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A Possible Mechanism for the Influence of
Electromagnetic Radiation on
Neuroelectric Potentials

RONALD J. MACGREGOR

Abstract—This paper explores the idea that the electrical component of
applied microwave and radiowave radiation might induce transmembrane
potentials in nerve cells and, thereby, disturb nervous function and be-
havior. The paper estimates the transmembrane currents and potentials
induced in nerve cells by applied electrical fields and currents. Estimates
are made for steady and for oscillating stimulation. The primary conclu-
sion is that intracranial elecirical fields associated with low-intensity
irradiation in the frequency range of 10°-10'® Hz may induce transmem-
brane potentiais of tenths of millivolts (or more) and that, therefore, such
externally applied fields may distrub normal nervous function through this
mechanism. The paper also presents a discussion which indicates that the
induced transmembrane potential should exhibit a maximum at about 108
Hz. Although some researchers suggest that the direct mechanism explored
here may not represent the main influence of microwaves and radiowaves
on biological tissue, this model together with a recent model by Barnes and
Hu [21] suggest that the results so produced may indeed be significant.

I. INTRODUCTION

HERE IS a wide collection of intriguing phenomena
concerning the influence of applied fields and cur-
rents on nervous function and behavior. Steady electric

Manuscript received April 14, 1977; revised May 17, 1978. An earlier
version of this model has been preprinted by the Rand Corporation,
Santa Monica, CA, as P-4398, June 1970.

The author is with the Department of Electrical Engineering, Univer-
sity of Colorado, Boulder, CO 80309.

fields and currents applied to the brain are known to
induce a variety of behavioral responses, ranging from
hallucinations or the vivid reexperiencing of past events to
the performance of coordinated complex motor patterns
or the exhibition of rage or fright [1]. Stimulating steady
currents are used extensively to activate nerve cells in
neurophysiological research [2]. Such experiments are
vsed to investigate basic neuroelectric mechanisms and to
examine interconnecting pathways among cells. Less well
known in this country is a large body of research carried
out in the Soviet Union which indicates that low-intensity
electromagnetic radiation may induce insomnia, irritabil-
ity, loss of memory, fatigue, headache, tremor, hallucina-
tions, automatic disorders, or disturbed sensory sensitivity
in humans [3]. These effects seem to occur primarily in the
microwave and radiowave region and at mean intensities
well below safety standards currently in use for long-term
exposure. In this country, Frey has shown that both
low-intensity microwave and radiowave radiation applied
to the head induces auditory perception in human subjects
and neuroelectric potential fluctuations in the brain stem
of cats [4]. Reviews of the influence of microwaves and
radiowaves on neural function are contained in [3], [5],

0018-9480/79/1100-0914%00.75 ©1979 IEEE
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and [6]. Many recent experimental studies suggest that
both micro and radio waves produce nonthermal effects
and at least two implicate membranes as the site of the
effect [6]-[14].

The mechanisms whereby these and related effects are
brought about have not been convincingly demonstrated
[15], [16]. With the present state of knowledge, it is possi-
ble to know only in general terms how particular neu-
roelectric events correspond to a behavioral pattern or a
subjective experience; detailed understanding of function
and activity exists for no entire subsystem of nerve cells.
(Many fragments of information exist, however, including
recent experimental results which indicate that certain
single nerve cells—at least in some invertebrates—seem
to act as “triggers” in that their activation elicits a coordi-
nated, seemingly unitary movement pattern.) Moreover,
the question of how applied fields and currents affect
neuroelectric events is a difficult one and is not resolved.
With regard to steady electric fields and currents, it is
generally supposed that some portion of current crosses
the membrane of a nerve cell (or celis) and thereby
activates the cell(s) according to the transmembrane
potential it produces. No detailed knowledge concerning
how electromagnetic fields influence neuroelectric be-
havior exists. One hypothesis [3] holds that electromag-
netic fields induce a structural change in some key mole-
cule, particularly in the microwave range. This in turn
disturbs the normal function of that molecule and thereby
disturbs nervous function. Other interpretations include
thermal elastic conversion, electrostriction, radiation pres-
sure, membrane disruption, enzymatic changes, and a
theory which imputes psychic function to electromagnetic
fields in the brains of normal anmimals and inciudes in its
preview various phenomena from the field of extrasensory
perception [17], [18]. The simpler idea that the electrical
forces associated with the applied fields may interact
directly with basic neuroelectric processes seems to have
been largely ignored.

Recent work has indicated that micro and radio wave
radiation of 10-mW/cm?® intensity should produce in-
tracranial electric fields of up to about 200 V/m [9]. This
is a considerably stronger field than previous investigators
had estimated, and raises the question as to whether there
may be clirect mechanical interaction of the field with
neuroeleciric processes. An electric field of 200 V/m is far
from negligible compared to some typical values for nor-
mal neuroelectric processes: for example, the longitudinal
ionic current flow underlying graded potentials in passive
dendrites should be typically of approximately the same
magnitude; Terzuolo and Bullock [20] found that ex-
tracellular voltage gradients as low as 1 V/m could alter
firing rates in stretch receptor neurons of crayfish. The
electric component of the wave is oscillating at some 10
Hz, and it is not immediately clear how valid these
comparisons might be. At least two possibilities, however,
warrent investigation: the electric field may induce cur-
rents which penetrate nerve cell membrane and thereby
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Fig. 1. Illustration of hypothesis.
produce a neuroelectric response, or the field may disturb
the normal neural generator currents.

This paper explores the idea that the electrical compo-
nent of applied micro and radio wave radiation might
induce transmembrane potentials in nerve cells and
thereby disturb nervous function and behavior. We pre-
sent estimates of the magnitude of transmembrane current
and potential induced in a single nerve cell by a given
extracellular electric field or current, and indicate how .
appropriate parameters should influence the result. Re-
cently Barnes and Hu have presented a model to estimate
possible transmembrane shifts of ions as a result of micro-
wave and radio frequency fields, whose characteristics are
quite compatible with those of the model described here
[21].

II. TaEORY

A. Basic Hypothesis and Equations

The physical picture we entertain is illustrated in Fig. L.
We suppose the brain consists of nerve cells and extracell-
ular fluid; that there is an extracellular field F and current
j which may be steady or oscillating; and that a certain
portion of the current i, depending on appropriate imped-
ances and geometry, penetrates nerve cells and corre-
sponds to a transmembrane potential §¥. Our primary
concern is to relate i and 8V to E and j. To estimate the
dependence of induced transmembrane potential 67 on
frequency for the spectrum of electromagnetic radiation,
we relate the intracranial field E to the intensity /, and
frequency w, of an applied external field. We use a very
much simplified model to estimate how much of the
current penetrates the membrane and suspect that it ade-
quately represents a straight, cylindrical neural element.
We deal only with the component of current normal to
the process.

This picture can be approximately described by four
basic equations. The extracellular current j can be related
to the extracellular electric field E, according to

j= ‘\/02(¢o) +(ew) E.

(M
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The extracellular fluid is taken as comparable to sea
water [15], [16], [22]. The portion of current which
penetrates the membrane i is related to the extracellular
current j, according to

@)

2 2 r ‘ 21
4{(—0—) +(5‘3) J+4 Ly
mg g | 18 ng?

This expression is derived in the next section. It simply

splits the current j according to the impedances for the
two pathways illustrated in Fig. 1. We have supposed that
a unit area of membrane may be represented by a capaci-
tance ¢ and a conductance g in parallel. The geometrical
parameters 7 and x are defined by

T 1 T 2 . 1+x
nEEd1+———X-——+—————tan —_—
X 2 1—x? V11— x2
[
= 3
x== )

As defined more precisely below, d and / represent the
diameter of the neural process and the typical intercellular
distance, respectively. We have supposed that the in-
tracellular fluid has the same conductivity o and magnetic
permeability p as the extracellular fluid. The transmem-
brane potential 8V is related to the membrane current i,
according to

i

Finally, the extracellular electric-field component E is
related to the intensity I and frequency « of an applied
electromagnetic wave according to

8V = 4

3(59) Foyy
€ EO

172
\/[m(&)]a[a_]
€ €W
This expression is derived from basic electromagnetic
theory [23]-[28]. It represents the mean electric field
within a conducting dielectric sphere embedded in a ho-
mogeneous medium and subjected to a uniform electro-
magnetic field. It is probably reasonably accurate up to
about 10® Hz and is used here to indicate that the induced
transmembrane depolarization 8V should be particularly
marked only in the frequency range of about 10°—10'° Hz.
The subscript “0” denotes properties of the external
medium and o’ is an effective conductivity for brain tissue
as a whole.

E= (5)
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Based on (1)—(5), the transmembrane potential 6V can
be related on extracellular current j, or field E, or to an
external electromagnetic wave, according to

2 2
g () -
T 2 . g g

8V = e
2 2
\/(ZEH) +(°°—c+——2“’)
g g mn
’- 2 2
24,__4 (g) +(se) 3(&) Fo 5y
T 2 g g € €
V= - T .
r 2 2 2 114v2
\/ (2201) (20 200) H(m&) (2 }
|\ g g g € w

B. Evaluation

It is easy to illustrate that the magnitudes of the effects
under consideration here are appreciable. Thus an electric
field of 200 V/m, oscillating at 10® Hz should induce a
current of about 36 mA/cm? in the intracellular fluid. If
we suppose that about one-half of this current penetrates
a given nerve cell, a transmembrane potential of about 0.2
mV results. An externally induced potential bias of this
magnitude can indeed influence neuroelectric behavior.
Moreover, we suspect that higher potentials than this
should pertain to many of the microwave effects reported
in the literature: most of investigations employ time-vary-
ing radiation whose peak intensities may range up to
several hundred of milliwatts per square centimeter. For a
peak intensity of 1000 mW /cm?, our estimate would be
increased by a factor of 10. We now examine these
estimates more closely.

C. Model to Relate Transmembrane Current to
Extracellular Current

Fig. 2 illustrates the picture we have used to approxi-
mate the percentage of a given extracellular current den-
sity / which might be expected to penetrate the membrane
of nerve cells. We have represented a section of nervous
tissue as comprised of a collection of hollow cylinders
(representing neural processes) immersed in a conducting
fluid. Moreover, we have approximated the actual tortu-
ous geometric configurations by a uniform distribution of
the cylinders as shown in Fig. 2, and supposed that we
could approximate the current penetrating a typical pro-
cess according to a square of side /, also indicated in Fig.
2.

{ is the mean distance between the centers of adjacent
cylinders when the real situation is replaced by the artifi-
cial uniform distribution.!

Y might be approximated directly from anatomical data or according
to y=mr2/1? where y is that fraction of area in a micrograph which
contains nerve cells processes, and r is the mean radius of the processes.
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Fig. 2. Representation of nervous tissue for current penetration model.

We suppose that a given current density j moves sym-
metrically through the uniform distribution of cylinders,
and that the two pathways may be distinguished as it goes
from one side of an elemental square to the other: one
pathway penetrates the cell membrane, the other one
bypasses the process. Our procedure is simply to estimate,
according to the impedances of these two pathways, how
much of the current follows the first path. This is
illustrated in Fig. 3. R, represents the impedance of the
transmembrane path. The impedance of a unit area of
membrane is treated as equivalent to that of a conduc-
tance in parallel with a capacitance. The conductance
represents pores through which ions may pass, the capaci-
tance is related to lipid molecules within the cell mem-
brane [29], [30].

We suppose that only that current at the square’s edge
which is on a collision course with the process might
penetrate the membrane and that this current has access
to all the volume surrounding the process and within the
square. This current is denoted by 7, the total current
which penetrates the membrane is denoted by I,,, and
finally the transmembrane current density is denoted by
i,,. Elementary considerations then lead to the following:

I.=jds

I, = Ry I.= Ry i d8

MR ¥R, T R,+R,’
I, R, 2

b= Zé = Ra+Rb ;] (7)
2

In these expressions, 8 is some constant depth. The last of
(7) shows that the maximum possible transmembrane cur-
rent density is 2/#j which is clearly what it must be for a
cylindrical neural component.

It remains, then, only to evaluate R, and R, in terms of
tissue propertics.

R, can be written from inspection of Fig. 3 as follows:

/ 1 1

R,= + + :
(o + Jew)dd (g2+ch)z2£8

®

(g,+ch)%d6
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Fig. 3. Alternate pathways for impinging current.
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Fig. 4. Method of evaluating impedance for extracellular pathway.

In this expression J is the square root of —1, o is the
conductivity of the extra- and intracellular fluid, w is the
frequency of the stimulating agent, and the other terms
are as defined above.?

Fig. 4 illustrates our method of evaluating R,. Equa-
tions (9) are written on the basis of this picture.
! X
Ry=| ——rr—
b '[) (o+ew)d
R = 1 (-d)/2 dx
b (o+Jew)d | Jo /2
172 dx
9)

SeorT e
5‘\/(5)‘(‘2‘“")

Carrying out the indicated integration results in the
following expression for R,:

R,=

-y

21t is reasonable for our purposes to take the conductivities of the
intra- and extracellular fluid o to be equal [22], [29]. The equivalent
conductivity of brain tissue o’ differs significantly from ¢ primarily
because of the cellular membranes in the fluid. A more accurate model
which differentiated o with respect to intra- and extracellular fluid would
include that differentiation in the expression for R,.

(10)
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Comparison of (8) and (10) shows that R, depends only
on the ratio d//, whereas for a fixed d/7, R, decreases
with increasing d (because the total membrane admittance
increases under these conditions.) This is the source of the
observation indicated in the text that larger cell processes
should be more effective in attracting current.

The final expression for the current i, which is given in
(2) is obtained by substituting (8) and (10) in the last of
(7) and taking the magnitude of the resulting complex
expression.

D. Numerical Evaluation

It is easy to illustrate that the magnitudes of the effects
under consideration here are appreciable. Thus an electric
field of 200 V/m, oscillating at 10° Hz should induce a
current of about 36 mA/cm? in the intracellular fluid. If
we suppose that about one-half of this current penetrates
a given nerve cell, a transmembrane potential of about 0.2
mV results. An externally induced potential bias of this
magnitude can indeed influence neuroelectric behavior.
Moreover, we suspect that higher potentials than this
should pertain to many of the microwave effects reported
in the literature; most of the investigations employ time-
varying radiation whose peak intensities may range up to
several hundred milliwatts per square centimeter. For a
peak intensity of 1000 mW /cm? our estimate would be
increased by a factor of 10. We now examine these
estimates more closely.

The parameters we need to specify for (1)-(4) are the
conductivity of the extracellular fluid o, the specific mem-
brane properties ¢ and g, and the geometrical parameters
d and /. The interstitial fluid can be reasonably treated as
sea water. Thus o can be taken as 1.88/Q-m at 10° Hz
{22}. Typical values for ¢ and g are also well known {22}:
we can take c=10"%s/Q-cm? and g can be taken as 103
(2-cm?) ™! for passive membrane and approximately 1(2-
cm?) ™! for excited membrane. In normal nervous function
g can take on increased (“excited”) values when the
relevant patch of membrane is the focus of an “all-or-
none” spike potential, or when it is the site of an active
synapse. These differences will help us specify the regions
of nerve cells where induced potentials should be most
marked. Thus we will carry out computations for each of
three values of g which we suppose correspond to each of
three classes of membrane loci: the cases where g is
asgigned the value for passive membrane chould represent
neural segments where both sides of the equivalent cylin-
der are inactive (this should represent passive regions
generally and also excitable membrane at points of time
when no spikes are being generated); those cases where g
is assigned the excited value should correspond to a locus
of excitable membrane which is currently active; and a
locus of membrane under an active synapse is described
here by supposing that the excited value of g applies to
one membrane in the current pathway while the passive
value corresponds to the other, in this case, we consider
the potential across the passive membrane and, therefore,
use the passive value of g in (4). The geometrical parame-
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TABLEI
MEMBRANE DEPOLARIZATION* FOR ELECTROMAGNETIC RADIATION
AT 108 Hz

x (a) g=0.001

0.2180
0.2127
0.2010
0.1852
0.1581
0.1338
0.1119
0.0920
0.0739
0.0566
0.0394
0.0210
0.0023
0.0002

0.2180
0.2128
0.2010
0.1854
0.1583
0.1340
0.1121
0.0922
0.0740
0.0567
0.0394
0.0210
0.0023
0.0002

0.21¢
0.21z
0.20]
0.18¢
0.15¢
0.13¢
0.11Z
0.09:
0.07¢
0.05¢
0.03%
0.021
0.002
0.00(

0.2180
0.2127
0.2009
0.1851
0.1579
0.1336
0.1117
0.0919
0.0737
0.0565
0.0393
0.0210
0.0023
0.0002

0990 0.0196 0.1462 0.2129 0.2167 0.2178 0.2180
0980 0.0132 0.1124 0.2025 0.2101 0.2123 0.2127
0950 0.0075 0.0705 0.1773 0.1942 0.1999 0.2008
0.0047 0.0456 0.1456 0.1725 0.1831 0.1848
0.0028 0.0275 0.1047 0.1377 0.1544 0.1573
0.0020 0.0199 0.0805 0.1116 0.1295 0.1329
0.0016 0.0158 0.0650 0.0918 0.1080 0.1111
0.0013 0.0133 0.0544 0.0761 0.0850 0.0914
0.0012 00118 0.0464 0.0629 0.0718 0.0734
0.0011 0.0108 0.0394 0.0503 0.0555 0.0564
0.0010 0.0100 0.0314 0.0368 0.0389 0.0392
0.0010 0.0091 0.0194 0.0206 0.0209 0.0209
0.0009 0.0022 0.0023 0.0023 0.0023 0.0023
0.0002 0.0002 0.0002 0.0002 0.0002 0.0002

0.800
0.700
0.600
0.500
0.400
0.300
0.200
0.100
0.010
0.001

() g=1

02177 02179
02122 02126
0.1997 0.2006
0.1828 0.1846
0.1541 0.1571
0.1293 0.1327
0.1077 0.1109
0.0888 0.0913
0.0716 0.0734
0.0554 0.0563
0.0389 0.0393
0.0209 0.0210
0.0023 0.0023 0.0023
0.0002 0.0002 0.0002

(c) £,=0.001, g,=1

0.2166 02178 0.2179 0.2130
0.2099 02123 02126 0.2127
0.1940 0.1998 0.2007 0.2009
0.1722 0.1830 0.1847 0.1851
0.1374 0.1542 0.1572 0.1578
0.1114 0.1294 0.1328 0.1335
0.0916 0.1078 0.1110 0.1116
0.0759 0.0889 0.0913 0.0918
0.0627 00717 0.0734 0.0737
0.0502 0.0554 0.0563 0.0565
0.0368 0.0389 0.0393 0.0393
0.0205 0.0210 0.0210 0.0210
0.0023 0.0023 0.0023 0.0023
0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002

0.01 0.50 1.00 250 5.00 7.50 25.00

*All entries for 8¥ in this table should be increased by the factor 1.93 in order to give 8§V
millivolts.

0.2180
0.2127
0.2009
0.1851
0.1580
0.1337
0.1118
0.0920
0.0738
0.0566
0.0394
0.0210
0.0023
0.0002

0.2180
0.2127
0.2010
0.1853
0.1582
0.1340
0.1121
0.0922
0.0740
0.0567
0.0394
0.0210
0.0023
0.0002

0.21¢
0212
0.201
0.185
0.158
0.134
0.112
0.092
0.074
0.05¢6
0.039
0.021
0.002
0.000

0.2179
0.2127
0.2008
0.1850
0.1577
0.1334
0.1116
0.0918
0.0737
0.0565
0.0393
0.0210

0.2124
0.2020
0.1766
0.1449
0.1042
0.0801
0.0647
0.0542
0.0462
0.0392
0.0312
0.0193
0.0023
0.0002

0.2164
0.2097
0.1937
0.1719
0.1371
0.1111
0.0913
0.0758
0.0626
0.0501
0.0367
0.0205
0.0023
0.0002

0.990
0.980
0.950

0.0196
0.0132
0.0075
0.0047
0.0028
0.0020
0.0016
0.0013
0.0012
0.0011
0.0010
0.0010
0.0009
0.0002

0.1455
0.1118
0.0702
0.0455
0.0275
0.0199
0.0158
0.0133
00118
0.0107
0.0100
0.0091
0.0022
0.0002

0.800
0.700
0.600
0.500
0.400
0.300
0.200
0.100
0.010
0.001

0.2180
0.2127
0.2010
0.1852
0.1580
0.1338
0.1118
0.0920
0.0738
0.0566
0.0394
0.0210
0.0023
0.0002

10.00

0.218
0.212
0.201
0.185
0.158
0.134
0.112
0.092
0.074
0.056
0.039
0.021
0.002
0.000

50.

0.2126
0.2023
0.1769
0.1452
0.1045
0.0803
0.0649
0.0543
0.0463
0.0393
0.0313
0.0193
0.0023

0.2180
0.2128
0.2010
0.1853
0.1583
0.1340
0.1121
0.0922
0.0740
0.0567
0.0394
0.0210
0.0023

0.990
0.980
0.950

0.0196
0.0132
0.0075
0.0047
0.0028
0.0020
0.0016
0.0013
0.0012
0.0011
0.0010
0.0010
0.0009

0.1458
0.1121
0.0703
0.0455
0.0275
0.0199
0.0158
0.0133
0.0118
0.0107
0.0100
0.0091
0.0022
0.0002

0.10

0.800
0.700
0.600
0.500
0.400
0.300
0.200
0.100
0.010
0.001

ters d and / are interpreted as follows: d is the diameter of
the neural process and / is the distance between the
centers of adjacent processes (/ >d). There is no single set
of values for / and d which is representative of nervous
tissue generally. Rather, points within an extensive region
of /,d combinations are applicable to different neural
segments and very large local variations exist. We will
map our results over the plane d,/=0.01 to 50 um and use
these comparative results to further aid us in localizing
where, within nervous tissue, our predicted effects should
be most marked.

Table I shows how the induced transmembrane poten-
tial 8V for the case of radiation at the frequency 10® Hz,
depends on the geometric parameters d and x. Table I(a),
I(b), and I(c) pertain, respectively, to the cases of passive
membrane, excited membrane, and the combination of
the two. The values are very nearly the same in all three
Tables since at this high frequency almost all the current
is associated with the capacitive term.

The values for 87 range up to about four-tenths of a
millivolt and tend to increase with the packing density x
and with the process diameter d. This may be readily
understood on the basis of the equations derived above. If
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TABLE II
MEMBRANE DEPOLARIZATION* FOR STEADY ELECTRIC STIMULATION

x (a) g=0.001

0.990 0.198 1.970 9.851
0.980 0.132 1.323 6.614
0.950 0.075 0.752 3.761
0.900 0.047 0.470 2.351
0.800 0.028 0.279 1.396
0.700 0.020 0.201 1.007
0.600 0.016 0.160 0.799
0.500 0.013 0.135 0.674
0.400 0.012 0.119 0.596
0.300 0.011 0.110 0.548
0.200 0.010 0.104 0.519
0.100 0.010 0.101 0.504
0.0t0 0.010 0.100 0.250 0.500
0.001 0.010 0.100 0.249 0.494

(b) g=1

4472 8.188
3.091 5.803
1.805 3.469
1.143 2224
0.685 1.343
0495 0.974
0.393 0.774
0.331 0.652
0.293 0.575
0.268 0.525
0.252 0.490
0.239 0.455
0.167 0.251
0.042 0.046

14.774
9.920
5.641
3.526
2.094
1510
1.198
1.011
0.894
0.821
0.778
0.756
0.749
0.738

19.697
13.225
7.522
4.701
2792
2.014
1.597
1.348
1.192
1.095
1.038
1.008
0.998
0.979

49213
33.050
18.800
11751
6.980
5.035
3.992
3.368
2.980
2.737
2.594
2.520
2488
2379

98.326
66.053
37.584
23.495
13.957
10.069
7.983
6.736
5.958
5.474
5.186
5.037
4951
4.546

0.020
0.013
0.008
0.005
0.003
0.002
0.002
0.001
0.001
0.001
0.001
0.001
0.001
0.001

0.985
0.662
0.376
0.235
0.140
0.101
0.080
0.067
0.060
0.055
0.052
0.050
0.050
0.050

4.926
3.307
1.881
1175
0.698
0.504
0.399
0.337
0.298
0.274
0.260
0.252

0.990
0.980
0.950
0.900
0.800
0.700
0.600
0.500
0.400
0.300
0.200
0.100
0.010
0.001

0.020
0.013
0.008
0.005
0.003
0.002
0.002
0.001
0.001
0.001
0.001
0.001
0.001
0.001

0.196
0.132
0.075
0.047
0.028
0.020
0.016
0.013
0.012
0.010
0.010
0.010
0.010
0.008

0.966
0.652
0.373
0.234
0.139
0.100
0.080
0.067
0.059
0.055
0.052
0.050
0.046
0.025

1.894
1.287
0.740
0.465
0.277
0.200
0.159
0.134
0.118
0.109
0.103
0.099
0.083
0.034

11.324
8.201
5.010
3.248
1.977
1438
1143
0.963
0.848
0.771
0.715
0.651
0.302
0.048

14.008
10.337
6.439
4.220
2.587
1.887
1.501
1.264
1112
1.008
0.928
0.829
0.335
0.048

24.425
19.460
13.236
9.145
5.826
4.308
3.441
2.893
2.523
2.249
2.002
1.637
0.420
0.050

32.476
27.572
20422
14.967
9.996
7.528
6.047
5.071
4.375
3.817
3258
2424
0.458
0.050

(©) £;=20.001,g;,=1

9.841 19.678 29.510
6.607 13.212 19.816
3.758 7.514 11.271
2348 4.696 7.044
1395 2790 4.184
1.006 2012 3.018
0798 1.595 2393
0.673 1346 2.019
0.595 1.191 1786
0.547 1.094 1.641
0.518 1.037 1.855
0504 1.007 1511
0499 0.997 1.494
0.494 0978 1453

1.00 250 500 7.50

0.990
0.980
0.950
0.900
0.800
0.700
0.600
0.500
0.400
0.300
0.200
0.100
0.010
0.001

0.039
0.026
0.015
0.009
0.006
0.004
0.003
0.003
0.002
0.002
0.002
0.002
0.002
0.002

0.01

0.394
0.264
0.150
0.094
0.056
0.040
0.032
0.027
0.024
0.022
0.021
0.020
0.020
0.020

0.10

*All entries for 8V in this table should be increased by the factor 2.0 in order to give
8V in millivolts.

1.969
1.322
0.752
0.470
0.279
0.201
0.160
0.135
0.119
0.109
0.104
0.101
0.100
0.100

0.50

3.937
2.643
1.503
0.939
0.558
0.402
0.319
0.269
0.238
0.219
0.207
0.202
0.200
0.199

39.339
26417
15.026
9.392
5.579
4.024
3.190
2.692
2.381
2.188
2.073
2.014
1.990
1.920

98.228
65.987
37.546
23471
13.943
10.059
7.975
6,729
5.952
5.468
5.181
5.032
4.946
4.542

25.00

196.060
131.790
75.030
46916
27.876
20.111
15.944
13.453
11.900
10.932
16.356
10.054
9.795
8.338

50.00

10.00

d is held constant, then an increase in x causes relatively
little change in the total resistance of the transmembrane
pathway, but increases the total resistance in the extracell-
ular pathway. If x is held constant, then an increase in d
causes no change in the resistance of the extracellular
pathway, but decreases that of the transmembrane path-
way by increasing the total quantity of membrane perme-
ability and capacitance. Both of these cases lead to an
increase in the percentage of current which penetrates the

cell membrane.
As can be seen in Table I, for any given packing density

x, there is a value of d beyond which further increase in d
causes little increase in 8V. For the case shown in Table I,
these values are less than about 7.5 pym.

Thus Table I suggests that the induced transmembrane
potential should be bigger in more densely packed regions
than in sparsely packed regions, should be bigger on
larger nerve components than on smaller ones (probably
larger on the soma of nerve cells than their dendrites)
provided the packing densities are comparable, and
should be of the order of tenths of a millivolt for a
200-V/m extracellular field.

Table 11 (a), (b), and (¢) shows comparable results for a
steady electric field of 200 V/m. Table II also shows the
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TABLE III
RELATIVE TRANSMEMBRANE DEPOLARIZATION FOR VARIOUS
FREQUENCIES OF INCIDENT ELECTROMAGNETIC RADIATION

Frequency Depolarization
(cps) g = .001 g=1
10° 4.28 x 1077 4.15 x 1077
10! 3.70 x 1078 3.60 x 107°
102 3.08 x 1077 3.00 x 107°
10° 3.08 x 107 3.00 x 107
0% 2.41 x 1073 2.25 x 1073
10° 1.98 x 1072 1.93 x 1072
108 1.85 x 107 1.78 x 107!
10’ 1.00 x 109 9.60 x 107"
108 1.00 x 10° 1.00 x 10°
10° 4.32 x 107 4.32 x 107!
1010 2.04 x 1077 1.83 x 107!
TABLE IV
FREQUENCY DEPENDENCE OF PARAMETERS
T e o o
10° 4 065 1.4 78
10! 4 .075 1.4 78
10% 4 .09 1.4 78
108 4 .09 1.3 78
10* 4 12 .9 78
10° 4 .14 .9 78
106 4 15 .9 78
107 4 .24 .9 78
108 1.67 38 .9 78
10° 1.88 N .9 78
10'0 1.88 38 .9 78

tendency for 8V to increase with increasing x and increas-
ing d. The values of 8V for the steady case are roughly an
order of magnitude higher than for the microwave case,
and for very highpacking densities and large processes
exceed tenths of millivolts.

From (5) and the last of (6), one may estimate how the
induced transmembrane potential 8V varies with the
frequency w of electromagnetic radiation of fixed inten-
sity.

Table III shows such results for both passive and ex-
cited membrane for a case where d=5 ym and x=0.6.
These results do indeed show a peak in the response 6V in
the radio frequency range, specifically at about 10° Hz.
Physically, our interpretation says that, at lower frequen-
cies, the value of the induced electric field is too small to
produce a significant direct neuroelectric effect, and at
higher frequencies the ions do not follow the field
sufficiently well to produce an effective transmembrane
potential.

To get the values shown in Table III, the various
parameters have been assigned the frequency dependen-
cies shown in Table IV [22].

The model used for Table III has neglected higher
order terms which can result in very large resonance
values for E, particularly within the microwave and radio-
wave region. (Indeed, the value of 200 V/m used in the
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TABLE V
GEOMETRIC PARAMETERS
x ]
0990 03 3.3 163 325 814 1627 2441 3254 8135 16270
0980 0.2 22 112 224 560 1119 1679 2238 559.6 11192
0950 0.1 1.3 67 135 337 674 1010 1347 3368  673.5
0900 0.1 0.9 4.6 9.1 229 457 68.5 913 2283 4565
0.800 0.1 0.6 3.2 64 159 318 47.6 635 1588 3175
0700 0.1 0.5 27 54 135 270 40.6 541 1352 2704
0.600 0.1 0.5 26 51 128 256 385 513 1282 2563
0.500 0.1 0.5 2.6 53 131 263 39.4 526 1315 2629
0400 0.1 0.6 29 58 145 290 435 58.0 1450 2900
0300 0.1 07 3.5 70 174 348 522 69.6 1739 3478
0200 0.1 0.9 4.7 95 237 474 711 948 2371 4742
0.100 0.2 1.7 86 173 432 865 1297 1729 4323 8646
0010 16 159 793 1587 3966 7933 11900 15865 3966.3 7932.5
0.001 15.7 1572 7862 15724 39309 7861.8 11793.0 157240 39309.0 78618.0
L 2
2
m
0.990 0.60558 0.60558 0.60558 0.60558 0.60558 0.60558 0.60558 0.60558 0.60558 0.60558
0.980 0.59103 0.59103 0.59103 0.59103 0.59103 0.59103 0.59103 0.59103 0.59103 0.59103
0950 0.55848 0.55848 0.55848 0.55848 0.55848 0.55848 0.55848 0.55848 0.55848 0.55848
0900 0.51493 0.51493 0.51493 0.51493 0.51493 0.51493 0.51493 0.51493 0.51493 0.51493
0.800 0.43978 0.43978 0.43978 0.43978 0.43978 0.43978 0.43978 0.43578 0.43978 0.43978
0.700 0.37248 0.37248 0.37248 0.37248 0.37248 0.37248 0.37248 037248 0.37248 0.37248
0.600 031152 031152 031152 0.31152 031152 0.31152 0.31152 031152 031152 0.31152
0500 0.25628 0.25628 0.25628 0.25628 0.25628 0.25628 0.25628 0.25628 0.25628 0.25628
0.400  0.20555 0.20555 0.20555 0.20555 0.20555 0.20555 0.20555 0.20555 0.20555 0.20555
0300 0.15744 0.15744 0.15744 0.15744 0.15744 0.15744 0.15744 0.15744 0.15744 0.15744
0200 0.10943 0.10943 0.10943 0.10943 0.10943 0.10943 0.10943 0.10943 0.10943 0.10943
0.100 0.05833 0.05833 0.05833 0.05833 0.05833 0.05833 0.05833 0.05833 0.05833 0.05833
0.010  0.00630 0.00630 0.00630 0.00630 0.00630 0.00630 0.00630 0.00630 0.00630 0.00630
0.001  0.00064 0.00064 0.00064 0.00064 0.00064 0.00064 0.00064 0.00064 0.00064 0.00064
2 d
‘ﬂx K
0990 0.197 1.970 9.853 19.709 49.265 98.530 147.790 197.060 492.650 985.300
0980 0.132 1.323 6.615 13.230 33.074 66.148 99.222 132300 330.740 661.480
0950 0.075 0.752 3762 7.523 18.808 37.617 56.425 75.233 188.080 376.170
0.900 0.047 0.470 2351 4702 11754 23.509 35263 47.018 117.540 235.090
0.800 0.028 0279 1396 2793 6982 13.963 20.945 27927 69.817 139.630
0.700  0.020 0.201 LO07 2015 5036 10073 15109 20.145 50.363 100.730
0.600 0.016 0.160 0.79¢ 1597 3.993 7.983 11.978 15971 39.927 79.854
0500 0.013 0.135 0.674 1348 3369 6738 10.107 13476 33.690 67.380
0.400 0.012 0.119 0596 1.192 2980 5960 8941 11921 29.802 59.604
0.300 0.011 0.110 0.548 1.095 2738 5476 8214 10952 27.381 54.762
0200 0.010 0.104 0519 1.038 2595 5190 7.784 10379 25.947 51.895
0.100 0.010 0.101 0504 1.009 2521 5043 7564 10086 25214 50.428
0.010 0.010 0.100 0500 1.000 2500 5000 7.500 10000 25.000 49.997
0.001 0010 0.100 0.499 09985 2497 4993 7490 9987 24963 49.927
0.01 0.10 050 1.00 250 5.00 750 1000 2500  50.00

present paper is just such a case.) However, the effect of
these terms should be to accentuate the resonance at 10°
Hz which our equations have suggested. Thus for
frequencies below about 10° Hz, (5) should be reasonably
accurate for the brain cavity; for frequencies above 10'°
Hz the neuroelectric mechanisms will not follow the field
(this attenuation is very fast); resonances should produce
large peaks in the F field within the microwave or radio-
wave range. These three factors suggest that the peak
shown in Table III to occur at about 10®* Hz, not only
should occur in a more detailed analysis, but should be
amplified.

Table V shows how some of the geometric parameters
involved in (1)—(7) vary with packing density x and diam-
eter d.

1.

The primary conclusions of this analysis are as follows.

1) Large cell components in regions of high cell density
should be most influenced by extracellularly applied cur-
rents or fields.

DiscussioN

2) The neuroelectric potential induced by electromag-
netic radiation should exhibit a maximum at about 108
Hz.

3) An electric field of 200 V/m oscillating at 10° Hz
could produce a neural transmembrane potential of tenths
of a millivolt.

And that, therefore,

4) This direct mechanical action of the electric field
may very well contribute to the behavioral disturbances
associated with low-intensity microwave and radiowave
irradiation.

Thus according to this analysis, an incident field of 10
mW /cm?, which should induce a peak intracranial elec-
tric field of some 200 V /m, can in turn lead to transmem-
brane depolarizations of tenths of a millivolt. Most
marked disturbances have been reported in the literature
when the incident field exhibits high peaks in intensity
well above a low mean level 3], [18]. Thus for example,
Frey’s auditory hallucinations [5] often incorporate peak
intensities close to 100 m/W/cm? Our model would
predict a depolarization of some 4 or 5 mV for such a
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case. There is no question but that membrane depolariza-
tion of this magnitude can influence ongoing neuroelectric
behavior [20], [29], {30].

A main purpose of this paper is to induce experimenta-
tion to examine the transmembrane potentials in nerve
cells associated with microwave and radiowave radiation.
In this context, we echo Frey’s observation that “of the
sum total of biological experimentation with (radio
frequency) energy, however, very little has been con-
cerned with the nervous system,” and his call for neu-
roelectric experimentation [4].

Finally, we should point out that Schwan has argued in
personal communication with the present author that,
since the cutoff frequency for the membrane potential is
in the low-megahertz region, these models probably do
not represent the main influence of microwaves or radio-
waves on biological tissue. Nonetheless, in our opinion,
Schwan’s objections to these hypothetical direct nonther-
mal influences of microwaves may be valid but do not
seem necessarily so. Moreover, the balance of the consid-
erable experimental evidence [3]-[14], the apparent plausi-
bility of the mechanisms assumed in both the present
model and in the model of Barnes and Hu [21], and the
compatibility of these two models seems to strongly en-
courage us to at least consider them as possibilities, until
further experimentation finally resolves the issue.

ACKNOWLEDGMENT

The author expresses appreciation to F. Barnes, J.
Moore, A. Frey, W. A. G. Voss, H. Schwan, and reviewers
of this TRANSACTIONS for comments on this manuscript,
and to Jeannine Lamar for assistance with the computa-
tions.

REFERENCES

R. W. Doty, “Electrical stimulation of the brain in behavioral
context” 4Ann. Rev. Psychol., vol. 20, pp. 289-320, 1969.

D. E. Sheer, Electrical Stimulation of the Brain. Austin, TX:
Univ. of Texas Press, 1961.

A. S. Pressman, “The action of microwaves on living organisms
and biological structures,” Usp. Fiz. Nauk., vol. 86, pp. 262-302,
1965. (English translation: Sov. Phys. Usp., vol. 8, pp. 463-488.)
A. H. Frey, “Brain stem evoked responses associated with low-in-
tensity pulsed UHF energy,” J. Appl. Phys., vol. 23, no. 6, pp.
984-988, Dec. 1967.

——, "“Behavioral biophysics,”, Psychol. Bull., vol. 63, pp.
322-337, 1965.

R. J. MacGregor, “A brief survey of literature relating to the
influence of low intensity microwaves on nervous function,” Rand
Corp., p. 4397, June 1970.

S. Baranski, S. Szmegielski, and J. Moneta, “Effects of microwave
radiation in vitro on cell membrane permeability,” in Proc. October
1973 Symp. Biological Effects and Health Hazards of Microwave
Radiation, 1974, Polish Medical Publishers.

S. D. Pyle, D. Nichols, F. S. Barnes, and E. Gamow, “Threshold
effects of microwave radiation on embryo cell systems,” Ann. N.Y.

(1
{21
B3]

4

[5]
[6]

m

8]

Ol

[10]

[11]

(2]

[13]

(14]
[15]
[16]
17
(18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]
(26]

7
(28]

[29]

[30]

921

Acad. Sci., vol 247, pp 401407, Feb. 28, 1975.

M. Saito, and H. Schwan, “The time constants of pearl-chain
formation,” in Biological Effects of Microwave Radiation. M. Pey-
ton, Ed. New York: Plenum, vol. 1, 1960, pp. 85-97.

N. Devyatkov, “Influence of millimeter-band electromagnetic
radiation on biologicla objects,” Rep. the Scientific Sessions of the
Div. of General Physics and Astronomy, USSR Academy of
Sciences, Jan. 17 and 18, 1973. Sov. Phys. Usp., vol. 16, no. 4, pp.
568-569, Jan.—Feb., 1974.

L. M. Liu, F. J. Rosenbaum, and W. F. Pickard, “The relation of
teratogenesis in tenebrio molitor to the incidence of low-level
microwaves,” IEEE Trans. Microwave Theory Tech., vol. MTT-23,
pp- 928-931, Nov. 1975.

B. Greenebaum, E. M. Goodman, and M. T. Marron, “Long-term
effects of weak 45-75 Hz electromagnetic fields on the slime mold
physarum polycephalum,” presented at the 1975 URSI Annual
Meeting, Oct. 20-23, 1975, at Boulder, CO, Session B-10a.

D. Mcree, R. H. Wyatt, J. K. Haseman, and G. Somjen, “the
Transmission of reflexes in the spinal cord of cats during direct
irradiation with microwaves,” J. Microwave Power, vol. II, no. 1,
pp. 49-60, 1976.

H. Wachtel, R. Seaman, and W. Joines, “Effects of low-intensity
microwaves on isolated neurons,” 4nn. N.Y. Acad. Sci., vol 247,
pp. 46-62, Feb. 28, 1975.

H. P. Schwan and G. M. Piersol, “The absorption of electromag-
netic energy in body tissues, pt. 1,” Amer. J. Phys. Med., vol. 33,
pp. 371-404, 1954.

——, “The Absorption of electromagnetic energy in body tissues,
pt. IL” Amer. J. Phys. Med., vol. 34, pp. 425-448, 1955.

P. Brodeur, “A reporter at large: Microwaves I and II,” New
Yorker Mag., Dec. 13 and 20, 1976.

A. S. Pressman, “The role of electromagnetic fields in life
processes,” Biofizika, vol. 9, pp. 131-134, 1964.

A. R. Shapiro, R. F. Lutominski, and M. T. Yura, “Induced fields
and heating within a cranial structure irradiated by an electromag-
netic plane wave,” IEEE Trans. Microwave Theory Tech., vol. 19,
pp. 187-192, 1971.

C. A. Terzuolo and T. H. Bullock, “Measurement of imposed
voltage gradient adequate to modulate neuronal firing,” in Proc.
Nat. Acad. Sci., Washington, DC, vol. 42, pp. 687-694, 1965.

F. S. Barnes and Chia-lun J. Hu, “Model for some non-thermal
effects of radio and microwave fields on biological membranes,”
Microwave Theory Tech., vol. 25, pp. 742-746, 1977.

H. P. Schwan, “Determination of biological impedances,” in Physi-
cal Techniques in Biological Research. W. L. Nastuk, Ed., vol. 6,
1963, pp. 323-406.

J. A. Stratton, Electromagnetic Theory. New York: McGraw-Hill,
1941,

C. H. Durney, C. C. Johnson, and H. Massoudi, “Long-wavelength
analysis of plane wave irradiation of a prolate spheroid model of
man,” IEEE Trans. Microwave Theory Tech., vol. MTT-23, pp.
246-253, 1975.

C. C. Johnson and A. W. Guy, “Nonionizing electromagnetic wave
effects in biological materials and systems,” Proc. IEEE, vol. 60,
pp. 692-718, 1972,

W. T. Joines and R. J. Spiegel, “Resonance absorption of micro-
waves by the human skull,” IEEE Trans. Biomed. Eng., vol.
BME-21, pp. 46-51, 1974.

D. E. Livesay and K. M. Oken, “Electromagnetic fields induced
inside arbitrarily shaped biological bodies,” IEEE Trans. Micro-
wave Theory Tech., vol. MTT-22, pp. 1273-1280, 1974.

J. C. Lin, A. W. Guy, and C. C. Johnson, “Power disposition in a
spherical model of man exposed to 1-20 MHz electromagnetic
fields,” IEEE Trans. on Microwave Theory Tech., vol. MTT-21, pp.
791-797, 1973.

S. W. Kuffler and J. C. Nichols, “From Neuron to Brain,” Stuever
Assoc. Inc,, Sunderland, MA, 1976.

R. J. MacGregor and E. R. Lewis, Neural Modeling: Electrical
Signal Processing in Nervous Systems. New York: Plenum, 1977.



