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ABSTRACT

The tissues in biological objects from the point of view of electromagnetic effects have to be modeled by not only their
conductivity. The electric field induced double ionic layer, constructed by electrolytic diffusion, has to be counted. We
describe this phenomenon by micro (frequency dispersion phenomena), and by macro (interfacial polarization), as well as
more generalized by Nernst-Planck cells. The results are applied to cancerous tissues in the healthy neighborhood. Our
objective is to show the space charge distribution and redistribution that generate injury currents and other internal
currents in the development of cancer. We show some aspects of the theoretical basis of modulated electro-hyperthermia
(mEHT, trade name oncothermia, also used name: nanothermia), which uses an anti-injury current in the micro-range to
limit the proliferation process, similar to the macro-range electrochemotherapy (ECT) processes.
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Theoretical considerations

INTRODUCTION

To understand the basic electromagnetic interactions is a crucial demand generally in biophysics, and especially in active
treatments, like hyperthermia or other electromagnetic modes of therapies; and passive adaptations, like
bioelectromagnetic diagnostics, as well as the very popular “electrosmog”. Understanding the main effects is definitely a
major point in many applications besides expecting explanations on the basic technical differences of the nowadays widely
applied oncological hyperthermia treatments as well.

General considerations

Two parameters are used to characterize tissues from an electric point of view: the conductivity and the dielectric
permittivity. We know, however, that tissue at low frequencies can be modeled only with isolated spheres (cells) and
conductive, multicomponent electrolytes around them (extracellular liquid). Consequently, in this system, the conductions
are ionic, which is trivially accompanied by chemical mass-transport.

Charge conservation (continuity equation) requires the normal component of the total current density to be continuous at
the phase boundaries. Due to the chemical and ionic concentration and dielectric differences, as well as the various
diffusion and mobility constants of the relevant tissues, charges, and chemical components can change on the phase

boundary.

In a former model, the unity cube of the tissue could be electronically substituted by the expletive schematics; (see Figure
1).
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Fig 1: Expletive electronic circuit R.C, Xc is the reactance (high-frequency resistance) of the capacitor,
p is the specific resistivity of the resistor. Q is the actual circular frequency (w=2mf, where f is the
frequency of the supply).

We show how the concept based on this picture misleads. The basic contradictory point is that the electrodes of the
condenser can have extra charges, which is not the case in the real biological matter (i.e. tissue).

The question is: can the phase boundaries between various tissues be introduced only by the real tissue interfaces or by
the electrode-tissue interfaces? The last boundary is evident from the fact that the electrode has electronic conductivity
only, while the skin (and the subsequent tissues) has mainly ionic conduction. This means that there is an interface
converting the electronic conduction to the ionic one. This phenomenon is similar to the other electrode processes, e.g.
platinum electrodes, lead-sulphate/oxide for batteries, etc.

If we would like to construct a more realistic expletive schematic, then we have to consider the double layer on the
electrode surfaces, where the metal is negatively, and the electrolyte in contact will be positively charged.

Induced space-chare forming in heterogeneous dielectrics
This phenomenon is characteristic of heterogeneous dielectric materials, cell-membranes, like tissues and organs.

The Gauss law and the charge conservation with E field vector, p charge density, o conductivity and J electric current is:

(1)
divE = p, J=0E, %—f+divg:0

Consequently in harmonic fields by w circular frequency (i = \;'—_1):
diviiwe +o)E=0 @
Hence:
grads.E + edivE = p ®)

grado *.E + o *divE =0,
o*=(iwe +0)
Further simplification:
[grads + grad(Inc*)|E = p @)

The gradient of permittivity determines the behavior, which linearly depends on the E field. The logarithm of the
conductivity smooths its changes, so it has a minor effect on the charge. The effect is frequency-dependent (i.e. both ¢
and o change), but no structural components are involved.

Macroscopic effects on tissue heterogeneities (interfacial polarization)

Inhomogeneous dielectric material (like living tissues, and their higher organizations) creates space charge due to the
permittivity gradient, according to (4). The accumulated space charge increases the charge of the capacitor, consequently
the value of the capacity as well, when the structure does not change. The pace-chare is also frequency-dependent (like
the microscopic membrane effect) because the conductivity (and due to this the permittivity too) is frequency-dependent.

The simplest arrangement to show interfacial polarization is a condenser with two layers of permittivity between its
electrodes. The space charge will be created at the boundaries of the permittivity blocks, which are parallel to the

2074 |Page DO1:10.24297/jab.v10i2.6328
September 2017 www.cirworld.com



ISSN 2347-6893

Volume 10 Number?2

y Journal of Advances in Biology
-

electrodes. We study first a homogeneous dielectric material with parameters €, 6 and d thickness creating U potential
with the E-field by | current, with the unit area (A) of the electrode as in (Figure 2).

B U=Ed _
/
I
L::_J> 1S e
A
d

Fig 2: Homogeneous dielectric block

The current (due to the unity of the electrode surface) in equal value to the current density (J) will be:

()

=1 :Q+Jmnd :(ia)g+0')E:a*!,

ot d

U*=ia)8+0'=ia)(g—izj=ia)(g'—ie"),

®

1 1 6
g=¢ eh==
®

where the complex conductivity (6*) and complex permittivity ( £*= 5'+|5”) are introduced. Analogy introduces average
impedance and conductivity to Ohm’s Law:

* (6)
u d v | o

Z =—=—, ==
| o* u d
When two different dielectric materials with d1 and d2 thickness with the same unit area are in a serial arrangement in the

condenser (Figure 3), then:

,_dy )
o; 0,

Fig 3: Arrangement of two dielectric materials in the condenser

We define the COﬂdUCtiVity of this composite dielectric block by:
d d d d 8
1 2 1 2 ( )

* *
o1 O

Z =
O.*

From this definition, we receive the independent geometry conductivity and complex permittivity depending only on the
ratio of volumes:
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* % (9)
* _ 0,0
o = " " o
* P
A T
jo ja)[a(az —01*)+ 0'1*J
_ dl
d; +d,

A parameter represents the geometry, showing that the complete solution is solely dependent on the layer thickness. The
parallel blocks are irrelevant, because the gradient and the field are perpendiculars, and their scalar product is zero.
Hence we obtain:

ey 4 EsTEs 05 4o
1+ jor  jo

_ 2 )

o ale, —&)+e
2

g, = (016, —0p81) all-2) _+z,,

[a(e, — &)+ & ]Jalo, —01)+ 0]

ale, —&)+ &
T = ’

alo, —0,)+ 0o,
o, = 010>

a(az —01)+01

This result is remarkable: the inhomogeneous dielectric arrangement could have larger dielectric permittivity than the
individual components. The permittivity, in this case, is a complex value, which is frequency-dependent and can be
approximated by the Debay principles.

The biological material is imperfect dielectrics, having displacement current and conductive current as well. The
conduction is mainly ionic in an aqueous electrolyte, in the body fluids.

The current density of the bio-matter is:

) ) (11)
Joot = E *+ Joond

where D=¢E, and jtot the complete, jcond the conductive part of the current density. The current densities depend linearly
on the small electric fields. Consequently, the Fourier transform of the total current density, in this case, is similar to the
simple differential version of Ohm’s Law:

ju(iw)=liwe(io)+ o, JE(iw) 12
Following this analogy, the complex conductivity is:
j(io)=live(io)+ o, E(iw) =0 *E(i0), (13)

o*=iws(iw)+ o,

*
The first term of O~ is the capacitive conductivity, while the second is ohmic. This equation could be formally written in
the same form as in the ideal dielectric material, which is in sinusoidal fields:

oD oE oD . (14)
—=¢— —>—=lwsE
ot ot ot

and:

2076 |Page DOI1:10.24297/jab.v10i2.6328

September 2017 www.cirworld.com



& ISSN 23476893
| Volume 10 Number?2
o Journal of Advances in Biology
" -

- (15)
ji@) = ia){g(ia})Jr _—S}E(ia}) =iwe*(iw)E(io),
1l
e*(iw)=cliw)+ g - eliw)-i s ptigh
lw w
where ¢ *(Ja)) is the complex dielectric permittivity, where:
g=¢lim), (16)
g=Ts
w
Consequently:
o*=iwe™* a7)

The dielectric permittivity depends on the frequency, causing dispersion. The simple theory of dispersion was laid out by
Debye [1]. The complex dielectric material in this description has three parameters: the permittivity at high frequencies

o € . o w, =278 .
(800 ), the permittivity at low frequencies (%), and the breaking-point circular frequency (= ° 0), characterizing the
transition between the two states. According to Debye:

. E, —E& (18)
g(lw)= g, +—=
.
1+1—
2
The relaxation time is the reciprocal value of w0.
. E,—E (19)
e(l a)) =&, +—=,
1+iwr

=1/ w,

The physical meaning of this relaxation time is the time during the displacement vector oriented by the switched-on unit
electric field.

When their frequency is at the breaking point ((0 = @ ), then:

- — 20)
: E,—E, & —E, (
eliwy)-¢, = P IR
1+i—2
)

LN & &, |8(ia)0)—€w|_i
lion)=e.|== 7= >= " ==

So the complex permittivity of the bio-matter is:

. & —¢&, O (21)
e*(iw)=¢, +—2+=
l+ior o
Hence the relative permittivity:
E—E& o (22)

+ rs L s
l+ior  lwe,

roo

g *(iw)=¢

where the subscript r denotes the relative value, while €0 is the permittivity of a vacuum. The electric circuit that models
(22) is shown in (Figure 4).
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Fig 4: This circuit represents a unit-edge cube from the bio matter; the impedance is measured
between two parallel sides. The currents are divided by the parts of complex resistivity

T
The product of the permittivity and the value of A s "% as specific resistivity is the time-constant (see (10)). The

numerical value is equal to the current density, which is induced by unit electric field according to (13). From this, the
current densities (shown in Fig 4) are:

e, (23)

1 _ io(s, —¢,)
1 T 1+ior

iols, —500)+ &, —E&,

Hence (using (17) the total current density and the complex conductivity are

0'*(ia)):ia)[8w+m+_o-—s}:iwg*(ia)), .
l+ilor 1@
e*(iw)=¢, +m+?_—5
l+ior 1@
Consequently, the real and imaginary permittivity are:
. &, — &, (25)
T+ (a)r)2
||= O-S +a)T(gS_goo)
wey  1+(or )2 ’
&'=Re(e*)
&g"'=—-Im(&*)
The energy absorption components in the volume unit are:
s:lErj\:loT*EE:—lja)gﬁ*Ez:—Ea)(jg'ﬂ"')E2 )
2 2 2 2

w = Im(s) =—%a)£'E2

1 (4 1
p=Re(s)==Re(Ej") == we"E?
2 2
where s is the apparent absorption, w is the reactive absorption, which periodically goes in and out of the system by
double frequency, and p is the real Joule heat.
Microscopic effects on membranes (B/5-dispersion)

The radio-frequency (RF) current does not flow through the tissue homogeneously when the frequency does not exceed
15 MHz; see Figure 5.
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Fig 5. The current flow selects between the extracellular and intracellular electrolytes in the range of
radiofrequency <15MHz, and could be modelled by the shown electric ciruit.
The consequent conductivity is:
1 1 (27)
=t
R = 4R,
1C
It is frequency-dependent. lts slope of change of o is large, at around f=10 MHz, at the range of 3/3-dispersion, [2,3],
consequently the accumulation of charges here are the largest; (see Figure 6).
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Fig 6: The conductivity (a) and its derivative(b) at high (R2=3) and low (R2=0.7) resistivity (low (1/3)
and high (1/0.7) conductivity) of cytoplasm (C=10-8; R1=10, w =8.522*107 1/s [f=13.56 MHZz])

Beta dispersion is the phenomenon associated with the ability of a biological cell membrane to filter out low-frequency
currents and allow high-frequency currents to pass through [4].

The main reason for the B-dispersion is the higher penetration of the RF-current into the intracellular electrolyte by the
increasing frequency. With this effect, the capacitive conduction of the membrane grows. The place of 3-dispersion has a
high derivative and the gradient of permittivity is higher; consequently the accumulated charge is higher. Additional growth
of permittivity of the membrane takes place by the &-dispersion [5], in the same range as the maximum of the derivative,
around 10-14 MHz, which increases further the charge separation. Note that when the gradients of permittivity and
conductivity are perpendicular on the penetrated external field, space-charge is not formed.

Nernst-Planck formulation of space-charge

The Nernst-Planck type space charge [6] can be formed in every non-perfect dielectric material, e.g. biological objects. It
could be applied even in porous media. [7].

Local hyperthermia by electromagnetic interactions is extensively used in oncology. Various technical solutions exist,
where the electric field develops the real heat. The specific absorption rate (SAR) determines the heating ability [8].

The technical solution when the electric field acts simply is capacitive coupling. The capacitive coupling in oncological
hyperthermia was established in the middle of the 1970s [9], and has been a widely applied method until the present [10].
The applied field is controllable, and the technique is applicable for all of the tumour-lesions. Due to the technically well-
controlled external electric field from the parallel electrodes of capacitive coupling, we use in the calculations the E-field
only. The heating is the stationary case from bio-heat equation is:

(28)
G (T -T,) =%(;|E|2 = SAR
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where is the blood perfusion rate, Tb is the blood temperature.

The tissue boundaries are inhomogeneous interfaces, where extra field strengths (E(i)) could be generated. Ohm’s Law is
in this case:

i=olE+EY) (29)

In the following we use an electric field, which is directed to the x-axis of the space, so we will not denote the vectors. The
charge continuity equation is:

T
TS T

(30)

Its solution is:

t (31)

p= P(i) + Poe_;

Consequently, the perturbation exponentially decays, but space charge remains due to the inhomogeneity. The time
constant differs from the previous one, and it is the same order of magnitude as the periodic time.

We show next that in this case, the parallel R-C circuit is a correct expletive schematic and the condenser electrode is the
phase boundary. The expletive schematics (Figure 7), show two connected layers indicating the interface (transition layer)
between them.

- Transition layer

Fig 7: Expletive schematics for interfaces in serial connection

The charge of the condensers in the interface is:
Qi =-CiU;j =CiRilir =—7ilig (32)
Qk =CxUg =CyRy kg =7k Ikr

Moreover, the resultant surface charge:

Q + Qi : : (33)
Q=%=TkaR—TiJiR

where A is the surface of the electrodes (i.e. the plate condenser).

Due to the possible variance of time constants and surface currents, surface free charge exists. Consequently, we have to
use the other model, because this is applicable only in the case of charge accumulation in the transition layer. Its condition
is the commensurable time constant with the quarter of the periodic time. The schematic of the corrected model is shown
in (Figure 8). We consider the electric conduction and the diffusion- and drift-like material transport as well. This new
model has Nernst-Plank characteristics, so we refer to it as a Nernst-Plank cell.
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Fig 8: Schematic of the corrected model

The current density versus field strength connection (i.e. the characteristics of the Nernst-Plank cell) could be described by
the generalized Ohm’s Law for inhomogeneous media. In real cases, various chemical species are transported through
tissue. The charge transport is connected to the mass transfer, which could be described by the generalized current
densities. Principally, it has two current density components: the drift forced by field strength and the diffusion current
driven by the concentration gradients. We calculate these for one chemical component using a linear approach.

We take the concentration C(X) of the chemical component at X, so, according to Fick’s Law, the diffusive current
density is:

. dC(x) (34)

Jia =-D
dx

where D is the diffusion constant of the given chemical component. We denote the ionizing level of the given chemical

component by Z , and its ion mobility by 'B . Then at the applied E field-strength, the drift velocity is:
Varift = —FE (35)

which (using the Einstein relation) could also be written in the form:

KT (36)
Varift = — BeE = _EGE

where € is the elementary charge (electron charge), k is the Boltzmann constant, and T is the tissue temperature.
Hence, the drift-current density in the transition layer is:

. KT (37)
Jaritt =—C(x)——ZeE
D
Therefore, the particle current density of the chemical component is:
(38)
= —DM—C(X)k—TZEE
dx D
From this the jointly transported electric current density is:
. . (39)
Je =Zej=-ZeD dC() —C(x)k—TZZeZE
dx D
which looks in Ohm’s Law-form like:
j. =o(E+EV) (40)
KT
O = CO (X) EZZEZ
E(i) __ ZeD dC(X)
c dx
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For numerical investigation we normalize these values:

C, 7% @
) _C ZeU  xe™ -1,
""ZeDc, 7T =TT T
s et
ZeU _C
=——0,  X=—
kT C,

This result shows that the “foreign” field strength appears only where the particle concentration has a gradient (e.g. in the
phase boundaries).

Suppose a linear change of the potential in the transient layer; the equations above can now be solved easily:

- (42)
| _ZeDce ¢,
e ZeU

where Cl and C2 are the concentrations of the interface layer incident and emergent sides, and o is the thickness of
the transition layer by U potential-drop on it. Analyzing this result, we have the following approximations:

1. If | U] is a small value then from (42):
Z%’DC, (43)
Jo=——=—VU
KTS

so, the simple form of Ohm’s Law is valid in this case also.

2. If Uis alarge positive potential, then from (42):

. Z%°DC, (44)
o=——2U
KTo
Z 282 DC?_
Oy =—"—
Ohm'’s Law is valid with KTo conductivity;
3. [If Uis a large negative potential, then from (42):
. Z%°DC, (45)
Je=—=x—U
KTS
72%e2DC,
ol =————
Ohm’s Law is valid with kTo conductivity.

The two conductivity values are different due to the concentration variance.

As a result of this, the Nernst-Plank cell is a potential dependent two-pole with nonlinear characteristics, as its conductivity
depends on the direction of the current. Hence, the cell rectifies and distorts, so, for example, the supplied sinusoidal
potential will gain a non-sinusoidal current containing upper harmonics. This result is numerically shown by calculation
(Figure 9).
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Fig 9. Nernst-Plank cell characteristics with various concentration ratios of x=0.5, 1.0, 1.5. (a);
Comparison of current densities vs. time for two different cells (concentration ratios: 0.2, and 1.5) (b);
Comparison of the potential and the current density. (at a concentration ratio of 0.21) (c)

On this basis, the correctness of this model is easy to prove: if we have over harmonics on a harmonic potential excitation,
then we have the Nernst-Plank cell as well.

One quarter of the wavelength of the used 13.56 MHz potential supply is larger than the geometric size of the treated
region. This is a near-field application; therefore no radiative wave phenomenon could be included (for the waves, both the

0B
magnetic and electric displacements currents are essential. In our case, the magnetic displacement current 0 is
negligible).

At these conditions:

rotE =0 — E =—graduU (46)
moreover, on the other hand from Maxwell’s Third Equation:
rotﬂzj+%:1’e+ia)g§—>divrotﬂ:divﬁe+iwg§):0 “n
In the former model (Fig. 1), Ohm’s Law is:
Jo = oF @)

The field is therefore determined by the Laplace Equation:
div(c +iwe)E = div(c +iwe - gradUu)=0 (49)
In the realistic model, Ohm’s Law is:

i :O-(E"'E(i)) (50)

For what we have to use the Poisson Equation:
div(o+iwe)E +diilcE? )= 0 div(o +iwe (gradU) =difcE®) ~ ©D

The two Poisson Equations have considerable differences on the phase boundaries. Consequently, the results for the
local heating are different to the two approaches. The phantoms used for the models of heating have no phase
boundaries, so the calculation is incorrect and cannot be used for indication by the treatments.

The apparent phase shift observation is also misleading. No phase shift exists. We show it by harmonic analysis. The
frequency spectrum of the current density is shown in (Figure 10).
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Fig 10: Frequency spectrum by Fourier transformation of the alternating part of the current density (at
concentration ratio 0.21) (a) and magnification of the upper harmonic range (b)

The spectrum is obviously limited by frequencies and contains high peaks (Figure 10b). The time function magnification of
the upper harmonic range and the basic current harmonics with the potential are shown in (Figure 11).
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Fig 11: Time function of the upper harmonics of the current density (a) and the basic harmonic of
current and the potential in time (b) (at concentration ratio = 0.21).

The time function of the basic harmonics of potential and current density and the frequency spectrum of the residual
current density are shown in (Figure 12).

Pk

T

Residual current density

I
365 RO 9% 110125 140 155 170 155 20H)

frequency [Hz]
a.

Residual current density

tirme [s]

Fig 12: Frequency spectrum of the residual current density (a) and time function of the residual
current density (b), (at concentration ratio = 0.21).

The comparison of the time function of the first upper harmonic potential and current amplitudes for concentration ratios
x=0.21 and x=2.091 are shown in (Figure 13).
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Fig 13: Time function of the first upper harmonic potential and current amplitude (at concentration
ratio = 2.091).

Space charge without external inducing

Cells, tissues, and organs have internal polarization, which is a crucial factor of the interactions in the living system [11].
All cells have various membranes defining the fundamental functions of the cells. All membrane structures are strictly
polarized layers, separating the various electrolytes and governing the selective ionic exchanges. Well-known polarization
characterizes many tissues, like epithelial separating adjacent tissues from each other and having a specific role in the
homeostasis of organs. Epithelia form a well-structured layer; it is a permanently polarized sheet fixing the post-developed
complete organism for its entire life. The human body has definite polarization measured on the skin in the whole body
surface [12].

The polarization is fundamental not only in epithelial cells but active in many tissues in the organisms. It arranges the
water structure to polarize too, which shows semi-crystalline behavior in this way [13]. It is likely that the ordered water
bound to the membrane is oriented by the membrane potential, and by the polarized epithelial sheets as well.

Polarization is a charge separation and represents an enormous electric field by their static arrangement. For example, a 7
nm-thick cell membrane that has 70 mV membrane potential represents an electric field of 10 million V/m, which is an
enormous value. This field is fixed in a condenser-like construction. It is stable: no extra charge flow is generated by this
high electric field in normal functions of the body. However, any injury may produce a potential difference between the
parts of the tissue, which induces electric currents (constrained ion-flow) in the tissue, without being triggered by an
external electric field.

The physical meaning of polarization is the formation of the double layer with charges in heterogenic media. Internally and
also with the external field, the non-perfect dielectric materials have an internal field addition due to the polarization. When
the polarization is internal (i.e. no external filed triggers), it is in the stationary state, is stable, and does not induce any
current. However, when the integrity of living tissue is perturbed, injury of other disturbances rearranges the actual state,
and current is generated due to the potential difference in the conductive media. In the case of an injury, the wound in the
epithelium provides a short-cut: its potential tends to zero in this localization. However, at a distance of 0.5-1 mm, the
original potential value can be measured, causing a certain gradient of the electric field. This difference of electric field
induces an electric current directed to the wound. The current, powered by this process of the endogenous field-strength,
is called the injury current [14].

The injury current certainly plays a central role in wound healing [15]. Injury currents are physiological [16], and their
typical value is around 100 pA/cm2 on the physiological potential gradient drops ~100 mV/cm and may be extended to the
mm distance from the wound [17. This very weak power (~0.01 mW/g) does not increase the local temperature [18], but
can be measured using high-tech methods during the wound-healing process [19], [20], [21]. The EF in the tissue is
oriented to the wounded area. The current has an electric circuit loop through the surface of the epithelium, where the
electric current travels to the surface from the depth of the wound itself. This electrically controls the wound-healing
process and persists as long as the wound exists. The frequency of the cell division and space-orientation of the cells are
determined by the electric field [22], and it directs the cell migration to heal the wound [23], [24]. Spontaneous biological
charge transfers have significant role, being one of the basic phenomena of tissue repair [25], [26], and especially control
the cells and heal the wound by electrical manipulations [27]. The injury current concept is well proven [28], [29], [30], [31].
It needs sensitive experimental setups to measure, but many invasives [32], [33], and noninvasive [34], [35], [36]
measurements have been performed to prove the current experimentally.

The current flow in the presence of external fields is well known in conductors. We have shown above the polarization
effect by external electric fields in imperfect conductors in macro and micro range even in “porous” conditions like the
cellular structure. This polarization differs from that that induces injury current when its stability is disturbed. Contrary to
the internal polarization, the external triggering has no stable (current free) state, when the external field is time-varying
(i.e. alternating). In the cases of electric currents, irrespective of the internal or external sources, the conductivity and the
electric field induced processes by the polarized layers constructed by electrolytic diffusion has to be counted (Figure 14).
These electric current are called bio-currents.
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Fig 14: Model of the effect of the Nernst-Planck principle. The non-perfect dielectric material
develops an internal electric field by double layer in an external electric field. The model has an
additional field substitute: the simple resistivity alone.

While the currents caused by disturbance of internal polarization structure are directed to the place of disturbance, the
current induced by polarization with external field changes its direction as the field varies. This may support the injury
current and may oppose it, flowing in the opposite direction, and suppressing the expected migrations for wound healing.
The reverse current is the anti-injury current.

Cancer

These are spontaneous biological charge transfers that have an important role, which is hypothesized and are supported
by some observations [37], [38]. A bioelectromagnetic hypothesis of “biologically closed electric circuits” (BCEC) was
developed. BCEC introduced the existence of intrinsic electric currents in the body, mainly through the low-resistance
vascular network, [39], [40] like wiring. The pathological disorders induce these currents (like a wound does). We may use
this phenomenon for cancerous tissues in the healthy neighborhood. The double layer on the border of a tumor induces an
electric field, which generates current to an additional extra effect to the external field application.

The malignant cells are more negative on their surface than their healthy counterparts [41], and their membrane potential
is markedly lower [42], [43]. A certain potential gradient between malignant tissue and its healthy neighborhood exists [39],
[44]. The gradient acts to promote and direct the cancer-cell migration [45]. There is an argument on the cancerous
process as a wound repairs [46]. The bio-sy stem falsely recognizes a tumor as a wound and stimulates its environment
to heal the irregularity, cure the wound. The injury currents produced by the potential gradients support the wound-healing
mechanism actively. Using the BCEC principle, the anti-injury current is introduced to block the false wound healing for
tumor lesion [47], [48]. This direct current is applied as therapy electrochemotherapy (ECT) of cancer. ECT is a well-
established method of cancer treatment [44], [49], [50]. ECT applies a non-ablative static electric field to generate currents
(using less than 5 W power). It has been found to be efficient against cancer [17], [51], [52]. Early results were amazing
and were well accepted soon in Japan and China [53], [54], [55] with results reported in several peer-reviewed journals
[56], [57], [58], [59], [60]. However, the method is invasive, and a non-invasive safe method was demanded.

The permittivity gradient is opposite to the field strength vector, due to the relative negative charge of cancer. To
compensate for the negative space charge, the field constraints electric current to the cancer-disk, starting an injury
current between the cancerous and healthy parts. This current could differentiate between the healthy cells and the
multipotent ones, which became autonomic and redifferentiated to cancerous. This mechanism creates the “precancerous
cells” measured by Loewenstein [61]. The challenge is that the injury current is not able to compensate for the space
charge. Due to the high metabolic rate, the cancerous cells are in the permanent division and produce the negative space-
charge. Therefore the natural mechanisms of the bio-system are not able to block the cancerous development after a
definite size. Artificial intervention to deliver positive charges to compensate the intrinsic currents could be helpful. For this
task, the necessary electric field-strength has to be a parallel vector to the gradient of the permittivity.

However, the effect of body electrolytes on the electrode surface in the chemically reactive biomaterial causes the next
problem: due to the developing Warburg impedance [62]. The DC current is quickly compensated for by the double layer
on the applied electrodes. The boundary between the target and the electrode affects the impedance by building up a
polarized layer. There are several important phenomena of the electrodes, even if they are indifferent (i.e. the electrode
does not dissolve in the electrolyte. This is the case for the well-chosen invasive electrode or the non-invasive surface
touching as well).

The double layer on the border of a tumor induces an electric field, which generates current to add extra effect over the
external field application. This double layer represents an electromotive force as well, which has to be included in the
calculation like an electrolytic polarization under the electrodes. Its value is determined by the electrode materials and
electrolyte composition; and also depends on the frequency (dispersion) and the direction of the current.

We calculate the relaxation time of the double layer construction studying the charge continuity equation in one dimension:
0 ] (52)
_'0 + _J — 0
ot ox

We now substitute Ohm’s Law, which has no changing field strength, because of the homogeneity of the media:
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j=cE (53)
(vectorial notation has been neglected because we work in 1D due to the actual geometrical symmetries). Hence:
% + 0'E =0 =9
ot OX
On the other hand (Maxwell’s Equation, Gauss Law):
0E p (55)
x &
Substituting these into the continuity equation we obtain:
5,0 o (56)
a et
By solving this equation, we now have:
t (57)

. &
p=poet, 7=—
(o)

The space charge distortion now decays by the time constant:

e (58)
T=—
o

If this time constant is larger than one-quarter of the periodic time of the supply, then we must calculate the space charge
development in the homogeneous tissue as well.

Let us make an estimation for two tissues:

Epar =30, o, =0.0535/m (59)
Enmuse = 200, c=0.7S/m
Hence:
St 107730 6.10"°5 = 0.6ns (60)
" 5. 0.053/m '
-12
7= 0fmuse o 107200 _ 4-10"s=0.3ns

mse T s T 0.7S/m

musc

This is a quick relaxation-making current in a shorter time than one period of 13.56 MHz:

(61)
T= i1 ~=7.310"° =73ns
f 13.56-10

This means that the boundaries have the complete action of the induced space charge by polarization to complete the
appropriate current density, but the tissue interior for a long time average has to be regarded as neutral at the purely
applied 13.56 MHz carrier frequency. The low-frequency modulation changes the situation. The charge separation at the
boundaries introduces non-linearity, having a rectification effect that makes the low-frequency modulation active on the
carrier in deeper tissues as well. Modulated electro-hyperthermia (mEHT; popular name nanothermia, trade name
oncothermia) [63], uses time-fractal pattern modulation [64], which allows the effects in deeper regions as well. The
applied power in mEHT is on average one order of magnitude lower than the power of other hyperthermia methods. The
MEHT has an extreme selection (nano range [65]) and high SAR in transmembrane proteins of malignant cell-membrane
[66]. This method produces massive apoptosis [67] and, in consequence of the created damage-associated molecular
pattern [68], we expect systemic immune reactions (abscopal effect) as well [69, 70]. These effects ensure that positive
clinical results [71] prove the concept of the moderate SAR and mild-temperature application [65].

Conclusions

The internal polarization effects induce an injury current when any disturbance changes the healthy homeostatic
equilibrium. An electric field in the direction of the place of disturbance from the healthy neighborhood appears, starting a
current, which promotes cell migrations and wound healing, re-establishing homeostatic equilibrium. In pathological
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disturbance, the same process starts, which supports further proliferation, so its blocking is desired. The ECT method is
typical for this particular anti-injury current treatment, based on BCEC theory. However, its invasive way and special
localization do not satisfy. We have shown that non-invasive external fields can produce a charge distribution in the macro
and micro range, which can produce an anti-injury current.
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