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5.1 Introduction

The fact that electrical currents can affect the behavior of biological systems has been
known for more than 2000 years. Electric shocks have been used to treat a wide variety
of ailments since the eighteenth century. However, our knowledge of how these fields
and the resulting currents influence biological systems is surprisingly incomplete.
Electrical signals are clearly important in the control of biological processes and in
carrying information from one part of the body to another. Nerve cells propagate
electrical signals from sensors of pressure, temperature, light, sound, etc., to the brain
and return control signals to muscles and other tissue. Yet, if we choose to stimulate
these processes with external electrical inputs, we have a relatively limited understand-
ing of how a given electrical signal will affect various biological organs; what the safe
limits of exposure are (particularly overextended periods of time); and how electrical
signals are carried across cell membranes, are propagated along nerves, or affect growth
processes and cell division.
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The purpo se o f this review is to bring toge ther some of t he phys i cal co ncepts that
underli e the interaction betwee n electric fiel ds and biological materials w ith the object-
ive of providing background for determi ning safe levels o f exposure and n ew ap plica-
tions for the use of electricity in therapy. This is the first step in a long chain of events
that lead from externally ap plied el ectric f ield forces to signifi cant bio logical changes.
An objecti ve of t his c hapter i s to provide a backgro und for some of the other chapters
that co ver both p ossible he alth effects and some therapeutic applications of electric and
magnetic fields.

The approach that wil l be taken is to start with Max well’s equat ions and co uple them to
the bulk electri c and magn etic proper ties of the mater ials. These equat ions allow us to
calcu late the val ues of the electri c and magnet ic fields as a function of time and spac e
given the values for the dielectr ic constant and the conductivi ty. The te chniques for the
soluti on of thes e equat ions for a wid e varie ty of biol ogical syst ems are covered in Ch apter
10 in this volume by J. Lin and P. Bemardi and for im aging see Chapte r 12 in this volume
by W.T. Joines , O.H. Liu and G. Ybarra. From the solutio ns of these equat ions for the
electr ic and magnet ic fields, the conserva tion of ene rgy, and char ge, express ions can be
obt ained for the curren t den sity and other parame ters of inte rest.

Next , the force equation s are used to devel op equat ions for the condu ctivity and the
diele ctric constan t. This section is organized to begin at the low est level of compl exity by
exami ning some of the forces that are exerted on charg ed particles in fluids, and it then
pro ceeds to some of the effects of electr ic fields on chemi cal rea ction rates and mem-
bran es. At the next leve l of compl exity, some effects of exte rnally a pplied electr ic fields on
curren ts thr ough membr anes a nd membr ane no nlinearitie s are desc ribed. Some effects of
high- level fields and electr opora tion a re desc ribed in Chapt er 9 in BMA by Weave r and
Ch izmadzh ev [112]. This is fo llowed by a discussio n of som e long-term adap tive pro-
ces ses and secondary effects of curren t flow due to heating and by a desc ripti on of a few
effects on whole animals. This inform ation is pres ented with the objective of specif ying
the gen eral level or intensi ty of fields, cu rrents, and te mperatur es where one can exp ect to
observ e a given class of biolo gical resp onses. Much more da ta are pre sented in Chapt er 3
in BMA by And erson et al. [113] . The next section co ntains da ta on the level s of typic al
natur ally occurr ing and man-made fields. This section also includ es a compariso n of
som e exte rnally appl ied fields, fu ndamental noi se levels, and signal s gen erated in the
body. J. We aver a nd M. Bier pres ent a more compl ete treatm ent of som e of the noise
sour ces in biolog ical cells in Chapte r 7 in this volume .
5.2 Maxwell’s Equations and the Properties of Materials

Maxwell’s equations can be written in both differential and integral form, and solutions to
them under a variety of boundary conditions are extensively covered in Chapter 10 in this
volume by James C. Lin and Paolo Bernardi. In differential form they are given by [1]

~rr� ~HH ¼~JJ þ q~dd
qt

(5:1)

~rr�~EE ¼ � q~BB
qt

(5:2)
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~dd ¼ «0 
~EE þ~pp (5: 3)

~BB ¼ m0 
~HH þ ~MM B (5: 4)

where ~HH is the magn etic field, ~JJ is the current den sity, ~dd is the displace ment vector, t is
time, ~EE is the electric field, r~ is the partial differen tial opera tor, del, ~BB is the magn etic flux
densit y, «0 is the diel ectric constan t for free spac e, ~pp is the electri cal polarizat ion per unit
volume, m0 is the magn etic per meabi lity in vacuum, and ~MM B is the magnet ic polariza-
tion per unit volume. It is often conven ient to expand the ele ctrical polarizat ion in a
power series:

~pp ¼~pp0 þ «0 X e~EE þ «0 X 2 
~EE2 þ � � �  (5: 5)

where ~pp0 is the perman ent polarizat ion, Xe is the linear electr ic susceptibi lity, and X 2 is the
quad ratic coeffi cient. X2 is sign ificant for nonlinear optics and very lar ge values of the
electri c field. For mos t of the exposur e condi tions desc ribed in this volume it is conven ient
to expres s the indu ced polarizat ion in terms of the diele ctric constan t «

« ¼ «0 (1 þ X e ) (5: 6)

Note that in aniso tropic mate rials, bot h « and Xe may be tensors and co mplex numb ers.
The imagi nary part of « is ass ociated with the loss or dissipati on of energy by the boun d
charges. The solutions to Maxwell’s equations for ~EE and ~BB are given for a variety of
boundary conditions and under the assumption that values for~JJ, ~pp, and ~MMB are known
(give n in Chapt er 10 in this volume by James C. Lin and Paolo Bernard i). The se fields, in
turn, determine the forces on the components of the biological material.
5.3 Physics of the Interactions of Electric Fields with Biological Materials

Biological systems consist of complex physical subsystems. In an attempt to understand
them, we will start at the most elementary level. Perhaps the simplest level—which is
already surprisingly complicated—is the effect of electric fields on biological fluids. These
fluids contain a large number of components, including ions, polar molecules such as
water, proteins, lipids, hormones, and colloidal particles. Current flow in these fluids is
given by the sum of the drift and diffusion currents for each component. At low current
densities the system is linear; however, at moderate to high current densities nonlinea-
rities are observed [2]. In addition, the fields can change the orientation of molecules with
dipole moments, induce dipoles by distorting electron orbits, and change the relative
positions of some of the atoms within the molecule. This, in turn, leads to changes in the
dielectric constant. The next level of complexity involves the interaction of the fields with
membranes that behave like porous solids for fields applied perpendicularly to their
surface and like viscous liquids for fields in the plane of the membrane [3,4]. Membranes
are inhomogenous so that different portions of them may be affected differently by the
perturbing fields. Additionally, membranes are involved in active chemical reactions that
change their porosity to various ions selectively. Both electrical potentials and chemical
signals may change the membranes’ conductivity by orders of magnitude and transmit
signals across membranes. The next level of complexity occurs in the interactions between
� 2006 by Taylor & Francis Group, LLC.



the biological fluids and the membranes in the presence of electric fields. Electric fields
affect the selective transport of ions or molecules through the membrane. They change the
buildup of charged ion layers at the surface and change the way new molecules are
incorporated into the membrane or are bound to its surface. The result of changes in the
transport of molecules or ions across cell membranes is changes in the performance of the
cells and, in turn, of the organs of which they are a part. They can also lead to changes in
the rate of exchange of electrons between molecules in the membrane and ions or
molecules in the fluid [5]. For example, a biasing electric voltage across a pacemaker
cell in the heart will change its firing rate and thus the pumping rate of the heart.

The fundamental law describing the forces on charged particles is given by

~FF ¼ q(~EEþ~vv�~BB) (5:7)

where~FF is the force, q is the charge on the particle, and~vv is the velocity of the particle. ~EE
and~BB are coupled by Maxwell’s equations so that a time-varying magnetic field generates
an ~EE field and vice versa. This force may lead to ion currents and changes in the
orientation of dipoles in molecules, and it may also lead to transitions between energy
levels, to shifts in their spacing and induced dipole moments, ~PP. Additionally, if non-
linearities or time-varying impedances are present, alternating current (AC) fields can be
rectified to produce direct current (DC), frequencies at the second and higher harmonics,
and sum and difference frequencies with biological or molecular oscillations. Direct
magnetic field effects may occur through the term~vv � ~BB. For example, for a Naþ moving
at a thermal velocity of 4 � 102 m/sec in the earth’s magnetic field of about 5� 10�5 T, this
term has a magnitude of 2 � 10�2 V/m, and the force is at right angles to the field and the
velocity.

In addition to the forces on charged particles, electric fields can induce forces on
polarizable atoms, molecules, ions, and molecules with dipole moments. To first order
these forces are described by

~FFd ¼ (~PP0 � ~rr)~EE (5:8)

~FFL ¼ aV(~EE � ~rr)~EE (5:9)

where ~FFd is the force on a molecule with a permanent dipole moment ~PP0, and r~~EE is
the gradient of the electric field. ~FFL is the force on a molecule with an induced dipole
moment~PPi ¼ aV~EE, where a is the tensor polarizability and V is the volume [6]. Note that
biological materials are highly inhomogenous and that there are large electric field
gradients at the boundaries between the fluids and membranes. Additionally, for induced
dipole moments, when the sign of the dipole reverses with an alternating field the force
along the gradient of the field can be in a constant direction.

The current flow~JJi of a given molecule or ion, in molecules or ions per second per meter
square, has both drift and diffusion components that may be given by

~JJi ¼ Nim~FFþ qD~rrNi (5:10)

where Ni is the ion concentration, m is the mobility in seconds per kilogram, D is the
diffusion constant in meter square per second, and r~Ni is the gradient of the concentra-
tion. For charged particles, the force has two components [7]:

~FF ¼ q~EEþ (~MM � ~rr~EE) (5:11)
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where ~MM is the sum of the perman ent and indu ced dipol e moment s.
The drift portion of the ion currents takes the form

~JJ ¼
X

qi Ni mi 
~EE þ

X
Ni m i ( ~MM � ~rr )~EE (5: 12)

The conducti vity s ¼
P

qiN i mi, and Ni is the concentrat ion of each ion, mi is the mo bility,
and ~MMi is the dipole mo ment. Tab le 5.1 shows some typ ical val ues of mobility .

The co nductivity of biolog ical fluids such as bloo d, whic h co ntains cells, is in the
vicini ty of s ¼ 0.6 S/m, while fo r physiolo gical saline it is appro ximately 1.4 S/m. For
more detailed material on the conductivities and dielectric constants of biological mater-
ials, see Chapte r 3 in this volume by C. Gabriel . If the fluid channels bet ween cells are
relatively thick and the fluids are relatively good conductors, the channels tend to short
circuit the voltages that might otherwise appear across membranes that typically have
conductivities at least a thousand times smaller.

The total dielectric constant for a material includes the sum of the induced polarizabil-
ities of the components and interaction terms between them. It is sometimes useful to
think of the dielectric constant as a way of describing the fraction of the electric field that
is shorted out by the bound charges. This can be shown by considering an ideal parallel
plate capacitor where the outside plates are separated by a distance l. The capacity for
these plates is given by

C0 ¼
«0A

l
(5:13)

If an ideal thin metal plate of thickness w is inserted halfway between these plates, then
the resulting capacity is given by

C ¼ C0

(1� w=l)
¼ «A

l
(5:14)

The corresponding dielectric constant is given by

« ¼ «0

(1� w=l)
(5:15)

In this example it is apparent that as the fraction of the field that is shorted out by the
metal plate of thickness w increases, so does the effective dielectric constant. The electrons
or ions forming an induced dipole moment can be thought of as doing the same thing. If
there is a significant time lag for the movement of the charge, the effective value of w
is reduced. The very large values of the dielectric constants of some tissues at low-
frequencies can be thought of as the resulting motion of ions that are trapped inside highly
TABLE 5.1

Typical Values of Biological Ionic Mobilities

Particles Mobilities Ions Mobilities

Proteins m ¼ 10�10 to 10�8 m2/V sec Ca2þ m ¼ 6.2 � 10�8 m2/V sec
Naþ m ¼ 5.2 � 10�8 m2/V sec Mgþ m ¼ 5.4 � 10�8 m2/V sec
Kþ m ¼ 7.6 � 10�8 m2/V sec Crþ m ¼ 1.9 � 10�8 m2/V sec
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resistive membranes. At higher frequencies, the ions can no longer move fast enough to
fully charge the surfaces of the membranes, and the effective dielectric constant for the
tissue decreases. If energy is absorbed in inducing the dipole moments, then the dielectric
constant becomes a complex number.

The forces applied by an electric field superimpose a drift velocity on the much larger
random thermal velocity in the opposite directions for positively and negatively charged
particles. These forces can lead to a redistribution of ions or molecules as a result of the
differential mobilities and to an increase in the concentration of ions at interfaces. The
average drift velocity~vv for a charged particle is given by

~vv ¼ mi
~EE (5:16)

The separation of molecules as a result of the different velocities in a DC electric field is
known as electrophoresis and is frequently used to identify large molecules or charged
colloidal particles [8]. The separation of particles in an AC field gradient is known as
dielectrophoresis [5].

For a spherical particle in a homogenous insulating fluid the mobility mi is given by

mi ¼ q=6pha (5:17)

provided that the particle is significantly larger than the background particles of the fluid,
where h is the viscosity of the fluid and a is the radius of the particle. In a conducting
medium, counterions, or ions with a charge opposite to that of the particle, and molecules
with dipole moments are attracted to it. They change the effective radius of the particle and
then partially shield its charge. Additionally, small counterions may flow in the direction
opposite to the particle motion, exerting a viscous drag. The theory for motion of a rigid
sphere through a conducting liquid is complicated if all these effects are taken into account.
Often some of the parameters, including the charge on the sphere, are not measurable.
However, a relatively simple expression for the electrophoretic mobility is often used:

mi ¼
«i�

4ph
(5:18)

where «i and h are the dielectric permittivity and the viscosity of the fluid (in kg/m sec),
respectively, and z is the electrical potential drop from the particle surface across the
bound fluid to the interface where the liquid begins to flow under the shear stress. Stated
another way the ‘‘zeta potential,’’ z, is the potential at the surface boundary between the
stationary fluid and the liquid that is moving with the particle. It should be noted that z is
less than the total potential c across the charge double layer surrounding the charged
particle. Also, note that water molecules bind to the ions, increase the effective diameter,
and reduce the effective charge. This, in turn, makes the mobility less than that which
might be expected at first from the atomic size and Stokes’ law.

In a uniform AC field a charged particle oscillates about its mean position, and the
electrical energy added to the solution is largely converted to heat. If there is a gradient in
the field, as is to be expected in biological materials that are highly inhomogenous, then
the gradient of the field can lead to a net charge displacement if the fields are large
enough to lead to nonlinearities in the mobility or induced dipole moments. For large ~EE
the velocity saturates and mobility varies as

mi ¼
m00
~EE
��� ��� (5:19)
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and Equation 5.16 yield s

~vvj j ¼ m00

Most biological systems are highly inhomogenous, and the induced currents will vary
rapidly in space. For the case of an induced dipole moment and an ideal dielectric sphere
with a permittivity «2 and a conductivity s2 ¼ 0 in an ideal dielectric fluid with a
dielectric permittivity «1 and a conductivity s1 ¼ 0 and a nonuniform electric field
prior to inserting the sphere, the force

~FFL ¼ aV(~EE � ~rr)~EE ¼ 4pa2«1
«2 � «1

«2 þ 2«1

� �
{(~EE1 � ~rr)~EE1} (5:20)

where ~EE1 is the field in the fluid prior to insertion of the sphere. Written another way

~FFL ¼ (3=2)V«1
«2 � «1

«2 þ 2«1

� �
~rr ~EE1

��� ���2 (5:21)

If we assume that the viscous drag on a spherical particle is given by Stokes’ law, then

~FFd ¼ 6pah~vv (5:22)

and the mobility mi is given by

mi ¼ (2a2=3h)«1
«2 � «1

«2 þ 2«1

� �
~rr~EE1 (5:23)

Dielectrophoresis may also be used for identifying molecules, and a more general treat-
ment of the forces needs to take into account the conductivity or a complex dielectric
constant for both the fluid and the particle [9].

For particles with dipole moments to change their distribution under the influence of an
electric field gradient the force ~FF must be large enough to overcome other forces. One of
these forces that frequently must be overcome is due to osmotic pressure or diffusion. The
osmotic pressure can be thought of as the force per unit area arising from diffusion or the
random motion of the particles and is given by

� ¼ NikT (5:24)

where k is Boltzmann’s constant and T is the absolute temperature [10]. The average
differential force on a particle is proportional to the gradient of the osmotic pressure and
is given by

~FFos ¼ �
1

Ni

~rr� ¼ kT~rrNi

Ni � k~rrT
(5:25)

If we consider the case of a spherical volume with a radial concentration gradient at
constant temperature, the force is given by

~FFos ¼ �kT
DNi

Ni
� r0

Dr
(5:26)
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where r0 is the unit vector, DNi is the incremental change in concentration, and Dr is the
incremental change in distance. The maximum change is given by

DNi

Ni
¼ 1 (5:27)

when the presence or absence of a particle occurs at a distance Dr ¼ 2a, where a is the
particle radius. In this case, we get the maximum force

~FFos(max)

��� ��� ¼ � kT

2a
(5:28)

To get an idea of the size of these forces, consider a particle of fat with a ¼ 1 mm in water.
The maximum osmotic pressure at T ¼ 300 K is j~FFos(max)j ¼ 2 � 10�13 N. The dielectric
constant for water is approximately «1 ¼ 80«0 and for a fat particle, «2 ¼ 2«0, where
«0 ¼ 8.854 � 10�12 F/m. To get a dielectric force greater than the maximum osmotic force,
we need a value of r~ j ~EE1 j2 > 1012 V2/m3. This is given approximately by a voltage of
100 V across a 5 mm gap when the ~EE field goes from zero to a peak value of 5 � 104 V/m
over the same gap. For a particle with a single charge in a uniform field, we would need a
field of E ¼ 1.3 � 104 V/m to get an equal force.

The electric current densities generated by a concentration gradient are given by

~JJd ¼ �qD~rrNi (5:29)

where D is the diffusion constant and is given by

D ¼ ykT (5:30)

where y is the hydrodynamic mobility with the dimensions of velocity/force and D has
the dimensions of meter square per second. For rigid spherical particles of radius a, where
a� aH2O, the Einstein–Stokes equation gives

D ¼ kT

6pha
(5:31)

This is only a first-order approximation because D varies slightly with concentration,
departure of the molecule from a spherical shape, and other factors. h is the viscosity (in
kg/m sec).

It is sometimes of interest to estimate the ratio of the drift to the diffusion current in
order to estimate the level of the applied fields or the applied field gradients that lead to
biological changes. This ratio is approximately given by [6]

~JJi,diffusion

~JJi,drift

¼ kT

Fi

� �
:

DNi

Ni

� �
(5:32)

where~FFi is the force on the particle due to both the charge on the particle and the gradient
of the field on the dipole moment. If we now assume that the maximum change in Ni goes
from Ni in the solution to 0 at the membrane surface over a distance of the diameter of the
� 2006 by Taylor & Francis Group, LLC.



molecule of Ni and that this is the same distance over which the field goes from the field in
the fluid to the field in the membrane, then

~JJi,diffusion

~JJi,drift

¼ kT

Wi
(5:33)

where Wi is the energy acquired by the particle moving through the field and its gradient.
At room temperature the thermal energy kTffi 0.026 eV. A voltage drop from an externally
applied source across the membrane liquid boundary on the order of 2 � 10�3 V would be
required in order to make the drift current significant with respect to the total diffusion
current under these assumptions. One way in which smaller drift currents and smaller
voltages could be significant is if the ions with low velocities perpendicular to the
membrane are the most important in binding to the membrane. Slow molecules stay
close to the membrane for longer times, and these molecules are most affected by the
applied forces [6].

For different boundary conditions the results will be quite different. If, for example, the
boundary was nearly perfectly reflective, then the concentration gradient would be nearly
0, and so would the net diffusion current. Additionally, the gradient in the concentration
may occur over a larger distance than the gradient of the electric field. At steady state the
concentration at the membrane can be expected to increase until the diffusion current and
the drift current balance each other so that the net current is equal to the rate at which the
molecules are bound to the membrane or pass through it.

There are four forces that may become important when considering the interaction
between two particles in a fluid. These are the osmotic diffusion force, the electrostatic
force, the van der Waals force, and the hydration force [9]. These forces may all become
important in considering the interaction between particles or bilipid membranes in an
aqueous fluid. Electrostatic or coulomb forces between particles of like charge are
repulsive. Because the charged particles attract free ions of the opposite sign—which
produces a double layer—they are effectively shielded or are screened by the charged
ions of the opposite sign when immersed in a conducting fluid. This force decays
exponentially or

~FFc ¼~FF0 exp� r

ld
(5:34)

where ld is known as the Debye screening length [11]

ld ¼
2q2n

«kT

� �1=2

(5:35)

where n is the density of the ion species doing the shielding, q is the charge and « is the
dielectric constant of the solution, k is Boltzmann’s constant, and T is the absolute
temperature. For physiological saline solution of approximately 0.14 M, the Debye length
is approximately 0.83 nm [12]. Thus, the electrostatic forces are important only at very
short ranges.

For like particles, the forces are repulsive at short distances (0.1 to 0.2 nm) and attractive
at longer ranges. These forces may be thought of as being generated by transient electro-
magnetic fields because of fluctuations that occur as a result of thermal agitation or
natural uncertainties in the position and momentum of the electrons and atomic nuclei.
� 2006 by Taylor & Francis Group, LLC.



If one thinks of the local transient fluctuations in terms of the underlying contributions
from oscillations at all possible frequencies, it can be shown that the strength of the
contributions due to the local fluctuations at a given frequency is proportional to the
absorption of light at that frequency by the material. For an individual atom these forces
fall off very rapidly as 1/r 7 [7]. However, when they are integrated over the surface of a
membrane, which is thick compared to an atomic layer, they are correlated over many
atoms, as the wavelengths are large compared to an atomic diameter.

A calculation of these fields has been performed starting with quantum field theory
[13]. The size of the forces and the rate at which they decay depend on the distance
between the membranes and the difference of the bulk polarizability of the membrane
and the aqueous gap in a complex way. All frequencies of the charge fluctuations
contribute to the attraction, and each gives rise to a different relationship between energy
and the distance of separation. For many simple cases and for a classical explanation of
these forces and potential distributions, see Ref. [14].

One case of interest is for two membranes with a distance dw across the aqueous gap
between them. The thickness of the membranes is assumed to be large compared to the
spacing. The force between these two membranes is approximately given by

~FFw ¼
H

6d3
w

(5:36)

where H is the Hamaker coefficient [9]. In a typical situation, the distances over which
the van der Waals force is estimated to be important extend out to separations of 10 to
20 nm, which is substantially longer than a Debye length or the rate of falloff for
the electrostatic or coulomb forces. The hydration forces are repulsive forces that
rise extremely rapidly as the membrane bilayers approach a separation distance of
approximately an atomic spacing. Experimentally, these forces can be expressed in
the form [9]

~FFH ¼~FFH0
exp�dw=L (5:37)

where L is a scaling constant. In the case of egg phosphomonoesterase bilayers,
~FFH0
� 7 � 10�13 N/m2 and L ¼ 0.256 nm. This force may be important up to about

2 nm and is assumed to come about as a consequence of the work required to remove
water from the hydrophilic surface of the membrane.

Long-range attractive forces have been observed between hydrophobic surfaces [15].
These forces are proportional to the contact area and may be the orders of magnitude
larger than the van der Waals forces. They may also have decay lengths up to 25 nm. The
magnitude and range of these forces depends on the temperature and the length of
the surfactant’s chain, and they appear only when the chains are in a fixed ordered
state. These forces appear to be generated when the fields emanating from one surface
induce a larger polarization in the other surface layer than in the intervening medium. Some
relatively complex expressions for these attractive forces have been worked out [14].

These forces are important in self-organizing processes such as protein folding, ligand
binding to hydrophobic receptor sites, and transformation of membrane structures. All
these forces act over relatively short ranges in typical biological fluids. The ion densities
are so large that charge neutrality is maintained everywhere except very close to
charged surfaces.

The effect of an electric field, or an electric field gradient in a fluid, is to superimpose
a small drift velocity on a relatively large random thermal velocity. For example, if
� 2006 by Taylor & Francis Group, LLC.



we apply an electri c field of 10 3 V/m to a Na þ ion, we would exp ect a dri ft velo city
of about 5 � 10 � 5 m/ sec as compared to a thermal velocity of ab out 4 � 10 2 m/ sec. For a
prote in, we wou ld expect a drift velocity appr oximatel y one tenth of the speed of the Na þ

ion, alt hough at higher fields. This means that if we are to tran sport pro teins or other
small charged par ticles over appre ciable distances of a few mi llimeters, we can exp ect it to
take minutes or longer. In the case of bacteria, we have measu red drift velocitie s of
10 � 6 m/sec at 100 Hz in fields of about 10 4 V/m and gradi ents of 5 � 10 6 V/m 2 or about
0.2% of the velocity of the Na ions in the same field [5,16] .

This drift velo city may also chang e chemic al reaction rates if the rate is limited by the
availa bility of one of the charg ed co mponent s. Consi der the cas e of a chemic al reaction
that take s place in a homoge nous fluid if the chemic al reactio n has the form

(A) þ (B) $k1

k2
(C) (5: 38)

where (A) and (B) are the concen trations of the two input chemi cal reacta nts and k1 is the
reaction rate for A þ B to C and k2 is the rate for the ba ck reactio n of C to A and B. If we
simplify the system and let k2 be small, then the initial reaction rate may take the form
[17,18 ]

k1 ¼ k (A) n (B)m (5: 39)

where n and m refer to the orde r of the reactio n. In orde r to find the val ues of n and m , one
can make the concen tration of one of the reacta nts smal l so that it take s the form

k1 ¼ k (A 0 ) 
n (B)m (5: 40)

where we have made the concen tration (A0) large enough so that it is appr oximatel y
constan t, and the chan ges in the reaction rate can be measu red by varying (B). The value
of k is given by

k ¼ zp e�C= RT (5: 41)

where z is the collisi on frequenc y and p is the ster ic factor, which is < 1 and reflects the fact
that not all co llisions occu r with the right orientation of the molecule s to react. c is the
activation energy, R is the gas constant, and T is the absolute temperature. For many cases
the collision frequency is proportional to the current density, and thus there are terms that
are proportional to both the drift and the diffusion currents. For example, consider the
case of an enzyme reaction on a charged substrate such as a biological membrane. The
total current density for a given ion in the fluid incident on the membrane is given by
Equa tion 5.10.

If the chemical reaction rate is limited by the number of ions arriving at the membrane
surface with enough energy to overcome the barrier required to initiate the reaction,
then a DC drift current may either add to or subtract from the diffusion current. If the
field direction is such that it prevents the ion from reaching the surface, then the
chemical reaction is blocked. If the direction is reversed, the rate can grow exponen-
tially. These changes in chemical reaction rates with the direction of the electric field
are likely to be responsible for changes in the growth and reabsorption of neuritis [19].
They are also likely to be involved in the mobility of cells such as leukocytes and
fibroblasts [20,21].
� 2006 by Taylor & Francis Group, LLC.



A n A C dr if t cu rr en t w il l a dd t o t he di ff us i on c ur r en t . Fo r t he AC fi el ds , t he dr i ft
c ur re nt c a n be t h ou gh t of a s in c re a si ng t he v ol u me c ov er ed by a pa r t ic le ex ec ut i ng a
r a nd o m w a lk a s a r es ul t of Br ow n ia n mo ti on . Th us , in a n as ym m et r ic a l en v ir o nm en t a n
el ec tr ic fi el d os c il l a ti ng in th e x di r ec t io n m a y in c re a se th e n um be r o f pa r ti cl es t ha t wi l l
st r ik e th e y � z pl an e in a f ix e d p er i od of t im e a nd c a n in c re a se t h e c h em ic a l re a c t io n r a t e
f or a ca t a ly t ic r ea ct io n a t t he y �z pl an e. S et o a n d Hs i eh sh ow t ha t A C f ie ld s a s lo w a s
5 V /m c a n in c r ea se e nz ym e r ea c t io n r at es by a f a ct or o f 5 [ 2 2 ]. Fo r a 6 0 Hz fi e ld , t he pe a k-
t o- pe a k di sp la c em en t f or Ca 2 þ r es ul tin g fr om t hi s f ie ld is e st i ma t ed t o be a bo ut 1 . 6 n m or
a bo u t t w ic e t he t h ic kn e ss of t h e D eb ye la ye r. A C m a gn e ti c f ie l ds ha v e a l so be en sh ow n t o
c ha n ge th e gr o wt h ra t e of c or n ro o ts a t fi el ds le v el s of 5 � 10� 3 T. It i s li ke ly th a t t he se
f ie ld s a r e in du c in g si gn if ic a nt c ur r en t s [ 2 3 ].

A n additional mechanism by which AC or DC electric or magneti c fields can e ffe ct
chemical reactions is by shifting t he energy le vel a nd the d istributi on of p arti cles in
them. DC ele ctric f ields c an shift t he e ner gy level by an amount that is given by  the
change in the dipol e moment, D M

!
, a nd in the pol arizabi lity, Da, a ssociated wi th

the t ransition. A D C fie ld can either st r etch or compress a dipole depending on its
orientati on w ith r espect to the f ield, t hus i nc reasing or decreasing t he energy le vel s for
atoms or mo lecu les with different orientatio ns. It al so can m odify its rate of rotatio n,
speedi ng it u p when t he dipole i s p ointed in t he direction of t he field a nd slowing it
down when it is pointe d away from t he fi eld [ 24]. In a v acu um t he mo di fications o f the
rotational states have been worke d out fro m the quantum mechanics fo r relatively
simple molecules a nd can lead to a re latively comp lex set of allowed energy states
that are a functio n of the applied f ield [23]. In a solid or a me mbrane the energy levels
betwee n t he states corresponding to t he di fferent o rientations sh ift, by d iffere nt
amounts, for each state as a f unction o f t he app lied fi eld. This is known as the Stark
effect [25]. The frequency corresponding to this energy shift w ith a fixed orie ntation
is given by

hD f ¼ �D M
!�~EE � 1

2
~EE � Da �~EE (5 :42)

where D f is the f requency splitting between levels, D~MM i s the c hange in t he dipole
moment , Da i s the change in po larizability, and h i s Plank’ s c onstant. T hese te rm s
give the linear and quadratic Stark effects fo r a t ransitio n in a uniaxially oriente d
system. The se energy levels will be inhomogenously bro adened by the rando m orien-
tation of the d ipole s wi th r espect to the a ppli ed field a nd by the t hermal energy. Si nce
the q uantum of energy, hf , at microwave and lower freq uencies is v ery m uch smaller
than a quantum of thermal energy, low-lying energy levels are approximately equally
populated. However, higher-energy states may be preferentially excited by chemical
reactions or optical photons so that different excited states may contain different popu-
lations. These states may be further defined by the magnetic field and separated by a
Zeeman splitting. Thus, radio- and low-frequency fields corresponding to energy sep-
aration between these states may excite transitions between levels that are separated by
the Stark splitting and change the population distribution in these excited states. The
transition rate between an excited molecule and its final product depends on the overlap
between the energy levels of the two states. Thus, the application of an electric field can
shift the energy levels so as to either increase or decrease this overlap and the transition
rate. This has been discussed at length in Ref. [23] for the case of Zeeman splitting of the
energy levels by a DC m agnetic f ield and free r adicals [26]. S ee also Chapte r 6 in this
volume by S. Engstrom.
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5.4 Biological A mpli ficat ion

Biolo gical syst ems are not in a state of therm al equil ibrium. In a typ ical cell, energy is
suppl ied by hydrol ysis of an ATP mo lecule, wh ich leads to the pumpin g of thr ee sodi um
ions out of a cell and two potassium ions into the cell. The net resu lt is creatio n of
poten tial differen ce betwee n the ins ide and outside of a cell in the range of 50 to
100 mV so that the inte rior of the cell is at a negative poten tial with resp ect to the externa l
environm ent [27]. This potentia l dif ference can be used to ampl ify a varie ty of external
signal s just as a typic al electr onic amp lifier can use a smal l AC signal to conve rt DC
energy into a larger AC sign al. For exampl e, the inp ut from many dentric junctio ns can be
summe d in a pyramid al cell to trigge r an action poten tial that is larg er than any of
the inp ut signals [28] . The input from a single synap tic jun ction might chang e the cell
resting poten tial by 0.5 to 1 mV, and 10 to 20 in puts mig ht be requ ired to fire an action
poten tial of 50 to 100 mV [27] . Additio nally, subt hreshold inp uts can lead to the release of
neural transmi tters that , in turn, can release from 2 to 10,000 Ca2þ ions from internal
stores . These neural tran smitters may remain boun d to the postsy naptic membr ane for up
to 4 sec and redu ce the thr eshold for the firing of suc cessive pul ses [29]. Feed back from
the postsy naptic me mbrane to the pre synapti c membr ane can furthe r redu ce the firing
poten tial for the synap tic jun ction.

Ano ther me chanism of amp lification that may be of interest is the ex traction of ene rgy
from a high- frequenc y sign al. If a low -frequ ency electr ic field is added to a higher-
frequenc y field and is incident on a nonlinear reacta nce, then the low -frequency signal
may be ampl ified parametr ically. Thi s mecha nism for amp lification is valuable in the
optica l region for the generatio n of tunable sign al sour ces a nd fo r low -noise mi crowave
ampl ifiers [1,30] . In a biolo gical system the low-fre quency sign al mi ght be gen erated by
an ongo ing proce ss suc h as the heart and ampl ified by mi xing with an external signal
from a pow er line field.

An addit ional me chanism for amplifi cations is sto chastic resona nce. Stoch astic reson-
ance differs from the forego ing mecha nisms of ampl ificatio n in that the ene rgy is extra cted
from the noise. Consid er, for exampl e, a sm all, ex ternally appli ed sinusoidal electri c field
incide nt on an ion in a potenti al wel l. If the energy acqui red from the extern al signal is not
large eno ugh to excee d the poten tial ba rrier, the ion stay s trapped in the poten tial well.
Howeve r, if noi se is added to the system , then wh en the sum of the applie d electric field
and the noise are large eno ugh to pr ovide eno ugh energy to exceed the height of the
poten tial barrier, the ion may esc ape the potential wel l. This happens most frequent ly at
the peaks of the applie d electr ic field so that the signal is a mplified at the applied
frequenc y. Gai ns on the orde r of 20 to 30 dB and in creases in the signal -to-noise ratio of
18 dB have been observed for stochast ic resona nce a mplifier s [31]. For an exte nsive revi ew
of this subj ect and some applicatio n neuronal syst ems, see Gamm aitoni [32] . For a bista ble
system , such as a pacemake r cell that is drive n by both noi se and a periodic sign al, it has
been shown that the signal-to-noise ratio can be enhanced by the addition of noise to a
weak periodic signal and that power can be extracted from the noise. A strong periodic
signal can be generated at signal-to-noise ratios<1 [31,33]. This phenomenon occurs when
two energy states are separated by a barrier, and the probability of a transition increases
exponentially with increasing noise power. For periodic signals that are insufficient to
cause a transition over the barrier but periodically increase the energy of the particle, the
transition rate at the signal frequency first increases with increased noise power up to some
maximum. When the noise power is increased above this level, the output signal becomes
more rand om (see also Ch apte r 9 in this volume by We aver and Bier) .
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5. 5 Ef fects of Elect ric Fields on Ce ll Membra nes

Elect ric fields play a ver y im portant role in the norm al biologic al function ing of mem-
bran es. Me mbrane s are compl ex struct ures contain ing lipi ds, volta ge-activat ed ion chan-
nel s, and pr oteins. It would be surp rising if extern ally applie d fields did not affec t the
memb rane beh avior. Fir st, an electri c field exerts a me chanical force on a me mbrane by
means of the force exerted on charge s in the Deby e layer on either side of it and on
charg ed proteins that may protrude from the lip id bilayer. Note that althou gh as a first
appr oximatio n the me mbrane is ofte n mode led as a smoot h planar or sph erical surfac e, it
is hig hly inhomoge nous, and the charg es are sparsely disturb ed. Thus, the field on a
pro tein may be wide ly differen t from the average field. See Figu re 5.1a . and b for a par tial
indic ation of a membr ane and ce ll complex ity. The effects from fields in the plane of the
memb rane, where larg e molec ules suc h as prote ins a re free to move as in a visc ous fluid,
are signifi cantly dif ferent from the effects of fields in the tran sverse direc tion, where the
memb rane comp onents are boun d in a layer typically 5 to 15 nm thick.

The field distrib ution incide nt on a parti cular par t of a ce ll membr ane is a fu nction of its
geomet ry, frequenc y, and the cells around it. As can be seen from the mo dels in Figure
5.1d, a wid e variety of enviro nments may exi st. The curren ts that flow through and alon g
the membr anes are dependen t on the geomet ry and freque ncy. A variety of equivalent
circui ts have been used to mo del both the im pedance of the me mbrane and the extra cel-
lular fluids. The simplest of these are a resistor and capacitor in parallel. At very low-
frequencies a collection of cells can be modeled with resistors as indicated in Figure 5.1c.

The interiors of cells are normally negatively biased in relation to the surrounding fluid
by 50 to 150 mV, which leads to average transverse electric fields up to tens of millions of
volts per meter [34]. The effective membrane resistance (Rm) per unit area takes on values
of 0.14 to 15 V/m2 in the transverse direction. This corresponds to resistivities in the
range of rm ¼ 107 to 109 V m. The relative dielectric constant for the membrane is
typically in the range of 2 to 4. Both the surrounding fluid and the interior of a cell
have resistivities rf of about 2 V m and a relative dielectric constant of 50 to 80. This means
that the cell membrane tends to shield the interior of a cell very effectively from externally
applied fields at frequencies below a few kilohertz and becomes almost a short cir-
cuit in the multimegahertz region of the spectrum. In most cells the interior of the cell
contains complex structures that are functions of time as the cell grows and divides. See
Figure 5.1b.

Consider the case of an oversimplified hypothetical rectangular cell as shown in Figure
5.1c. At low-frequencies, an external field ~EE causes a current density~JJf ¼ ~EE/rf to flow in
the external medium, where rf is the resistivity of the fluid. The corresponding voltage
drop is V ¼ ~EEL ¼ ~JJfrfL, which we can consider to be applied to the cell. This voltage is
distributed across the cell length as

V ¼ [rm2tþ rf(L� 2t)]jJmj (5:43)

where~JJm is the current density through the cell and rm is the resistivity of the membranes.
Typical cell membrane thicknesses are 6 to 10 nm, and typical dimensions are 10 to
150 mm. Setting L ¼ 100 mm and

rm2t ¼ 10 Vm2 (5:44)

V ¼ (10 Vm2 þ 2� 10�6 Vm2)jJmj (5:45)
� 2006 by Taylor & Francis Group, LLC.
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FIGURE 5.1 (See color insert following page 380.)
(a) Model of a cell membrane. (From Chiras, D., Human Biology, � 5th edition, 2006, Jones and Baretlett
Publishers, Boston. With permission.) (b) Anatomy of the animal cell. (From Molecular Expression, http://micro-
scopy.fsu.edu, accessed Sep. 30, 2005; drawing � M.W. Davidson and Florida State University. With permission.)

(continued )
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FIGURE 5.1 (continued) (See color insert following page 380.)
(c) Current distribution in a hypothetical rectangular cell. (d) Partition of 60-Hz currents through and around
cells for an average current density J ¼ 102 A/m2. Jc is the current density between cells, and Jm is the current
density through the membrane. (From Wachtel, H., private communication. With permission.)
This shows that essentially all of the transverse voltage drop occurs across the membrane
at low-frequencies and the interior of the cell is almost completely shielded from external
fields. A more complete theory for long cells that accounts for the internal resistance of the
cell is given by Coo per et al. [35] . See also Ch apter 11 by Pila [114] . Note that muscle s,
nerves, and a number of other cells may be much longer than 100 mm and may have
dimensions in centimeters. Additionally, blood vessels form long, low-resistance paths
that may concentrate currents due to externally applied fields. The anisotropic character-
istics of cells are reflected in an anisotropy of the dielectric and conductive properties of
tissue, which may give variations of as much as 10 to 1 in conductivity, depending on the
direction of measurement relative to cell orientation [36]. A number of fish, including
sharks, have been shown to use very long cells and to sum signals in both series and
parallel to increase the voltage drop across a sensitive membrane in order to sense fields
as low as 10�6 V/m [37–39]. The long cell may be thought of as an antenna that concen-
trates the field across a very thin, voltage-sensitive detector membrane. This membrane
appears to have a built-in amplifier that allows detection of signals that are only a little
above the natural electrical noise.

Membranes are not just simple linear resistors, but they usually are nonlinear and, in
the case of nerve cells, are time varying as well. For a passive membrane in which the
membrane potential is primarily determined by the concentration gradient of a single ion
such as Kþ, the Nernst equation predicts a diode-rectifying characteristic of the form [31]
� 2006 by Taylor & Francis Group, LLC.



I ¼ I0 exp
Vm

hVT

� �
� 1

� �
(5:46)

where VT is given by

VT ¼
kT

q
¼ 0:026 V (5:47)

at T ¼ 300 K. q is the charge on the electron, Vm is the voltage across the membrane, Io is
the current for ideal back-biased current in amperes, and h is a dimensionless constant.
Thus, for currents flowing through a membrane in one direction, the current is nearly
constant, whereas for flow in the other direction the currect increases exponentially with
voltage. In addition to passive currents, cells also use the energy from metabolic processes
for the active transport of ions against the fields established by the concentration gradi-
ents. These processes are usually modeled as current sources and described as pumps
[31]. A thermodynamic approach to pumping shows that ions can be pumped if they form
a compound with a material that can flow through the membrane and that is created on
one side of the membrane and destroyed on the other [40]. A large variety of models have
been generated to characterize the effects of externally applied fields on the transport of
ions through membranes [41–43]. However, the details of the pumping process are not
well understood. In addition to ion transport, electrical fields can change the binding of
ions or molecules to the membrane surface.

In the case of pacemaker cells, there are also feedback processes that lead to an
oscillating membrane potential and a membrane resistance that is a function of time.
The current flow for these cells is described empirically by the Hodgkin–Huxley equation
[31]. An alternate approach that treats the nerve pulse like a plasma instability has been
proposed by Triffet and Green and Vaccaro and Green [44,45]. Naþ and Kþ currents are
the dominant carriers for the propagation of nerve impulses along a cell. It is generally
believed that the Naþ and Kþ currents that flow through the membrane in opposite
directions are carried through separate channels. Ca2þ ion currents are involved in the
activation of at least a portion of the Kþ currents and are voltage gated. By activating
the Kþ currents, the Ca2þ ions shorten the length of time the cell is depolarized and
thus speed up the firing cycle [46]. A statistical approach to the formation of protein
channels in the membrane by Baumann and Easton predicts many of the observed
characteristics [47–49].

During the firing of a nerve cell, the Naþ current pulse precedes the Kþ current pulse,
which returns the cell to its resting potential [31]. The overall concentration balances are
maintained by active ion pumps. Cl� Mg2þ, and possibly OH� and Hþ ions may also be
involved in the current flow across a cell membrane.

The firing of a nerve cell typically involves voltage spikes of 10�1 V and peak current
densities of 1.5 A/m2. Changes in the firing rate can be induced by the injection of charge
through a microelectrode of <10�9 A for a few milliseconds. However, in cases where
electrodes are used to stimulate muscles or to control epilepsy, the current is injected
through a series of cell membrane fluid boundaries at a distance from the controlling
nerve fiber. Thus, typical injected currents to produce behavioral changes in cells are in
milliamperes, and current densities are 10 A/m2 or higher.

For fields parallel to the plane of the membrane, it is possible to obtain electrophoresis
or a rearrangement of charged particles. This has been shown by Poo in a striking fashion
in cultured embryonic Xenopus myotomal muscle cells [50,51]. Receptors on the surface of
the cell were labeled with a fluorescent dye and allowed to uniformly distribute them-
selves. Exposures to electric fields of 102 to 103 V/m were sufficient to concentrate the
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fluor escent-labe led rece ptors on the side of the anode in ab out 10 mi n. Af ter shu tting off
the field, diffus ion returne d the dye to its uniform distribut ion in about 2 h. This corres-
pon ds to an in-p lane diffus ion constan t of about 3 � 10 � 12 m 2/sec. The fo rce on the
recep tor molec ules or particle s in the membr ane incl udes not onl y q~EE but also a ny viscous
drag that may be gen erated by the flow of ion s of the oppo site sign movi ng along the
surfac e in the oppo site directi on. The direc tion of moti on for a given char ged particl e
seems to depend on wh ether it has a larg er or smaller zet a (z ) potenti al than the poten tial
across the charg ed double layer at the interface bet ween the ce ll surfac e and the fluid (see
Equa tion 5.16).

Additional work has shown that the distribution of acetylcholine (ACh) receptors is
changed by external fields [48,49]. These receptors are concentrated on the cathode-facing
surface of the cell in fields of 103 V/m over a period of 30 min by literally rearranging
channels already existing in the cell membrane. The concentration or clustering persists for
at least 5 h after the field has been turned off, indicating that the clustering is relatively
stable. Single-channel patch measurements show both a higher density of ACh channels in
the clusters near the cathode and a longer mean duration of the pulses through the
transmembrane channels. The length of the current pulse near the anode does not differ
from the controls, indicating that the field itself does not have a direct effect on the channel
kinetics. The lateral diffusion coefficient, D, of ACh receptors in the plasma membrane of
cultured Xenopus embryonic muscle cells is estimated to be 2.6 � 10�6 m2/sec at 228C
[48,49]. Lateral concentration gradients in lipid monolayers have been shown to be induced
by externally applied electric field gradients. For binary mixtures of dihydrocholesterol and
dimyristoylphosphatidylcholine, the application of an electric field gradient at pressures
below the critical pressure produces a liquid–liquid phase separation in a monolayer that is
otherwise homogenous [52]. This separation occurs at field levels on the order of 107 V/m
and gradients of 109 to 1011 V/m2.
5.6 Nonlinear Effects of AC Fields on Cells

5.6.1 Introduction

The application of an AC electric field to nonlinear systems, which can be described by
either a nonlinear resistance or capacitance, leads to at least partial rectification of the
input signal and the generation of harmonics. If two or more signal frequencies are
applied, it also leads to frequency mixing of the form

fo ¼ �mf1 � nf2 (5:48)

where fo is the output frequency, f1 and f2 are input frequencies, and m and n are integers.
The rectified component of the AC current can, in turn, lead to ion accumulation at
interfaces, which results in changes in ion concentration [53,54]. These changes in ion
concentration, in turn, can affect biological function. Another important additional effect
is the dependence of the dielectric constant on frequency. This leads to changes in the
electric field distributions in tissue with frequency. Thus, both the electrophoretic and the
dielectrophoretic forces become both size and frequency dependent. A third—possibly
important—additional effect is the excitation of frequency-sensitive biological systems in
a resonant manner. By driving systems near their resonant frequency, we may change the
effective amplitude of the stimulating signal and change the frequency of the nerve
cells firing.
� 2006 by Taylor & Francis Group, LLC.



In this section we will review the rectifica tion pro cess at the ce ll me mbrane in some
detail. Additi onally, we will sho w that ce ll nonli nearitie s lead to frequenc y-dep endent
effects suc h as injec tion phas e lockin g of pacemak er cells. We will also bri efly exami ne
some pro blems associa ted with the ex posure of cells to very low, extrem ely low -frequ ency
(ELF) fields and the applicatio n of larg e ELF fi elds to biolog ical syst ems.
5.6.2 Rectific ation by Cell Mem branes

The rectifica tion of curren ts flowing across membr anes has been studied by man y
authors, beginn ing with Kat z in 1949 . Mu ch of this work is referen ced by Hayash i and
Fishman in their paper on the inwar d rectifier Kþ chan nel kine tics [53].

For many passive cell membranes, an approximate relation for the transmembrane current
can be derived from the Nernst equation as given in Equation 5.41 [31]. If we apply an AC
signal across the membrane of the form VM ¼ V0 þ V1 cos vt, the resulting current can be
approximated for small values of VM (i.e., qVM < hkT) by a Taylor series yielding

I ¼ I0

hVT
V0 þ

V2
1

4hVT
þ V1 cos vtþ 1

4hVT
V0V1 cos vtþ V2

1

4hVT
cos 2vtþ � � �

� �
(5:49)

It is to be noted that the second term in the expression is the first approximation to the
fraction of the applied AC voltage V1 that yields a DC current component DI,

DI ¼ I0

4

V1

hVT

� �2

(5:50)

or an offset voltage VDC given by

VDC �
I0

4

V1

hVT

� �2

Rm (5:51)

where Rm is the membrane impedance. This predicted voltage offset for an applied AC
current has been measured by Montaigne and Pickard [55]. In their experiments, an
AC signal was applied to a large plant cell by a strip line, and the measured voltage
shift was obtained through microelectrodes located outside the applied AC fields. For an
applied AC field of about 0.2 V, they measured a DC offset of 1 to 2 � 10�4 V. For
frequencies above 2.5 kHz, the effects of the membrane capacitance must be taken into
account, and the effective driving voltage is reduced to

(V1)eff ¼ [
ffiffiffi
2
p

ase
~EE1rms][(se þ aG)2 þ (avC)2]�1=2 (5:52)

where a is the cell radius, se, is the conductivity of the medium ~EE1rms, is the electric field
strength in the medium surrounding the cell, G is the membrane conductance per unit
area, v is the frequency, and C is the membrane capacitance per unit area [56]. This leads
to the usual roll-off in the measured DC offset with increasing frequency. Note that the
DC effect gets still smaller at higher frequencies (above 1 MHz) because of transit time
limitations for ion flow across the membrane [57].

The relaxation times for a typical Kþ channel in an Aplysia membrane has been
measured to be from 2 to 8 ms [51]. Rectification has also been demonstrated in thin
lipid membranes [58]. In these systems, both the conductivity of the membrane and the
ion concentration differences across it can be controlled. The Nernst equation was shown
� 2006 by Taylor & Francis Group, LLC.
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FIGURE 5.2
Induced DC current distribution in a spherical cell. (From Bisceglia and Pinto, I., personal communication, 1984.
With permission.)
to apply to the I vs. V curve over a range of voltages from �60 to þ40 mV. Depending on
the ion concentration and membrane doping, the values of h ranged from 1 to 0.25.

A different treatment of the nonlinear response of passive cell membranes to an applied
AC field has been carried out by Franceschetti and Pinto and by Casaleggio et al. [59,60].
Both these groups have expanded the Nernst equation in a Volterra series that takes into
account memory of the preceding state of the cell. They have also treated the cell in
spherical rather than planar geometry. The inclusion of a spherical cell requires that the
total current into and out of the cell be equal to zero, and thus loops are formed circulating
through the cell membrane (see Figure 5.2). All the theoretical treatments predict a DC
component that varies as the square of the input signal V and tends to hyperpolarize the
cell or make the interior of the cell more negative.

Cain has considered the effects of an AC field on nonlinearities of the nerve
cell by numerical analysis of the Hodgkin–Huxley equation [61].* He applied a voltage
*Bisceglia and Pinto have applied a Volterra series expansion to the Hodgkin–Huxley equations. This approach
gives an alternate method to Cain’s of computing the current shifts resulting from applied AC signals [62].
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FIGURE 5.3
Computed membrane action potentials in
response to an initial membrane depolarization
of 7 mV for different values of Vm. Curves are
solutions to the Hodgkin–Huxley equations.
(From Cain, C.A., Bioelectromagnetics, 2, 23,
1981. With permission.)
Vm ¼ V0 þ V1 cos vt[u(t)� u(t� t)] (5:53)

across the membrane, where u(t) and u(t � t) are unit step functions that define an AC
pulse of length t. For the case where the AC frequency is large compared to the reciprocal
of the pulse length, if a 7 mV depolarizing pulse is also applied to the membrane, the
action potential is obtained as shown in Figure 5.3. Cain has assumed coefficients appro-
priate to the giant squid axon. Increasing V1 first delays, and then suppresses, the action
potential. If no depolarizing pulse is applied, the predicted changes in gNa and gK and the
deviation V from the resting potential are as shown in Figure 5.4 for a 10 msec AC pulse
with V1 ¼ 25 mV. Note that the applied AC frequency is assumed high enough not to be
resolved in these figures. From these results, it is clear that AC signals can induce
substantial changes in the operating characteristics of nerve cells at moderate to high
levels of applied voltage. Although the appropriate coefficients were not measured in
order to make a direct comparison between theory and experiments, Wachtel’s results on
Aplysia at frequencies above the lock-in range would appear to support Cain’s theoretical
predictions [63].
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Wachtel has made a series of measurements that demonstrate the nonlinear character-
istics of pacemaker cells from Aplysia [61]. First, he measured the current input through a
microelectrode that changed the firing rate of the cell. The current threshold for a
minimum detectable change was approximately 6 � 10�10 A at frequencies between 0.8
and 1 Hz (see Figure 5.5). The natural firing rate for this cell is about 0.8 Hz, and an
increasing current is required to synchronize the cell to the injected signal as the fre-
quency deviates from the natural firing rate. A theory for injection locking of electronic
oscillators predicts that the signal required for locking an oscillator to an external signal
increases linearly as the difference between the two frequencies Dv increases [64]. The
signal required for lock-in according to this theory is given by

It � jADvj I (5:54)

where It is the injected signal current and I is the peak unperturbed oscillator current.
A ¼ qf/qv is the rate of change of phase with respect to frequency in the unper-
turbed oscillator. Dv0 is equal to the difference between the frequency of the free-running
oscillator and the injected signal. This expression is applicable as long as

Dv0 	
2p

t
(5:55)

where t is the time constant for adjusting the gain of the circuit. The time constant t for the
Aplysia cells varied between 0.1 and 0.5 sec, and this corresponds to a maximum meas-
ured lock-in frequency of about 10 Hz. The results in Figure 5.5 show the threshold for
one-to-one locking up to about 2 Hz. In the range from 2 to 10 Hz, Wachtel observed a
lower threshold for subharmonic locking than one-to-one locking. At frequencies above
80 Hz, he observed a constant shift in the firing rate of the neuron in response to the
injected transmembrane AC signal. The natural firing rate would be restored by also
injecting a transmembrane DC signal equal in amplitude to about 1% of the peak-to-peak
value of the AC current. This DC current was in the depolarizing direction, making the
exterior of the cell more negative with respect to the cell cytoplasm to increase the firing
rate (i.e., to restore it to its natural value). Apparently, the applied transmembrane AC
current was partially rectified so as to hyperpolarize the membrane (making the interior
of the cell more negative with respect to the external fluid). The details of how the applied
field modifies the ion flow are only partially understood, but one characteristic is an
increase in the conductivity for Kþ, which increases its flow out of the cell. Wachtel also
FIGURE 5.5
Intracellular (transmembrane) currents Im (in
nA) needed at different frequencies to pro-
duce firing-pattern changes (in a pacemaker
neuron). Note that the detectable changes
take on different forms at different frequen-
cies. (From Wachtel, H., Proceedings of the 18th

Annual Hansford Life Science Symposium, Tech-
nical Information Center, U.S. Department
of Energy, Richland, WA, 132, 1978. With
permission.) Frequency (Hz)
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injected low-frequency currents into the seawater surrounding the cell preparation
through external electrodes [61]. In this case, the minimum current densities flowing in
the vicinity of the cell preparation for injection locking were estimated to be about
10�2 A/m2, and there was about a 30 to 1 variation between the maximum and minimum
sensitivities for changes in angle between the applied field and the cells. At frequencies
above 100 Hz, a minimum of about 0.35 A/m2 was necessary to obtain a detectable change
in firing rate.

These studies have been extended by Barnes et al., and injection locking at harmonic
and subharmonics has been shown to occur. It is suggested that phase locking may
provide a mechanism for narrow banding or time averaging so that a weak coherent
signal may be distinguished from noise by a cell. In an electronic circuit model we showed
we could phase lock an oscillator at signal-to-noise ratios <1 [65]. Extensive modeling of
phase locking for a squid axon using two versions of the Hodgkin–Huxley equations has
been carried out by Fohlmeister et al. [66]. They show that phase locking can occur for a
wide variety of frequencies with AM-modulated signals at injected current densities
greater than 0.1 A/m2 [67]. For natural oscillation frequencies less than the externally
applied signal, the system may be treated as a parametric process. For parametric
amplification, a phase stability such that

dF

dt
< Dv� KVs (5:56)

is required for injection locking of the frequency of oscillation to an external signal, where
dF/dt is the rate of change of the phase, Dv is the frequency offset, K is the linear control
characteristic in units of (2p Hz/V) and is closely related to the loop gain, and Vs is the
injected signal [68]. Stated in words, this equation requires that the amplified signal, KVs

be large enough to correct for the random frequency fluctuations dF/dt generated by the
noise for the system to become phase locked to a signal that is displaced by Dv (see
Figure 5.6 for some examples of injection locking of pacemaker cells to an external signal)
[65]. An increase in the sensitivity to electromagnetic fields has also been shown in
isolated frog hearts for signals that approach the natural resonant frequency or firing
rate [69]. In these experiments, the firing rate of the heart was shown to increase as much
as 30% when a signal in the vicinity of 10 to 20 V/m was applied through Ringer’s
solution to the isolated frog hearts at a frequency between 0.5 and 1 Hz. The natural firing
rate of these excised hearts started out at approximately 1 Hz and dropped to about 0.5 Hz
(A)

(B)

(C)

FIGURE 5.6
Examples of several modes of synchrony between an imposed
ELF field and neuronal patterns. In each case the ELF current is
shown below the transmembrane potential recording. (A) For
ELF frequencies well below FR0, several nerve impulses (spikes)
are locked to each ELF half cycle. (B) ELF frequencies slightly
above FR0 are effective in phase locking the rise of neuronal
spikes on a one-to-one basis. (C) For ELF frequencies several
times greater than FR0, phase locking can take the form of spikes
occurring on alternate cycles (two-for-one synchrony). (From
Barnes, F.S., Bioelectromagn. Suppl., 1, 67–85, 1992. With permis-
sion.)
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over a period of 2 h, where they remain ed stab le for a t least 5 h. To get a 3 0% increase in
firing rate at 60 Hz, it was necess ary to apply field strengt hs of 60 to 80 V/m. Thus , we
have addition al evide nce that electric fields with repet ition rates near the natur al bio-
logical sign aling frequenc ies are more like ly to indu ce chan ges than those of higher
freque ncies and that sign al strengt hs requ ired for a given shift increase appr oximatel y
linear ly up to som e cutoff , a s sho wn in Figure 5.5.

For weak fields, it has been shown that ce lls can re spond differen tly to sign als that are
bot h spac e and time coheren t than they do for signal s that loo k like the backg round
noi se. Litovitz et al. have sho wn that the applicati on of 10 m T magn etic fields at either
55 or 65 Hz doubles the speci fic activity of ornith ine decarboxyl ase (ODC) in L929 cells if
the signal s are co herent for periods of 10 sec or long er dur ing the co urse of a 4 h exposur e
[70] . The appli ed signal and the corresp onding ODC response as a functi on of the
cohere nce time are shown in Figure 5.7. The OD C resp onse of the cell can be fitted to
an expone ntial curve of the form

(ODC) ¼ 1 þ 1: 26 1 � exp
tcoh

tcell

� �� �
(5 :57)

wh ere tcoh is the length of the time bet ween shifts in freque ncy and the introd uction of a
ran dom phase shift and tcell is the effective time constan t of the cell [70]. tcell has a val ue of
about 8 sec for these cells. If a spat ially coheren t noise sign al with a pow er spect ral dens ity
ran ging from 30 to 90 Hz is superimp osed on the coheren t sign al, the increased ODC
resp onse decrea ses with a decreasi ng sign al-to-no ise ratio and is less than 10% a t a signal-
to-noi se ratio of 1 [71] . This work has been extende d to show that temp orally incoher ent
magn etic fields in hibit 60 Hz-ind uced chan ges in the OD C activi ty of develop ing chick
emb ryos [72].

For the exposur e geome try used in these experi ments, the magn etic field induce d a
corresp onding electr ic field of 4 mV/m. This sign al is well belo w the calcul ated therm al
noi se field of 0 .02 V/m for a 20 mm cell diam eter. The combi ned result s of the exp eriments
cite d abov e indic ate that both spac e and time coheren ce may be used by ce lls to separ ate
useful sign als from larger natur al background noise signals. For example, to get a
significant biological response, some threshold number of channels or receptor molecules
may need to be activated within a given period of time; this, in turn, requires nearly
FIGURE 5.7
Plot of the enhancement of ODC ac-
tivity (exposed/control) as a function
of the coherence time, tcoh, of the ap-
plied field. The solid line is the best
fit to the mathematical function given
by Equation 5.44, where t  cell is found
to be 8.2 sec. The experimental points
shown represent a minimum of six
different exposures. (� Academic
Press; From Litovitz, T.A., Krause,
D., and Mullins, J.M., Biochem. Bio-

phys. Res. Commun., 178, 3, 862, 1991.
With permission.)
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simulta neous activati on over a sign ificant fractio n of the cell sur face. Similar re sults have
been obtaine d for devel oping chick embryo s, wh ere weak coheren t sign als lead to an
increase d incidence of abnorm alities [73] . In this work, Litovitz and his co lleague s show
an increase in the incidence of a bnormal ities of appr oximatel y a factor of 3 for W hite
Legho rn chicken emb ryos incu bated in per iodic magn etic fields wi th peak field strengt h
of 1 mT (100 Hz rep etition rate, 500 ms pulse dur ation, 2 ms rise, and dec ay tim es) wh en
compare d with the contro ls. This increase d rate of the incid ence of abnorm alities was
nearly elimina ted with the addit ion of band- filtere d noi se with a spect rum runn ing from
30 to 100 Hz and a root me an square value of 1 mT. Thus, Litovitz makes a strong case for a
require ment of bot h spac e and time co herence for biolo gical systems to det ect signal s
below the natur al noi se environm ent.

A number of experi ments indicate that at least two mecha nisms are invo lved in the
effects of low-leve l time-var ying magn etic fields on membr ane transp ort. The first of
these is through Faraday ’s law or the indu ced electr ic field, whic h, in turn, ind uces
electri c curren ts. In thes e exp eriments, one would exp ect to get the same effects by
introdu cing electri c fields with electr odes at levels that induce the same cu rrent den sities.
The sec ond gro up of experi ments indicate s that the backgrou nd DC magnet ic field is also
impor tant and that the co mbined effects of AC a nd DC magn etic fields are observ ed.

The initia l experime nts by Wal leczek and Liburdy showed an enhan ced upta ke of Ca 2þ

in Con. A- activated rat thym ocy tes with exp osures of 1 h to 60 Hz magn etic fields of
22 mT and induce d cu rrent densities of 0.1 6 A/m 2 [74] . In this paper the exp osure syst em
consis ted of concentric rings on cell cult ure plates, which, in tu rn, were placed in a water-
cooled sole noid that pro duced a uniform mag netic field. Thi s was followed by a grou p of
experi ments by Liburdy on Ca 2þ  transp ort across mi togen-ac tivated lympho cyte mem-
bran es [75] . In these experi ments, both the DC and the AC magn etic fields we re contro lled
so that the DC geoma gnetic field and the ambi ent 60 Hz fields were per pendic ular to the
exposed and contro l plates. The result s show an increase in the Ca2þ  influx during the
plateau phase of the calciu m signal ing for Con. A- activated lym phocyte s, whic h was a
func tion of the induced electr ic field and which could be reprodu ced by applying the
electri c fi elds a cross the ce lls with a salt bridg e at levels bet ween 0.1 and 0.17 V/m. Thi s
corresp onds to ind uced curren t levels of 0.168 to 0.28 A/m2 in the fluid surroundi ng the
cells, wh ich had a conductivi ty, s ¼ 1.6 8 S/m, that is appr oximately a hundr ed time s
large r than the curren t densities observ ed around growin g cells. Thus , the appr oximatel y
20% to 25% increase in the init ial Ca 2þ  uptake is the resu lt of a relative ly large external
curren t. In other experi ments it was also shown that the response is depe ndent on the age
of the animal s from whic h cells are taken [76].

Most other rep orted experi ments have not been don e in a way to sort out the differ-
ences betwee n possi ble direct effects of the mag netic fields and the indu ced ele ctric fields.
Yost and Liburdy [77] have also conducted experiments in the same system that show a
direct dependence of the calcium uptake on the DC magnetic field.

The experiments by McLeod et al. [78] show both a frequency dependence and a
dependence on the electric field strength across the cell membrane. They exposed neo-
natal bovine fibroblast cells to electric fields in culture through a media bridge. The
fibroblasts populated a collagen matrix that enabled the cells to be grown with a domin-
ant orientation and exposed to a well-defined current. An estimate of newly synthesized
protein was made by measuring the incorporation of (3H) proline into macromolecules
after a 12 h exposure to current densities ranging from 10�3 to 10 A/m2 and frequencies
from 0.1 Hz to 1 kHz. The res ults in Figure 5.8 sho w an appro ximat ely 30 % redu ction in
the 3H counts with current densities as low as 10�2 A/m2. This reduction is interpreted as
a reduction in the incorporation of newly synthesized protein into the extracellular matrix
rather than as a change in the cell number. The frequency specificity for this threshold is
� 2006 by Taylor & Francis Group, LLC.



FIGURE 5.8
Minimum field intensity for a detectable
response. Summary of results for all tested
frequencies and current densities. Current
densities were converted to peak field in-
tensities by using the measured media re-
sistivity of 65 V cm. The lower boundary of
the gray region represents the highest field
intensity at which no significant change in
extracellular protein accumulation was
detected; the upper boundary represents
the lowest intensity evoking a statistically
significant change (n ¼ 6). (From McLeod,
K,J., Lee, R.C., and Ehrlich, H.P., Science,
136, 1465–1469, 1987.)
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shown in Figure 5.8; the peak sen sitivity was recorde d at 5 � 10 �3 A/m 2 and 10 Hz. The
corresp onding peak electr ic field intensi ty was 4.5 mV /m. The frac tional chang e in the
( 3H) prolin e was nearly in dependen t of the curren t densit y for increas es in curren t
dens ity up to two or ders of magn itude abov e 10 �2 A/m2. The ce ll membr anes have a
resist ance man y time s hig her than the resistanc e of the matr ix as a whole. The ce lls are
also as ymmetr ic, with a ratio of majo r to minor axe s of ab out 7 to 10. Thus, the cu rrent
through the ce ll membr anes wou ld be exp ected to be at a max imum when the long a xes of
the cells are parall el to the appli ed field. For ran domly orien ted cells, curren t densities of
3 mA/m 2 pro duced no signifi cant effect on the rate of proline incorpo ration. However ,
wh en the cells were orien ted parall el to the electr ic field that was estimate d at 2 mV /m
and 10 Hz, a little more than a 30% redu ction was obse rved. The estimate d transmem-
bran e potential was 0.5 mV. Wi th the cell or iented perpen dicular to the field, no signifi cant
chang e in proline in corporat ion was measure d a t 5 mA /m 2.

In addition to the nonli near conducta nces ass ociated with Na þ  and Kþ curren ts,
memb ranes also exhibi t nonli near (i.e ., potential dependen t) and frequenc y-dep endent
capaci tances and inductan ces. It is som etimes useful to think of thes e effects in terms of a
phaso r diagr am as shown in Figure 5.9, wh ere the electric field vector ~EE is rotati ng at a
veloci ty v, and f is the ph ase angl e betwe en ~EE and the curren t density ~JJ . If there is, for
examp le, a fi xed time delay betwee n the field acti vation of a cu rrent gate and the current
flow, then , depe nding on the frequenc y, ~JJ may be in any of the four quadran ts and appear
capaci tive or ind uctive or even present a neg ative resist ance to an external driving sour ce.

Nonli near indu ctive effects seem to be associa ted with the time delay for the onse t of
the Kþ  curren ts under exci tation in a typical excitab le membr ane, and they have been
stu died in the giant squid axon [79]. The nonl inear capacitive effects are difficul t to
meas ure at freque ncies below a few kiloher tz. Extr a care need s to be exercised to mini m-
ize the ser ies res istance and the end effe cts of the wire being used to me asure the
capaci tance or ind uctance . Additi onally, correc tions must be made in the calcu lations of
the membr ane capacitan ce to take into account the appr opriat e variations in the fre-
quen cy resp onse that thes e te rms introduce. However , wh en this is done, it can be
shown that the membrane capacitance has both frequency- and voltage-dependent terms.
The capacitance of giant squid axons is shown in Figure 5.10 and Figure 5.11 as a function of
frequency and membrane voltage.
� 2006 by Taylor & Francis Group, LLC.
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FIGURE 5.9
Steady-state vector characterization of
electric fields ~EE vs. current density~JJ in
polar form. f is the phase angle be-
tween the sinusoidal electric field ~EE

and the resulting current density~JJ.
Variation of the capacitance of these membranes with frequency and amplitude differs
from that of a simple bilipid membrane that has nearly constant capacitance. The vari-
ation appears to be associated with changes in the conformation of the proteins associated
with the Naþ conductance channels. Nonlinearity in conductance and capacitance can be
induced into a bilipid membrane by the addition of Alamethicin. The nonlinear induct-
ance or capacitance may also generate both sum and difference frequencies if two signals
are applied. For the case of the single signal, a DC term is added to the current density
that is proportional to membrane potential and the square of the applied AC signal [80].
The effects due to nonlinear membrane capacitance thus far observed are small. They
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FIGURE 5.10
Membrane capacitance (Curve 1) and conductivity (Curve 2) of squid giant axon at various frequencies. Note the
anomalous behavior at low-frequencies. (Note: 1 mF/cm2.) (From Takashima, S., in Biological Effects of Nonionizing

Radiation, ACS Symposium Series, No. 157, Illinger, K.H., Ed., 133–145, 1981.)
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FIGURE 5.11
Membrane capacitance of squid giant axon at various membrane potentials. Membrane potential was shifted by
injecting currents. The abscissa shows the actual potential across the membrane in millivolts. (From Takashima, S.,
in Biological Effects of Nonionizing Radiation, ACS Symposium Series, No. 157, Illinger, K.H., Ed., 133–145, 1981.)
appear like ly to be more im portant in pro viding an understan ding of the possi ble gating
mecha nism in membr anes than as a me chanis m for introducin g rectifica tion.

Ano ther fo rm of nonli nearity in the electri cal resp onse of ce lls comes about in wh at is
often desc ribed as adaptive proce sses. For examp le, we found that rep etitive exp osures of
pace maker cells (taken from the gangli on of an Aplysia) to microw ave pulses res ulted in a
dec reasing redu ction in the firing rate by suc cessive pulse s. This kind of change has also
been shown to occur in neu rons that have been condi tioned with repetit ive stimula tion.
Studi es of condi tioning have sho wn decrease s in pota ssium ion condu ctance through
memb ranes, thus raising the inte rnal potential and enhanci ng the excitabil ity [81,82 ]. The
dec rease in resist ance between adjace nt cells can occur in two ways . First, the resistanc e of
gap junctions may be redu ced by rep etitive electrical stim ulation , wh ich increases the
electr ical co upling betwee n the ce lls by up to 62%. Second, repet itive electrical stimula tion
can modify the chemic al excitator y postsyn aptic poten tial by amo unts ran ging from 3 1% to
140% [83] . This change is ass ociated with the mo vement of protein kinase C from the
interio r of the ce ll into the memb rane. An acco mpanyin g change in Ca2þ  concen tration s
and the mov ement of a secon d mess enger, diacy lglycerol, in to the membr ane redu ce the
pota ssium ion flow . This enhan ced exci tability redu ces the volta ge or the charge require d to
initia te an action poten tial. If charge is transferr ed efficiently betwee n cells, eith er active ly
or passive ly, cell length is effective ly mult iplied in the linear mo del by the numbe r of cells in
the chain ; this , in tu rn, reduce s the ex ternal electr ic field require d to generate a given
volta ge across a te rminating membr ane (see Chapte r 11 in BMA by A. Pill a).

A n interesting speculatio n that i s raised by these adap tive process e s i s whe ther or not
a n eural network can be trai ned to i dentify a repetitive signal such as 60 H z in the
presence of larger electric fields generated by the surrounding biological material. To test this
hypothesis, we programmed a computer to simulate a neural network as shown in Figure 5.12
[65]. Using a backpropagation algorithm to adjust the connecting weights between neurons, a
sigmoidal summing junction to model the neurons, and a pseudorandom noise generator,
� 2006 by Taylor & Francis Group, LLC.
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FIGURE 5.12
Backpropagation neural network. (From Barnes, F.S., Bioelectromagn. Suppl., 1, 67–85, 1992. With permission.)
we measured the number of runs required to train the network to recognize a 60 Hz
signal with 97% accuracy as a function of the input signal-to-noise ratio. The results in
Figure 5.13 show that the training time increased from about 200 runs to about 1400 runs
as the signal-to-noise ratio decreased from 1 to 0.001. The way the noise is presented to
this network during the training makes a difference. For example, if you want the
network to separate 59 Hz from 60 Hz, it helps to tell the network that 59 Hz is noise.
This computer network model is clearly too simple to describe a biological nervous
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FIGURE 5.13
The learning response of a neural network with 64 input neurons, 8 neurons in the hidden layer, and 1 output
neuron to a 60 Hz input signal and a pseudorandom noise signal with a decreasing signal-to-noise ratio. (From
Barnes, F.S., Bioelectromagn. Suppl., 1, 67–85, 1992. With permission.)
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syst em, but it may provide a clue to one way in which a collection of cells may be able to
resp ond to weak, externa lly appli ed electri c fields , but a sing le cell would no t.
5. 7 Thermal Effects

One importan t effect of current flow due to electr ic fields is hea ting. The power inp ut to a
given volume of mater ial can be exp ressed by P0 ¼ I2R , wh ere I is the total cu rrent and R
is the resistanc e of the sample. For man y calcu lations, a more useful exp ression is given
by the pow er per un it volume or P ¼ sE2, wher e s is the conductivi ty, E is the electr ic
field intensi ty. (For a mo re compl ete treatm ent of heating, see Chapte r 10 and Ch apter 12
of BMA.) The temperature rise resulting from this heat input is determined by the thermal
capacity of the volume and the mechanisms for carrying the heat energy away. Typically,
these thermal loss mechanisms include a combination of conduction and convection
processes. For short current pulses, the heat dissipation is usually dominated by thermal
conduction, and the basic equation for the rate of change of temperature is given by

qT

qt
¼ P

r0Cp
� T � T0

tc
(5:58)

where T is the temperature, T0 is the initial temperature, t is time, and P is the power
supplied per unit volume. r0 is the density of the material (in kg/m3), Cp is the specific
heat under constant pressure, and tc is the thermal relaxation time.

If we consider a homogenous sphere of radius a immersed in an infinite fluid, the
thermal conductive relaxation time is approximately given by

tc ¼
a2

4K
(5:59)

where K is the thermal diffusivity and is measured in meter square per second [84]. The
thermal diffusivity is given by

K ¼ K0

r0Cp
(5:60)

where K0 is the thermal conductivity (in cal/m sec 8C), r0 is the material density (in kg/m3),
and Cp is the thermal capacity (in cal/8C kg). If an applied current pulse is short compared
to tc, the maximum temperature change is given by

DTmax ¼
3

2pe

� �3=2 H

r0Cpa3
(5:61)

where H is the total input energy in calories and e is the base of natural logarithms [84].
For current inputs that are long compared to the thermal relaxation time tc, the peak
temperature is determined by a balance between the input power and the dissipation
process controlled by conduction and convection. It is interesting to note that if we
assume the thermal properties of water as a first approximation to various kinds of tissue,
then tc for a sphere with a equal to 1 mm is a little less than 2 ms. Since a sphere has the
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smallest surfac e to volume ratio, Equati on 5.60 gives an upp er boun d on tc, and Equa tion
5.61 gives an upper boun d on the peak temp erature excursi on for smal l struct ures and
pulses that are short compared to tc. Simply stated, it takes high power densities and
large differential absorption coefficients to get significant differential temperature rises in
small biological structures.

For situations where the volume involved is a cubic millimeter or larger, the thermal
time constant is controlled by the amount of blood flowing through the volume. In these
cases, temperatures may be more easily measured than calculated since a complicated
thermal and electrical boundary value problem would have to be solved to calculate the
temperature rise. This is particularly true since the viscosity h and other thermal and
electrical parameters such as r, Cp, K, etc. are functions of temperature. For example, Cp

for an artificial bilipid membrane is shown in Figure 5.14 [85]. Another example of the
importance of change in temperature is the conductivity of saline,

s � C1[10[ (1=T)þa](1=b)]� 10�4 S=m (5:62)

where C1 is the concentration of NaCl in milligram equivalents per liter, T is the absolute
temperature, a ’ 6.23 � 10�3 degrees�1, and b ’ 1.4 � 10�3 degrees�1 [86]. In the range
around 37.58C, this means that a 58C change in temperature corresponds to a little less
than 9% change in conductivity [86].

Changes in temperature are important, not only because they change transport prop-
erties such as viscosity, mobility, and the diffusion coefficient D, but also because they
change chemical reaction rates. Typical biochemical reactions can be described by an
equation of the form

dS

dt
¼ �K0S (5:63)

where S is the fraction of the material that has undergone the chemical reaction, t is the
time, and K0 is the reaction rate [87]. K0 is often given by
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Differential changes in the heat cap-
acity, Cp, of erythrocyte membranes
as a function of temperature in 5
mmol/L sodium phosphate with pH
7.4 and a concentration of 5 mg pro-
tein per milliliter. The changes at A, B,
B2, and C correspond to changes in the
structure of the membrane with tem-
perature and are irreversible. Curve 1:
intact membranes. Curve 2: irradiated
at 330 mHz for 5 min (SAR 9 W/kg).
Curve 3: irradiated at 300 mHz for
30 min (SAR W/kg). (From Shuyrou,
V.L., Zhodan, G.G., and Akorv, I.G.,
Academy of Science, Institute of Bio-
physics, Pushchino, Moscow Region,
Russia, personal communication,
1984. With permission.)
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K 0 ¼ kT

h
ex p

þDH 0 � T DS0

R0 T

� �
(5 :64)

wh ere k is the Boltzmann constant, T is the ab solute tempe rature, H0 is the free ene rgy, S0

is the entropy, h is Plan k’s constan t, and R0 is the gas constan t. The signifi cant feature is
that the reactio n rate K0 varies expone ntially with tempe rature, and DH 0 and TDS0 are
large numbe rs. Thus, v ery smal l chang es in tempe rature can lead to big chan ges in
chemic al reactio n rates.

In addit ion to chemic al reactio n rate chang es, there may be chan ges in the binding of
the proteins to cell membr anes that lead to a she dding of proteins with a smal l increase in
temp erature. An exp onential temp erature dependen ce of the bindin g to membr ane
recep tors is to be exp ected just as it is for chemic al reactio ns [88] .

A ru le of thumb that the author uses to estimate wh ether or not significant biologic al
chang es are likel y is to see if D T is > 10 8 C for 10� 6 sec , 58C for 1 sec , or 28 C for hours. If the
D Ts are lar ger, then they can be expec ted to lead to im portant change s in the biologic al
syst em. Typi cal mamm alian temp erature reg ulatory syst ems will hold the inte rnal body
temp erature constant to with in þ /� 0.5 8 C.

In a ddition to the magn itude of the tempe rature change , it can be sho wn that the rate of
temp erature ris e, dT /dt , is impor tant and can ind uce cu rrent to flow across membr anes.
Ch anges in the firing rate of pac emake r cells from the gangli on of Apl ysia have been
indu ced by total tempe rature chang es of as little a s 1/10 8 C wh en the rates of change are
about 18 C/se c [89]. This change of the firing rate correspo nds to the injec tion of approxi-
matel y 1 nA in to the cell. By taking the time derivati ve of the Nerns t equation , which
desc ribes the passive equilibri um poten tial acros s a membr ane for a sin gle ion, it can be
shown that a current propor tional to the temperatur e deriv ative is to be expecte d, or

I ¼ �qV 
0

1 C1
f

fT

� � _ff

f
�

_TT

T

 !
(5 :65)

wh ere q is the charge of the ion , V1

0
is the volume of the ce ll, C1 is the concen tration of ions

inside the cell, f is the resti ng poten tial, f is given by fT ¼ kT
q , 

_ff is the deriv ative of the
memb rane poten tial with respect to time, T is the temp erature, and Ṫ is the temp erature
deriv ative with respect to time [90] .

Bol’ shakov and Aleks eyev [91] have observ ed similar chang es in the firing rate of
pace maker cells taken from the large parietal ganglion of the centr al nervous syst em of
Limn ea stag nalis . In thei r exp eriments they obse rved a slow increase in te mperatur e (1 8 C/
min or slow er) to increase the firing rate of the pac emaker cell and a rapid increase in
temp erature (0.1 8 C/se c or faster) to dec rease or stop the firing. They ascrib e these chang es
to change s in the Naþ  pum p a s the rapi d temp erature effect was complet ely blocked by
add ing ouabai n to the solu tion. In a ddition to the chan ges in the Na þ curren ts, Caþ

currents have been shown to be sensitive to rapid changes in temperature [92]. The rate
of rise has also been shown to be significant in exciting a brain slice from a mouse with
pulses of 10�3 sec and peak temperature rises of less than 0.58C [93].

Temperature rises also lead to thermal expansion, and rapid temperature rises lead to
the generation of acoustic waves [94]. These acoustic waves, in turn, can affect stretch
receptors in nerve cells and other tissue and thus generate a biological response that may
be at a considerable distance from the electrical heating [95].

To get an idea of the magn itudes of both heating (as described in Equati on 5. 58) and
the effect of the rate of rise (as given by Equation 5.65), consider the case of liver tissue
with s ¼ 0.14 S/m and a field strength in the tissue of 2 � 103 V/m. The rate of
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tempe rature rise is appr oximately 13 8 C/se c assumi ng no conductio n or convect ion heat
losses and the therm al capaci ty of water. For this hig h field, a sign ificant te mperatur e rise
occurs in about 1/2 sec. However , the rate of ris e has been shown to be sign ificant in
exciting a brain slice from a mouse with pulses of 10 � 3 sec [96] .
5.8 Natural Fields and Man-Made Fields

It is of inte rest to co mpare man-made with natural ly occu rring fields. First, we would like
to know the appro ximat e magn itudes of the fields that occur in nature outside man or the
biolo gical syst em of interest. Second, we wou ld like to have val ues for the interna l or
physiol ogical fields .

The natur al electr ic fields at the sur face of the earth have both DC and AC comp onents
[97]. On e may think of the earth as a sphe rical capaci tor where the surface is neg atively
charge d wi th respect to a n electri cal condu cting ion osphere that is about 50 km ab ove the
surfac e. Thi s capacito r is being contin uously charged by about 100 light ning strokes
per sec ond from thun ders torms wo rldwide. Since the atmosp here is a finite conductor ,
it also dischar ges with an RC time constan t of ab out 18 sec. The resu lt is an average
electri c field of about 130 V/m. This field is no t uni form with heig ht and typic ally falls off
to 30 V/m at 1 km above the surface. The local v alues vary widely wi th temperatur e and
humidi ty. In the Sahara dur ing dust storms cau sed by winds in the dry season , a field of
1500 V/m has been measured with the polarity reversed from the normal. In thunder-
storms, fields of up to 3000 V/m have been measured without lightning, and the polarity
has been known to reverse in minutes. Storms as far as 50 km away have been shown to
affec t local fields . See Chapt er 1 in this volume by Mild and Greenebau m for more det ails.

The atmosphere is a relatively poor conductor and as such will suspend a significant
number of charged ions, dust particles, etc. This helps to contribute to local field vari-
ations of 20% to 50% over the course of the day and is a normal characteristic of our
environment. The level of natural AC fields in the atmosphere falls very rapidly from a
DC value of about 130 V/m [97]. The average value of the vertical component of the
electric field above 1 Hz has a typical value of 10�4 V/m Hz1/2. However, this value
fluctuates widely with the time of day, the season of the year, and location. Additionally,
the Schumann resonances impose multiple-cavity resonances on this spectrum with a
periodicity of about 10 Hz. These resonances may be explained in terms of standing
waves in a cavity formed by the earth and the atmosphere. These very low levels of
the natural fields are one of the reasons why electronic communications in the ELF
band are useful for ships at sea and submarines. However, because of the very low level
of the natural atmospheric fields at frequencies above a few hertz, there is very little
reason for biological organisms to develop natural protection against perturbations at
these frequencies. It also means that biological systems could communicate internally at
these frequencies using very low signal power levels and still maintain a good signal-
to-noise ratio.

The signals generated within the body are the result of nerve firing and other cell
activity. A typical nerve cell fires with an action potential of 50 to 100 mV and transmits a
current pulse about 0.4 ms long [98]. The rise time for this current spike is approximately
0.1 ms, and the fall time is about 0.5 ms. Each pulse is followed by a refractory period that
is typically on the order of 1 to 3 ms. The longitudinal fields along the exterior of a nerve
cell membrane are estimated to have a maximum value of about 5 � 10�2 V/m during an
action potential when the cell is surrounded by a relatively high conductivity fluid of 5 S/
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m [98]. If we look at these signals closel y, it wil l be noted that the inte rspike inte rval alon g
any given nerve cell fluc tuates in time. Additio nally, variatio ns in the beat -to-beat inte r-
val s for the ECG are ran dom or chaotic , and the period can vary up to 3 0%. This is
freque ntly seen, particul arly at slow heart rates.

In looki ng at the natur al fields in the body, we have two concer ns. The first is how lar ge
an exte rnal signal takes to perturb the ongo ing natur al signal that is being used to
commu nicate or contr ol som e biologic al proces s [99]. The second is how much of the
sign al field typically leaks away from active nerve fibers or bundl es to form a back ground
noi se envi ronment for surro unding tissue and process es. Regar ding the first of these
questio ns, it is interesting to look on the micros copic leve l at the electr ical noi se, i.e., the
fluctu ations that occu r fundam entall y a s a resu lt of the electr ical proce ss itself.

The first of sever al sour ces of noise that are always present is blackb ody radiatio n, or
John son noise, wh ich is given by

Pn ¼ kTB (5 :66)

wh ere Pn is the no ise pow er, k is the Boltzma nn constant, T is the absolute temp erature,
and B is the bandw idth [100–1 02]. The volta ge equivale nt of this noise pow er, whic h can
be delivered to a matc hed load, or the me an squa red voltag e fluctuati on Vn

2 across a
resist ance R, is given by [101,1 02]

V 
2

n ¼ 4kTBR (5 :67)

or by the mean sq uared curren t fluc tuations

�ii 2n ¼
4kTB

R 
(5 :68)

Johns on noise appl ies to syst ems at therm odynamic equilibri um. Livin g systems are
not at therm odynami c equil ibrium . Thu s, the foreg oing expre ssions mu st be applie d wi th
cauti on to onl y those por tions of biol ogical system s where thermo dynam ic equil ibrium is
a good approximat ion . In the case of lasers , the spontaneo us emissio n noise associa ted
with the none quilibriu m pop ulation inv ersion of the energy level s can be obt ained from
Plan ck’s radiati on law by defining a negative te mperatur e that ass umes a Boltzm ann
distri bution of atoms with N2 atoms in the ex cited energy level E 2, wh ich is greater than
the N1 atoms in the energy level E1, such that

N1

N2
¼ exp

E2 � E 1
kT

� �
(5 :69)

In this case, the spon taneous emissi on noi se Pn ¼ hy B, wher e h is Planck’ s constan t and
y is the frequency of the radiation corresponding to a transition from E2 to E1 [100].
In those situations where the nonequilibrium characteristic may be described by an
amplifier that can be modeled by a negative resistor or by energy storage in an inver-
ted population distribution, the concept of a negative temperature may be a useful
approach. Note that an equivalent temperature, T, is a convenient way to describe the
energy distribution of a large number of particles. A much more complete description of
nonequ ilibrium noise is given in Ch apter 7 in this volume.

The second source of noise that is also present is the shot noise, which is given by

�ii 2
n ¼ 2q�IIDCB (5:70)
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where �iin
2 is the mean- squared current fluc tuatio n. Thi s noise come s about beca use of the

discre teness of the electroni c charge q and the as sumpti on that the mo tion of eac h char ge is
inde pendent. With ne gative feed back, this no ise may be redu ced, as has been shown for
space charg e-limited diod es. Shot no ise result s in an AC fluc tuation, �iin

2, which is pro -
porti onal to the average value of the current, �IIDC . A third source of noise is (1/ f ) noise.
This noi se may be gene rated by man y proce sses, som e of which are desc ribed in Ch apter 7
in this volume. 1/f noi se can be synthesize d from Gauss ian noi se by filter ing it wi th a
circuit that require s ab out one low pass state v ariable per decad e fo r the per iod of tim e over
whic h the mode l is used to gene rate noi se with a pow er density spect rum S( f) ¼ (C /f a),
where C is a constan t and a is a constan t bet ween 1 and 2 [103]. We can expect to find this
kind of noi se for pro cesses that evolve with time and, or have memory. 1/f noise desc ribes
the power spectral dens ity of the fluctu ations at low -frequ encies in such divers e phenom-
ena as transi stors, qua rtz crysta l osc illators, the closin g Dow Jones Aver ages for the sto ck
market , and the weath er. It is also gene rated by the flow of ion curren ts through an orifi ce
and thus is a fundam ental part of the transpor t of current through chan nels in membr anes
[102]. Me asureme nts of the noise volta ge across a 10 m m hol e in a 6 mm Myl ar film sho wed
that for a wide rang e of ion ic concen trat ions the volta ge noise spect ral densit y S( f) is
given by

Sf (f )

f2
¼ a

bnr 3 f 
(5: 71)

where b is a numerica l geomet ric fact or, n is the den sity of ions in the soluti on, r is the
radiu s of the hol e, a is a constan t, and f is the appli ed voltage. The da ta showed that 2.5 <
a < 40 with a me an value of 10 for a wide ran ge of solutio ns inclu ding HCl, KCl, and
AgNO, with concentrations from 0.05 to 5 mol.

For natural membranes, this noise has been shown to take the form of

SE(f ) ¼ CE

f a
(5:72)

where 0.7 < a < 1.2 with a mean close to a ¼ 1. For the frog node of Ranvi er, the no ise is a
func tion of the me mbrane volta ge as sho wn in Figure 5.15 [104]. The dom inant sour ce of
this noise appears to be the Kþ current, and it has a minimum when the membrane is
biased, so that this Kþ current is biased to zero.

To get an estimate of the size of these noise sources, let us consider a pacemaker cell
from the abdominal ganglion of Aplysia. This cell fires 20-ms pulses at about 1 Hz/sec. It
has a resting voltage of about 50 mV and a resistance R measured with a microelectrode
between the inside of the cell and the surrounding solution of approximately 106 V. If
we assume a system bandwidth of 100 Hz and T ¼ 300 K, the Johnson noise voltage
would be Vn � 3 � 10�6 V. This gives a resting potential-to-noise (Vn) ratio of about
4 � 104. The peak current flow in these cells is estimated to be about 10�7 A, and thus the
estimated shot noise current is �iin � 2 � 10�12 A, and the ratio of the peak current to the
noise current is about 2 � 104. We do not have the available value S(f) for the Aplysia, v̄f

¼
ffiffiffiffiffiffiffiffiffiffiffi
S(f )B

p
, where B is the bandwidth. If it is assumed that the maximum value of the

noise is the same as that of the frog node of Ranvier, then for a bandwidth of 1 Hz we get
v̄f ¼ 1.4 � 10�5 V at a center frequency of 1 Hz from the curve for �50 mV in Figure 5.15.
This is about a factor of 103 greater than the Johnson noise. It is likely that (1/f) noise
is the largest source of noise at the cell membranes for frequencies below 160 Hz
[105,106].
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FIGURE 5.15
Voltage noise spectra of a frog node of
Ranvier at different levels of membrane
potential. (From Sichenga, E. and Verv-
een, A.A., in Proceedings of the 1st Euro-

pean Biophysics Congress, Vol. 5, Verlag
Wiener Medizinischen Akademic, Vienna,
Austria, 219, 1971. With permission.)
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These fundamental sources of noise, which are generated by random fluctuations in the
position of ions and their transport through channels, are spatially incoherent [73]. For
many processes the important quantity in deciding whether or not an electrical signal is
biologically important is the signal-to-noise ratio S/N where S is the power in the signal
and N is the noise power. Typically, it is assumed that a signal-to-noise ratio of 1 is
required for an externally applied signal to be detectable. In the foregoing discussion for
both thermal and shot noise the movement of each charge was assumed to be statistically
independent of each other. If for an externally applied signal the openings of the channels
in a cell are excited in parallel and coherently and the noise is generated by incoherent
random firing, then the signal-to-noise ratio increases with the square root of the number
of channels. Similarly, the signal-to-noise ratio for a bundle of nerves would be expected
to increase with the square root of the number of nerves for a signal applied externally to
the whole bundle. Thus, a collection of cells can be expected to detect smaller signals than
a single cell.

In addition to the electrical noise generated by currents and voltages that are part of the
single-cell operation, electrical signals propagate through the body as a result of the
incomplete confinement of electrical signals propagating in nerve cells. In a sense, these
signals may be thought of as noise if they are not pertinent to the activity in that portion of
the body through which they are propagating. If, on the other hand, they are used by
tissue within the organism at some distance from the source, they must be thought of as
signals. In the brain, the fraction of these signals that reach the scalp is called the
electroencephalogram (EEG). The EEG is obtained by placing two or more conducting
electrodes on the scalp and measuring the voltage between them. For electrodes placed
5 cm apart, the peak-to-peak voltages range up to 30 mV [107]. The author views this
voltage as the integral of the vector sum of the leakage fields from the firing of the nerve
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cells in the brain between the two electrodes. Since there are a very large number of cells
firing, most of the 50 mV signals from an isolated nerve are canceled by summing over
many like cells firing at different times and by the attenuation caused by propagation
through the tissue. Estimates of surface potential gradients along a nerve fiber range
from 3 � 10�4 to 5 � 10�2 V/m, and the corresponding current densities external to the
nerve cells range from 5 � 10�2 to 4 A/m2 [107,108]. The EEG voltage has a strong
periodic component (particularly during sleep) near 10 Hz, which is known as the alpha
(a) wave. A peak amplitude of this component may be as large as 50 mV when measured
at the surface of the scalp. It is interesting to note that the EEG signal contains significant
information on the brain’s activity, and a few individuals have been trained to control
these signals so as to control a computer in way that allows them write messages.

At the surface of the chest, a signal may be recorded between two electrodes known
as the ECG or EKG (electrocardiogram). This signal results from the highly coordin-
ated firing of the cells in the heart and has a definite wave shape that is closely related
to the operation of the heart. The peaks of the so-called R wave in this signal may range
up to 2.5 mV and are typically 0.5 to 1.5 mV, depending on the placement of the
electrodes, the amount of body fat, etc. The pulse repetition rate is usually in the
range of 1 to 2 Hz, and the ‘‘QRS spike’’ of the typical cardiogram is 40 ms long.
Again, the signal measured at the surface of the skin is the result of leakage from
electrically active cells located at a distance. The estimated current density near the
firing heart cell ranges up to 1 A/m2 [109]. In this case the shape of the signal reaching
the skin is so closely related to the activity of the heart that it provides detailed
information on heart function.

One result of electric discharges in the atmosphere, as well as natural ionizing radi-
ation, is the creation of small positive and negative ions in the atmosphere. In clean
country or mountain air, the typical ion density is about 1010/m3 with an average ion
lifetime of a few minutes [110]. When a hot dry wind is blowing, positive ions created by
the shearing forces can increase in concentration significantly. It has been shown that
increases in the negative ion concentration reduce the amount of serotonin (5-HT) in mice
and rabbits, possibly by accelerating the enzymatic oxidation process [111]. A similar
result has been demonstrated in the oxidation of cytochrome c. Positive ions appear to
block monoamine oxidase action, thus raising the concentration of free 5-HT [111].
Changes in 5-HT levels produce significant changes in the central nervous system, with
high levels of positive ions raising the anxiety levels under stress. Other effects of
increased positive ion concentration include a decrease in the survival rate of mice
exposed to a measured dose of influenza virus, while an increase of negative ions reduced
the mortality rate [111].

The significance of these results is that it is relatively easy to change the ion concentra-
tion in air using high-voltage DC systems where a leakage current of 1 mA from a burr or
other sharp point would correspond to the generation of about 1012 ions per second.

Relatively few high-voltage DC transmission lines are in use today for distribution of
power. Because the shocks resulting from a short contact across a high DC voltage are so
painful and obviously dangerous, these systems are nearly always shielded. Thus, one is
rarely exposed to DC electric fields >103 V/m. An additional feature of this exposure is
that air is such a good insulator that the DC currents flowing through the body in a
noncontacting situation are very small, as explained in the Introduction. For example,
1000 V across a 1-cm gap would yield a current density of approximately 10�7 A/m2

flowing across the air gap. Thus, the principal hazards from DC fields occur when parts of
the body make contact with a conductor.
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5.9 Discussion and Summary

In this review some of the physical mechanisms by which DC and time-varying electric
fields affect biological systems are presented. A few typical values of electric field
strengths and current densities that are known to affect the biological system are com-
pared with those of natural fields and other forces. Some values of electric fields and their
gradients that are shown to modify the currents and shift energy levels are given. These in
turn are shown to modify chemical reaction rates, which can lead to changes in the
growth cells and other characteristics of biological systems. It is hoped that this informa-
tion will help the readers to make their own estimates of when a given exposure to electric
fields will be significant in modifying biological systems and provide a basis for under-
standing some of the biological results presented in other chapters of this handbook.
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