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Herman P. Schwan 
1985 Recipient of the d'Arsonval Medal 

Three kinds of history could be composed in presenting a portrait of Herman 
Schwan. The first is a list of his published works. In this age of the computer 
terminal, such works are easily accessed, but however abundant in number and 
however impressive in erudition, they are immutably impersonal. The second history 
is only slightly more personal-the compact autobiography as published in a standard 
reference source (see, e.g., Professor Schwan's entry in the 43rd edition of Who's 
Who in America). The third history-a book-length paean of the sort composed for 
the highly luminous scientist-would provide definition of the private man, but it has 
yet to be written, and it may not be written during the life of the man it celebrates. I 
lack the talent and training to compose a personal history, but during my 15-year 
association with Professor Schwan, I have experienced much that is revelatory of the 
private man. A sample of these experiences I shall share with the reader in this 
introduction. But first ... to the amenities of time and space and event. 

On June 19, 1985, in San Francisco, California, Professor Herman Schwan 
addressed the members of the Bioelectromagnetics Society on the occasion of its 
award to him of its highest honor, the d' Arson val Medal. The paper that follows was 
written by Professor Schwan, and it is based on his earlier address. Editor Richard 
Phillips charged me with writing this introduction to the paper, to the man that wrote 
it, and to the works that earned this man the high esteem of his peers-and the premier 
presentation of the d' Arson val Medal. I would have asked Dr. Phillips to publish a 
precis of the first, impersonal history-the titles and abstracts of Professor Schwan's 
papers-but there are too few pages in this issue of Bioelectromagnetics to so index 
the contents of 200-plus publications. As for the second history, the reader doubtless 
has access to a library and to a biographical reference source and thus may read of 
Professor Schwan's place of birth (Aachen, Germany), his university (Frankfurt), his 
doctoral degrees (Ph.D., Doctor habil), his disciplines (biophysics and physics), his 
primary affiliation (Professor Emeritus, the University of Pennsylvania), and his 
honors (among them: the Rajewski Prize, the Humboldt Award, the Edison Medal, 
and membership in the National Academy of Sciences). 

The beginnings of the third mode of history-the personal portrait-have ac
tually been written by Professor Schwan himself. The paper that follows mine and 
another published earlier [Schwan, 1984] provide glimpses of the private side of the 
man as well as an outline of his scientific odyssey. One finds in these papers an 
admirable mix of a disciplined scientist and a generous patron who shares credit for 

© 1986 Alan R. Liss, Inc. 
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his works with his students and colleagues. That this generosity is not a pose but a 
reflection of a man of impeccable manners and abiding humanity is something to 

which I can personally attest. Three vignettes are illustrative. 
In 1970, after submitting my first proposal for grant support to the National 

Institutes of Health, I was informed by letter that a project site visit would take place 

in my laboratory. Professor Schwan's name was listed in the letter, and he was, so I 
learned from a name-and-literature search, the only scientist among five site-visitors
to-be with a biological background involving microwave theory and techniques. My 

status as an experimental psychologist and my heretical view that a unit-mass dosi
metry should supplement power-density as prime measure in microwave experimen
tation were, I was convinced, a plural invitation to disapproval. During the site visit, 

Professor Schwan projected none of the lese majeste that psychologists are sometimes 

subjected to by physical scientists. Indeed, he was highly supportive of my dosimetric 
techniques and concepts. Near the end of the site visit he told me, "Dr. Justesen, I 

like your dosimetry very much, and I think the behavioral work you are proposing 
with your student, Nancy King, is very important. I wish the two of you every 
success." These words touched Nancy and me deeply; the moral and scientific support 
they conveyed has had a profound and lasting influence on my programs of research. 

In 1971, after the results of Nancy King's postdoctoral research had been 
published in Science, she received a telephone call from Professor Schwan, who 

congratulated her on the work, then informed her that her data on thresholds of 
detection of 12-cm waves were in excellent agreement with his own analytical 
projections. The toothpaste commercials one sees on television make allusion to the 
million-dollar smile. During that telephone conversation, I saw such a smile on 
Nancy's face. 

In 1973, at an FDA-sponsored, international symposium on microwaves that 
convened in Warsaw, the attendees were feted one evening at a formal dinner in 
Jablona Palace. A small orchestra in one corner of the spacious dining hall played 
softly the strains of a Chopin composition. Waiters in white tie and tails poured 

preprandial champagne into crystal goblets. Flush with the grape, awed by the palatial 
ambience, and impressed by the erudition and congeniality of the Russian and 
Ukranian scientists, I started to raise my glass with the intent to toast the Soviet 
delegation. At this juncture, Professor Schwan, who sat at the same table as I, leaned 
over and whispered. "Are you going to offer a toast?" 

"Yes." 
"To whom?" 
"To the Soviet scientists." 
A look of consternation crossed Professor Schwan's face. He bent closer and 

continued to whisper, "You should do that later." 
"Why?" 
"Because one must always toast the ladies first!" 
The demand for concision by the editor forbids more than a final paragraph of 

commentary. If these vignettes fail to capture the essence of the personal man, perhaps 
a recitation of the traits I associate with the persona of Herman Schwan will. He is 
disciplined, creative, masterful, learned, brilliant, urbane, humane, generous, com
passionate, mannerly, and considerate. That the peers of Professor Schwan concur 
with me in this list of his attributes is a matter of record-the reader is referred to the 
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festschrift by colleagues and former students, a text of archival papers that celebrates 
his scientific and didactic achievements (cf. Bioelectromagnetics, 1982, vol. 3, pp. 1-
177). 

I am delighted at this opportunity to appraise in printed words my valued friend 
and colleague, Herman Schwan. I am delighted that he will see these symbols of 
honest sentiment. And I am delighted at the honor he has so justly received from the 
members of the Bioelectromagnetics Society. 

REFERENCES 

Schwan HP (1985) RF hazards and standards: An historical perspective. J Microwave Power 19:225-
231. 
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Past President, Bioelectromagnetics Society 
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Invited Paper 

Research on Biological Effects of 
Nonionizing Radiations: Contributions on 
Biological Properties, Field Interactions, and 
Dosimetry 

H.P. Schwan 

Department of Bioengineering, The University of Pennsylvania, and Biomedical Engineering 
and Science Institute, Drexel University, Philadelphia, Pennsylvania 

The Bioelectromagnetics Society has grown rapidly during the 7 years of its 
existence. It is now the society of choice for scientists and physicians that specialize 
in advancement of theory and application of nonionizing electromagnetic fields in 
relation to biological materials and living systems. Its large and outstanding annual 
meeting has become a major national event. To receive the d' Arsonval Medal is 
therefore a signal honor, and I am immensely proud to have been chosen its first 
recipient. The Bioelectromagnetics Society has many members of equal merit, and I 
presume that I was the first chosen for recognition because of my long tenure in the 
field. Indeed, since 1937, when I entered the Institute for Physical Foundations of 
Medicine in Frankfurt, known now as the Max Planck Institute for Biophysics, I have 
had an abiding interest in the dielectric and acoustic properties of, and field interac
tions with, biological systems. 

Extremely rare is the academician-scientist that achieves recognition for works 
accomplished in isolation. I am not the exception. I have been fortunate in being able 
to attract to my laboratory and to the discipline of biophysics a large number of highly 
gifted graduate students, postdoctoral fellows, research associates, and faculty col
leagues. It is the sum of their respective contributions that has enabled me to 
contribute to the macroscopic, microscopic, and submicroscopic aspects of the field. 
I shall name but a few of many outstanding individuals: Edwin Carstensen, Kam Li, 
Lawrence Sher, Shiro Takashima, Edward Grant, Gerhard Schwarz, Helmut Pauly, 
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Antevardi Anne, Peter Edmonds, John Reid, and last in time but certainly not among 
the least, Kenneth Foster, Harry Kritikos, and Frederich Sauer. I shall devote most 
of my remarks to a highlighting of some of their primary contributions. 

Before addressing the works of my students and colleagues, I shall acknowledge 
the generous support received from the Office of Naval Research and from the 
National Institutes of Health, and also, over a period of 10 years, from the Air Force. 
In particular, I am especially grateful to the Office of Naval Research, which has 
continuously supported me and my colleagues since 1952, an almost unprecedented 
period of time. For 25 years, the National Institutes of Health supported a single, 
broad-based program entitled Electrical and Acoustic Properties of Biological Mate
rials. The Institutes also supported a substantial training program that led to the early 
formation of the University of Pennsylvania's graduate department of biomedical 
electronic engineering. These long-lasting, well-supported efforts were broadly con
ceived and oriented, permitting my colleagues and me frequently to entertain projects 
that could not be readily supported under more narrowly conceived programs, and 
that enabled me to adjust the work to the available talent. 

Let me now summarize some of the outstanding contributions of my colleagues. 
Ed Carstensen' s doctoral thesis focused on ultrasonic properties of blood and 

hemoglobin in solution [Carstensen and Schwan, 1959]. His work was the first to 
demonstrate that macromolecular processes are largely responsible for the strong 
absorption by biological materials of ultrasonic energy (Fig. 1). Subsequently, Helmut 
Pauly undertook a detailed study of ultrasonic absorption by hepatic tissue [Pauly and 
Schwan, 1971]. By progressively fractionating this tissue, he demonstrated that its 
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Fig. 1. Ultrasonic absorption coefficient of blood as a function of cellular-volume percentage. The 
linear plots indicate that absorption is not directly proportional to cellular volume but to total protein 
content. This result was the first to indicate the strong contribution of proteins to the absorption process 
[Cartensen et al, 1953]. 
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absorption of ultrasonic waves is due largely to macromolecular relaxation, and a 
smaller fraction is due to other causes, such as scattering (Fig. 2). These contributions 
and additional work by Peter Edmonds and his students in the Department of Biomed
ical Electronic Engineering were of a pioneering nature, and they have stimulated 
related work at other ultrasonic laboratories to this day. Their work was critical to an 
understanding of the mechanisms responsible for the visualization of soft tissues by 
ultrasound. 

Another outstanding contribution in the domain of ultrasound is the work of 
Jack Reid. His Ph.D. thesis, and his cooperation with Claude Joyner, led to the 
introduction of ultrasonic echocardiography in this country. Previously, Reid and John 
Wild were the first to apply ultrasound to the visualization of soft-tissue inclusions 
such as malignant breast tumors. Reid is rightfully considered both as a pioneer and 
a contemporary leader of visualizing technology. 
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Fig. 2. Ultrasonic absorption coefficient of various hepatic-tissue preparations. The tissue was processed 
to eliminate major structural inhomogeneities but not the cellular structure. The I-minute homogenized 
sample (0) contained only a few cells, but nuclei and mitochondria remained intact. The 25-minute 
homogenate (e) contained but few subcellular organelles. Comparison of the two homogenates indicates 
that absorption does not arise at the subcellular or nuclear level, but reflects macromolecular absorption. 
The dashed curve corrects for a 1 :3 dilution of the homogenates to the level of the processed tissue. 
Differences between the dashed curve and the processed tissue are caused by nonmolecular phenomena
cells and possibly scattering. These data were the first to demonstrate the strong macromolecular 
contribution to the ultrasonic absorption by tissues [adapted from Pauly and Schwan, 1971]. 
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Ed Carstensen also became interested in the electrical properties of biological 
materials while at the University of Pennsylvania. But his major contributions lay in 
studying the dielectric properties of bacteria, chloroplasts, and a variety of other 
microrganisms during his tenure at Rochester University. Also while at Rochester, he 
developed with Einulf an extension of Schwarz' theory of counter-ion relaxation, 
which I shall mention later. Most dielectric work during the 1950s was done by Kam 
Li in close cooperation with me, and this work extended through the range of the 
radio frequencies [Schwan and Li, 1953]. We recognized during this period that 
tissues as well as cells in suspension display a dielectric response that consists of three 
major dispersions (Fig. 3) and some additional, small-amplitude effects [Schwan, 
1957). The dielectric behavior of hemoglobin at ultra-high frequencies was studied 
[Schwan, 1957), which led to the unexpected discovery of the relaxational behavior 
of protein-bound water in the same range of frequencies (Fig. 4). This discovery 
received much attention, primarily by Ted Grant and his group, and more recently 
has been explored by Ken Foster and his students. Another unexpected discovery was 
the pronounced relaxational behavior of biological materials at extremely low fre
quencies (Fig. 5), which was first reported by me for muscle tissue [Schwan, 1954). 

Kam Li and Ed Carstensen helped me to apply the relaxational data to micro
wave and ultrasonic dosimetry [Schwan et al, 1953]. We determined depth-of-penetra
tion values to many gigahertz [Schwan and Piersol, 1954), and we profited from our 
recognition that the abundant water in the soft tissues governs relaxational behavior 
above 3-10 GHz (Fig. 6). The data also permitted us to state that most tissue water 
has identical electrical properties with normal water, except for the protein-bound 
fraction, as previously noted. Other contributions to dosimetry included absorbed
energy distributions in, and reflection coefficients of, layered tissues of practical 
interest, such as skin, fat, and muscle (Fig. 7) [Schwan et al, 1953; Schwan and 
Piersol, 1954]. These data were then of primary interest in optimizing microwave 
diathermy, and they led to recommendations of more appropriate frequencies for 
microwave diathermy. Much of this early work was confirmed, extended, and exper
imentally verified by Bill Guy and Justus Lehmann. 

My acquaintance with Lehmann began at the Max Planck Institute, where he 
developed his interest in ultrasound. We maintained contact for many years during 
which time, as I recollect, I directed his attention to the microwaves and to the need 
to work with a highly able engineer, someone deeply schooled in electromagnetic 
theory and practice. This engineer, of course, is Bill Guy, who has so tremendously 
contributed to the advancement ofbioelectromagnetics. Guy, in turn, was to motivate 
Curtis Johnson, who did so much to curate and stimulate the rich and productive 
programs of bioengineering at the University of Utah in league with Carl Durney, 
Om Gandhi, and their able colleagues. During these earlier times I also became 
acquainted with Sol Michaelson, and ever since have profited from our frequent 
contacts. 

Eventually, my interest in diathermy gave way to a concern about the possibility 
of health hazards. Our original, simple models were inadequate to determine whole
body exposure, and so we decided to study refraction phenomena in tissue-like 
spheres and cylinders, both homogeneous and stratified, which allowed for fat-over
muscle and other tissue configurations. This work ,was carried out primarily by 
Antevardi Anne [Anne et al, 1961; Anne, 1961). He did theoretical work in conjunc
tion with experimentation, exposing in a large, electrically anechoic chamber appro-
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responsible for the various frequency responses reflect counter ion-movement, inhomogeneous structure, 
membranes, and tissue water [adapted from Schwan, 1957]. 

Fig. 4. The effective dielectric constant Ee of hydrated hemoglobin relative to free space. Two curves 
result from different, assumed hydration values. The data demonstrate dispersive behavior in the VHF 
range, reflecting corresponding changes in the bound water [from Schwan, 1965, 1984]. 
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Fig. 6. Depth of penentration (D) as function of frequency for two ocular components, the lens and the 
vitreous humor. D-values for most tissues of high water content fall between the two curves.Dis defined 
as the distance required to reduce the energy flux by e. The strong frequency dependence in the range of 
microwave frequencies may indicate highly variable penetration into biological tissues. [From Schwan, 
1984, and adapted from Schwan and Piersol, 1954]. 
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Fig. 7. Absorption of energy per unit volume (SAR) in a fat-muscle preparation exposed to plane 
electromagnetic fields (origin from the left, as indicated by arrow). The curves are normalized at the 
fat-muscle interface in muscle. They indicate the strong reflections occurring at the fat-muscle interface, 
and the increasing inability to reach the muscular tissue as frequency increases [adapted from Schwan 
and Piersol, 1954; Schwan, 1984]. 

priate glass spheres and mannequins filled with saline. To my knowledge, Anne was 
the first to demonstrate resonance spheres composed of biological materials and 
mannequins (Fig. 8). Whole-body resonance in more realistic models of the human 
body was of course first demonstrated-and with great care and insight-by Om 
Gandhi and his colleagues at the University of Utah. Anne's work was done in the 
early sixties at a time when the need for dosimetry was not yet fully appreciated, and 
his work as a consequence is almost forgotten. But to me, his work deserves to be 
cited in any history of bioelectromagnetics. 

During the late 1950s and into the 1960s, I worked with the late James D. Hardy 
to establish sensory thresholds of human sensitivity to microwave and infrared 
radiations [ cf. Hendler and Hardy, 1960; Schwan et al, 1966]. Our discovery that 
thermal sensations may persist for tens of seconds to minutes after termination of 
microwave irradiation-a persistence not observed to infrared-has been amply and 
independently confirmed in more recent investigations. 

Our interest in the dielectric properties of biological materials continued actively 
during the 1960s. There are, in particular, two people that contributed greatly: 
Gerhard Schwarz and Helmut Pauly. Early on, my colleagues and I had developed 
highly precise techniques that enabled us to study at low frequencies the dielectric 
properties of lossy materials, such as cells in suspension and mammalian tissues (Fig. 
9). We decided also to study some model systems, such as creams and colloidal 
particles, and eventually, polystyrene particles in suspension (Fig. 10). We observed 
that these systems display fairly sharply defined dielectric relaxations at low frequen
cies, with dielectric constants rising to many thousands [Schwan, 1957; Schwan, et 
al, 1962]. I concluded by 1957 that the tangential movement of counter ions with the 
alternating fields that impinge on the charged particles probably explains the gigantic, 
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one persist. The relative absorption cross section is a measure of the ability of an object to capture 
radiant energy, It is defined as the ratio of energy absorbed by the object to the power of the incident 
radiation as measured across the particle prior to its insertion into the field. Reflections result in values 
smaller than one, concentration due to resonance in values greater than one [from Schwan, 1984; Anne, 
1961]. 

Fig. 9. Capacitance and resistance of a sample of erythrocyte ghosts are plotted against frequency. The 
data were chosen to illustrate the high resolution achieved in measurements of resistance. The high 
resolution was necessary to detect the small ELF-relaxation effect. The apparent strong change in 
capacitance is only measurable with the demonstrated resistance resolution, because the capacitive 
current is a very small fraction of the total current and thus is difficult to measure. Very-high-resolution 
techniques are required to detect the counter-ion relaxation effect shown in Figure 10 and the muscle 
relaxation, Figure 5 [adapted from Schwan, 1957]. 



Biological Effects of Nonionizing Radiations 121 

10 

E. 

~: 0188JJ 

J 
10 

<l>=l.17p 

I 
flKHzl + 

10 
2 

10 100 

Fig. 10. Dielectric constant of two suspensions of polysterene spheres as function of frequency. The 
curves indicate a square-law relation between dispersion frequency and particle volume. These and 
additional experimental data led to the development of theories of counter-ion relaxation, adding a third 
distinct group of such dielectric responses to the Debye and Maxwell-Wagner models [Schwan, 1957; 
Schwan et al, 1962; Schwarz, 1962]. 

induced, dipole moments that we observed [Schwan, 1957]. Hugo Fricke and others 
had already observed at low frequencies an increase in the dielectric constant. But 
insufficient resolution at the time, and possibly also electrode polarization, had 
prevented recognition of the relaxational effect. 

During the late 1950s, I learned about Gerhard Schwarz's doctoral thesis on the 
anisotropic electrical properties of polyelectrolytes. Manfred Eigen, who supervised 
this work, had been interested in a variety of techniques, both electric and acoustic, 
and had used a temperature-incrementing technique to elucidate the details of rapid 
chemical reactions. In recognition of this work, Eigen received the Nobel Prize. I 
first visited his laboratory in the late 1950s, and Gerhard Schwarz later joined us 
repeatedly in Pennysylvania for a total period of 3 years. One of Schwarz's most 
important contributions, still frequently quoted, is the theory of counter-ion motion 
and resulting dielectric relaxation [Schwarz, 1962]. His theory, while based on 
simplifying assumptions by which to derive closed-form solutions, nevertheless beau
tifully accounted for our measured data. More recently, Fixman, Chew, and Sen have 
published important efforts to broaden the theory, a problem that remains. intractable. 
More experimental data are needed. Unfortunately, present-day network analyzers 
are barely able to detect the dielectric response; and four-electrode alternating-current 
techniques of high resolution to cope with onerous electrode-polarization artifacts 
have yet to become commercially available. These problems aside, Gerhard Schwarz's 
work is outstanding in that it adds to the established Maxwell-Wagner and Debye 
models an entirely new relaxational mechanism. 

Helmut Pauly also joined us during the 1950s. He spent 2 years with us and 
later an additional year. He carried through an immense number of projects during 
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his tenures with us. I have mentioned already his important work on ultrasound. Only 

a few of his important electrical studies will be mentioned. He derived for spherical, 

membrane-bounded particles, i.e. cells, a rigorous Maxwell-Wagner theory that 

generated two time constants [Pauly and Schwan, 1959]. This theory and a variety of 

simple but adequate closed-form expressions, which we both derived, are still fre

quently cited in the literature. 
Helmut Pauly and I were the first to analyze the contribution of the abundant 

ionic species to cytoplasmic conductivity [Pauly and Schwan, 1966]. This problem 

never before had been carried through to resolution. Helmut Pauly chose the eryth

rocyte as a biological model because its ionic abundances were well established · at 

that time. The results of this work revealed that ionic mobilities are reduced by a 

factor approximating two for hemoglobin at normal concentrations, and that this 

effect is caused by the presence of the hemoglobin, presumably arising from friction 

with the comparatively large surfaces of neighboring proteins (Fig. 11). This study 

was the first of its kind and, as we know today, it provided a correct interpretation of 

the experimental observations. Experimental and analytical studies that support and 

extend this early work along similar lines have been carried out more recently by 

several investigators. In particular, the excellent work of Ken Foster and his students 

deserves mention. 
Another important contribution to our dielectric interests was made by Shiro 

Takashima. He came to us from the University of Minnesota, highly recommended 

in consequence of his previous work on dielectric properties of macromolecules. He 

first continued his macromolecular studies, and he eventually extended his work on 

proteins to other macromolecules, in particular nucleic acids, and at lower frequencies 

than previously used [Takashima, 1969, Takashima and Minikata, 1975]. His work 
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Fig. 11. Immobile ions as a percentage of all small ions in erythrocytes. The reduction in the internal 

erythrocyte conduction diminishes when the cells are subjected to increasing osmotic shock. Reduced 

ion mobility is assumed to be caused by internal friction with the surface of the protein (Hb). The data 

and their interpretation first correctly identified the mechanism responsible for internal cellular conduc

tivities [Pauly and Schwan, 1966]. 
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contributed significantly to an understanding of the relative contributions of various 
mechanisms, including dipolar and counter-ion responses, to dielectric behavior. 
During the 1970s, he concentrated on the dielectric properties at low frequencies of 
the giant squid's axonal membrane. He observed a significant membrane response 
centered near 2 kHz, which cannot be related readily to Hodgkin-Huxley equations, 
and the nature of which is not entirely understood. More recently, Takashima became 
interested in cellular responses to electric fields, which brings me to the next topic to 
be discussed in some detail. 

Since my early days in Frankfurt, I had been aware of some unusual athermal 
effects associated with alternating electric fields. There had been occasional qualita
tive observations of the pearl-chain-like alignment of particles, first noted by J. Kerr, 
after whom is named the Kerr effect. During the early 1960s, I decided to study the 
pearl-chain effect in detail. Larry Sher carried out what to my knowledge was the 
first quantitatively detailed determination of threshold field-strengths required to 
produce the effect [Schwan and Sher, 1969]. He covered a range of frequencies from 
about 1 KHz to 100 MHz, working with erythrocytes, E. Coli, and a variety of solid 
particles of differing volumes (Fig. 12). He also studied the orientation of nonspheri
cal particles in the field. At the same time, Masao Saito joined us and undertook a 

E'" (v/cm) 

500 

100 

50 

10 ~--~-~~~~~~~--~-~~~~ 
1 MHz 10 MHz Frequency 

Fig. 12. Threshold field strength E1h for orientation and pearl-chain formation for E. coli in water. 
Similarity of curves shows close connection between underlying mechanisms. Each point presents three 
determinations, the range of which is indicated. The frequency dependence is not unexpected because E. 
coli have a frequency-dependent dielectric current. Threshold values E1h are proportional to R -1.

5 (R 
radius) and approach values below I V /cm for large cells. These values indicate that effects of field
induced forces as demonstrated, may occur at athermal field strengths [from Schwan and Sher, 1969; 
Sher, Ph.D. Thesis, University of Pennsylvania, 1963]. 
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number of theoretical studies. Closed-form equations were derived that fit the exper
imental data very well, even though we know today that some of the assumptions are 
a bit questionable. In particular, an equation for the potential energy of a particle .in 
an alternating field was used that had been derived by Gerhard Schwarz, but which is 
not always valid. Nevertheless, the equations for threshold values and time constants 
still hold, in part exactly, and in part in close approximation. Schwarz and Saito also 
worked out details of orientational phenomena, which explained many previously 
reported, stunning, athermal biological manifestations, such as observations of the 
preferential movement of microrganisms along or perpendicular to the electric field 
[Schwarz et al, 1965]. 

More recently, these and related phenomena have again generated great interest, 
in part because of U. Zimmermann's work on fusion of cells. I had extended 
conversations about a variety of related problems with Fritz Sauer at the Max Planck 
Institute for Biophysics. Sauer has now rigorously worked out for the first time a 
theory of particle movements and orientation in AC fields [Sauer, 1983]. He overcame 
the problems of Schwarz' potential-energy expression by appropriate use of the 
Maxwell stress tensor. The first of his papers was published in the Frohlich-Kremer 
text, Coherent Excitations in Biological Systems, and two more papers have just 
appeared [Sauer, 1985; Sauer and Schlogl, 1985]. We believed at first that the 
threshold for these ponderomotoric effects was well above thermal threshold. But a 
review of some old data by Sher, some newer results by Shiro Takashima, and better 
theoretical insight, now indicate to me that thresholds for significant field-force effects 
can be much lower, perhaps as low as one volt per meter. 

During the 1970s, there was a rebirth of interest in dielectric studies. The work 
of Ken Foster and his students has greatly increased our knowledge about bound
water dielectric responses and tissue data. One of my last students, Richard Stoy, 
undertook extensive measurements across the range of radio frequencies [Stoy et al, 
1982]. These data, and many others, including findings from the laboratory of Grant 
and that of Stanislaw and Maria Stuchly, have greatly enriched the body of available 
data (Fig. 13). My colleagues and I have particularly enjoyed our intensive contacts 
with Ted Grant, who spent a year with us, and who worked with Shiro Takashima 
during a sabbatical leave by Shiro in London. 

During the 1970s, considerable insight was gained into the formation of field
induced hot spots and resulting elevations of temperature in analytical and experimen
tal models, the data on which are pertinent to the application of thermoregulatory 
models to microwave dosimetry. Harry Kritikos, Ken Foster, and I have published a 
number of papers on these topics. 

Is there a common theme to all these individual contributions? To address this 
question I have indicated in Tables 1, 2, and 3 the areas of our special interests. Table 
4 presents an overall summary and rationale, which include: (1) The study of the 
physical properties of biological systems; (2) The application of knowledge gained to 
understand interactions of electromagnetic and acoustic fields with biological mate
rials, both at the macroscopic and microscopic level; and (3) resultant applications to 
biology and medicine. The utility of this approach has been demonstrated not only by 
the contributions listed above but by those of a significant number of excellent 
investigators in other laboratories. Indeed, the results I have outlined in this paper 
have motivated many investigators to extend this sort of work, leading to the detailed 
knowledge that is available today. 
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Fig. 13. Dielectric current of liver tissue as a function of frequency. The x indicates a measured value. 
The tail of the /3-dispersion is significantly increased by Maxwell-Wagner relaxations, which result from 
the presence of subcellular organelles, primarily mitochondria [from Stoy et al, 1982]. 

TABLE l. Alternating Current Spectroscopy 

High frequency studies (RF range) 
I. Structural analysis 

Theory of the RF dispersion 
Dielectric analysis of cells. bacteria, organelles, and vesicles 

2. Dielectric properties of cell interior 
Ionic content and cytoplasmic conductance 
Effects of protein content 

3. Dielectric properties of tissues 
Low frequency studies (LF range) 

I. Discovery and study of LF dispersion effects 
2. Discovery and study of counter ion relaxation 
3. Dielectric properties (membranes, cell suspensions, tissues) 
4. Development of high resolution measuring techniques 
5. AC Electrode studies (polarization impedance over wide F-range; techniques to correct for 
polarization errors; nonlinearities of polarization-impedance inf- and I-domain) 

Microwave frequency studies (MW range) 
I. Dielectric properties (tissues, cell suspension, proteins) 
2. Discovery and study of the MW-dispersions (-y and o) 
3. Theory of the MW-dispersions (contributions of water, bound water, electrolyte ions and 
proteins) 
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TABLE 2. Bioacoustics 

1. Study of the ultrasonic properties of biological matter includes: 
Macromolecular suspensions and blood tissues 
Development of pertinent acoustic relaxation theory 
Precision instrumentation to measure velocity and absorption accurately 

2. Medical application includes work related to: 
Ultrasonic diathermy (absorption coefficients, distribution of sonically induced heat sources) 
Diagnostic applications 

TABLE 3. Nonionizing Radiation Biophysics 

1. Thermal aspects-Physical parameters which determine the conversion of radiant energy into heat 
include: 

Absorption coefficients in tissues (depth of penetration) 
SAR (specific absorption rate) in tissue combinations such as skin-fat-muscle and skin-skull
brain 

Reflectivity of body surface and tissue interfaces 
Scattering and absorption cross section of man 
SAR Distributions in tissue spheres (conditions for "hot spots") 
SAR-Induced temperature elevations (bioheat equation) 
Temperature elevations in man (using compartmental thermoregulatory models) 
Applications in physical medicine (advancements on microwave diathermy) 
Introduction of standards of safe exposure 

2. Athermal aspects 
Mechanical forces are imparted on cells by alternating electrical fields 

("pearl chain" formation, orientation, forces, cell shape changes, etc.) 
Theory (threshold, time constant, etc.) 
Measurements over broad range of frequencies 
Applications to biological systems 

"Coupling" considerations translate external fields into in situ fields and to fields acting on 
membranes, macromolecules, extracellular components, cytoplasm, and cellular organelles: 

Macroscopic and microscopic analysis 
Implication for biological research 

TABLE 4. Common Theme of Research Activities 

Measurements of physical properties 
Electrical 
Acoustical 
Explanation of the physical mechanisms responsible for the observed properties 

Having found the mechanisms-implications: The interaction of the various forms of energy 
with the biological medium 

Practical applications to medicine and biology 

I have learned a great deal from the cooperative efforts with my students and 
colleagues, and from contacts with many friends and colleagues in other laboratories. 
The discipline of bioelectromagnetics has grown immensely in size and sophistication 
during the past few decades, I anticipate its continued growth, and I hope this growth 
will include more intensive biophysical efforts. Without such efforts, a full under
standing of the nature of the interactions of electromagnetic fields with biological 
matter will not be realized. 

I conclude my remarks by thanking the members of the Bioelectromagnetics 
Society for their recognition of me, and for their continued interest in my work. 
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Dosimetric Study of Microwave 
Cataractogenesis 

Mark R. Foster, Esther S. Ferri, and Gary J. Hagan 

Orthopaedic Associates of Meadville, P.C., Meadville, Pennsylvania (M.R.F.); Food and 
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A closed waveguide method has been used to induce opacities in the rabbit eye. A 30-min 
exposure to 2.45-GHz radiation such that 8.7 W is incident on the head (5.75 W being 
absorbed) produces a cataract in half of the exposed eyes of New Zealand white rabbits. 

Key words: dosimetry, closed waveguide system, microwave cataractogenesis, rabbits 

INTRODUCTION 

The induction of opacities in the lens of the eye as a consequence of microwave 
irradiation has been thoroughly studied and reported, particularly with the New 
Zealand white rabbit. Carpenter and Van Ummersen [1968] published the relationship 
between incident power density and duration of exposure that exceeds the threshold 
to produce a lenticular opacity. Independent confirmation of this benchmark report 
by Guy et al [1975] has resulted in general acceptance of the threshold curve. The 
isotropic broadband probe introduced subsequent to those reports results in an identi
cal curve but with correspondingly higher values of microwave power [Carpenter et 
al, 1974] than that obtained with the Narda 8100 probe, which was the former standard 
of measurement. Unfortunately, the specific absorption rate (SAR) that corresponds 
to these accepted threshold incident power levels is not calculable analytically. This 
is due to the complex near-field conditions of experiments that have frequently been 
performed, as well as the geometric complexity of the animal and its inhomogeneous 
dielectric properties [Foster and Westphal, 1975]. Incident power density remains a 
crucial practical parameter for adequately specifying exposure limits, even though 
SAR may be more directly correlated with biological phenomena. 

An approach to measuring the SAR is the use of a closed system such as a 
waveguide or resonant cavity, which has been reviewed previously [Ho et al, 1975]. 
The advantage of this system over free-field or near-field irradiation systems is that 
the rate of energy absorption can be calculated by monitoring the reflected and 
transmitted power and by subtracting these from the incident power level. However, 
the localization of the absorbed energy remains a crucial and unsolved problem. 
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Furthermore, a redistribution of absorbed thermal energy occurs by conduction, 

evaporation, irradiation, and particularly convection by blood flow in perfused tissues. 
An additional complication inherent in the investigation of microwave-induced 

cataractogenesis is that exposures must be restricted to part of the body. This is 
because the threshold for the induction of an opacity far exceeds the lethal whole

body exposure level. This report describes the results obtained with a closed exposure 
apparatus, where only the head of the experimental animal is contained within the 
waveguide. The absorbed energy in the rabbit head was measured, and the eyes 
serially monitored by slit lamp to detect changes in the exposed eye compared to the 
contralateral (control) eye located in the waveguide but not exposed at the same field 
intensity. 

MATERIALS AND METHODS 

The New Zealand white rabbit was used because, as previously noted by 
Carpenter [1958], the eye of this strain of rabbit is approximately three-fourths the 
size of the human eye, and the extensive information available on the New Zealand 
White rabbit can be used for comparison. The animals were anesthesized intrave
nously with pentobarbital sodium, 30 mg/kg, by ear vein, and the head was placed 
into a waveguide section that will be described below. 

The waveguide section was a 46-cm-long section of LS-band standard brass 
waveguide (WR430) that had inside dimensions of 10.9 x 5.5 cm, and was modified 
as follows: a section of the waveguide broad wall was removed to admit the rabbit 
head up to the neck and a cover plate (similar to the upper part of a pillory) was 
machined from brass. This provided a flush inside wall with the exception of the hole 
that contained the rabbit's neck. The cover plate was attached with knurled screws to 
two tapped holes in the wall of the waveguide, and three holes in a brass plate 
soldered to the edge of the narrow wall of the waveguide. The attached brass plate 
was tapered to a knife edge to ensure a low-resistance contact with the cover plate (a 
maximum of microwave current exists at this point of minimum electric field). The 
waveguide section is shown in Figure 1 with the cover plate (reversed for illustration 
purposes) resting against the waveguide below the hole. The external microwave 
circuit schematic is shown in Figure 2. A YIG (yttrium indium garnet) oscillator 
produced a 2.45-GHz signal for this experiment. The oscillator was isolated from the 
subsequent circuit which included a modulator to provide 1,000-Hz square-wave 
modulation so that the reflected wave pattern in the slotted section could be monitored 
using a VSWR meter. The traveling wave tube (TWT) amplifier provided adequate 
power (maximum 20 W) and stability for this experiment. The power source was 

monitored continuously to assure that the power remained constant during exposure; 
the reflected power was monitored as well to document that no change in the animal 
position occurred. In addition, one of the authors was present at all times during 

exposures to monitor the physiological status of the animal and ensure that movement 
was not a problem. For each 30-min exposure, the initial incident, reflected, and 
transmitted power levels were measured and rechecked before termination of the 
exposure. A microwave probe (Narda model 8100) was used around the rabbit neck 
at the onset of each exposure, to ensure that no leakage occurred. Rectal temperature 
was measured before and after exposure. Rabbits between 1.8 and 2.4 kg were used 
because that size conformed to the dimensions of the apparatus; with body weights 
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above 2.4 kg they were too large to fit into the apparatus, while some with body 
weights below 1.8 kg created measurable leakage. 

Two 15-cm long sections of brass tubing, 6-mm diameter, were connected to 
the center of the broad wall of the waveguide opposite the animal (representing 
circular waveguides far beyond cutoff). Air was circulated through these tubes into 
the waveguide because it was noted that rabbits in the initial pilot experiments prior 
to this modification seemed dyspneic. Pilot experiments failed to demonstrate any 
measurable effect in reflected signal from epilating the rabbits, after enucleation, or 
from various ear positions. Various head positions within the waveguide were tried, 
and a repeatable reflected signal was obtained with a position that seemed best for 
centering the eye at the position of maximum electric field in the empty waveguide. 
This position was, therefore, selected for the exposure. This position also corre
sponded to the maximal reflected signal and the maximal severity of postexposure 
pupillary changes (constriction of pupil, etc.). Immediate changes in the eye were 
noted (constriction of pupil, conjunctiva! edema, etc.). The rabbit was then followed 
with successive slit-lamp examinations for approximately 2 mo. 

RESULTS 

A total of 135 rabbits were used, including those used in the preliminary 
experiments to find the estimated threshold level for subsequent exposures. A few 
anesthetic deaths occurred at these levels. Approximately 80 animals exposed for 30 
min each were the basis for the dose-response curve. The right eye served as control 
for the microwave-exposed left eye. Any changes observed with slit-lamp examina
tion, including double banding [Carpenter, 1958] or vesicles appearing along the 
posterior suture, were considered positive. No changes were noted in any of the 
control (right) eyes. The rate of absorption of microwave energy was determined by 
subtracting reflected power from incident power (Fig. 3); the transmitted power was 
never significant, and thus the power level at the right eye was always negligible. 
The number of exposures at each level of energy absorption rate was variable because 
incident power was the independent variable. Total energy absorbed in the head of 
the rabbit was determined but its distribution was not determined. In Figure 3, the 
rate of energy absorption is plotted against incident power with open or closed circles 
representing, respectively, negative (no change) or positive (lens change). The num
bers above the circles represent the number of exposures at that particular coordinate; 
partially filled circles represent a combination of positive and negative results. This 
method-open and closed circles-is used to depict the extent of biological variability 
in determining the cataractogenic threshold. The least-square linear regression line 
shows a strong correlation between incident power and rate of energy absorption; 
about two-thirds of the energy is absorbed, and, therefore, approximately one-third 
is reflected. In Figure 4, the incidence of lens changes is plotted against both incident 
power and rate of energy absorption. Although the outlying positive value at 4.5 W 
(7.5 W incident) was the only exposure at that level (thus, a positive incidence of 
100%), only one value of eight exposures at an incident of 7.5 W was positive 
(12.5 % ). Graphically, a solution for a 50% incidence of opacities was calculated, and 
resulted in an incident power of 8.7 W. This corresponds to an energy absorption rate 
of 5.75 W. For a 375 g head the SAR is 15.3 W/kg. 
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Fig. 3. Incident power as a function of rate of energy absorption and SAR. Numbers above the circles 
represent the number of exposures if greater than one. 

Rectal temperature was monitored during exposure and recorded at the begin
ning and the end of each exposure. In Figure 5, we have plotted rectal temperature 
against rate of energy absorption for 78 of the 80 exposures. (These data were not 
recorded for two exposures.) Unfortunately, this rectal temperature rise is superim
posed on the hypothermic response and variable recovery of the rabbit to barbiturate 
anesthesia, and, therefore, the poor correlation coefficient (r) is .43 for rectal temper
ature against incident power and .40 for the product of rectal temperature and rabbit 
mass against rate of energy absorption (Fig. 6). Recognizing the limitations of this 
regression line, the rectal temperature rise at threshold is 1.2°C. 

DISCUSSION 

The threshold value for the production of cataracts with a 30-min exposure can 
be compared with levels previously reported. Such a comparison may contribute to 
further understanding of the biophysical interaction and may be of value in assessing 
occupational or environmental exposure hazards. 
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Fig. 6. Product of rabbit weight and rectal temperature rise as a function of the rate of energy absorption. 
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Fig. 7. Spatial distribution of the electric field in a rectangular waveguide in the dominant (TE 10) mode 
with magnitude E0 • 

The electric field distribution within a waveguide in the TE10 (dominant) mode 
can be expressed as a sine function as illustrated in Figure 7, 

(1) 

where Ey is the electric field in the y direction (V /m), E0 is the normalized electric 
field intensity (V /m), x is the position in the x direction (cm), and a is the length of 
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the waveguide broadwall (cm). To normalize the power within the waveguide cross 
section to unity, we integrate with respect to x: 

a 

I 2 X J E
0 

sin (7r a) dx 1 (2) 
0 

Solving for E0 , we have 

(3) 

If the power density over the middle two cm of the 10.9-cm broadwall of the 
waveguide is integrated for normalized conditions, 

X = 6.45 

I (2) 2 X J a sin (7r a:) dx = 0.3569 (4) 
X = 4.45 

35 % of the total power is contained within 1 cm on either side of the center of the 
waveguide when undisturbed by the rabbit head. If an incident power threshold of 
8.7 Wis considered and the small variation of the sine squared function near 71'/2 is 
neglected, a first-order approximation of incident power density with the waveguide 
would be: 

_8_. 7_W_x_0_.3_5_6_9 = 285 mW /cm2 

5.45 cm x 2 cm 
(5) 

As shown in Table 1, this threshold value of 285 mW/cm2, which is averaged over 
the central 2 cm of the waveguide, compares well with data reported using a tuned 
line, and is almost identical with data accumulated using a focusing dielectric lens. A 
matched system was not used because the rabbit's head in the waveguide had a 

TABLE 1. A Comparison of Threshold Values for Microwave Cataractogenesis to Occur After a 
30-Min Exposure at 2.45 GHz 

Exposure 
condition 

Free field 

Dielectric lens 
(2-cm focal spot) 

Waveguide 

246 

260 

295 

Power density 
(mW/cm2

) 

(275-8% opacities) 
(295-67% opacities) 
285 

Source of 
information 

Carpenter [ 1982] 
(private communications) 

Kramar et al [1978] 
approximated 

Carpenter et al [1975] 

This report 
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complex reflected signal. Attempts to tune out (cancel) this by a simple post reflector 
(tuner) in the slotted line were not continued past pilot experiments because the 
possible excitation of evanescent modes would have confounded the analysis. 

The maximum electric field that corresponds to these microwave power inten
sities represents the upper limit of the local incident fields within tissues and is 
significantly different in each of the exposure situations cited in Table 1. The 
maximum electric field in the empty waveguide for the TE10 mode can be calculated 
as follows: 

ab E 2 

P=-~ 
4 ZH 

(6) 

where P = power (W); a,b = dimensions of the waveguide (m); E0 the peak 
electric field (V /m); Ztt = the impedance of the wave in the guidewave (0), where 

(7) 

with ~ = µIE = 377 0, the impedance of free space, 

(8) 

the guided wavelength, and)\ = 12.24 cm, the wavelength at 2.45 GHz. The TE10 
mode reduces to Ac = 2a = 21.8 cm, the cutoff wavelength. Hence, 

y2 
P(W) = 3.28 X 10-5 E -Om2 (9) 

Thus, E0 = 1.63 x 103 V/m at 8.7 W incident power. This corresponds to an 
electric field intensity in free space (plane wave) of 704 m V / cm2. We may infer from 
the similar threshold power levels for three very different experimental situa
tions, with three very different electric field intensities at the location of the eye, the 
power and not peak electric field is the crucial variable. 

From a thermal standpoint, we can offer the following observations regarding 
exposure levels. Considering an exposure that produces a threshold rate of energy 
absorption of 5. 75 W for a 30-min period, the delivery of a caloric load of 

5 75 
0.2389 calls 

O 
. 

6 
s 

. wx----x3 mmx o-. 
1 W min 

is equivalent to 2.46 kcal delivered to the head. 

(10) 

The regression line for the product of rabbit weight and increase in rectal 
temperature against power (Fig. 6) gives a threshold value of 5.75 W. If we consider 
a water model with an averaged specific heat of 0.8, the heat to be systematically 
distributed will be 
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kcal 
0.8 -k - X 2.565 kg °C 

g oc 1.99 kcal (11) 

In our study, essentially 80% of the measured thermal load that was delivered to the 
head had been redistributed. This substantiates the concept that the limitation of 
systemic heat dissipation capacity of the animal influences the threshold, as elegantly 
demonstrated by Kramar et al [1975]. They duplicated Carpenter's experimental 
design and compared this with the case in which the animal was immersed in a cooling 
bath, and no cataract resulted. 

Our calculation has three major limitations. First, the temperature rise is derived 
from a linear regression line that has a poor correlation coefficient, and the rabbits 
used in this study varied up to 20% from the 2-kg average. Second, the barbiturate 
anesthesia has a species-specific effect on thermoregulation which is superimposed 
on the physiologic redistribution of heat to minimize localized temperature elevations. 
An attempt to estimate the thermal response of the rabbit to barbiturate anesthetic by 
placing the rabbit's head in a nonenergized waveguide resulted in an apparently 
random variation ofless than 1 °C. This was more thoroughly addressed by Carpenter 
et al [1977] and found to be minor. The metabolic and physiologic mechanisms that 
are under hypothalamic control (sweating, panting, peripheral vasomotor control, 
etc.) are superimposed on the local mechanism of convective removal of excess heat 
from orbit and head to the remainder of the body. The ears are very important for 
thermoregulation in the rabbit [Wathen et al, 1971], perhaps as important as panting 
is for a dog. In our apparatus, the ears are enclosed within the waveguide and 
subjected to circulating air (the flow rate and the entry and exit temperature of the air 
were not measured.) Thirdly, heat redistribution is not uniform, although we have 
treated it as such in the calculation. The measured "core" temperature is presumably 
a reflection of total body heat, and the entire trunk and limbs of the rabbit are outside 
the microwave field. 

The mean temperature rise at threshold, derived from the regression line in 
Figure 6, is 1.2 °C for the closed waveguide method. The dielectric lens method 

[Carpenter et al, 1977] gives a nearly identical threshold microwave power; however, 
the rectal temperature rise is 2. 7 °C, or more than double that in the closed wave
guide. The low level of exposure outside of the focal spot of the dielectric lens 

becomes a substantial contribution to the total energy absorbed because the entire 
body is exposed. 

During pilot experiments, a strip chart was used to record the rectal temperature 
throughout the exposure. An initial temperature decline was typically noted and can 
be interpreted as a hypothermic response to barbiturate anesthesia, but starting from 
a temperature slightly above the physiologic resting temperature owing to animal 
handling and insertion of the temperature probe. The temperature decline reached a 
minimum and then reversed as the heating of the head was redistributed into the body, 
resulting in a subsequent rise in core temperature. It was noted that the rate of rise of 
core temperature during the last several minutes of exposure generally had a greater 
slope than it had during earlier exposure. It may be hypothesized that this eventual 
increase in the rate of temperature rise was due to: ( 1) exceeding a critical temperature 
at some location within the heated area and blood flow dramatically increased, as 
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described by Richardson [1954], thus convectively cooling the eye but warming the 
body (outside the waveguide); (2) exceeding the physiologic thermoregulatory limit, 
systemically or locally, above which either some critical part of the eye is damaged 
(i.e., the lens or the posterior pole) or injury products from the uveal body or any 
other areas are released and subsequently accumulate in damage affecting the trans
parency of the lens; (3) recovery from the barbiturate effect on the hypothalamus 
(although this does not correlate with the timing of the recovery from the anesthetic 
effect); or (4) a delay in effector mechanisms to raise the core temperature, as by 
microcirculatory alterations, or to remove heat efficiently from the irradiated area. 
That this rapid temperature rise occurred near the threshold dose and close to the end 
of the exposure period would suggest that, with a suprathreshold exposure, a similar 
phenomenon might occur sooner if, indeed, it represented an important mechanism 
of injury or physiologic response. 

CONCLUSIONS 

The use of a closed waveguide system to induce microwave cataracts of the 
posterior subcapsular type has been demonstrated. The waveguide threshold compares 
well with reports using very different exposure systems, and with very different 
electric fields, supporting the conclusion that rate of energy absorption rather than 
peak electric field is the significant parameter. 

The absorbed microwave energy is quite efficiently redistributed throughout the 
animal as reflected by a rise in the rectal temperature during exposure, which 
represents about 80% of the caloric equivalent of the absorbed microwave energy, 
absorbed in the head. 

Further use of closed waveguide systems to deliver a known exposure to parts 
of the body, either to evaluate the potential hazard of occupational exposure to those 
particular body parts or therapeutically to produce hyperthermic conditions within a 
tumor or other regions of the body, is both possible and practical. 
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Dose-Response Relationship Between 
Body Temperature and Birth Defects in 
Radiofrequency-lrradiated Rats 

Joseph M. Lary, David L. Conover, Peggy H. Johnson, and 
Richard W. Hornung 
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Five groups of pregnant Sprague-Dawley rats were irradiated for 10-40 min on gestation 
day 9 in a 27.12-MHz radiofrequency field at a magnetic field strength of 55 Alm and an 
electric field strength of 300 Vim. The specific absorption rate was 10.8 ± 0.3 W/kg. 
Exposures were terminated after the rat's colonic temperature reached 41.0 °C, 41.5 °C, 
42.0 °C, 42.5 °C, or 43.0 °C. A control group was sham irradiated at O Alm and O Vim 
on gestation day 9, whereas a second control group was untreated. The incidence of both 
birth defects and prenatal death was directly related to maternal body temperature once a 
temperature threshold was exceeded. The temperature threshold for both types of effects 
was approximately 41.5 °C. A few pregnant rats died after exposure to 43.0 °C, and 
higher temperatures were nearly always lethal. 

Key words: radiofrequency radiation, 27.12 MHz, hyperthermia, birth defects, teratology, em
bryo, rat 

INTRODUCTION 

Radiofrequency (RF) radiation is teratogenic and embryolethal in mammals at 
intensities that produce significant hyperthermia in the pregnant mother [Hofmann 
and Dietzel, 1966; Rugh et al, 1974, 1975; Dietzel, 1975; Rugh and McManaway, 
1977; Chernovetz et al, 1977; Nawrot et al, 1981; Lary et al, 1982, 1983]. Hyper
thermia, regardless of how it is induced, is teratogenic and embryolethal in numerous 
animal species [see reviews by Edwards, 1978; O'Connor, 1980; Berman, 1984; and 
Lary, 1986]. 

Although the cause-effect relationship between RF-induced (and conventionally 
induced) hyperthermia and teratogenic effects in animals has been firmly established, 
no study to date has been specifically designed to determine the dose-response 
relationship between maternal body temperature and the incidence of congenital 
malformations or prenatal mortality in animals. Most RF teratology studies and 
conventional hyperthermia teratology studies have not been designed to control the 
body temperature of individual animals. Animals are most often exposed to a constant 
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RF field strength or to a constant elevated ambient temperature for a given period of 

time. However, even though animals are subjected to identical exposure conditions, 

there is often considerable variability in the peak temperatures attained by individual 
animals. The peak temperature attained by an animal during a hyperthermic exposure 
depends not only upon the exposure intensity and duration, but also upon the temper

ature of the animal just prior to exposure. Within a group of untreated laboratory 
animals, colonic temperature may vary by more than 2 °C [Williams, 1976]. Thus, 
even if the individual colonic temperatures within a group of animals increase at the 

same rate during a hyperthermic exposure of a given duration, the final colonic 
temperature within the group may vary by as much as 2 °C or more owing to 
differences in preexposure temperatures. 

In an early study of the teratogenic effects of high intensity RF exposure, 
Hofmann and Dietzel [1966] and Dietzel [1975] controlled the final rectal temperature 
of individual rats heated by a 27.12-MHz diathermy applicator. The rectal tempera

tures attained were approximately 39 °C, 40.5 °C, and 42 °C. The authors concluded 
that the frequency of fetal malformations increased as the rectal temperature in
creased, although only the 40.5 °C and 42 °C groups appeared to differ from a group 

of unexposed controls. 
Edwards [1978], in a review of the hyperthermia teratology literature, con

cluded that the severity of the teratogenic response to heat depends largely on the 
dose of heat delivered to the embryo or fetus. O'Connor [1980], in a review of the 
RF teratology literature, concluded that there is a marked dose-response relationship 
between RF exposure and teratogenesis such that only intense fields that result in 
significant heating are associated with reliable induction of malformations. Berman 
[1984] and Berman et al [1984] concluded that malformations and prenatal death 
appear when the core temperature of RF-exposed dams exceeds 40 °C. At tempera
tures of 40 °C or less, the primary effect appears to be decreased fetal or neonatal 
body weight. 

Based on the literature to date, we hypothesized that for exposure to RF 
radiation, the incidence of congenital malformations and prenatal mortality would 
increase directly with the core temperature of the mother once a temperature threshold 
is exceeded. To test this hypothesis, we designed a study in which the colonic 
temperatures of rats exposed to high intensity RF radiation could be continuously 
monitored and elevated to precise endpoints. In this study we found a clear dose
response relationship between body temperature and teratogenic/embryolethal effects 
and determined the temperature threshold for these effects. 

MATERIALS AND METHODS 

Sexually mature Sprague-Dawley rats were obtained from Harlan Industries, 
Indianapolis and Charles River Breeding Laboratories, Wilmington, MA. Upon 

arrival, the animals were quarantined for 10-14 days. Approximately 5% of the 
animals were killed during the quarantine period and tested for pathogens to verify 
the health of the colony. All animals were given Purina Laboratory Chow and water 
ad libitum and maintained under a 14-h light/10-h dark cycle at 24 ± 3 °C in the 
animal quarters. The relative humidity normally ranged from 50-55% with occasional 
brief incursions above or below that range. The rats were kept in the animal quarters 
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for the duration of the study except for the brief period in which they were irradiated 
or sham irradiated in the exposure facility. 

Two nulliparous females were mated overnight with each male and were 
checked the following morning between 8:30 and 10:30 AM for the presence of sperm 
in the vagina. The date that sperm was detected was considered day zero (0) of 
gestation. Sperm-positive females were randomly assigned and evenly distributed 
among the experimental and control groups. Females used in the study weighed 
between 251 and 360 g when mated. 

Bred females were irradiated in an RF near-field synthesizer facility that oper
ated at a frequency of 27.12 MHz (continuous wave) in a dominant magnetic field 
mode. Exposures were carried out at a magnetic field strength of 55 Alm and an 
electric field strength of 300 V Im. The operation of the RF exposure facility has been 
described in previous publications [Greene, 1976; Lary et al, 1983]. The temperature 
within the exposure chamber was maintained at 24.0 ± 0.3 °C with a relative 
humidity of 55 ± 5 % . The air velocity at the location of the animal was negligible 
(less than 0.005 mlsec). 

During treatment, each rat was housed in a cylindrical Plexiglas holder (18.5 
cm long X 5 cm inner diameter) perforated throughout with 12-mm holes. There was 
no measurable energy absorption by the holder during RF irradiation. During expo
sure, each rat was oriented so that its long axis was perpendicular to the incident 
magnetic field and parallel to the incident electric field. The animals were not 
anesthetized, and food and water were withheld during the exposure period. 

Representative measurements of the specific absorption rate (SAR) were made 
on 75% of the animals by reflection coefficient measurement techniques [Greene, 
1977]. The exposures produced an SAR of 10.8 ± 0.3 Wlkg and caused a steady 
increase in colonic temperature with time. The colonic temperature of each rat was 
measured continuously with a Vitek Model 101 RF-insensitive thermistor probe. 
Colonic temperature measurements were confirmed immediately before and after 
each exposure with the aid of a second thermistor probe (Yellow Springs Instruments 
Model 402). 

Five groups of 24-33 bred rats were irradiated on gestation day 9. The animals 
were exposed separately for approximately 10-40 min until their targeted colonic 
temperature reached 41.0 °C, 41.5 °C, 42.0 °C, 42.5 °C, or 43.0 °C (± 0.1 °C). 
The mean colonic temperature of the groups of rats prior to exposure ranged from 
38.3 °C to 38.5 °C (Table 1), although the temperatures of individual rats varied by 
as much as 2 °C within each group. Five of the 33 dams heated to 43.0 °C died. In 
pilot studies, colonic temperatures above 43.0 °C were almost always lethal, so no 
43.5 °C group was included in this study. A control group of 30 bred rats was sham 
irradiated on gestation day 9 at 0 Alm and 0 V Im for 45 min while a second group of 
27 bred animals was left untreated in the animal quarters throughout the gestation 
period. The mean colonic temperature of the sham-irradiated rats was 38.3 ± 0.3 °C 
at the end of the sham exposure period. The colonic temperature of the untreated rats 
was not measured. All animals were irradiated or sham irradiated within a 5-h period 
between 8 AM and 1 PM on gestation day 9. 

All rats were killed by cervical dislocation between 8 AM and noon on gestation 
day 20 to prevent cannibalization of dead or malformed offspring. The uterine horns 
were surgically exposed and examined for the number of implantations, live fetuses, 
and dead or resorbed conceptuses. Rats were considered to be pregnant if their uteri 
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TABLE 1. Initial and Final Colonic Temperatures of Female Rats Exposed to 27.12-MHz 
Radiation on Gestation Day 9* 

Colonic temperature ( 0 C) 

Treatment No. Preexposure Postexposure 

group exposed (mean ± SD) (mean± SD) 

Sham-irradiated 
controls 30 38.3 ± 0.5 38.3 ± 0.4 
41.0 °C 24 38.4 ± 0.5 41.0 ± 0.1 
41.5 °C 28 38.5 ± 0.6 41.5 ± 0.1 
42.0 °C 33 38.4 ± 0.5 42.0 ± 0.1 · 
42.5 °C 27 38.5 ± 0.5 42.5 ± 0.1 
43.0 °C 33 38.5 + 0.4 43.0 + 0.1 

Increase 

0 
2.6 
3.0 
3.6 
4.0 
4.5 

*Rats exposed continuously for 10-40 min at an SAR of 10.8 ± 0.3 W/kg until target colonic tempera

ture was obtained. 

contained at least one implantation site, regardless of whether a live fetus was present 

at that site. Each live fetus was sexed, weighed, measured for crown-rump length, 

and examined externally for gross malformations. One-third of the live fetuses from 

each litter were selected at random, dissected, and examined for visceral abnormali

ties. The remaining live fetuses were cleared and stained by the KOH-alizarin red 

technique of Crary [1962] for skeletal examination. Ali teratological examinations 

were conducted blind. 
Dose-response curves based on maternal colonic temperature were obtained for 

the percentage of external malformations per litter, major skeletal abnormalities per 

litter, visceral malformations per litter, and prenatal mortality (dead or resorbed 

conceptuses). Threshold temperatures for fetal malformations and prenatal mortality 

were estimated by probit analysis [Finney, 1978]. The threshold temperature was 

defined as the temperature that results in a 1 % increase in malformations or prenatal 

mortality over the incidence in sham-irradiated controls. Mean fetal weight per litter 

and mean crown-rump length per litter were compared between each irradiated group 

and the sham-irradiated control group by means of a one-sided t-test with Bonferroni's 

correction for multiple comparisons [Neter and Wasserman, 1974]. All of the statis

tical analyses used the litter mean as the unit of comparison. 

RESULTS 

The results of the study are presented in Tables 2 and 3; the dose-response 

relationships for prenatal mortality and for external, skeletal, and visceral malforma

tions are plotted in Figure 1. At colonic temperatures above 41.5 °C, the incidences 

of dead or resorbed conceptuses, external malformations, skeletal malformations, and 
visceral malformations increased directly with temperature. The threshold tempera

ture for prenatal mortality was estimated by probit analysis to be 41.7 °C with 95% 

fiducial limits of 41.2 °C and 42.0 °C. The threshold for external malformations was 
41.6 °C with 95% fiducial limits of 41.4 °C and 41.7 °C. The threshold for skeletal 

malformations was 41.4 °C with 95% fiducial limits of 41.1 °C and 41.6 °C. A 
statistically reliable temperature threshold for visceral malformations could not be 

determined because of the small number of fetuses examined per litter. However, 

judging from the data, it appeared to be about 41.5 °C. 



TABLE 2. Embryotoxic Effects of RF-Induced Hyperthermia in Rats Irradiated on Gestation Day 9 

Mean ± SE 

Total Total Dead or resorbed Fetal crown-
Treatment females Total implan- conceptuses Fetal weight rump length Sex 
group treated litters tations per litter(%) per litter (g) per litter (mm) ratio(%)" 

Untreated 27 22 286 3.1 ± I. I 3.94 ± 0.06 38.6 ± 0.3 52 
controls 

Sham-irradiated 30 21 287 5.6 ± 1.6 3.78 ± 0.05 38.1 ± 0.2 43 
controls (38.3 °C) 
41.0 °C 24 21 280 7.8 ± 2.1 3.75 ± 0.07 37.9 ± 0.3 47 
41.5 °C 28 22 303 5.8 ± 1.6 3.82 ± 0.06 38.2 ± 0.2 47 
42.0 °C 33 20 253 8.2 ± 4.0 3.74 ± 0.07 37.5 ± 0.3 51 
42.5 °C 27 21 292 19.5 ± 3.9 3.62 ± 0.09 37.0 ± 0.4* 48 
43.0 °C 33b 21 277 39.7 ± 4.4 3.36 ± 0.09* 36.2 ± 0.4* 55 

"Defined as male fetuses/total fetuses X 100%. 
bOf the 33 females treated, five died shortly after exposure. 
*Differed significantly from the sham-irradiated controls (P ,,:;; .05). 
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TABLE 3. Teratogenic Effects of RF-Induced Hyperthermia in Rats Irradiated on Gestation Day 9 

Total Percentage of live fetuses with: 

Treatment Total live External Major skeletal Visceral 
group litters fetuses malformations• abnormalities• malformations• 

Untreated 
controls 22 277 0.4b (1/22) 2.0 ± I. 1 (3/21) 1.6 ± 1.5 (1/21) 

Sham-irradiated 
controls (3 8. 3 ° C) 21 271 0.6 ± 0.4 (2/21) 2.2 ± 1.1 (4/21) 1.9 ± 1.3 (2/21) 
41.0 °C 21 257 0.9 ± 0.9 (1/21) 5.8 ± 4.0 (3/20) 6.0 ± 3.6 (3/21) 
41.5 °C 22 284 0.3 ± 0.3 (1/22) 3.5 ± 2.6 (3/22) 1.2 ± 1.2 (1/21) 
42.0 °C 20 231 8.4 ± 3.7 (8/20) 16.6 ± 4.3 (12/20) 9.1 ± 5.5 (4/19) 
42.5 °C 21 240 25.2 ± 6.4 (15/21) 38.0 ± 7.7 (18/21) 35.1 ± 8.0(12/21) 
43.0 °C 21 172 60.2 ± 7.7 (19/21) 79.4 ± 5.3 (21/21) 63.6 ± 8.7 (16/19) 

•Mean per litter ± SE (ratio of litters having one or more affected fetuses to total litters is given in parentheses). 
bBased on 1/277 fetuses affected. One litter had only one live fetus and it was malformed. If the mean percentage 
of external malformations per litter had been calculated with the 100% malformation rate for this litter, the mean 
would be an unrepresentative 4. 6 % instead of O .4 % . 
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Fig. I. Incidence of embryonic death and fetal malformations in rats made hyperthermic by exposure to 
27.12-MHz radiofrequency radiation for 10-40 min on gestation day 9. Colonic temperature of untreated 
controls (UC) was not measured. Mean colonic temperature of sham-irradiated controls (SC) was 
38.3 °C at the ·end of the 45-min sham exposure period. 

The malformations observed in the experimental groups were restricted primar
ily to the head and included ar.ophthalmia and microphthalmia, agnathia and micro
gnathia, anotia and microtia, exencephaly and encephalocoele, facial aplasia, and 
accompanying abnormalities of the cranial skeleton. The types and relative incidence 
of these malformations were very similar to those previously reported by the authors 
for hyperthermic exposure of rats at 27.12 MHz on gestation day 9 [Lary et al, 1982, 
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1983]. The few malformations noted in the two control groups included exencephaly, 
protruding tongue, micrognathia, open eyes, and various skeletal abnormalities. 

Fetal length in the 42.5 °C and 43.0 °C groups was significantly reduced 
compared to the sham-irradiated controls (P ~ .05) (Table 2). Fetal weight was 
significantly reduced only in the 43.0 °C group (P ~ .05). The sex ratio (ratio of 
male fetuses to total fetuses) did not differ significantly from the expected 50% in any 
of the experimental or control groups. 

DISCUSSION 

The results of this study indicate that the incidence of birth defects and prenatal 
mortality in the rat following RF-induced hyperthermia is directly related to maternal 
body temperature once a temperature threshold is exceeded. The threshold tempera
ture for induction of these effects appears to be relatively high (approximately 
41.5 °C). 

In a review of the hyperthermia teratology literature, Edwards [1978] concluded 
that whole-body hyperthermia in the pregnant rat is more likely to result in embryonic 
resorptions than in malformations and that the teratogenic temperature range (which 
he defined as the range between the temperatures causing no effect and those causing 
embryolethality) appears to be very narrow. Our data indicate that the range of 
temperatures in which malformations occur in the rat is relatively narrow (41.5-
43.0 °C), with higher temperatures being lethal to nearly all maternal animals. 
However, we noted no abrupt progression from absence of effects to malformations 
to embryolethality as the maternal body temperature increased. The temperature 
thresholds for teratogenicity and prenatal mortality appeared to be nearly identical (ca 
41.5 °C). Both types of effects occurred throughout the temperature range of 41.5 °C 
to 43.0 °C. 

The results of this study are consistent with the research of Skreb [1965], who 
immersed an exteriorized uterine horn of pregnant rats ( day of gestation unspecified) 
in a saline bath of 38 °C, 41 °C, 42 °C, or 43 °C for 30-60 min. The opposite 
uterine horn remained untouched in the abdominal cavity. The incidence of mal
formed fetuses or of resorbed embryos did not increase in the heated horn compared 
to the control horn until the saline temperature reached 42 °C. The incidence of 
malformed fetuses and of resorbed embryos was higher at 43 °C than at 42 °C. 

While the data in the present study indicate a direct dose-response relationship 
between maternal body temperature and teratogenic and embryolethal effects in rats, 
the dose-response curve may vary if the exposure period required to elevate the rat's 
colonic temperature to a specific level is longer or shorter than in the present study. 
In an earlier study [Lary et al, 1983], we reported that the incidence and severity of 
teratogenic effects in rats increases as the duration of exposure at a given colonic 
temperature increases. The present study indicates an effect threshold at a colonic 
temperature of about 41.5 °C for a 10-40-min exposure. However, Kreshover and 
Clough [1953] reported severe tooth abnormalities in the offspring of the rats heated 
to 38.9-40.6 °C for 12-48 hours after gestation day 9. Also, Cockcroft and New 
[1975] reported a high incidence of malformations after subjecting explanted rat 
embryos grown in culture during gestation days 10-12 to incubator temperatures of 
40 °C or 41 °C for 12-46 hours .. Hsu [1948] reported relatively high resorption rates 
in rats whose temperatures were elevated to 39-40 °C for 1-4 hours on one of 
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gestation days 1-11. These reports indicate that the teratogenic and embryolethal 
threshold temperature in the rat may be even lower than 41.5 °C during periods of 
protracted hyperthermic exposure. 

The results of the present RF teratology study are consistent with the majority 
of the teratology studies in the literature that used more conventional methods of 
producing hyperthermia in animals. In a recent review of the hyperthermia teratology 
literature, Lary [1986] concluded that regardless of the species, birth defects usually 
occur at body temperatures of 40-44 °C. Temperatures higher than 44 °C generally 
result in complete maternal and embryonic death. 

Regardless of the source of the hyperthermia, the most probable cause of the 
resulting malformations and embryolethality in animals is the direct toxic effect of 
heat on rapidly dividing embryonic cells. Many embryonic cells are irreversibly 
damaged after acute exposure at or above 42.0 °C [Edwards et al, 1974; Lacy, 1981]. 
DNA synthesis and mitosis are severely inhibited, mitotic chromosomes clump 
together in irregular masses, and cells become pyknotic and die. The effects are much 
less pronounced at temperatures below 42.0 °C, although some damage can occur. 

The hyperthermia teratology literature (including RF-induced hyperthermia) 
suggests a general relationship between maternal body temperature and both birth 
defects and prenatal mortality. However, to our knowledge, the present study is the 
first attempt to quantify that relationship. It appears from our research that a direct 
dose-response relationship exists between maternal body temperature and the inci
dence of teratogenic and embryolethal effects in rats once a threshold temperature is 
exceeded. This relationship is likely to be present in other species as well. 

This finding has definite implications for the design of acute RF/microwave 
teratology studies, especially those in which significant heating is expected to occur. 
If possible, the colonic temperature of each exposed animal should be monitored to 
document the correlation between body temperature and teratogenic or embryotoxic 
effects. The correlation between colonic temperature and adverse developmental 
effects is likely to be stronger than the correlation between exposure intensity or 
exposure duration and adverse developmental effects. Since hyperthermia is the 
probable cause of most RF-induced teratogenic and embryotoxic effects, care should 
be taken to evaluate experimental results with respect to the increase in maternal or 
embryonic temperature rather than solely with respect to external field strength, 
specific absorption rate, or exposure duration. 
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Dielectric Behavior of Water in Biological 
Solutions: Studies on Myoglobin, Human 
Low-Density Lipoprotein, and 
Polyvinylpyrrolidone 
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The dielectric behavior of the aqueous solutions of three widely differing macromolecules 
has been investigated: myoglobin, polyvinylpyrrolidone (PVP), and human serum low
density lipoprotein (LDL). It was not possible to interpret unambiguously the dielectric 
properties of the PVP solution in terms of water structure. The best interpretation of the 
dielectric data on the myoglobin and LDL solutions was that, in both cases, the macromol
ecule attracts a layer of water of hydration one or two water molecules in width. For LDL, 
this corresponds to a hydration factor of only 0.05 g/g, whereas for myoglobin the figure 
is nearer 0.6 gig. With myoglobin, part of the water of hydration exhibits its dispersion at 
frequencies of a few GHz, and the rest disperses at lower frequencies, perhaps as low as 
10-12 MHz. The approximate constancy of the width of the hydration shell for two 
molecules as dissimilar in size as LDL and myoglobin confirms that the proportion of 
water existing as water of hydration in a biological solution depends critically on the size 
of the macromolecules as well as on their concentration. 

Key words: dielectric methods, water, water of hydration, myoglobin, polyvinylpyrrolidone (PVP), 
human low-density lipoprotein (LDL) 

INTRODUCTION 

The use of dielectric methods for studying biological solutions dates back to the 
work of Oncley, Bateman, Wyman and others which was carried out in the 1930's 
[described in Cohn and Edsall, 1943]. Oncley's measurements were made on aqueous 
solutions of various proteins, and the experiments were performed at radiofrequencies 
of 10 kHz-10 MHz in order to characterize the dispersion region corresponding to 
the relaxation of the protein molecules. To interpret the dielectric data, it was 
necessary to postulate the presence of water tightly bound to the protein and rotating 
in the electric ·field with the protein molecule as a single unit. This is referred to as 
"bound water" or, alternatively, "water of hydration." The hydration can be ex-
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pressed quantitatively as a weight fraction 0/V), and from Oncley's measurements the 
best value of W was shown to be approximately 0.2-0.4 g of bound water per g of 
protein. The next important development in this area was the work of Buchanan et al, 
[1952] in which dielectric measurements were carried out on aqueous :;olutions of 
several proteins in the frequency region corresponding to the water dispersion (3-24 
GHz). Once again, the presence of water of hydration was established, and the 
quantity of bound water calculated from the dielectric decrement near 1 GHz was 
shown to be approximately 0.3 gig. Subsequently, measurements were made in the 
intermediate frequency region (10 MHz-1 GHz) by Schwan [1957], Grant [1962, 
1966], and others, and it was proposed that a small dispersion region resulting from 
the bound water itself exists, with a relaxation frequency around a few hundred MHz 
and a value of W that again turned out to be in the 0.2-0.4 gig region. Later work 
[Pennock and Schwan, 1969; Essex et al, 1977a] suggested that this dispersion was 
composite, with additional contributions from side chain rotation or proton fluctua
tion. Full details of the dielectric method of measuring hydration in protein solutions 
can be found elsewhere [Grant et al, 1978]. One observation is that the smaller 
proteins such as myoglobin and ribonuclease require larger values of W to fit the 
experimental data. 

In the present paper, we consider how far this concept of hydration might be 
extended. Most of the previous studies referred to above were carried out on globular 
proteins, and there is no reason to expect that the figure for W of 0.3 gig would apply 
to other molecules. Therefore, we measured the dielectric properties of aqueous 
solutions of three widely differing molecules: myoglobin, human low-density lipopro
tein (LDL), and polyvinylpyrrolidone (PVP). To maximize the effect of the solute 
molecules on the water structure, all three types of solution were measured at a 
concentration corresponding to near the maximum attainable solubility. For the 
myoglobin and the PVP, experimental determinations were carried out over a wide 
frequency range (100 kHz-18GHz) and at temperatures from 9°C to 45°C. The LDL 
was measured at frequencies corresponding to the water dispersion only, comprehen
sive data at lower frequencies having been published previously [Essex et al, 1977b]. 
The dielectric measurements and their interpretation for the three types of solution 
concerned are described separately. The results are then compared in the final section 
of the paper, and some general conclusions are drawn. 

DIELECTRIC BEHAVIOR OF MYOGLOBIN SOLUTION 

High-purity whale myoglobin obtained from Miles Laboratories (PTY) Limited 
was dissolved in deionized water. The solutions, for which no further purification 
was necessary, were prepared at a concentration of 170 mg/ml and controlled at pH 
6.9. The dielectric measurements were carried out over a frequency range of 100 
kHz-18GHz and at temperatures of 9, 15, 25, 35, and 45 °C. At each temperature 
and frequency, measurements were made on at least two independent samples. 
Between 100 kHz and 100 MHz determinations of relative permittivity ( E ') were made 
at 21 frequencies using bridge methods that have been described previously [Essex et 
al, 1975]. Over the remainder of the frequency range, coaxial line techniques were 
employed [Nightingale et al, 1981; Szwarnowski, 1982], and measurements of E' and 
E" were made at 44 different frequencies. Hence at each temperature there are 109 
data points over the total frequency range, and the errors (95 % confidence interval) 
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associated with both E' and E" are typically approximately 1 % . Values of E' and E" 

at 25 °Care shown in Figure 1; similar curves were obtained at the other temperatures. 
Analysis of dielectric data taken on heterogenous material and over a wide 

frequency range can be beset with difficulties owing to the possibility of being able to 
fit alternative dispersion functions [Colonomos and Gordon, 1979]. It is therefore 
important to have independent evidence to support the particular interpretation 
adopted. In the present case, evidence exists (see below) from knowledge of the 
shapes of the molecules concerned and from previous dielectric measurements [Grant 
et al, 1978] that the dielectric behavior both of myoglobin and of water can be 
approximated to a single relaxation time. 

The results were therefore analyzed as follows. Taking the low-frequency data 
first, it is well known from x-ray studies that the myoglobin molecule can be regarded 
to a good approximation as an oblate spheroid of axial ratio 2: 1. This comparative 
lack of asymmetry means that the dielectric dispersion due to the myoglobin molecule 
should be able to be represented to a good approximation by a single relaxation time, 
ie, by the Debye dispersion relationship. Such was shown by South and Grant [1972], 
who made extensive measurements of permittivity and conductivity of myoglobin 
solution in the frequency range 0.2-10 MHz, at seven concentrations and over a wide 
range of temperature, pH, and ionic strength. In addition to characterizing the main 
myoglobin dispersion, this work also established the existence of an additional small 
Debye dispersion at frequencies a little higher than 10 MHz. At high frequencies 
(Fig. I.), it is clear that the observed dispersion above 1 GHz is due to the water 
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Fig. I. Complex permittivity of myoglobin solution in water at 25 °C (concentration 170 mg/ml). 
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content. With the solutions studied, of weight fraction 17 % , the volume fraction 
occupied by the water was 87 % . A substantial proportion of this will be, on average, 
many molecular diameters away from the nearest myoglobin molecule. It would 
therefore be expected that this would exhibit dielectric behavior with characteristics 
the same as those of pure water. Such behavior can be described to a good approxi
mation by the Debye dispersion equation. However, attempts to fit the total data in 
Figure 1 to the sum of three such Debye dispersions, with the relaxation frequency of 
the highest frequency dispersion region clamped to that of pure water, were unsuc
cessful and were coupled with a high error of fit. When an extra component was 
added, the fit was significantly improved at the 95 % confidence limit. Addition of a 
further dispersion, however, produced large confidence intervals and large correlation 
coefficients between the fitted parameters, and it could not be concluded that a five 
component fit was significantly better than that for four components. Hence the best 
representation of the data in Figure 1, and at each of the other temperatures, is 

d1 d2 d3 d4 t' = E1 
- jE" = E + . + ---- + . + ---- (1) 

00 

1 + Jf R1/f 1 + jf R2/f 1 + Jf R3/f 1 + jf R4/f 

where d and fR are, respectively the dielectric increment and relaxation frequency of 
each dispersion in ascending frequency. 

The values of the fitted parameters at 25°C are shown in Table 1. The novel 
feature of Table 1 when compared to the previous studies referred to above is the 
presence of a small dispersion (d3, fR3) centered around 4 GHz, ie, at a frequency 
only a factor of five lower than the relaxation frequency of the bulk water dispersion. 
It is highly unlikely that this is due to the relaxation of any component in the 
myoglobin solution other than water. The fitted values of d 3 and fR3 over the whole 
temperature range are shown in Table 2, where they are compared to the equivalent 
parameters d 4 and fR4. An alternative representation of the dielectric data is to replace 
dispersions 3 and 4 by a single dispersion having a distribution of relaxation times 
described by the Cole-Cole function. This expression is also referred to below 
( equation 5). The results of this procedure are shown in Table 3, the value of the 
distribution parameter ex being indicated in the final column. That Tables 2 and 3 are 
alternative descriptions of the dielectric behavior of the one component (water) is 
shown by the fact that at any temperature the sum of d 3 and d 4 equals the dielectric 
increment de of the Cole-Cole dispersion. The other important observation is that the 
mean relaxation frequency is a little lower than that of pure water. Thus this dispersion 

TABLE 1. Dielectric Increment and Relaxation Frequency for the Four Dispersions in Myoglobin 
Solution (T = 25°C)* 

Dielectric Relaxation 
increment (Li) frequency ( f R) 

Li1 18.4 ± I.I fR 1 (MHz) 2.2 ± 0.3 
Li2 5.3 ± 1.5 fR2 (MHz) 15.4 ± 5.5 
Li3 5.4 ± 0.8 fR3 (GHz) 4.0 ± 0.7 
Li4 57.6 ± 0.9 fR4 (GHz) 19.2 clamped 

'For explanation of symbols see equation I and text. 
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TABLE 2. Dielectric Properties of Water in Myoglobin Solution at Microwave Frequencies as 
Represented by Two Debye Dispersions (concentration 170 mg/ml)* 

Temperature 
Temperature (cC) ~3 fR3 (GHz) (CC) ~4 fR4 (GHz) 

9 5.0 ± 0.6 2.9 ± 0.6 9 62.0 ± 0.7 12.1 
15 5.6 ± 0.8 3.7 ± 0.7 15 60.5 ± 0.9 14.5 
25 5.4 ± 0.8 4.0 ± 0.8 25 57.6 ± 0.9 19.2 
35 3.4 ± 0.3 4.1 ± 0.7 35 57.0 ± 0.3 24.3 
45 2.9 + 0.3 4.1 + 0.7 45 55.0 + 0.3 29.6 

*For explanation of symbols see equation I and text. 

TABLE 3. Dielectric Properties of Water in Myoglobin Solution at Microwave Frequencies as 
Represented by One Cole-Cole Dispersion* 

Temperature 

9 
15 
25 
35 
45 

~c 

67.4 ± 0.3 
66.4 ± 0.2 
63.1 ± 0.2 
60.2 ± 0.2 
57.6 ± 0.2 

*For explanation of symbols see equation I and text. 

fRc (GHz) 

11.3 ± 0.1 
13.5 ± 0.1 
17.7 ± 0.2 
23.3 ± 0.2 
29.2 ± 0.3 

a 

0.06 ± 0.01 
0.06 ± 0.01 
0.06 ± 0.01 
0.05 ± 0.01 
0.07 ± 0.01 

represents the average behavior of the aqueous component at these frequencies, 
whereas the breaking down of this into Li3 and Li4 provides more information by 
resolving the water into two components. We shall now endeavor to interpret the 
dispersions in terms of information at a molecular level. 

The dispersion (Li1, fR1) at the low-frequency range of the present measurements 
has been characterized in detail previously [South and Grant, 1972]. The salient facts 
emerging from application of the Debye viscosity - relaxation relationship were that 
myoglobin molecule binds a layer of water of hydration 0.35 nm wide. This corre
sponds to a shell of water one or two molecules thick, which, in turn, was shown to 
be equivalent to a hydration factor W of 0.6 gig. The water of hydration measured 
from such observations corresponds to the water molecules carried around by the 
protein molecule as it rotates in an electric field. It therefore behaves as highly viscous 
water. It is of interest to compare these deductions with information obtained from an 
interpretation of the dispersion (Li3, fR3). Assuming that Li3 is due to water of 
hydration, the value of W can be calculated by applying the Maxwell-Fricke mixture 
theory [Grant et al, 1974]. Taking Li3 = 5.4 at 25 °C, a value of W equal to 0.3 ± 
0.03 gig is obtained. This is only about one-half the value obtained from studies on 
the myoglobin dispersion (Li1, fR 1). The rest of the water of hydration is therefore 
relaxing at lower frequencies, and because the second dispersion has a similar 
amplitude (Li2 = 5.3; Table 1) it would account well for the data taken over the entire 
frequency range 100 kHz-18GHz were this due to the other 50% of the bound water. 
According to this picture, the situation is then as follows. 

Myoglobin attracts one or two layers of bound water, which rotate with it as 
one unit at radiofrequencies of 1-10 MHz. For a small protein like myoglobin, which 
can be approximated as a sphere of radius 1.53 nm, such a layer of bound water 
corresponds to a hydration factor W = 0.6 gig. At higher frequencies, this bound 
water can itself exhibit dielectric relaxation and appears to do so in the form of two 
dispersion regions of roughly equal amplitudes occurring, respectively, at approxi
mately 15 MHz and 4 GHz. If this model is accepted, it is an advance on previous 
work in that the bound water is now being resolved into two categories. To test this 
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hypothesis further it would be necessary to repeat the work at different concentrations, 
pHs, and ionic strengths, as was done previously for work on the myoglobin disper
sion alone [South and Grant, 1972]. It should also be added that the model used to 
interpret the present data, a spheroidal shaped protein molecule surrounded by a 
uniform shell of bound water, is an idealized situation. However, this model does 
account for data obtained by using other experimental techniques, such as viscosity 
and sedimentation studies, provided that the dielectric parameters of the bound water 
are regarded merely as effective values for the hydration shell. Within these limita
tions, the model is a good approximation. 

It is also important to consider the relative proportion of the total water content 
in the system occupied by water of hydration. Assuming that the solute molecule can 
be represented as a sphere of radius r surrounded by a shell of bound water of width 
dr, the hydration, W, is equal to 

(r + dr)3 - r3 

w = 3 ' pr 
(2) 

where p is the density of the solute. For myoglobin, p = 1.35 g/cm3• From this it 
follows that the ration (R) of the volume of the water of hydration to the total water 
in the system is given by 

(1 + dr/r)3 - 1 
R=------

(C)-1 - 1 ' (3) 

where C is the concentration of the solute expressed as a volume fraction. For the 
myoglobin molecule, r = 1.53 nm and dr = 0.35 nm. In the solutions used in this 
study, the volume fraction C = 126 ml/1. Substituting these figures into equation 3 
leads to R = 13 % . This means that most of the water in the solution, nearly 90 % , is 
unaffected by the presence of the solute molecules. Nevertheless, this relatively small 
proportion of bound water is very important, and is essential to the structural integrity 
and conformation of some of the most important biological macromolecules, for 
example, DNA [Kohli et al, 1981; Mei et al, 1981]. 

DIELECTRIC BEHAVIOR OF POLYVINYLPYRROLIDONE (PVP) SOLUTION 

The molecule of PVP has properties in sharp contrast to those of myoglobin. 
The conformation is that of a flexible chain and consists of approximately 400 linked 
residues with a total molecular weight of 44,000. Previous work by Kaatze [1975] 
has been carried out on aqueous solutions of PVP at frequencies between 50 MHz 
and 70 GHz, but this was done using low-molecular-weight PVP and at one temper
ature only. In the present work, the temperatures were 9, 15, 25, 35, and 45 °C, ie, 
the same as for myoglobin. The PVP used was a high-purity-grade preparation of 
BDH and the solutions were prepared by dissolving in low-conductivity water at a 3 
M concentration. As with myoglobin, more than 100 complex permittivity points 
were determined at each temperature, and measurements on each sample were 
repeated twice. The results at 25 °C are shown in Figure 2, which shows clearly the 
dispersion regions resulting from the PVP and the bulk water, but the separation of 
these two dispersions is not as distinct as with myoglobin (Fig. 1). Moreover, each 
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Fig. 2. Complex permittivity of 3M solu.tion of polyvinylpy~rolidone (PVP) in water at 25 °C. · 
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dispersion region is spread out over a wider frequency range and is more complicated 
~~form. ' 

In the first instance, an attempt was made to fit the data to a sum of two Cole
Cole distribution functions in order to account for the solute and water components. 
The fit was unsuccessful for the solute dispersion because of the complexity of the 
PVP molecule, which has dipolar characteristics associated with the flexible backbone 
in addition to the side chains. A dispersion function to deal specifically with this 
situation was derived by Williams et al [1971]: 

t - Eoo I . 
--- = J [exp(-x)][exp(-jwr0x11~)]dx, 
Es - E~ 0 

(4) 

where x = At~, tis time, {3 is a constant, and A = -r0 -~. The relaxation time is r0 and 
all the other symbols have their usual meaning. The fit of the data to the sum of this 
function plus a Cole-Cole distribution function was successful, with a low root mean 
square error. The dielectric parameters derived from this fit are shown in Table 4. 

Comparison of the dielectric parameters of the water dispersion with those 
shown in Table 3 for myoglobin shows. important differences; at any particular 
temperature the dielectric increment and the relaxation times for water in PVP 
solution are lower than for myoglobin, whereas the value of a is higher. The lower 
increment indicates a smaller water content and is to be expected; the solute occupies 
50% of the total volume. for the PVP but less that 15% for the myoglobin solution. 
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TABLE 4. Dielectric Parameters of PVP in Aqueous Solution (concentration 3M)* 

PVP dispersion (/3 function) 

Temperature (QC) I:,. fRP (MHz) (3 

9 33.8 ± 0.7 3.20 ± 0.05 0.546 ± 0.004 
15 29.4 ± 0.9 4.02 ± 0.08 0.639 ± 0.004 
25 28.6 ± 0.5 6.30 ± 0.03 0.580 ± 0.003 
35 28.6 ± 0.5 10 ± 1 0.521 ± 0.004 
45 25.9 ± 0.9 28 ± 3 0.613 ± 0.009 

Water dispersion (Cole-Cole function) 

Temperature (QC) Aw fRw DIW 

9 52.5 ± 0.3 5.05 ± 0.05 0.106 ± 0.006 
15 51.4 ± 0.3 6.3 ± 0.1 0.125 ± 0.007 
25 50.0 ± 0.3 8.8 ± 0.1 0.125 ± 0.004 
35 46.7 ± 0.2 12.4 ± 0.1 0.107 ± 0.004 
45 44.3 ± 0.3 16.9 ± 0.6 0.09 ± 0.02 

*21rfRP = (To)- 1. For explanation of other symbols see equations 4 and 5 and text. 

The high value of a for the PVP solution shows that the water exhibits a wider 
distribution of relaxation times; ie, there are more states of intermolecular bonding 
present than in the water in the myoglobin solution. The large displacement of the 
relaxation frequency to a value only one-half that of pure water (Table 4) indicates 
that very little water is present that is unaffected by the molecules of PVP. A simple 
calculation based on steric considerations shows that only two water molecules are 
present between the PVP molecules; consequently, it is to be expected that all water 
molecules in a solution of this concentration should be affected by the macromole
cules. An attempt was made to resolve the water dispersion into two separate 
dispersions, as had been done successfully in the case of myoglobin. For PVP, 
however, the fit was unsuccessful, and no such resolution was possible. Thus the 
amount of water present with dielectric properties equal to those of pure water is 
negligible-all the water is bound to some extent. 

DIELECTRIC BEHAVIOR OF HUMAN SERUM LOW-DENSITY LIPOPROTEIN 
(LDL) SOLUTIONS 

Low density lipoprotein is usually defined as that group of lipoproteins having 
a density range 1.006-1.063 and a flotation rate of 0-20 Svedberg units. Flotation 
rate is equivalent to velocity/acceleration, and 1 Svedberg unit equals 10- 13 s. In 
human plasma LDL is the most abundant lipoprotein and is normally present in a 
concentration of approximately 350 mg/100 ml of plasma. The LDL molecule has 
roughly equal numbers of phospolipids and glycopeptides, which are themselves 
approximately equally divided between being positively and negatively charged. The 
molecule is almost exactly spherical in shape and has a radius of 11 nm. 

The LDL was isolated from the blood of human volunteers, and the aqueous 
solutions were prepared as described previously [Chapman and Goldstein, 1976]. The 
preparations were shown to be homogeneous and of high purity by the techniques of 
negative-stain electron microscopy and agarose gel electrophoresis and by immuno
logical methods [Chapman et al, 1977]. Measurements of~= E' - jE" were made at 
a temperature of 10 °Cat 15 frequencies in the range 2-18 GHz and at a concentration 
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of 109 mg/ml. Although extensive dielectric work has been performed at lower 
frequencies on aqueous solutions of LDL [Essex et al, 1977b; Chana et al, 1980], the 
present work is the first to be carried out in the dispersion region of the water. A 
temperature of 10°C was chosen in order to span as large a section as possible of the 
water dispersion. The solution was then diluted twice and the measurements were 
repeated. 

Because it is known [Grant et al, 1978] from extensive work on the dielectric 
properties of dilute aqueous solutions that the dispersion can be represented by a 
single relaxation time or a small distribution of relaxation times, the present dielectric 
data were fitted to the Cole-Cole relationship: 

(5) 

where the symbols have their usual significance. The high frequency permittivity was 
clamped at 5.7 [Nightingale et al, 1981]. The fitted dielectric parameters are shown 
in Table 5. 

The frequency coverage was insufficient to separate the dispersion into bulk 
water and bound water components, but information on hydration can be obtained as 
follows. If, for example, the value of Li at the highest of the three concentrations is 
added to E00 a value of EL = 72.2 is obtained for the static relative permittivity of the 
solution with respect to the water dispersion. This compares with the value of Ew = 
83.8 for the static permittivity of pure water. It has been shown previously [Grant et 
al, 1972] that the hydration (W) of LDL can be represented to a good approximation 
by 

c(v + W) = 9(Ew - EL), (6) 

where c is the concentration of LDL in mg/ml and vis the partial specific volume of 
LDL. This equation is based on the Maxwell mixture theory, which has been used 
successfully by Foster et al [1979, 1982] and others to calculate the hydration in 
biological material from dielectric measurements. Substituting the values of v (0.97) 
and EL, the maximum value of hydration is calculated as 0.05 g/g. This value is much 
lower than that obtained for myoglobin and other globular molecules and might at 
first appear to be in contradiction. However, if the width of the hydration shell dr 
required to provide a value of W = 0.05 is calculated from equation 2, it is found 
that dr = 0.19 nm, which is more than the radius of one water molecule. Thus the 
average width of the hydration shell is one or two water molecules, which agrees 

TABLE 5. Dielectric Behavior of LDL Solution at 10°c* 

Relaxation Cole-Cole 
Concentration Dielectric frequency (fR) distribution 
(mg/ml) increment (Li) in GHz parameter (a) 

109 66.51 ± 0.47 11.88 ± 0.14 0.04 ± 0.01 
96 68.84 ± 0.37 12.02 ± 0.11 0.04 ± 0.01 
41 73.9 + 0.04 12.37 ± 0.095 0.03 ± 0.01 

*For explanation of symbols see equation 5 and text. 
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with that found for myoglobin and other spheroidal particles. The reason that the 
weight fraction is so much lower is because the radius of the LDL molecule is nearly 
ten times that of myoglobin. This also has implications with respect to the relative 
volume occupied by the water of hydration; substitution of the values of dr and c in 
equation 3 gives R = 0.6%; ie, the proportion of bound water is negligible even 
though the concentration of the LDL is more than 10% (109 mg/ml). 

DISCUSSION AND CONCLUSIONS 

It is clear from the present work that the state of water in biological solutions 
depends critically on the nature of the solute molecules and on their concentrations. 
It is therefore not possible to make general statements about the properties of water 
in biological solutions and still less about water in complicated biological tissues. 
Each system has to be treated in its own right. 

For compact spheroidal molecules in dilute aqueous solution, the dielectric data 
can be adequately interpreted by postulating the existence of a shell of water of 
hydration surrounding the molecule. For myoglobin and LDL, both of which have a 
regular distribution of charged groups on the surface, the average width of the 
hydration shell is one or two water molecules. This is true also of numerous other 
globular molecules that have been investigated in aqueous solution using dielectric 
measurements. The constancy of shell width between molecules of different size 
means that the hydration factor W decreases as the size of the solute molecule 
increases. Furthermore, the relative proportion of bound water to total water in the 
system for a given concentration of macromolecules will also decrease with increasing 
size of the macromolecule. 

In contrast to dilute solutions of compact molecules, the dielectric behavior of 
concentrated solutions of long chain molecules cannot be interpreted unambiguously 
in terms of the different forms of water present. A 3 M solution of PVP in water 
gives rise to dielectric behavior that cannot be represented as a simple sum of Debye 
dispersions. Moreover, the overlap between the PVP and the water dispersion makes 
it difficult even to separate the relaxation effects of the PVP molecules from those of 
the water molecules in bulk. Resolution of the water dispersion into different cate
gories is quite impossible. 

The dielectric behavior of myoglobin in solution requires that the relaxation of 
the water be separated into at least two components, the bulk water centered (at 25 
0 C) around 20 GHz together with a contribution from water of hydration at 5-6 GHz. 
This value of relaxation frequency for bound water is appreciably higher than has 
been observed previously for proteins, although values have been reported in this 
range with respect to water of hydration associated with microemulsions [Epstein et 
al, 1983]. Finally, the presence of a small dispersion with a relaxation frequency of 
approximately 15 MHz has been confirmed, and this might also be due to water of 
hydration. In that case, the bound water would be divided into two components, one 
fraction relaxing at 5-6 GHz and the remainder at 10-20 MHz. It seems certain that 
the higher-frequency dispersion is due to water of hydration, but further experimental 
work is required before it will be possible to make categorical statements about the 
lower-frequency region. 
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Specific Absorption Rate in Electrically 
Coupled Biological Samples Between Metal 
Plates 

William T. Joines, Carl F. Blackman, and Ronald J. Spiegel 

Health Effects Research Laboratory, U.S. Environmental Protection Agency, Research 
Triangle Park (C.F.B., R.J.S.), and Department of Electrical Engineering, Duke University, 
Durham (W T.J.), North Carolina 

The specific absorption rate (SAR) in a biological sample irradiated by electromagnetic 
fields between the metal plates of a transmission line can be altered significantly by the 
spacing of the metal plates and the distance between neighboring samples. The SAR in 
spherical biological samples is calculated for a number of neighboring sample arrange
ments and metal-plate spacings by using the method of images and induced dipole coupling. 
For a decrease in metal-plate spacing, the derived equations predict an increase in SAR 
within a sample and a decrease in SAR with a decrease in neighboring-sample spacing. 
The calculations are compared with measurements made with the aid of an array of 1-in 
radius metal hemispheres on the lower plate of two parallel plates (thus forming an image 
system). The hemisphere on which measurements are taken is insulated from the metal 
plate and is connected via a coaxial center conductor to an HP 3582A spectrum analyzer 
that measures the voltage and hence the electric field intensity at the hemisphere. Measure
ments made at a frequency where wavelength is large compared with sample size (48 Hz) 
are in good agreement with calculations. 

Key words: dipole coupling, electrical images, low frequency, SAR, internal field 

INTRODUCTION 

The Radiofrequency Radiation Dosimetry Handbook [Durney et al, 1980] is 
very useful in determining the specific: absorption rate (SAR) for a single biological 
object within a uniform plane wave field. To determine the SAR, the object (man, 
monkey, dog, rabbit, guinea pig, rat, mouse, egg, or insect) is approximated by a 
prolate spheroid with appropriate dimensions. (For example, see Figs. 17-41 of 
Durney et al, 1980). However, when the biological object is close to other objects, 
the SAR may be altered appreciably from that of a single object within a plane wave 
field. The developments herein will show how to determine the SAR within a 
biological object modeled as a prolate or oblate spheroid when the object's SAR is 
influenced by neighboring objects. The spacing required for negligible influence by 
neighboring objects is also determined. The equations developed are applicable to all 
frequencies where the object is small compared to the wavelength. 
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THEORETICAL DEVELOPMENT 

For a single spheroid in air (Fig. 1), with E0 along the axis of rotation (z-axis), 
the electric flux density D within the homogeneous, dielectric spheroid is 

D =EE= E0E + P (1) 

where P is the electric polarization, E is the electric field intensity in the spheroid of 
permittivity E, and E0 is the free-space permittivity. IfE and Pare caused by a uniform 
electric field (E0 ) in the air surrounding the spheroidal material, then P is related to 
E0 and Eby [Sillars, 1937] 

PA = E0 (E0 - E) (2) 

where A is a scalar quantity called the depolarization factor. Eliminating P between 
(1) and (2) yields 

Eo E=------
-1 + A(EIE0 1) 

(3) 

If the dielectric spheroid is biological material, E in (3) is complex and may be 
re~~~ . , 

E* = E - j alw (4) 

z 

r 
2o 

•---2b--•• 

Fig. 1. A homogeneous, dielectric spheroid in air with the applied field E0 along the a dimension 
(symbols with overbars are vectors). 
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where a is the conductivity (in S/m) of the material at the frequency f = w/(21r) Hz. 
If E0 is the electric field of a uniform plane wave incident upon the biological 
material, the ratio of absorbed power density (Pa) to the incident power density is 

Pa (1/2)a IE 12 IE I 2 

Pi = (1/2)E~/1Jo = a170 E~ ' 

and when using (3) and (4) we obtain 

Pa a110 = 
Pi 11 + A(E; - 1)1 2 

(5) 

(6) 

where Et is E*IE0 • More extensive developments and applications of equations (3), 
(5), and (6) are published elsewhere [Joines, 1984; Joines et al, 1981]. 

The depolarization factor for a prolate spheroid (a > b), with the electric field 
parallel to the axis of rotation, is [Sillars, 1937] 

_ -1 (alb) 2 112} 
A - (a/b)2 _ l + [(a/b)2 _ l] 312 ln {alb + [(a/b) - 1] , (7) 

and for an oblate spheroid (a < b) it is 

1 (a/b) _ 1 
A = 1 - (a/b)2 - [1 - (alb)2]312 cos (a/b). (8) 

As a/b varies from zero to infinity, A varies from zero to unity, as indicated by the 
three special cases: 

{ 

0, for a long prolate spheroid (a > > b) 
A = 1/3, for a sphere (a = b) 

1, for a flat oblate spheroid ( a < < b). 

For these three cases, Pa/Piis 

(9) 

(10) 

Since for biological tissue, I Et I > > 1 and decreases as frequency increases, 
Pa/Pi increases as A decreases and Pa/Pi increases as frequency increases (for A 
greater than zero). As observed from (6), if A is decreased from a given value A1 to 
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another value A2 , Pa/Pi is enhanced by the factor (A1/ A2)2. For example, decreasing 

A from 1 to 1/3 as in (10) yields a nine-fold increase in Pa/Pi. 
The local electric field intensity E0 , into which the absorbing object is placed, 

as used in (1), (2), (3), and (5), is altered by the close proximity of other objects. The 

original field E0 induces dipolar charges on the neighboring objects, and the electric 

field of the induced dipoles alters the applied field E0 to a new value E' 0 • To quantify 

this alteration, the new field E~ may be expressed as function of E0 by determining 

the electric field that is due to the induced electric dipole moment (p) of the interfering 

object. 
In terms of rand 0 (Fig. 2), the electric field intensity (Ep) of an electric dipole 

of moment p directed along the +z-axis is [Weber, 1965] 

where 

psin0 
Eo = --3, 

41TE0 r 

z 

(11) 

Fig. 2. The rand 0 directed components of the electric field intensity (Ep) of an electric dipole moment 

p directed along the + z-axis (symbols with overbars are vectors). 
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and~ and tare directional unit vectors. Note that for points along the z-axis (0 = 0, 
180°) and for points in the x-y plane (0 = 90°), the dipole field is z-directed and 
given by 

(12) 

Hence, the electric field intensities contributed by similar dipoles above and below 
(colinear) or on each side of (coplanar) a central site will be directed along (up or 
down) the original field E0 • For two colinear dipoles (0 = 0, 180°), at a distance r 
above and below a central site (Fig. 3) 

(13) 

and the new field at the central site is 

(14) 

For four coplanar dipoles (0 = 90°), each at a distance r' from a central site (Fig. 4): 

/ 
X 

E = z 

z 

p 

(15) 

t 

Fig. 3. Two colinear dipoles on the z-axis (0 = 0°, 180°) at distance r above and below z = 0 (symbols 
with overbars are vectors). 
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and the new field at the central site is 

(16) 

Thus, it is immediately observed from (14) and (16) that colinear and coplanar 
neighboring dipoles, respectively, increase and decrease the applied field at a central 
site. It is also observed, for the special case of two colinear and four coplanar dipoles 
of equal spacing r, that the electric fields produced are of equal magnitude and 
opposite polarity, so that the total electric field at the central site remains at the 
original value of E0 as if no neighboring dipoles are present. 

The induced electric dipole moment (p) of an object is a function of the size, 
shape, and permittivity of the object. A sphere of radius a and complex permittivity 
E* placed in a uniform field E0 in air has an electric dipole moment p given by [Van 
Bladel, 1964] 

(17) 

For most biological materials at microwave frequencies and below, t:* is much greater 
in magnitude than E0 , and the electric dipole moment reduces to that of a perfectly 
conducting sphere, as 

(18) 

More generally, the electric dipole moment of a spheroid in air with the applied field 
E0 along the z-axis, as in Figure 1, is [Schelkunoff and Friis, 1952] 

(19) 

where the depolarization factor A is given by (7) and (8). 
For an infinite array of colinear dipoles spaced r distance apart along the z-axis 

as in Figure 3, a logical extension from the field of one dipole pair in (14), to N 
identical pairs yields the new field at the central site (z = 0) as 

N 
, p ~ 1 l.2p 

Eo = Eo + --3 LJ 3 = Eo + --3' N = 00 • 
11'E0 r n= 1 n 11'E0 r 

(20) 

Extending (15) and (16) in like manner, infinite arrays of coplanar dipoles spaced r 
distance apart along the x- and y-axes (as in Fig. 4) produce a new field at the central 
site (z = 0) as 

N 
, p ~ 1 l.2p 

Eo = Eo - --3 LJ 3 = Eo - --3, N = oo 
11'E0 r n= 1 n 11'E0 r 

(21) 
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p p 

E'o ____ __,.._ ___ - ___ ,__ ____ Y 

p 

X 

E'o = Eo. ___e_3 
7TEQr 

Fig. 4. Four coplanar dipoles, z-directed and on the x- and y-axes (0 = 90°) at distance r from z = O 
(symbols with overbars are vectors). 

/ 
/ 

/ 
/ 

/ 
X 

r 

/ 

/ 

/ 
/ 

Fig. 5. An infinite, two-dimensional grid of z-directed, r-spaced, coplanar dipoles in the x-y plane 
(symbols with overbars are vectors). 

where N is the number of sets of four identical dipoles. Hence, infinite arrays of 
identical dipoles, z-directed and spaced at equal distances along the x-, y-, and z-axes 
produce electric fields that cancel and thereby restore the total applied field at z = 0 
to the unperturbed value E0 • 

As a further logical extension of (15), (16), and (21), an infinite, two-dimen
sional grid of z-directed, r-spaced, coplanar dipoles in the x-y plane (Fig. 5) produces 
a field at z = 0 of 
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(22) 

The next and final step in this progression is to determine the electric field at z 
= 0 owing to an infinite three-dimensional grid of z-directed, r-spaced dipoles. When 
separated into distinct parts, this field is seen to be the summation of contributions 
we have identified in the previous equations, plus one additional term. Specifically, 
the total field at z = 0 is 

E' = E + 1.2p _ ~ + 0.8p 
o o 7rE r3 7rE r3 7rE r3 

0 0 0 

(23) 

The first term on the right-hand side of (23) is the original applied field; the second 
term, from (20), is the field that is due to dipoles on the z axis; the third term, from 
(22), is the field that is due to dipoles in the x-y plane; and the last term is the field 
contributed by all other dipoles in the three-dimensional array, as we determined by 
using (12). Summing the right-hand side of (23) yields a well-known result [Kittel, 
1976]: 

(24) 

which says that for the special case of an infinite cubical array of identical dipoles, 
the dipolar contributions cancel at the origin (z = 0). 

A BIOLOGICAL SPHEROID BETWEEN METAL PLATES 

When the biological object under consideration is placed midway between the 
metal plates of a parallel-plate transmission line (Fig. 6), the electrical images of the 
dipole induced on the object by the field between the plates form an infinite colinear 
array of equally spaced dipoles along a line through the object and perpendicular to 
the plates. [Ramo et al, 1984]. Hence, if the field between the plates is E0 before 
placement of the object, the effect of the metal plates on the field at the object is the 
same as the effect caused by the dipole images. If the plate spacing is H, the new 
field at the central site where the biological spheroid will be placed is given by (19) 
and (20) as 

, 1.2p ( 1.6ab
2

) 
Eo = Eo + --3 = Eo 1 + --3- . 

7rE0H AH 
(25) 

For a sphere (a = b, A = 1/3), it is seen from (25) that E~ and E0 are approximately 
equal if 2a is less than or equal to H/3. If the spherical diameter is larger than H/3, 
then E~ is appreciably greater than E0 and must be determined by means of (25). 
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METAL PLATE/ INDUCED DIPOLES 

Fig. 6. Biological spheroid between metal plates, and the equivalent electrical image system (symbols 
with overbars are vectors). 

The electric field within the biological spheroid is determined by replacing E 0 

in (3) with E~ from (25) and by using (4) to obtain 

From (5), Pa/Pi is obtained as 

( 
1.6ab

2
) 

Eo 1 + AH3 

E=------
1 + A(Er - 1) 

( 
1.6ab

2
)

2 

<lT/o 1 + --3-
p AH 

a 

Pi= 11 + A(Er - 01 2· 

Expressed in terms of spheroid volume V = ( 4/3)1rab2
, (27) becomes 

2 

(
l 0.382 V) 

aria + AH3 

11 + A(Et' - 1) I 2 . 

(26) 

(27) 

(28) 
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Equation (28) shows that for a fixed volume fraction V /H 3, the effect of the 
metal plates (the dipole coupling term) on absorbed power increases as the spheroid 
goes from oblate to prolate. The change in Pa/Pi is illustrated quantitatively by 
selecting values of a/b in Table 1. 

COPLANAR SPHEROIDS BETWEEN METAL PLATES 

For spheroids placed side-by-side between the metal plates in a coplanar, square
grid arrangement, the electric field remains at E0 if r = H, as determined from (23) 
and (24). The more general case where r and H are not equal is beyond the scope of 
this study. However, if the volume fraction V/H3 of the spheroid is small enough to 
produce negligible coupling to the plates (V/H3 ~ 0.058 A or 2a ~ H/3 for a 
sphere), then E~ is given by (22). When (19) is used in (22), E~ may be expressed in 
terms of the spheroid volume, V = ( 4/3) 7rab2, as 

(29) 

The electric field and relative power absorbed within the spheroid are determined by 
using (29), (3), (4), and (5) as 

and 

E0 [1 - (2V)/(7rAr3)] 
E=-------

1 + A(E{ - 1) 

Pa a170 [1 - (2V)/(7rAr3)]
2 

pi ll+A(1:1-l)l 2
. 

TABLE 1. P 3 /P; From Equation (28) for the Spheriod in Fig. 6 

a/b 

10 

2 

1/2 

1/10 

1/100 

A 

1/50 

1/5.76 

1/3 

1/1.90 

1/1.16 

-1 

2,500 U1)o [1 + 19.1 (V/H3)]2 
l49 + E; 12 

33.2 01/o 3 2 

I 
•

12 
[I + 2.20 (V/H )] 

4.76 + Er 

9 Ul)o 3 2 

I 
•

12 
[I + 1.15 (V/H )] 

2 + Er 

3.61 01)0 3 2 

I 
•

12 
[1 + 0.725 (V/H )] 

0.9 + Er 

1.35 01/o 3 2 

I 
•

12 
[I + 0.441 (V/H )] 

0.16 + Er 

1
:;I 2 [l + 0.382 (V/H

3
)J

2 

(30) 

(31) 
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For the special case of a sphere of radius a = b, the term in square brackets in (31) 
is approximately unity (negligible coupling to neighboring spheres) if a ~ 0.14 r, 
where r is the center-to-center distance between spheres. The following tabulation of 
P af Pi (Table 2) shows the increased coupling effects as the spheroids become more 
prolate. 

MEASUREMENTS 

As evidenced by the foregoing developments, the specific absorption rate (SAR 
or Pa) and the normalized SAR (Pa/PD are a function of the internal electric field (E), 
which, in turn, is a function of the total external electric field (E~) applied to a given 
spheroid. To support the accuracy of the equations, which are based on dipole 
coupling and image theories, the electric field E~ is calculated and measured for 
various arrays of 1-in radius metal hemispheres on the lower plate of two parallel 
plates spaced H/2 apart. This arrangement (Fig. 7) is convenient for measurements 
and is electrically equivalent to a system with an array of 1-in radius spheres midway 
between plates of spacing H. This arrangement avoids the interference with leads and 
instruments that one would have in measurements on a sphere suspended midway 
between plates. 

The central hemisphere on which measurements are taken is insulated (0.05-in 
thick Styrofoam dielectric washer) from the metal plate and is connected via a coaxial 
center conductor to an HP 3582A spectrum analyzer that measures the voltage on the 
hemisphere. Voltage is applied to the metal plates from a source oscillating sinusoid
ally at 48 Hz. With no coupling to neighboring hemispheres or to the upper plate, the 
measured voltage (V m) is proportional to E0 , and with coupling, the measured voltage 
(V:n) is proportional to E~. Hence, v:nNm is a measure ofE~/E0 • Measurements and 
calculations of E~/E0 are compared for the configurations and spacings shown in 
Table 3. 

DISCUSSION AND CONCLUSIONS 

The first five lines of Table 3 compare the measured and calculated values of 
E~/E0 for a single metal hemisphere at z = 0 as H is decreased. These five lines of 

TABLE 2. P 3 /P; From Equation (31) for Array of r-Spaced, Coplanar Neighbors 

a/b 

10 

2 

1/2 

1/10 

1/100 

A 

1/50 

1/5.76 

1/3 

1/1.9 

1/1.16 

-1 

2,500 <1110 3 2 

I 
•12 [1 - 31.83 (V/r )] 

49 + Er 

33.2 <1110 3 2 

I 
•12 [1-3.67(V/r)] 

4.76 + Er 

9 <1110 3 2 

I 
•12 [1 - 1.91 (V/r )] 

2 + Er 

3.61 <1110 3 2 

I 
• 12 [1 - 1.21 (V/r )] 

0.9 + Er 

1.35a110 3 2 

I 
•12 [1 - 0.739(V/r )] 

0. 16 + Er 

a110 I 3 2 
IE;l 2 [l - 0.637 (V r )] 
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METAL PLATE 

ISOMETRIC VIEW 

SIDE VIEW 

DIELECTRIC 
SPACER 

ELECTRICAL EQUIVALENT 

Fig. 7. The measurement system, consisting of 1-in radius metal hemispheres on the lower plate of two 
parallel plates, and the electrical equivalent (symbols with overbars are vectors). 

data show that as H is decreased from 36 inches to 4 inches, the measured and 
calculated values of E~ at the metal hemisphere increase by 9.2% and 7.5%, respec
tively. The maximum difference between calculated and measured values is 8 % . 

Linear arrays of coplanar spheroids (3,5,7, and 9 along the x-axis, including the 
one at z = 0) are shown in the next block of four lines in Table 3. The data in these 
lines demonstrate that for a fixed plate spacing (H = 4 inches), E~ steadily decreases 
as more hemispheres are added along the x-axis parallel to the plates. The measured 
and calculated values differ by less than 5 % . The calculated values are always smaller 
because they were estimated with (21), which does not take into account dipole 
coupling to the metal plates. These values would be larger if plate coupling were 
taken into account. These statements also apply to the tenth line of Table 3, which 
shows two perpendicular lines of coplanar dipoles (two hemispheres to the left, right, 
front, and back of the central hemisphere). This line of data further demonstrates the 
expected decrease in E~ as neighboring coplanar hemispheres are added. Measured 
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TABLE 3. E' 0 /E0 as Measured and Calculated in Fig. 7 

Configuration 
of Measured Calculated 

hemispheres a/H air E~/E0 = V ~/V m E~/E0 Equations used 

1 at z = 0 1/36 1 1 (25) 

1 at z = 0 1/24 1.046 1.0004 (25) 

1 at z = 0 1/16 1.04 1.0012 (25) 

I at z = 0 1/6.5 1.098 1.018 (25) 

1 at z = 0 1/4 1.092 1.075 (25) 

3 along x 1/4 1/3 0.969 0.926" Use P/2 and N = 1 in (21) 

5 along x 1/4 1/3 0.965 0.917" Use P/2 and N = 2 in (21) 

7 along x 1/4 1/3 0.961 0.914" Use P/2 and N = 3 in (21) 

9 along x 1/4 1/3 0.957 0.913" Use P/2 and N = 4 in (21) 

5 along x, 1/6.5 1/3 0.925 0.833+ (21) with N = 2 

5 along y 

25 in square 1/4 1/4 0.992 -1 (24) 

•These calculated values would be larger if plate coupling were taken into account. 

and calculated values differ by less than 10%. Most of this difference is probably due 
to neglecting the dipole coupling to the metal plates in the calculated values employing 
(21). 

Measured and calculated values of E;/E0 at the central hemisphere are shown 
for a five-by-five square grid of hemispheres in the last line of Table 3. The spacings 
H and rare made equal so that, as expected from (24), E~ is approximately equal to 
E0 (less than 1 % difference). This line of data demonstrates that the coupling of the 
central hemisphere to the metal plates is canceled by coupling to neighboring coplanar 
hemispheres, and that equations (23) and (24) correctly describe the important com
ponents of the coupling interaction. 

All of the measured values in Table 3 were repeatable to within an accuracy of 
better than 2 % . This repeatability was determined by removing all of the hemispheres 
and then returning them to the same position (as closely as possible) for a second 
measurement. 

There is a difference between the assumptions made for the calculations and the 
measurements. For the calculations, E~ was determined at a central site with the 
biological object absent from the site. For the measurements, E~ was determined as 
the field at the central site with the object present. For very close spacings of 
neighboring objects and metal plates (closer than the values used in Table 3), the 
presence of the central object will appreciably influence the measured value of E~. 
The influence of the central object or probe on the measured value of E~ could be 
minimized by making the central object much smaller than neighboring objects. 
Doing this, however, would mean that the measurements could not be conveniently 
referred to the measured fields of an isolated single sphere, as in Table 3. 

In conclusion, it has been demonstrated by calculations and measurements that 
the electric field intensity (and hence the SAR) in a biological sample irradiated by 
electromagnetic fields between the metal plates of a transmission line can be altered 
significantly by the spacing of the metal plates and by the distance between neighbor
ing samples. The altered fields and SARs can be determined with satisfactory accu
racy by means of the equations developed herein. 
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Dynamic Characteristics of Membrane Ions 
in Multifield Configurations of 
Low-Frequency Electromagnetic Radiation 
B.R. Mcleod and Abraham R. Liboff 
Department of Electrical Engineering, Montana State University, Bozeman (B.R.M.), and 
Department of Physics, Oakland University, Rochester, Michigan (A.R.L.) 

We seek to extend the recent suggestion that classical cyclotron resonance of biologically 
important ions is implicated in weak electromagnetic field-cell interactions. The motion of 
charged particles in a constant magnetic field and periodic electric field is examined under 
the simplifying assumption of no damping. Each of the nine terms of the relative dielectric 
tensor is found to have a dependence on functions that include the factor ( w2 

- w~) - 1 
, 

where w8 is the gyrofrequency. We also find a plasmalike decomposition of the electric 
field into oppositely rotating components that could conceivably act to drive oppositely 
charged ions in the same direction through helical membrane channels. For weak low
frequency magnetic fields, an additional feature arises, namely, periodic reinforcement of 
the resonance condition with intervals of the order of tens of msec for biological ions such 
as Li+, Na+, and K+. 

Key words: cyclotron resonance, ion channels, weak electromagnetic field effects, ELF bioeffects 

INTRODUCTION 

A new model has been proposed [Liboff, 1985] for the interaction of low
frequency magnetic fields and cells in which biologically important ions such as Li+, 
K +, and Na+ are accelerated through the membrane as a result of a cyclotron 
resonance mechanism determined by the frequency of the. applied field and the 
magnitude of the local magnetostatic field (eg, the geomagi:ietic field). In part, this 
suggestion was made to explain recent data taken by Blackman et al [1985] showing 
that specific combinations of static and periodic magnetic fields appear to enhance 
Ca2 + -efflux from chick brain in vitro. One interesting aspect of the model uses 
proposed helical membrane channels that not only act to sustain the cyclotron reso
nance condition but also serve as low-noise regions in which the collision frequency 
is less than the gyrofrequency. 

In the following, we provide a brief introduction to the basic theory governing 
the interactions between free ions and multifields (ie, mixed magnetic and electric 
fields and/or mixed static and periodic fields) and probe these interactions for possible 
cyclotron resonance effects in biostructures. 
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THEORY 

The basis for charged particle motion in combined electric and magnetic fields 
is the force equation 

• 
• du • • • 

F = m dt = qE + q(u x B) , (1) 

where F is the force vector in Newtons, m is the mass of the charged particle in kg, 
q is the charge on the particle in Coulombs, E is the electric field intensity in V/m, 
B is the magnetic flux density in Tesla, and -.7 is the velocity of the particle in m/s. 

The magnetic flux density will be assumed to be as shown in Figure 1. The z 
component, B02 , could be interpreted as the vertical component of the Earth's field 
and the x component, Box, as the horizontal component. In any event, B lies entirely 
within the xz plane. For an arbitrarily directed, linearly polarized electric field, E, it 
is possible to reduce equation 1 under the assumption that the time variation is 
harmonic; ie, d/dt can be replaced by iw = 21ri11 where w is the angular frequency 
and v is the linear frequency. Then we have 

• • • • 

miw u = q E + q ( u X B) . (2) 

There are several ways of proceeding from this point. One is to expand equation 
2 in terms of the vector components and use Maxwell's equations to form the 
dielectric tensor: 

• 
1 • • cJE 
- ('v X B) = J + E -
µ at ' 

z 

Fig. l. Orientation of the magnetostatic (B) and periodic electric (E) field vectors. 

(3) 
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where µ is the permeability, equal to 41r X 10-7 Henrys/m, E is the electric 
permittivity, in farads/m, and J is the current density, in amperes/m2• If in unit 
volume there are N ions, each carrying the same charge, equation 3 can be rewritten: 

• • 

v X B = µNq O + iwµE E (4) 

( 
Nqo ) • -.- + 1 iwµEE 

IWE 

- • 
KiwµE E (5) 

where K is the relative dielectric tensor: 

(6) 

The elements Kij of this tensor, formed by enumerating the components of u in 
equation 4, are listed in Appendix A. 

Note that terms of the form w2 
- wi appear in the denominators of the Kij· 

The defining equation for the cyclotron resonance gyrofrequency is 

(7) 

where Br is the resultant (magnetostatic) flux density. 
Another way of proceeding from equation 2 is to express the velocity as 

• • •. 
U = U O + U ee!W( ' (8) 

where U:, is the noncyclic component of u and 14 is the cyclic component of u. 
Substituting equation 8 into 2 yields the steady-state Lorentz acceleration 

do q • • 
dt=m(u 0 X B), (9) 

and also 

(10) 

where 

( )

½ 
• q 2 2 • 
W B = m Boz + Box a B , (11) 

and aii is the unit vector in the direction of B . 
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Note that~ is the vector angular frequency pointing in the direction of B and 
carrying the magnitude of cyclotron resonance frequency as in equation 7. 

From equation 10, one can obtain the components of particle velocity parallel 
and perpendicular to cJB as well as expressions for left and right rotating velocity 
vectors. The details are given in Appendix B. One obtains 

--+ iq --+ 
U11 = --E11 

mw 

--+ _ q (iw - "ctBX)--+ 
U.1_-- 2 2 E.1_, 

m W - WB 

where ~ 1 is the electric field vector parallel to cJ B, such that 

and~ is the E-vector normal to cJB, 

One can define left and right rotating components of the electric field 

and 

This enables us to define a corresponding pair of rotating velocity vectors: 

UR= _ _g_( i )ER 
m WB + W 

(12) 

(13) 

(14) 

(15) 

(16) 

(17) 

(18) 

(19) 
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The first of these, iit, is a velocity vector attached to the particle, rotating to the 
left, looking along ~' and ~ is the corresponding vector rotating to the right (see 
Fig. 2). 

The cyclotron resonance frequency, w8 , appears explicitly in the denominators, 
as in the relative dielectric tensor. For a positively charged ion there is a resonance in 
uL when w - w8 . However, uR also shows a resonance for negatively charged 
particles, inasmuch as w8 is negative in this case: 

_fil __ -
1 I 

ER. 
m WB - W 

(20) 

The overall dependence of u on E will be characterized in terms of the 
mobility tensor, the elements of which can be found in equations 12, 18, and 19: 

UL 1 0 0 EL 
w 8 -w 

UR .q 0 -1 0 ER (21) =1-
m WB+w 

UII 0 0 -1 
E11 

w 

Fig. 2. Relationship of the circularly rotating electric (E) and velocity (u) vectors of the resonance 
angular frequency vector,~ 8 . · 
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DISCUSSION 

The aforementioned model suggests that biostructures should exhibit responses 
at specific ionic cyclotron resonance frequencies. These frequencies can be applied 
either as periodic electric or periodic magnetic fields. We have deliberately chosen 
the former case, as stated in equation 1, anticipating that the introduction of a time
varying B-field requires a more extensive analysis than has been presented above 
(except for simple solenoidal B-fields). However, it is possible to approach this 
question by asking how the cyclotron resonance condition in equation 7 would vary 
with the application of a superposed periodic B-field. Let us therefore add to the 
geomagnetic field an additional harmonic B-field directed along the x axis: 

• A 
B xac = Bxac coswt i . (22) 

The effects caused by this superposed field will vary depending on its magnitude and 
frequency. There will be a quasistatic change in wB providing that the period in 
equation 22 is longer than the time it takes a resonant ion to describe one full loop in 
its path. In other words, if the applied frequency is kept small, such that w < < wB, 
the gyrofrequency will change according to the expression 

w~ = _9_ [B~z + (Box + Bae coswt)2
] 

112 
, 

m 
(23) 

where w13 is the slowly changing resonance frequency of an ion, this new frequency 
changing both in magnitude and direction. We can rewrite equation 23 in terms of the 
static gyrofrequency: 

'/2 

[ 
2B0 xBxac coswt B~ac 2 l w~ = wB 1 + 2 + - 2- cos wt 

Br Br 
(24) 

To study the behavior of equation 24, let us suppose that B02 = Box such that 
~ is inclined at 45 ° to ~ac and furthermore that Bxac = 10 Box. If we ask how close 
w13 is to WB over one complete period, we find a rather wide variation (Fig. 3A). One 
interesting point is that when Bxac > > Box, the resonance frequency is never less 
than the static value. 

On the other hand, if the applied field is less than the static field, a quite 
different picture results. For example, let Bxac = 0.1 Box· Figure 3B shows that w'B 
and wB are within 5 % of one another over one period. In Figure 4 we show two other 
cases, first for Bxac = Box and, second, for Bxac = 1.5 Box· It is apparent that a wide 
range of resonant conditions are possible depending on the applied magnitude Bxac 
and frequency w. Again, we caution the reader that the concept of a quasistatically 
varying w13 is valid only when w13 < < wB. 

Even if we do not admit such a quasistatic variation in wB, it seems clear that it 
is nevertheless interesting to consider what effects might occur when w = wB. For 
example, we note that the times for which w13 = wB are given by 
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Fig. 3. The system cyclotron resonance frequency w'8 as a multiple of the static cyclotron resonance 
frequency, w8 . For 3A, it is assumed that Baz = Bax (ie, the geomagnetic vector has a declination angle 
of 45°) and that Bxac = IO Bax (ie, the applied alternating field is large compared to B0 x)- For 3B, the 
same conditions hold except that Bxac = 0 .1 Bax so that the applied field is small compared to Bax· In 
both cases, Bxac is applied along the x axis parallel to Bax· 

7r 
wt = (2n + 1) 2 , n = 0, 1, 2 .... (25) 

If, for a system of specific ions moving in helical paths at cyclotron resonance, then 

7r 
(2n + 1) 2 (26) 

or 

(27) 
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Fig. 4. wBas a multiple of w8 . In 4A, the applied field Bxac = Box· In 4B, Bxac = 1.5 Box· 

where t8 is the successive times when the cyclotron resonance condition for the system 
equals the static resonance condition. Note that the time interval between these 
successive events is constant: 

(28) 

In Table 1 we calculate a number of these times for four ions of biological interest, 
for a magnetostatic field Br = 0.38 gauss. 

A separate question relates to the energy that may be extracted from applied 
periodic electric fields at frequencies close to resonance. Let us transform equation 
21 back into Cartesian coordinates, first assuming that the horizontal component of 
the earth's field is vanishingly small (Box = 0). The velocity vector then becomes, 
neglecting damping: 
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TABLE 1. Calculated Times (in msec) When the Dynamic 
Cyclotron Resonance Equals the Static Cyclotron Resonance 
(for 0.38 gauss) 

Ion tn = 000- 3 s) tn = 100-3 s) ot(10-3 s) 

Li+ 3.0 8.9 5.9 
Ca2+ 8.6 25.8 17.2 
Na+ 9.9 29.6 19.7 
K+ 16.8 50.4 33.6 

Ux iw WB 0 Ex 
wfi-w2 Wfi-W2 

Uy q WB iw 0 Ey 
m - wfi-w2 Wfi-w2 

Uz 0 0 Ez 
w 

(29) 

This allows us to express the kinetic energy of the ion as a function of the electric 
field 

KE= m (_51)2 (E~ + E~ _ E~) 
2 m wfi - w2 w2 (30) 

Assume that the electric field is applied normally to the earth's (vertical) 
magnetic field so that E2 = 0. As the applied frequency approaches w8 , we can write 

wfi - w2 = 2w8 · ow , 

where ow = w8 - w. In this case the kinetic energy reduces to: 

q2 E21 
KE=-·-~ 

4m WB' OW. 

(31) 

(32) 

Lacking precise information in the literature as to the potential distribution within 
membrane channels, the connection between the radius of a given helix and the 
particle energy is difficult to estimate. Nevertheless, we can point out that equation 
32 implies that, for applied frequencies about 1 Hz removed from a static gyrofre
quency of 15 Hz, the application of an electric field of magnitude -0.1 V /m would 
result in an energy transfer of about 10 eV, well in excess of kT. However, this 
calculation suffers from not knowing the degree of damping. One must first reduce 
the velocity in equation 29 by the appropriate damping factor before coming to a firm 
estimate of the useful energy that can be extracted from the applied field. Indeed, it 
is likely that an estimate of the damping factor is critical to the further development 
of this model. 
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CONCLUSIONS 

An effort has been made in this paper to provide the relevant groundwork that 

may serve to relate cyclotron resonance theory to biosystems, particularly those 

enjoying helical symmetry. The basic structure of transmembrane protein channels is 

currently under active study. It is by no means clear that such channels either take the 

shape of or support helical pathways. Indeed, the simplest model is a straight cylinder 

with a bore large enough to accommodate the carrier. However, there is sufficient 

evidence in the literature to indicate that channel walls are composed of a-helical 

subunits, suggesting the possibility of an intrinsic helicity, either as a structural feature 

or in terms of the electric potential. One example incorporating helical subunits is 

found in the structure of the photon-driven proton pump, bacteriorhodopsin [Alberts 

et al, 1983], a protein that spans the membrane as seven twisted a-helices. Still 

another is the acetylcholine receptor, a complex of three to five a-helical transmem

brane units [Popot and Changeux, 1984]. Finally, the gramicidin A transmembrane 

cation channel has a well characterized a-helical structure [Weinstein et al, 1979]. 

The model proposed by Liboff [1985] allows one to design various experiments that 

could be used to test its validity in terms of such classical concepts as the motion of 

charged particles in static and periodic fields. However, certain difficulties result, not 

the least of which is that the analysis of the motion of ions in time-varying magnetic 

fields is somewhat more complicated than for time-varying electric fields. At frequen

cies w < < wB, the cyclotron resonance frequency for a biosystem will vary depend

ing on the relative amplitudes of the geomagnetic and applied fields. Judging from 

Figures 3 and 4, it might be possible to adjust these parameters for optimal response. 

Estimates of possible modulation times for cyclotron resonance conditions appear to 

be of the order of tens of msec. 
One interesting result is that, because of the circular decomposition of the 

electric field into left and right components, it would appear that oppositely charged 

ions can be accelerated in the same direction through trans-membrane helical channels. 

Realistic estimates of the energy transferred from the periodic field to the ion 

are not yet possible inasmuch as loss mechanisms have not been included in our 

analysis. Nevertheless, a reasonable estimate at relatively modest field strengths ( < 1 

V /m) indicates that energy transfers in excess of kT should readily occur for helically 
constrained membrane ions at geomagnetic field strengths. It is worth speculating to 

suggest that some of the wide variations in biomagnetic experimental results in the 

literature, even for seemingly similar experiments, can be accounted for if geomag

netic cyclotron resonance does indeed play a key biologic role. Virtually none of the 

experiments in the past enjoyed a sufficiently controlled or measured magnetic 

environment. Judging from the introductory analysis in this paper, the interplay of 

parameters is sufficiently complex to preclude accidentally reproducible experiments. 
Finally, one can compare cyclotron resonance coupling with earlier models of 

interaction between time-varying fields and cells. For experiments in which cell 

response was studied as a function of eddy-current density, little or no variation with 

intensity was observed [Sisken et al, 1984; Liboff et al, 1984]. One interpretation of 

these results is that time-varying fields may have their focus of interaction within the 

cell [Liboff and Homer, 1983] rather than at the surface. However, this would imply 

that there are biologically meaningful levels of intracellular current density much 

smaller than the more reasonable 1 µA/cm2 originally calculated by McLeod et al 



Membrane Ions in ELF Fields 187 

[1983] for the case of surface current density. There is the possibility that cyclotron 
resonance serves to pump intracellular regions such as channels by increasing the 
local effective conductivity. 
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APPENDIX A 
The relative dielectric tensor has the general form: 

where, for the present case 
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and 

APPENDIX B 
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The cyclic position of the Lorentz force equations is given by: 
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If one multiplies by the conjugate vector operator ( - iw + w B x), the result is 
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---+ 
Similarly, the component of velocity perpendicular to wB is found by forming the 

---+ 
vector product of w B with equation B3. Thus 

q ---+ ---+ ---+ iqw ---+ ---+ 
- (wB X WB X E) - - (ws X E) 
m m (B7) 
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resulting in 
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50-Hz Electromagnetic Environment and 
the Incidence of Childhood Tumors in 
Stockholm County 

Lennart Tomenius 

Former Medical Officers of Health, County of Stockholm, Stockholm, Sweden 

The magnetic fields from overhead power lines and other electromagnetic sources were 

determined at the birth and diagnosis dwellings of all tumor cases reported in the county 
of Stockholm during the years 1958-73 for individuals 0-18 years of age. The study was 
limited to 716 cases having a permanent address in the county both at time of birth and 
diagnosis. An equivalent number of controls was matched to the cases according to church 
district of birth, age, and sex. Outside each dwelling, the occurrence of visible electrical 
constructions (6-200-kV high-voltage wires, substations, transformers, electric railroads, 
and subways) within 150 m of the dwelling was noted. Also, the 50-Hz magnetic field was 
measured outside the main entrance of the dwelling. Visible 200-kv wires were noted at 
45 of 2,098 dwellings and were found twice as frequently among cases as among controls 
(P < .05). The magnetic field measured at the dwelling varied between 0.0004 to 1.9 µJ 
(mean value 0.069 µT). The magnetic field was higher (0.22 µT) at dwellings with yisible 
200-kV wires than at those without such wires. Magnetic fields of 0.3. µT or tn0re were 

measured at 48 dwellings, and were found twice as frequently among sases as among 
controls (P < .05). The difference was most pronounced for dwellings of nervous system 
tumors and was less for leukemias. 

Key words: electric current, electrical wires, magnetic fields, cancer, children, epidemiology 

INTRODUCTION 

Wertheimer and Leeper [1979] published an epidemiological study from the 
greater Denver area in Colorado that showed an excess of electrical wiring configu
rations suggestive of high current flow (60-Hz) near the homes of children who had 
developed cancer as compared to the homes of control children. It has not been shown 
yet that the relationship'between childhood cancer and electrical wiring configurations 
found by Wertheimer and Leeper exists in other places. Contrary to the results of 
Wertheimer and Leeper, no relationship was found between leukemia and electric 
power line configurations in Rhode Island by Fulton et al [1980]. Wertheimer and 
Leeper [1980] believe that the differences between their results and those of Fulton et 
al could be explained by differences in the method of classifying certain wires and of 
matching controls, and that differences in the electrical distribution system should 
cause a higher background magnetic field exposure for the Rhode Island population 
than for the population in Denver. 
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It was of interest to see if the relationship could be reproduced in countries with 
a different frequency of alternating current and/or different electrical distribution 
systems, such as those that occur in Sweden. In contrast to the conditions in the 
Denver area (60-Hz), 50-Hz alternating current is used in Sweden and the electrical 
wires are mostly buried cables rather than overhead lines. 

Wertheimer and Leeper [1979] have several tentative explanations concerning 
the relationship between childhood cancer and electrical wiring configurations. They 
proposed that the magnetic field from current in the power lines may directly ( causal 
effect) or indirectly (eg, change the distribution of some ambient environmental 
carcinogen) affect cancer incidence. Indications of other factors causing the relation
ship, such as social class, neighborhood, congested streets, or family characteristics, 
were not found in the Denver study, but the authors point out that such factors have 
not been exhaustively investigated. 

The method used in the Denver area by Wertheimer and Leeper for classifying 
homes into high-or low-current configurations could not be directly used in a Swedish 
study because of the more frequent use of buried cables in Sweden. As wires in which 
current is transported are surrounded by a magnetic field, measurement of the current 
might be used as an index of the magnetic field. However, this method has the 
drawback that the distribution of the magnetic field varies for different types of wires 
[Holm and Troedsson, 1980]. In the present study, the current flow was determined 
both by observations and recording visible electrical constructions and by the mea
surement of 50-Hz magnetic fields at the birth and diagnosis dwellings of tumor cases 
and of matched controls (0-18 years of age). 

In the Denver study, dwellings were classified as having "high current configu
rations" (HCC's) when they were situated within a certain distance (less than 15-40 
m) from different types of wires. It was not stated, however, how the different 
distances were determined. In the present study, different electrical constructions with 
high current flow were recorded. The same distance (150 m from the dwelling) was 
used for all types of electrical constructions in our study because it was the longest 
distance to any structure (a substation) that Wertheimer and Leeper reported. 

MATERIALS AND METHODS 

In the county of Stockholm ( city of Stockholm plus 22 other neighboring 
communities with 1.38 million inhabitants in the year 1965) 891 tumor cases were 
diagnosed and registered (obligatory) in the Swedish Cancer Registry during the years 
1958-73 in individuals 0-18 years of age. This study included only those 716 initial 
tumors that were registered for individuals both born and diagnosed in the county of 
Stockholm (Table 1). Of the 891 registered cases, 29 were excluded because of double 
registration, wrong year of birth, or not having a permanent address in the county of 
Stockholm at the time of diagnosis. Another 145 individuals were excluded because 
they were not born in the county of Stockholm. One tumor case was excluded because 
the study was limited to the first primary tumor in each individual. The remaining 
716 cases consisted of 660 malignant and 56 benign tumors. 

For each tumor case, a control individual was matched according to age, sex, 
and church district of birth. The matched control individual was chosen from birth 
registration records in the parish office as the individual of the same sex born just 
before or after the tumor case. Those 400 tumor cases that still lived in their church 
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TABLE 1. Distribution of Persons and Dwellings of Tumor Cases and Controls Available for 
Analysis 

Tumor cases Controls Total 

Persons Dwellings Persons Dwellings Persons Dwellings 

Same birth and diagnosis dwelling 260 260 417 417 677 677 
Different birth and diagnosis 

dwelling 
Same church district 140 280 160 320 300 600 
Different church district 316 632 139 278 455 9IO 

Total 716 1,172 716 1,015 1,432 2,187 

district of birth at the time of diagnosis had a control individual who lived in the same 
church district at the time of diagnosis. The remaining 316 tumor cases who had 
moved from their church district of birth at the time of diagnosis had a control 
individual who still lived either inside or outside his church district of birth. Only 
control individuals with both birth and diagnosis addresses in the county of Stockholm 
were used. The above conditions for matching the control individuals meant that 
among the total number of birth and diagnosis dwellings (2,187 dwellings), dwellings 
of tumor cases (1,172 dwellings) exceeded those of control individuals (1,015 dwell
ings) (Table 1). 

Visible electrical structures that might indicate high-current flow were recorded 
at birth and diagnosis dwellings if they occurred within 150 m of the dwellings. The 
electrical constructions that were noted were high voltage wires (6-200 kV), substa
tions, transformers, electric railroads, and subways. The distance to the electrical 
constructions from the nearest part of the dwelling was measured by pacing the 
distance by foot. 

The magnetic field (50-Hz) was measured outside the entrance door of the 
individual dwellings (single-family houses) and near the outside door and the individ
ual apartment door in apartment houses. Measurements were done "blind" (one could 
not see from the list of addresses if a certain address belonged to a tumor case or a 
control individual). The magnetic field was measured with an instrument that con
sisted of a coil (645 turns of a wire with a cross-sectional area of 0.14 mm2

, 16-cm 
inner diameter and 24.8-cm outer diameter of the coil), an amplifier (Princeton 
Applied Research, Model 113) with a filter and an oscilloscope (Tektronix, Model 
221). The filter in the amplifier made the instrument equally sensitive to all frequen
cies of magnetic fields exceeding 30 Hz. The frequency and intensity of the measured 
magnetic fields were observed with the oscilloscope. The instrument had rechargeable 
batteries. During recording, the coil was held in one hand 0.75 m above the ground 
or floor and turned until maximum deflection on the oscilloscope was achieved. The 
peak was recorded at a frequency of 50 Hz. The instrument was calibrated with a 
standardized current through a smaller coil located in the center of the measurement 
coil. 

RESULTS 

Two thousand and ninety-eight birth and diagnosis dwellings were visited. They 
consisted of 1,129 dwellings of tumor cases and 969 dwellings of controls (Table 2). 
The remaining 89 dwellings ( 4 % ) were either demolished or not occupied. 



TABLE 2. Distribution of Dwellings of Tumor Cases and Controls Whether the Dwelling Could be Found or not (Visible Electrical Constructions 
Were Recorded and the Magnetic Field Measured at the Dwellings That Were Found) 1· 

Dwellings of tumor cases Dwellings of controls All dwellings 

Dwellings Dwellings Dwellings Dwellings Dwellings Dwellings 
found not found Total found not found Total found not found Total 

Same birth and 252 8 260 410 7 417 662 15 677 
diagnosis dwelling (97) (3) (100) (98) (2) (100) (98) (2) (l00) 

Different birth 877 35 912 559 39 598 1,436 74 1,510 

and diagnosis (96) (4) (l00) (93) (7) (l00) (95) (5) (100) 

dwelling 
All dwellings I, 129 43 1,172 969 46 1,015 2,098 89 2,187 

(96) (4) (l00) (95) (5) (100) (96) (4) (l00) 

tNumbers in parentheses indicate percentage of total. 
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Visible Electrical Construction 

Only at 196 (9.3 % ) of the visited dwellings (2,098) were visible electrical 
constructions observed: 200-kV wires at 45 dwellings (2 .1 % ) ; 6 to < 200-kV wires 
at 18 dwellings; substations at 12 dwellings; transformers at 26 dwellings; electric 
railroads at 58 dwellings; and subways at 37 dwellings (Table 3). If more than one 
electrical construction was observed, only the first one was considered according to 
the above sequence. 

Tumor-dwellings showed an excess of visible electrical constructions both for 
the 200-kV wire group and for total visible constructions. The excesses were statisti
cally significant (P < .05, x2 test). 

TABLE 3. Number of Dwellings of Tumor Cases and Controls Separated According to Distance From 
Visible Electrical Constructions Within 150 m (Mean Values of the Magnetic Fields at the Dwelling are 
Given Below)t 

Distance 
between 
dwelling 
and 200-kV wires 6- < 200 kV wires Substations Transformers 
electrical Rela- Rela- Rela- Rela-
construction Con- tive Con- tive Con- tive Con- tive 
(m) Case trol risk Case trol risk Case trol risk Case trol risk 

0 - 49 10 5 1.7 7 2 3.0 3 4 0.6 6 8 0.6 
50 - 99 14 7 1.7 5 4 I. I 3 2.6 4 6 0.6 

100 - 150 8 1 6.9 0 0 I 0 (oo) 2 0 ( 00) 

Total 32 13 2.1 * 12 6 1.7 7 5 1.2 12 14 0.7 

Magnetic 
field at the 
dwelling 
Mean value 0.182 0.329 0.047 0.044 0.075 0.052 0.069 0.060 

(µT) 

Distance 
between 
dwelling Electric 
and railroads Subways Total 
electrical Rela- Rela- Rela-
construction Con- tive Con- tive Con- tive 
(m) Case trol risk Case trol risk Case trol risk 

0 - 49 6 4 1.3 11 8 1.2 43 31 1.2 
50 - 99 21 12 1.5 7 6 1.0 54 36 1.3 

100 - 150 9 6 1.3 2 3 0.6 22 10 1.9 

Total 36 22 1.4 20 17 1.0 119 77 1.3* 

Magnetic 
field at the 
dwelling 
Mean value 0.072 0.075 0.079 0.048 0.100 0.105 

(µT) 

tRelative risk and significance calculations based on the case-control distribution of all 2,098 dwellings in the 
sample. 
*P ~ .05 by x2-test (only given where the expected count in each category is at least 5 and where the relative risk 
differs from 1.0). 
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It could not be determined from the visual observations how long the electrical 
constructions had existed. When the owners of 200-kV wires were asked for the year 
of construction, it was found that most wires existed at the dwellings at birth and 
diagnosis. The 200-kV wires did not exist at 3 of the 45 dwellings. 

The 45 dwellings with visible 200-kV wires were inhabited by 42 different 
individuals (29 cases and 13 controls). Of these, three tumor cases had separate birth 
and diagnosis dwellings. 

Magnetic Field 

The magnetic fields (50-Hz) measured at the dwellings (outside the entrance 
door) averaged 0.069 µT, with a range of 0.0004 to 1.9 µT. The magnetic field 
outside the door of the tumor dwellings (0.069 µT) and control dwellings (0.068 µT) 
were not significantly different (P > .05, t-test) (Table 4). A magnetic field of 0.3 
µTor more was recorded at 48 dwellings, and among them the number of dwellings 
of tumor cases was significantly higher than expected (P < .05, x2 test). 

Among the dwellings without visible electrical constructions (1902 dwellings) 
there were 37 dwellings with a magnetic field of 0.3 µT or more, of which 27 were 
tumor dwellings and significantly higher than expected (P < .05, x2 test). 

Among the dwellings with a visible electrical construction (196 dwellings) there 
were 11 dwellings with a magnetic field of 0.3 µT or more, of which seven were 
dwellings of tumor cases, which was not significantly different (P > .05, x2 test) 
from control dwellings. 

The magnetic field for the group of dwellings with visible 200-kV wires (0.22 
µT) was higher than the average (0.069 µT). The difference is significant (P < .05, 
t-test). 

The increased magnetic field when there are visible 200-kV wires (0.22 µT) is 
higher for dwellings situated close to the wires than further away (Table 5). The 
magnetic field averaged 0.53 µT for the dwellings in the closest distance range (0-24 
m) and declined for dwellings situated further away, decreasing to 0.10 µT for 
dwellings at 75-99 m and 0.11 µT for dwellings at 100-150 m. 

The magnetic field was also measured under the wires (center conductor) at 42 
of the dwellings with visible 200-kV wires, and varied between 0.25 and 6.5 µT with 
a mean value of 2.5 µT. 

The magnetic field measured at the dwellings with visible 200-kV wires (45 
dwellings) was significantly correlated (r= 0.45, P < .01) with distance from the 
200-kV wires, and decreased with increasing distance of the dwellings from the 
wires. The magnetic field measured at the dwellings was also significantly correlated 
(r= 0.43, P < .01) with the magnetic field under 200-kV wires, and increased with 
increasing magnetic field under the wires. 

When the expected magnetic field at these 42 dwellings was calculated (geo
metrical mean of the magnetic fields for two extreme heights of the wire) and 
compared to the magnetic field measured at the same dwellings with visible 200-kV 
wires, the correlation was large and significant (r= 0.96, P < .001). The geometric 
mean for the two extremes of the theoretically expected magnetic field averaged 0.27 
µT, which was somewhat higher than the average of the magnetic fields at the 
dwellings (0.23 µT). The theoretically expected magnetic field at each dwelling was 
calculated 0.75 m above ground from the distance between the phases, height of wires 
at the pole, height of wires at midspan between the poles, the measured magnetic 



TABLE 4. Number of Dwellings of Tumor Cases and Controls With Different Magnetic Fields and Visible Electrical Constructions t 

Magnetic field 
at the 200-kV wires Other construction No construction Total 
dwelling Relative Relative Relative Relative 
(1.tT) Case Control risk Case Control risk Case Control risk Case Control risk 

;;,,0.3 5 4 I.I 2 0 (oo) 27 10 2.3* 34 14 2.1 * 
<0.3 27 9 2.6* 85 64 I. I 983 882 1.0 1,095 955 1.0 

Total 32 13 2.1 * 87 64 1.2 1,010 892 1.0 1,129 969 

Mean 0.182 0.329 0.070 0.060 0.066 0.065 0.069 0.068 

tRelative risk and significance calculations based on the case-control distribution of all 2,098 dwellings in the sample. 
*P < .05 by x2-test (only given where the expected count in each category is at least 5 and where the re,lative risk differs from 1.0). 



TABLE 5. Magnetic Field (µ,T) Measured (0.75 m Above Ground) at the Dwelling and Under the Visible 200-kV Wires Separated Into Five Groups 

According to the Distance (Meters) to the Wires 

Distance from 200-kV wires to the dwelling 

0-24 m 25-49 m 50-74 m 75-99 m 100-150 m 0-150 m 

At Under At Under At Under At Under At Under At Under 

dwelling wires dwelling wires dwelling wires dwelling wires dwelling wires dwelling wires 

0.121 0.48 0.106* 2.8 0.050 1.45 0.01 I* 0.28 0.013 0.65 All values All values 

0.13* 0.25 0.162* 1.5 0.052 0.44 0.044* 3.0 0.032* 0.7 at the under 

0.131 * 0.48 0.22* 1.7 0.060* 0.6 0.106* 2.6 0.038* 1.5 dwellings; the wires; 

0.342* 3.6 0.24* 3.0 0.065* 2.2 0.115 2.7 0.056* n = 45. n = 42. 

0.42 3.6 0.29* 4.6 0.070* 2.2 0.12 6.5 0.060* 5.2 

0.70* 3.4 0.40 1.9 0.076* 1.7 0.12 4.0 0.101* 

1.9 5.2 0.56* 5.2 0.131 * 2.6 0.13* 3.6 0.12* 2.8 
0.65 4.0 0.132* 1.7 0.162 0.181 * 0.6 

0.16 1. 7 0.36* 0.48 
0.24* 5.2 
0.27* 2.5 
0.28* 2.5 
0.38* 4.6 

(0.53) t (2.43) (0.33) (3.09) (0.15) (2.26) (0.10) (3.24) (0.11) (1.70) (0.22) (2.52) 

*, dwelling of tumor case; the others are dwellings of controls; ---, no measurement. 

tParentheses indicate the mean value. 
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field under the center conductor (closest to the dwelling), and its distance perpendic
ular to the wire. (The phase distance and the height above ground at the pole and at 
midspan between two poles was given by the owners. The formula for calculating the 
magnetic field perpendicular to the wires with distance was determined by the 
Swedish State Power Board.) 

Birth and Diagnosis Dwellings 

The number of individuals still living in their dwelling of birth at the time of 
diagnosis was greater for controls than for tumor cases (Table 1). Dwellings of birth 
might more often be situated in certain types of houses (eg, older houses, apartment 
houses) than dwellings of diagnosis. Therefore, it was necessary to study whether 
both groups showed the same result when the data was analyzed according to birth or 
diagnosis dwellings. 

Among dwellings with visible 200-kV wires, there were significantly (P < .05, 
x2 test) more tumor dwellings than expected in diagnosis dwellings (Table 6, Persons). 
For other dwellings and for the total of 200-kV wires and other dwellings, a higher
than-expected number of tumor dwellings also exists among dwellings with a mag
netic field of ~ 0.3 µT in both birth and diagnosis dwellings. The difference was 
statistically significant (P < .05, x2 test) for each group. 

Permanent Versus Transient Residences 

When the cases and controls are divided into those with permanent or transient 
residences (Table 6), the number of tumor dwellings are significantly higher (P < 
.05, x2 test) for permanent residences with a magnetic field of ~ 0.3 µT. 

Permanent Versus Transient Church Districts 

Data were analyzed from tumor cases that still lived in their church district of 
birth at the time of diagnosis (controls still living in the church district of birth) and 
from those tumor cases that had moved away form the church district but still lived 
in the county of Stockholm. A higher rate of tumor dwellings occurred in dwellings 
with visible 200-kV wires (significant, P < .05, x2 test) when the cases still lived in 
the same church district (Table 7). The result did not vary by changing the way the 
controls were chosen. 

Types of Tumor 

In total tumors, a higher-than-expected number of tumor dwellings was found 
in dwellings with a magnetic field of ~ 0.3 µT (Table 8). However, in total malignant 
tumor cases and total tumors the number of dwellings of cases were greater than 
expected in those with 200-kV wires and a magnetic field of < 0.3 µT, but for other 
dwellings the number of dwellings of cases was greater than expected at magnetic 
fields of ~ 0.3 µT. Among the five types of tumors listed in Table 8, only nervous 
system tumors had a greater number of dwellings of cases than expected at magnetic 
fields of ~ 0.3 µT. 

Sex Distribution 

A higher-than-expected number of tumor dwellings with visible 200-kV wires 
existed for females when the group is subdivided according to sex (males, relative 
risk 1.3, not significant, P > .05, x2 test; females, relative risk 3.3, significant, P < 
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TABLE 6. Number of Dwellings of Tumor Cases and Controls Separated Into Birth and Diagnosis Dwellings, at Different Magnetic Fields and 
Visible Electrical Construction (200-kV Wires)t 

Type of 
dwelling: 200-kV wires Other dwellings Total 

magnetic Relative Relative Relative 
field (µT) Case Control risk Case Control risk Case Control risk 

Dwellings 
Permanent 

;;;,0.3 2 3.3 8 2 6.5 IO 3 5.4* 

<0.3 5 4 2.0 237 403 1.0 242 407 1.0 
Total 7 5 2.3 245 405 1.0 252 410 

Transitory 
birth dwelling 

;;;,0.3 2 2 0.6 9 3 1.9 11 5 1.4 

<0.3 7 1 4.4 412 265 1.0 419 266 1.0 
Total 9 3 1.9 421 268 1.0 430 271 

Transitory 
diagnosis 
dwelling 

;;30.3 I 0.6 12 5 1.5 13 6 1.4 

<0.3 15 4 2.4 419 278 1.0 434 282 1.0 
Total 16 5 2.1 431 283 1.0 447 288 

Persons 
Birth dwelling 

;;30.3 4 3 1.3 17 5 3.4* 21 8 2.6* 

<0.3 12 5 2.4 649 668 1.0 661 673 1.0 
Total 16 8 2.0 666 673 1.0 682 681 

Diagnosis dwelling 
;;;,0.3 3 2 1.5 20 7 2.9* 23 9 2.6* 

<0.3 20 8 2.5* 656 681 1.0 676 689 1.0 
Total 23 10 2.3* 676 688 1.0 699 698 

tRelative risks and significance values were calculated on the basis of the total case-control distribution for each specified type-of-dwelling group. Number 

of persons in birth and diagnosis dwellings. Dwellings that are both birth and diagnosis dwellings are included in both groups. 

*P < .05 by x2-test (only given where the expected count in each category is at least 5 and where the relative risk differs from 1.0). 



TABLE 7. Number of Dwellings of Tumor Cases and Controls Separated Into Tumor Cases (With Matched Controls) at the Same or Different 
Church Districts From That of Birth t 

Birth and diagnosis 200-kV wires Other dwellings Total 
dwelling of tumor cases: Relative Relative Relative magnetic field (µT) Case Control risk Case Control risk Case Control risk 

Same church district 
:;c,0.3 3 2 1.4 II 5 2.1 14 7 1.9 
<0.3 18 6 2.9* 489 489 1.0 507 495 1.0 
Total 21 8 2.5* 500 494 1.0 521 502 

Different church districts 
:;c,0.3 2 2 0.8 18 5 2.8 20 7 2.2 
<0.3 9 3 2.3 579 457 1.0 588 460 1.0 
Total II 5 I. 7 597 462 1.0 608 467 

tRelative risks and significance values were calculated on the basis of the total case-control distribution for each dwelling-type group. 
*P < .05 by x2-test (only given where the expected count in each category is at least 5 and where the relative risk differs from 1.0). 



TABLE 8. Number of Dwellings of Tumor Cases and Controls in Different Diagnosis Groups for Diffirent Magnetic Fields and Visible Electrical 

Constructions (200-kV Wires)t 

Type of 
tumor: 200-kV wires Other dwellings Total 

magnetic Relative Relative Relative 

field (µT) Case Control risk Case Control risk Case Control risk 

Leukemia 
;;;,o.3 0 2 0 4 8 0.4 4 IO 0.3 

<0.3 5 2 2.2 234 200 1.0 239 202 1.0 

Total 5 4 I. I 238 208 1.0 243 212 

Lymphomas 
;;;,0.3 0 l 0 2 0 (oo) 2 1.8 

<0.3 5 2 2.2 125 113 1.0 130 115 1.0 

Total 5 3 1.5 127 113 1.0 132 116 

Nervous system 
;;;,0.3 3 2.6 IO 2 4.3 13 3 3.7* 

<0.3 6 I 5.2 275 249 1.0 281 250 1.0 

Total 9 2 3.9 285 251 1.0 294 253 

Other 
;;;,o.3 I 0 (oo) IO 0 (oo) II 0 (oo) 

<0.3 8 3 2.3 344 306 1.0 352 309 1.0 

Total 9 3 2.5 354 306 1.0 363 309 

Total malignant 
;;;,0.3 4 4 0.9 26 IO 2.2* 30 14 1.8 

<0.3 24 8 2.6* 978 868 1.0 1,002 876 1.0 

Total 28 12 2.0 1,004 878 1.0 1,032 890 

Benign 
;;;,0.3 I 0 (oo) 3 0 (oo) 4 0 (oo) 

<0.3 3 2.4 90 78 0.9 93 79 1.0 

Total 4 3.3 93 78 1.0 97 79 

Total tumors 
;;;,0.3 5 4 1.1 29 IO 2.5* 34 14 2.1 * 

<0.3 27 9 2.6* 1,068 946 1.0 1,095 955 1.0 

Total 32 13 2.1* 1,097 956 1.0 l, 129 969 

tRelative risks and significance values were calculated on the basis of the case-control totals distribution for each subtype group. 

*P < .05 by x2-test (only given where the expected count in each category is at least 5 and where the relative risk differs from 1.0). 
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.05, x2 Test). When only malignant tumor cases are considered the differences (males, 
relative risk 1.5; females, relative risk 2.7) are not significant (P > .05, x2 test). 

Also, a higher-than-expected number of tumor dwellings with a magnetic field 
of ~0.3 µT exists in females (males, relative risk 1.4, not significant, P > .05, x2 
test; females, relative risk 2.8, significant, P < .05, x2 test). When only the dwellings 
of the malignant cases are included, the differences are not significant (P > .05, x2 
test; males, relative risk 1.4; females, relative risk 2.3). 

Age at Diagnosis 

Among total tumors, a higher-than-expected number of tumor dwellings was 
found in dwellings with a magnetic field of ~0.3 µT. A higher-than-expected number 
of tumor dwellings also exists for the youngest age group (0-4 years of age) when 
evaluated according to age for dwellings with a magnetic field of ~0.3 µT (Table 9). 
The increase is significant (P < .05, x2 test). However, the significantly increased 
number of tumor dwellings among dwellings of total tumors with 200-kV wires did 
not exist in any of the age groups, but the number of tumor dwellings was significantly 
greater than expected for the dwellings with < 0.3 µT in the middle age group (5-13 
years of age). 

Magnetic Field at the Street Door 

In apartment houses, the magnetic field was measured both outside the entrance 
of the dwelling (individual apartment) and in front of the street door. The proportion 
of tumor dwellings was the same, 53 % , among the 1,499 dwellings situated in 
apartment houses as among the dwellings in single-family houses. The magnetic field 
measured at the street door of the apartment houses varied between 0.001 to 1.9 µT 
with a mean value of 0.12 µT, which was significantly (P < .001, t-test) higher than 
the magnetic field outside the entrance of individual units (0.075 µT) of the apartment 
house. The magnetic field measured at the street door of the apartment houses with 
visible 200-kV wires (0.26 µT) was significantly (P < .05, t-test) higher than for 
total street doors (0.12 µT). The magnetic field at the street door of apartment houses 
with 200-kV wires was significantly correlated (r= 0.90, P < .001) with the 
magnetic field levels measured outside the entrance door of individual apartments. 
The result is consistent with the theory that the increased magnetic field both at the 
apartment and at the street door was caused by a common source for the magnetic 
field, such as current flow in visible 200-kV wires. 

The magnetic field at street doors without visible 200-kV wires was less 
correlated but still significant (r = 0.42, P < .001) to the magnetic field measured 
outside the entrance door of the individual apartment. In apartment houses where the 
dwelling had a magnetic field of ~0.3 µT, and was without visible 200-kV wires, the 
magnetic field at the street door (0.37 µT) was also significantly (P < .001, t-test) 
higher than for total street doors (0.12 µT). The increase in magnetic field both at the 
dwelling and at the street door could be caused by some common source of magnetic 
field outside or inside the house, although it was not localized. 

DISCUSSION 

For all dwellings with any type of visible electrical construction, the number of 
tumor dwellings was significantly greater than expected. But for different types of 



TABLE 9. Number of Dwellings of Tumor Cases and Matched Controls in Different Diagnosis-Age Groups at Different Magnetic Fields and 

Visible Electrical Construction (200-kV Wires)t 

Diagnosis-age: 
magnetic 200-kV wires Other dwellings Total 

field Relative Relative Relative 

(µ,T) Case Control risk Case Control risk Case Control risk 

0-4 
:;,0.3 4 I 3.5 15 5 2.6 19 6 2.8* 

<0.3 7 4 1.5 339 310 1.0 346 314 1.0 

Total II 5 1.9 354 315 1.0 365 320 

5-13 
:;,o.3 0 2 0 9 4 1.9 9 6 1.2 

<0.3 14 3 3.8* 348 297 1.0 362 300 1.0 

Total 14 5 2.3 357 301 1.0 371 306 

14-18 
:;,0.3 I I 0.9 5 I 4.4 6 2 2.6 

<0.3 6 2 2.6 381 339 1.0 387 341 1.0 

Total 7 3 2.0 386 340 1.0 393 343 

tRelative risks and significance values calculated on the basis of the total case-control distribution for each specified age-group. 

*P < .05 by x2-test (only given where the expected count in each category is at least 5 and where the relative risk differs from 1.0). 
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electrical constructions at the dwellings, only the 200-kV wires were associated with 
a significantly higher number of tumor dwellings than expected. 

The result is in accordance with the hypothesis that the relationship between 
electrical constructions and tumor dwellings is found only for the type of construction 
(200-kV wires in this study) that causes an increased magnetic field at the dwelling. 
Our results for dwellings with visible 200-kV wires in the county of Stockholm is 
consistent with the result for homes with "high current configurations" (HCC) in the 
Denver study by Wertheimer and Leeper [1979]. 

The results were not related to the distance to the 200-kV wires within 150 m. 
This might indicate that there is no dose/response relationship between tumor rate 
and the distance to the wires within a certain threshold-distance, and that this threshold 
distance is larger than 150 m. One can speculate that some other factor related to the 
presence of 200-kV wires might be of importance. Wertheimer and Leeper [1979] 
discussed the possibility that the magnetic fields in the vicinity of power lines might 
change the distribution of some ambient environmental carcinogen. 

The higher-than-expected number of tumor dwellings among the dwellings with 
an increased magnetic field (;;::: 0.3 µT) is consistent with the hypothesis of a causal 
effect of magnetic field, but the result might also be due to some other factor 
correlated to the magnetic field. 

The high correlation between the magnetic field at the street door and the 
entrance door of the dwelling when visible 200-kV wires are present is consistent 
with the theory that the magnetic field caused by current in high-voltage 200-kV wires 
around the house is more widespread than the field from wires inside the house. This 
is because the decrease of the magnetic field with distance is much less for high
voltage wires than for those with lower voltages with a shorter distance between the 
phases [Holm and Troedsson, 1980]. Thus, the spatial variation of the magnetic field 
in the house situated in the vicinity of 200-kV wires can be expected to be lower than 
for other houses where the increased field at the dwelling may have been caused by 
closeness to wires in the wall. The increased magnetic field in dwellings close to 200-
kV wires might be more representative of the average field in different parts of the 
house, and thus for the exposure, than the increased magnetic field when there are no 
visible 200-kV wires around the house. 

We have not been able to confirm whether the wires that caused the increased 
magnetic field also existed at the time of exposure. Only in a few cases could the 
increased magnetic field be explained by the proximity to 200-kV wires (most 200-
kV wires did exist at the time of exposure). Closeness to 200-kV wires can thus be 
more representative of an increased magnetic field at the time of exposure than a high 
magnetic field measured today at the other dwellings. 

The factor relating tumor dwellings and 200-kV wires seems to affect all five 
diagnosis groups in the same way and is in agreement with the results in the Denver 
study. Four of the five diagnosis groups also showed a tendency for a relationship 
between tumor dwellings and an increased magnetic field (;;::: 0.3 µT) at the dwelling, 
although the difference only was significant for nervous system tumors. The lack of 
excess risk for leukemias resembles the result in the study by Fulton et al [1980]. 

The results are more pronounced for females than for males, which is not in 
accordance with the result of the childhood cancer study by Wertheimer and Leeper 
[1979] but is in agreement with their [1982] adult cancer findings. However, there is 
some difference between our methods, in that sex-matched controls were used in the 
Swedish investigation but not in the Wertheimer and Leeper study. 
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Whether there is also a difference between the studies in the magnitude of the 

magnetic fields at the dwellings is not known. The childhood cancer study from 

Denver did not include information about the levels of the magnetic fields at the 

dwellings. Also, the data from the study on adult cancer by Wertheimer and Leeper 

[1982] did not give complete information; the field at the dwellings varied between 

0.05 and 1 µT but the mean value was not given. The median varied between < 0.05 

and 0.25 µT for four types of houses. The magnetic fields measured in the county of 

Stockholm look rather representative for any area in Europe, with much of the current 

transported in cables and with 50-Hz alternating current being used. The measure

ments were similar to those of Perry et al [1981] in West Midlands, England. They 

found that the magnetic field measured at the residence (0.5 m from front door of the 

residence and 1 m above ground) varied between 0.001 and 1.5 µT, with a mean of 

0.08 µT and a median of 0.04 µT. 

The magnetic field measured under 200-kV high voltage wires in the county of 

Stockholm had a maximum of 6.5 µT, a median of 2.5 µT, and 95% (40/42) of 

the measurements were >0.3 µT. The measurements of 60~Hz magnetic fields in 

Colorado in 1976-77 [Wertheimer and Leeper, 1979, Table l], under high-voltage 

wires, showed (for 22 sites) a maximum measurement of 2 µT, a median of 0.33 µT, 

and 54.5% of the measurements were >0.3 µT. The magnetic field was measured 

under 50-230-kV wires in the Denver study and under 200-kV wires in the Swedish 

study. Later, Wertheimer and Leeper [1982, Table 2A] measured magnetic field under 

high-voltage wires (voltage not given) at 40 sites; the maximum value was 2. 7 µT, 
the median was 0.6 µT, and 72.3 % of the measurements were > 0.3 µT. It cannot be 

determined if the higher average magnetic field under the wires in the Swedish study 

is caused by the difference in current load in the wires between the studies (50-230-

kV in Denver, 200-kV in the county of Stockholm), or if there were other differences, 

such as distance between phases, distance above ground, average current flow, or 

other unidentified differences that may have caused differences in the magnetic field. 

In the American study, the risk of getting cancer when living at a "high current 

configuration" residence in Denver is calculated by Wertheimer and Leeper [1979] to 

be increased two to three fold. In our study from the county of Stockholm the tumor 

rate for dwellings with visible 200-kV wires increased 2.0 fold for birth dwellings 

and 2.3 fold for diagnosis dwellings. 
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Off-Center Spherical Model for Dosimetry 
Calculations in Chick Brain Tissue 
Guillermo Gonzalez, James C. Nearing, Ronald J. Spiegel, and 
William T. Joines 
Departments of Electrical and Computer Engineering (G.G.) and Physics (J.C.N.), 
University of Miami, Coral Gables, Florida; and Experimental Biology Division, U.S. 
Environmental Protection Agency, Research Triangle Park, North Carolina (R.J.S., W. T.J.) 

This paper presents calculations for the electric field and absorbed power density distribu
tion in chick brain tissue inside a test tube, using an off-center spherical model. It is shown 
that the off-center spherical model overcomes many of the limitations of the concentric 
spherical model, and permits a more realistic modeling of the brain tissue as it sits in the 
bottom of the test tube surrounded by buffer solution. The effect of the unequal amount of 
buffer solution above the upper and below the lower surfaces of the brain is analyzed. The 
field distribution is obtained in terms of a rapidly converging series of zonal harmonics. A 
method that permits the expansion of spherical harmonics about an off-center origin in 
terms of spherical harmonics at the origin is developed to calculate in closed form the 
electric field distribution. Numerical results are presented for the absorbed power density 
distribution at a carrier frequency of 147 MHz. It is shown that the absorbed power density 
increases toward the bottom of the brain surface. Scaling relations are developed by 
keeping the electric field intensity in the brain tissue the same at two different frequencies. 
Scaling relations inside, as well as outside, the brain surface are given. The scaling relation 
distribution is calculated as a function of position, and compared to the scaling relations 
obtained in the concentric spherical model. It is shown that the off-center spherical model 
yields scaling ratios in the brain tissue that lie between the extreme values predicted by the 
concentric and isolated spherical models. 

Key words: brain tissue, radiofrequency, radiation, dosimetry, calcium ions 

INTRODUCTION 

A problem of considerable importance to the understanding of biological phe
nomena produced by electromagnetic radiation is the mechanism of interaction of 
amplitude-modulated radiofrequency (RF) waves on calcium-ion efflux from in vitro 
chick brain [Bawin et al, 1975; Blackman et al, 1979, 1980a, 1980b, 1981, 1985; 
Sheppard et al, 1979]. These works have demonstrated that RF radiation, when 
amplitude modulated with extremely low frequency (ELF) sinusoidal waves, can 
enhance the calcium-ion efflux from in vitro chick brain tissue. 
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The calcium-ion efflux phenomenon has several interesting aspects. It occurs 

only when the RF carrier wave is amplitude modulated at ELF. The peak effect 

occurs with 16 Hz amplitude-modulated RF fields, and no effect has yet been observed 

with unmodulated RF carrier waves, or with modulation frequencies below 6 Hz or 

above 50 Hz. The calcium-ion efflux occurs at only certain electric field intensities in 

the chick brain. Biological experiments [Joines and Blackman, 1980] have shown that 

the effect also occurs at other carrier frequencies if the average electric field intensity 

in the chick brain remains the same. That is, the effect also occurs if the incident 

power density is adjusted by an amount that compensates for the change in frequency 

and complex permittivity of the chick brain. 
In order to understand the effects of amplitude-modulated RF radiation on 

calcium-ion efflux better, the electromagnetic fields and absorbed power density 

distribution in the chick brain must be accurately determined. Concentric spherical 

models [Joines and Blackman, 1980, 1981; Joines et al, 1981] have been developed to 

calculate the field and absorbed power density distribution in the chick brain. These 

models have provided much valuable information about the dosimetric aspects of the 

calcium-ion efflux experiments. The models have also been used to determine the 

required incident power density that produces calcium-ion efflux at other carrier 

frequencies. 
Internal electric field strengths [Weil et al, 1984] have been measured inside 

chick forebrains exposed under the same conditions as those used by Blackman et al 

[1979, 1980a, 1980b]. This experimental study found that the measured ratio between 

50 and 147 Mhz was in reasonable agreement with values predicted by the concentric 

spherical model. Because of the relative large size of the electric field probe (6% of 

the half-brain volume), only the field strength at the center of the brain could be 

measured. Therefore, the field distribution inside the brain, as well as surface electric 

fields, could not be determined by the use of this probe. 
This study overcomes the limitations of the concentric spherical models and 

also some inherent restrictions of the experimental methods. Concentric spherical 

models do not adequately represent the chick brain immersed in the buffer medium, 

because the brain, as it slts in the bottom of the test tube, is surrounded by a layer of 

buffer solution with a thickness that is different above and below the brain. Concentric 

spherical models use a uniform layer of buffer solution to surround the brain. To 

determine the dosimetric effects of the nonuniform layer, an off-center spherical 

model is used to approximate the physical geometry of the brain/buffer combination. 

The off-center spherical model represents a significant refinement to the concentric 

spherical model because the brain can be modeled as a continuous, smooth, spherical 

surface surrounded by unequal amounts of buffer solution on its upper and lower 

surfaces. The electric field and absorbed power density distributions, and scaling 

ratios for carrier waves of 50, 100, and 147 MHz are calculated using a quasi-static 

approximation. This approximation leads to a field representation in terms of a 

convergent series involving spherical harmonics. 

THEORETICAL DEVELOPMENT 

The schematic of the experimental set up is shown in Figure 1. The chick brain 

tissue sits at the bottom of the test tube and it is surrounded by a nonuniform layer of 

buffer solution. The hemispherical bottom of the test tube has an inner radius of 0. 71 
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Fig. I. Schematic of the chick brain inside a test tube containing a buffer solution. 

Region I 

y 

Fig. 2. Off-center spherical model for the chick brain. 

cm. The chick brain has a mean horizontal dimension of 1 cm and a mean height of 
0.81 cm. The mean height from the top of the tissue to the surface of the buffer 
solution is 0.24 cm. 

The analytical model for the off-center spherical model of the brain inside a test 
tube is shown in Figure 2, along with the direction of the incident electric field. This 
model represents the geometry in Figure 1. In fact, except for the flat-topped buffer 
region the model is reasonably accurate. The radii a and b, and the off-center distance 
dare selected so that the brain volume occupies 0.3 ml, and the buffer volume 1 ml. 
Also, the limiting case ash approaches zero is analyzed. 
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The mathematical formulation that follows is by no means a simple extension 
of the concentric spherical case. To the best of our knowledge exact solutions to off
center spherical geometries, of the type shown in Figure 2, in terms of zonal harmonic 
expansions have not appeared in the literature. However, a simpler problem involving 
an off-center spherical capacitor is given in Morse and Feshbach [1953: pp 1270-
1273], together with an ingenious set of expansions that permits the closed form 
solution of some off-center spherical problems. 

The mathematical formulation of the problem is as follows. The electric field, 
assuming quasi-static conditions, can be expressed as 

E = -VV 

where V is the electrostatic potential. The quasi-static approximation is valid because 
of the dimensions, frequencies, and electrical properties of the materials involved. In 
our calculations, the relative complex permittivity (K) of the brain tissue at the typical 
carrier frequencies used in calcium-ion studies are 100-j175 at 50 MHz, 72-j94.9 at 
100 MHz, and 66-j69.2 at 147 MHz [Foster et al, 1979]; for the buffer the values are 
71-j580 at 50 MHz, 71-j290 at 100 MHz, and 71-j200 at 147 MHz [Hollis et al, 
1980; Stogryn, 1971]. The relative complex permittivity is defined by 

<J + jwE 
K =-.--

JWE0 

The externally applied field, which makes an angle of 90° with the z-axis (i.e., 
E = Eotiy) produces a potential that can be expressed in spherical coordinates in the 
form 

or 

where 

Y~m(0,q,) = cos mq, P~1(cos 0). 

The associated Legendre polynomials Pg1(cos 0) are defined as [Morse and Feshbach, 
1953] 

2 m/2 amp n(X) 
Pg1(x) = (1 - x ) dxm 

where Pn(x) are Legendre polynomials. 
The potential in regions I, II, and ill satisfies Poisson's equation, subject to the 

appropriate boundary conditions. The charge distributions at ra = a and rb = b 
produce potentials Va and Vb of the form 
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oo n n 

Va in = ~ ~ CXnm( ~) Y~m(Oa,</>) (ra ~ a) 
' n=O m=O a 

V = a (1) 
oo n n+I 

Va out = b ~ CXnm ( ~ ) Y~m(Oa,</>) (ra ;;::: a) 
' n=O m=O fa 

and 

oo n n 

Vb,in = n~O m~lnm(?) Y~m(0b,<P) (rb ~ b) 

Vb= (2) 
~ n n+I 

vb.out = ~ ~ /Jnm( l) Y~m(0b,<P) (rb ;;::: b) 
n=O m=O rb 

where CXnm and /Jnm are constants to be determined from the boundary conditions. In 
terms of (1) and (2), the potentials in the three regions are given by 

Yr = Va,in + vb.out + Yext ' (3) 

Vu =Va.out+ Vb.out+ Yext, (4) 

Vm = Va.in + vb,in + Yext' (5) 

The form selected for the potentials in (1) and (2) satisfies the continuity 
conditions at ra = a and rb = b. Therefore, the boundary conditions that remain to 
be satisfied at the interface are the continuity of the normal component of the current 
density at ra = a and rb = b, namely 

. . avr] . avu] (0-1 + JWE1)J = JWEo_a_ 
fa r, = a fa r, = a 

(6) 

and 

(7) 

In order to apply the boundary conditions at the surface of the off-center sphere 
(i.e., at rb = b), we need to expand the solution Va.in in terms of the coordinates rb, 
eb, and </>, and the solution vb.out in terms of the coordinates fa, 0a, and ¢. The 
necessary expansions are [Morse and Feshbach, 1953: 1270-1272] 
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and 

where 

and 

n n 

Va in = b b <Xnma-n b fsnmr~Y~m(Ob,c/>) 
' n=O m=O s=m 

(8) 

"' n n 

vb out = b b i3nmbn+I b gsnmr;s-ly~m(Oa,cf>), (9) 
' n=O m=O s=m 

(-l)n-5en +m)!dn-s 
f =-------
snm (n-s)!(s+m)! 

ds-n(s-m)! 

gsnm = (n-m)!(s-n)! · 

Substituting (3), (4), and (5) into (6) and (7), and using (8) and (9), we obtain 

the following set of linear equations for then = p (p = 0, 1, ... ) and m = q (q = 
0, 1, . . . , n) coefficients (i.e. , apq and /3pq): 

and 

where 

and 

1 
E0 (1-K1)op,1oq,t +; apq[(p+l) + pKi] 

± (- l)p-v(p-q)!(p+ l)bv+ldp-v 

+ v=/vq(l - K1) (v-q)!(p-v)! ap+2 = 0 

0-t + jWEt 
K1 =-.-

JwE0 

0-3 + jWE3 
K3 =--. --

. JWE0 

(10) 

(11) 



Dosimetry Calculations in Brain Tissue 215 

In (10) and (11) op,! and oq,I are Kronecker deltas. 
Fixing the maximum n to be Nmax, (10) and (11) result in 2Nmax unknowns for 

each value of m. Various values of the truncation parameter Nmax were chosen, and 
it was found that values larger than seven did not alter the solution. Only m = q = 1 
contributes because the equations are linear and the excitation terms (i.e., the first 
terms in (10) and (11)) are zero for q =0 or q > 1. Using a matrix inversion program 
(10) and (11) are solved for ap1 and /3p1, p=0 to Nmax, and the results are then 
inserted into (1) to (5) to calculate the potential in the three regions. 

The electric field and power density distributions are calculated as follows. The 
x-component of the electric field is found by numerical differentiation: 

Ex(x,y,z) = [V(x+Lix,y,z) - V(x-Lix,y,z)]/2.:ix, 

and the same for the other components. The time average absorbed power density is 
then uE2/2. 

RESULTS 

The absorbed power density distributions were calculated for a brain volume of 
0.3 cm3, buffer volume of 1 cm3, and h = 0.05 cm. Therefore, a = 0.677 cm, 
b = 0.415 cm, d = 0.212 cm, and t = 0.474 cm. Also, the limiting cases as h 
approaches zero, and d approaches zero are considered. For h • 0 (i.e., when the 
spheres touch at the bottom) the dimensions are a = 0.677 cm, b = 0.415 cm, 
d = 0.262 cm, and t = 0.524 cm. 

Figures 3 and 4 graphically illustrate the absorbed power density distribution in 
the (0,y,z) plane produced by an incident carrier wave, with E0 = 1 V /m, at 147 MHz 
for the cases where h = 0.05 cm and d • 0, respectively. Each line represents a 
constant absorbed power density level. The number scale is linear, ranging from zero 
to nine, where nine represents an absorbed power density of 0.5 mW/m3

• For 
example, the value of two represents an absorbed power density of (2/9) 0. 5 = 0 .111 
mW/m3

. Also, there are two constant (unlabeled) power density lines between the 
labeled lines. Each of these lines represents an increment of 1/3. For example, the 
two lines between 3 and 4, represent 3 ½ and 3 ½ . In the brain region of Figure 3, the 
absorbed power density level varies from a value of 2 toward the top to 2 1/3 toward 
the bottom. In Figure 4 the absorbed power density distribution in the brain region is 
constant at a value of0.109 mW/m3

. 

The limiting case as h • 0 was also calculated, and the values of the absorbed 
power density used in the calculations of the scaling ratios (see Figs. 5 and 8). The 
absorbed power density profile was essentially the same as that for the h = 0.05 cm 
case (see Fig. 3), except the values toward the bottom are somewhat larger. 

Similar absorbed power density patterns to the ones shown in Figures 3 and 4 
are produced at 50 and 100 MHz, except that the absorbed power levels are smaller. 

It is a significant observation from Figure 3 that the absorbed power density 
distribution in the brain region is not uniform; the bottom of the chick brain has a 
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Fig. 3. Absorbed power density distribution at 147 MHz. The dimensions are a = 0.677 cm, b = 0.415 
cm, d = 0.212 cm, h = 0.05 cm, and t = 0.474 cm. The number scale (0-9) is linear, where nine 
represents an absorbed power density of 0.5 mW/m3 for an incident field of E0 = 1 V/m. 

Fig. 4. Absorbed power density distribution at 147 MHz for a centered spherical model (d = 0). The 
dimensions are a = 0.677 cm, b = 0.415 cm, and t =h = 0.262 cm. The number scale (0-9) is linear, 
where nine represents an absorbed power density of 0.5 mW /m3 for an incident field of E0 = 1 V /m. 

higher absorbed power density than the top. On the other hand, Figure 4 shows that 
the concentric spherical model yields a constant absorbed power density in the brain 
region. Also, in Figures 3 and 4 the surface fields around the chick brain exhibit a 
significant variation from the bottom to the top. 

SCALING RELATIONS 

It has been shown [Joines and Blackman, 1980, 1981] that by maintaining a 
constant average electric field within the brain tissue, calcium-ion efflux results at 
one frequency can be used to extrapolate those at another frequency. It is therefore 
important to be able to determine what incident power densities are required to 
maintain a constant internal electric field as the frequency of the electromagnetic field 
changes. The necessary scaling relations can be determined by writing the internal 
electric field as 

(12) 

where F is related to the electromagnetic absorptive properties of the brain and Ei is 
the incident electric field. The incident field is related to the incident power density 
according to 

P· = IE-l 21211 l l O, (13) 

where T/o = 377 ohms is the intrinsic impedance of free space. Substituting (13) into 
(12) and forming the ratio between the internal electric field at two different frequen
cies yields the following relation 
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IE(f1)1 2 

I E(f2) 1
2 

where f denotes the frequency. Requiring a constant internal electric field means that 

Therefore, 

(14) 

In order to determine values for (14), it is necessary to consider the power 
absorbed and express it in the form 

At f = f1, we can determine Pa(f1) for E1 = 1 V/m then F(f1) follows. Similarly, at 
f =f2, we can determine Pa(f2) and F(f2) follows. If these values are inserted into 
(14), the scaling ratios can be determined. 

Figures 5 and 6 give the values of the scaling ratios that make the electric field 
intensity the same at f 1 and f2 for points along the z-axis inside the spherical brain 
between the top (i.e., z = 0.415 cm) and bottom (i.e., z = -0.415 cm). Figures 7 
and 8 give values of the scaling ratios that make the electric field intensity the same 
at f 1 and f2 for points on the outside surface of the brain between the top (i.e., 0 = 0) 
and the bottom (i.e., 0 = 1r) from 0 ~ 0 ~ 1r. 

Some interesting observations can be made from Figures 5-8. The scaling ratios 
between two given frequencies are continuous at the top and bottom of the brain
buffer interface. This follows from the fact that electric field is tangential and 
continuous at the top and bottom brain-buffer interface. For example, at z = 0.415 
cm in Figure 5 the scaling ratio is identical to the scaling ratio at 0 = 0 in Figure 7. 
The scaling ratio in the concentric spherical case (i.e., when d = 0) is constant in the 
brain region at the value of 3.56 in Figure 5 and 6.57 in Figure 6. The scaling ratio 
value of 6.57 for Pi(50)/Pi(147) compares favorably with the one obtained by Joines 
and Blackman [1981), namely 6.6. 

DISCUSSION AND CONCLUSIONS 

The main objective of this paper was to develop a model of the chick brain/ 
buffer arrangement that was more realistic than previous concentric or isolated 
spherical models. To that end, an off-center spherical model was used to approximate 
the physical geometry. This model represents a significant refinement because the 
brain can be surrounded by unequal amounts of buffer solution on its upper and lower 
surfaces. The quasi-static formulation of the boundary value problem required the 
development of zonal harmonic expansions that have not previously appeared in the 
literature. 
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Fig. 5. Scaling ratio values for P/50)/P/100) along the z-axis of the brain. 

Fig. 6. Scaling ratio values for P/50)/Pi(147) along the z-axis of the brain. 

The off-center spherical model revealed that the scaling ratio inside the brain 

tissue is not constant; the maximum change (h = 0 case) from the top of the brain to 

the bottom was approximately 11 % for Pj{50)/Pi(100), and 19% for Pi(50)/Pi(l47). 

This is in contrast to the concentric spherical model that predicts no change. As would 

be expected, the scaling ratios near the top are essentially identical to the values 

predicted by the concentric spherical model. At the bottom the values become closer 

to those predicted by an isolated spherical model. Thus, the off-center spherical 
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Fig. 7. Scaling ratio values for Pi(50)/Pi(IO0) along the outside surface of the brain as a function of 0. 

Fig. 8. Scaling ratio values for Pi(S0)/P/147) along the outside surface of the brain as a function of 0. 

model yields internal scaling ratios that lie between the extreme values predicted by 
the concentric and isolated spherical models. 

Recent experimental studies [Adey et al, 1982] have shown that the penetration 
of radioactive calcium ions in chick brain tissue was no greater than 1 mm from the 
surface. Thus, it may be concluded that surface field values are of paramount 
importance. To that end, absorbed power density values at the surface of the brain 
are also shown in Figures 3 and 4, while Figures 7 and 8 plot the related scaling 
ratios around the surface of the brain. The profiles for the surface scaling ratios are 
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symmetric for the concentric spherical case, with the peak value occurring at a point 

on the surface (0 = 90°), where the external electric field is normal to the surface. 

However, the off-center spherical model yielded somewhat lower peak values whose 

position shifted toward the bottom (0 ""' 99°). In addition, the surface ratios were 

similar at the top of the brain for all the models, but the values at the bottom varied 

considerably, with the h = 0 case approaching the value given for an isolated sphere. 

A suggestion for further work is to consider the magnetic field component with 

an off-center spherical model. The reason for this is that most of the calcium-ion 

efflux experiments have been conducted with both the electric and magnetic fields 

present to irradiate the chick brain t_issue. While the magnetic field contributes 

minimally to the absorbed power density (""' 3 % ) [Joines and Blackman, 1980] at 14 7 

MHz, and even smaller contributions for frequencies below 147 MHz, it has been 

reported [Blackman et al, 1984] that the AC-magnetic field component must be 

present at selected intensities of ELF fields to cause enhanced calcium-ion efflux. 
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Cardiovascular, Hematologic, and 
Biochemical Effects of Acute Ventral 
Exposure of Conscious Rats to 2450-MHz 
(CW) Microwave Radiation 
M.J. Galvin and D.I. McRee 

Laboratory of Behavioral and Neurological Toxicology, National Institute of Environmental 
Health Sciences, Research Triangle Park, North Carolina 

In this study the influence of acute (6 hr) exposure to 2450 MHz (CW) microwave radiation 
on certain cardiovascular, biochemical, and hematologic indices was examined in unanes
thetized rats. Under methoxyflurane anesthesia, a catheter was inserted into the right 
femoral artery, which was used for monitoring blood pressure, heart rate, and blood 
sampling. Colonic temperature was monitored via a VITEK thermistor probe inserted 
rectally to a depth of 5 cm. The rat was subsequently placed into a ventilated restraining 
cage which was located inside an anechoic chamber. The temperature and humidity in the 
chamber were maintained at 22 ± 0.5 °C and 60 ± 5% (means ± S.E.), respectively, 
during the experimental period. Rats (60) were exposed to either O (sham) or 10 mW/cm2 

(exposed) for 6 hr. During exposure rats were oriented perpendicular to the E-field, and 
the measured specific absorption rate (SAR) was 3.7 mW/g. In the sham and exposed rats, 
the preexposure (time 0) mean ± S.E. arterial blood pressure (MABP), heart rate, and 
colonic temperature were approximately 120 ± 5 mmHg, 450 ± 10 beats/min, and 
37.0 ± 0.2 °C, respectively. In the sham-exposed rats these values remained stable 
throughout the 6-hr exposure period. In the exposed rats, no effects were noted on MABP 
or colonic temperature; however after I hr of exposure, a significant reduction in heart 
rate was noted (450 versus 400 beats/min). This decrease in heart rate persisted throughout 
the remainder of the exposure period. None of the hematologic or biochemical parameters 
examined were affected by the microwave exposure. Although other mechanisms may be 
responsible, this decrease in heart rate may have been due to subtle cardiovascular 
adjustments because of microwave-induced heating with a resultant reduction in resting 
metabolic rate. 

Key words: heart rate, body temperature, hematology, rats, microwaves 

INTRODUCTION 

There are a number of reports in the literature on the interaction of microwave 
radiation with the cardiovascular system. One of the most robust cardiovascular 
phenomenon that has been reported for both in vivo and in vitro microwave radiation 
studies is a chronotropic action. Presman and Levitina [1964], and Levitina [1964] 
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have reported a chronotropic response for rabbits, following exposure to CW micro

wave fields (wavelength = 12.5 cm) of 5 and 10 mW/cm2 incident power. Exposure 

of the ventral surface induced a bradycardia whereas dorsal irradiation caused a 

tachycardia. However, neither Kaplan et al [1971] nor Chou et al [1980], using 
similar exposure systems were able to duplicate the reported chronotropic effect on 

heart rate. In addition, several Eastern European investigators have reported that 

workers exposed to microwave fields exhibit bradycardia, delayed atrial and ventric

ular conduction, and decreased blood pressure [Medvedev, 1980; Yakovleva, 1968]. 

However, in our opinion, these Eastern European studies lack adequately defined 

control groups, exposure data, and information on whether other environmental 

factors were present. The data on the in vitro effects of microwave irradiation on 

cardiac tissue are also equivocal. There are reports that exposure to microwaves can 

cause a bradycardia (Olson et al, 1977), as well as data showing there are no 

chronotropic effects (Galvin et al, 1982a; Kaplan et al, 1971). 

Deichman et al [1964] observed a leukopenia, lymphopenia, and neutrophilia 

following a single 7-hr exposure of rats to 24,000 MHz pulse-modulated microwave 
radiation (10 mW/cm2). Wangemann and Cleary [1976] have reported significant 

increased in the blood glucose, cholesterol, and glutamic-oxaloacetic transferase 
activity of rabbits following a single exposure to 2450 MHz microwave radiation, 10 

mW/cm2
, for 2 hr. These and other data (Baranski et al, 1976) suggest that microwave 

exposure can alter blood composition. 
Although the forementioned data indicate that low level microwave radiation 

has biological effects, there are insufficient data in animals or man to provide a clear 
picture of the cardiovascular or other effects of acute microwave exposure. This 

paucity of reliable information concerning the physiological effects of microwave 
radiation is due in part to a lack of experimental models in which precise physiological 

measurements can be obtained during exposure to a well-defined microwave field. In 
this study an experimental technique is used for exposing conscious rats in a controlled 

thermal environment while measuring a number of physiological parameters: heart 

rate, blood pressure, and hematological patterns. 

MATERIALS AND METHODS 

Animals and Protocol 

Male Sprague-Dawley rats, 250 ± 25 g (mean ± S.E.), were anesthetized 
with methoxyflurane (2, 2-dichloro-1, 1-difluroethyl methyl ether) inhalation anes

thetic. The right femoral artery was cannulated for the continuous recording of mean 
arterial blood pressure (MABP) and obtaining blood samples. The cannula was 

implanted subcutaneously to emerge between the sutures from the medial region and 
were threaded out through the rat holder base (Figs. lA and B). A temperature probe 

(Vitek, Boulder, CO), which is noninteracting with microwaves, was inserted rectally 
to a depth of 5 cm for colonic temperature measurements. Following catheter and 

thermistor placement, the leg wound was sutured, infiltrated with Deltacaine (Lido

caine HCl), and the rat placed in the exposure cage. The tail of the rat and thermistor 
were threaded out the rear of the cage and taped to the styrofoam holder with a 1-

inch wide strip of tape. This was done to prevent the rat from turning in the cage and 
gnawing on the catheter. 
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Fig. 1. (A) Schematic of microwave exposure chamber. (B) Top view of styrofoam holder for rat cage. 

The rat was then placed in the microwave or sham exposure chamber and 
allowed to recover for 2 hr. Following the equilibration period, the rat usually 
exhibited a stable heart rate, blood pressure, and colonic temperature. If these 
parameters did not stabilize, i.e. not in the normal range, the rat was not used for the 
experiment. Approximately 10 % of the rats were discarded from the study. In general 
the failure to meet the experimental criteria resulted from the rat turning in the cage 
and gnawing on the catheter. 

Exposure Apparatus 

The system for exposing conscious rats to 2450 MHz CW microwaves was 
developed in this laboratory and is described as follows. A small metal chamber (61 
w x 61 d X 122 h cm) was lined with microwave absorber (Emerson and Cuming) 
with a reflectivity of 35 dB at 2450 MHz and was used to house the rat during 
microwave exposure. The microwave exposure chamber used in these experiments is 
shown in Figures lA and B. Rats were exposed ventrally using a standard gain horn 
antenna (SysteOmittomer Corporation, model DBC-52010) that was located 45 cm 
below the rat holder, and produced a plane wave field at the animal location. During 
exposure each rat was housed in a plastic cage (Fig. 2). The cage was constructed of 
1/2 x 3/8 inch grid acrylic (CFB Associates, Raleigh, NC) and had inside dimensions 
of 17 1 x 5 w x 6 h cm. The bottom of the cage was lined with a fine mesh plastic 
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Fig. 2. Photograph of rat cage. 

grating material that is used as canvas for needlepoint (Columbia-Mineima Co., New 
York, NY) and provided a comfortable mat for the rat during the experimental period. 
The cage was fastened to a larger piece of acrylic material (6. 7 x 16.2 cm) that was 
used to position the cage in the styrofoam holder (Fig. lB). The power density in the 
cage was measured with a NBS model B probe, and varied approximately 10% from 
the front to rear in the cage. The rats were oriented perpendicularly to the E-field. 
The whole-body, average specific absorption rate (SAR) was measured using the 
calorimetric technique previously described by Blackman and Black [1977]. The SAR 
for an incident power density of 10 mW/cm2 was determined to be 3.7 mW/g. To 
avoid any increase in temperature around and inside the exposure cage, a fan was 
installed outside the chamber that circulated air via a styrofoam duct (Fig. lA) through 
the chamber for the purpose of removing the heat coming from the absorber above 
the cages. The air flow was directed by a vent that forced the air up towards the cone 
absorber but did not produce a draft at the location of the cage. A white noise 
generator (Fig. 1) provided a 65 dBA noise. The sham-exposed rats were treated in 
an identical manner except the microwave generator was not turned on. The exposure 
chamber was placed in a large environmental room (2.5 x 3 X 2.5 m) that maintained 
the temperature and humidity of the exposure chamber at 22 ± 0.5 °C and 60 ± 5 % , 
respectively. 

Sampling Protocol 

A continuous record of the heart rate was obtained from the pulse pressure 
signal by a cardiotachometer (Type 9857B, Beckman Instruments, CA). At each 
sampling time, the heart rate was manually determined from the blood pressure pulse 
and compared to the heart rate record. Arterial blood samples (0.6 ml) were drawn 
from the femoral catheter just prior to the beginning and immediately after the 6-hr 
exposure. Blood was placed in polyethylene tubes containing 0.7 ml of0.85% NaCl 
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containing 100 units/ml of heparin at 4 °C. The blood samples were centrifuged at 
2500 g at 4 °C for 20 min. The plasma was collected for determination of certain 
chemicals in the plasma. To replace blood lost by sampling, 0. 7 ml of saline was 
injected into the catheter after the initial blood sample. In addition, blood samples (20 
µl) were collected at each sampling period for determination of total leukocyte and 
erythrocytes, as well as hematocrit. These samples were analyzed using a Model 12 
particle counter (Particle Data, Gaithersburg, MD). 

Biochemical Assays 

Plasma phosphorous, urea nitrogen, protein, alkaline phosphatase, lactic dehy
drogenase, glutamic-oxaloacetic transaminase, and glutamic pyruvic transaminase 
were determined using SMA 12/60 and 6/60 methods for a technicon autoanalyzer 
(Technicon Instrument Corp, Tarrytown, NJ). Plasma glucose levels were determined 
on the same day of the experiment using the method of Barthelmai and Czok [1962]. 
The results are expressed as units per 100 mg plasma protein. For phosphorous, 
glucose, urea nitrogen, and protein, the units are milligrams, and for the remaining 
parameters, the units are international units. 

Statistical Procedures 
The data for heart rate, blood pressure, and colonic temperature were analyzed 

using repeated measures analysis of variance for unweighted means [Dixon et al, 
1980, SAS Institute, 1982]. Treatments were 0 and 10 mW/cm2 microwave exposure. 
The repeat measures were heart rate, blood pressure, and colonic temperature. 
Statements of significance are based on p ~ 0.05. The blood cell and biochemistry 
data were analyzed by using the Student's t test. Statements of significance are based 
on p ~ 0.05 [SAS Institute, 1982]. 

RESULTS 

The mean arterial blood pressure for the sham- and microwave-exposed rats is 
depicted in Figure 3A(absolute value) and 3B (percentage of initial values). Both 
groups of rats exhibited a similar MABP just prior to the start of exposure (0 time), 
with the pressure remaining stable throughout the 6-hr exposure period. Ventral 
microwave exposure had no influence on this parameter. 

In Figure 4A and 4B, the colonic temperature is shown as absolute (Fig. 4A) 
and percentage of initial (Fig. 4B) values. As with the blood pressure data, no 
differences were noted between the sham- and microwave-exposed rats. Both groups 
had initial colonic temperatures of approximately 37 °C and were unchanged through
out the 6-hr experimental period. 

The heart rate data for the two groups of rats are shown in Figure 5. Both 
groups exhibited comparable heart rates at time 0, i.e. 450 versus 440 beats/min for 
the sham- and microwave-exposed rats, respectively. However, by 60 min after the 
onset of exposure, the microwave-exposed rats exhibited a significantly lower heart 
rate than the sham-exposed rats (p ~ 0.001). This reduction in heart rate, although 
small, persisted throughout the remainder of the 6-hr exposure period. When calcu
lated as percentage change in heart rate (Fig. SB), the sham-exposed rats had heart 
rates 98-104 % of the preexposure values, while the exposed rats exhibited heart rates 
88-93 % of the preexposure values during the 6-hr exposure period. An additional 
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Fig. 3. Mean arterial blood pressure (MABP). Values described are means ± S.E. There were 10-12 

cases for each data point. No significant differences were observed in the initial values of the two groups 

of rats. No effect of microwave exposure or experiment protocol was observed (p > 0.1). A, absolute 

values; B, percentages of initial values. 

Fig. 4. Colonic temperature. Values described are means ± S.E. There were 10-12 cases for each data 

point. No significant differences were observed in the initial values of the two groups of rats. No effect 

of microwave exposure or experimental protocol was observed (p > 0.1). A, Bas in Fig. 3. 

Fig. 5. Heart rate (HR). Values described are means ± S.E. There were 10-12 cases for each data 

point. No significant differences were observed in the initial values of the two groups of rats. The 

microwave exposed group exhibited small but significant reduction in heart rate (*) (p < 0.01) com

pared to the appropriate sham value or to the initial value. A, Bas in Fig. 3. 
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group of rats was exposed to determine if the rats would recover from the microwave
induced bradycardia. In this group, the microwaves were turned off after a 2-hr 
exposure and monitored for an additional 2 hr. The rats exhibited bradycardia 1 hr 
after the start of exposure; however, heart rate returned to initial preexposure levels 
within 2 hr after termination of microwave irradiation (data not shown). 

A relatively stable hematologic pattern was exhibited by the two groups of rats 
over the 6-hr observation period. Table 1 summarizes the leukocyte and erythrocyte 
numbers as well as the hematocrit. None of these endpoints were influenced by 
microwave exposure. 

In Table 2 the plasma biochemistries are listed for the two experimental groups. 
The initial values for the two groups were similar for all the parameters measured. 
Following the 6-hr exposure to microwaves or sham exposure, none of the parameters 
measured were influenced by microwave exposure. 

TABLE 1. Effects of 2450-MHz CW Microwave Irradiation of Rats on Peripheral Blood 
Leukocytes, Erythrocytes, and Hematocrit 

Time= 0 hr Time= 6 hr 
Variable Sham Exposed Sham Exposed 

Leukocytes 21.99 ± 1.78 23.20 ± 1.91 20.64 ± 1.25 22.74 ± 2.78 
(xl03!µ1) N = 10 N = II N = 10 N = 10 

Erythrocytes 5.80 ± 0.43 5.56 ± 0.37 6.23 ± 0.36 6.06 ± 0.29 
( X 106!µ1) N = 20 N = II N = 10 N = 10 

Hematocrit % 35.22 ± 3.01 32.80 ± 1.95 36.91 ± 2.00 35.90 ± 1.54 
N = 10 N = II N = 10 N = 10 

TABLE 2. Effects of 2450-MHz CW Microwave Irradiation of Rats on the Chemical Constituents 
of Plasma 

Time= 0 hr Time= 6 hr 
Variable Sham Exposed Sham Exposed 

Phosphorus 0.13 ± 0.00 0.12 ± 0.01 0.12 ± 0.00 0.12 ± 0.01 
N = 9 N = II N = 10 N = 9 

Glucose 2.35±0.17 2.29 ± 0.15 2.02 ± 0.14 2.26±0.11 
N = 9 N = II N = 10 N = 9 

Blood urea 0.25 ± 0.02 0.23 ± 0.02 0.18 ± 0.02 0.18 ± 0.01 
nitrogen N = 9 N = 11 N = 10 N = 9 

Protein 2.02 ± 0.14 2.05 ± 0.10 2.09 ± 0.09 2.37 ± 0.14 
N = 9 N = 11 N = 10 N=9 

Alkaline 0.80 ± 0.06 0.81 ± 0.08 0.65 ± 0.04 0.63 ± 0.03 
phosphatase N = 9 N = 11 N = 10 N = 9 

Lactic 548.98 ± 70.80 547.03 ± 66.16 462.01 ± 92.44 389.38 ± 23.99 
dehydrogenase N=9 N = II N = 11 N = 9 

Glutamic-oxaloacetic 217.51 ± 11.63 237.10 ± 22.37 320.28 ± 30.17 338.35 ± 29.92 
transaminase N = 9 N = II N = 10 N=9 

Glutamic-pyruvic 90.76 ± 7.80 85.42 ± 7.75 59.76 ± 8.96 82.30 ± 6.58 
transaminase N=9 N = 11 N = 10 N = 9 

Values are units/JOO mg protein. 
For phosphorous, glucose, urea nitrogen, and protein the units are milligrams, and for the remaining 
constituents the units are international units. 
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DISCUSSION 

There have been a number of studies, both in vivo and in vitro, that have 

examined the influence of microwave radiation on the cardiovascular system [Galvin 

et al, 1982; Olson et al, 1977; Phillips et al, 1975; Pressman et al, 1964]. However, 

a definitive statement as to the impact of microwave exposure on cardiovascular 

homeostasis has not been possible. In this study, acute microwave exposure of the 

ventral body surface caused a significant, albeit small bradycardia in the conscious 

rat after 60 min of exposure. We observed no effect on the hematologic and biochem

ical parameters examined. 
There are a number of contradictory reports in the literature on the cardiovas

cular effects of microwave radiation. Some of the earliest studies on the cardiovascu

lar effects in vivo were done by Presman and Levitina [1964] and Levitina (1964] 

who reported heart rate changes in rabbits during a 20-min exposure to continuous 

wave microwave fields of 5 and 10 mW/cm2. In their studies, irradiation of the dorsal 

surface caused an increase in heart rate, whereas ventral irradiation resulted in a 

decreased heart rate. In later studies by Kaplan et al [1971] and Chou et al [1980] that 

attempted to duplicate the finding of Presman and Levitina [1964], no chronotrophic 

changes were observed when rabbits were exposed either dorsally or ventrally at 

comparable durations and intensities of microwave radiation. In all of these studies, 

the mean deviation in heart rate between exposed- and sham-treatment periods was 

used to determine the chronotrophic effect of microwave exposure. For a detailed 

description of the calculation, see Kaplan et al [1971]. Because of the method used 

for the data analysis, the investigators in the later studies [Chou et al, 1980; Kaplan 

et al, 1971] suggested that the changes in heart rate observed by Presman and Levitina 

[1964] were due to random variations in heart rates from one small sample of data to 

another. In the present study, the data was expressed and analyzed by more conven

tional techniques and a larger sample size was used than in the previous studies. 

However, it should be noted that in this study, heart rate was not observed until after 

30 min of microwave exposure. -
It should also be noted that in these earlier studies [Chou et al, 1980; Kaplan et 

al, 1971; Levitina, 1964; Pressman et al, 1964] the rabbits were allowed only a 15-

min acclimation period prior to irradiation. Although not mentioned by Presman and 

Levitina [1964], Kaplan et al [1971] noted that the rabbits still exhibited an abnormally 

high heart rate because of the short equilibration period. The use of rabbits that had 

not become acclimated to the exposure apparatus could have contributed to the 

variability of the data. In this study, the rats were allowed to adapt to the exposure 

apparatus for 2 hr. After this time, the rats usually exhibited heart rates, blood 

pressures and colonic temperatures that were comparable to literature values for 

resting rats [Baker et al, 1979]. In addition, the rats exhibited only small variations in 

blood pressure, heart rate, and colonic temperature during the 6-hr experimental 

period. Since the rats exhibited normal resting values at the start of the microwave 

exposure and were stable throughout the experimental period, small changes in the 

monitored variables could be detected. 
Some additional precautions were also taken to provide optimum conditions for 

these studies. The exposure chamber was placed in an environmentally-controlled 

chamber with a temperature of 22 ± 0.5 °C and a constant noise level. These two 

additional precautions were found to be necessary because of data from preliminary 
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experiments. In the laboratory the room temperature was found to vary as much as 8 
~C over the course of the experiment. Thus, during the experiments, the rat would 
have to adjust to a varying ambient temperature. Adair [1980] has recently shown 
that ambient temperature can influence the thermoregulatory response to microwave 
radiation. The environmental chamber was also lined with anechoic material that 
eliminated extraneous laboratory noises. Again, this precaution was deemed neces
sary because during preliminary experiments in which the miniature anechoic cham
ber was in the laboratory area, changes in heart rate and blood pressure could be 
observed when noise spikes occurred due to talking, telephone ringing, deliveries, 
and other routine laboratory events. Low-level microwave effects are subtle and 
easily masked by other factors, thus rigidly controlled environmental conditions and 
well defined exposure levels are critical. These precautions were justified because 
only small changes were observed in heart rate during microwave exposure. In our 
preliminary studies in which the environmental conditions were not as rigidly con
trolled [Galvin et al, 1982b], this small decrease was not observed, and may have 
been masked by the variability in heart rate during the course of the experiment. 

The change in heart rate was not associated with any measurable thermal change 
(colonic temperature) or alterations in the peripheral blood cells or chemistries. A 
previous study from this laboratory [Galvin et al, 1982b] has shown that dorsal 
exposure of conscious rats to 10 mW/cm2

, 2450 MHz radiation (8 hr) had no effect 
on similar measurements of peripheral blood cells or chemistries. In this and our 
earlier study, total red and white cell counts, blood hemoglobin, and the percentages 
of lymphocytes and neutrophiles were unaffected by microwave exposure. In addition 
none of the plasma chemistries were affected by this or the previously described 
exposure regimen. Earlier studies have reported microwave associated hematologic 
[Deichman et al, 1964] and chemical [Baranski et al, 1976; Blackman et al, 1979; 
Drogichina et al, 1966; Wangemann et al, 1976] changes in the peripheral blood. 
However, these changes in general, were only observed at power density levels 
greater than 10 mW/cm2

. The data from this study in which ventral exposure was 
used, and our previous study in which dorsal exposure was employed, provide 
additionl evidence that in the absence of measurable thermal effects, acute 2450 MHz 
(10 mW/cm2

) microwave exposure has no effect on these hematologic or blood 
chemistry variables. 

These data should also be examined with respect to environmental and industrial 
exposure levels of microwave radiation. There is a growing awareness of the relation
ship between the quality of the environment and cardiovascular disease [Rosenman, 
1979]. A number of Eastern European studies on environmental (industrial) exposure 
levels of microwave radiation have been reported to have cardiovascular effects. For 
example, Drogichina et al [1966] have described autonomic and cardiovascular 
disorders during chronic exposure to microwaves (2 mW/cm2

, frequency not speci
fied). The populations were a group of 100 persons who worked in microwave fields 
and were observed for 10 yr. In the early exposure period, there were mild asthenic 
manifestations. After a prolonged exposure, the workers exhibited a number of 
cardiovascular abnormalities. The data from this study provides support for the 
concept that microwave radiation can alter the cardiovascular system. However, it is 
not reasonable to speculate that this microwave-induced bradycardia represents a risk 
factor to the cardiovascular system of a healthy individual since the magnitude of the 
decrease is so small. However, in a diseased state, microwave radiation may have a 
more pronounced effect on the cardiovascular system. 
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Finally, the reduction in heart rate observed in this study may represent a 
compensatory response to microwave induced heating. The 10 mW/cm2 exposure 

intensity was equivalent to a specific absorption rate (SAR) of approximately 2. 0 W / 
kg. Although not sufficient to induce a measurable change in colonic temperature, 
this SAR represents a thermal input of approximately 30% of the resting metabolic 

rate of a rat [Durney et al, 1978]. The reduction in heart rate may be a part of the 
compensatory mechanism for the microwave thermal input. These studies were 
conducted at an ambient temperature of 22 °C that is approximately 5 °C lower than 
the thermal neutral temperature for the rat (i.e. the temperature where the resting 
metabolic rate is lowest). Thus, during these experiments the rat is doing additional 
metabolic work in order to generate heat to maintain temperature homeostasis. The 

input of approximately 2.0 W/kg of heat via microwaves thus reduces the metabolic 
heat requirements. This could result in a reduction in the resting metabolic rate at 22 
0 C. It has been shown that as the metabolic rate decreases, there can be a concomitant 
decrease in heart rate [Elizondo, 1977; Wang et al, 1971; Phillips et al, 1975]. The 
substitution of microwave heat for metabolic heat has been shown in mice [Ho et al, 
1977] and squirrel monkeys [Adair et al, 1982]. Although this explanation ignores all 
the other homeostatic adjustment processes that were invoked to maintain thermal 
balance, the animal may reduce metabolic heat in compensating for the microwave 
thermal load, which in turn could be accompanied by a reduction in heart rate. 
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Brief Communication 

Absence of Chromosomal Damage in 
Human Lymphocytes Exposed to 
Microwave Radiation With Hyperthermia 

D.C. Lloyd, R.D. Saunders, J.E. Moquet, and C.I. Kowalczuk 

National Radiological Protection Board, Chilton, Didcot, Oxfordshire, United Kingdom 

Specimens of human blood were exposed to 0, 4, 40, 100, and 200 Wkg- 1of 2.45 GHz 
microwave radiation for 20 minutes. The blood temperature was carefully controlled so 
that it rose from 37 to 40 °C. Cultured lymphocytes were examined for induced chromo
somal damage but no effect in excess of background was observed. 

Key words: microwaves, hyperthermia, chromosome aberration, sister chromatid exchanges 

In an earlier paper [Lloyd et al, 1984], we reported that exposure of human 
blood at hypothermic temperatures to large specific energy absorption rates (SAR) at 
2.45 GHz microwave radiation failed to induce chromosomal aberrations in the 
lymphocytes. In the present note, an extension of that work is reported that considers 
the effect of microwave radiation when the temperature of the cells is elevated to 
40 °C. 

The microwave generator, waveguide, and method of dosimetry used were as 
described previously [Lloyd et al, 1984] with modifications to allow the temperature 
of the blood specimens to be controlled during the 20-minute exposures. This was 
achieved by surrounding the blood sample tube with a Perspex jacket through which 
was pumped a silicone-based fluid, phenylmethylpolysiloxane fluid (Dow Corning 
510/50). The temperature of the cooling fluid was in turn controlled by passing it 
through a copper coil immersed in a waterbath. Silicone fluid was used in preference 
to water because it absorbed less microwave energy, and because of its good heat 
transfer properties. In a series of calibration experiments, the temperature of blood 
specimens was monitored with a copper constantan thermocouple immediately before 
and after microwave exposure. A sequence of adjustments to the water bath temper
ature was devised so that the blood temperature rose from an initial 37 °C to 
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approximately 40 °C during 5 min and was then held constant for a further 15 min. 
To prevent temperature inhomogeneity within the specimen, the blood was mixed at 
approximately 2-minute intervals during the irradiation by manually raising and 
lowering a sterile, loose-fitting Perspex plunger. The resultant blood temperature 
profiles for SARs of 4-200 Wkg- 1 and a sham control are shown in Figure l. Each 
data point is the mean of four replicate measurements. The standard error for each 
point was generally less than 0.1 °C. 

Blood was taken from the same donor as was used in the earlier work, and for 
each exposure two replicates of 2-ml aliquots were irradiated or sham exposed in the 
waveguide. Additional control tubes were kept at 37 °C in a waterbath. At the end of 
exposure or sham exposure the blood was allowed to return to room temperature, and 
separated lymphocyte minicultures were set up and incubated for 48 or 72 hours. The 
cell-culturing and slide-processing procedures followed a standard protocol [Lloyd et 
al, 1984]. Coded slides were stained with fluorescence plus Giemsa. For each dose, 
first-division cells (48 h) were scored for unstable chromosome and chromatid-type 
breaks or exchange aberrations, and second-division cells (72 h) for sister chromatid 
exchanges (SCE). 

The results are presented in Table 1. The data shown for each dose are pooled 
from an equal number of cells scored from the two replicate exposures. The few 
chromosome and chromatid aberrations noted in columns 2-5 are consistent with 
normal background levels. Similarly, the yields of SCEs show no obvious trend with 
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TABLE 1. Lymphocyte Chromosomal Aberrations Observed in 200 Cells, and SCE in 50 Cells, 
From Control and Microwave-Irradiated Blood 

No. of aberrations 

Chromatid Chromatid Mean 
Exposure Dicentrics Acentrics breaks gaps SCE/cell SEM 

37 °C control 0 1 0 6.20 0.35 
0 Wkg- 1 sham 0 0 0 4 6.18 0.35 
4 Wkg- 1 0 0 1 3 6.36 0.36 
40 Wkg- 1 0 0 0 0 5.60 0.33 
100 Wkg- 1 0 0 0 2 5.54 0.33 
200 Wkg- 1 1 0 0 3 6.46 0.36 

exposure. The standard error estimates (final column) on SCEs were calculated 
assuming that the aberrations were distributed among the 50 cells scored as the 
Poisson distribution. There is no significant difference between the six values of SCE 
and they can be well represented by a mean of 6.06 ± 0.14 (x2 = 6.6, df = 5, 
p = .25). This mean is consistent with the background value to be expected with the 
particular conditions of culture used. 

Leonard et al [1983] have recently reviewed the evidence for microwave -
induced chromosomal damage and concluded that in many studies the experimental 
design, particularly with regard to measurement or control of specimen temperature, 
has been poor. Thus in most cases where positive effects are reported it has not been 
possible to exclude temperature as causing or enhancing the damage. Alam et al 
[1978] have shown with cultured CHO cells that microwave irradiation at < 30 °C 
does not produce chromosomal damage but that the same power densities combined 
with temperature elevation to 49 °C caused chromatid breaks and exchanges together 
with other cytological phenomena. 

In the present note, we have only considered a temperature rise up to 40 °C. 
This limit was chosen as being more realistic of the temperature that some cells could 
experience in an exposed individual before avoidance action is taken. We have used 
the human peripheral blood lymphocyte as a test system and, taken together with our 
earlier study, we have been unable to demonstrate a positive clastogenic effect at 
either hypo- or hyperthermic temperatures for 20 min of microwave irradiation even 
at SAR well above the proposed average whole-body limit of 0.4 Wkg- 1 for occu
pational exposure to persons in the UK [NRPB, 1982]. 

REFERENCES 

Alam MI, Barthakur N, Lambert NG, Kastiva SS (1978): Cytological effects of microwave radiation in 
Chinese hamster cells in vitro. Can J Genet Cytol 20:23-30. 

Leonard A, Berteaud AJ, Bruyere A (1983): An evaluation of the mutagenic, carcinogenic and terato
genic potential of microwaves. Mutat. Res 123:31-46. 

Lloyd DC, Saunders RD, Finnon P Kowalczuk CI (1984): No clastogenetic effect from in vitro 
microwave irradiation of G0 human lymphocytes. Int J Radiat Biol 46: 135-141. 

NRPB (1982): "Proposals for the Health Protection of Workers and Members of the Public Against the 
Dangers of Extra Low Frequency, Radiofrequency and Microwave Radiations: A Consultative 
Document." National Radiological Protection Board, Chilton, UK. 





Bioelectromagnetics 7:239-242 (1986) 

Brief Communication 

60-Hz Electric-Field Effects on Pineal 
Melatonin Rhythms: 
Time Course for Onset and Recovery 

B.W. Wilson, E.K. Chess, and LE. Anderson 

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

Rats exposed for 3 weeks to uniform 60-Hz electric fields of 39 kV/m (effective field 
strength) failed to show normal pineal gland circadian rhythms in serotonin N-acetyl 
transferase activity and melatonin concentrations. The time required for recovery of the 
melatonin rhythm after cessation of field exposure was determined to be less than 3 days. 
The rapid recovery suggests that the overall metabolic competence of the pineal is not 
permanently compromised by electric-field exposure, and that the circadian rhythm effect 
may be neuronally mediated. 

Key words: 60 Hz, electric fields, pineal gland, circadian rhythm, melatonin, serotonin N-acetyl 
transferase (SNAT) 

Exposure to electric fields of approximately 1. 7-60 kV /m has been shown to 
alter noctural concentrations of melatonin and 5-methoxy tryptophol levels in the rat 
pineal gland [Wilson et al, 1981, 1983]. The observed suppression of the normal 
nocturnal increase. for melatonin was consistent with a measured reduction in sero
tonin N-acetyl transferase (SNAT) activity as a result of electric-field exposure 
[Wilson et al, 1981; Anderson et al, 1981]. 

We report here on a study in which both pineal melatonin concentrations and 
SNAT activity were measured to determine the time course for onset of this effect. 
The time required for recovery of pineal melatonin rhythm was also determined by 
comparing the night-time levels of melatonin measured in rat pineal glands after 4 
weeks of electric-field exposure to those measured 3 and 14 days after cessation of 
exposure. 

Male Sprague-Dawley-derived rats (Charles River SPF, Portage, MI) were 
prepared for the experiment as previously described [Wilson et al, 1981]. Animals 
were acclimated for 14 days to a daily 10-hour dark: 14-hour light cycle (lights on at 
0800 hours), and were provided water and food ad libitum. After acclimation, the 
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animals for each experiment were randomly distributed into two groups ( exposed and 

sham-exposed) for subsequent treatment. During each experiment, environment, 

housing, and husbandry were similar for exposed and sham-exposed animals, except 

for the presence or absence of the electric field. 
Exposure was to a uniform, vertical 39-kV/m (effective field strength), 60-Hz 

electric field in the system described by Jaffe et al [1980] and Wilson et al [1981]. 

Assay for SNAT activity in the onset experiments was performed as described 

previously, as were the extraction and mass spectrometric assay for melatonin [Wilson 

et al, 1977; 1981]. For the recovery experiments, the mass spectrometer was operated 
at increased resolving power (nominal 5,000; 10% valley definition), which enhanced 

specificity by allowing confirmation of the elemental composition for melatonin. 

In the experiment to determine onset of nocturnal melatonin suppression, ani

mals were killed in groups of 20 (10 exposed, 10 sham-exposed) after 1, 2, 3, and 4 
weeks of exposure. The electric field was turned off, and remained off, throughout 

the sacrifice times, which were at 0200 hours (dark-phase photoperiod). For the 

recovery studies, animals were killed in groups of ten (seven exposed, three sham
exposed) at 0200 hours, and six (three exposed, three sham-exposed) at 1400 hours. 

After animals were decapitated, the pineal gland was removed and quickly frozen on 

dry ice, usually within 2 minutes of death. Samples were coded prior to further 
workup and analyses; biochemical assays were performed "blind." 

Pineal melatonin concentrations were measured for the recovery experiment 

using standard curves that were prepared by injecting measured concentrations of 
melatonin (10, 50, 100, 500, and 1000 pg) with a fixed amount of internal standard 
(w-N-n-hexanoyl-0-methyl serotonin). Statistical significance of the differences be

tween melatonin levels and SNAT activity for exposed and control groups was 
evaluated using the nonparametric Mann-Whitney U test. 

Figures IA and 1B show the time course for disruption of the SNAT and 
melatonin circadian rhythms as a result of exposure to a 60-Hz, 39-kV Im field. Based 
on the first appearance of a statistically significant difference between sham-exposed 

and exposed groups, we conclude that onset of the effect occurs within 3 weeks after 

initiation of field exposure. 
Figure 2 shows that recovery of normal night-time melatonin levels after 

cessation of exposure requires less time than does the onset of the effect; recovery 
occurred in these animals in less than 3 days after removal from the field. Recovery 

was assumed to be complete when night-time pineal melatonin levels in previously 

exposed animals were indistinguishable from those of the sham-exposed group. 
These results are consistent with our earlier observations, which suggested that 

the field-induced biochemical lesion was in SNAT enzyme activity and that the 

hydroxyindole 0-methyl transferase (HIOMT) enzyme was probably not directly 

affected [Wilson et al, 1981]. These conclusions were based upon an observed night
time increase in 5-methoxytryptophol synthesis in exposed animals when compared 

with sham-exposed controls. (HIOMT is required for 5-methoxytryptophol synthesis; 

SNAT is not.) 
The relatively short time after removal from the field required for the nocturnal 

levels of melatonin to return to those observed in the control group indicates that 
pineal metabolic competence was not substantially affected by the field. It may be 
that SNAT remains inactive during the dark period due to field-induced alterations in 

the tonal aspects of appropriate neural signals reaching the pineal gland. When the 
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Fig. I. Comparison of night-time pineal (A) melatonin concentration and (B) serotonin N-acetyl trans
ferase (SNAT) activity for exposed and control groups following I, 2, 3, and 4 weeks of electric-field 
exposure. Statistically significant differences are indicated with an asterisk. 

field is removed, however, recovery is rapid. In humans, for example, reentrainment 
after more drastic treatment, such as light/dark-cycle phase shift, requires approxi
mately 8-11 days [Wetterberg, 1977; Favre-Montange et al, 1981]. 

Assuming that this effect is neuronally mediated, a possible mode of action has 
been suggested to us by the work of Bowers et al [1984]. These investigators found 
that cutting, freezing, or crushing of the internal carotid nerves (ICN) reduced night
time SNAT activity in the pineal by 90%. Upon recovery from the crushing treatment, 
the ICN were capable of causing night-time increases in SNAT activity when electri
cally stimulated at 5 Hz; however, the endogenous night-time rhythms in SNAT 
activity did not occur again after treatment. The authors postulated that those nerve 
endings that reinnervated the pineal did not have appropriate preganglionic inputs to 
stimulate the spontaneous SNAT activity increase normally associated with the onset 
of darkness. Thus, it appears that the pineal is sensitive to ICN function, and that 
subtle disruptions that may affect tonal aspects of the neural signal lead to a suppres
sion in pineal SNAT activity. Although a specific site for electric-field-induced 
disruption of neural input to the pineal has yet to be identified, it is certainly possible 
that currents induced in the area of the ICN by the electric field might be sufficient to 
perturb neuronal signals controlling nocturnal SNAT activity and hence, melatonin 



242 Wilson, Chess, and Anderson 

4~-------------------------, 
0 
0 
0 
~ 

~ 3 

cu ., 
C: 

~ 
ci 2 
.3-
c:: 
'i: 
E 
"' ~ 1 

If r I Exposed 

~ Sham-Exposed 

0 3 14 

Time Since Cessation of Exposure (days) 

Fig. 2. Comparison of night-time pineal melatonin concentrations (pg) for exposed and sham-exposed 
groups at 0, 3, and 14 days after cessation of electric-field exposure. Statistically significant differences 

are indicated with an asterisk. 

production. Other mechanisms can also be postulated. Field-induced spontaneous 
firing of neurons in the visual system, for example, may mimic the effects of light on 
the pineal gland. 
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