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Transcriptional Patterns in the X 
Chromosome of Sciara coprophila 
Following Exposure to Magnetic Fields 

Reba Goodman, Joan Abbott, and Ann S. Henderson 

Department of Pathology, Columbia University Health Sciences, New York (R.G.); Electro
Biology, Inc., Fairfield, New Jersey (J.A.); and Biological Sciences, Hunter College, The 
Graduate Division of the City University of New York, New York (A.S.H.) 

We previously demonstrated that exposure of salivary gland cells of the dipteran, Sciara 
coprophila, to either asymmetrical or symmetrical changing magnetic fields results in an 
increase in the incorporation of radioactive uridine jnto RNA. The present report is an 
analysis of the grain count distribution over the X chromosome of S,ciara in transcription 
autoradiograms following exposure of the salivary gland cells to two pulsed magnetic_ 
signals and a 72-Hz sine wave signal. The results show augmented uptake of 3H-uridine 
into nascent RNA chains following short exposures of the cells to magnetic fields. 
Transcription is augmented in previously active loci, as well as at chromosome regions 
that are not detectable as active in control cells. The quantitative pattern of RNA synthesis 
in transcription autoradiograms is hypothesized to be signal specific on the basis of 
differences in grain counts over significantly labelled chromosome sites. 

Key words: magnetic fields, transcriptional increases, polytene chromosomes 

INTRODUCTION 

Theoretically, the response of cells to magnetic (B) fields could produce a 
diversity of effects. Exposure of cells to weak magnetic,fields has been previously 
shown to result in changes in many measurable forms of cellular function [Pilla et al, 
1983]. On a practical level, little is known of the basis for a given biological response 
to magnetic fields. The present study has monitored transcriptional changes· by 
transcription autoradiography in the salivary gland cells of the dipteran, Sciara. The 
critical questions addressed here are whether transcription is augmented, and whether 
new transcripts are induced when cells are exposed to magnetic fields? 

We previously demonstrated that exposure of salivary gland cells to quasi
rectangular asymmetrical pulsed magnetic fields at low frequencies (15-72 Hz) can 
result in increased incorporation of radioactive uridine into RNA [Goodman et al, 
1983; Goodman and Henderson, 1986]. Transcriptional augmentation is also observed 
in salivary gland cells following exposures to symmetrical sine waves [Goodman and 
Henderson, 1986]. The position of newly formed RNA in sucrose gradients analyzed 
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2 Goodman, Abbott, and Henderson 

following short exposures (15-45 min) of cells to magnetic fields is consistent with 
that expected for mRNA, irrespective of the signal type employed. 

In a previous report, we compared the results of transcription autoradiography 
on the X chromosome of Sciara following exposure of cells to 72-Hz sine waves 
(CW) and a 72-Hz repetitive single pulse (SP) signal. A distinct increase in the uptake 
of 3H-uridine into nascent RNA was observed, but a detailed analysis of the grain 
distribution was not done [Goodman and Henderson, 1986]. In the present study, an 
analysis of grain distribution in transcription autoradiographs was done following 
exposure of the cells to three signals: (a) single repetitive pulse (SP) at 72 Hz; (b) 

repetitive pulse bursts (PT or pulse train) at 15 Hz, and (c) sine waves at a frequency 
of 72 Hz. Evidence is presented that supports the hypothesis that different magnetic 
fields stimulate transcription at specific chromosomal regions. 

MATERIALS AND METHODS 

Salivary gland cells of fourth instar female larvae (approximately 20 days from 
hatching) were used in these studies [Gabrusewycz-Garcia, 1964]. The procedures 
for exposing the cells to the magnetic fields have been described [Goodman et al, 
1983; Goodman and Henderson, 1986]. All experiments were repeated in triplicate. 
Briefly, salivary glands were exposed to magnetic fields immediately after decapita
tion of the larvae [Zegarelli-Schmidt and Goodman, 1981]; the salivary glands floated 
outside the larval body while maintaining attachment. We placed 30 decapitated larvae 
in a 60-mm circular Petri dish containing 0.5 ml Schneider's Drosophila medium 
(SDM) (Gibco) with 100 µ,Ci/ml 3H-uridine (specific activity, 40.8 Ci/mM; New 
England Nuclear) for 15, 30, and 45 min incubations. The gland cells were exposed 
to either the SP, PT, or sinusoidal fields by placing the Petri dish on a plastic form in 
the center of the coils (see below). The region containing the dish had been previously 
monitored to have no detectable extraneous magnetic signals or electrical noise above 
the normal 60-Hz background. · 

The coils were placed in a 20 °C incubator (the normal growth temperature for 
Sciara) with the current generator outside the incubator. Control cells were treated in 
the same manner, but placed in an identical incubator in sham coils. There were no 
measurable thermal changes (detection sensitivity of 0.1 °C) during the exposure 
periods. After exposure, the glands were removed from the incubators, flooded with 
several changes of ice-cold 0.05 M Tris (pH = 7.4), and dissected on ice. The 
isolated glands were fixed in 45 % acetic acid: 1 % lactic acid for chromosome squashes. 
Preparation of the squashes and autoradiographic methods have been described 
[Zegarelli-Schmidt and Goodman, 1981; Goodman et al, 1983]. 

The signal device and generator for producing asymmetric signals were de
signed by Electro-Biology, Inc (EBI). Sine waves were produced by a RadioShack 
amplifier and generator. Helmholtz-aiding coils constructed at EBI were used to 
deliver the signals. The cells were exposed to each of the fields by placing a petri 
dish on a plastic form in the center of Helmholtz-aiding coils positioned in a vertical 
orientation [McLeod et al, 1983], i.e., the magnetic field was generated in a horizontal 
plane. The coils were constructed of wire bundles approximately 1 cm in diameter 
wound around a square form with a 10 cm distance between the sides. There was a 
7.5 cm radius from the center of the form. The local geomagnetic field at the sample 
location was 46 µ,T, at an inclination of 76 °N. 
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The signals were monitored before and after the incubation of the cells with a 
Tektronix 2465 (300 MHz) oscilloscope using a calibrated search coil. The character
istics of each signal is as follows: (a) SP (Biosteogen system 204; Electro-Biology, 
Inc.); the width of the positive portion of the signal was 380 µsec; the negative 
portion was 4.5 msec, with a pulse rate of 72 Hz; the peak magnetic field was 3.5 
mT; the approximate induced electric field was measured at 9.0 x 10-3 V/m; (b) PT 
(Biosteogen system 204; Electro-Biology, Inc.); the width of the positive portion of 
the signal was 200 µsec and the negative portion was 28 µsec with a repetition rate 
within the burst of 4 kHz, and a burst repetition rate of 15 Hz; the peak magnetic 
field was 1.9 mT; the approximate induced electric field was measured at 9.0 x 10-3 

V/m, and (c) sine wave at 72 Hz; the peak magnetic field was measured at 1.1 mT; 
the approximate induced electric field was measured at 5 X 10-4 V /m. Table 1 
describes the waveform characteristics for each of the signals used in this study. 

Analysis of transcription autoradiograms of the X-chromosome was made by 
grain counts over morphologically defined regions as delineated on the basis of the 
chromosome banding pattern [Gabrusewycz-Garcia, 1964]. Grain counts were made 
in enlarged photographs (8 x 10 inches). The original designation of regions was 
based on the pattern observed in transcription autoradiographs of the control prepa
rations. Measurements of the regions were made with a millimeter ruler. The values 
given here are means of measurements for 11 photographs in the control, 14 photo
graphs for cells exposed to the sine and PT signals, and 15 photographs for the SP 
signal. · 

RESULTS 

The present study focused on the X chromosome as a well characterized 
chromosome in the Sciara chromosome complement [Crouse, 1977; Crouse et al, 
1977], although all four polytene chromosomes of Sciara salivary gland cells had a 
higher grain density in preparations from exposed cells. This was true of all exposure 
periods of 15, 30, and 45 min. At the level of detection in transcription autoradiog
raphy, there were quantitative, and possible qualitative differences, between patterns 
seen in cells exposed to different fields. The majority of the label was in interband 
regions, as would be expected for transcripts that will contribute to the mRNA 
population. A heavy grain density was observed following exposure to each of the 
magnetic fields (Fig. 1). Chromosomes of control cells were lightly labelled in the 
same regions. Thus, augmented transcription occurred at chromosomal loci that were 
normally active at this developmental stage in Sciara. 

An analysis of grain counts over the X-chromosome is given in Fig. 2. Normally 
active chromosome regions were defined on the basis of banding morphology associ
ated with the grain distribution present in transcriptional autoradiograms of unexposed 
cells. Eight major chromosome regions showed augmented transcription. Three 
additional regions (Xe, B", and Xf) were labeled in cells exposed to each of the 
magnetic signals. These represent transcriptively active regions that were below 
detection in control autoradiograms. 

The chromosome regions analyzed did not respond quantitatively in the same 
manner to each of the signals (Fig. 2). The sine signal at 72 Hz and the SP signal 
were the most effective in transcriptional augmentation. Exposure of cells to the PT 
signal resulted in a less intense transcriptional response. 



TABLE I. Characteristics of EM Signals 

Electric (E) 

Positive Peak (B) Negative field 

induced Positive Burst Negative Negative magnetic Positive Negative induced (typical in 

Rate amplitude• duration width space spike field dB/dT dB/dT amplitude liquid layer) 

Signal (Hz) (mV) (µ,sec) (msec) (µ,sec) (µ,sec) (mT) (T/sec) (T/sec) (mV) (V/m) 

SP 72 15 380 45,00 3.5 9 0.8 1.33 9.0 X 10-3 

PT 15 14.5 200 5 28 24 1.9 9 75 125 9.0 X 10-3 

Sine 72 0.8 1.1 0.5 5.0 X 10-4 

•Electro-Biology Inc., standard probe. 
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Fig. I. Transcription autoradiograms of the X chromosome from salivary gland cells following 45-min 
incubations in the presence of 3H-uridine (see Methods). These are representative of patterns seen at 
incubations of 15, 30, or 45 min. The regions A-F are compared with respect to grain density in 
chromosomes exposed to magnetic fields (b-d), or isolated from magnetic fields (a). The letters 
represent approximate map regions as follows (according to Gabrusewycz-Garcia [1964], and Crouse et 
al, [1977]): A, 2B-2C; B, 3C-4B; B', 4C; B", 6A; C, 6C-7A; D, 8A-8B; D', 9C; E, 12A-12B, and F, 
13B-14A. Xe designates the centromeric end of the chromosome and Xf the free end. Note the increase 
in label over regions B11 and Xe in chromosomes from cells exposed to magnetic fields. All incubations 
and signal exposures were at 20 °C. Autoradiographic exposure times were identical at 24 h. (a) 
Chromosome X from control cells. (b) X chromosome from cells exposed to the SP signal at 72 Hz for 
45 min. (c) X chromosome from cells exposed to the PT signal for 45 min. (d) X chromosome from 
cells exposed to the 72-Hz sine signal for 45 min. Magnification, x500. 

DISCUSSION 

This study has investigated the question of whether exposure to magnetic fields 
can alter transcriptional patterns in cells. Increased uptake of 3H-uridine occurred in 
salivary gland cells exposed to magnetic fields th.at could be seen as augmentation of 
pre-existing transcripts and activation of new transcripts, or transcripts that were not 
detectable in unexposed cells. The general pattern of transcription, however, is similar 
in chromosomes of cells exposed to magnetic fields and those of control cells. The 
major difference lies in the degree of transcriptive activity. The most obvious inter
pretation of our data is that transcription, albeit augmented in cells exposed to the 
signals, is primarily taking place at chromosomal loci that are normally active at this 
developmental period. The activation of previously inactive genes or gene sets is also 
strongly suggested by the data. At least three X-chromosome regions are labeled in 
transcription autoradiograms of exposed cells that are not detectable in chromosomes 
of control preparations. 
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X Chromosome: Analysis of Transcription Autoradiograms 

jlt1)m))ll! E/l!Oj, I (l'ilO lill'.Hrn1m[1111111 ill lllllitlll))lllll\!11)\HO, :)\U1:11i:1\,jM J) 

Chromosome number mean grs/ 
regions Xe A B B' B" C D D' E F XF of plates plate 

0/o Length 4 2.6 2 1.2 1.7 3.2 1.1 1 4.1 13 10 

Control: 
x grains/plate NS 3 3 3 NS 6 3 1 7 18 NS 11 65 

Exposed cells: 
x grains/plate 
SP 92 27 33 37 28 '61 46 22 48 100 56 15 721 

Sine 92 24 20 *53 '47 31 54 14 '85 '177 39 14 763 

PT 30 12 23 23 28 34 20 23 33 62 34 14 540 

Fig. 2. Analysis of the relative grain distribution by grain counts. Specified autoradiographically labelled 

regions of the X chromosome of Sciara were counted to determine grain distribution following incubation 

for 45 min in the presence of the three magnetic fields used in this study (see Fig. 1). In control data, 

the grain distribution over the regions Xe, Xf, and B" was not significantly different from a random 

distribution of grains (abbreviated NS). The asterisk indicates values that deviated strongly from the 

other signals. 

This data supports our previous studies in which RNA synthesis was signifi
cantly increased by exposure of cells to magnetic fields [Goodman et al, 1983; 
Goodman and Henderson, 1986]. Increased transcription was most notable in exposed 
cells in transcripts that will contribute to the mRNA population as judged on the basis 
of oligo (dT) column chromatography, and on the basis of sedimentation coefficients 
in analyses of sucrose gradients. In the present study, transcription was most pro
nounced in the interband regions of the X chromosome, as would be expected for 
transcripts contributing to mRNA classes. Related data from our laboratory has shown 
the presence of both new and augmented polypeptide groups in autoradiograms from 
one and two dimensional gel electrophoresis of protein preparations from cells 
exposed to magnetic fields, including the fields used in the present study [manuscript 
in preparation]. The presence of new polypeptide synthesis supports the present data. 

In other studies, magnetic fields have been shown to cause changes in cell 
surface membrane adhesion [Rein and Pilla, 1985], collagen and glycosamino glycans 
synthesis [Fitton-Jackson and Bassett, 1980; Farndale and Murray, 1985] and the 
differentiative state of cells [Chiabrera et al, 1979]. Inhibition of lysosomal release 
has also been demonstrated [Murray et al, 1985]. Sinusoidal waves have been studied 
primarily in terms of environmental safety, but signals with frequencies between 15 
and 4000 Hz have been experimentally associated with induction of DNA synthesis 
in human fibroblasts [Liboff et al, 1984]. Sensitivity to induced voltage has also been 
implicated in affecting DNA synthetic activity [Cadossi et al, 1985]. 

The mechanism of response of cells to magnetic fields with respect to transcrip
tional changes remains to be determined. There are potentially many means by which 
this could occur. Some of these would include direct influence at the DNA level, 
modulation of uptake of radioactive label into the cells, and changes in the levels of 
"second messengers," such as cyclic adenosine monophosphate (cAMP), within the 
cell. We are also unable to explain at the present time the apparent differential 
respo11,se of the regions measured for transcriptional activity to different magnetic 
signals. Further study is obviously necessary to understand this phenomenon. 
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Reproduction of Japanese Quail After 
Microwave Irradiation (2.45 GHz CW) 
During Embryogeny 

R.P. Gildersleeve, M.J. Galvin, D.1. McRee, J.P. Thaxton, and C.R. Parkhurst 
Department of Poultry Science, North Carolina State University, Raleigh (R.P.G., J.P. I, 
C.R.P.); Laboratory of Behavioral and Neurological Toxicology, National Institute of 
Environmental Health Sciences, Research Triangle Park, North Carolina (M.J.G., D.I.M.) 

Japanese quail ( Cotumix cotumix japonica) embryos were irradiated continuously in ovo 
with 2.45-GHz continuous wave radiation during the first 12 days of embryogenesis at an 
incident power of 5 mW/cm2 and a specific absorption rate of 4.03 mW/g. The internal 
temperature of irradiated and nonirradiated (sham) eggs was 37.5 ± 0.3 °C, which is the 
optimum temperature for incubating quail eggs. At 35 days after hatching irradiated and 
sham-irradiated males were paired with irradiated or sham-irradiated females and daily 
records of reproductive performance were collected through 224 days of age. Progeny 
were hatched from each of the male-female pairs, and progeny reproductive performance 
was measured from 35 through 168 days of age. Hatchability was not affected by irradia
tion during embryogeny. Mortality after hatching, egg production, egg weight, fertility, 
hatchability of eggs produced, and reproductive performance of the progeny were not 
affected by irradiation during embryogeny. These observations indicate that irradiation of 
quail embryos with low-level microwave radiation does not affect the reproductive capacity 
of the hatchlings or of progeny produced from quail irradiated during incubation. 

Key words: avian embryogeny, quail eggs, radiation, progeny reproductive performance, birds 

INTRODUCTION 

Birds are nearly ubiquitous in the biosphere. Many avian species are highly 
mobile and capable of traveling great distances to remote geographical areas. Because 
of these behaviors, birds have received attention in published reports on the biological 
effects of environmental contaminants. Avian reproduction has been studied exten
sively and particular emphasis has been given to avian reproductive capacity after 
exposure to pesticides. However, the reproductive capacity of birds exposed to 
microwave radiation has not been studied extensively. Microwave radiation is found 
throughout the environment. This results in a high probability of birds being exposed 
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to microwaves. Because birds may nest on or near microwave antennas, incubating 
eggs may be exposed to microwaves and avian reproduction may be affected by 
microwave irradiation. The rationale for the present study was to evaluate the 
potential effects of microwave radiation on the reproductive system of Japanese quail 
when exposure occurs during embryonic development. 

The avian embryo has been used to evaluate the biological consequences of 
microwave irradiaton in ovo. Avian embryos serve as a unique model to measure the 
bioeffects of microwave exposure on embryos because maternal influences on devel
opment are essentially eliminated. Carpenter et al [1960] reported teratogenic effects 
of 2.45 GHz continuous wave (CW) microwave exposure at estimated specific 
absorption rates (SAR) of 70, 98, and 140 W/kg [Durney et al, 1978) in chicken 
(Gallus domesticus) embryos. Hills et al [1974) exposed chicken and turkey (Melea
gris gallopavo) embryos in ovo to either 6-GHz microwaves at 0.05 and 0.2 mW/ 
cm2 or 2.45-GHz CW microwaves at an incident power density of 0.246-1.02 W/ 
cm2 with an estimated SAR of 86-357 W/kg and reported that exposure to high 
densities resulted in embryo mortality. The effects of microwave exposure in these 
reports and others [Van Ummersen, 1963] can be tentatively attributed to marked 
increases in egg temperature and thermal gradients and subsequent hyperthermia of 
exposed embryos [Baranski and Czerski, 1976; Clarke and Justesen, 1983]. Recent 
reports on avian [McRee and Hamrick, 1977; Byman et al, 1985] and mammalian 
[Berman et al, 1981; Jensh et al, 1982; Schmidt et al, 1984) embryos have shown no 
morphologically teratogenic effects of exposure to microwave radiation at intensities 
that do not induce hyperthermia. However, other authors have indicated that nonther
mal effects of microwave exposure in ovo may be important during embryonic 
development [Fisher et al, 1979] and posthatch [McRee and Hamrick, 1977; Galvin 
etal, 1981). 

In a series of experiments designed to evaluate the potential effects of micro
wave irradiation in vivo on the growth and reproduction of female chickens, Kondra 
et al [1970, 1972] reported no adverse effects of 6-GHz CW exposure at incident 
power densities of 0.02-400 pW/cm2 [see also Krueger et al, 1975). A pulsed wave 
density of 360 mW/cm2 also produced no detrimental effects on the egg production 
of chickens [Romero-Sierra and Tanner, 1970]. Brief but intense exposure of neonatal 
female chickens to 2.45-GHz CW radiation (estimated SAR of2,770 W/kg) resulted 
in no latent effects on reproduction [Davidson et al, 1976). Rugh and McManaway 
[1978] exposed mice to 2.45-GHz microwave radiation in utero or postnatally and 
observed no effect of exposure on reproductive capacity. With rats, Jensh et al [1982) 
also observed no effect of prenatal exposure to 915-MHz microwave radiation at a 
density of 10 mW/cm2 on reproductive capacity. In summary, the efficiency of female 
reproduction in the studies described above was not affected by exposure. 

Mammalian reproduction may be affected by microwave exposure of the testes 
[Imig et al, 1948; Gunn et al, 1961; Varma and Traboulay, 1975; Saunders and 
Kowalczuk, 1981). This effect may be associated with microwave-radiation-induced 
temperature changes in the testes that might have adversely altered spermatogenesis. 
In studies in which testicular temperature was not significantly affected by irradiation, 
the results have been inconclusive .[Varma and Traboulay, 1975; Rugh and Mc
Manaway, 1978; Mainkowska et al, 1979; Cairnie and Harding, 1981). In avian male 
studies, exposure of Japanese quail in ovo at an SAR of 4 mW/g resulted in a reduced 
reproductive capacity [McRee et al, 1983]. In a similar preliminary investigation 
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in the same laboratory, males were also affected by in ova exposure, but females 
were not. 

The present study was designed to evaluate reproductive parameters in Japanese 
quail after exposure to microwave radiation during embryogeny. The study extended 
the work of McRee et al [1983] into an experiment in which a large number of birds 
could be evaluated over a long duration of their reproductively active lives. To 
evaluate further the long-term effects of exposure, the progeny of quail that had been 
irradiated as embryos were also evaluated over a significant interval of their lives. 

MATERIALS AND METHODS 

In each of six trials, fertile Japanese quail eggs were obtained from a flock of 
Athens Randombred breeders that is maintained by the Department of Poultry Science 
at North Carolina State University. The normal incubation time is 17 days, and the 
optimum incubation temperature and relative humidity are 37.5 ± 0.3 °C and 
60 ± 5 % , respectively. The proper incubating conditions were maintained during the 
irradiation period. The irradiation area was located inside an environmental chamber 
lined with microwave absorber. This material provided a reflectivity of -45 dB at 
2.45 GHz. The eggs were rotated every 2 hr to prevent adherence of embryos to the 
shells through an angle of approximately 90° from 45° to 135° with the long axis of 
the egg perpendicular to the floor at 90°. The equiment that was constructed to ensure 
rotation of the eggs has been described previously [Hamrick et al, 1977]. 

Fertilized quail eggs were exposed in the far field to 2.45-GHz CW microwave· 
radiation at 5 mW/cm2• When looking down the absorber-lined horn irradiator toward 
the eggs, the electric field vector is upward, perpendicular to the floor, and the 
magnetic field vector points to the right, horizontal to the floor. The specific absorp
tion rate (SAR) in the center of the egg was determined using time-temperature 
profiles measured by a Vitek noninteracting temperature probe [Bowman, 1976] and 
was found to be 4.03 mW/g. Because of the properties of the different layers of the 
egg and the curved shape of the egg, which induces a focusing effect, the center of 
the egg is 0.4 °C warmer than the front. The temperature along the major axis (top 
to bottom) was almost constant. The details of this exposure system and the dosimetric 
technique have been described at length in previous publications [Hamrick and 
McRee, 1975; Hamrick et al, 1977]. The temperature of the environmental chamber 
used for irradiation was 35.5 °C. This temperature maintained the eggs at the 
optimum incubation temperature (37.5 °C) duril).g microwave exposure [McRee et 
al, 1983]. The control nonirradiated eggs (sham-irradiated) were incubated at 37.5 °C 
in a similar incubation environment but did not receive microwave radiation. 

The eggs were irradiated continuously for the first 12 days of development. At 
14 days, all the eggs were transferred to an egg incubator (Jamesway Model 252 B; 
Jamesway Incubator Co., Gettysburg, PA) for the remainder of the incubation period. 
The process of incubation was completed on six groups of 78 irradiated and 78 sham
irradiated eggs, producing a total of 468 irradiated and 468 sham-irradiated eggs. 

After each of the six hatches, hatchability was measured and the chicks were 
identified individually as irradiated or sham-irradiated chicks and moved into metal 
brooders, where the temperature was maintained at 35 ± 1.0 °C during the first 
week, 32 ± 1.0 °C during the second week, 29 ± 1.0 °C during the third week, 
and 25 ± 2.0 °C during the fourth week of age. At 35 days of age, the quail were 
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weighed and transferred as male and female pairs into 17 x 18 X 19-cm stainless 
steel mating cages with 1.3 x 2.5-cm wire mesh floors. Irradiated and sham-irradi
ated males were paired with either irradiated or sham-irradiated females, yielding a 
total of four treatment combinations (Table 1). There were 10 caged pairs of quail 
from each treatment combination distributed randomly over 40 cages in each of the 
six hatches. After the quail from the sixth hatch were caged, there were a total of 240 
caged pairs of quail with each of the four treatment combinations represented in 60 
of the caged pairs (Table 1). The quail were maintained as mated pairs through 224 
days of age and then weighed. During that interval, they were maintained at a room 
temperature of 25 ± 2.9 °C, a relative humidity of 40-60% (range), and a photope
riod of 16 hr/day with lights on from 0600 to 2200 hours EST or EDT. Both feed and 
water were available ad libitum. The quail layer ration contained 24% protein, 11,700 
kJ of metabolizable energy/kg, and 2.55 % Ca. 

Each day the following data were collected from each pair of quail: egg 
production, egg weight, egg type (eg, normal, cracked, or soft-shelled), egg fertility 
determined after incubation for 3 days, morbidity, and mortality. Every 28 days, 
beginning at 56 days of age, eggs collected from each pair over a 10-day period were 
incubated in an egg incubator under optimum conditions described herein to assess 
developmental abnormalities, embryonic mortality, and hatchability. These data were 
collected until the parent population was 224 days of age. The eggs collected from 
parents that were 84 and 168 days of age from Trials 1-3 were incubated and hatched, 
and the progeny were grown under the same conditions as the parents and caged at 
35 days of age as nonsibling male-female pairs. The pairings were made within parent 
treatment groups (Table 1). The data collected from the progeny were from the same 
variables that were measured in the parents. These data were collected through 168 
days of age, and then each bird was weighed. 

From the data collected each day, the following parameters were calculated in 
each parent and progeny treatment group: 1) total mortality number and percentage; 
2) age at which first egg was laid; 3) number and percentage of eggs laid that were: 
fertile, infertile, soft-shell or shelless, and cracked-shell; 4) number of consecutive 
days an egg was or was not laid; 5) number and percentage of total, fertile, and 
infertile eggs laid; 6) total egg weight and average egg weight every 7 and 28 days; 
7) total number of percentage of eggs incubated to assess hatchability; 8) total number 
and percentage of hatched eggs; 9) total number and percentage of embryonic 
mortality from Oto 3 (early), 4 to 14 (middle), and 15 to 18 (late) days of incubation; 
10) total number and percentage of embryonic mortality resulting from malformation . 
TABLE 1. Experimental Pair Assignments To Measure Reproductive Efficiency of Progeny From 
Japanese Quail Parents That Were Irradiated With Microwaves During Embryogeny 

Parent pairings Progeny pairings Progeny 

O' 9 n O' 9 n group 

1• I 60 I X le I X I 60 1 

I Sb 60' I X S I X S 60 2 

s s 60 S X S S X S 60 3 

s I 60 S XI S XI 60 4 
~ 

•1, irradiated during embryogeny. 

bS, nonirradiated (sham). 
cl x I, I x S, S x S, S x I = Experimental treatment of parents. 
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of the cranial, abdominal, or other anatomical region; and 11) total number and 
percentage of embryonic mortality resulting from malpositioning of the embryo (ie, 
wrong orientation within the shell). 

At 224 days of age, the females in Trials 1 and 2 were weighed and killed by 
decapitation and ovary weights were measured. Additionally, in Trials 1 and 2, from 
224 to 238 days of age, all irradiated and sham~irradiated males were caged individ
ually and trained to ejaculate upon manual manipulation [Marks and Lepore, 1965]. 
Then at least three semen samples were collected from each male. The three semen 
samples from each quail were evaluated for percentage spermatocrit and spermatozoa} 
motility, viability, and morphology. Spermatocrit percentages were measured in 
microcapillary tubes after centrifugation. Motility was measured using a hanging drop 
slide preparation from each male immediately after semen collection [Herman and 
Swanson, 1941]. Motility was subjectively scored using a scale of 1 to 5 with 5 
representing maximum ( z 100%) motility. Viability and morphology of the sperma
tozoa were determined using the nigrosin-eosin staining method of Edens et al [1973] 
by classifying 200 consecutive cells in each semen sample. The spermatozoa were 
classified as number live, dead, and abnormal (ie, coiled tails, bent heads, broken 
tails, balloon heads, or swollen acrosomes). The quail were weighed and killed by 
decapitation after the third semen sample was collected and testes weights were 
measured. 

In Trials 5 and 6, reproductive behavior, egg production, and mortality were 
observed through 364 days of age. Reproductive behaviors were recorded over a 10-
day period from 224 through 234 days of age. During the last 2 hr before the lights 
were extinguished in the room, the pairs were observed for the frequencies of five 
reproductively oriented behavioral responses [Gildersleeve et al, 1985]. Two pairs 
from each treatment group were observed for two 15-min periods during the 2-hr 
period. The recorded behaviors were 1) male initiated head grabbing (male grabs the 
nape of the neck of the female with his beak), 2) mounting (male stands with both 
feet on the back of the female while head grabbing), and 3) cloaca} contact. Females 
were observed for frequency of 1) nonreceptivity ( constant locomotion while the male 
attempted to mount or escape without cloaca! contact) and 2) pecking by the female 
toward the male. 

The parameters described herein were calculated to assess reproductive capacity 
after the parent and progeny data were sorted by sex, experimental treatment, sex 
within experimental treatment, and parent age for the progeny. Percentage measure
ments were subjected to log, square root, and arcsin transformations and were also 
analyzed without transformation when scatter plots revealed nonlinearity of the data. 

The statistical analyses for effects of treatments, sex, and interactions were 
conducted across all trials using the general linear models [SAS, 1982] procedure for 
the analysis of variance of completely randomized designs with a probability level of 
.01 for rejection of the null hypotheses. The experimental treatment and sex within 
treatment means were partitioned by Duncan's new multiple range tests and t tests 
[Steel and Torrie, 1980] with P < .01. For the parameters that were measured over 
time, linear regression analyses were conducted to determine slope of response lines. 
Nominal data were analyzed for significance using x2 tests [Siegel, 1956]. 

RESULTS 

Microwave irradiation did not affect hatchability of irradiated eggs (75 ± 5 % ) 
as compared to the sham-irradiated eggs (72 ± 8%). The effects of irradiation on 
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mortality, egg weight, and egg production in parents and progeny are shown in Tables 

2 and 3 and Figure 1. Since no effect of irradiation on mortality, egg weight, or egg 

production was found, the data are represented by parent treatment pair type and 

progeny group to condense the data to a tabular form. Similarly, the data presented in 

Tables 4-6 and Figure 2 were condensed to facilitate presentation because irradiation 

during embryogeny did not affect the reproduction parameters measured in either the 

parents or their progeny. Fertility was not affected by irradiation of the parents during 

embryogeny (Table 4, Fig. 1). The progeny of the irradiated parents were not 

different from sham-irradiated progeny in fertility (Table 5, Fig. 2). Both sham

irradiated and irradiated parents and progeny produced eggs at the same rate as 

indicated by the regression analysis (Figs. 1, 2). Both sham-irradiated and irradiated 

parents and all progeny groups produced fertile eggs at the same rate as indicated by 

the regression analysis (Figs. 1, 2). No difference in any of the parameters was found 

between progeny hatched from 84-day-old and 168-day-old parents among any of the 

parent experimental pairings. The pattern of distribution of embryonic mortality in 

either the parents or the progeny eggs was not affected by irradiation (Tables 6, 7). 

When the data were sorted and analyzed for irradiation effects within each sex, no 

differences were found between the irradiated and sham-irradiated groups for any of 

the reproductive parameters measured. To summarize the results, the ANOVAs 

revealed no significant main effect (sex or irradiation) differences or significant 

interactions of sex and irradiation treatment. The slopes of the linear regression lines 

TABLE 2. Effect of Microwave Irradiation During Embryogeny on Mortality and Egg Production 
Parameters From 40 Through 224 Days of Age in Japanese Quail 

Experimental Mean± SD 

mating pairs Mortality Onset of egg Egg weight Total eggs Percentage 

O' 9 n O' 9 production (day) (g) produced egg production 

1• I 51 2 7 47.3 ± 0.9 9.7 ± 0.6 152 ± 20 81.6 ± 10.7 

I Sb 54 1 5 49.1 ± 0.9 9.6 ± 0.7 153 ± 17 82.1 ± 9.3 

s s 56 0 4 48.6 ± 0.8 9.5 ± 0.6 157 ± 15 84.3 ± 8.2 

s I 53 1 6 47.0 ± 0.9 9.6 ± 0.8 150 ± 23 80.3 ± 12.1 

•1, irradiated during embryogeny. 
bS, nonirradiated (sham). 

TABLE 3. Mortality and Egg Production Parameters From 37 Through 168 Days of Age in 
Progeny of Japanese Quail Parents That Were Irradiated With Microwaves During Embryogeny 

Mean± SD 

Parent Progeny Onset of egg Percentage 
pairs pairs• Mortality production Egg weight Total eggs egg 

O' 9 Group n O' 9 (day) (g) produced production 

lb 1 48 5 7 47.1 ± 5.1 9.3 ± 0.5 101 ± 20 78.1 ± 15.3 

I sc 2 50 5 5 47.9 ± 5.6 9.3 ± 0.7 100 ± 18 77.3 ± 14.1 

s s 3 51 2 7 46.7 ± 4.0 9.3 ± 0.7 106 ± 15 81.3 ± 11.3 

s I 4 55 2 3 45.8 + 3.9 9.5 + 0.8 105 + 17 80.6 + 13.3 

"Progeny groups were male-female pairs produced from the designated parent pairs. 

bl, irradiated during embryogeny. 
cs, nonirradiated (sham). 
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Fig. 1. Egg production and fertility in Japanese quail after 2.45-GHz CW microwave irradiation during 
embryogeny. Egg production was calculated as a percentage by dividing the number of eggs laid by the 
number of days the eggs were collected and then multiplying that quotient by 100. Fertility was calculated 
as the percentage of eggs laid that were fertile. Each point is the mean of 7 days of egg production 
(51 ~ n ~ 56). Open squares represent irradiated male-female pairs. Solid squares represent nonirra
diated (sham-irradiated) male-female pairs. Solid circles represent irradiated male-sham female pairs. 
Solid triangles represent sham irradiated male-irradiated female pairs. Standard deviations do not appear 
for reasons of clarity. No significant (P < .01) differences were found among the pairs in any 7-day 
interval. 

TABLE 4. Effect of Microwave Irradiation During Embryogeny on Fertile and Defective Egg 
Production From 40 Through 224 Days of Age in Japanese Quail 

Experimental Mean± SD 
mating pairs Total fertile Percentage Total soft- Total cracked-

6 9 n eggs fertile eggs shelled eggs shelled eggs 

r• I 51 140 ± 22 92.5 ± 7.1 1 ± 2 3 ± 3 
I Sb 54 139 ± 27 90.7 ± 13.5 1 ± 3 3 ± 3 
s s 56 142 ± 22 90.5 ± 11.0 2 ± 6 3 ± 2 
s I 53 133 ± 30 88.4 ± 13.6 2 ± 5 3 ± 4 

•r, irradiated during embryogeny. 
bs, nonirradiated (sham). 
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TABLE 5. Fertile and Defective Egg Production From 37 Through 168 Days of Age in Progeny of 

Japanese Quail Parents That Were Irradiated With Microwaves During Embryogeny 
Progeny 
parent Mean± SD 

pairs Progeny pairs• Total fertile Percentage Total soft-

6 9 Group n eggs fertile eggs shelled eggs 

lb I 1 48 93 ± 24 90.9 ± 12.9 1 ± 1 
I sc 2 50 95 ± 19 94.2 ± 4.7 1 ± 1 

s s 3 51 90 ± 23 85.2 ± 19.2 1 ± 2 

s I 4 55 94 ± 22 89.7 ± 13.8 1 ± 1 

•progeny groups were male-female pairs produced from the designated parent pairs. 

bl, irradiated during embryogeny. 
cs, nonirradiated (sham). 
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Fig. 2. Egg production and fertility in progeny of Japanese quail parents that were irradiated with 2.45-

GHz CW microwave radiation during embryogeny. Egg production was calculated as a percentage by 

dividing the number of eggs laid by the number of days the eggs were collected and then multiplying 

that quotient by 100. Fertility was calculated as the percentage of eggs laid that were fertile. Each point 

is the mean of 7 days of egg production (48 ::::; n ::::; 55). Open squares represent male-female progeny 

pairs whose parents were irradiated. Solid squares represent male-female progeny pairs whose parents 

were not irradiated (sham-irradiated). Solid circles represent male-female progeny pairs from irradiated 

male-sham irradiated female parent pairs. Solid triangles represent male-female progeny pairs from 

sham irradiated male-irradiated female parent pairs. Standard deviations do not appear for reasons of 

clarity. No significant (P < .01) differences were found among the progeny pairs in any 7-day interval. 
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TABLE 6. Effect of Microwave Irradiation During Embryogeny on Hatchability and Embryonic Mortality of Eggs Produced From 
40 Through 224 Days of Age in Japanese Quail 

Experimental Total• No. 
mating pairs eggs 

6 9 n incubated Hatchability 

lb I 54 2,683 88.3 ± 8.6 
I sc 54 2,765 88.7 ± 9.6 
s s 56 2,725 88.4 ± 11.7 
s I 53 2,828 85.7 ± 13.0 

•Total number of eggs incubated in seven incubations. 
bl, irradiated during embryogeny. 
cs, nonirradiated (shams). 

Early 

5.7 ± 6.0 
5.5 ± 7.9 
6.1 ± 8.8 
5.9 ± 7.0 

Mean(%) + SD 

Embryonic mortality 

Late 

Mid Total Malposition 

1.3 ± 2.1 4.7 ± 2.3 0.7 ± 0.8 
0.8 ± 1.6 5.0 ± 2.1 1.3 ± 1.0 
1.3 ± 2.1 4.1 ± 1.9 1.5 ± 1.8 
1.5 ± 2.9 6.9 ± 4.3 1.9 ± 2.2 

Malformed 

1.0 ± 1.2 
0.2 ± 0.3 
1.0 ± 1.3 
1.4 ± 1.7 

TABLE 7. Hatchability and Embryonic Mortality of Eggs Produced from 37 Through 168 Days of Age by Progeny of Japanese 
Quail Parents That Were Irradiated With Microwaves During Embryogeny 

Mean(%) + SD 

Parent Progeny• Totalb no. 
Embryonic mortality 

pairs pairs eggs 
6 9 Group n incubated Hatchability Early Mid 

1c I 1 48 1,673 88.9 ± 14.2 6.4 ± 12.3 0.9 ± 1.8 
I Sd 2 50 1,776 88.0 ± 10.6 6.0 ± 7.1 2.0 ± 4.0 
s s 3 51 1,808 88.8 ± 13.3 6.1 ± 10.4 1.3 ± 2.5 
s I 4 55 1,859 86.7 + 11.5 6.5 + 7.5 1.9 + 2.9 

•Progeny groups were male-female pairs produced from the designated parent pairs. 
bTotal number of eggs incubated in five incubations. 
cl, irradiated during embryogeny. 
cts, nonirradiated (shams). 

,Late 

Total Malposition 

3.8 ± 2.2 0.6 ± 0.9 
4.0 ± 2.2 0.8 ± 1.0 
3.8 ± 2.2 0.9 ± 1.2 
4.9 ± 3.0 0.9 ± 1.2 

Malformed 

0.1 ± 0.2 
0.3 ± 0.4 
0.2 ± 0.3 
0.4 ± 0.4 
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of parameters measured over time did not differ among treatment groups. Irradiation 
of male or female embryos did not result in sex-related alterations in fertility or 
hatchability. The progeny of either irradiated males or females reproduced in a 
manner that was not different from shams. 

In Trials 1, and 2, no significant differences were found between irradiated and 
sham-irradiated body or gonadal weights (Table 8). Similarly, no significant differ
ences were found between irradiated and sham-irradiated males in percentage sper
matocrit or spermatozoa! viability, morphology, and motility (Table 9). 

In Trials 5 and 6, no significant differences were found among the experimental 
pair groups from 224 through 364 days of age in rate of egg production, mortality, or 
reproductive behaviors (data not shown). 

DISCUSSION 

This study may represent the first investigation of low-level effect of microwave 
· irradiation on the reproduction of more than one generation of birds. Furthermore, 
this study is primary in its practical approach to the question of potential long-term, 
and therefore, genetic effects of exposure to microwave radiation on multiple gener
ations of animals. 

The results of the present study clearly indicate that irradiation of Japanese quail 
embryos in ova with 2.45-GHz CW microwave radiation at an SAR of 4.03 mW/g 
does not affect the reproductive efficiency of the hatchlings. The results from the 
progeny of quail that were irradiated during embryogeny indicate that a long-term 
genetic effect of irradiation does not exist when assessed by measuring the reproduc-

TABLE 8. Effect of Microwave Irradiation During Embryogeny on Body and Gonad Weight in 
Japanese Quail 

Experimental n Males by age (days) 
--

treatment 6 9 38 

1• 38 36 98 ± 8 
Sb 40 37 98 ± 7 

•1, irradiated during embryogeny. 
bs, nonirradiated (sham). 

238 

121 ± 11 
122 ± 11 

Mean body weight (g) ± SD 

Testes Females by age (days) Ovary 
weight (g) 35 224 weight (g) 

4.09 ± 0.76 106 ± 10 145 ± 9 5.76 ± 1.28 
3.72 ± 0.62 102 ± 9 145 ± 14 5.50 ± 1.38 

TABLE 9. Effect of Microwave Irradiation During Embryogeny on Spermatozoal Parameters in 
Japanese Quail 

Mean± SD 

Experimental Viability (%) Motility 

treatment n Spermatocrit ( % ) Live Dead Abnormal" ( % ) scoreb 

1c 38 35.0 ± 5.0 93.7 ± 6.3 0.1 ± 0.2 6.2 ± 7.9 4.6 ± 0.5 
Sd 38 32.6 ± 4.8 94.9 ± 4.4 0.2 ± 0.4 4.9 ± 3.9 4.6 ± 0.5 

"Abnormal, pooled percentages of spermatozoa with coiled tails, bent heads, broken tails, balloon heads, 
or swollen acrosomes. 
bMotility of spermatozoa based on subjective scores of 1 (poor) to 5 (excellent). 
cl, irradiated during embryogeny. 
cts, nonirradiated (sham). 
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tive parameters typically monitored in avian species or from other studies in mammals 
[Jensh et al, 1982; Rugh and McManaway, 1978]. 

Little is known of the long-acting nonthermal effects of embryonic irradiation 
over multiple generations [Rugh and McManaway, 1978], and very little research has 
been conducted on the potential effect of in vivo exposure on the genome. In the 
present study, the data collected from the progeny of parents that had been exposed 
in ovo suggest that nonthermal effects of microwave irradiation do not include long
acting effects on portions of the genome that influence reproduction in subsequent 
generations. 

A promising experimental approach to study the nonthermal effects of micro
wave irradiation on reproductive efficiency may include in vivo exposure of sexually 
mature male animals. During spermatogenesis, mice were irradiated with 2.45-GHz 
CW at an SAR of 5 mW/g, and an increased incidence of chromosomal chain 
translocations was found in spermatocytes [Manikowska-Czerska et al, 1985]. Fur
thermore, it has been reported that low-level microwave radiation interacts with DNA 
by resonant absorption depending on molecular length [Swicord et al, 1983], which 
may explain the apparent effects observed by Manikowska-Czerska et al [1985]. 

In embryos, spermatogonia and oogonia may not be as sensitive to nonthermal 
levels of irradiation because of the absence of gametogenesis and meiotic divisions. 
This may in part explain the results from the present study and may also indicate that 
the effects of irradiation reported by Manikowska-Czerska et al [1985] were on late 
spermatogonia and/or spermatocytes. Investigations are needed that include irradia
tion of testes in vivo without thermal insult before and after sexual maturation to 
further these studies. In addition, the most plausible effects of low-level irradiation in 
ovo or in utero may be measurable in cells or tissues that continue to differentiate 
postnatally, such as hematopoietic stem cells, immunological tissues, nervous tissues, 
and endocrine cells. 

McRee et al [1983] reported no increase in relative percentages of spermatozoa! 
abnormalities in 154-161-day-old quail that had been irradiated in ovo. However, 
they also reported that spermatozoa! numbers were reduced and that fertility of eggs 
produced from matings of irradiated males with nonirradiated females was decreased. 
This led to the hypothesis that spermatogonia were affected adversely during exposure 
or maturation. The results of the present study do not extend this male effect to other 
ages of quail. Only small numerical but nonsignificant fertility effects were noted in 
the present study. However, from 145 through 168 days of age, a numerical tendency 
towards decreased female (SXI) fertility was noted (Fig. 1). Clearly, no long-acting 
effect of in ovo exposure on fertility can be inferred from these data. Other reports 
on mammals have come to similar conclusions [Rugh and McManaway, 1978; Jensh 
et al, 1982]. 

Recently, Byman et al [1985] exposed fertile Japanese quail eggs twice daily for 
30 min to 2.45-GHz CW microwave radiation at power densities of 25 or 50 mW/ 
cm2 and reported that hatchability was decreased by the higher power density. They 
attributed the decreased hatchability to increased internal egg temperatures during 
exposure. Hatchability was not affected in the present study or in a past study [McRee 
et al, 1975] when eggs were exposed continuously during the first 12 days of 
incubation to 2.45-GHz CW microwave radiation and internal egg temperature was 
maintained at 37.5 °C. Byman et al [1985] also reported that the growth of chicks 
hatched from eggs exposed to 25 mW/cm2 microwave radiation was not different 
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from nonirradiated controls. Similarly, no effect of irradiation on growth was found 

by McRee et al [1975) or in the present study. Byman et al [1985) hypothesized that 

embryos from birds nesting in or about rectennae may be adversely affected by 

exposure to microwaves from a proposed satelite power system that would collect 

microwave energy. The present study extends their observations to the potential 

impact of low-level microwaves from rectennae on the reproductive ability of quail. 

Apparently, nonthermal or athermal effects of irradiation in ovo do not include 

adverse alterations in reproductive efficacy. Perhaps the best indication that long

term effects of in ovo exposure to low-level microwave radiation on reproduction do 

not exist was the well documented lack of effects on the hatchability of irradiated 

avian embryos by McRee et al [1975). 
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Comparison of the Dielectric Properties of 
Normal and Wounded Human Skin Material 
C. Gabriel, R.H. Bentall, and E.H. Grant 
Physics Department, King's College, London Strand (C.G., E.H.G.), and Institute of 
Bioelectrical Research, Romanno Bridge, West Linton, Peebleshire (R.H.B.), England 

Measurements have been made of the permittivity and conductivity of normal and wounded 
human skin material over the frequency range 10 MHz-10 GHz. The permittivity of the 
wounded tissue was found to be about 12 % higher than that of the normal tissue. A similar 
percentage increase was observed for the conductivity. These differences are attributed to 
the presence of a higher proportion of bulk water in the wounded material. 

Key words: permittivity, conductivity, normal vs wounded skin 

INTRODUCTION 

As far as we are aware, no work has been reported in the literature on the use 
of dielectric methods to observe differences between wounded and normal tissue. 
With respect to human tissue, there have been very few dielectric measurements in 
the microwave region on skin material except for the early work at isolated frequen
cies of England [1950] and Cook [1951] and the measurements of Tanabe and Joines 
[1976]. 

There is currently much interest in the use of electric and magnetic fields to 
promote wound healing and bone regeneration [Nicolle and Bentall, 1982; Frank and 
Szeto, 1983; Binder et al, 1984]. It is very important to understand the mechanism 
underlying such processes, and one step in any line of investigation would be to 
measure and compare the dielectric properties of normal and pathological material. 
In the present paper, we report measurements of permittivity and conductivity of 
human skin in the normal and wounded state over three decades of frequency. The 
determinations, which were carried out at one temperature only, were made specifi
cally for the purpose of comparison. No attempt is made to interpret the data in terms 
of cellular and molecular processes. To do this, it is necessary to take measurements 
over a wide temperature range and it is also of value to have data on frozen tissue 
material [Gabriel and Grant, 1985] as well as at higher temperatures. We are currently 
investigating the differences between wounded and normal tissue using these kinds of 
techniques, and the results will form the subject of a future publication. 

EXPERIMENTAL METHODS 

The samples were obtained as follows. The donor was a living human subject, 
and four samples each of normal skin and wounded skin were removed from the 
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lower outer calf region. A number of full-thickness incisions were made after suitable 

local infiltration of lignocaine 1 % . These incisions were 2 cm in length and were 

closed with 4/0 prolene sutures. After 48 hr a further lignocaine infiltration was made 

and a 5 mm biopsy removed from the incision site. At the same time a similar quantity 

of lignocaine was infiltrated at a distance of 3 in. from the incision and a 5 mm punch 

biopsy of this unwounded "normal" skin removed. These then constituted the sam

ples. With respect to the wounded material, two samples were taken 48 hr after 

wounding and two samples 72 hr after wounding. The permittivity and the conductiv

ity of all skin samples were measured within 3 hr of removal. 

The dielectric measurements were carried out using an HP 140 Time Domain 

Spectrometer on line to a PDP 11/10 computer. Full details of the equipment and the 

experimental technique have been described previously [Dawkins et al, 1979, 

1981a,b], and examples of its use in measuring the dielectric properties of biological 

material also appear elsewhere [Gabriel et al, 1983]. The data were taken at 1 °C, 

this temperature being chosen in order to cover as large a fraction of the water 

dispersion as possible with the available measuring frequency range (10 MHz-10 

GHz). 

RESULTS AND DISCUSSION 

The dielectric parameters of four samples each< of normal and wounded skin 

material were determined. For both types of skin the total spread in the values of 

relative permittivity (E) and conductivity (a) was around 8% at any given frequency 

point. Figures 1 and 2 show, respectively, the values of E and a for wounded and non

wounded skin over the complete frequency range of measurement. For wounded 

material, the values of E and a were on average about 12 % higher than for normal 

skin. 
It is well known [Schwan, 1957; Grant et al, 1978] that several distinct processes 

can contribute to the observed dielectric dispersion in biological material between 10 

MHz and 10 GHz. However, although unambiguous interpretation of the dielectric 
data at the low-frequency end of this region may be difficult, it is generally agreed 

that any dispersion occurring above around 1 GHz is due to the water component. 

Consequently, measurements carried out at one temperature on two biological mate

rials are unlikely to produce much precise comparative information on the properties 

of the cells and macromolecules that are present, unless there are gross differences 

between the two tissues being compared. Conversely, any differences in the water 

content might be reflected clearly in the dielectric properties of the two tissues. 

Following Schwan [1957) and numerous other investigators since then, it will 

be assumed that the present dielectric data on human skin can be characterised by 

three dispersion regions; the ~ dispersion resulting from the charging of cell mem

branes and the rotation of individual macromolecules; the o dispersion resulting from 

the relaxation of bound water, side chains, and perhaps proton fluctuations; and 'Y 

dispersion resulting from the bulk water in the system. Since the ~ dispersion has a 

complex origin, and the present measurements cover only the high-frequency tail, 

any fitted dielectric parameters must refer to a high-frequency portion of the ~ 
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Fig. 1. Relative permittivity of normal and wounded human skin material at 1 °C. x, Wounded skin 

material; •, normal skin material. 

dispersion and will have no particular physical significance. Representing the dielec

tric behaviour by 

~(3 t:..o ~'Y 

E(t) = E,,., + 1 + jf/fRp + 1 + jf/fR6 + 1 + jf/fR-y 

where~ and fR are respective dielectric increments and relaxation frequencies for the 

three processes, the fitted values of~ and fR are obtained (Table 1). 

Examination of the data shown in Table 1 reveals no significant differences in 

the dispersion parameters of the (3 and o dispersions for the normal and wounded 

skin. The dielectric increment of the 'Y dispersion is, however, appreciably higher for 

the wounded material, the increase being 10-15 % . The values of the relaxation 

frequency are in agreement to within experimental error for the 'Y dispersion. The 

significance of these observations is twofold. 
It is well established that the 'Y dispersion in a biological tissue may be attributed 

to the bulk water present. Since the dielectric increment is, within a very good 

approximation, proportional to the amount of substance giving rise to it, it follows 

that the bulk water content of wound biopsy is 10-15 % higher than for normal skin. 

Although this enhancement of water content in wound material is well known [Ryan 

and Majno, 1977], this is the first time, as far as we are aware, that the increase has 
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Fig. 2. Electrical conductivity of normal and wounded human skin material at 1 °C. x, Wounded skin 
material; e, normal skin material. 

TABLE 1. Dielectric Parameters of Normal Human Skin and Human Wound Biopsy at 1 °C 
Parameter Normal skin Wound biopsy 

A/3 91.8 (9.8)3 93.0 (10.4) 
fR/l (MHz) 14. 7 (1.9) 16.3 (2.3) 
A~ 14.2 (1.8) 15.2 (2.5) 
fR, (MHz) 248 (48) 229 (50) 
A, 37.2 (0.6) 42.2 (0.6) 
fR (GHz) 5.9 (0.3) 6.1 (0.3) 

•The figures in parentheses are the 95% confidence limits. 

been quantified using dielectric methods. The second point that emerges from Table 
1 is that the relaxation frequency of the skin, normal or wounded, is considerably less. 
than that for pure water (9.1 GHz at 1 °C). The best explanation for this is that an 
appreciable fraction of the water in tissue has a rotational mobility less than pure 
water. 
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Simulated Biological Materials for 
Electromagnetic Radiation 
Absorption Studies 

G. Hartsgrove, A. Kraszewski, and A. Surowiec 

University of Ottawa, Department of Electrical Engineering, Ottawa, Ontario, Canada 

For the study of electromagnetic dosimetry and hyperthermia, it is necessary to simulate 
human biological materials. This can be done by chemical mixtures that are described in 
this paper. Formulas are presented for simulating bone, lung, brain, and muscle tissue in 
the frequency range of 100 MHz to 1 GHz. By using these preparations a realistic 
equivalent to the human body can be constructed. 

Key words: simulated biological materials, electromagnetic dosimetry, tissue equivalent materials 

INTRODUCTION 

Recently, electromagnetic dosimetry and hyperthermia have required more and 
more complex models of biological materials to investigate the electric field (SAR, 
temperature) distributions induced inside a real body. Experimental verification of 
calculations based on these more complex structures needs a more realistic model of 
the biological object constructed from materials that simulate the perrnitt!vity and 
conductivity of various tissues in the frequency range of interest. Most of the tissue 
equivalent materials developed to date simulate skeletal muscle. The majority of these 
materials lose their properties after a short time, because of sedimentation, chemical 
reactions, and bacterial action. The purpose of this paper is to present recipes for 
materials at room temperature that simulate the permittivity and conductivity of 
muscle, brain, lung, and bone tissues at body temperature (37° C) in the frequency 
range of 100-1000 MHz. These materials are all easy to prepare, inexpensive, and 
retain their properties for an extended period of time. Muscle simulating materials 
that have been prepared have retained these properties for over 1 year. 

SIMULATED MATERIALS 

Muscle Tissue 

Our initial attempt was to simulate the properties of skeletal muscle [Hurt, 1985] 
because this is one of the major components of man. Previous formulas [Chou et al, 
1984; Guy, 1971] have been developed for muscle material but they were found to 
have problems. The major problems were lumping of the gelling agent during mixing, 
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separation of the components of the mixture, and a short lifetime before the onset of 
bacteria growth. The problems with the previous mixtures appeared to be mostly 
associated with the gelling agent; therefore, a substitute was sought. A compound 
used commercially for increasing the viscosity of many water based compounds was 
found to be a excellent material for our application. This material is a nonionic water
soluble ~olymerizing agent called hydroxyetheylcellulose (HEC), also known as 
Natrosol . This material is available in a wide range of viscosities and is easily mixed 
with water. Because of the particular requirements of our project (immersion of a 
fragile probe into the material to measure the electric field), we needed a liquid or 
semi-liquid form of tissue equivalent materials. All recipes presented here are for 
semi-liquid materials (except for castable bone) which have viscosities in the range of 
15,000-25,000 mPa. However, by increasing the amount of HEC one can obtain a 
more solid form of the materials with the same electrical properties. 

The other components of the muscle material were sodium chloride (NaCl), to 
increase conductivity, and sucrose to lower the dielectric constant. One other compo
nent, a bacteriacide, was also added to prevent breakdown of the polymer by bacterial 
agents. The bacteriacide used was Dowicil 75®[1-(3-chloroallyl)-3, 5, 7-triaza-1-
azoniaadamantane chloride]. Sucrose is available in the form of cane sugar and is 
much cheaper than polyethelene powder used in previous formulas. See the Appendix 
for a list of suppliers. Table lA gives the proportions by weight for each of the 
materials, and Table 2 lists the dielectric constants and the conductivities in mS/cm at 
several selected frequencies. Figure 1 shows the dielectric constant and the conductiv
ity for simulated muscle material as well as expected values based on data from 
several sources [Hurt, 1985; Stuchly and Stuchly, 1980; Foster et al, 1985; Pethig, 
1984; Durney et al, 1978]. The measured dielectric constants are shown as circles, 
crosses depict the measured conductivities, solid lines present the expected dielectric 
constant, and dashed lines the conductivity. 

Brain Tissue 

The properties of brain tissue [Foster et al, 1979] are similar to those of skeletal 
muscle and the same components are used to produce brain equivalent material. Most 
of the brain consists of both grey and white matter with grey material having a higher 
dielectric constant and conductivity than white matter. The formula that is presented 
here will give properties averaged between those of white and grey matter. The recipe 
is presented in Table lA, and frequency characteristics are shown in Figure 2 and in 
Table 2. 

Lung Tissue 

The lungs also have been identified as a part of the human body that has 
properties significantly different from skeletal muscle. It is, however, a complex 
structure that has different properties dependjng upon whether the lungs are inflated 
or deflated [Surowiec et al, in press]. In order to provide the best simulation an 
average was taken of these two states. 

The basis of the lung simulation is the same as the skeletal muscle, as described 
above, but with the addition of hollow silica microspheres that range in diameter from 
30-180 µm with a wall thickness of about 1.5 µm. This size is of the same order as 
the aveoli in the human lung, which is in the range of 100-200 µmin diameter. The 
skeletal muscle material is mixed with the microspheres by volume in a ratio of 4 7 % 
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TABLE 1. (A) Composition by Weight of Muscle and Brain 
Equivalent Material. (B) Percentage by Volume of Filler Used in 
Lung Material. (C) Castable Bone Material Components. (D) 
Liquid Bone Material Components. 

A. Muscle and brain material 

Material 

Water 
Salt (NaCl) 
Sugar 
HEC 
Bacteriacide 

B. Lung material 

Material 

Muscle material (above) 
Microspheres 

C. Bone material (castable) 

Material 

Two ton epoxy 
Epoxy 
Hardener 
KC! Solution 

D. Bone material (liquid) 

Material 

TWEEN 
n-Amyl alcohol 
Paraffin oil 
Water 
Salt (NaCl) 

Percentage by weight 

Muscle Brain 

52.4 
1.4 

45.0 
1.0 
0.1 

40.4 
2.5 

56.0 
1.0 
0.1 

Percentage by volume 

47 
53 

Percentage by weight 

35.0 
35.0 
28.0 

Percentage by weight 

57.0 
28.5 
9.5 
4.5 
0.5 

TABLE 2. Dielectric Constant and Conductivity of Tissue Equivalent Materials at Selected 
Frequencies 

Frequency (MHz) 

100 400 900 

Material t' a €' a t' 

Muscle 70.5 6.8 62.5 9.0 54.7 
Brain 63.0 4.7 50.3 7.5 41.2 
Lung 37.0 3.4 32.6 4.3 28.0 
Bone cast . 13.6 0.08 9.3 1.1 7.4 
Bone liquid 10.8 0.35 9.1 0.66 7.2 

a 

13.8 
12.2 
6.6 
1.6 
1.2 

muscle equivalent material to 53 % microspheres. The propei:ties of the simulated 
lung material are shown in Figure 3 and in Table 2. 

Bone Tissue 

Bone material is a very inhomogeneous structure, containing parts of different 
dielectric properties. The data found in literature [Foster and Schwan, 1985; Pethig, 
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Fig. 1. Dielectric constant (0) and conductivity (X) of muscle equivalent material from 10 MHz to 
2.45 GHz. Solid and dashed lines represent expected values of dielectric constant and conductivity, 
respectively. 
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Fig. 2. Properties of simulated brain material compared to expected values (average of white and grey 
matter). Symbols for Figures 2-5 as in Fig. 1. 

1984; Stuchly and Stuchly, 1980] differ significantly. The expected values plotted in 
Figure 4 and 5 are based on an average of the existing data. In order to simulate bone 
properties a different approach was necessary because of the relatively low dielectric 
constant and the desire to have a material that can be cast into the shape of a real 
bone. There are also experimental situations where it would also be desirable to have 
a liquid form of bone material so that the interior of the bone may be investigated. To 
this end we have devised two formulas for bone, one liquid, and the other castable. 
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Fig. 3. Simulated lung material dielectric constant and conductivity compared to average properties of 

inflated and deflated lung. 

The castable version is simply made from Devcon two-ton epoxy with a highly 

conductive potassium chloride (KCl) solution added. The concentration of the salt 

solution can be adjusted to vary the conductivity of the material and the dielectric 

constant. The desired conductivity may be achieved when the electrolyte is incorpo

rated into the epoxy, thus forming ionic conductance carriers in the bone equivalent 

material. The composition of this material is given in Table 1 C. 

Due to the exothermic reaction some of the water evaporates and the resulting 

material contains about 0.5% less water than in the original case. The specific density 

of the resulting material is O. 98 g/ cm - 3
• 

This preparation has been found to be easy and fast to produce and it provides 

reproducible results. The most important aspect of this material is that the dielectric 

properties of bone material are simulated over a wide frequency range, as shown in 

Figure 4. 
The liquid form of the bone material is made from several chemicals forming a 

microemulsion. This microemulsion is the same as presented by Foster et al [1982]. 

Saline solution is added to the microemulsion in order to increase the conductivity. 

The amount of NaCl solution and other components of the microemulsion are 

given in Table 1D. Properties for the liquid bone material are given in Figure 5 and 

Table 2. 

PREPARATION METHODS 

The procedure for preparing the tissue equivalent materials are presented here. 

It is important that the instructions are followed carefully and the ·material is weighed 

accurately to obtain reproducible results. 

Muscle, Brain, and Lung Tissue Equivalent Material 

The following procedure was used to prepare muscle, brain, and lung tissue 
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Fig. 4. Electric properties of castable bone-equivalent material. 
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Fig. 5. Electric properties of liquid bone-equivalent material. 

equivalent material: (1) Weigh all ingredients accurately. (2) Heat water to 40°C. (3) 
Add salt and bactericide while stirring. (4) Add sugar (and microspheres in case of 
lung). (5) Continue to stir at low speed to minimize the amount of air bubbles in the 
solution. (6) Add the hydroxyethylcellulose (HEC). (7) Remove from heat. (8) 
Continue to stir until mixture thickens. (9) Let cool to room temperature. 

When not in use the material should be stored in a covered container to prevent 
evaporation of water. If, however, the material does lose some water the original 
properties can usually be restored by the addition of a small amount of water that is 
simply stirred into the existing material. 
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Bone Tissue Equivalent Material 

The procedure for preparing the bone equivalent material is as follows: (1) Mix 
the KCl solution in the proportions given in Table lC. (2) Add one-quarter of the 
total amount of KCl •solution to the epoxy resin and mix until a homogeneous paste is 
obtained. (3) Add another 25 % of the KCl solution and mix until the material is 
homogeneous, white, and no water appears on the surface. (4) Add the hardener and 
mix carefully for about 1 min. (5) Add 25 % more KCl and mix using an electric 
mixer until homogeneous (less than 1 min). (6) Add the remainder of the KCl and 
continue to mix for 1-2 min. (7) Pour the mixture into molds to set. (8) The material 
will then slowly begin to solidify producing an exothermic reaction. (9) The material 
will harden in about 4 h. 

The material should then be kept in a moist environment to prevent evaporation· 
of water. 

MEASURING TECHNIQUES 

The dielectric properties of the tissue simulating materials were measured using 
an open-ended coaxial-line sensor and a computer-controlled automatic network 
analyser [Kraszewski et al, 1983]. The system was calibrated with the sensor open
circuited, short-circuited, and immersed in a saline solution to minimize the errors 
related to the system imperfections. The sensor was then immersed into the material 
under test (being a liquid or semi-liquid) or was firmly pressed into the flat smooth 
surface of the cast bone sample. The uncertainty of the measurement was evaluated 
as being less than 3 % for the dielectric constant and 2 % for the conductivity of 
muscle, brain, and lung materials, and less than 5 and 10%, respectively, for bone 
simulating material. 

A summary of the properties of all the materials that have been described are 
presented in Table 2. This table gives dielectric constants and conductivities at 
frequencies of 100, 400, and 900 MHz. 

SUMMARY 

Formulas have been presented along with mixing instructions for the preparation 
of simulated bone, lung, brain, and muscle material in the frequency range of 100 
MHz to 1GHz. These materials are easy to prepare, inexpensive, reproducible, and 
retain their properties for a long period of time. 

The dielectric properties of each of the described materials can easily be changed 
to match the particular need of an experiment. In general the amount of sodium 
chloride (or KCl) is responsible for the material's conductivity, and the amount of 
water influences mainly the value of its dielectric constant. In a limited range these 
two parameters can be changed almost independent of each other, thus allowing 
precise simulation of tissue properties at a particular frequency. 

With this information it is possible to construct a more realistic model of man 
for electromagnetic dosimetry studies. 
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APPENDIX 

List of suppliers for this project includes: Two Ton Epoxy (Devcon Corp., 

Danvers, MA 01923; NaCl (any grocery store); sucrose (granulated cane sugar, any 

grocery store); HEC (100,000 A; BP Chemicals) or Natrosol 250 HHR (Hercules 

Inc., Wilmington, DE 19899); Dowicil 75 (Dow Chemical, Midland, MI 46840); 

Microspheres (Ecospheres SI, Emerson and Cuming, Canton, MA 02021); KCl, 

TWEEN, n-amyl alcohol, paraffin oil (Sargent-Welch, Skokie, IL 60077). 
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Acute, Whole-Body Microwave Exposure 
and Testicular Function of Rats 
R.M. Lebovitz and L. Johnson 

Departments of Cell Biology (L.J.) and Physiology (R.M.L.), University of Texas Health 
Science Center, Dallas 

Male Sprague-Dawley rats were exposed for 8 h to continuous-wave microwave radiation 
(MWR, 1.3 Ghz) at a mean specific absorbed dose rate of 9 mW/g. MWR exposure and 
sham-irradiation took place in unidirectionally energized cylindrical waveguide sections, 
within which the animals were essentially unrestrained. The MWR treatment in this setting 
was determined to yield an elevation of deep rectal temperature to 4.5 °C. The animals 
were taken for analysis at 6.5, 13, 26, and 52 days following treatment, which corre
sponded to .5, 1, 2, and 4 cycles of the seminiferous epithelium. Net mass of testes, 
epididymides, and seminal vesicles; daily sperm production (DSP) per testis and per gram 
of testis; and the number of epididymal sperm were determined. The levels of circulating 
follicle-stimulating hormone (FSH) and leutinizing hormone (LH) were derived via ra
dioimmunoassay of plasma samples taken at the time of sacrifice. Despite the evident acute 
thermogenesis of the MWR at 9 mW/g, no substantial decrement in testicular function was 
found. We conclude that, in the unrestrained rat, whole body irradiation at 9 mW/g, while 
sufficient to induce evident hypertherrnia, is not a sufficient condition for disruption of 
any of these key measures of testicular function. 

Key words: neurohormones, testis 

INTRODUCTION 

In previous reports, we indicated that repeated daily exposure to microwave 
radiation (MWR, 1.3 GHz) at a dose rate of 6.3 mW/g, 6 h per day for 9 days did 
not significantly perturb testicular function in the adult male rat [Lebovitz and 
Johnson, 1983; Johnson et al, 1984]. At no stage in the development of the male germ 
cells could a significant physiologic or morphologic deficit be found. Our approach 
was to examine testicular function following irradiation at intervals that corresponded 
to multiples of the 13-day cycle of the seminiferous epithelium of the Sprague-Dawley 
rat [Clermont, 1962; Clermont and Harvey, 1965; Leblond and Clermont, 1952]. It 
would thus be possible to test, if a deficit in spermatogenesis were detected at all, at 
which stage(s) of germ cell maturation maximal sensitivity was evident, and whether 
this agreed with the results of conventional heating [Setchell and Waites, 1972]. 

Since, in the previous series of experiments, a moderately thermogenic level of 
MWR was used (1 to 1.5 °C elevation in rectal temperature), a prolonged course of 
exposure was felt to be necessary in order to demonstrate any change in testicular 
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function. Exposure extending over a 9-day period conflicted, however, with the timed 
sample approach to detecting germ cell differential sensitivity. It was possible, 
therefore, that a significant stage-specific decrement was missed because of the 
extended time course of the irradiation. The experiments described here were under
taken, therefore, using a more intense but acute exposure protocol. 

METHODS 

A total of 32 Sprague-Dawley male rats between 4-5 g initial mass were divided 
equally into irradiation and sham-irradiation (control) subgroups. Two rats (both 
irradiated) died several weeks after treatment but prior to their scheduled termination 
date; the causes of death were undetermined but felt not to be related to the MWR 
exposure per se. 

The animals were kept on a 12/12h light/dark schedule (lights off at 0600 h) and 
placed in the microwave apparatus during the dark phase. During irradiation, the 
aIJ1bient temperature (23 ± 1.5 °C) and relative humidity (37 % mean, 32 to 45 % 
range) were maintained in the normal range for these animals. The irradiated subgroup 
was exposed to continuous wave (CW) MWR at 1.3 GHz in cylindrical waveguide 
sections operating as circularly polarized, unidirectional exposure chambers [Lebovitz 
and Seaman, 1980] during a single session lasting 8 h. Animals of the control group 
were handled the same as the irradiated animals and placed in unenergized waveguide 
chambers for the duration of the irradiation session. 

The mean specific absorption rate (SAR) for the irradiated subgroup was 9 mW I 
g, as determined from previous input/output calibrations at our facility [Lebovitz and 
Seaman, 1980]. A separate group of body-weight-matched animals was used for the 
purpose of documenting changes in whole body temperature during exposure at this 
SAR. 

Except for the MWR treatment phase, the animals were randomly grouped and 
provided with food and water ad lib. Subgroups of treatment and control animals 
were taken for physiologic and histologic study at either 6.5, 13, 26, or 52 days 
following irradiation, corresponding to .5, 1, 2, and 4 cycles of spermatogenesis in 
seminiferous epithelium. At that time, each rat was weighed and decapitated, and 
trunk blood was taken for subsequent hormonal assay. Testis mass (right and left) and 
mass of the epididymis and seminal vesicles were individually noted. The right testis 
was decapsulated and homogenized for 2 min in 1 ml of homogenizing fluid contain
ing 15 mM NaCl, .5% (v/v) Trition X-1, and 3.8 nM NaN3 [Johnson et al, 1980]. 
Testicular homogenates were stored at 5 °C and evaluated within 28 h. Only sper
matid heads with a shape characteristic of steps 17 through 19 found in stages IV and 
Vill [Leblond and Clermont, 1952] are resistant to such homogenization; these were 
enumerated by phase-contrast cytometry. Daily sperm production (DSP) per testis 
was calculated by dividing the number of homogenization-resistant spermatids by the 
life span of 6.3 days [Amann et al, 1976; Johnson et al, 1980]. DSP per gram 
parenchyma (DSP/g) was calculated by dividing the DSP/testis by the difference 
between testis and tunic mass. The number of sperm in the right epididymis was 
determin~d from epididymal homogenates prepared and evaluated as were those for 
the testes. 

Circulating levels of leutinizing hormone (LH) and follicle-stimulating hormone 
(FSH) were determined from the trunk blood sample using established radioimmu-
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noassay techniques [Samson and McCann, 1979] and materials supplied by NIADDK. 
The results are expressed in terms of the RP reference standards. All of the above 
determinations were carried out in the "blind" using encoded samples. 

RESULTS 

The primary aim of these studies was to determine if acute, thermogenic MWR 
exposure was sufficient to influence the process of spermatogenesis in the unrestrained 
rat. Calculated DSP lg, presented in terms of cycle periods of the seminiferous 
epithelium, is shown in Figure 1 for the total of 3 surviving rats. One full spermato
genic cycle takes 52 days in these animals, comprising four 13-day cycles of the 
seminiferous epithelium [Clermont and Harvey, 1965]. A two-way analysis of vari
ance (ANOVA, unweighted means correction for unequal cell counts using the method 
of Winer [1971]) revealed no significant treatment effect (F (1,22) = .09; P = . 764). · 
Potential DSP calculated on a per testis basis was similarly unaffected by the exposure 
(F(l,22) = 1.059; P = .316). The number of epididymal sperm did appear to be 
reduced at 26 days following treatment (Fig. 2). However, ANOVA indicated that no 
treatment effect could be substantiated overall (F(l,22) = .104; P = .748). There 
was, however, a marginal indication of interaction between irradiation and post
irradiation sample period (F(3,22) = 2.676; P = .0713). The isolated subgroup 
mean epididymal sperm count at 26 days following treatment was, in fact, signifi
cantly lower (t-test, P < .05) for the irradiated animals. Since confirmation of such 
a weak interaction was not found in other aspects of these data, we cannot rule out 
that this was a purely aberrant result. All other subgroup mean differences were not 
significant. A summary of key physiological data for all treatment groups is presented 
in Table 1. 
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Fig. l. Calculated DSP/g obtained at four discrete intervals following MWR exposure in a single 8-h 
session at 9 mW/g (CW). Here, as in Figures 2-4, the number of animals in the specific sample 
subgroups are indicated in parentheses. 

Fig. 2. Epididymal sperm count for the same animals as in Figure l. The differences between group 
means at the 26-day post-treatment sample interval were significant in isolation; however, ANOVA 
applied to the entire experimental group did not reveal a significant difference due to treatment (see 
text). 



TABLE 1. Physiological Parameters Following CW MWR at·9 mW/gt 

Spermatogenic cycle 

0.5 2 4 

Sham Irrad Sham Irrad Sham Irrad Sham Irrad 

N 4 3 4 3 4 4 4 4 
Variable 
Body mass 487.4 479.0 511.8 498.9 519.9 512.4 563.5 552.1 

(g) 4.3 12.9 4.2 13.0 12.1 12.0 7.5 19.1 

Total testis mass 3.01 3.20 3.13 3.09 3.33 3.24 3.06 3.38 
(g) .03 .17 .14 .02 .14 .16 .12 .17 

Right tunic 70.7 72.8 61.8 55.2 69.7 74.6 75.8 80.5 
(mg) 4.9 8.2 7.7 4.7 3.7 4.4 3.4 7.3 

Left epididymis .534 .543 .523 .400 .582 .537 .557 .566 
(g) · -,019 .026 .009 .127 .037 .018 .014 .020 

DSP/testis 31.0 37.0 34.1 31.7 31.5 31.1 34.7 37.9 
(X 106) 1.0 3.5 2.9 2.0 0.7 2.4 2.2 1.9 

DSP/g 22.1 24.5 22.9 21.8 20.4 20.6 24.5 23.8 
(x106) 0.6 1.3 1.5 1.2 0.5 .5 0.6 0.2 

Right epididymal 250.5 267.0 265.7 281.2 311.2 234.8* 283.2 308.6 
sperm count 19.7 36.3 24.8 13.0 16.5 19.7 20.1 10.3 
( X 106) 

Seminal vesicle 1.66 1.69 1.74 1.75 1.53 1.83* 1.56 1.73 
(g) .11 .20 .15 .06 .08 .05 .04 . 18 

*Difference in subgroup mean significant (Student t) at P < .05. 
tData shown are for a single group of 14 irradiated and 16 irradiated-control animals treated simultaneously and taken for analysis at intervals corresponding 
to .5, 1, 2, and 4 times the cycle period of seminiferous epithelium. The latter corresponds to one full cycle of spermatogenesis. Figures represent mean ± 
SE. 
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Seminal vesicle weight would reflect a change in testosterone levels ( cf Table 
1) and showed no significant difference due to irradiation, although there was a single 
instance of a significant difference in subgroup means, again at the 26-day post
treatment latency. This measure reflected the response to collective circulating testos
terone over a period of time. However, if a reduction in testosterone levels were a 
result of irradiation, one would expect to observe a relative decrease rather than the 
increase in seminal vesicle mass that was marginally suggested by these data. Again, 
two-way ANOVA did not support the conclusion that there were any sig
nificant treatment-dependent main (F(l, 22) = 2.178; P = .151) or interaction 
(F(3,22) = .638; P = .602) effects for the irradiated group as a whole. More to the 
point, direct measurement of circulating FSH and LH in the trunk blood taken at the 
time of termination (Fig. 3) did not show any effect of irradiation. We must conclude 
from the above data that no substantial neuroendocrine effect was produced by the 
MWR treatment. 

The time course of rectal temperature during irradiation at the 9-mW/g dose 
rate is shown in Figure 4. Surrogate animals, of the same strain and body mass as 
that used to obtain the data given above, were used to obtain this thermal profile. 
Animals were irradiated using identical procedures, and body temperatures were 
sampled periodically with a rectal probe thermistor. The data indicated that equilibra
tion at an elevated core temperature of 40-41 °C was achieved within 1 h of 
irradiation and remained stable thereafter. Since the animals were removed from the 
waveguide periodically for insertion of the rectal probe, and since a slight decline in 
temperature of the sham-irradiated animals was evident, the MWR-induced whole
body thermal effects shown in Figure 4 must be construed as a conservative underes
timate of the actual temperature rise experienced by the animals in the primary 
experimental group. There was no doubt, therefore, of the significant thermogenic 
potential for the unrestrained rat of the MWR dose rate utilized in these experiments. 
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Fig. 3. Circulating FSH and LH levels in plasma taken at the time of sacrifice for testicular examination. 
The data are within the expected range for normal animals of this age. 
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Fig. 4. Rectal temperature in a group of three irradiated and three sham-irradiated animals under the 
exposure conditions of the primary treatment group whose data appear in Figure 1-3. Temperature data 
was obtained via insertion of a lubricated rectal probe during brief (less than 2 min) removal of the 
animal from the waveguide. 

DISCUSSION 

In previous experiments, whole-body exposure at 6.3 mW/g over several hours 
did not yield any significant alteration in testicular parameters in the freely mobile rat 
[Johnson et al, 1984; Lebovitz and Johnson, 1983]. It was of interest, therefore, to 
consider the effect of an acute dose rate (9 mW/g) at or above the lethal level for 
chronic exposure using the rat. The expected rise in deep core temperature (Fig. 4) 
was considerable, yet no notable alteration in testicular parameters could be detected. 

The suggestive decline in epididymal sperm count at 26 days would reflect, if 
real, a threshold decrement on primary spermatogenesis induced the MWR. A 
differential sensitivity of germ cells at this stage of maturation has been reported with 
conventional heating of the testes [Chowdhury and Steinberger, 1970]. However, we 
did not confirm a significant effect of MWR on testicular function by other measures. 

In view of the large number of variables measured in this study, the reduction 
in epididymal sperm count at 26 days after treatment is highly questionable. Further, 
in view of the unarguable heat-sensitivity of the testis [Chowdhury and Steinberger, 
1970; Setchell and Waites, 1972], we must conclude that the clearly thermogenic dose 
was not sufficient to induce a critical temperature rise in the testes of unrestrained 
rats. In this respect, our results are in essential agreement with those of Berman et al 
[1980]. We can, of course, offer no support for macroscopically athermal effects on 
the testes. 

There still remains the question of whether conventional and microwave-in
duced heating will yield equivalent deficits in testicular function. With all physiologic 
and/or behavioral thermoregulatory mechanisms intact, it appears that the testis 
temperature will remain below the critical threshold for damage even with acutely 
thermogenic levels of whole-body MWR exposure. The next step is to better define 
the relationship between conventional and MWR-induced heating of the testis. This 
requires a more controlled preparation, such as immobilized or anesthetized, wherein 
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testicular dose rate and intratesticular temperature rise can be directly quantified 

[Lebovitz et al, 1987]. 
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Microwave Facilitation of Domperidone 
Antagonism of Apomorphine-lnduced 
Stereotypic Climbing in Mice 

R.M. Quock, F.J. Kouchich, T.K. Ishii, and D.G. Lange 

Toxicology Research Laboratory, Research Service, Clement J. Zablocki Veterans 
Administration Medical Center, Milwaukee (R.M.Q., F.J.K.); Department of Basic Sciences, 
Marquette University School of Dentistry (R.M.Q., F.J.K.), and Department of Electrical 
Engineering and Computer Science, Marquette University School of Engineering (T.K.I.), 
Milwaukee; Department of Anesthesiology and Critical Care Medicine, The Johns Hopkins 
Medical Institute, Baltimore (D.G.L.) 

The dopaminergic agonist apomorphine produced dose-dependent stereotypic climbing 
behavior in mice housed in cages with vertical bars. This drug effect was competitively 
inhibited by systemic pretreatment with the centrally acting dopaminergic antagonist 
haloperidol but not by microwave irradiation (2.45 GHz, 20 mW/cm2

, CW, 10 min) nor 
by systemic pretreatment with domperidone, a dopaminergic antagonist that only poorly 
penetrates the blood-brain barrier (BBB). Yet when mice were systemically pretreated 
with domperidone and then subjected to microwave irradiation (as above), the apomor
phine effect was significantly reduced. Microwave irradiation also facilitated antagonism 

. of the apomorphine effect by low and otherwise ineffective systemic pretreatment doses of 
haloperidol. Apomorphine-induced stereotypic climbing behavior was also reduced by 
domperidone administered intracerebrally, which bypassed the BBB. Exposure of intrace
rebral domperidone-pretreated animals to microwave irradiation failed to increase the 
degree of antagonism. These findings indicate that microwave irradiation can facilitate 
central effects of domperidone, a drug which acts mainly in the periphery. One possible 
explanation for these findings is that microwave irradiation alters the permeability of the 
BBB and increases the entry of domperidone to central sites of action. 

Key words: blood-brain barrier, haloperidol, central vs peripheral actions 

INTRODUCTION 

In recent years, much interest has emerged in the possible interaction of 
microwave radiation with biological systems. Our attention was initially drawn to this 
issue by reports of both microwave-induced alterations in blood-brain barrier (BBB) 
permeability characteristics to inert radiolabelled markers [Frey et al, 1975; Albert, 
1979; Albert and Kerns, 1981] as well as alterations in central nervous system (CNS) 
effects of a variety of pharmacologic agents [Baranski and Edelwejn, 1968; Thomas 
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and Maitland, 1979; Thomas et al, 1979, 1980; Lai et al, 1983, 1984a,b, 1986]. 
Unfortunately, there has been little evidence from other groups employing similar 
techniques to confirm either that the reported change in BBB permeability was a 
demonstrable phenomenon or that the reported changes in CNS activity of the 
pharmacologic agents were indeed due to microwave-induced alterations in BBB 
function [Merritt et al, 1978; Preston et al, 1979; Preston and Prefontaine, 1980]. 

It is highly probable that differences in animal models and microwave exposure 
techniques contribute to the lack of agreement on microwave-induced alterations in 
BBB function. However, we also felt that a more important source of disagreement 
lies in the relative sensitivities and specificities of the methods employed to evaluate 
BBB function. Two major techniques are currently employed to evaluate microwave
induced alterations of BBB function: One is histological/ultrastructural [Sutton and 
Nunnally, 1973; Sutton and Carroll, 1979; Albert, 1977], and the other is physiologi
cal [Crone, 1963; Oldendorf, 1970; Rapoport et al, 1978, 1979]. Both types of studies 
have their relative strengths and weaknesses. The histological/ultrastructural approach 
is highly site-specific yet lacks sensitivity, and results from such studies are difficult 
to quantitate. Conversely, physiological methods, although potentially extremely 
sensitive, usually require changes distributed over large sections of tissue to demon
strate this sensitivity. 

In an effort to exploit the strengths of both techniques, we developed a phar
macological assay system, using a CNS agonist that produced a predictable behavioral 
response, and attempted to employ microwave radiation to alter the CNS availability 
of an antagonist that was normally excluded from the CNS (based on physicochemical 
properties). This pharmacological approach enjoyed the advantages of both sensitivity 
(since it was relatively easy to alter drug dose-response relationships) as well as site 
specificity (since the agonist/antagonist interaction had been shown to occur in a 
specific region of the CNS). The technique had an additional advantage in that it 
permitted a time-dependent evaluation of a microwave-induced response without 
requiring sacrifice of the test animal. Thus this report describes the influence of 
microwave radiation on the ability of a non-CNS-acting dopaminergic antagonist, 
domperidone [Laduron and Leyson, 1979], to block a drug effect of the dopaminergic 
agonist apomorphine, previously demonstrated to originate from a site-specific action 
of apomorphine on dopamine receptors in the corpus striatum of the CNS [Protais et 
al, 1976]. 

MATERIALS AND METHODS 

Over 400 male ICR mice, weighing 20-30 g, were purchased from King Animal 
Laboratories (Oregon, WI) for these experiments. On the day of the study, animals 
were acclimated for no less than 60 min to housing in individual circular cages, 12 
cm in diameter and 14 cm in height, with 1 mm vertically mounted metal bars spaced 
1 cm apart. These cages were additionally separated by cardboard screens to prevent 
any behavioral interaction between test animals. After conditioning, the animals were 
challenged with various doses of apomorphine and returned to their individual cages. 
Assessment of apomorphine-induced stereotypic climbing activity was made accord
ing to a previously published method [Quack and Lucas, 1981; Quack et al, 1983]: 0 
points, the animals sits with all four paws on the cage floor; 1 point, the animal 
persistently stands against the cage wall with forepaws grasping the metal bars; and 2 
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points, the animal persistently climbs on the cage wall with all four paws grasping the 
metal bars. Scores were assigned by a trained observer who was not blind to the drug 
or apomorphine treatments; preliminary studies showed that each activity level was 
quite clear-cut and that prior knowledge of the treatment group did not influence the 
behavioral scoring. Climbing scores were assigned for two 5 min intervals ending 10 
and 20 min following the apomorphine challenge, and the scores were then averaged 
to yield a stereotypic climbing score for each mouse. The score was determined by 
the most predominant behavior demonstrated during the 5 min observation period. 

In experimental trials, the mice were acclimated to the circular cages, then 
removed for pretreatment injections followed by either microwave or sham irradia
tion. Animals were typically run in pairs with both mice receiving injections of the 
0.9% saline solvent, haloperidol, or domperidone, then one mouse was subjected to 
microwave irradiation for 10 min while the other was sham irradiated at the same 
time. Following the exposure period, the mice were returned to their circular cages 
for another 20 min before the apomorphine challenge. The protocol for these systemic 
pretreatment experiments is illustrated in Figure 1. Each animal was used only once 
and then discarded. 

For the purpose of microwave irradiation, we utilized a near-field waveguide 
microwave exposure system, constructed according to previously published specifi
cations [Ho et al, 1973; Christman et al, 1974]. Conscious and unrestrained test 
animals were placed individually into a styrofoam containment chamber (5H x 9W 
X llL cm) with 6 mm diameter lucite rods traversing the top and bottom of the 
chamber; the rods were aligned parallel to the vector of the incident electric field to 
permit adequate ventilation of the animals during exposure. However, unlike with the 
apparatus of Ho et al [1973], no attempt was made to provide forced ventilation 
through the exposure chamber. The styrofoam containment chamber was placed into 
an R-band waveguide (5.4H X 10.9W X 29L cm) modified with hinged screen doors 
to allow access to the interior. The waveguide was attached by coaxial cable to a 650-
W microwave generator (2.45 GHz, continuous wave; CW) operating in a TE10 
mode. The microwave energy was attenuated by a model 4-5414-30 71'-line attenuator 

Solvent, Haloperidol or Domperidone Pretreatment (ip) 

I 10 min 

Microwave 
or Sham 
Irradiation 

20 min 

Apomorphine Challenge (ip) 

/ 5 min 5 min 5 min 5 min 

behavioral observation 

Solvent, Haloperidol or Domperidone Pretreatment (ic) 

/ I0min 

Microwave 
or Sham 
Irradiation 

Apomorphine Challenge (ip) 

/5 min 5 min 5 min 5 min 

behavioral observation 

Fig. 1. Time course of experimental protocol for systemic (top) and intracerebral (bottom) pretreatment 
experiments. 
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(Arra, Bay Shore, NY), and impedence matching was accomplished using double

stub S2-15N tuners (Microlab/FXR, Livingston, NJ). Transition of the coaxial cable 

to the R-band waveguide exposure system was accomplished by two model R601C 

waveguide coaxial adaptors (Microlab/FXR). CB-67N directional couplers (Micro

lab/FXR) were employed to monitor incident, reflected, and transmitted power using 

either crystal or bolometer detectors in appropriate detector mounts in conjunction 

with a model 423A Hewlett-Packard power meter. The maximal power density 

located at the center of the containment chamber was periodically checked using a 

model 380m microwave leakage detector (Simpson, Elgin, IL). A specific absorption 

rate (SAR) of 45.5 W/kg at the nominal incidence flux of 20 mW/cm2 was calculated 

in accordance with the Dewar-flask calorimetric technique [Blackman and Black, 

1977; Durney et al, 1980) using mouse cadavers aligned parallel to the vector of the 

incident field. All exposures occurred at an ambient temperature of 22 ± 1 ° C with a 

relative humidity of approximately 30% in accordance with the observations of 

Berman et al [1985). 
A separate experiment was conducted to determine if the effects of haloperidol 

might also be potentiated by microwave irradiation. Mice were here pretreated with 

0.03 mg/kg of haloperidol, which we had determined in preliminary studies to be a 

subthreshold dose for antagonism of apomorphine. Animals were then exposed to 

microwave irradiation, and the influence on apomorphine-induced stereotypic climb

ing activity was assessed as described above. 
Another experiment was conducted to determine if the failure of systemically 

administered domperidone to antagonize apomorphine was actually due to an inability 

to penetrate the BBB rather than reduced pharmacological activity compared to 

haloperidol. The 1 M lactic acid solvent (slightly acidified with glacial acetic acid), 

haloperidol, and domperidone were administered intracerebrally at a site approximat

ing the lateral cerebral ventricle, thus bypassing the BBB [Haley and McCormick, 

1957). Mice were individually exposed to halothane (Fluothane; Ayerst) on small 

gauze pads in a large covered beaker; consciousness was lost in 15-20 sec and not 

regained for 2-3 min. The anesthetized mouse was removed from the beaker and a 

midline incision made with a scalpel to permit identification of anatomical landmarks 

on the calvarium. The central microinjection was made at an intracerebral depth of 

2.4 mm in a volume of 4 µl slowly infused over 15-20 sec. The method was verified 

in nontest animals by microinjection of dye marker in similar fashion and central 

localization of the dye. After 10 min of either microwave or sham irradiation, mice 

were challenged with apomorphine and evaluated for stereotypic climbing activity (as 

previously described). The protocol for these intracerebral pretreatment experiments 

is illustrated in Figure 1. 
Drugs used in this study included apomorphine HCl (Merck), haloperidol 

(Haldol; McNeil}, and domperidone (Janssen). Apomorphine was prepared in 0.9% 

saline solution with one drop of 0.1 N hydrochloric acid per 10 ml of drug solution 

to stabilize the drug. Haloperidol was diluted to appropriate strength for injection in 

saline. Domperidone was prepared in 1 M lactic acid rendered slightly more acidic 

with glacial acetic acid; the final drug solution was titrated to pH 6-7 using 3 M 

sodium hydroxide. The systemic solvent, haloperidol, and domperidone pretreatments 

and the apomorphine challenges were all made by intraperitoneal injection in volumes 

of 0.01 ml/g. Intracerebral solvent, haloperidol, and domperidone pretreatments 

were made in a volume of 4 µl per animal. 
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The climbing scores of variously treated groups of animals were analyzed by 

the Kruskal-Wallis one-way analysis of variance by ranks and the Mann-Whitney U 

test [Siegel, 1956]. 

RESULTS 

Mice initially placed into the circular cages exhibited exploratory activity of the 

new environment, including varying degrees of transient cage climbing activity. 

However, such behavior generally subsided and disappeared after 20-30 min of 

acclimation. In preliminary experiments, systemic administration of solvent, haloper

idol, or domperidone failed to evoke any response resembling apomorphine-induced 

stereotypic climbing activity in acclimated animals. 
Figure 2 shows dose-response curves constructed from the systemic pretreat

ment experimental data. Groups of control animals challenged with thr:ee doses of 

apomorphine showed progressively greater mean stereotypic climbing scores: 1.0 

mg/kg, 0.42 mean ± 0.10 SEM, n = 20; 2.0 mg/kg, 1.35 ± 0.08, n = 20; 3.0 mg/ 

kg, 1.68 ± 0.12, n = 20. Each mean stereotypic climbing score was significantly 

different from the others (P < 0.05, Mann-Whitney U test). Microwave irradiation 

20 min prior to apomorphine challenge had no appreciable influence on either the 

mean stereotypic climbing scores or the apomorphine dose-reponse curve. To dem

onstratethesensitivityofthisassaysystemtodrugantagonism, thecentrallyactingdoparnin

ergic antagonist haloperidol was administered at a systemic pretreatment dose of 0.1 

mg/kg; this pretreatment significantly lowered the mean stereotypic climbing scores 

at all three challenge doses of apomorphine. In contrast, the peripherally acting 

dopaminergic antagonist domperidone at a systemic pretreatment dose of 1. 0 mg/kg 

exerted no significant influence on apomorphine stereotypic climbing scores. How-
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ever, the combination of domperidone pretreatment plus microwave irradiation, each 
of which alone had no effect on apomorphine, significantly reduced the mean stereo
typic climbing scores at all three challenge doses of apomorphine. Although there 
were insufficient data to generate pA2 [Arunlakshana and Schild, 1959] or even 
double reciprocal plots [Webb, 1963], it appeared that microwave irradiation had 
altered the potency of domperidone. 

Table 1 shows the mean stereotypic climbing scores evoked by a single chal
lenge dose of apomorphine (2.0 mg/kg) in mice following low-dose systemic haloper
idol pretreatment with and without microwave irradiation. The data show that 
haloperidol at a subthreshold dose of 0.03 mg/kg produced no appreciable influence 
on the mean stereotypic climbing score. However, in mice pretreated with this low 
dose of haloperidol, then exposed to microwave irradiation for 10 min, the mean 
apomorphine-induced climbing score was significantly reduced. This experiment 
suggests that microwave irradiation can also facilitate central effects of low and 
otherwise inactive doses of haloperidol. 

Table 2 shows the mean stereotypic climbing scores evoked by a single chal
lenge dose of apomorphine (2.0 mg/kg) in control and intracerebrally drug-pretreated 
and/or microwave-irradiated mice. The data show that haloperidol at an intracerebral 
pretreatment dose of 1 µg significantly reduced the mean stereotypic climbing score. 
In comparison, domperidone at an intracerebral pretreatment dose of 3 µg also 
significantly reduced the mean stereotypic climbing score. Mforowave irradiation of 
animals pretreated intracerebrally with domperidone did not alter the results obtained 
in the absence of microwave irradiation. Thus it did not appear that microwave 
exposure altered dopaminergic receptor function. 

TABLE 1. Influence of Microwave Irradiation on Haloperidol Antagonism of Apomorphine
Induced Stereotypic Climbing Behavior in Mice 

Treatment group 

Apomorphine control 
Haloperidol 

(0.1 mg/kg, IP) 
+ apomorphine 

Haloperidol 
(0.03 mg/kg, IP) 
+ apomorphine 

Haloperidol 
(0.03 mg/kg, IP) 
+ microwave irradiation 
+ apomorphine 

Kruskal-Wallis 
ANOVA 

N 

20 
25 

19 

20 

Challenge dose of 
apomorphine 
(2.0 mg/kg) 

1.35 
0.53* 

1.24 

0.85*·** 

0.001 

*Significantly different from apomorphine control group at P < 0.05 (Mann-Whitney U test). 
**Significantly different from haloperidol (0.03 mg/kg) pretreatment group at P < 0.05. 
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TABLE 2. Influence of Microwave Irradiation and/or Intracerebral Pretreament With 
Dopaminergic Antagonists on Apomorphine-Induced Stereotypic Climbing Behavior in Mice 

Treatment group 

Apomorphine control 
Haloperidol (1 µ,g, IC) 

+ apomorphine 
Domperidone (3 µ,g, IC) 

+ apomorphine 
Domperidone (3 µ,g, IC) 

+ microwave irradiation 
+ apomorphine 

Kruskal-Wallis 
ANOVA 

N 

20 
20 

23 

23 

Challenge dose of 
apomorphine 
(2.0 mg/kg) 

1.35 
0.15* 

1.03*·** 

1.08*·** 

0.001 

*Significantly different from apomorphine control group at P < 0.05 (Mann-Whitney U test). 
**Significantly different from haloperidol pretreatment group at P < 0.05. 

DISCUSSION 

Previous reports describing the effects of microwave irradiation on BBB func
tion and permeability characteristics have been equivocal. Findings suggestive of 
microwave-induced alterations in penetration of the BBB by inert radioactive tracers 
(sucrose or mannitol) have recently been reinterpreted actually to present alterations 
in cerebral blood flow [see review of Justesen, 1980]. Histological evaluations, based 
on protein-bound fluorescent dyes, or electron microscopic demonstration of enzyme 
reaction products (horseradish peroxidase) have demonstrated changes in BBB per
meability, but quantitation of the results and subsequent extrapolation to physiological, 
pharmacological, or toxicological implications have been difficult. We have attempted 
to utilize the major advantageous characteristics of these two types of studies to 
delineate more clearly a microwave-induced alteration in BBB permeability. Thus we 
have developed an agonist/antagonist pharmacological assay technique that can dupli
cate the sensitivity of the radiotracer techniques [Oldendorf, 1970; Rapoport et al, 
1978, 1979]. It shares some of the advantages of the discrete localization characteris
tics of histological techniques. Moreover, our assay has the distinct added advantages 
of monitoring an intact animal model without inducing tissue damage as well as 
demonstrating a pharmacologically relevant effect. 

Although a number of studies have demonstrated a microwave-induced facilita
tion of other centrally acting pharmacologic agents [Thomas et al, 1979; Ashani et al, 
1980; Benson et al, 1983], none of these studies took advantage of exogenous drug 
agonist/antagonist interactions. What we have attempted is the amplification of a 
small physiological effect by exploiting varying receptor affinities and/or availabilities 
for a centrally mediated agonist/antagonist interaction. Systemic challenge with the 
lipophilic agonist apomorphine permits rapid entry into the CNS without significant 
effects or changes in capillary endothelial cell permeability characteristics, since its 
uptake into the CNS is predominantly a function of its lipophilicity. Conversely, the 
systemic administration of the hydrophilic antagonist domperidone results in minimal 
penetration of the compound into the CNS, which results in maximal sensitivity to 
changes in capillary endothelial cell permeability characteristics. Thus we were able 
to monitor selectively the effects of altered BBB permeability on the CNS availability 
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of the antagonist. In addition, if the relative affinity of the antagonist is significantly 

greater than that of the agonist, we should be able to amplify greatly the behavioral 

response of the animal model to the agonist/antagonist interaction. 
In the present investigation, the interaction between apomorphine and domperi

done was selected for the following reasons. Apomorphine has clearly been shown to 

produce site-specific activation of dopaminergic receptors in the corpus striatum to 

evoke stereotypic climbing behavior [Protais et al, 1976). Suppression of apomor

phine-induced stereotypic climbing has in fact been popularly used as a screen for 

identification of drugs with potential neuroleptic activity [Costall et al, 1978; Wallach 

et al, 1980]. Domperidone has been demonstrated to possess a dopaminergic receptor 

blocking property, yet it does not readily penetrate the BBB, so its activity is largely 

restricted to the periphery [Laduron and Leysen, 1979). Previous studies have shown 

that domperidone and haloperidol have similar IC50 values (5 nM) for displacement 

of 3H-apomorphine in rat brain striatal tissue [Leysen, 1980). However, domperidone 

is distributed in the CNS differently from classical neuroleptic agents [Laduron and 

Leysen, 1979]. Following peripheral administration, its duration of action is as long 

as 16 hr [Farah et al, 1983). Thus using this unique combination of apomorphine and 

domperidone in our particular assay system fulfilled our requirements and has the 

potential for demonstrating microwave-induced alterations in BBB function. 
Our findings in the present study show clearly that domperidone possessed 

central dopaminergic antagonistic properties normally not manifested because of its 

failure to penetrate the BBB. When domperidone is systemically administered, there 

is no change in apomorphine-induced stereotypic climbing. Microwave irradiation of 

systemic domperidone-pretreated animals produces significant antagonism of apomor
phine by domperidone, comparable to the haloperidol-pretreated animals. This find

ing suggests an increase in the CNS availability of domperidone in microwave

irradiated animals. When domperidone is intracerebrally administered-bypassing the 
BBB-the apomorphine drug effect is markedly reduced, which verifies the inherent 

dopaminergic antagonistic property of domperidone. Microwave irradiation of the 

intracerebral domperidone-pretreated animals failed to increase the antagonism of the 

apomorphine drug effect. This suggests that the site of the microwave influence is not 

at the level of the dopaminergic receptor. 
Our findings also indicate that microwave exposure can increase the antagonism 

of apomorphine drug effects by both haloperidol (at low concentrations) and domper

idone. This observation suggests that haloperidol and domperidone share some com

mon mechanism for gaining accessibility to the CNS since the apparent availability of 

each is enhanced by microwave irradiation. 
One possible mechanism by which microwave irradiation could alter the CNS 

availability of exogenously adminstered drugs is through a change in the cerebral 

blood flow [Oscar and Hawkins, 1977; Preston et al, 1979; Oscar et al, 1981). The 

CNS availability of exogenous compounds with low extraction coefficients, such as 
domperidone, is not dependent on tissue perfusion rates as demonstrated by in vivo 

studies [Wilkinson and Schand, 1975; Benson et al, 1983; Quock et al, 1986; Eger, 

1974] and by mathematical models [Papenfuss and Gross, 1980]. These studies 
support the hypothesis that the increase in cerebral blood flow, secondary to the 

hyperthermic response to microwave irradiation, is not responsible for our observa

t~on of altered potency of domperidone. However, until the converse hypothesis is 

tested, the possibility of altered cerebral blood flow participating in our observations 

cannot be excluded. 
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Other investigators have also studied the influence of microwave irradiation on 
brain dopaminergic systems. Microwave irradation has been reported to augment 
apomorphine-induced hypothermia and stereotyped behavior in rats [Lai et al, 1983]. 
This is at first glance inconsistent with our findings, which showed no influence of 
microwave irradiation on apomorphine-induced stereotypic climbing activity. How
ever, in the Lai et al study, rats were exposed to 1 mW/ cm2 of microwave irradiation 
for 45 min immediately prior to apomorphine challenge, whereas our mice were 
exposed to 20 mW/cm2 of microwave irradiation for 10 min, ending 20 ,min before 
the apomorphine challenge. Since microwave-induced changes in permeability of the 
BBB are thought to be reversible in nature, it is possible that the potential for 
enhancement of the apomorphine drug effect in our mice had dissipated by 20 min 
after irradiation. However, other investigators have reported partial reversibility of 
the microwave effect on the BBB after 60 min [Oscar and Hawkins, 1977; Albert and 
Kerns, 1981]. 

In summary, our findings clearly demonstrate that exposure to microwave 
radiation can alter the CNS potency of systemically applied agents. This facilitation 
of apomorphine antagonism by domperidone appeared to be secondary to an alteration 
in CNS availability, which by experimental design was insensitive to microwave
induced alterations in cerebral blood flow. Microwave irradiation did not alter the 
central activity of domperidone by influencing its interaction with dopaminergic 
receptors, since direct intracerebral domperidone pretreatment was insensitive to 
potency changes following exposure to microwave radiation. Although histological 
evidence of altered capillary endothelial cell tight-junction dysfunction cannot be 
disclaimed at an SAR of 45.5 W/kg (20 mW/cm2 near field), we have preliminary 
data demonstrating no alteration in tight-junction integrity at 23. 7 W /kg ( 10 mW/ cm2 

near field) in a similar agonist/antagonist interaction paradigm [Quock et al, 1986]. 
We believe that the most probable explanation for our observation of microwave
induced alteration in BBB permeability to domperidone is through a stimulation of 
micropinocytotic activity, as previously postulated by other investigators [Albert and 
Kerns, 1981]. However, additional confirmatory evidence must be achieved before 
this hypothesized mechanism can be successfully defended. · 

One final issue that must be addressed is the stimulus produced by the exposure 
to microwave radiation. Presently, it is proposed that our observations are secondary 
to a thermal response of the organism to the applied microwave field. Although the 
alteration in core body temperature, above control animals, is usually within the 
diurnal temperature fluctuation range of mice(± 1.0 °C) for exposure power of 20 
mW/ cm2 for 10 min or less, it is obvious from the SAR data that a significant thermal 
stress had been applied in our animal model. Currently, we are investigating alterna
tive thermal application techniques to evaluate the possibility that microwave irradia
tion, because of its relatively unique pattern of energy deposition in vivo, is much 
more effective at producing change in CNS micropinocytotic activity than other 
stimuli. This clearly appears to be the case in other organ systems but remains to be 
clarified in CNS capillary endothelial cells. 
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Effects of 60-Hz Electric Fields on 
Cellular Elongation and Radial Expansion 
Growth in Cucurbit Roots 
Andrew A. Brayman, Morton W. Miller, and Christopher Cox 
Department of Radiation Biology and Biophysics (A.A.B., M. W.M.), and Division of 
Biostatistics (C.C.), School of Medicine and Dentistry, The University of Rochester, 
Rochester, New York 

Serial longitudinal and transverse sections were prepared from roots of Cucumis sativus 
and Cucurbita maxima that had been exposed/sham-exposed to 60-Hz electric fields for 
0-2 days. Field exposures were selected to produce a 10-20% or a 70-80% growth 
inhibition in whole roots of both species. Cortical cell length and diameter were measured 
using a microscope and eyepiece micrometer; measurements were conducted "blind." In 
both species, inhibition of cellular elongation was associated with exposure to electric 
fields (EF). Cellular radial expansion was apparently unaffected by exposure to electric 
fields. The diameters of radially unexpanded or fully expanded C. sativus cortical cells 
were about 25-30% smaller than those of comparable cells in C. maxima roots. Previous 
studies of the relationship between rates of root growth and applied EF strength showed 
that the response thresholds of C. sativus and C. maxima differed by a similar relative 
amount. These results are consistent with the postulate that EF-induced effects in roots are 
elicited by induced transmembrane potentials. 

Key words: root cell growth, Cucumis sativus roots, Cucurbita maxima roots 

INTRODUCTION 

The growth of plant roots exposed to 60-Hz electric fields (EF) in an aqueous 
medium is inhibited at field strengths greater than a defined threshold value, which 
varies among species [Brayman and Miller, 1986; Inoue et al, 1985b; Robertson and 
Miller, 1981]. Cytohistological analysis of 60-Hz EF-exposed Pisum roots indicates 
that the applied EF has a minimal effect on cell proliferation and a large effect on 
cellular elongation [Brulfert et al, 1985]. Indirect evidence suggests that a similar 
phenomenon occurs in 60-Hz EF-exposed cucurbit roots [Brayman et al, 1986]. EF
induced effects on elongation growth were observed within the region of elongation 
of Cucumis and Cucurbita roots, the severity of which increased with increasing 
distance from the root tip. At EF strengths sufficient to reduce rates of root growth 
by 70-80% there was no effect on the growth of the terminal 1 mm of the root in 
either species [Brayman et al, 1986]. 

The experiments described herein were designed to test directly the postulate 
that 60-Hz EF exposure inhibits cellular elongation growth in cucurbitaceous roots as 
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it does in Pisum roots. An additional goal was to test further the hypothesis that such 
effects are related to 60-Hz-induced transmembrane potentials [Miller et al, 1980, 
1983, 1985; Inoue et al, 1985b] by using the cell size data to estimate the induced 
potentials arising in the root cells under various EF exposure conditions. 

MATERIALS AND METHODS 
Exposure of Roots and Preparation of Sections 

Seeds of Cucumis sativus (L.) c.v. "Regal" (cucumber) or Cucurbita maxima 
(Duchesne) c.v. "Big Max" (pumpkin) were prepared for use as described previously 
[Brayman and Miller, 1986]. Approximately 160 roots were selected on the basis of 
uniform root length (""" 5 cm) and straightness. Twelve roots were randomly selected 
from this population; the terminal 5 cm of these roots was excised and immediately 
fixed in formalin:acetic acid:ethanol fixative (9 vol. 50% ethanol:0.5 vol. glacial 
acetic acid:0.5 vol. commercial formalin solution). These roots served as day 0 
controls. The remaining roots were used to constitute the "exposure" and "sham
exposure" portions of two BF-generation devices described in detail elsewhere [Rob
ertson and Miller, 1981; Robertson et al, 1981]. Briefly, roots were exposed/sham
exposed in Voth and Hamner [1943] No. 5 inorganic growth medium (60-Hz conduc
tivity z0.07 S · m- 1); the applied EF were perpendicular to the long axes of the 
roots. The roots of each species were exposed/sham-exposed to low-strength 60-Hz 
EF (C. sativus: 350 V · m- 1; C. maxima: 225 V · m- 1) or high-strength 60-Hz EF 
(C. sativus: 450 V · m- 1

; C. maxima: 350 V · m- 1). The terms low- and high
strength electric fields were assigned on the basis of the known response of whole 
root growth to these fields: The low field exposure reduced the second-day growth 
rate of exposed roots to about 80-90% of sham-exposed rates; high-field exposure 
reduced the relative growth rate of exposed roots to z25-30% of sham-exposed root 
growth rates after 2 days of exposure [Brayman and Miller, 1986]. 

After 24 hr of exposure/sham-exposure, 12 field-exposed roots were randomly 
withdrawn from both the high- and low-field incubators. The terminal 5 cm of these 
roots was excised and fixed as described. Six sham-exposed roots were randomly 
withdrawn from the sham-exposure side of each incubator (low-field and high-field), 
pooled to provide n = 12 sham-exposed roots, and similarly treated. After 48 hr of 
exposure, the procedure was repeated. Thus, the terms sham-exposed and 0 V · m- 1

-

exposed are synonymous, with sham-exposure representing a random sampling of 
roots not exposed to 60-Hz EF but exposed to growth medium from either the low
or high-field exposure apparatus. 

The fixed roots were sent to a histology laboratory (Western New York Pathol
ogy Services, P.C., Buffalo, NY) where they were dehydrated, embedded in paraffin, 
sectioned, and stained with safranin and fast green. From the 12 fixed roots within 
each series (field strength x exposure duration x species), eight roots were selected 
by personnel at the histology laboratory for sectioning. Four of these roots were used 
to prepare serial longitudinal sections of the distal """ 1.2-1.5 cm of the root, and 
another four were used to prepare serial cross sections of the 'distal """1.2 cm of the 
root. Section thickness was 10 µm in both series. Every tissue section was mounted 
and stained. 

Analysis of Sections 
The prepared slides were encoded by the histology laboratory personnel with a 

series number corresponding to the BF-exposure history of that particular root. The 
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root sections were thus scored "blind," with the investigator unaware of the exposure 
history of the material under study. 

Root cell dimensions were measured using a Zeiss photomicroscope fitted with 
an eyepiece micrometer. The eyepiece micrometer had 100 divisions and was cali0 

brated with a stage micrometer slide having 10-µm divisions. 
Cortical cells were selected for study because they constitute a large fraction of 

the root volume, undergo elongation and radial expansion growth, and collectively 
form a homogeneous tissue. To quantify the position of a particular location in the 
root, the anatomical reference point used by Mallory et al [1970] was adopted for use 
in this study. This reference point was the region of the root where a complete 
procambial cylinder was first evident and was designated VCct (vascular cylinder 
distinguishable). In cross section, VCct was readily identified, and fixed distances 
from VCct were determined by counting the number of 10-µm sections between VCct 
and the desired location. In longitudinal section, determination of the distance of a 
particular point from VCct was more difficult. A mask of translucent tape was placed 
on the coverslip directly over the three sections most closely approximating the 
median longitudinal plane through each root. The slide was placed under a stereomi
croscope and the outline of the sections incised in the tape. The tape directly over the 
specimens was then removed. Reference nicks were made in the adhesive tape mask 
adjacent to where the vascular cylinder was first visible in the sections. With the use 
of a calibrated eyepiece micrometer, the tape was incised with reference marks at 
0.5-mm intervals from Oto 3 mm from VCct, at 1-mm intervals from 3 to 6 mm from 
VCct, and at 2-mm intervals from 6 to 10 mm from VCct. A reference scalar was thus 
generated for each longitudinal section. 

Cellular radial dimension was measured using slides prepared from serial cross 
sections of the roots. After identification of the tissue section representing VCct, the 
tissue sections corresponding to the desired distances from VCct were examined. By 
manipulation of the microscope stage controls, radial transects of each tissue section 
were achieved; the cell wall-to-cell wall radial dimension of each cortical cell lying 
along these transects was measured until 40 independent cell diameter observations 
had been recorded at each of the specified locations along the root. Three roots were 
examined per treatment group. At each sampling location within individual roots, the 
40 cell diameter observations were averaged, providing an individual root mean 
estimate of cell diameter at each distance from VCct. When cell diameters were 
compared between species or treatments, the average of the individual root means 
(n = 3) was calculated for each species, treatment group, and sampling location. 

Cortical cell length was measured using slides prepared from serial longitudinal 
sections of the roots. With the adhesive tape scalars described earlier to locate the 
desired regions of the root sections (ie, distances from VCct), transects were conducted 
perpendicular to the root axis and parallel to the scalar graduations. The distance 
between the transverse walls of each cortical cell lying along a transect was measured. 
However, many of the cortical cells lacked one of the transverse cell walls, and the 
root cortex in cucurbits is only about 10 cells thick [Hayward, 1938]. It was therefore 
difficult to measure an adequate number of cells at a particular distance from VCct 
when only one longitudinal section was examined per root. Accordingly, the three 
consecutive serial sections approximating the median longitudinal plane of each root 
were examined. When possible, 15 cortical cell lengths were measured at the specified 
distance from VCct in each of these sections. Data for each distance from VCct were 
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pooled across sections and within individual roots; there were thus 45 cell length 
measurements per distance from VCct for each root examined. Three roots were 
examined from each treatment group. Cell length data were treated as described for 
the cell diameter data. The 45 cell length observations obtained at each sampling 
location within a root were averaged to provide an individual root mean cell length at 
those locations. Beween-species and between-treatment analyses of cell length were 
accomplished using the species or treatment group average of the individual root 
means (n = 3). 

Statistical Analysis 

As described above, the data available for analysis consisted of the means of 
30-45 observations at each of several locations (10-12) along individual roots. The 
simplest statistical analysis that can be applied to these data is one based on the 
individual root mean cellular dimension at each sampling location rather than the 
individual cellular measurements. Although this approach sacrifices the potential for 
assessing variability within individual root sampling locations, this concern appears 
relatively unimportant when compared to the variability between roots, since exposure 
treatments are applied to an entire root. The analysis of variance (ANOVA) is the 
natural approach to these data. By including all the data from an individual root in 
one ANOVA, enough data are obtained for an adequate assessment of variability, and 
simultaneously the problem of multiplicity that attends repetitively applied t tests is 
avoided [for a similar analysis, see Cox et al, 1980]. 

For each combination of cell length/diameter and species of root, a three-way 
ANOVA was performed for a total of four analyses. In each case, data from the 
second day of field exposure or sham exposure were used. The analytical factors 
were treatment (field strength), distance (from VCct), and root, which was nested 
within treatment. Nesting in this case means that a single treatment was applied along 
the entire length of each root. The effect of such nesting is to change the denominator 
mean square used in certain of the ANO VA F tests [Cox et al, 1980]. 

In addition to this primary analysis, a comparison of the two species (unexposed, 
day O roots) was performed with respect to both cell length and diameter. A three
way ANOVA similar to those just described was performed; the factors in this analysis 
were species, distance (from VCct), and root, which was nested within species. 

RESULTS 

The growth rates of roots exposed to 60-Hz EF for histological examination 
were not measured during the exposure period to prevent any potential damage to the 
root tissues. An estimate of how much the roots could be expected to grow under the 
exposure conditions was provided by data obtained during the dose-response mea
surements of whole root growth [Brayman and Miller, 1986]. Table 1 presents the 
rates of whole root growth in sham- and field-exposed C. sativus (350 and 450 V · 
m- 1) and C. maxima (225 and 350 V · m- 1). In both species, field-exposed roots 
grew between ::::: 1 and 3 cm, whereas sham-exposed roots grew ::::: 4-6 cm over the 
same period. On the basis of these data, the assumption was made that, in roots that 
had grown for 2 days under these exposure conditions, the terminal 1 cm of the root 
would be largely or entirely composed of cells that had undergone their development 
in the specified field environment. 
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TABLE 1. Rates of Whole Root Growth (mm · day- 1) Under Exposure Conditions Used to 
Prepare Roots for Histological Analysist 

Field 
strength Growth rate (mm · day- 1) 

Species (V · m- 1) Treatment Day 1 Day 2 

Cucurbita maxima 225 Exposed 10.1 ± 0.6 20.4 ± 0.9 
Sham 13.2 ± 0.9* 27.0 ± 0.9* 

350 Exposed 6.1 ± 0.3 8.1 ± 0.4 
Sham 25. l ± 0.8* 36.7 ± 0.8* 

Cucumis sativus 350 Exposed 11.1 ± 0.7 20.5 ± 0.7 
Sham 25.3 ± 0.4* 24.l ± 0.6* 

450 Exposed 3.2 ± 0.2 6.6 ± 0.4 
Sham 29.4 ± 0.6* 24.9 ± 0.5* 

tHistorical rates are presented; growth of roots used for histological analysis was not measured to 
prevent potential perturbation or damage from repeated handling of roots. The mean ± SEM of 60 
observations/treatment group/species/day is presented. 
*HA, /1,exposed < /1,sham; P < 0.01 (t test). 

TABLE 2. Comparison of Treatment Group Mean Cellular Dimensions in Day O Unexposed Roots 
of Cucurbita maxima and Cucumis sativus at Corresponding Locations in the Rootst 

Distance 
from VCd Length (µ,m; X ± SEM) Diameter (µ,m; X ± SEM) 
(mm) C. maxima C. sativus C. maxima C. sativus 

0.0 11.8 ± 0.1 9.0 ± 0.1 11.9 ± 0.6 9.5 ± 0.1 
0.5 12.l ± 0.5 9.9 ± 1.9 16.6 ± 0.7 15.7 ± 0.8 
1.0 13.8 ± 0.6 17.4 ± 1.5 20.9 ± 0.3 21.4 ± 1.2 
1.5 18.4 ± 0.2 33.0 ± 3.2 24.8 ± 0.8 25.0 ± 1.4 
2.0 28.6 ± 0.6 52.7 ± 4.7 27.4 ± 0.7 25.6 ± 1.5 
2.5 42.9 ± 1.0 76.8 ± 4.6 29.8 ± 0.3 27.3 ± 2.9 
3.0 62.2 ± 3.9 95.3 ± 4.7 31.9 ± 1.1 27.l ± 0.8 
4.0 92.6 ± 7.2 142.0 ± 4.5 32.8 ± 1.0 27.2 ± 0.5 
5.0 135.7 ± 6.8 169.5 ± 5.2 34.2 ± 0.7 26.8 ± 1.0 
6.0 161.6 ± 13.5 175.8 ± 0.9 35.8 ± 2.4 27.l ± 0.6 
8.0 166.7 ± 11.8 184.0 ± 4.4 
10.0 175.8 ± 6.7 190.0 ± 2.7 

tVCd was defined as that region of the young root tip in which a complete procambial cyclinder was 
first distinguishable. Each value represents the mean ± SE of n = 3 individual root means at each 
sampling location. 

Cortical cell dimensions at various distances from VCct for day 0 roots of C. 
sativus and C. maxima are compared in Table 2. In both species, cortical cells are 
nearly isodiametric at VCct, At VCct, cortical cell length and diameter in C. sativus 
roots were about 9 µm; in C. maxima roots, cell length and diameter were about 12 
µm. 

Between 1.5 and 10.0 mm from VCct, the mean length of C. maxima root cells 
was consistently less than that of C. sativus root cells at each sampling location. 
When nearly or fully expanded (10.0 mm from VCct), C. sativus and C. maxima cells 
were about 190 and 175 µm long, respectively. The cell diameter data show an 
opposite trend. Between 0.5 and 2.5 mm from VCct, cortical cell diameters were 
approximately equivalent between the two species; however, from 3.0 to 6.0 mm 
VCct, the mean diameter of Cucurbita cortical cells consistently exceeded that of 
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Cucumis cells by 5-9 µm. At 6.0 mm from VCct, where cellular radial expansion was 
essentially complete, the average diameters of Cucumis sativus and Cucurbita maxima 
root cortical cells were approximately 27 and 36 µm, respectively (Table 2). 

The data in Table 2 were subjected to ANOVA, which compared cellular 
dimensions between the two species of roots. The results of the AN OVA are presented 
in Table 3, in which significant main effects and interactions indicate a clear difference 
in the pattern of cellular growth between the species. This difference is apparent from 
inspection of Figure lA and B, in which the species mean (n = 3) cellular length 
(Fig. lA) or diameter (Fig. lB) was relativized to the cell length at 10 mm from VCct 
or cell diameter at 6.0 mm from VCct, respectively. Figure lA indicates that the rapid 
phase of cellular elongation, with respect to increasing distance from VCct, com
mences at about 0.5 mm from VCct in C. sativus roots and at about 1.0 mm from VCct 
in roots of C. maxima. C. sativus cells appear to attain about 90% of their final length 
at 5 mm from VCct; a comparable degree of elongation is attained at about 6 mm 
from VCct in C. maxima. Figure 1B indicates that in roots of both species the rapid 
phase of cell diameter increase, with increasing distance from VCct, commences 
directly at VCct, However, as was the case with cellular elongation growth, the cells 
of Cucumis appear to approach their final diameter nearer to VCct than those of 
Cucurbita. In Cucumis sativus roots, cells attained about 90% of their final diameter 
at about 1.5 mm from VCct; a comparable degree of radial expansion was attained at 
about 3.0 mm from VCct in Cucurbita maxima roots. 

Previous studies of 60-Hz EF- and sham-exposed C. sativus and C. maxima 
roots have shown that, after 48 hr of exposure/sham-exposure, root growth stabilizes 
at a relatively constant rate, which persists for an additional 72 hr of exposure [Inoue 
et al, 1985]. Therefore, comparison of day 2 cortical cell dimensions offers insight 
into the internal condition of the roots as they approach equilibrium with the field 
environment. 

The day 2 cortical cell lengths of Cucumis sativus and Cucurbita maxima roots 
exposed to sham, low-, or high-strength 60-Hz electric fields for 2 days are presented 
in Table 4. These data were calculated as treatment group averages from the individual 
root mean cell length at each sampling location (n = 3). The individual root mean 
cell lengths in sham-, low-field, or high-field-exposed C. sativus roots are illustrated 
in Figure 2A, B, and C, respectively. Similar data are presented for C. maxima roots 
in Figure 3A, B, and C. 

In Cucumis sativus roots, a monotonic decrease in cell length was associated 
with increasing field strength at each sampling location from 1.5 to 10.0 mm from 
VCct inclusive (Table 4). From 2.5 to 10.0 mm from VCct, the treatment group mean 
(n = 3) cell length in 350 V · m- 1-exposed roots was 12-43 µm less than in sham
exposed roots. 

In high ( 450 V · m - I )-field-exposed Cucumis sativus roots, cortical cell length 
was consistently less than in sham-exposed roots at every sampling location from 1.0 
to 10.0 mm from VCct inclusive (Table 4). Over the interval from 1.5 to 10.0 mm 
from VCct, the treatment group mean (n = 3) cell length in the high-field-exposed 
roots was between ""30-90 µm less than in the sham-exposed roots. 

Figure 2A-C presents the individual root mean cell lengths in Cucumis roots 
exposed to the sham field (Fig. 2A), 350 V · m- 1 field (Fig. 2B), and 450 V · m- 1 

field (Fig. 2C). This figure illustrates the high degree of consistency between individ
ual roots within a treatment group. Figure 2A-C visually demonstrates the marked 



TABLE 3. Analysis of Variance Table Comparing Cell Length or Diameter of Cucumis and Cucurbita Roots Prior to the Onset of 60-Hz Electric 
Field Exposure/Sham Exposure (Day 0) 

Cell length Cell diameter 
Source of Sum of Mean Sum of Mean 
variation squares d.f. square F p squares d.f. square F p 

Species 6,676 I 6,676.0 19.4a 0.01 167.3 I 163.7 9.46" 0.04 Distance 314,098 11 28,554.0 520.2 <0.00lb 2,590.8 9 287.9 113.50 <0.00lb 
Species x Distance 4,239 11 385.4 7.0 0.02b 138.0 9 15.3 6.04 0.02b 
Roots (species) 1,395 4 348.6 • 70.7 4 17.7 
Error 2,415 44 54.9 91.3 36 2.5 
Corrected total 328,924 71 3,058.2 59 
"The denominator mean square was the root (species) M.S. 
hp value adjusted using the correction of Greenhouse-Geisser. 
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Fig. 1. Relative cortical cell length (A) and diameter (B) as a function of distance from VCct in day 0 

unexposed roots of Cucumis sativus (solid lines) and Cucurbita maxima (broken lines). Cell length at 

each sampling location was relativized to the average cell length attained by individual roots at 10.0 mm 

from VCct. Cell diameter data were similarly relativized to the average cell diameter attained by 

individual roots at 6.0 mm from ved. Each point represents the mean of n = 3 individual root means; 

error bars represent the SEMs. VCct represents the region of the young root tip in which a complete 

procambial cylinder was first distinguishable. 

TABLE 4. Treatment Group Mean Cortical Cell Lengths at Various Distances From VCd in Cucurbit Roots 
Exposed to Sham or Low- or High-Strength 60-Hz Electric Fields for 2 Days* 

Distance 
Cortical cell length (µm; X ± SEM) 

from Cucumis sativus Cucurbita maxima 

vcd Sham Low (350 High (450 Sham Low (225 High (350 

(mm) (0V · m- 1) V · m- 1) V · m- 1) (0V·m- 1) V · m- 1) V · m- 1) 

0.0 9.6 ± 0.0 9.8 ± 0.6 9.7 ± 0.4 11.4 ± 0.4 11.1 ± 0.2 13.6 ± 1.6 

0.5 10.6 ± 0.5 14.0 ± 1.6 11.6 ± 0.9 11.9 ± 0.6 11.3 ± 0.3 14.1 ± 1.1 

1.0 29.8 ± 2.0 37.2 ± 3.4 28.4 ± 2.6 15.4 ± 1.1 15.3 ± 0.8 24.4 ± 1.0 

1.5 69.0 ± 5.2 67.5 ± 6.8 39.9 ± 3.7 20.7 ± 2.1 25.4 ± 1.8 35.8 ± 3.7 

2.0 93.1 ± 0.9 83.3 ± 6.7 48.6 ± 9.9 30.5 ± 2.3 37.3 ± 2.6 54.4 ± 3.9 

2.5 107.1 ± 2.8 95.2 ± 5.2 52.1 ± 8.3 39.8 ± 2.1 51.3 ± 4.9 68.2 ± 6.0 

3.0 144.9 ± 7.9 101.6 ± 5.2 53.7 ± 4.2 53.5 ± 2.4 63.l ± 5.4 76.6 ± 4.3 

4.0 151.9 ± 5.2 121.4 ± 2.6 63.8 ± 6.7 79.3 ± 4.1 91.5 ± 6.7 86.5 ± 6.6 

5.0 158.3 ± 9.2 131.9 ± 5.7 67.0 ± 10.9 106.6 ± 4.4 121.3 ± 2.6 100.1 ± 4.3 

6.0 164.0 ± 3.0 122.7 ± 6.7 71.1 ± 7.7 142.1 ± 6.1 139.8 ± 2.8 103.4 ± 14.2 

8.0 165.0 ± 3.4 127.9 ± 6.8 81.7 ± 0.6 162.8 ± 4.5 167.0 ± 3.5 130.4 ± 14.3 

10.0 159.3 ± 3.6 124.8 ± 3.2 89.4 ± 10.2 173.7 ± 6.2 177.5 ± 5.0 135.1 ± 20.9 

*VCd was defined as that region of the young root tip in which a complete procambial cylinder was first 

distinguishable. Each value represents the mean ± SE of n = individual root means at each sampling location. 



Electric Field Effects on Root Cell Growth 65 

180 
!, 

160 t 1f~ f t Cucum1s sativus 

~ 1W ' ! ~ l.U 
140 (/) 

+I 

! ii t6 Ix f ;,; 120 ~+ I ~ C: e !, 

❖t + 
2 

+:- ? E 
~ 100 

~ i:: 96+ 
~ + 

(!) 

9/ 
+. i5 

..J 80 ? 
+ ..J i 

• 
¢ 

G:l 
•• 'I ~ (.) 60 + t • t ¢ ..J 

<:( .~¢ (.) 
i'.::: ¢ ¢9 
ct 40 A B 4¢ C 
0 f (.) • !,/ f 

20 350 V • m- 1 
¢ 

450 V • m- 1 SHAM-EXPOSED 

&i -11' J 
0 

0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10 

DISTANCE FROM vcd (mm) 

Fig. 2. Individual root mean cortical cell length as a function of distance from VCct in Cucumis sativus 
roots exposed to 0 (A), 350 (B), or 450 (C) V · m- 1 60-Hz electric fields for 2 days. Each point 
represents the mean of 45 cell length observations; error bars represent the SEMs. Data from three roots 
(various symbols) are presented for each treatment group. VCct represents the region of the young root 
tip in which a complete procambial cylinder was first distinguishable. 

l 

effect of field exposure on Cucumis root cellular elongation, which is seen to increase 
in severity with increasing field strength. 

Exposure of Cucurbita maxima roots to low (225 V · m - l )-strength EF fields 
was without apparent effect on cell elongation growth (Table 4, Fig. 3A,B). High 
(350 V · m - l )-strength EF exposur~ of C. maxima appears to affect cellular elonga
tion growth (Table 4, Fig. 3A,C). cFrom 0.0 to 4.0 mm from VCct, the treatment 
group mean cell length in high (350 V · m - l) field-exposed C. maxima roots was 
consistently greater than in sham-exposed roots (Table 4). Over the interval of 5.0-
10.0 mm from VCct, the treatment group mean cell length was consistently between 6 
and 39 µm less in 350 V · m- 1-exposed roots than in sham-exposed roots. Compari
son of Figure 3A and C suggests that 350 V · m - l field exposure markedly inhibited 
cellular elongation growth in two of the exposed roots, whereas the third exposed 
root apparently did not respond to the applied field. 

The results of the ANOVA performed on the day 2 cell length data from both 
species are summarized in Table 5. A statistically significant interaction between 
treatment and distance from VCct provides evidence that the pattern of cell elongation 
growth is different for the different treatments. The treatment main effect is more 
difficult to interpret; it represents an average across the various distances. from VCct. 
In both species, there is a clear interaction between treatment and distance from VCct. 
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Fig. 3. Individual root mean cortical cell length as a function of distance from VCd in Cucurbita 
maxima roots exposed to O (A), 225 (B), or 350 (C) V · m- 1 60-Hz electric fields for 2 days as in 
Figure 2. VCd represents the region of the young root tip in which a complete procambial cylinder was 
first distinguishable. 

For C. sativus roots, the P value for this interaction was less than 0.001; for C. 
maxima roots, the P value was 0.006 (Table 5). As a check on these parametric 
analyses, a nonparametric growth curve analysis was also performed [Zerbe and 
Walker, 1977]. The results of this analysis were essentially identical to those obtained 
with the ANOVA. The P values resulting from this analysis were 0.004 for C. sativus 
and 0.006 for C. maxima cell length data. 

The treatment group mean (n = 3) cell diameter data obtained from Cucumis 
sativus and Cucurbita maxima roots exposed for 2 days to sham and low- and high
strength EF are presented in Table 6. The individual root mean cell diameters at each 
sampling location are presented in Figure 4A, B, and C (C. sativus; 0, 350, and 450 
V · m - l, respectively) and in Figures 5A, B, and C ( C. maxima; 0, 225, and 350 V 
· m - l). Table 6 and Figure 4 illustrate the apparent lack of effect of field exposure 
on cell radial expansion in C. sativus roots. Similarly, Table 6 indicates that field 
exposure of C. maxima roots was without conspicuous effect on radial expansion 
growth; this is illustrated by comparison of the individual root mean cell diameter 

. data for Cucurbita maxima roots (Fig. 5A, B, C). 
The results of the AN OVA performed on the day 2 cell diameter data from both 

species are presented in Table 7. In contrast to the ANOVA results for cell length, 



TABLE 5. Analysis of Variance Table Comparing Cell Length of Cucumis and Cucurbita Roots Exposed to 60-Hz Electric Fields for 2 Days 

Cucumis sativus Cucurbita maxima 
Source of Sum of Mean Sum of Mean 
variation squares d.f. square F p squares d.f. square F p 

Treatment 53,675 2 26,837 78.57· <0.001 750 2 375 o.85• <0.47 
Distance 187,860 11 17,078 243.88 <0.00lb 296,294 11 26,935 343.70 <0.00lb 
Tmt x Distance 24,904 22 1,132 16.17 <0.00lb 12,218 22 555 7.09 0.006b 
Roots (Tmt) 2,049 6 342 2,654 6 442 
Error 4,622 66 70 5,172 66 78 
Corrected total 273,110 107 317,090 107 

•The appropriate error mean square is the root (Tmt) M.S. 
bp value adjusted using the correction of Greenhouse-Geisser. 
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TABLE 6. Treatment Group Mean Cortical Celi Radial Dimensions at Various Distances From VCd in 

Cucurbit Roots Exposed to Sham or Low- or High-Strength 60-Hz Electric Fields for 2 Days* 

Distance 
Cortical cell radial dimension (/Lm; X ± SEM) 

from Cucumis sativus Cucurbita maxima 

VCDd Sham Low (350 High (450 Sham Low (225 High (350 

(mm) (0V·m- 1) V·m- 1) V·m- 1) (0 V·m- 1) V·m- 1) V·m- 1) 

0.0 9.4 ± 0.2 9.3 ± 0.4 10.3 ± 0.8 12.9 ± 0.4 13.9 ± 0.4 13.7 ± 0.5 

0.5 18.5 ± 2.0 18.1 ± 0.5 20.6 ± 2.0 17.9 ± 0.8 19.5 ± 0.6 19.8 ± 1.0 

1.0 27.7 ± 1.5 23.8 ± 0.4 26.4 ± 3.2 23.3 ± 1.2 25.4 ± 2.3 26.8 ± 2.0 

1.5 26.9 ± 0.8 26.6 ± 0.8 28.4 ± 3.0 27.4 ± 1.2 30.8 ± 1.4 32.5 ± 3.2 

2.0 26.5 ± 0.4 27.5 ± 0.4 31.2 ± 1.4 31.9 ± 1.4 32.2 ± 2.1 35.1 ± 2.9 

2.5 27.2 ± 0.9 28.9 ± 0.2 32.1 ± 2.6 33.3 ± 1.0 32.7 ± 2.3 39.7 ± 3.2 

3.0 28.9 ± 1.0 28.6 ± 1.1 31.0 ± 2.4 35.8 ± 0.9 32.8 ± 2.4 43.7 ± 3.7 

4.0 29.0 ± 0.4 31.0 ± 0.6 30.5 ± 2.7 36.2 ± 1.4 34.5 ± 3.2 43.0 ± 2.6 

5.0 28.1 ± 0.0 30.1 ± 1.1 32.6 ± 2.2 37.2 ± 1.7 36.4 ± 2.6 44.5 ± 1.7 

6.0 29.9 ± 1.4 29.3 ± 0.8 33.3 ± 2.9 37.6 ± 0.7 36.0 ± 2.8 45.6 ± 0.7 

*VCd was defined as that region of the young root tip in which a complete procambial cylinder was first distinguish

able. Each value represents the mean ± SE of n = 3 individual root means at each sampling location. 
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Fig. 4. Individual root mean cortical cell diameter as a function of distance from VCd in Cucumis 
sativus roots exposed to 0 (A), 350 (B), or 450 (C) V.m - I 60-Hz electric fields for 2 days. Each point 

represents the mean of 40 cell diameter observations; error bars represent the SEMs. Data from three 

roots (various symbols) are presented for each treatment group. VCd represents the region of the young 

root tip in which a complete procambial cylinder was first distinguishable. 
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Fig. 5. Individual root mean cortical cell diameter as a function of distance from VCct in Cucurbita 
maxima roots exposed to O (A), 225 (8), or 350 (C) V · m- 1 60-Hz electric fields for 2 days as in 

Figure 4. VCct represents the region of the young root tip in which a complete procambial cylinder was 
first distinguishable. 

there was no significant distance x treatment interaction in the case of cell diameter. 
For C. sativus roots, the P value for this interaction was 0.41; that for C. maxima 
roots was 0.09. Again, as a check on the parametric ANOVA tests, growth curve 
analysis was applied to the cell diameter data. Once more, the agreement between 
these two quite different methods of analysis was striking; the growth curve analysis 
produced P values of 0.29 and 0.039 for C. sativus and C. maxima, respectively. The 
treatment difference P value of 0.039 for day 2 C. maxima cell diameter suggests a 
treatment effect on cellular radial expansion growth in this species. However, al
though P = 0.039 is less than the traditional P = 0.05, it is not very impressive when 
compared to the results obtained for the cell length measurements. The conclusion is 
that the relationship between distance from VCct and cell length differs between 
treatment groups in both species, whereas the relationship between cell diameter and 
distance does not. 

DISCUSSION 

EF exposures of Cucumis sativus roots and Cucurbita maxima roots were seen 
to inhibit cellular elongation significantly. In C. sativus roots exposed to 350 and 450 
V · m - l EF, the magnitude of the effect on elongation increased with increasing field 
strength. No apparent effect on cell diameter was observed in C. sativus roots exposed 
to the EF. As in C. sativus roots, exposure of C. maxima roots to EF had no effect 
on the final diameter attained by cortical cells. ·· 

The results of the present study 'are consistent with the hypothesis that 60-Hz 
electric field bioeffects in roots are stimulated by field-induced transmembrane poten
tial perturbations. Previous studies have shown that the roots of C. maxima are 



TABLE 7. Analysis of Variance Table for Cell Diameter of Cucumis and Cucurbita Roots Exposed to 60-Hz Electric Fields for 2 Days 

Cucumis sativus Cucurbita maxima 

Source of Sum of Mean Sum of Mean 
variation squares d.f. square F p squares d.f. square F p 

Treatment 136.3 2 68.1 1.21• 0.34 512.8 2 256.4 3.42• 0.10 

Distance 3,657.0 9 406.3 174.40 <0.00lb 6,660.6 9 740.1 122.09 <0.00lb 

Tmt x Distance 45.0 18 2.5 1.07 . 0.41b 255.7 18 14.2 2.34 0.09b 

Roots (Tmt) 322.3 6 53.7 450.1 6 75.0 
Error 125.8 54 2.3 327.3 54 6.1 
Corrected total 4,286.4 89 8,206.6 89 

•The appropriate error mean square is the root (Tmt) M.S. 
bp value adjusted using the correction of Greenhouse-Geisser. 
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35-40% more sensitive to applied 60-Hz EF than are C. sativus roots as assessed by 
the response thresholds for the growth effect [Brayman and Miller, 1986]. In the 
present study, it was shown that the diameters of both unexpanded and fully expanded 
cortical cells are about 25-30% larger in C. maxima than in C. sativus. When roots 
of C. sativus and C. maxima are exposed to the same 60-Hz EF strength, and the 
field direction is perpendicular to the root axes, proportionately larger induced 
membrane potentials will arise in the larger-celled species. 

Low-strength EF exposures of 350 and 225 V · m - l were selected to produce 
comparable growth rate reductions of"" 10-20% in C. sativus and C. maxima roots, 
respectively. High-strength EF exposures of 450 and 350 V · m - l were selected to 
produce growth rate reductions of 70-80% in C. sativus and C. maxima roots, 
respectively. It is of interest to compare the magnitudes of the 60-Hz membrane 
potentials induced in the cortical cells of these species under exposure conditions that 
produce comparable reductions in the rates of exposed root growth. The 60-Hz 
transmembrane potentials arising in exposed root cells can be estimated as the product 
of the applied field strength and the cellular radius [Rushton, 1927]. From the data in 
Table 2, the 60-Hz membrane potentials that would arise in unexpanded (0 mm from 
VCct) and fully expanded (6 mm from VCct) cortical cells immediately after the onset 
of exposure to a specific field strength can be estimated. Exposure of the roots to 
low-strength EF will induce 60-Hz membrane potentials ranging from about 1. 7 to 
4.7 mV in C. sativus; the membrane potentials induced in comparable cells of low
field-exposed C. maxima range from about 1.3 to 4.0 mV. Under high-strength field 
exposure conditions, the membrane potentials induced in C. sativus and C. maxima 
cortical cells range from about 2.1 to 6.1 and 2.1 to 6.3 mV, respectively. Between 
these two species, therefore, there is good agreement between the relative magnitude 
of field-induced root growth rate inhibition and the estimated range of 6,0-Hz mem
brane potentials induced in the cortical cells within the growing region of the root tip. 
This suggests that the growth rate effect severity is proportional to the induced 
membrane potential magnitude, and thus the involvement of induced potentials in 
eliciting the observed effects in field-exposed roots. 
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Metabolic and Vasomotor Responses of 
Rhesus Monkeys Exposed to 225-MHz 
Radiofrequency Energy 

W. Gregory Lotz and Jack L. Saxton 

Naval Aerospace Medical Research Laboratory, Pensacola, Florida 

A previous study showed a substantial increase in the colonic temperature of rhesus 
monkeys (Macaca mulatta) exposed to radiofrequency (RF) fields at a frequency near 
whole-body resonance and specific absorption rates (SAR) of 2-3 W/kg. The present 
experiments were conducted to determine the metabolic anad vasomotor responses during 
exposures to similar RF fields. We exposed five adult male rhesus monkeys to 225 MHz 
radiation (E orientation) in an anechoic chamber. qxygen consumption and carbon dioxide 
production were measured before, during, and after RF exposure. Colonic, tail and leg 
skin temperatures were continuously monitored with RF-nonperturbing probes. The mon
keys were irradiated at two carefully-controlled ambient temperatures, either cool (20 °C) 
or thermoneutral (26 °C). Power densities ranged from O (sham) to 10.0 mW/cm2 with an 
average whole-body SAR of 0.285 (W/kg)/(mW/cm2

). We used two experimental proto
cols, each of which began with a 120-min pre-exposure equilibration period. One protocol 
involved repetitive IO-min RF exposures at successively higher power densities with a 
recovery period between exposures. In the second protocol, a 120-min RF exposure 
permitted the measurement of steady-state thermoregulatory responses. Metabolic and 
vasomotor adjustments in the rhesus monkey exposed to 225 MHz occurred during brief 
or sustained exposures at SARs at or above 1.4 W/kg. The SAR required to produce a 
given response varied with ambient temperature. Metabolic and vasomotor responses were 
coordinated effectively to produce a stable deep body temperature. The results show that 
the thermoregulatory response of the rhesus monkey to an RF exposure at a resonant 
frequency limits storage of heat in the body. However, substantial increases in colonic 
temperature were not prevented by such responses, even in a cool environment. 

Key words: thermoregulation, microwaves, rhesus monkeys, radiofrequency, metabolic heat pro
duction, vasodilation. 

INTRODUCTION 

The absorption of radiofrequency (RF) energy by biological organisms is depen
dent upon the frequency and orientation of the incident energy. For whole-body 
exposure, energy absorption is greatest for electric fields polarized parallel to the 
longest dimension of the body at the resonant frequency, i.e., when this long dimen
sion is about 0.4 times the free-space wavelength [Gandhi, 1975]. As a result of this 
dependency, the possibility exists. that whole-body irradiation of an organism with 
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energy at the resonant frequency represents a "worst-case" exposure with respect to 
biological effects. In earlier studies with rhesus monkeys, we observed that exposure 
to RF energy near theoretical whole-body resonance [Durney et al, 1978] produced 
marked increases in colonic temperature at relatively low average specific absorption 
rates (SAR) [Lotz, 1982; 1985]. 

These observations, which were made in experiments designed to study endo
crine responses, raised questions about thermoregulatory function and the ambient 
conditions under which the exposures were conducted. In those experiments, control 
of the ambient environment was limited to circulation of room air through the 
microwave chamber, and increases in ambient temperature during RF exposure were 
noted. No measurements of metabolic heat production or heat dissipation efforts by 
the animal had been taken to indicate if thermoregulatory responses had occurred. To 
address these questions, several changes were made in our experimental approach, 
and experiments were performed to study the vasomotor and metabolic responses of 
rhesus monkeys whole-body exposed to 225-MHz radiation. The changes in experi
mental approach provided both improved control of the thermal characteristics of the 
environment and additional indices of thermoregulatory function. Thermoregulatory 
responses were qualitatively appropriate to compensate partially for the increased 
thermal load of RF exposure. Internal body heating occurred to a greater degree than 
has been associated with exposure at the same SAR to higher frequencies. 

MATERIALS AND METHODS 
Subjects 

We used five adult male rhesus monkeys (Macaca mulatta), 6.5-8.5 kg, in these 
experiments. The animals were born and raised in the monkey colony of the Naval 
Aerospace Medical Research Laboratory. During this study, they were housed indoors 
in standard metal primate laboratory cages, given water ad libitum in their home 
cage, and fed a commercial monkey diet twice daily (Wayne Monkey Chow, Allied 
Mills, Inc, Chicago, IL). The light cycle in the home cage rooms was 16-hr light: 8-
hr dark with the lights on from 0600 to 2200. Ambient temperature in these rooms 
ranged from 21-25 °C. Prior to these experiments, the monkeys had been used in 
other microwave/RF radiation studies of a similar nature. They were accustomed to 
restraint and the experimental apparatus used, including the hood. This adaptation 
process involved three to five additional trial experiments with the added apparatus 
(hood, microchamber, and probes) before the data were collected for subsequent use. 
During these adaptation sessions, the animals were observed for evidence of unusual 
activity or elevated body temperatures that might indicate an unstable experimental 
model. 

Apparatus 

The monkeys were restrained during each experiment in a chair built of rigid 
and foamed (Styrofoam) polystyrene. Experiments were conducted in an RF anechoic 
chamber (3.3 x 3.3 x 6.7 m) diagrammed in Figure 1. This was the same chamber 
used previously for 225-MHz experiments [Lotz, 1982; 1985]. 

Continuous wave (CW) RF power at 225 MHz was provided by a military type 
GRT-3 radio set, and was amplified by a cavity-type amplifier. Monkeys were 
irradiated frontally 240 cm from a locally constructed copper-lined horn antenna 
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Fig. 1. Diagram of the 225-MHz exposure chamber showing the monkey and major pieces of experi
mental apparatus. 

described previously [Olsen and Griner, 1982]. This exposure location was 0.78 of 
the normal (2D2/A) far-field distance. Chamber lights and a video camera above the 
horn antenna were placed as shown in Figure 1. The electric field was oriented 
parallel to the long axis of the body for all exposures. Power densities were measured 
in the absence of the animal and Styrofoam apparatus (chair and enclosure) with a 
Narda Model 8608 monitor system at 25-cm intervals vertically and 10-cm intervals 
horizontally in a plane that would bisect the animal along the coronal plane. Power 
density values specified here represent the mean calculated over the region occupied 
by the animal. Average SAR was 0.285 (W/kg)/(mW/cm2), as determined by Olsen 
and Griner [1982] in a tissue-equivalent model of a rhesus monkey. 

An essential addition to the apparatus for this study was the Styrofoam micro
chamber that enclosed the chaired monkey (see Fig. 1). The ambient temperature and 
humidity in the microchamber were carefully controlled. Temperature was maintained 
within ±0.5 °C of the target value, and relative humidity was 50 ± 5% (range) at 26 
°C or 65 ± 5% at 20 °C. Conditioned air was blown into the microchamber at the 
top front and drawn out at the bottom near the back. Air velocity over the animal 
(from front to back) was measured with a Kurz Model 441S Air Velocity Meter (Kurz 
Instruments, Inc., Carmel Valley, CA) and ranged from 10-30 m/min, with the 
highest flow rate near the tail. The temperature distribution within the microchamber 
was determined by inserting temperature probes through the walls of the Styrofoam 
enclosure and chair with the animal in place. This was done with and without RF 
exposure. The temperature within the microchamber varied ±0.5 °C (range) from 
the target value, with the lowest readings near the tail and the highest around the 
torso of the animal. 
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A Plexiglas hood (20 cm in diameter) was placed over the monkey's head to 
capture the exhaled air. This air was exhausted from the chamber at a flow rate from 
6-10 1/min and analyzed for oxygen (02) and carbon dioxide (CO2) concentrations 
with Beckman Model 755 (paramagnetic) and 864 (infrared) analyzers, respectively. 
The system was an "open" one in that ambient air drawn from around the monkey's 
head and neck was not recirculated to the monkey after analysis. Tests using smoke 
and certified calibration gases were conducted in the absence of the animal to establish 
that this system, when operating at flow rates of 6-10 1/min, completely captured the 
exhaled air of the monkey. The air flow for an experiment was normally about 8 1/ 
min, with fluctuations of less than ± 150 ml/min (range) from the mean during the 
experiment. 

Colonic, tail-skin, and inner-thigh skin temperatures were continously moni
tored with Vitek Electrothermia Model 101 monitors that were calibrated against a 
certified mercury thermometer. The colonic probe was inserted 10 cm past the anal 
sphincter. The tail-skin probe was placed on the dorsal surface midway between the 
base and tip of the tail. The leg skin probe was placed on the medial side of the upper 
leg near the apex of the femoral triangle. The two skin probes were attached by 
inserting the Vitek probe tip through the side of a 1-cm diameter doughnut-shaped 
piece of Plexiglas and taping the doughnut in place. The probe tip itself was not 
covered by tape. Data from the 0 2 and CO2 analyzers, the Vitek probes, and an 
ambient temperature probe placed in the exhaust air duct from the microchamber 
were sampled four times a minute by a computer. The average value of each variable 
was printed and plotted for each minute of the experiment. Metabolic heat production 
(M) was calculated from the 0 2 data with corrections for flow rate and standard 
temperature and pressure. 

Procedure 

We used two different experimental protocols. One was designed to determine 
the threshold exposure for the onset of vasomotor or metabolic thermoregulatory 
responses, and will be referred to as a step-acute exposure. Following a 120-min pre
exposure equilibration period, repetitive 10-min exposures were conducted at succes
sively higher power densities until a marked vasomotor response was indicated by a 
rapid change in tail skin temperature (T1). After each 10-min exposure, the animal 
was allowed a re-equilibration period that lasted until T1 returned to within 0.3 °C (or 
less) of its pre-exposure value. Depending upon the power density used, this re
equilibration took from 10-60 min. Power densities of 1.2, 2.5, 5.0, 7.5, 10.0, and 
12. 5 mW/ cm2 were used, but some experiments did not use all of the power densities. 
To distinguish between direct (passive) tail heating by RF energy and increases in T1 

that index vasodilation, the criteria were established that T1 had to show marked 
increases in slope, or continue increasing after RF exposure stopped. The determina
tion of a threshold response for M was more difficult to establish. A similar transition 
could not be as readily defined as for vasodilation. The observed pulsatile nature of 
variations in M also added to the complexity. Both statistical analyses and visual 
examination of the variability were considered and are discussed below. Step-acute 
experiments were conducted twice for each monkey at both 20 and 26 °C ambient 
temperatures, i.e. , each monkey was studied during four experiments with this 
protocol. If the duplicate experiments with a given monkey did not show good 
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replication of the results, at least one additional experiment was conducted with that 
set of conditions. 

The second exposure protocol was designed to evaluate thermoregulatory ad
justments during microwave exposure in the steady-state. Following the 120-min pre
exposure period, a 120-min RF exposure was conducted, and data were collected for 
10-60 min following exposure. In this protocol, each monkey was exposed a single 
time to each power density at 20 and 26 ° C ambient temperatures (Ta). The power 
densities used were 0 (sham), 2.5, 5.0, 7.5, and 10.0 mW/cm2 at Ta = 20 °C; and 
0(sham), 1.2, 2.5, 5.0, and 7.5 mW/cm2 at Ta = 26 °C. Average SARs were 0.4, 
0. 7, 1. 4, 2. 1, and 2. 9 W /kg for the series of power densities used. 

Data Analysis 

To reduce noise from inherent variability, data for M and leg skin temperature 
(Tie) were "smoothed" before plotting by calculating successive 5-min means. In this 
technique, the mean of the first five readings (one each minute) was calculated initally, 
and subsequent means were calculated by adding the next reading and dropping the 
first (1-5, then 2-6, etc.). This produced a record of minute-to-minute changes from 
t = 5 min, in which each value plotted was based on five readings rather than just 
one. 

In the analysis of the steady-state experiments, data were averaged over the last 
30 min of each period (pre-exposure and exposure) for comparison. Steady-state 
conditions were considered to be fulfilled because colonic temperature (T co) was 
stable within ± 0.1 °C during these periods. Skin temperatures were also generally 
stable during this period, although variability was somewhat greater than for Teo· 

Metabolic heat production data were analyzed statistically using one-way anal
ysis of variance (ANOVA) for repeated measures, followed by Tukey's highly 
significant difference (HSD) test for multiple comparisons [Kirk, 1968]. The 0.05 
level of significance was the criterion for a difference to be considered significant. 
For step-acute experiments, the mean M for the 10-min exposure at a given power 
density for each animal (two sessions) was used as the test value. For baseline 
comparison to an unexposed period, the mean M for the 10-min period immediately 
preceding the associated exposure step was used. The data were converted to the 
percentage of pre-exposure values [100 X (exposure M/pre-exposure M)] for each 
exposure level, and the ANOVA and Tukey's tests were then applied to these ratio 
data. For the steady-state exposures, the same tests were applied to the data of all 
exposure levels, including sham exposure, to test for differences between the values 
recorded during the last 30 min of the exposure period. 

RESULTS 

The raw data from a representative experiment under the step-acute protocol at 
Ta = 20 °C for subject 15 are shown in Figure 2. At this Ta, the metabolic response 
occurred before vasodilation was indicated, but additional exposure steps were con
ducted until tail vasodilation was also observed. In Figure 2, M did not seem to be 
altered at 1.2 mW/cm2

, declined somewhat at 2.5 mW/cm2, and was even more 
suppressed at power densities of 5.0 mW/cm2 and above. The pre-exposure Mat Ta 
= 26 °C was approximately 28% below Mat 20 °C, and was not changed by 10-min 
RF exposures. The progressive recruitment of thermoregulatory effectors in response 
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Fig. 2. Plots of data from a representative step-acute experiment with monkey 15 at Ta of 20 °C showing 
colonic, tail skin and ambient temperatures, and metabolic heat production (M). The hatched zones 
indicate the periods of RF exposure (10 min) at the power density indicated at the top of the zone. The 
data for M in this figure and in Figures 5 and 6 have been smoothed by calculating 5-min running 
averages, as defined in the text. 

to RF-induced heating is dramatically illustrated in Figure 2. While M was clearly 
reduced at or above 5 mW/cm2 , the vasomotor response did not occur until exposure 
at 10 mW/cm2 • This response pattern of progressive recruitment of metabolic and 
vasomotor effectors was seen in every animal, even though the minimal power density 
for onset of the individual responses varied among subjects. The lowest power 
densities that caused vasodilation of the tail during 225-MHz exposure in the step
acute protocol are shown in Figure 3. As expected, a clear shift in this threshold 
occurred with the change in Ta, with higher power densities required to produce 
vasodilation at the lower Ta. 

The mean values of M ratios are shown in Figure 4. At Ta = 20 °C, M was 
less than 100% for the pre-exposure value at each intensity, with a progressively 
greater reduction of M at 5 mW/cm2 or higher intensities. The ANOVA indicated 
that the effect of exposure was significant (F = 6.44, df = 4, 16; p = .003). Tukey's 
HSD test revealed that the differences among means were significant for 7.5 and 10 
mW/cm2 exposures. For Ta= 26 °C, the ANOVA confirmed that M ratio (percentage 
of pre-exposure) also was significantly affected by exposure (F = 9.71, df = 2,8: p 
= . 007). Tukey' s HSD test demonstrated that this effect occurred at 5 mW I cm2

• 
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Fig. 3. Thresholds for vasodilation of the tail of RF-exposed rhesus monkeys at two different ambient 
temperatures, 20 and 26 °C. 

Based on these data, the lowest power density that reliably altered M during 10-min 
exposures was in the range of 5-7.5 mW/cm2 • 

The response patterns of representative steady-state experiments (120-min ex
posure) are shown in Figures 5 and 6 for Ta = 26 °C and 20 °C, respectively. The 
M (mean ± SE) for the last 30 min of the pre-exposure periods of all steady-state 
experiments (five monkeys, five runs each) was 2.26 ± 0.09 W/kg at Ta = 26 °C, 
and 3.13 ± 0.07 W/kg at Ta= 20 °C. The mean respiratory quotient (RQ) for these 
periods was 0.81. The lower pre-exposure level of Mat Ta = 26 °C compared to Ta 
= 20 °C is apparent in the figures, as is the fact that M did not change much during 
RF exposure at a Ta of 26 °C. The progressive recruitment of metabolic and 
vasomotor responses during RF exposure at a Ta of 20 °C is again evident in Figure 
6. The delay between the initiation of these two responses was dependent on power 
density, i.e., vasodilation occurred sooner after the reduction in M at higher power 
densities. In general, at a Ta of 20 °C, Teo stabilized after vasodilation occurred; at 
Ta = 26 °C, Teo continued to increase after vasodilation occurred, although a steady
state was achieved after approximately 90 min of exposure. 

The mean T co of all animals during the last 30 min of RF exposure in the steady
state experiments is shown in Figure 7. Even at 2.5 mW/cm2

, which is below the 
thresholds observed for thermoregulatory effector action, T co was increased over 
sham levels an average of 0.4 °Cat a Ta of 26 °C and 1.0 °Cat a Ta of 20 °C. The 
mean Teo was similar at both ambient temperatures, except under sham or 7.5 mW/ 
cm2 exposure conditions. 

The mean M during steady-state exposures (120 min) at each power density is 
shown in Figure 8. As noted for an individual experiment (Fig. 5), M did not change 
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Fig. 6. Plots of data from a representative steady-state experiment with monkey 2 at a Ta of 20 °C, 
showing the same variables with the same details and representations as in Figure 5. 

Fig. 4. Mean (± SE) metabolic heat production (M) ratio (percentage of pre-exposure) during 10-min 
RF exposures of rhesus monkeys to 225 MHz at either 20 or 26 °C ambient temperature. The value for 
pre-exposure M was the mean M for the 10 min immediately preceding the associated exposure step. 

Fig. 5. Plots of data from a representative steady-state experiment with monkey 2 at a Ta of 26 °C, 
showing colonic, leg skin, and tail skin temperatures, and M. The heavy, solid lines show the results of 
exposure to 7.5 mW/cm2

; the lighter-dashed lines show the corresponding sham-exposure data. The data 
for T1e, as well as M, in this figure and in Figure 6 have been smoothed by calculating 5-min running 
averages. The vertical lines and arrows indicate the beginning and end of exposure. 
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appreciably for exposures at Ta = 26 °C except at 7.5 mW/cm2
. Statistical compari

sons indicated that there was no difference in M among any of the exposure conditions 

at Ta = 26 °C. At a Ta of 20 °C, the level of M in sham-exposed animals was 

actually higher than the pre-exposure level, and M was consistently reduced at all 

power densities. Differences in M between sham and RF conditions were significant 

(F = 4.45, df = 20, p = .013). Tukey's HSD test showed that M was significantly 

different from the sham level at 7.5 and 10.0 mW/cm2
. At 5 mW/cm2

, one animal 

had a much higher M than during sham exposure, causing the slightly higher mean 

M at 5 than at 2 .5 mW/ cm2• The reduction in M during RF exposure at 20 °C seemed 

to have a limit of about 0. 7-1.0 W /kg. 

DISCUSSION 

When colonic temperature increases caused by resonant frequency RF exposure 

of the monkey were first reported [Lotz, 1982], many questions were raised regarding 

thermoregulatory function and control of ambient temperature in those experiments. 

The data from this study indicate that the thermoregulatory responses of the rhesus 

monkey exposed to 225 MHz energy are appropriate to reduce accumulation of heat 

within the body. The effector actions were qualitatively similar to the responses 

known to occur in the presence of other thermal stimuli, e.g., changes in Ta [Johnson 

and Elizondo, 1979]. These effector actions, however, did not prevent the develop

ment of measurable increases in T co, even at the lowest intensities studied. Depending 

on the ambient temperature, we consistently observed either a reduction in M or a 

vasodilation of the tail during a 10-min exposure to 5 mW/cm2 (1.4 W/kg) and above. 

The mean level of M was significantly lower during 10-min exposures at 7.5 mW/ 

cm2 and higher power densities than during exposures to 5.0 mW/cm2 and lower 

power densities. The mean increase in Teo for a 10-min exposure at 1.2 or 2.5 mW/ 

cm2 (0.4 or 0.7 W/kg) was 0.1 or 0.2 °C, respectively, at both Ta. At 5.0 mW/cm2 , 

the mean increase in Teo for a 10-min exposure was 0.3 or 0.4 °Cat a Ta of 20 or 26 

°C, respectively. The increases in Teo in the steady-state condition, shown in Figure 

7, are larger than the LlTco during 10-min exposures, as expected (see Figs. 5 and 6). 

Generally, a steady-state was achieved in about 90 min during RF exposure, whether 

at a Ta of20 or 26 °C (see Figs. 5 and 6). 
At a Ta of 20 °C, the successive recruitment of thermoregulatory effectors -

first the reduction in M, and later peripheral vasodilation - was seen in each subject 

at all but the lowest power density (see Figs. 2, 5, and 6). In general, body 

temperatures did not equilibrate at a Ta of 20 ° C until after vasodilation occurred. At 

a Ta of 26 °C, only vasodilation was observed during 120-min exposures, but a 

steady-state colonic temperature was not achieved until long after the vasomotor 

response occurred. At a Ta of 26 °C, sweating may have been initiated sometime 

after the vasomotor response, but sweating was not measured in this study. A 

sudomotor response would have provided the secondary recruitment of effectors at a 

Ta of 26 °C to achieve steady-state equilibrium that corresponds to the two-stage 

process demonstrated at a Ta of 20 °C. Johnson and Elizondo [1979] reported 

significant linear correlations between evaporative heat loss due to sweating (E8w) 

and rectal temperature (Tre) or mean skin temperature (T8J for Tre above 38.5 °C 

and for Tsk above 36 °C. In our study, steady-state mean Tre exceeded 38.5 °C for 

exposures at 2.5 mW/cm2 and higher at either Ta. At a Ta of 26 °C, mean Teo 
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exceeded 39 °C during exposure at 7.5 mW/cm2
• Thus, if the relationships found by 

Johnson and Elizondo are valid in these RF exposure studies, significant sweating 
should have occurred in the more intense exposures at a Ta of 26 °C. Such predictions 
are only approximate due to differences between studies in air velocity and other 
significant ambient factors. The increases in M that we observed during the latter 
portion of 120-min exposures at 26 °C are consistent with the possibility that the 
monkeys were sweating to achieve thermal balance. However, such increases could 
also have been simply due to a thermodynamic effect of body heating or to emotional 
factors. 

The work of Johnson and Elizondo [1979] also provides reference data for 
comparing thermoregulatory data to this study. The steady-state mean M at a Ta of 
26 °C during sham exposure in the present study was 2.26 W/kg, representing the 
condition nearest to that of a resting metabolic rate (RMR). Bourne [1975] reported a 
RMR of 2 .4 W /kg for the rhesus monkey. Using the equation provided by Johnson 
and Elizondo [1979] to convert our data to surface area in terms of W /m2, the mean 
steady-state M during sham-exposure at Ta of 26 °C was 39.6 W/m2. Johnson and 
Elizondo reported that the mean M for considerably smaller monkeys (3-5 kg) at Ta 
of 25 °C was 55.2 W/m2

• They also reported that Mat a Ta of 20 °C was 25 and 
37 % above M at a Ta of 25 °C and 28 °C, respectively. In our study, M at a Ta of 20 
°C was 38% above Mat a Ta of26 °C. 

The pulsatile nature of M in our study is more pronounced than we expected, 
particularly at a Ta of20 °C. Although activity was variable among subjects, it was 
generally low, and we found no indication that the pulses in M were related to activity 
or to shivering by the animal. The only data we found in the literature for comparison 
were those of Johnson and Elizondo [1979, see Fig. 2], which show moderate 
repetitive fluctuations over 5-10 min intervals. Their time intervals correspond to the 
interval of M pulses noted in our data, but the magnitude of the variability in their 
study was much lower than in our study. However, Johnson and Elizondo displayed 
data for a Ta of 33.6 °C. The magnitude of pulses in M apparent in our data was 
much less at a Ta of26 °C than at a Ta of20 °C (Fig. 6). Furthermore, the pulses in 
M at a Ta of 20 °C were also suppressed by RF exposure at levels that caused body 
heating. Thus, these pulses may be an inherent property of rhesus monkey metabolism 
that is temperature dependent. Another reason why Johnson and Elizondo may not 
have found such a strong pulsatile nature in M of the rhesus monkey is that air flow 
through the hood and gas meters of their study was roughly half of the flow rate we 
used. A slower flow rate would damp any measurable fluctuations in M. In an 
additional effort to smooth out the variations in M, we replotted our data after 
calculating the running averages (Figs. 5 and 6). Although the running averages 
smoothed the data, the pulsatile nature was not eliminated because of the regular 
periodicity in M. 

Inner thigh skin temperature (Tie) was monitored to provide an estimate of mean 
skin temperature (1\J because .Johnson and Elizondo [1974] found a strong correla
tion between mean skin temperature (T8J and Tie• Technical problems with our 
measurements of T1e resulted in unacceptably high variability. We attributed these 
problems to animal movement and to the use of nonperturbing temperature probes. 
The latter were absolutely essential to measure temperature accurately at this fre
quency, but did not function particularly well as skin temperature probes. The 
variability in Tie can be seen in Figures 5 and 6. The group mean steady-state Tie 
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during sham-exposures was 32.8 and 34.8 °C at a Ta of 20 and 26 °C, respectively. 
Johnson and Elizondo [1979] reported group Tsk (measured as Tie) to be 31.7 and 
33.6 °C at a Ta of 20 and 25 °C, respectively. The higher results in our work 
probably reflect the technical problems, and may have resulted from the probe tip 
pulling back into the sheath (and thus away from the air/skin interface) when the 
animal moved. The fact that T1e in Figure 5 is virtually unchanged by the exposure 
was unexpected, and is hard to explain, since tail skin temperature is markedly 
elevated. The experiment shown in Figure 5 is representative, however. Mean steady
state Tie was only slightly elevated at a Ta of 26 °C for any of the exposures. Figure 
6 also shows a representative result for T1e at a Ta of 20 °C. While Tie was 
significantly higher during RF exposure at a Ta of 20 °C, the increases in T1e were 
no greater than the corresponding increases in Teo for the same exposures. Thus, our 
data suggest that Teo was elevated as much or more than Tie (or possibly T8J by 
exposure to 225 MHz fields. This may be an artifact because of technical problems, 
or it may represent a key aspect of RF heating with a frequency that penetrates deeply 
into the body. Further studies of thermoregulatory responses during exposure with 
penetrating RF frequencies are needed to answer this question. 

Our data agree with other studies of the influence of microwave/RF exposure 
on thermoregulatory function. In the earliest studies of this type, Phillips et al [1975] 
and Ho and Edwards [1977] observed reductions in M in rats or mice exposed to 
2450 MHz. In the most extensive work to date on the subject, Adair and Adams have 
shown that squirrel monkeys exposed to 2450 MHz exhibit behavioral [1980a], 
metabolic [1982], vasomotor [1980b], and sudomotor [Adair, 1983] responses that 
are qualitatively similar to those reported here for the rhesus monkey. One feature of 
our data, unlike that of Adair and Adams (1982), is that the reduction in Mat a Ta of 
20 °C is not large enough to be quantitatively comparable to the SAR of most 
exposures used. In the squirrel monkey exposed to microwaves (Ta = 20 °C), the 
reduction in M during steady state conditions (90 min) was equal to a SAR of 1-2 W / 
kg. 

A major problem in comparing data from these two species, however, is that M 
is not sufficiently elevated in the rhesus at a Ta of 20 °C to allow reductions in M 
during microwave exposure as large as those that were observed for the squirrel 
monkey. In the squirrel monkey, M increases at a Ta of 20 °C were 3-4 W/kg above 
Mat a Ta of 25 °C [Adair and Adams, 1982]. The mean elevation in M for the rhesus 
at a Ta of20 °C was only 0.87 W/kg above Mat a Ta of26 °C. This limited range 
of adjustment in M of the rhesus monkey, coupled with the inherent variability of M 
observed, restricts quantitative comparison of these studies. For the squirrel monkey, 
reductions in M during 2450 MHz exposure at a Ta of 20 °C can fully compensate 
for the microwave-induced heat at SARs up to about 4.5 W/kg [Candas et al, 1985]. 
This was not the case for the rhesus exposed to 225 MHz at a Ta of 20 ° C. As shown 
in Figure 8, the reduction in M for rhesus monkeys exposed to 225 MHz (Ta = 20 
0 C) for 120 min was less than the SAR at power densities above 2.5 mW/cm2 (0.7 
W/kg). At 2.5 mW/cm2

, the mean reduction in M (0.6 W/kg) and the SAR were 
comparable. Interestingly, only one of five animals showed the secondary vasomotor 
response during the 120-min exposure to 2.5 mW/cm2 at 20 °C. 

Thus, the rhesus monkey apparently compensated for RF exposure at 2.5 mW/ 
cm2 by metabolic adjustments alone, even though this did not prevent an increase in 
Teo- At higher power densities, e.g., 7.5. mW/cm2

, the mean reduction in M was 
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only 25 % or less of the SAR, and the vasomotor response was recruited. This 
recruitment of thermoregulatory effectors is qualitatively identical to that observed in 
the squirrel monkey exposed to 2450 MHz at a Ta of 20 °C and power densities 
greater than 35 mW/cm2 [Candas et al, 1985], even though distinct quantitative 
differences exist. Both species activate heat loss mechanisms (vasodilation) when the 
RF load cannot be offset by lowering M, and the steady-state response to RF 
exposures at a Ta of 20 ° C reduced M to a level near that observed in a thermoneutral 
environment in bot}:l species. This reduction in M toward RMR during RF exposure 
at a Ta of 20 °C can be seen in Figure 6. The mean M for monkey 2 during the last 
30 min of the 7.5 mW/cm2 exposure was 2.46 W/kg, which was close to the 2.39 W/ 
kg for this monkey during sham exposure at a T of 26 °C. 

The SAR required (1.4 W/kg at 5 mW/cm2) to initiate thermoregulatory re
sponses in the rhesus monkey at either Ta is similar to the SAR observed to initiate 
these responses in the squirrel monkey exposed to 2450 MHz [Adair and Adams, 
1982]. However, these SARs represent different heat loads relative to the RMR of 
the species. For the squirrel monkey, the threshold SAR for thermoregulatory re
sponses to 2450 MHz exposure is of the order of 0.2 MET [Adair and Adams, 1980b; 
1982] where MET designates the resting M in a thermoneutral environment [Bligh 
and Johnson, 1973]. For the rhesus monkey, thermoregulatory responses were initi
ated during exposures to 225 MHz at a SAR of approximately 0.5 MET. Behavioral 
thermoregulatory responses have been observed in rats exposed to 2450 MHz fields 
at a threshold of about of 0.2 MET [Stern et al, 1979]. This difference in exposure 
thresholds relative to MET may be due to the differences in species, frequencies, or 
other unidentified factors in the studies. 

Another significant finding of the present study is the elevation in T co at low 
SAR; the Teo increases appear to be greater than those observed in a number of other 
microwave/RF exposure studies. In the work by Adair and her colleagues with 
squirrel monkeys, microwave exposure at power densities initiating thermoregulatory 
responses (0.2 MET)) did not increase Teo more than 0.2-0.3 °C. For the rhesus 
monkey exposed to 225 MHz at power densities high enough to initiate thermoregu
latory responses (0.5 MET), Teo was increased 0.7 and 1.2 °Cat a Ta of 26 and 20 
°C, respectively. When the rhesus monkey was exposed at a SAR of the order of0.2 
MET (0.35 W/kg) at a Ta of 26 °C, steady-state Teo was only 0.3 °C above the 
sham-exposure value. The SAR required to cause a 1 °C increase in Teo of the rhesus 
monkey exposed to 225 MHz at a Ta of 26 °C was 2 .1 W /kg, or about 1 MET. For 
the squirrel monkey exposed to 2450 MHz at a Ta of 24 °C, a 1 °C increase in Teo 
also occurs at a SAR equal to about 1 MET [de Lorge, 1983]. For the rat, the SAR 
required to increase Teo 1 °C during 2450 MHz exposure at a Ta of 24 °C is about 
0.5 MET [Lotz and Michaelson, 1978]. Thus, when viewed in terms of SAR required 
to produce Li Teo of 1 °C and relative heat load (MET), the Teo increases noted in our 
data are not significantly different from those reported for squirrel monkeys. If the 
comparison is limited to frequencies above whole-body resonance, however, a trend 
exists wherein the relative RF induced heat load required (in METs) to raise Teo more 
than 1 °C increases with animal size. At 1.3 [Lotz and Podgorski, 1982] and 2.45 
GHz [de Lorge, 1983], the SAR required to raise Teo of the rhesus monkey 1 °C is 
about 2 MET, compared to 1 MET for squirrel monkeys and 0.5 MET for rats. 
Whether or not this trend would extend to even larger mammals, including man, is 
not known. 
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The increases in internal temperature (Fig. 6) caused by exposure to 225 MHz 
in this study confirm that the T co response to RF heating of the rhesus monkey is 
frequency dependant, because the changes in T co at 225 MHz are greater than those 
observed in rhesus monkeys exposed to equivalent SARs at a considerably higher 
frequency (1290 MHz) [Lotz and Podgorski, 1982; Lotz; 1985]. The changes in Teo 
in this study are similar to those reported for two studies in which the control of Ta 
was less precise [Lotz, 1985; de Lorge, 1984]. At 1290 MHz, the SAR required to 
raise Teo by 1 °C was equivalent to 2 MET [Lotz and Podgorski, 1982]. At 225 
MHz, as noted above, T co was raised 1 °C during exposure to a SAR of only about 1 
MET. The data presented here are not sufficient to determine why these changes in 
T co differ with frequency. The difference could be simply related to depth of penetra
tion of the RF energy, or it could be related to quantitative differences in the sensitivity 
and responsiveness of the thermoregulatory system to such energy. We favor the 
hypothesis that the greater internal heating at a frequency near resonance is due to the 
depth of penetration of the energy. If this is true, then equivalent SARs at frequencies 
below resonance would also produce the same phenomenon. Adair [1985] has con
cluded in a recent summary of her work that " ... thermal sensors in the skin, rather 
than those deeper in the body, are probably respon~ible for most of the response 
changes observed ... " in the squirrel monkey exposed to 2450 MHz. The observation 
that longer wavelength radiation, which penetrates into deeper tissues, is less effective 
in stimulating thermoregulatory responses, but more effective in heating internal 
tissues, is consistent with her conclusions. Additional experiments with monkeys 
exposed to frequencies above, at, or below resonance should be done to address these 
questions. 

In summary, metabolic and vasomotor adjustments were shown to occur in 
rhesus monkeys exposed to 225 MHz during brief (10 min) or sustained (120 min) 
exposures at SARs ranging from 1.4-3.5 W/kg. The responses were effectively 
coordinated to produce steady-state conditions in body temperatures after about 90 
min of exposure at a Ta of either 20 or 26 °C. During steady-state conditons, heat 
storage within the body caused elevations in Teo that reached 1 °C during exposures 
to about 1-2 W /kg, depending on the Ta. These results show that the thermoregulatory 
response of the rhesus monkey to a RF exposure at the resonant frequency is 
qualitatively appropriate to limit storage of heat in the body. However, substantial 
increases in Teo were not prevented by such responses, even in a cool environment. 
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Simple Method to Measure Power Density 
Entering a Plane Biological Sample at 
Millimeter Wavelengths 
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Department of Radio Electronics, Zhejiang University, Hangzhou (Z.-Y.S.), Department of 
Applied Physics, Southwestern Jiaotung University, Emei, Sichuan (K.-M.S.), People's 
Republic of China; Departments of Electrical Engineering and Computer Science (L.B., 
A.C., S.R.) and Chemistry/Life Sciences (S.M.), Polytechnic University, Brooklyn, New York 

A simple method for measuring microwave power density is described. It is applicable to 
situations where exposure of samples in the near field of a horn is necessary. A transmitted 
power method is used to calibrate the power density entering the surface of the sample. 
Once the calibration is available, the power density is known in terms of the incident and 
reflected powers within the waveguide. The calibration has been carried out for liquid 
samples in a quartz cell. Formulas for calculating specific absorption rate (SAR) are 
derived in terms of the power density and the complex dielectric constant of the sample. 
An error analysis is also given. 

Key words: millimeter waves, near-field measurement, microwave power density 

INTRODUCTION 

The near field of a horn is complicated and difficult to determine, especially 
when a biological sample is introduced. For this reason, when use of the near field 
cannot be avoided, a simple method to measure the microwave power density (PD) 
entering the surface of the sample is useful. From the PD and the complex dielectric 
constant, the specific absorption rate (SAR) can be calculated. 

Ordinarily, the simplest way to measure PD is by using a conventional radiation 
meter. But it can only give the PD value of the incident wave in free space. When the 
sample is introduced, reflection and scattering occur. The situation becomes compli
cated, and it is difficult to measure the PD by conventional methods. 

Most biological samples contain large amounts of water, so they are very lossy 
for the rf fields. As a result, the skin depth is often very small in the microwave and 
millimeter wave ranges. If the thickness of a (planar) sample is much greater than the 
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skin depth, then power will be attenuated very strongly as it goes through the sample. 
This suggests that, behind the sample, measurements of the transmitted power can be 
carried out without disturbing the fields in front of the sample. 

In the method described here, the latter idea is used as the basis for a calibration 
procedure that, once completed, permits one to determine the power density entering 
a sample surface from measurements of the incident and reflected power within the 
waveguide. 

The basic idea may be described by referring to Figure l(a), which shows a 
highly dissipative planar sample s (housed within a quartz cell) located in the near 
field of a transmitting horn H 1. Power P 1' leaves the horn, and a portion enters the 
surface s1 closest to the horn. The power density p1' that enters s1 is the quantity of 
principal interest. The power density reaching the sample surface s2, farthest from 
the transmitting horn, is assumed to be at least lOdB below that which enters sur
face s1• 

If a receiving horn H2 is now positioned so that its aperture nearly coincides 
with s2 , and a detector is placed at the end of the receiving waveguide, a power 
reading Pt' will be obtained. However, this reading does not give the power density 
that enters surface s1. In addition, the ratio R between the power density p' 1 entering 
s1 and the power P' 1 leaving the transmitting horn is unknown. 

R may be determined by the following method: First, the sample, together with 
its receiving horn assembly, is moved so that it covers the transmitting horn aperture, 
as in Figure l(b). Then, the incident and reflected powers are measured within the 
transmitting waveguide. From this data, it is possible to deduce the net power P1 now 
entering the surface s1, and hence to calculate the power density p1 entering s1, all 

p:------p~ 

p. 
I ---

P, ---r 

LARGE HORN 

QUARTZ 
COY R 

LARGE HORN 

SMALL HORN 

SAMPLE 

v----~,, •· ~ 
(b) 1.. ; ~ 

SMALL HORN 

Fig. 1. Sketch showing basic principle of calibration scheme. 
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for the situation of Figure l(b). If the receiver power reading is now P1, and the 
attenuation of the sample is high, one may write: 

p' 1 Pl = 
P't pt· 

This relationship expresses the idea that the ratio of the power density entering surface 
s1 to the reading on the far-end detector is the same in the two situations because of 
the high sample attenuation. Hence, in the original position shown in Figure l(a), the 
ratio R of the power density entering s1 to the power P~ leaving the transmitting horn 
may be calculated as: 

R = £.i = ( P1 P' ) 
P' 1 Pr t 

1 P1 P't P1 ·-=-·-·-
P' 1 P1 Pr P' 1. 

Once the calibration constant R has been determined, the receiving horn is no 
longer needed; that is, p' 1 = P' 1R. This means that, even though the sample is 
located in the near field of the horn, it is still possible to determine the power density 
entering the sample surface from measurements made in the transmitting waveguide 
alone, once the calibration procedure has been carried out. 

In the portions of the paper to follow, this idea is discussed more precisely and 
in detail. 

DETAILS OF THE THEORY AND DEFINITION OF CALIBRATION CONSTANT 

For a given sample at a given frequency, the power transmitted through the 
sample is proportional to the PD entering the front surface, due to the linearity of the 
system. In order to define the proportionality constant, it is helpful to reconsider the 
arrangement shown in Figure 1 in more detail. Conceptually, we place the sample 
into a TE10 waveguide, shown at the right in Figure l(b); whose cross section is the 
same as that of the sample and also the same as the aperture of the transmitting horn. 
This creates an idealized configuration for which the PD pattern is known. It is 
assumed that only the dominant mode is present. For measuring the transmitted 
power, we put a small horn behind the sample. Here, it is assumed that there is 
sufficient sample attenuation present so that the PD in the front layers of the sample 
is unaffected by the receiving horn. It is also assumed that, in the rear layers of the 
sample, the receiving horn does not appreciably disturb the field distribution within. 
On the front surface of the sample, PD is a function only of the horizontal distance x 
from the center of the transmitting horn: 

PD(x) = PD(0) cos2 
( ~ x ) (1) 

where PD(0) is the PD at center of the horn aperture. The average PD within the 
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rectangular area (shaded area in Fig. l(b)), having a width w identical to that of the 
receiving horn, is given by: 

PD(w) = F(w) PD(O) (2) 

where 

w/2 sin ( ~ ~) 

F(w) = ; ) cos2 
( ~ x ) dx = ~ [1 + ] . 

-~ (~~) 
(3) 

The average PD over the whole cross section of the large waveguide can be deter
mined from Equations (2) and (3) as follows: 

1 p. - p 
PD(a) = F(a) PD(O) = - PD(O) = 1 r 

2 ab 

and 

The quantities Pi and Pr are the incident and reflected powers in front of the sample. 
Substituting into Equation (2), we have: 

Now we define 

PD(w) = 2(Pi - Pr) F(w). 
ab 

(4) 

as a calibration constant. For a given structure, a, b, w, and F(w) are known; the 
incident power Pi, the reflected power Pr, and the transmitted power Pt behind the 
sam~ can be measured. Consequently, C can be calculated according to Equation 
(4); PD(w) is given by: 

PD(w) = C Pt. (5) 

Therefore, once the calibration has been done and the value of C is known, the 
PD (average value within the shaded area in front of the sample) can be determined 
for another location of the sample by measuring Pt with the same small horn behind 
the sample, provided the surface of the sample is kept perpendicular to the incident 
wave. 

When a real irradiation experiment with a biological sample is performed, the 
situation corresponds to that shown in Figure l(a) rather than that of Figure l(b). It 
is more convenient to eliminate the small horn and to measure the incident power Pi' 
and reflected power P~ in the input waveguide of the large horn rather than to measure 
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the transmitted power Pt directly. Hence, we need to introduce more calibration 
constants: 

M = (P'i - P'r)/P't (6) 

and 
R = C/M. (7) 

Then 
PD = R (P\ - P'r). (8) 

Thus, once the calibration has been completed, the small horn behind the sample is 
no longer needed. The separation L between the radiating horn and the sample surface 
is zero during the calibration procedure for C and is fixed at its normal value during 
the calibration procedure for M. 

EXPERIMENTAL RESULTS 

Several calibration experiments were carried out over the 50-64 GHz frequency 
range using the equipment shown in the block diagram of Figure 2. 

Figure 3 shows the normalized calibration constant 1/2 abR as a function of 
frequency f for two .5-mm thick planar liquid samples contained in a quartz cell. The 

2 

TRANSMITTING 
HORN 

,SAMPLE 

RECEIVING 
HORN 

Fig. 2. Block diagram of equipment used for calibration. 1) Millimeter source, Siemens RWO-60; 2) 
attenuator FXR M164AO; 3) frequency meter, TRG V551; 4) forward sampling directional coupler, 
Hitachi, 2101, lOdB; 5) backward sampling directional coupler, Hitachi, 2101, lOdB; 6,7) thermistor 
mounts for measuring incident and reflected powers, Hughes 45774H; 8,9) power meters for measuring 
incident and reflected powers, HP 432A; 10,11) thermistor mount and power meter for measuring 
transmitted power, Hughes 45774H and HP 432A. 
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Fig. 3. Calibration constant R vs frequency for two samples. 

solid curve represents the result for a sample of buffer (an aqueous solution resistant 
to changes in pH when small quantities of acidic or basic substances are added; 
commonly used in biological work). (Our buffer contained the following concentra
tions of solute: 150 mM KCl, 20 mM Hepes Tris, 0.1 mM DTT, 0.5 mM EDTA.) 
The dotted curve represents the result obtained for a sample of plain water. R was 
determined by: 

1) Measuring C at each frequency. This was done by recording Pi, Pr, and P1 

with the front surface of the quartz cell in contact with the transmitting horn aperture. 
Then Equation (4) was used to calculate the (normalized) value 1/2 abC. 

2) Measuring Mat each frequency. This was done by recording P'i, P'r, and P't 
with the quartz cell positioned as it would be for an irradiation of the sample, ie, in 
the near field of the horn. Then Equation (6) was used to calculate M. 

3) Calculating the (normalized) value 1/2 abR as 1/2 abC/M. 

Figure 4 shows the calibration constants 1/2 abC and M separately for the same 
sample of buffer as in Figure 3. It is interesting to find that the rapid fluctuations of 
these two curves, 1/2 abC and M, are almost synchronized. Therefore, in the curve 
of 1/2 abR = 1/2 abC/M (the solid curve in Figure 3), the rapid fluctuations are 
almost canceled out, with only the long range variations remaining. 

The fact that there is almost precise indexing of the maxima and minima for the 
two cases suggests that the oscillations are due to interactions between reflections 
from the rear face of the sample and from the thermistor mount. (The physical 
separation between the receiving horn aperture and the thermistor mount is about 
11 cm.) 
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Figure 5 shows the normalized calibration constant 1/2 abR as a function of 

distance L between the aperture of the large horn and the front surface of the sample 

cell. Those points that have horizontal slopes represent values of L for which the 

calibration for R is insensitive to separation at the test frequency. 

CALCULATION OF SAR FROM THE POWER DENSITY 

The definition of SAR can be expressed as follows: _ 

AP 1 AP a * WE tano * 
SAR= - = -- = -E ·E = --E ·E. 

AM p AV 2p 2p 
(9) 

Here, AV is a small volume in the sample with mass density p = AMI AV and 

absorbed power AP. a and tano are the electrical conductivity and loss tangent of the 

sample medium, respectively. w = 21rf is the angular frequency; E is the vector 

electric field amplitude; * signifies complex conjugate. The quantity E is the real part 

of the dielectric constant E, which is complex and given by: 

E = E (1 - j tano) = Eo Er (1 - j tano). 

Assume that the rf field inside the sample is an incident wave only. (This is 

approximately true when the thickl}ess of the sample is much greater than the skin 

depth.) The PD that is defined at the same point in the sample as the SAR is: 



98 Shen et al 

J_ obR 
2 

10 

0.9 

08 

07 

06 

05 

0 

0.2 

0.1 

Quartz Cell Sample t---a---1 

'JT~ I ~ 1~ 
' f--w--i 

Transmitting horn 

aperture 
~

1
1
1 
___ 'Rece,v,ng horn 

1J.. aperture 

-== d 1--

Sample #3 (water) 

Dimensions in mm a= 13 
b= 9 
w=IO 

h=7 

Frequency f = 56.42 GHz 

d=2 
c=I 
t=O.5 

0.0 L--------.--------.----------1 
0 5 10 15 

L(rnm) 

Fig. 5. Normalized calibration constant Ras a function distance L. 

1 * • 1 [ E(l - j tano) * ] 
PD = 2 Re[E xH ·•zl = 2Re µ

0 

E ·.E 

(10) 

Here, H is the magnetic field intensity, µ 0 is the magnetic permeability in vacuum, 
and iz is the1.1nit vector in the z direction. From Equations (9) and (10), we have: 
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SAR=-- - PD WEtano ffo ✓ 2 
p E.Jl + tan2o + 1 

211"tano , 

'A.p 

2Er 
.· PD 

✓1 + tan2o + 1 

Here, 'A. is the wavelength is free space; Er is the relative dielectric constant. 

(11) 

Equation (11) gives the relation between PD and SAR at the same point in the 
sample. The PD entering the front surface of the sample can be measured by the 
transmitted power method described earlier. Inside the sample, ,both PD ~nd SAR 
decay exponentially with respect to the longitudinal distance z: 

with the attenuation constant 

PD(z) = PD(O) exp(-2az) 

SAR(z) = SAR(O) exp( -:-2az) 

Er( .Jl + tan29 - 1) 

2 

; O+a) 

(12b) 

(12c) 

It is interesting that, when Equations (11) and (12c) are combined, an alternative 
expression for SAR is obtained: 

SAR= 
2
a PD. 
p 

(13) 

This is really a consequence of Equations (9) and (12a). If A is a cross-sectional area 
in the sample, then: 

SAR=! L\P = -L\(PD·A) = _! d(PD) = 
p L\V p (L\z)A p dz, 

_! d(PD(O)exp(-2az)) 

p dz 

2a . 2a1 
SAR = - PD(O) exp(-2az) = - PD. 

p p 

Hence, the SAR may be calculated either from Equation (11) and the known complex 
dielectric constant [Franks, 1972; Grant et al, 1978; Szwarnowski and Sheppard, 
1977] or from Equation (13) if a direct measurement of the attenuation constant a is 
available. · 

ERROR ANALYSIS 

It is worthwhile to discuss some of the factors that limit the accuracy of this 
method. There are several different kinds of errors. 
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We have assumed before that the thickness of the (lossy) sample is greater than 

the skin depth. If this assumption is not satisfied, the wave reflected from the rear 

surface of the sample may affect the calibration. For example, the transmitting horn 

may be able to "see" the receiving horn or the environment behind the rear sample 

surface, rather than a uniform planar sample of "infinite" depth. In addition, the 

receiving horn may see different impedances during the C and M portions of the 

calibration. To estimate the importance of this error, assume that the "one-way" 

attenuation of the sample layer is 10 dB. Then the "round-trip" attenuation in the 

same layer should be at least 20 dB. Hence, at the front surface of the sample, 

reflections due to the finite thickness of the sample layer will be 20 dB below, ie, less 

than one-hundredth of the incident wave, which may be considered negligible. In the 

millimeter wave range, most biological samples are very lossy, so that this error need 

be considered only when the sample is very thin compared to the skin depth. 

It is noted that the sample thickness (0.5 mm) was actually rather small, because 

the skin depth in water is about 0.4 mm at 70 GHz [Grant et al, 1978]. The use of a 

1-mm cell would have been preferable, to completely eliminate effects due to reflec

tions from the rear surfaces of the sample. 
The accuracy of this method also depends upon the calibration procedure. We 

first determine the calibration constant C by using a small horn behind the sample 

when the latter is located at the plane of the transmitting horn aperture. The electric 

field within the aperture of the small horn is then determined by the transmitting horn 

aperture distribution and is termed the "distribution function of the field" : 

. (1r) w w h h 
f(x,y) = lyA cos -;-x , -2 ~ x ~2' -2 ~ y ~2 (14) 

where iy is the unit vector in the y direction. If the distribution function of the field 

during the M-portion of the calibration: 

( 
w w 

g(x,y), -- ~ X ~ -, 
- 2 2 

is different from f(x,y), some kind of error is to be expected, as detailed below. 

The absorbed power is proportional to the square of the field strength. Hence, 

the powers absorbed by the portion of the sample within the aperture area of the small 

horn in the two cases are as follows: 

w/2 h/2 

C case: Pa= K1 i dx i dyl.f(x,y)l 2 

-w/2 -h/2 

w/2 h/2 

M case: P' a = K1 i dx i dy I ~(x,y) 1
2

, 

-w/2 -h/2 

(15a) 

(15b) 
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where K 1 is a constant. 
The transmitted power received by the small horn is proportional to the square 

of the coupling coefficient, which is the overlapping integral of two coupling fields 
over the aperture area. Hence the transmitted power detected by the receiving horn 
in each of these two cases can be expressed as follows: 

w/2 h/2 . 2 

C case: P1 = K2[ 1 dx 1 dy iy · f(x,y) cos(; x) ] (16a) 
-w/2 -h/2 

w/2 h/2 

M case: P1' = K2[ 1 dx 1 dy iy · ~(x,y) cos( ;x) ] 

2 
(16b) 

-w/2 -h/2 

where K2 is another constant. 
In . order to estimate the error due to the difference between the two field 

distributions, we compare P' a with Pa under the condition: 

(17) 

Substituting Equation (16) into Equation (17), we have: 

w/2 h/2 

1 dx 1 dy[~(x,y) - f(x,y)] · iy cos(;x) = 0. (18) 
-w/2 -h/2 

Under this condition, the relative calibration error for the absorbed power can be 
written as: 

w/2 h/2 

1 dx 1 dy[ I ~(x,y) 12 - I f(x,y) 12] 
-w/2 -h/2 (P'a - Pa)IPa = --------------

w12 h/2 
(19) 

1 dx 1 dy I f(x,y) I 2 
-w/2 -h/2 

If g(x,y) = f(x,y), we obviously 'have no calibration error. But usually g(x,y) ';;/: 
f(x~y). We can estimate the error by means of Equations (18) and (19), in whfoh f(x,y) 
is given by Equation (14), and where g(x,y), the distribution function of the M field, 
can (in principle) be obtained from measurements with a probe. 

From the above analysis, we find that the calibration error can be reduced by 
reducing the aperture area of the small horn. Actually, if the dimensions w and h are 
much smaller than a and b, f(x,y) becomes almost a constant vector over the aperture 
area of the small horn, and so does g(x,y) in general. According to Equations (18) 
and (19), if both f(x,y) and g(x,y) are-very close to constant vectors, the error should 
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approach zero. This is the reason why we prefer to use a small horn behind the 
sample to measure the transmitted powers during the calibration procedure. In 
principle, the physical size of the receiving horn aperture may be made very small by 
using high dielectric constant material within the horn volume, and therefore the error 
will be correspondingly small. 
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Brief Communication 

Specific Absorption Rate in Humans In Vivo 
at Radio Frequencies , 

Andrzej Kraszewski, George Hartsgrove, Stanislaw S. Stuchly, and 
Maria A. Stuchly 
Department of Electrical Engineering, University of Ottawa (A.K., G.H., S.S.S.), and 
Bureau of Radiation Protection and Medical Devices, Health and Welfare (M.A.S.), 
Ottawa, Ontario, Canada 

Specific absorption rates were measured in three locations of humans exposed in the far 
field at 160, 350, and 915 MHz. Values obtained for six males are compared with data for 
a full-scale homogeneous model of man. 

Key words: energy absorption, local SAR, measurement 

A computer-controlled experimental dosimetry system and implantable electric 
field probes were previously used to investigate distributions of the specific absorption 
rate (SAR) in a full-scale homogeneous model of man in the far field [Kraszewski et 
al, 1984; Stuchly et al, 1985a, 1986a] and the near field [Stuchly et al, 1985b, 
1986a,b]. These investigations 'were undertaken because of the need in the field of 
health protection to determine if there is excessive energy dissipated in physiologically 
critical locations. Furthermore, an experimental approach was selected in view of the 
limitations of presently available numerical methods in terms of accuracy in predicting 
the SAR distribution at radio frequencies [Kraszewski et al, 1984; Stuchly et al, 
1986b]. 

Measurements of the SAR in a few accessible locations in live humans were 
performed to verify whether the SAR distributions in the homogeneous model are 
reasonable as compared with the actual human body, and to identify some critical 
parameters of the measurement method that may affect the accuracy of measurements. 

All measurements were performed with males in the supine position exposed in 
the far field with the wave incident from the back. The body was supported by a 
styrofoam sheet on a plastic bed. A correction for the nonplanar wavefront of the 
incident radiation was applied as described elsewhere [Stuchly et al, 1985a]. The 
measurements were performed at 160, 350, and 915 MHz. The incident field was in 
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the E-polarization with an incident power density of less than 5 mW/ cm2 at any point 
on the irradiated surface of the body at any of the test frequencies. The methods and 
hardware used are described elsewhere [Stuchly et al, 1985a,b, 1986a]. 

A triaxial electric field probe with a diameter of 10 mm was used. The probe 
was designed at the University of Ottawa and manufactured by Filtran Microcircuits 
Inc., Ottawa. The probe was fully tested and calibrated in a 14-cm sphere filled with 
different tissue-equivalent materials [Stuchly et al, 1984]. For the tests on humans, 
the tip of the probe was surrounded by a flexible bolus. Two sizes of the boli were 
used, 10 cm3 and 20 cm3 in volume, of a semiliquid material having the permittivity 
equal to that of muscle at the test frequencies. The boli were used to eliminate air 
pockets between the probe and the tissue. This was necessary because air pockets 
significantly affect the local electric fields. Furthermore, the use of a bolus in the 
model simulated more closely geometrical configurations for humans. The larger 
bolus (20-cm3 volume) was more effective in reducing the scatter between the data 
obtained for various persons due to placement of the probe at the test location. 

Figure 1 shows geometrical coordinates of the test sites for the 175-cm tall (72 
kg) model. The average height and weight and their standard deviations for the six 
male volunteers were 177.5 ± 5.3 cm and 73.5 ± 8.5 kg, respectively. The models' 
and volunteers' arms were positioned along the body during the tests. In the armpit 
designated A (axillae), the SAR in the model was interpolated from the values 
measured very close to the surface in the torso and the arm. In the location L (between 
the legs, crotch), the SAR in the model used for comparisons was measured about 
1.5 cm from the body surface. Other coordinates of the test site are shown in Figure 
1. Experimental data obtained with a 20-cm3 bolus for the volunteers and models are 
shown in Table 1. Three measurements were taken at each site for each volunteer. 
The uncertainty in the SAR values for the model is about ± 15 % . 

The following qualitative observations were made during the experiment: 1) 
Position of the head .had a strong effect on the SAR in the mouth; for instance, 
elevation of the head by 2.5 cm (by a styrofoam support) caused about a 30% change 
in the SAR; 2) The articulation of the arms caused changes in the SAR in the armpit; 
3) Handling of the probe by the volunteer affected SARs in all three sites. 

The repeatability of measurements at the same site for each volunteer was 
reasonably good but varied from individual to individual and from site to site as 
illustrated in Table 2. The standard deviations as well as the SAR variations, depen-
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Fig. 1. Geometrical coordinates of the test sites for six male volunteers. 
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TABLE 1. Specific Absorption Rates (SARs) in mW/kg per 1 mW/cm2 of the Incident Power 
Density for Humans and a Fullscale Homogenous Model* 

Site 

Frequency Mouth (M) Armpits (A) Legs (I) 

(MHz) Humans Model Humans Model Humans Model 

160 68 (±32) 505 109 (±42) 140 6.5 (±4.3) 11.5 
350 25 (±9) 36 25 (± 11) 29 2.2 (±0.8) 4.7 
915 0.8 (±0.4) 2.6 1.7 (±0.4) 1.5 3.4(±1.3) 5.5 

*Figures given are for mean values; standard deviations are in parentheses. 

TABLE 2. Specific Absorption Rates (SARs) in mW/kg per 1 mW/cm2 of the Incident Power for 
Six Volunteers at 160 MHz* 

Site 

Volunteer Mouth Armpit 1 Armpit2 Legs 

A 92 (±2) 102 (± 12) 97 (±8) 0.2 (±0.1) 
B 106 (±20) 104 (±3) 145 (±4) 1.8 (±0.4) 
C 66 (±2) 24 (± 1) 26 (± 1) 6.7 (±0.1) 
D 22 (± 1) 75 (±5) 90 (±5) 3.2 (±0.9) 
E 50 (±3) 100 (±6) 36 (± 12) 3.4 (±0.3) 
F 25 (±5) 165 (±5) 174(±11) 12.5 (± 1) 

*Mean values and standard deviations (in parentheses) for three measurements at each site are shown. 

dent on the. person for a given site, were less at the two higher frequencies. The 
standard deviation for a given volunteer ranged from less than 5 % to 30 % , depending 
on the site and the volunteer. 

The variations from individual to individual at 160 MHz (Table 2) were approx
imately five to seven times for the mouth and the arms, respectively. This depended 
upon how tightly the probe was held at the measurement site by each person. 
Furthermore, except for one volunteer, relatively small differences were noted be
tween the SARs measured in the two axillae. However, for the legs, the differences 
in the SAR varied by a factor of about 60, if all the data are considered. If the data 
for volunteer A is rejected, the differences are of the order of seven. At 350 MHz, 
the differences from volunteer to volunteer were approximately three, six, and ten 
times for the mouth, arms, and legs, respectively; and at 915 MHz, they were about 
ten, two, and three. It appears that the differences of one order of magnitude are not 
surprising, in view of variations of the immediate probe surrounding, and depends on 
both the probe positioning and handling and on anatomical differences. 

From Table 1, it can be seen that, apart from relatively large deviations for the 
mean SAR values for the volunteers, they compare rather favorably with the data for 
the model, except for the mouth at 160 MHz and 915 MHz. The differences between 
the SARs for humans (mean values) and the model are within about 50%, except for 
the mouth at 160 MHz and 915 MHz. Furthermore, at least for the sites and 
frequencies investigated, the SAR values in humans are lower than those in the 
model. 

The main limitation of the data presented here is a small number of locations in 
which SAR could be measured in humans. The measured SARs for various volunteers 
differ typically by about one order of magnitude. Because of the use of a bolus 
(without which the SAR would be affected to a very large extent by the probe 
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placement), the measured SARs in human volunteers can only be considered as an 
order-of-magnitude indicator. An inhomogeneous model should provide a much better 
approximation, as highlighted by large differences in the location (the mouth) in 
which anatomical differences between humans and the homogeneous model are large. 
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Brief Communication 

Effect of Relative Humidity on the 
Movement of Rat Vibrissae in a 
60-Hz Electric Field 
R.J. Weigel and D.L. Lundstrom 
Biology and Chemistry Department, Pacific Northwest Laboratory, Richland, Washington 

The snouts of rats were placed in a 60-Hz electric field at an unperturbed field strength of 
50 kV /m .. A count of the number of vibrissae that moved in the field was made on a series 
of rats over a number of days where the laboratory humidity varied from 25 % to 48 % . 
The number observed to vibrate fell from nine to zero or one at relative humidities between 
25 % and 39 % , respectively. 

Key words: sensory stimulation, hair vibration, cutaneous mechanoreceptors 

Research findings on the biological effects of 60-Hz electric fields have been 
plagued by a problem of inconsistency of results from one laboratory to another or, 
indeed, within a laboratory over time. This has aptly been described as a "Cheshire 
cat phenomenon" [Graves et al, 1979]. The reasons for this inconsistency have not 
been explained, and it thus creates difficulties for researchers who wish to duplicate 
findings or construct and test mechanisms to explain the reported results. 

The nervous system has been the site of many of the reported effects of electric
field exposure, such as increased excitability in sympathetic synapses [Jaffe et al, 
1980], depression of the circadian rhythm of the pineal gland's output of melatonin 
[Wilson et al, 1981], and behavioral responses to low-strength electric fields [Stern et 
al, 1983]. One possible mechanism that has been proposed to explain these effects is 
that chronic stimulation of various sensory receptors by the electric field causes low
level stress that may manifest itself in the wide range of reported effects. A possible 
site for peripheral stimulation in rats is the vibrissae, a highly innervated receptor 
system. Due to field enhancement, which occurs near pointed objects, the vibrissae 
located on a pointed part of the anatomy (the snout) can experience much larger 
electric fields than the unperturbed levels in .. an exposure system. An experiment was 
conducted to verify that the rat's vibrissae do indeed move under the influence of an 
electric field. During the course of these tests, we noted a dependence on relative 
humidity, which may explain many of the "Cheshire cat" results. 
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The exposure system (Fig. 1) used a set of parallel plate electrodes, 15 x 15 
cm, separated by 10 cm; one electrode was grounded and the other energized to 5 
kV, generating a 50-kV Im electric field. Total harmonic distortion of the field was 
less than .1 % . A hole approximating the cross section of a rat's snout (2.5 x 3.0 cm) 
was cut out of the center of the grounded electrode. The snout of a rat, grounded and 
anesthetized with sodium pentabarbital was inserted through the hole so that it 
projected into the field with its eyes just through the hole. There are approximately 
25 vibrissae arranged in rows on each side of the rat's face. The configuration of the 
exposure system allowed observation of the vibrissae only on the right side of the 
animal. Movement in some of the vibrissae was restricted because they were against 
the ground electrode. The number of vibrissae that could vibrate in the field and 
could be observed was thus limited to approximately 20. Vibrations were observed 
using a strobe lamp, flashing at between 57-59 Hz or 61-63 Hz. Hairs vibrating at 
60 Hz then appeared in the strobe lighting to be slowly moving at 1-3 Hz. 

Vibration rate of vibrissae in the electric field was at 60 Hz, suggeting that the 
interaction of the field with the hair was through charge trapped on the hair. If the 
interaction had been between the field and induced charge in the hair (ie, acting like 
a conductor), vibration frequency would have been at 120 Hz. A 120-Hz vibration 
frequency, observed with a strobe at 60 Hz, would not appear different from hairs 
vibrating at half that rate. To discrimate between the two possibilities, the strobe rate 
was increased to 120 Hz where the vibrating hair appeared to split into two. Such an 
effect could occur only if the rate of vibration was half that of the strobe rate. 

We found that the number of vibrissae that were observed to move in the electric 
field depended on the relative humidity. Twelve rats were placed in an unperturbed 
electric field of 50 kV/m during the course of the study (spring through winter), and 
the number of vibrissae that moved were counted. The extreme variability in the 
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Fig. 1. Drawing of the exposure system and high-voltage equipment. The snout of the rat is inserted 
between two halves of the ground electrode in which a notch has been cut. The plate separation is 10 
cm, generating a maximum unperturbed electric field of 50 kV /m. Some of the vibrissae closest to the 
ground electrode are in contact with it and cannot move in the field. 
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number ofvibrissae that moved was observed to correlate with relative humidity (Fig. 
2). Above 39% relative humidity, it appears unlikely that the field can cause a visible 
movement of the vibrissae. Seven rats were tested in this range of humidities, and in 
no case was more than one vibrissa observed to move. Four of the seven showed no 
movement. As the air became drier, more vibrissae moved in the field. At 25% 
relative humidity, approximately half of the hairs were observed to vibrate in the 
field. These observations support the conclusion that charge trapped on the hair 
interacts with the field. As the water content of the hair increased with humidity, the 
ability to trap electrical charge on the hair decreased, with a concomitant decrease in 
its movement in the field. We also observed that vibrissae could be induced to move 
by exposing them for a short time prior to the onset of the ac field to a small negative
ion generator. 

Some important implications for 60-Hz bioeffects research result from these 
findings. First, electric fields at strengths comparable to many reported laboratory 
exposure levels can act directly on vibrissae. This is an initial step towards validating 
the chronic stimulation hypothesis, since it demonstrates that the field interacts with 
the mechanical input to an important sensory system. With the relatively large 
excursions observed, stimulation of receptors attached to the vibrissae is likely. Next, 
the dependence of hair vibration on relative humidity would be extremely significant 
if some of the observed effects of electric fields are due to chronic stimulation of 
vibrissae and associated receptors. Much of the variability in observed effects between 

10 Response of Vibrissae to 60-Hz Electric Field 
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Fig. 2. A count of the number of vibrissae from 12 rats that vibrate in a 50-kV/m unperturbed electric 
field as a function of room relative humidity. Those rats that had no vibrissae move in the field are 
indicated by (*) above the appropriate humidity at which they were tested. Approximately 20 vibrissae 
were eligible to be counted in each test; the remaining vibrissae were obstructed from moving or were 
not visible. 
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laboratories and between replicates of experiments could be explained by differences 
in the relative humidity in the exposure room. 
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Yeast, a "small" eukaryote, exhibits nearly all of the cellular structures and functions 
of "large" eukaryotes such as mammals. Research has shown that yeast proteins often 
exhibit primary sequence homology with their well-studied counterparts isolated from 
multicellular organisms. These studies have provided researchers with many useful 
insights into other cells. 

Yeast Cell Biology presents new approaches to understanding the potential of yeast 
genetics and its application to the study of cell structure and whole-cell processes. The 
book provides a review of the problems that arise in different areas of yeast research 
and outlines the various ways that molecular and classical genetic techniques can be 
used to study these problems. 

The volume presents in-depth reviews of various topics, including yeast cytoskeleton 
and its role in the cell division cycle, structure and replication of yeast chromosomes 
and the role of the ras oncogenes in controlling cell growth. The general traffic pattern 
of macromolecules through the nucleus and cytoplasm is examined in detail, including 
articles on mRNA splicing, vacuolar proteases, nuclear structure and the secretory 
apparatus. Summaries of current strategies used to dissect the mechanisms by which 
proteins are targeted to the mitochondrion are presented, as well as reviews on phero
mones, calcium binding proteins, and endocytosis. The closing chapter highlights the 
ways that all of the included studies impinge on the complex series of events that make 
up the mating and sexual cycles of Saccharomyces yeast. 

Yeast Cell Biology will be an informative introduction to yeast for the cell biologist 
as well as a valuable reference source to researchers in the fields of molecular genetics, 
microbiology, biophysics, industrial chemistry, and pharmacology. 

UCLA Symposia on Molecular and Cellular Biology, New Series, Volume 33 • Yeast Cell Biology • Proceedings 
of a Cetus-UCLA Symposium on Yeast Cell Biology, held in Keystone, Colorado, April 1985 • James Hicks, Editor 
• ISBN 0-8451-2632-6 • LC 86- 10658 • Publication: August 1986 • 694 pages, $125.00 

SECTION HEADINGS 

THE CYTOSKELETON 

CONTROL OF THE CELL CYCLE 

DNA REPLICATION AND CHROMOSOME 
STRUCTURE 

NUCLEAR ORGANIZATION 

MACROMOLECULAR TRAFFIC I: PROTEIN 
LOCALIZED IN THE NUCLEUS 

I ' MACROMOLECULAR TRAFFIC II: SECRETION, 
ENDOCYTOSIS, AND THE CELL SURFACE 

MACROMOLECULAR TRAFFIC Ill: IMPORT OF 
PROTEINS INTO MITOCHONDRIA 

MODELS FOR DEVELOPMENT 

In Europe, the United Kingdom, and the countries of 
East and West Africa order from your bookseller or from: 
John Wiley & Sons Limited • Ba/fins Lane • Chichester • 
Sussex P0/9 IUD• England 

Order from ydur bookseHer or ,directly from the pub'lisher 
Alan R. Liss, Inc., 41 East 11th Street, New York, NY 10003 



Neurology and Neurobiology, Volume 17 

Two Hemispheres-One Brain: 
Functions of the Corpus Callosum 

Franco Lepore, Maurice Ptito, and Herbert H. Jasper, Editors 

Two Hemispheres-One Brain: Functions of 
the Corpus Callosum provides intensive coverage of 
all aspects of interhemispheric communication and 
higher order integration in the nervous system. This 
volume comprises the most recent and comprehen
sive collection of data on these important issues. Fo
cus is on the transmission of information and the 
functional influence of one hemisphere in regard to 
the other hemisphere, and how the combined activity 
of both hemispheres differs from those of the compo
nent halves. These topics are considered from ana
tomical, electrophysiological, and neurobehavioral 
points of view in both animals and humans. Differ
ent sensory modalities (vision, audition, and somes
thesia) and cognitive functions (language, 
hemispheric specialization, and consciousness) are 
examined, along with inter-species behavioral differ
ences and problems of development. 

This book is divided into six sections. Topics 
include: 

• A General Introduction: this section features a 
paper by Nobel Prize winner Roger Wolcott Sperry 
on consciousness, personal identity, and the divided 
brain. 

• Anatomy: chapters explore such subjects as the 
topography of commissural fibers, the size of the cor
pus callosum in relation to hemispheric specialization 
in humans, and the anatomical organization of inter
hemispheric connections of the anterior ectosylvian 
visual area in the cat. 

.J 

• Electrophysiology: chapters examine the func-
tion of the corpus callosum in midline fusion and the 
role of callosal cells in the functional organization of 
cat striate cortex. 

• Animal behavior: the effects of lesions in various 
parts of the commissural system are described, along 
with the split-brain preparation on interhemispheric 
transfer of information, memory storage, and sterio
scopic vision. Chapters on developmental issues ex
plore the effects of experimental manipulations or 
genetic abnormalities on the development of such vi
sual functions as eye alignment, binocularity of corti
cal neurons, visual acuity stereopsis, and inter
hemispheric transfer. 

• Human neuropsychology: the final two sections 
contain chapters that deal with hemispheric speciali
zation, neuronal and developmental adaptations in 
callosal agenesis, callosal dynamics and right hemi
sphere language, and the nature of cortico-cortical 
connections. 

This book is dedicated to Roger Wolcott Sperry, 
who pioneered modern concepts of the functional im
portance of the corpus callosum in the unification of 
the brain's two hemispheres, and the role of each 
hemisphere in conscious experience and voluntary 
movement. 

Two Hemispheres-One Brain: Functions of 
the Corpus Callosum will be of interest to research
ers and clinicians in the fields of hemispheric speciali
zation, information transfer and integration, and 
brain lesion studies. Neuroanatomists, neurophysiol
ogists, neuropathologists, neuropsychologists, experi
mental psychologists, clinical neurologists, physical 
and occupational therapists, and other medical and 
psychological related clinicians will find this book to 
be of great value. Postdoctoral fellows, graduate stu
dents, and upper-level undergraduate students will 
also find this book useful. 
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