that exposure to electric fields may affect reproduction 
and growth in avian and mammalian systems. Graves et al [1978] reported that 3-
week exposures to 60-Hz electric fields (40-80 kV/m) produced a transitory enhance
ment of growth in chicks. Knickerbocker [1967] chronically exposed male mice to a 
60-Hz, 160-kV/m electric field. The growth curves for male (but not female) progeny 
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were significantly depressed relative to the progeny of control animals. The investi
gators suggested that the effects might be due to cage location in the exposure room, 
rather than exposure to electric fields themselves. Pilot studies by Coate et al [1970] 
indicate that chronic exposure of female mice to combined electric 45- or 75-Hz (10-
or 20-V /m) and magnetic (1- or 2-G) fields slightly reduced their fertility but 
increased the survival of their offspring. 

Marino et al [1976] reported significant effects attributable to continuous expo
sure of male and female mice to 60-Hz electric fields over three generations. The 
offspring of mice exposed to a vertical (15 kV /m) field showed decreased body 
weights and increased mortality for all three generations. Exposure to a horizontal 
field (10 kV /m) decreased body weight for two generations. The authors indicated 
that the presence of grounding microcurrents might have influenced their results and 
subsequently extended these studies in a redesigned exposure system using a field 
strength of 3.5 kV/m and larger group sizes [Marino et al, 1980]. In that study, they 
reported that exposure to either a horizontal or vertical field increased preweaning 
mortality in the first generation of off spring. Preweaning mortality was not affected 
in the subsequent two generations exposed to the horizontal field, but postweaning 
mortaility was increased by the vertical field exposures. At some of the weighing 
periods, the exposed offspring were significantly heavier than the corresponding 
controls. 

Fam [1980] recently reported a study in which male and female mice were 
exposed to a 240-kV Im, 60-Hz field for about 3 months, following which a second 
generation was produced and reared to weaning outside of the field. The offspring 
then were reintroduced into the field with their parents. Water consumption and 
growth of the parents were reported to be reduced, but no effects on fertility or 
development of the offspring were detected. 

The studies to be described in this report were designed to determine whether 
effects might be detectable after exposures to strong, 60-Hz electric fields during 
more restricted periods of gestation. The system was designed to avoid artifacts 
associated with field generation which might affect development. Three separate 
studies were performed using 30-day exposures of rats at various stages of prenatal 
and postnatal development. These experiments employed a block design to reduce the 
likelihood of accepting spurious results as being statistically and biologically 
significant. 

MATERIALS AND METHODS 

Exposure 

The exposure system used in these studies, and the relevant dosimetry, have 
been described in detail [Kaune, 1979, 1981; Kaune and Phillips, 1980; Free et al, 
1981]. In brief, the exposure system consisted of a parallel-plate electrode system 
which produced a uniform (±3.5%) vertical 60-Hz electric field of 100 kV/m, 
measured without cages in the field. The system was energized for 20 hours/day. The 
rats were caged in polycarbonate modules which were divided into eight individual 
"home-cages" (13 cm wide, 15 cm long x 13 cm high). During mating, parturition, 
and litter-rearing, however, the rats were housed in modules that were identical in 
design except that they were divided into two compartments so that the cages were 
four times as large as the standard cages. The floors of the modules were metal and 



E-Field Effects on Rat Development 103 

were an integral part of the lower, ground-reference electrode so that the rats were in 
electrical contact with the reference ground. Since nest-building was found to be a 
necessary activity for the rats prior to parturition, a small amount of Antron-III (a 
conductive carpeting material) was kept in the cages during the period when litters 
were reared. 

Food and water were freely available to the rats, and they did not receive shocks 
while eating or drinking. It has also been shown that the system does not produce 
detectable levels of corona, audible noise, ozone, or vibrations of the cages. Pertur
bation of the field by cages and animals reduced the "effective" field strength to 
approximately 65 kV/m [see Free et al, 1981]. 

Experimental Animals-General 

Rats of Sprague-Dawley derivation (Hilltop Laboratory) were used in these 
studies. The animals were received in batches at ages such that the females would be 
7 weeks and the males 10 weeks of age at the initiation of breeding for each 
experimental block. The rats of each shipment were individually identified by ear 
notching and at least five rats of each sex were killed for microbiological and 
histologic health screens. The other rats were quarantined and acclimated in cages 
identical to those used in the exposure system for three weeks prior to the start of 
electric field exposure. Rats less than the requisite age from some shipments were 
allowed an additional week of quarantine in standard wire caging. Throughout the 
quarantine and experimental periods, the animal quarters were maintained on an 
illumination schedule of 12 hours dark/12 hours light, a temperature range of 20-23 
~C, and relative humidity of 20-50%. 

For all experiments, rats were exposed and sham-exposed contemporaneously. 
Exposures and observations were performed such that the groups to which individual 
animals belonged ( exposed or sham-exposed) were not known to the investigators or 
their biological technicians until after data tabulations had been completed. 

Experiment 1. The first experiment was performed in three blocks to evaluate 
effects on reproductive behavior, fecundity, and fetal development. Within each block 
eight randomly assigned female rats and two, sexually naive, male rats were exposed 
or sham-exposed for six days in individual cages. Groups of four females and one 
male were then transferred to mating cages where they were allowed to cohabit under 
continued exposure for five days. Vaginal smears were taken and examined each 
morning; the morning on which sperm were found in the smear was designated as 0 
day of gestation (dg). No further smears were taken from the females that copulated. 

At the end of the cohabitation period, the sperm-positive females were returned 
to their individual home cages for continued exposure through 20 dg. At the time, 
they were killed and the number of implantation sites, resorptions, and viable fetuses 
in the uterus were noted. Living fetuses were measured for crown-rump length, 
weighed, sexed, and examined for external malformations. These fetuses were ran
domly divided into two groups for examination of internal malformations. One group 
was fixed in Bouin's fluid, transferred to 95 % ethyl alcohol, and examined for 
visceral malformations using thin razor blade sections [Wilson, 1965]. The other 
fetuses were fixed in ethyl alcohol, cleared, and stained by the alizarin red technique 
[Staples and Schnell, 1964], and examined for skeletal defects. 

Experiment 2. An experiment to evaluate the postnatal sequelae of prenatal 
exposure was performed as four blocks. Female rats were mated in the acclimation 
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room; on the day on which copulation was detected (0 dg) they were randomly 
assigned to individual cages within the exposure or sham-exposure facility. At 18 dg, 
females were transferred to littering cages and maintained in the appropriate exposure 
facility until the pups reached 8 days of age. At that time the females and their litters 
were removed from the field and caged in the animal quarters in solid-bottom plastic 
cages. 

The time between mating and parturition was noted; the litters were examined 
at birth to determine the number of live and stillborn offspring. At 1 day of age, 
litters were reduced to eight pups, evenly divided between the sexes when possible. 
To eliminate litter-size effects on growth, litters with five or fewer pups were 
eliminated. The offspring were examined for gross abnormalities and weighed weekly 
during postnatal development. At selected ages, they were subjected to a battery of 
tests to evaluate reflex development and general neurological status (see Table 5). 
The measures used are those commonly employed in our laboratory and have been 
decribed previously [Sikov et al, 1977]. 

To detect deficits in reproductive capacity, female offspring were subjected to a 
protocol similar to that used in experiment 1. At approximately 2 months of age, the 
four female offspring from each litter were divided into two pairs (Fig. 1). The rats 
of one pair were continued on their original treatment regimen, while the treatment 
regimen was reversed for the other pair ( exposed rats were shifted to sham exposure 
and the sham-exposed rats were shifted to exposure) for six days. The male offspring 
were continued on their original treatment regimen. Four females from two age
matched pairs of opposite treatment groups were caged with a nonsibling male for 5 
consecutive nights of cohabitation, and received exposure or sham exposure as 
determined by the exposure history of the male. The females were then returned to 
individual cages in the exposure or sham-exposure system and killed at 20 dg. The 
litters were evaluated using the same measures of reproductive success, fetal viability 
and size as in experiment 1, but detailed teratologic examinations were not performed. 

In the first three blocks, half of the males not used for breeding were tested for 
susceptibility to audiogenic seizures by exposing them to a 110- to 114-db white noise 
for 1 min. The males of the third block were given Metrazol prior to the testing to 
heighten their susceptibility to seizure. The other males, which were not subjected to 
the seizure test, were killed and the weight and the gross appearance of several organs 
were determined. The males from the fourth block were killed at 28 days of age to 
determine whether transient early alterations in organ weights had been induced. 

Experiment 3. A third experiment, to examine the effects of exposure during 
late gestation and throughout the suckling period, was performed in five blocks. The 
experimental conditions were identical to those described for experiment 2, except 
that exposure was begun at 17 dg and was terminated when the offspring reached 25 
days of age (four days after weaning). The same battery of developmental measures 
as in experiment 2 was used, except that testing for audiogenic seizure susceptibility 
and evaluation of fertility were omitted. All animals were killed and necropsied at 42 
days of age. 

Statistical Analyses 

Differences between exposed and control means were compared by the Stu
dent's t-test or a one-way analysis of variance [Steel and Torrie, 1960]. Binary 
response variables were compared by the chi-square test or Fisher's exact test [Siegel, 
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Fig. I. Scheme showing distribution of rats in protocol for detection of reproductive deficits. 

1956]. The proportions showing criterion response to the various measures of reflex 
and neuromotor development were transformed (two times the arcsin of the square 
root of the proportion) and the transformed proportions were analyzed by analysis of 
variance [Steel and Torrie, 1960]. Results that differed at the P ~ .05 level were 
considered to be statistically significant. 

RESULTS 

Experiment 1 

The effects of 60-Hz exposure on reproductive performance are summarized in 
Table 1. The number shown as having mated in the electric field includes two females 
in which mating was undetected but were subsequently found to be pregnant. These 
animals were considered in mating and fertility assessments but their litters were not 
included in determinations of litter size or prenatal mortality. Exposure to the electric 
field for six days did not have a detectable influence on the fraction of animals that 
mated, nor did continued exposure affect the fraction of matings that were fertile. 
Litter size, prenatal mortality, and the sex ratio were likewise unaffected by exposure 
to the electric field. 

The experimental design necessitated leaving the females with the males 
throughout the mating period. This allowed for the possibility of an infertile copula
tion, followed by a subsequent remating or of a copulation that was not detected until 
one day later. This possibility accounted for a one- or two-day error in the timing of 
gestation that occurred in two instances in the sham-exposed group, as judged by 
morphologic appearance and fetal weight. The fetal size and morphologic data from 
these litters have not been included with the results obtained on the remaining litters, 
as summarized in Table 1, although their inclusion would have little effect on the 
means. Fetal lengths and weights were almost identical in the two groups. 
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TABLE 1. Effect of Exposure to a 60-Hz Electric Field at 100 kV /m on Reproductive 
Performance, Fetal Size, and Incidence of Morphologic Abnomalities in Rats 

Reproductive performance 
No. animals 
No. mated(%) 
No. fertile matings(%) 
Resorptions/litterb 
Live fetuses/litterb 
Percent male fetuses 

Fetal sizec 
Weight (g) 
Length (mm) 

Visceral abnormalities 
No. fetuses examined 
Minor cardiac variations 
Cardiac septa! defects 
Levocardia 
Hydronephrosis 
Minor brain variations 

Skeletal abnormalilties 
No. skeletons examined 
Rudimentary 14th rib 
Rib-fusion failure 
Vertebral defects, 

minor 

Sham-exposed 

24 
17 (71) 
13 (76) 
0.8 ± 0.2 

13.0 ± 0.8 
49 

3.9 ± 0.3 
36.2 ± 1.3 

73 
13 
2 
2 

74 
40 

Exposed 

24 
20• (83) 
16" (80) 
0.5 ± 0.2 

11.8 ± I.I 
51 

4.0 ± 0.3 
37.4 ± 1.5 

78 
16 
0 
I 

80 
40 
0 

"Includes two females in which mating was undetected but that were subsequently found with term 
pregnancies. 
bMean ± SEM. 
cMean of litter means ± SEM. 

A number of animals with minor cardiac vanat10ns, such as differences in 
lumen size or thickness of cardiac walls, were seen; the incidence was the same in 
the sham-exposed and the exposed groups. Defects of the cardiac intraventricular 
septum were observed in two of the sham-exposed animals but in none of the exposed 
animals; the incidence in the sham-exposed group was within the range ordinarily 
found, as was the observation of two cases of levocardia in the sham-exposed animals 
and one case in the exposed fetuses. The incidence of other developmental variations, 
including hydronephrosis, minor variations of the brain, and a rudimentary 14th rib, 
was unaffected by exposure. The incidence of other defects, such as defects of the 
vertebrae and failure of the ribs to fuse to the vertebrae, was low and also was 
unaffected by exposure. 

Experiment 2 

Exposure throughout gestation did not affect litter size or the incidence of 
stillbirths (Table 2). Two of 20 sham-exposed and five of 24 exposed litters were 
dropped from study because of small litter size at birth or postnatal attrition; these 
fractions were not significantly different. The subsequent survival (Table 2) and the 
birthweights and growth (Table 3) of the offspring of the remaining litters were the 
same in the two groups. The organ weights of the offspring at euthanasia, expressed 
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TABLE 2. Effect of Exposure of Rats to a 60-Hz Electric Field at 100 kV /m on Litter Size and 
Survival of Offspring 

Total females/ 
group 

Live births/litterc 
Stillbirths 
Litters discardede 
Litters evaluated 
Postnatal deaths 

Experiment 2• 

20 

Sham
exposed 

11.2 ± 0.8 
3 
2 

18 
4 

Exposed 

24 

9.9 ± 0.8 
8 
5 

19 
3 

•Exposure from 0 days of gestation through 8 days after birth. 
bExposure from 17 days of gestation through 25 days after birth. 

cMean ± SEM. 
ctstatistically significant difference from the other three groups. 

eFewer than six offspring for continuing postnatal evaluation. 

Experiment 3b 

29 

Sham
exposed 

10.8 ± 0.7 
24d 

5 
24 

8 

Exposed 

29 

10.2 ± 0.9 
3 
7 

22 
2 

TABLE 3. Effect of Prenatal and Neonatal Exposure to a 60-Hz Electric Field at 100 kV/m on 
Body Weight of Offspring* 

Age Males Females 

(days) Sham-exposed Exposed Sham-exposed Exposed 

Experiment 2• 

1 7.9 ± 0.1 7.6 ± 0.2 7.3 ± 0.1 7.1 ± 0.1 

7 17.6 ± 0.5 17.0 ± 0.4 16.9 ± 0.4 15.8 ± 0.4 

14 35.4 ± 0.9 34.6 ± 0.7 34.1 ± 0.7 32.5 ± 0.6 

21 62.4 ± 1.7 61.2 ± 1.3 58.9 ± 1.6 57.3 ± 1.1 

28 109.0 ± 2.7 106.0 ± 2.5 97.2 ± 1.7 93.9 ± 1.1 

35 166.0 ± 3.0 166.0 ± 2.6 142.0 ± 1.8 139.0 ± 1.5 

42 225.0 ± 3.9 225.0 ± 4.1 182.0 ± 2.0 178.0 ± 2.0 

Experiment 3b 

1 7.3 ± 0.2 7.5 ± 0.1 6.8 ± 0.2 7.1 ± 0.1 

7 16.0 ± 0.3 16.4 ± 0.3 15.1 ± 0.4 15.9 ± 0.3 

14 32.9 ± 0.9 32.6 ± 1.0 31.6 ± 0.8 32.0 ± 0.9 

21 50.8 ± 1.6 51.8 ± 1.5 48.8 ± 1.5 50.4 ± 1.4 

28 89.0 ± 2.1 90.2 ± 1.5 81.6 ± 2.2 83.8 ± 1.2 

35 147.8 ± 1.6 150.6 ± 1.6 126.8 ± 1.3 128.6 ± 2.3 

42 210.6 ± 3.2 214.4 ± 2.7 169.8 ± 1.9 170.0 ± 1.8 

*Weight, in grams, expressed as mean of litter means ± SEM. N, = 18 and 24 sham-exposed and 19 

and 22 exposed litters in experiments 2 and 3, respectively. 
•Exposure from 0 days of gestation through 8 days after birth. 
bExposure from 17 days of gestation through 25 days after birth. 

as percent of body weight and calculated as the mean of litter means, did not differ 

significantly between groups (Table 4). 
Landmarks of physical maturation (pinna detachment, eye opening, incisor 

eruption, testes descent, and vaginal opening) appeared at the appropriate ages in the 
sham-exposed and exposed groups. Since the offspring could only be examined 



TABLE 4. Effect of Exposure of Rats to a 100-kV Im, 60-Hz Electric Field Throughout Prenatal Development and the First 8 Postnatal Days on 
Terminal Organ Weights* 

________ 28_days (ma_le~s) ___ _ 

________ Sham-ex~sed 

Liver 
Spleen 
Adrenal 
Kidney 
Testes 
Ovaries 
Epididymis 
Seminal 

vesicles 
Uterus 
Bladder and 

prostate 

5.1 ± 0.1 
0.44 ± 0.04 
0.02 ± 0.001 

0.59 ± 0.02 

0.07 ± 0.003 

0.17 ± 0.01 

Exposed 

5.1 ± 0.1 
0.43 ± 0.01 
0.02 ± 0.001 

0.61 ± 0.02 

0.07 ± 0.003 

0.18 ± 0.01 

*Mean [100 X (organ weight/body weight)] ± SEM. 

53-56_<:!ays (males) 

Sham-ex_posed Exposed 

4.4 ± 0.2 4.4 ± 0.1 
0.31 ± 0.01 0.30 ± 0.02 
0.02 ± 0.002 0.02 ± 0.001 

0.94 ± 0.01 0.95 ± 0.022 

0.15 ± 0.005 0.14 ± 0.010 

0.11 ± 0.008 0.14 ± 0.014 

0.14 ± 0.01 0.13 ± 0.01 

74-77 days (females) 

Sham-exposed ____ E_x~po_se:_d 

4.1 ± 0.1 4.2 ± 0.1 

0.03 ± 0.001 
0.37 ± 0.01 

0.05 ± 0.002 

0. 18 ± 0.01 

0.03 ± 0.001 
0.36 ± 0.01 

0.05 ± 0.002 

0.17 ± 0.01 

... 
0 
CD 
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during the daily period that the electrodes were not energized, subtle differences 

between groups might not have been detected. The results obtained from most tests 

of neuromuscular and neurologic development did not differ between the sham

exposed and the exposed groups (Table 5). The only notable difference was the 

greater percentage of exposed offspring showing motile behaviors (movement, 

grooming, standing) and the smaller percentage showing the righting reflex at 14 days 

of age. These differences were statistically significant (P < .05), but the results in 

the two groups were indistinguishable upon retesting at 21 days of age (Table 5). In 
neither group were the offspring susceptible to audiogenic seizure, even after Metra
zol injection, and no meaningful data were obtained. 

The data obtained when the sham-exposed and exposed females were mated 

while on the original or reciprocal exposure regimen are summarized in Table 6. 

Essentially identical values were obtained for most measures of reproductive perform

ance in all four of the resultant subgroups. The only notable exception was a 
significantly higher incidence of resorptions in the litters of rats that were sham

exposed prenatally and during their subsequent pregnancy than in the other three 

groups. The percentage of male fetuses in this group was also depressed, but the 

difference was not statistically significant. 

Experiment 3 

The only measure of fecundity that differed significantly between the two groups 
was the number of stillbirths (Table 2). The large excess in the sham-exposed group 

was partially derived from one litter in which eight of 20 pups were stillborn. A total 

of 12 sham-exposed litters included stillborn pups as compared to a single litter in 

which there were three stillborns in the exposed group. There were only a few 

subsequent deaths of offspring throughout the remainder of the experiment; these also 

occurred primarily in sham-exposed litters (Table 2). Body weight at 1 day of age, 

and at subsequent ages, was similar in the two groups (Table 3). The exposed female 

appeared slightly heavier than the sham-exposed at each interval, but the differences 

were not statistically significant. 
Various indices of physical maturation were obtained at the same ages as in 

experiment 2; again, there were no consistent differences between the two experimen

tal groups. Pooled data for a number of measures of neuromuscular development 

across experimental blocks are summarized in Table 5. Although these pooled values 

suggest differences between groups, they were not statistically significant at the P ~ 

.05 level when tested by analysis of variance. These measures include the grasp reflex 
at 1 day (P = .08), head lift at 7 days (P = .09), and movement at 1 and 7 days (P 

= .2). The only measure that was significantly affected was negative geotropism (P 

= .03) at 14 days of age. In experiment 2, the percentage of the sham-exposed 

offspring that groomed and stood alone was increased and those that displayed the 

righting reflex was decreased. The data for these measures have been included in the 
tabulation for comparison, but were obviously unchanged in experiment 3. 

DISCUSSION AND CONCLUSIONS 

Exposure of female rats to a 60-Hz electric field for six days prior to mating 

did not influence their fertility or mating performance. Continued exposure through 
20 dg did not influence the viability, size, or morphologic integrity of the fetuses 



TABLE 5. Effects of Prenatal and Neonatal Exposure of Rats to 60-Hz Electric Fields at 100 kV /m on Percentage of Offspring 
Showing Criterion or Normal Response to Several Measures of Neuromuscular Development 

... ... 
0 

Age (days) 

Sham-exposed Exposed 
en 

7 14 21 7 14 21 ~ 
0 

Experiment 2a < 
CD -Grasp 82 46 96 91 75 35 95 89 !!. 

Retraction 98 100 100 100 94 100 100 100 
Surface righting 68 99 66 99 
Air righting 44 77 98 51 59 99 
Visual placing 91 94 

Placing 82 78 
Hopping 93 97 
Upright 20 14 94 10 15 95 
Head lift 79 45 98 98 77 32 99 100 
Movement 11 24 59 97 18 20 67b 99 

Vocalization 7 20 9 12 
Grooming 41 91 61b 97 
Auditory startle 93 93 95 98 
Gait 97 99 
Standing with support 26 98 35 99 

Standing alone 32 76 56b 74 
Negative geotropism 47 78 46 82 

Experiment 3c 

Grasp 91 65 97 90 76 65 99 92 
Air righting 17 61 95 21 64 95 
Movement 18 16 74 94 32 27 79 92 
Head lift 70 26 63 93 67 34 79 95 

Grooming 45 89 44 87 
Standing alone 22 86 25 82 
Negative geotropism 22 66 32b 59 

•From 0 days of gestation through 8 days after birth; approximately 150 offspring per group. 
bStatistically significant difference (P ~ .05) from corresponding value in sham-exposed group. 
cExposure from 17 days of gestation through 25 days after birth; approximately 180 offspring per group. 
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TABLE 6. Effect of Exposure to a 100-kV/m, 60-Hz Electric Field on Reproductive Performance 
of Rats Previously Exposed or Sham-Exposed to an Electric Field 

Initial exposure regimen 

Sham-exposed Exposed 

Second exposure regimen 

No. rats 
No. copulated(%) 
No. fertile matings(%) 
Resorptions/litter• 
Live fetuses/litter• 
Percent male fetuses 
Fetal weight (g)° 
Fetal length (mm)° 

•Mean± SEM. 

Sham-exposed 

32 
16 (50) 
14 (88) 

1.2 ± 0.3b 
11.3 ± 0.9 
44 

4.1 ± 0.1 
38.5 ± 0.3 

Exposed 

33 
17 (52) 
15 (88) 
0.1 ± 0.1 

11.1 ± 1.1 
56 

4.1 ± 0.1 
38.6 ± 0.2 

bStatistically significant difference from the other three groups. 
cMean of litter means ± SEM. 

Sham-exposed 

31 
15 (48) 
15 (100) 
0.5 ± 0.2 

11.9 ± 1.1 
54 
4.0 ± 0.1 

38.3 ± 0.3 

Exposed 

39 
18 (46) 
14 (78) 
0.7 ± 0.3 

II.I ± 0.8 
51 
4.2 ± 0.1 

39.2 ± 0.2 

( experiment 1). Exposure to the electric field under the conditions of experiment 2 
(during gestation and for the first 8 days of postnatal life) or of experiment 3 (during 

the last five days of gestation and the first 25 days of postnatal life) did not produce 
significant detrimental effects on the growth or survival of the offspring or on their 

physical development. 
Only a few of the measures of postnatal neuromuscular development showed 

statistically significant differences between the sham-exposed and the exposed groups. 
It should be noted, however, that inappropriate statistical evaluations (eg, simple chi
square tests) of the pooled data indicate that other comparisons are statistically 
significant. It is, therefore, obvious that the statistical analyses must include a 
determination of litter interaction and must consider the replicability of the findings 

across blocks. 
The finding of occasional statistically significant differences cannot be summar

ily dismissed. On the one hand, they may serve to demonstrate that, if enough 

comparisons are made between two groups drawn from the same population, 1 in 20 
will show a difference that is significant at the P ~ .05 level by chance alone. On the 
other hand, numerous studies have shown that stimuli during the perinatal period 

produce prolonged behavioral effects on the offspring [Coyle et al, 1980]. It also has 
been found [Hjeresen et al, 1980] that rats perceive and respond to 60-Hz electric 
fields of strengths below those used in these studies. Accordingly, the behavioral 
effects detected (if real) are readily explainable on the basis of stimulation of the dam 
or the offspring by the field. Although all such effects were found to be of a transient 
nature, they may possibly reflect subtle influences of the field. 
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Cell Membrane Temperature Rate 
Sensitivity Predicted From the Nernst 
Equation 

Frank S. Barnes 

Department of Electrical Engineering, University of Colorado, Boulder 

A hyperpolarized current is predicted from the Nernst equation for conditions of positive 
temperature derivatives with respect to time. This ion current, coupled with changes in 

membrane channel conductivities, is expected to contribute to a transient potential shift 

across the cell membrane for silent cells and to a change in firing rate for pacemaker cells. 

Key words: Nernst equation, temperature derivatives, cell membranes 

The availability of radiofrequency (including microwave) and ultrasonic sources 

of moderate to high power makes it (for sources that can deliver power densities 

greater than 1 W/cm2
) probable that biological systems will be exposed to sufficiently 

high powers to cause rapid temperature increases in the tissue. Rapid temperature 

changes are particularly likely in the use of hyperthermia for treating cancer and may 

occur accidentally in some diagnostic systems. It is the purpose of this study to show 

that there is a theoretical basis to suggest that the rate of temperature change, as well 

as the magnitude of the temperature shift, may be important in determining the 

response of a cell or a biological system to heat impulses. 
Experimental evidence indicating that changes in the firing rate of pacemaker 

cells are dependent on the rate of heating or cooling has been obtained [Carpenter, 

1967, 1970; Carpenter et al, 1968; Adey, 1974; Wachtel et al, 1977; Chalker, 1982]. 

The Nernst equation relating the equilibrium concentration of ions across a 

potential barrier is a starting point for more complete theories of passive membrane 

behavior such as the Goldman equation, which has the same form of temperature 

dependence. As such, it sets steady-state conditions for some of the components of 

the membrane current [MacGregor and Lewis, 1977]. 

Received for review November 2, 1982; revision received October 24, 1983. 

Address reprint requests to Dr. Frank S. Barnes, Department of Electrical Engineering, University of 

Colorado, Boulder, CO 80309. 

© 1984 Alan R. Liss, Inc. 



114 Barnes 

The simplest form of the Nernst equation for the potassium concentration 
between the inside and outside of cell is given by 

C 1 = C2 exp[:] (1) 

where C1 is the concentration of potassium inside the cell, C2 is the concentration of 
potassium outside the cell, q is the charge on the electron, ¢ is the voltage across the 
membrane, k is Boltzmann's constant, and T is the absolute temperature. The 
contribution of the potassium to the membrane current is given by 

d(C 1V,) d(C2V2) 
I = q dt = -q dt (2) 

where V 1 is the volume of the cell, V 2 is the volume of the extracellular fluid, and t 
is time. 

Taking the derivative of Eq. (1) yields 

dC 1 = dC2 exp [q¢] _ C2 [q¢] exp [q¢] dT 
dt dt lkt T lkt lkt dt (3) 

+ qC2 exp [ q¢] d¢ 
kt lkt dt 

Substituting from Eq. (2) yields 

-qV1C1 l:T 1 [! -~] I + ~ ~xp [± 
V2 ¢T 

I= (4) 

where we have defined 

KT · d¢ · dT 
¢T=-¢=-T=-

q dt dt 

In many cases, V2 will be large compared to V1 and Eq. (4) will simplify to 

(5) 

In order to get an estimate of the importance of this effect on a cell such as a 
pacemaker cell from Aplysia, we have assumed some approximate values: 

C1 = 0.5 mol = 3 x 1020 ions/cm3 

C2 = 0.02 mol = 1.22 x 1019 ions/cm3 

¢ = 0.084 V 
¢T = 0.026 V 
V1 = 10-8 cm3 

Under these conditions, Eq. (5) becomes 

6 [4> i] 
I = 1.55 x 10 L¢ - T (6) 
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If the voltage change </> = 0 and t = 0.1 °C/s, Eq. (6) yields a current of 
approximately 0.5 nA. Experimentally, we have observed that currents as small as 2 

nA injected through a microelectrode will bias a pacemaker cell from cutoff to 

saturation, and currents of a few tenths of a nanoamp will change the firing rate. 
Thus in experiments where the rates of temperature increases are greater than 0.1 

°C/s, we should expect to see an effect of the temperature derivative on cell function, 

and we have seen changes in firing rate and membrane potential experimentally where 
the total temperature shift is less than 0.25 °C. 

The experimentally observed changes in cell potential and firing rate are clearly 
more complicated than can be described by the equation derived here, as this equation 

fails to take into account such things as electrogenic pumps, calcium gating of 

potassium channels, and so on. A more complete theory will undoubtedly also need 
to include data on the conductivity of single-ion channels, the number of ion channels 
that are opened, thermally driven phase changes in the membrane structure, and the 

time constants for the changes in these factors [Alexeev, 1982]. However, these 

equations provide a starting point for studying rate-sensitive currents. 
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