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Abstract—The history of electric fields in biology is summa-
rized briefly. Physical concepts important for explaining the ac-
tion of electric field pulses on biological objects are reviewed: re-
lation of pulse width to frequency spectrum; precise meaning of
“conductor” and “dielectric”; electrical properties of living tissues;
translatory and rotational motion of electric charges and dipoles;
effects of inhomogeneity, diffusion and viscosity; conditions for va-
lidity of linear models; electrical mobility of ions in membrane
channels and membranes; conditions for radiation; reflection, re-
fraction, and penetration of radiated fields; effect of radiated mag-
netic fields on chemical reaction rates; radiation pressure; elec-
trostriction; the problem of distinguishing between thermal and
nonthermal effects. The rationale for close collaboration among bi-
ologists, engineers, physicists, and physicians is discussed.

Index Terms—Bioelectricity, dielectrophoresis, ion channels,
large electric fields, magneto-chemistry, radiation pressure,
thermal versus nonthermal effects.

I. INTRODUCTION

HIS paper is based on the author's introductory addre
at “Electromed99.” It is concerned with “large” electric
fields. “Large” designating here fields roughly as large or larg
than those which can cause nerve stimulation in vertebrate
frequencies below 100 Hz. The subject is introduced by i
dicating when the role of electricity in biology was first rec-

ognized. The history of medical applications is then reviewd . . S X
listing easily accessible references for the intefluickly. Ventricular fibrillation is one of the leading causes of

very briefly,
ested reader. The principal part of the paper encompasses
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jamin Franklin (1706-1790) and Luigi Galvani (1737-1798)
[1] Galvani used a bimetallic arch (zinc and copper) to pro-
duce muscular contractions in a frog leg. A practicing physi-
cian, he attributed the effect to “animal electricity existing in
the body.” This started a controversy with Alessandro \olta,
professor of physics in Pavea, who repeated Galvani's experi-
ment and discovered that the electric potential required contact
between the two dissimilar metals. Another Italian, Carlo Mat-
teuci (1811-1865) was then the first to measure a true biogenic
impulse in frog muscle.

Experimental exploration of bioelectric phenomena pro-
ceeded rather rapidly after about 1840 in France, Germany,
and England. In 1887 August Waller recorded the first elec-
trocardiogram and even earlier, in 1872, Thomas Green in
the U.S. resuscitated five of seven patients with cardiac arrest
due to chloroform anesthesia. He used a 300 V battery and
thus pioneered the first application of high voltage in human
medicine [2]. Closed chest ventricular pacing in patients with
Attioventricular block was introduced in the U.S. by Zoll in
elr952 using 2 ms, 150 V pulses at rates between 30 and 180 per
mai?ute [2], [3]. Later, in the 1950'’s, implantable pacemakers
ecame commercially available.

Very large electric fields, up to 300 V/m can usually restore
He normal heart beat in ventricular fibrillation if applied

ith in the Western world with about 1200 cases each day. The

view of selected concepts from electromagnetic theory that df§t defibrillator was produced by William Kouwenhoven, an

likely to be of particular importance in the application of larg

glectrical engineer, in 1930 [3]. Many refinements were made

amplitude, but short duration electric field pulses in biology arginc€ that time and a D.C. defibrillator system developed in

medicine.

Il. HISTORY

1962 by Bernard Lawn, a cardiologist at the Harvard Medical
School, is still used today. However, ventricular fibrillation and
methods for stopping it are still a very active research area.

Probably the earliest written record on biological electricitfh important reason for this is that presently used transchest

is found in Egyptian hieroglyphs dated to 4000 B.C. that d&e€fibrillation energy, 200-360 Joule with currents of 2-3 A,
scribe difficulties of fishermen with “sheatfish” or catfish [1].S0Metimes produces permanent injury [4]. Reduction of ex-

That same fish, which can give substantial electric shocks, wgnal energy input to the minimum necessary for defibrillation
used by some Roman physicians as therapy for headaches@rfdgarly desirable.

arthritis and remained the only source of therapeutic electricity Stimulation of nerve and muscle activity is a nonthermal ef-
until the seventeenth century. Scientific experimentation af@et of electric fields in the sense that it can be produced with

analysis of electricity in biology began with the work of Benfurrents or charge transfer, at dc or low frequencies, well below
those necessary to produce appreciable temperature increase in

tissue. However, when the frequency of current introduced into
Ahe body is increased, the threshold for nerve and muscle stimu-
lation increases rapidly [5] as illustrated by Fig. 1. The relation
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Fig. 1. Frequency dependence of threshold for sinusoidal current stimulation.
Solid curves are for myelinated nerves. “Single cycle” means one entire periﬁ(‘j9 S A .
“SENN" is the “spatially extended linear model” (see [5]). Source: Fig. 4.20 i d pulsesjn vitro andin vivo, under conditions that produce

[5], with permission of the publisher. neither nerve stimulation nor appreciable heat. An example is
electroporatiorin vitro [7]. Heating effects will be discussed

I, [mA] later in this paper.
40
Ill. PULSES FREQUENCY SPECTRA AND ELECTRICAL
a5 - PROPERTIES
A. Pulses and Frequency Spectra
80 Detailed mathematical discussions of the relation between the
o5 - shape of pulses in the time domain (including superposition on
a carrier frequency) and their frequency spectra can be found
20 - in numerous text books, e.g., [8]-[10]. Since, on the one hand,
pulse duration, pulse shape and pulse repetition frequency have
15 3 Muscle been found to affect virtually all biological effects of electric
fields and, on the other hand, electrical properties of living tis-
10 sues and cells are usually presented as a function of frequency,
it is useful to review the most important aspects of the relation
5 Nerve between description of signals in the time and frequency do-
mains. However, it is, in general, not possible to reconstruct the
0 1 T i i response in the time domain of a nonlinear system, where prop-
10" 10? 10° 10° 10° erties depend on the amplitude of the signal, by superposition of

Pulse duration [ 5] responses to individual frequencies. Thus, when the electrical

properties of a cell or cell membrane change in some ampli-

Fig. 2. Experimentally determined strength-duration relationship for mot¢gide range with the amp|itude of the voltage applied to it, the
nerve stimulation and for direct stimulation of muscle (threshold values fi

square-wave pulses). Source: Fig. 21.9 in [1] and [53], with permission of t equwalence of time and frequency dom?‘m analyzes can onIy be
publisher. applied over the range of voltage amplitudes where no change
of electrical properties occurs. With this important caveat we
between pulse duration and nerve/muscle stimulation is i"ugc_)te the qu_alitative relations betV\_/een pulse characteris?ics_inthe
trated by Fig. 2. time domain and the cqrrespondmg frequency spectra indicated
Excellent and very detailed references on the characteff&l Table I. The bandwidth&A f shown on the table as exam-
tics of nerve and muscle stimulation are available [1], [5PIes are fror_n the frequency with peak amplitude to the first zero
Depending on current density and duration of current flog©resPoNding to a rectangular pulse of duratfon
high-frequency electromagnetic energy at levels which do , , ) ,
not produce nerve or muscle stimulation can produce thernfal Electrical Properties of Biomaterials
effects [6]. The present conference is mainly concerned withConcerning the electrical properties of biological materials,
biological effects of short duration, large amplitude electriwe note first that most tissues and body fluids (but not mem-
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TABLE I white and gray matter, have somewhat lower conductivitys(
CONDUCTION CURRENT/DISPLACEMENT CURRENT 0.4t00.7 S/m at 100 MHz). Still others, such as bone, have even
Skeletal muscle much lower conductivityd ~ 0.06 S/m at 100 MHz); how-
f A o & c ever, their,. values are also smaller, particularly below 1 MHz.
2nfe Thus, at most frequencies and for most bulk tissues, the math-
GHz Siemens/ m ematical approximations often made to quantitatively describe
107 3000 km ol.ls 0'375 10° 90 th_e response to electrqmagnetic_ fields of “pure” c_onductors or
dielectrics are not possible. Detailed data on the origin and value
0.001 300 m 0.70 2200 572 of electrical properties of biomaterials can be found in [11].
Membranes which surround individual cells, cell nuclei and
0.01 30m 0.80 176 8.17

some organs in eukaryotes, as well as bacterial cells, can be rel-
0.1 3m 0.90 68 2.38 atively good dielectrics or electrical insulators even at extremely
low frequencies [11]-[13]. Membrane conductivities are in the
range ofl0~ to 10~7 S/m [13] and membrang. = 7 (based
10 3cm 8.0 38 0.38 on a membrane capacitancel®f 2 F/n? [11] and an average
membrane thickness of 6 nm), although the lipids, which form
the basic membrane structure haye =~ 2 to 2.5 [7], [12].
Cell membranes are highly nonuniform and are traversed by ion

branes, proteins and nucleic acids) are neither “good” electri(,cg'lann?IS V.Vh'Ch open and close in response to transmembrane
tential differences in the tens of millivolt range.

conductors nor “good” dielectrics. The same material can b8 . ;
_Since many protein molecules embedded in the cell mem-

“good” conductor at one frequency and at another a “good” dg) . ) . o
rane are polyelectrolytes (i.e., contain many ionized or ioniz-

electric. It is the ratio of conduction current density to dis- o ;
placement current densitj, which characterizes these prop-able gr(_)ups)_, the cell membrane is in effect neg_atlvely charged
erties: at physiological pH#7.2) of the extra-cellular fluid. The rela-
tively immobile charges of the protein molecules attract more
Jdo _oF ) mobile “counter-ions” from the surrounding fluid, creating an
Jp %_f?' electrical double layer on the cell surface [12]. Partial displace-
ment of this double layer by an applied low frequency electric
In (1), it is assumed that the conduction current is due to an &gid then makes entire cells into large electric dipoles [11], [12].
plled electric field and that the relation betwedn and £ is This leads to the enormous]y |argg at ELF (See first row in
linear (Ohm's law—uwhich is not necessarily satisfied in livingaple 11). Counterion formation and behavior on cell surfaces
systems, particularly i is very large).D is the electric dis- js complex [14], [15] and can affect cell-to-cell communication
placement in Coulombs per’nand is given by [16].

Individual protein molecules can also have very large perma-
nent electric dipole moments=(0~27 cm) which lead to ori-
entational polarization when an electric field is applied. In their
dry state they can have properties of electronic semi-conductor
[12]. In aqueous solution within living systems they cause an
increase in relative permittivity above that of water&0 for
frequencies below 10 GHz). The “dielectric incremeb#”is
usually given as the total increasesinper gram of protein per
gram of solution. Its value in these units is between 0.1 and 2.
The relaxation frequency, i.e., the frequency at which the orien-
tational polarization falls to half its low frequency value, lies in
where sinusoidal steady state at radian frequency 27 f is  the range of 1-10 MHz. Polar side chains of protein molecules
assumed for the last equality. Biological materials are “dispéfave a somewhat higher relaxation frequency [11].
sive” ande,. is, in general, a function dfand therefore of. If

the value ot,. measured at frequenayis used in (3), we obtain IV. MECHANISMS OF FIELD-ORGANISM INTERACTION
from (1) and (3)

1 30cm 14 55 0.46

35 8.6 mm 40 19 1.08

D =egE+ P=¢oE(l+ P/eoE) = o, B (2)

wheree, is the dielectric permittivity of free spacé’ is the
dipole moment per unit volume ang the relative dielectric
“constant”. Again, if the dielectric is linear, i.e., if the ratio
P/(goF) is independent of the magnitude Bfand if,. is not
a function oft
oD oF
K

= sosra‘ = goe,wk 3)

“Organisms” to be considered are eukaryotes, prokaryotes,
Jo o 4 and viral particles, including (where applicable) their organs,
Jp  weoer ) cells, and membranes.

Table Il shows values of this ratio for skeletal muscle from. Linear Motion of Electric Charges and Dipoles

100 Hz to 35 GHz, indicating that skeletal muscle is neither a |, 5 uniform electric fields, a charge; experiences a force
“good” electrical conducto(Jc/Jp) > 1, nor @ "good” di- - _ > and in a viscous environment its velocityis largely
electric, (Jo/Jp) < 1, except at frequencies below about {atermined by Stokes' law

MHz (where it is essentially a relatively good electrical con-

ductor). Other tissues, with lower water content, such as brain F = 6mnav (5)
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TABLE I TABLE IV
MEASURED ION CHANNEL CONDUCTANCS |ON CONCENTRATION AND |ON RADIUS a
GinpS Tissue Ref Concentration
. Inside cells outside cells a
K* 145 skeletal muscle 19 mM/ ¢ nm
Ca¥* 20  cardiac 20,21
Ca® 10 skeletal muscle 20 K* 150* 5.5% 0.12
Ca®*  0.0001 12 0.15
*Spinal motor neurons
wherea is the radius of the particle, which is approximated as (Based on [22])

a rigid sphere, ang is the viscosity in Newton-s/fm Stokes'

law assumes that the moving particle is much larger than tgntrations, and using the other values from Tables 11l and IV,

molecules of the medium. This is clearly not true for ions igna obtains for the K channely = (5.76)10~% m2/(Vs) and
solution, but more complex theories give only factors other thag} the cardiac Ci+ channely = (5.89)10~7 m?/Vs. The

the6 in (5) [17]. The electric mobility of the charged particleg,qresponding values of effective viscosity are, respectively,

is defined by (1.28)10 2 and (1.92)10~* Ns/n?. The 5 value for the K
channel is near the viscosity of water, while that for thé Ca

E channel is 3.6 times smaller. However, e factor in (5) is
and values for biologically important ions in free solution arguestlonab[e, as dlscussed.prewously, and t'he values used for
between10—® and10-7 m2/(Vs) [12], [17], e.g.,(5)10~7 for ' £, andC in these calculations are only estimates. One may
Nat or (8)10~® for K+ Equatinng, to F’gi\./elr’1 by (5), and therefore conclude only that the effective viscosity inside open
usingy = (5)10~ mg'/(VS) anda = 0.12 nm gives 6'1 vis- ion channels, operating in the linear (Ohm's law) region, is
cosity = (1.13)10~* (Ns/n?) which is slightly above that of ProPably not very different from that of water.
water at 37°C. The viscosity inside aqueous ion channels that 1 N€ @pparent viscosity of the fluid inside the ion channels,
traverse membranes can also be estimated. Some ion chan'lfléllg'd Is present, IS cgrtamly much lower thqn the viscosity
are open all the time, e.g., K*leak channels” in nerve mem- for transverse motion in the membrane outside the channels.

branes which permit concentration gradient maintainédef For membranes in their normal, liquid crystal state, indirectly
flux that causes cell membrane polarization (making the ex{ﬁ_easur;ed varllues for most membrgnes are I\la—llza%ladmough
fior of an axon positive relative to the interior). Othet khan- 110S€ Of erythrocytes are reported as 200 Neiz4].

nels, as well as other ion channels, are inherently nonlinear deln addition to ion channels that traverse membranes, other

vices. They are not simple resistors, but resistors in series wigg{ural channels with much larger cross sections exist [23]. They

or incorporating, a switch. The opening stimulus for a“voltagtéansmrtI protein moleg_ules and are also gz;]lted kéy trags;nem(—j
gated” channel is a change in membrane potential, while fgfan€ voltage. Lumen diameters up to 4 nm have been deduce
a “ligand gated” channel it is chemical binding of a “ligand.” rom measurements [23]. In biological systems,charge motion

That ligand can be a neurotransmitter, hormone, cyclic AME}keS plgce notonly as a consequence ofelectric_fieldg, blut also
or a “G-protein.” The N& and some K channels are voltage due to differences in charge_d particle concentration. Fick's law
gated, the acetylcholine receptor in nerves and at nerve-musciedves the electrical diffusion current density
junctions is ligand gated, while different types offCachannels Ja = ¢DVC Alm? 9)
are voltage gated, ligand-gated, or activated by stretch [22]. '

Opening and closing of channels, which are complex protewhereq is the particle charge; is the particle concentration,
molecules, involves conformational changes in both their intrand D is the diffusion constant
cellular and extracellular segments [18]. However, once in their
open state, they display a linear current-voltage relation if the D = pm kT (10)
transmembrane voltage is sufficiently smail)(1 V). Values of
experimentally obtained conductanegof some ion channels

are shown on Table Ill. lon concentrations inside and outsi é)ltzmans constantand’ = absolute temperature. Noting

cells, as well as ion radii are indicated on Table IV. From theé gt_coszuvctCl?n c(:jurre_:nt %en_?'gc :'I aEh - ﬁ??i wh||le it
data one can estimate ion mobility by using (5) and (6) and “& — H andusing (6), IS easlly shown that the velocity
of charges due to a concentration gradient is given by (&) if

o= v m?/(volt-second) (6)

with p,, = mechanicalmobility = (u/q), &k =

- oA ) is replaced by an equivalent electric field
Y
KrvC
o =Cqu (8) Eeq = © (11)

wheres = channel conductivityA = average channel crossFor a singly charged ion at 3T the value of£T/q¢) is 0.026 75.
section area= 772, r = average channel radius 0.8 nm Thus, aratiqVC/C) = 37.4 m~! is necessary to produce the

(the smallest value reported for gap junctions [23]),= same charge velocity as a 1-V/m electric field in a fluid of given
channel length~ 6 nm, C = ion concentration inions/f  electric mobility 1.
g = ionic charge. Estimating the ion concentration inside Electric dipoles of momenp will not be moved linearly by

channels as the mean between extra- and intra-cellular camdniform electric field, but will only be turned (to the extent
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that the “friction” against the surrounding medium allows) to be- An electric potential difference of about 1 V across a
come aligned with the direction of the applied field. The torqué-nm-thick cell membrane can initiate electroporation [7].

exerted by the electric fiell on p is given by Such a potential difference would correspond to an electric
field of (1/6)10° V/m inside a 6-nm-thick membrane with
L=pxFE. (12) uniform electrical properties over its entire thickness. At low

frequencies, the capacitive reactance of the cell membrane is
The implications of (12) for the theory of dielectric materialgnuch larger than the resistance of the cell interior and therefore
are discussed in [25], [11], [12]. Dipoles will, however, underggimost the entire potential drop across the cell, due to an
linear translation in a nonuniform electric field, giving rise to thejectric field in the extra-cellular medium, occurs across the
phenomenon of “dielectrophoresis” [26]. “Dielectrophoresis rezell membrane. For a 1-V pulse with frequency content roughly
quires relatively high field strengths. In media with lew(e.g., below 1 MHz, this would correspond {d V /(10 zm)} ~ 10°

2-7)itis usually>10* V/m. In media with largek,. (e.g., water \/m in the medium which surrounds a }0n diameter cell.
with ¢,. & 80) lower fields (500 V/m) can produce observable

effects.” [26]. When the difference i). between a particle and C. Radiation Effects
the surrounding medium is large, interesting effects, such as Palfany applications of electric fields to biological systems

ticle bunching and formation of “pearl-chains™ (cell chains) cagq, not involve electromagnetic radiation, but can be analyzed
occur. Since conditions for dielectrophoretic effects are Oﬁ%ing only electrostatic theory or “quasi-electrostatics” [28].

satisfied in the highly inhomogeneous biological environmegig tromagnetic radiation involves field and associated energy
upon application of large electric fields, the information in [Zeﬂ)ropagation with a finite time delay, such tHat= E(t — «/v)
is very useful for the analysis of bio-electric phenomena. '

wheret = time, z = distance and = propagation velocity.
Its principal characteristic is that the field magnitude in an
ion-free, unbounded dielectric decreases (agr), where

In air, some molecules are always ionized due to cosmic radi= distance from radiator. In electrostatics fields decrease as
ation and emission of small amounts of radon from soil. In thg /»™) with n > 2 (n depending on the source configuration).
presence of very high electric fields (such as those createdAxyy device carrying time varying current and/or accelerated
friction between ice crystals in the rapidly moving air of thunelectrical charges will radiate electromagnetic fields. However,
derclouds), the ordinarily small number of ionized particles irthe amplitude of the radiated field becomes only significant
creases rapidly as they are accelerated and ionize other pamtieomparison with locally stored and absorbed energy when
cles by collision. In principle, the same effect occurs in dielethe size (linear dimensio®) of the radiator is significant in
tric materials (“insulators”) other than air. But when the numb&omparison with the wavelengti). A short dipole or current
of free charges that can be accelerated is small, or if the videment has a radiation resistangg ~ 200(D/\)% Q. Thus,
cous friction is sufficiently high to keep charged particles from 10—cm dipole at 60 Hz (wavelength= 5000 km) will have
reaching energy levels adequate for ionization of other pardéi-radiation resistancBr =~ 4 p£2. This will usually be much
cles, the required breakdown electric field strengjiibecomes less than the ohmic (dissipation) resistaitef the dipole and
larger. ThusE;, ~ (3)10° V/m for air, but(15)10° V/m for oil,  of the wires leading to it. Consequently, for any current infput
(30)10¢ V/m for glass and2)10% V/m for mica. the powerl? R, dissipated as heat, will be much larger than the

The situation in the principal “good” multimolecularradiated powetf > Rr. Nevertheless, there will be an electrical
dielectrics of biological systems (whese < we), i.e., mem- field in the vicinity of even this short dipole, but its magnitude
branes, is somewhat different. Dielectric breakdown of theill decrease (depending on field direction)ig82 or 1/+2.
type just described will occur at sufficiently high valuesiof When D/ becomes large enough for radiation to become
However, substantial changes in biological function will follovsignificant, it will still be so only when- is also large enough.
if only the shape or orientation of the many receptors aribr a current element in an ion-free and unbounded dielectric
pre-existing ion channels is even slightly changed. Thus, “eldbe radiation field o« 1/r) will be equal to the “induction field”
troporation” [7] which will be discussed in detail by severa{x 1/7%) whenr = (\/2x) and will obviously become more
papers in the present conference, is often reversible [27] agignificant as the distanceincreases. Thus a 10-cm radiator
does not necessarily constitute electrical breakdown. In soswgplied by a 100-MHz source will already have a reasonably
cases it may be analogous to stretching of an elastic medisignificant radiation resistandd?z ~ 0.22 2), but the radi-
to just below the breaking point. Nevertheless,we noted thated field will be larger than the induction field only at distances
ion mobility in pre-existing open membrane channels is on the> 0.5 m. In addition, the “beam” or “radiation pattern” (i.e.,
order of (6)10~% to (6)10~7 m?/(Vs), giving ion velocities relative field amplitude as a function of angular position of the
of 10 to 100 m/s in &1/6)10° V/m intra-membrane electric observer) generated by a radiator will become constant only at
field. This is not much below the thermal velocity, 250 m/s, od distance- > (D?/)), whereD is the largest linear dimension
a Ca 't ion at 37°C. On the other hand, charge mobility in arof the radiator (which may be the diameter of the open end of a
undisturbed membrane with> 1 Ns/n¥ would be(1.1)1071°  waveguide or of a reflecting “dish”). It follows that the radiation
m?/(Vs) giving a charge velocity of- 0.02 m/s in a1/6)10° effects discussed below need to be considered in biological envi-
V/m field. Application of such a field is therefore much moreonments subjected to electric field pulses only if pulse spectra
likely to cause structural changes in pre-existing ion channélave significant energy content at frequencies wiéré\) and
than in the relatively solid membrane between channels.  (r/A) are above the indicated critical values.
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Fig. 3. Dependence of reflection coefficidnion angle of incidence ; at plane boundary between dielectrics. Source: Fig. 13 in [29], with permission of the
publisher.

Well known effects of radiation, amply discussed in the bias on the right side of the figure. As a result of the require-
electromagnetics literature [29], [30] are finite penetration ofrment for continuity of the electric field component parallel to
field into an electrically conducting medium, reflection and rethe boundary, and continuity of electric displacement perpen-
fraction. An electromagnetic wave, incident from a dielectridicular to it, parallel polarization will give zero reflection at the
medium (such as air) will decrease exponentially in amplitudBrewster angle’as.
after entering a good conductor. At a plane boundary the “skinThe other salient characteristic which differentiates radiated
depth” é, equal to the distance at which the transmitted fielifom electrostatic and induction (“near”) fields, is that in a plane
Ep = (Eincident — Frefieciea ) Nas decreased {@/e) of its value  radiated wave the ratio of electric to magnetic field magnitude

at the boundary surface is given by (H) is fixed. This ratio, called the wave impedance, is
1
6= 13 E i
v fuo (13) Zp=7 =2 (14)

wheref = frequency ;. = magnetic permeability=4710~7
H/m for most bio-substances) amd= conductivity. Thus, at
100 GHz, wherer = 20 S/m for muscle$ is very small £0.36 E
mm). This does not mean, however, that mm waves cannot have Ze = H-
biological effects much below skin depth, because nerve end-
ings and other receptor cells in the skin, that are affected by tinea conducting medium with conductivity (we usej = / —
field, can send chemical signals or their own electrical signal¥. At low frequencies, on the other hand, or in any situation
to deeper lying tissue. where radiation is negligible, the magnitudegbéndH fields
Much of the incident field can be reflected at the boundamare nearly independent of one another. One may recall that the
between two dielectric materials or at a dielectric-conductetectric field inside a parallel plate capacitor depends upon the
boundary. Details of this phenomenon are discussed in marmjtage between the plates, of the medium, and plate separa-
references e.g., [29], [30]. However, for the experimentalisttibn. It can be very large while, at the same time, the magnetic
is worth pointing out that polarization of the incident wave cafield would be practically zero if a large impedance in series
substantially affect reflection. This is illustrated by Fig. 3 fowith the capacitor prevents current flow.
a plane boundary between two dielectrics. The reflection co-One consequence of the fixed ratio betwéeand H is that
efficient I' = (reflected field amplitude/incident field ampli- a large radiated electric field will necessarily be accompanied
tude) depends strongly on the angle of incidengeFurther- by a large magnetic field. Selecting as illustration muscle tissue
more, the dependence Bfon «; is very different for perpen- with ¢ = 0.9 S/m at 100 MHz (compare Table II), we find
dicular polarization (electric field vector perpendicular to thby (15) thatH = F/(29.6) A/Im, and the magnetic flux den-
plane of incidence), as on the left side of Fig. 3, and parallel psity B = poH = (47)10~7H. For an electric field in tissue
larization (electric field vector parallel to plane of incidencedf 10° V/m this givesB = 4.24 mT (or 42.4 gauss). Such a

in an ion-free dielectric, and

Jwp
ag

(15)
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Fig. 4. Typical time rates of some biological processes. Source: Figs. 1-6 in [33], with permission of the publisher.

field can be large enough to affect free-radical dependent chefis relation is useful in the explanation of microwave auditory
ical reactions [31], including mutogenesis [32]. The pertinertffects that will be discussed below.

experiments were performed with static and low frequency (60

Hz) magnetic fields, but many bio-chemical reactions, including V. THERMAL VERSUSNONTHERMAL EFFECTS

some that have free-radical intermediate products, take plac
within periods of less than 1 ms [33]. This is illustrated by Fig.
Theoretical discussions of why the rates of radical pair chemi

Shen electric fields are applied to organisms as very short
Ises, and when the repetition rate is sufficiently small, it ap-

’ Hected b tic field ars at first that no, or at most very little, temperature increase
lr:()aaclllonslar(.aa ectec Iymagge ;C Ied §a§Z co;g,equence 0 i&ht be expected. The mathematical formulation for the rate
auli exclusion principle can be found in [34]-[36]. of temperature increase is [43]

Electromagnetic radiation also has momentum and as it im

2
pinges on a boundary surface it exerts “radiation pressure” [37], T - oET _ <8_T) (21)
[38]. The instantaneous magnitude is ot cp It )¢
by = eE2 NIm? (16) where ¢ specific heat capacity (at constant pressure),

= density of the material andéT’/ét)c is the cooling
at a surface where no reflection takes placbdingeoe,- inthe rate. If cooling is by heat conduction (43)

region beyond the boundary surface), and ar _T-T
Prr = 2e0E% NIM? (17) ot ). T

ata surface that gives 100% reflection (i.e., wHere 1). When where7" = temperature attime, 7, = initial temperature
the incident wave is due to a pulse of duratipand the medium 7 = thermal relaxation time. (21) includes “specific absorption
beyond the boundary surfa¢e > 0) can be described as fluidrate” (SAR) [44] defined as

(22)

in which the sound velocity is, and where an electromagnetic d {dW o E?
wave suffers exponential attenuatietp(—c«z) atz > 0, itis SAR = dt\dm )~ o Wikg. (23)
necessary to multiply (16) by “Specific absorption” (SA) is defined [44] by
F=1—¢ (18) " le/k
SA = SAR) dt Joule 24
to givep, at>z = 0 whent = ¢,. (For details see [39]). When /0 ( ) 9 (24)

the carrier frequency of the pulse is in the gigahertz region antheret, = duration of the applied field.
t, > 10 us, it will often be possible to approximaté ~ 1 for The application of these expressions to biological systems is
biological substances when> 0.1 S/m, sincex = /7 fuo.  difficult, particularly if pulses are very short and if one considers
Fore = goe, With e, = 33 andE = 10° V/m, (16) gives effects on a microscale. There are two principal reasons for this.
pr 3 N/m?. Atmospheric pressure at sea level i$ NIm* = First, biological tissue and cells are far from electrically (or me-
10° Pa. However, the threshold for monaural human hearing Hanically and thermally) homogeneous. Therefore, the magni-
1.5 kHz) is about 10° N/m?, and for binaural hearing (at 3.5tude of the electric field on a microscale is not known. The most
kHz) about 16> N/m? [40]. Thus pressure changes at a kHelaborate calculations still have only a resolution to cubes of
rate, well below that produced by a°10/m electric field inair, 3.6 mm side length [45], [46] for 60-Hz fields and 1-mm cubes,
can be physiologically significant. only within the human head, for 900 MHz [47]. They give, for
Internal stress [41], [42] will appear in dielectrics. > 1) humans, field intensities at the organ level, rather than in cells.
subjected to an electric field. Approximating biological mateFor small animals calculations have thus far only been published
rials as fluids, it can be shown [39] that the “electrostrictive preger major body sections [48]. Second, the cooling rate is often
sure”p, at the air-material boundary due to an incident pulsetbt very well known, because it can depend not only on heat
field £ of durationt,, will be atz = 0 andt = ¢, conduction, but also on heat radiation and convection. Anatomy,
1 2 blood and other fluid circulation and external environment (e.g.,
pe ® zeok (er = D(er + 2)F (19) " immersion in water of a marine organism) can play an important
Fore, > 1 and E being the transmitted component of thgole [6].
electric field at the surface, it follows from (16) and (19) that ~ The difficulty of discriminating between thermal and non-
De  Er thermal effects of microwave radiation is illustrated by the ex-
p_r ~ 3" (20) tensive research, carried out over a period of many years, that
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was necessary to explain the microwave acoustic effect [39he microwave acoustic effect does not prove, of course, that
[49]. It is known that humans get an audible sensation (hethie same (or larger) electromagnetic pulses can produce other,
“clicks”) when subjected to pulsed microwave radiation, suatntirely temperature independent biological effects; nor does it
as from some radar equipment. Observations indicated that flievide any information on possible biological consequences
necessary incident peak electric field (at about 1 GHz) had to [4&], [49], [51] of small and large electromagnetic fields that
about 1 kvV/m (more at higher frequencies) when pulse widtlase not applied in pulse form.
were between 10 and @ and pulse repetition rates (prr) from
200 to 400 Hz. Perceived audio frequencies were not related to
prr. Pulsed microwave “hearing” in animals (rats and cats) was
confirmed by behavioral experiments, as well as by measureLarge electric fields, particularly in pulse form, can affect
ments of evoked electrical potentials in the auditory cortex. biological systems, either directly or indirectly, through many

Eventually it was established that the most likely explanatidfifferent mechanisms. Field induced translatory motion and
of the effect is “thermo-elastic stress” where a portion of the ifiorques on electric charges and dipoles are subject to complex
cident radiation is converted into heat that generates a tempdt@undary conditions. Chemical reaction rates, molecular
ture gradient normal to the surface of the skull. This temperatt#iding forces, shape and structure of protein molecules can
gradient is accompanied by thermal expansion of the mater® modified. Effects may be direct or, in some cases, the
inside the skull within microseconds. Stress waves then propgsult of small temperature changes caused by the absorbed
gate away from the surface. At a plane air-dielectric bounda@jectromagnetic energy. Effects can also result from interaction
the resulting pressure [39] is given by with pre-existing oscillations [43], [51], [52]. Shape and size

) of biological objects are crucially important parameters at

- &MF microwave frequencies, where size in terms of wavelengths

Zp ¢ can give resonant power absorption. The inhomogeneity and
where = coefficient of thermal expansios L/(TAL) with ~anisotropy (e.g., in muscle) of biological systems makes the
L = length v = velocity of sound in the material and, asexplanation of specific effects difficult, even when systems can

VI. CONCLUSION

pr (25)

before,c = specific heat.
From (16), (18) and (25) we obtain

be modeled by linear differential equations—which is certainly
not possible at the highest power levels. Furthermore, living

systems while often in a steady state, are not in thermody-

pri_ 308 (26)
Dr Cy/HoE0E

Typical values for brain tissue near 1 GHz are [39% 1500
m/s, 5 = (4.14)107°(°C)™}, &, ~ 31 and ¢ 3864

namic equilibrium since they depend upon continuous energy
input. Research to optimize the application of electric fields
in biology—to use the desirable results without undesirable
“side-effects"—requires realistic mathematical models. For

JICC) giving (pr/p.) ~ 2600. Thus, at least for the mi- this very close and continuous collaboration among biologists

crowave-acoustic effect, thermo-elastic stress
the microwave pulsed power provides a much more likely
explanation than either radiation pressure or, recalling (20),
electrostrictive pressure. This is so despite the fact that th 1]
rate of temperature increase, given by the first part of (21), is
only about 0.25°C/s (leading toAT =~ (1.5)107>°C at the  [Z]
end of a 10us pulse) for a typical perceived sound producing 3]
peak absorbed power of 4@0V/m3. Earlier experiments [50]
have also documented microwave induced transients in water
. . . S o [4]

physiological saline, blood, muscle and brain tissue (incident
energy was 0.8 J/fnper pulse in 2 to 1%s pulses modulating  [5]
a 2.45-GHz carrier). Additional support for the thermoelastic
stress explanation is provided by computations extending théG]
model to a spherical “head” [39]. They show that the generated
acoustic frequency is inversely proportional to head size, al’l
result in complete agreement with experimental data obtained
on both humans and smaller mammals. [8]

The microwave acoustic effect illustrates the need for care-
fully examining the possibility of thermally mediated effects
due to large electric fields. More specifically, it illustrates that[10]
very large power levels, applied during a very short peridid(
11S) , can produce one physiologically significant effect (i.e., ar{n]
audible sensation) that depends upon a very small temperture
increase. At the present time it is not known whether the smalft2]
thermally mediated pressure changes have other physiologic&ls]
consequences, in addition to the observed hearing sensation.

induced Bg}d physicists, clinicians and engineers is essential.
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