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Abstract—A model of dielectrical properties of cellular struc
tures of a tissue has been proposed. Cellular structures
presented as a composition of membrane covered spheres
cylinders that do not interact with each other. No restrictio
were applied to the thickness of cellular membranes. T
model was further generalized into a case of electrically in
acting cells. The difference in dielectrical properties calcula
with the model of electrically noninteracting versus interacti
cells is inversely dependent on frequency. At biological valu
of cellular volume fraction near 0.7~packed configuration! the
difference is about 10%–15% in resistance and ine8 for fre-
quencies near 0.1 MHz. Experimental data for myocardial
sue and theoretical data, for both interacting and noninterac
models, reasonably agree at frequencies of 1–100 M
© 2001 Biomedical Engineering Society.
@DOI: 10.1114/1.1366675#

Keywords—Dielectrical properties and relaxation, Cellula
structures, Composite model.

INTRODUCTION

The dielectrical properties of biological tissues in t
radio frequency and microwave spectrum have b
studied.6–8,22,27 The need for these properties to b
known comes from the development of a variety of n
biomedical technologies, including tomography a
hyperthermia.17,20,21,23,24It has been shown, thatin situ
tissue dielectrical properties are strongly affected by th
physiological and pathological conditions.4,14,25,29 We
have experimentally demonstrated such dependen
during acute ischemia and chronic infarction on can
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models in the microwave spectrum from 0.2 to 6
GHz.25 The functional dependencies of myocardial im
pedance properties have also been studied in the
frequency region.4

The theoretical basis for interpretation of experime
tally measured changes in the myocardial dielectric
impedance properties during various physiological a
pathological interventions still remains unclear. This i
terpretation requires a realistic model of dielectric
properties of myocardial tissue as a cellular compositi
Different dielectrical models of cellular tissue structu
have been suggested.2,6,9,10,12 The major simplification
used in these developed models is that cells were
sumed to be electrically noninteracting with each oth
It is clear that such an assumption would provide be
agreement with the experimental data for a low cellu
volume fraction. However, the degree of uncertainty
such a simplification in modeling of tissues with packin
cellular composition is not understood.

The first objective of this study was development
models of dielectrical properties of myocardial tissue
a composition of both electrically interacting and noni
teracting cells. The second objective was to comp
these and previously developed models, composed
various cellular volume fractions with each other a
with experimental data. The major focus of this resea
was in the development of mathematical models a
computer simulations. Experimental data were tak
from in situ acute studies on canines~Experimental
Methods section!. The models for electrically noninter
acting and interacting cells are presented in model 1
model 2 section, respectively. Comparisons of the diff
ent models with each other and with experimental d
are presented in the Results and Discussion section.
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EXPERIMENTAL METHODS

The experimental data have been obtained in exp
ments with 13 canines, of either sex with average wei
of about 30 kg. The experimental procedure has b
presented in detail elsewhere.25 Animals were part of an
Institutional Animal Care and Use Committee approv
research protocol and cared for under NIH guidelines
laboratory research.11 All animals were premedicated
with 1 mg acepromazine, and 0.3 mg/kg butorphanol I
20 min prior to an aesthetic induction. The animals we
anesthetized with 15 mg/kg thiopental intravenous
Following induction, the animals were intubated a
placed on a volume control respirator. Anesthesia w
maintained with 0.5%–3% isoflurane. An expired C2
monitor, lead II EKG, and arterial blood pressure we
utilized to monitor the animal. An intravenous line wa
placed in the peripheral vein for administration of flui
and drugs. The right groin and left chest were surgica
prepped and draped. A thoracotomy was made in
fifth intercostal space. The pericardium was open to
pose the epicardial surface of the left ventricular my
cardium.

Dielectrical properties were measured with the help
a coaxial microwave probe manually placed on the e
cardium during a single multifrequency interrogatio
The probe was an open end of coaxial line with inn
diameter of 0.6 mm and outer diameter of 3.0 mm.
was estimated that the probe interrogation of the m
cardium approximated a cylinder 10 mm in diameter a
2.5–3.0 mm in depth. Precautions were taken to av
blood or saline introduction between the microwa
probe and the myocardium. The microwave probe w
connected to a Hewlett-Packard Network Analyzer~HP
Model No. 8753C!. We used our own developed sof
ware and calibration procedures to measure myocar
dielectrical properties in the frequency range 0.1 MH
6.0 GHz. We have conducted 231 measurements at
frequency point. All values were expressed as mean6
one standard deviation~SD!.

MODELING OF BULK DIELECTRICAL
PERMITTIVITY OF MYOCARDIAL TISSUE AS A

COMPOSITION OF NONINTERACTING
MEMBRANE COVERED CELLS „MODEL 1 …

The dielectrical models of biological tissue as a co
position of membrane covered spheres are based on
Maxwell19 theory, which was further generalized by Fo
ter and Schwan.6 In addition to the assumption that cel
do not electrically interact with each other, they used
simplification on small parameterh/R ~where h is a
membrane thickness andR is radius of a cell!. Using this
approach as a classic model, we developed a model w
out any restriction on the ratio ofh/R. In addition to
l

h

e

-

this, such a model allows further generalization into t
case of electrically interacting cells. The generalizati
has been completed~model 2 section!.

Let us consider a homogeneous and isotropic med
in which identical cells occupypth part of the volume
~Fig. 1, N51!. We consider spherical or an infinite cy
lindrical shape of cells with radiusr 1 . Each cell has a
membrane with thickness~h!. Further, we use indexes 0
1, and 2 for marking intracellular, membrane, and ext
cellular properties, respectively. Dielectrical properties
intracellular (e0), membrane (e1), and extracelluar (e2)
spaces were considered to be homogeneous and iden
for all cells. For such a media, we considered the c
for irradiating by plane electromagnetic wave@with time
dependencee2 ivt (v52p f )#, with frequency f ~Hz!,
and amplitudeE0 ~V/m!. The problem is to define bulk
~effective! dielectrical permittivityeeff and conductivity
seff of such a mixture.

An effective~bulk! dielectrical permittivity of mixture
eeff was defined16 as a coefficient between mean~by
volume! values ofD and E:D̄5eeffE. Here overbar de-
fines volume averaging. For isotropic media we can o
tain

eeff5E
V
D~r !drY E

V
E~r !dr

5Fe0E
V0

E~r !dr1e1E
V1

E~r !dr1e2E
V2

e~r !drG Y

F E
V0

E~r !dr1E
V1

E~r !dr1E
V2

E~r !drG

5e21F ~e02e2!E
V0

E~r !dr1~e12e2!

3E
V1

E~r !drG Y F E
V0

E~r !dr

1E E~r !dr1E E~r !drG , ~1!

FIGURE 1. Geometrical configuration of non-interacting cells
problem „NÄ1… and the interacting cells problem for packed
configuration of 7 cells „NÄ7… and 19 cells „NÄ19….
V1 V2
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429Dielectrical Model of Cellular Structures
where volume integrals are taken inside of the intrac
lular sphere (V0), the membrane shell (V1), and the
extracelluar shell with volumeV25(V01V1)(12p)/p
in the three-dimensional case. In the two-dimensio
case of cylindrical geometry the integrals were tak
inside of corresponding circle and rings.

Let us assume that~1! the interactions between cellu
lar structures and~2! the changes of electrical fiel
within extracelluar space@E(2)# can be neglected.~Ap-
proximation of electrically noninteracting cells.! In this
case the mean internal fields within cells are identi
and equal toE(s), s50,1. As will be shown later, direc
tions of all mean fields are identical to the incident fie
In this case*Vs

E(r )dr5VsE
(s), whereĒ(s)—mean elec-

trical field in thesth layer.
Applying this approximation to Eq.~1!, it is easy to

obtain

eeff5e21p

~e02e2!
r 0

d

r 1
d Ē~0!1~e12e2!S 12

r 0
d

r 1
dD Ē~1!

p
r 0

d

r 1
d Ē~0!1pS 12

r 0
d

r 1
dD Ē~1!1~12p!Ē~2!

,

~2!

whered—dimension of space@~2!—for cylindrical cells
and ~3!—for spherical cells#, r 05r 12h is the inner ra-
dius of cell.
Within the radio frequency and microwave spectru
the wavelength of electromagnetic fields is much grea
than cellular diameter. In this case, the problem can
solved in the electrostatic approximation using Lapla
equation inRd for field potential in a three-componen
medium.~We compared results of electrostatic and ve
tor wave fields approaches for spherical cells and fou
that within a spectrum off ,30 GHz mean electrica
fields agree with four orders.! Let the incident field be
E0. HavingE52grad@u(r ,u)#, let us solve the problem
for field potentialu(r ,u).

The field potential can be found as16

u~r ,u!55
u0~r ,u!52A0E0r cos~u!, r<r 0 ,

u1~r ,u!52A1E0S r 2
B1

r d21D cos~u!,

r 0,r<r 1 ,

u2~r ,u!52E0S r 2
B2

r d21D cos~u!, r .r 1

,

~3!

whereu—angle between the direction of the electroma
netic field and the radius vector. Unknown coefficien
can be found from boundary conditions~continuity of u
and e]u/]r !:
b15
~e02e1!

e01~d21!e1
r 0

d ,

B25
~e12e2!@e11~d21!e1#r 1

d1~e02e1!@e11~d21!e1#r 0
d

@e01~d21!e1#@e11~d21!e2#r 1
d1~d21!~e02e1!~e12e2#r 0

d r 1
d , ~4!

A15
de2@e01~d21!e1#r 1

d

@e01~d21!e1#@e11~d21!e2#r 1
d1~d21!~e02e1!~e12e2#r 0

d ,

A05
de1

e01~d21!e1
A1 .

It is easy to show that mean fields in each layer are directed along the incident field~x axis! and equal to

Ēx
~0!5A0E0, Ēx

~1!5A1E0, Ēx
~2!5E0. ~5!

Substituting Eqs.~3!–~5! in Eq. ~2! we find
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eeff5e21pe2d

~e1e2!@e01~d21!e1#1~e02e1!@e21~d21!e1#
r 0

d

r 1
d

@e01~d21!e1#$@e11~d21!e2#1p~e22e1!%1
r 0

d

r 1
d ~e02e1!$~d21!~e12e2!2p@~d21!e11e2#%

.

~6!
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MODELING OF BULK DIELECTRICAL
PERMITTIVITY OF MYOCARDIAL TISSUE AS

A COMPOSITION OF MEMBRANE
COVERED INTERACTING CELLS „MODEL 2 …

Let us suppose thatN cells exist in a cylindrical
volume VR ~cylinder with radiusR!. The geometrical
configuration of cellular structures in its packed positi
is presented in Fig. 1 for 7 cells (N57) and for 19 cells
(N519). In this part we model a myocardial cell as
infinite, membrane covered cylinder with radiusãs5as

1hs , where hs is a thickness of the membrane of th
cell numbers. Axes of the cylinders are parallel to eac
other and coaxial to OZ,E5(E0,0,0). Here we are mak
ing an assumption that cells do electrically interact w
each other. The problem is to define the bulk~effective!
dielectrical permittivityeeff and conductivityseff of such
a mixture.

Similar to before, we will solve the problem in a
electrostatic approximation using Laplace equation inR2

for field potential in a three-layered medium. To find
solution for this problem, we will use the approach pr
posed in Ref. 13. The field potential for intracellular@Eq.
~7!#, membrane@Eq. ~8!#, and extracellular@Eq. ~9!#
spaces can be found as

U0
s~r ,w!52FA0

s1 (
n51

`

~An
szs

n1Ãn
sz̄s

n!G , r s5uzsu,as ;

~7!

U1
s~r ,w!52H B0

s1 (
n51

`

@~Bn
szs

n1Cn
sz̄s

2n!

1~B̃n
sz̄s

n1C̃n
szs

2n!#J , as,r s,ãs ; ~8!

U2~r ,w!52F S E0

2
z1

E0

2
z̄D

1(
s51

N

(
n51

`

~Fn
sz̄s

2n1F̃n
szs

2n!G ,

zPVR\ ø
s51

N

Ṽs , Ṽs5Vsøms . ~9!
~Vs andms are volumes ofsth cell and its membrane
respectively! with unknown coefficients

An
s , Bn

s , Cn
s , Fn

s , Ãn
s , B̃n

s ,
~10!

C̃n
s , F̃n

s , s51,...,N,

where z5reiw, z̄5re2 iw, zs5r se
iws5z2z0s , z0s—is

the center ofsth cell, n50,61,62,...,ms is the volume
of the sth membrane.

Here we have 8N unknown coefficients@Eq. ~10!# for
each decomposition coefficientn. Also, we have two
types of boundary conditions for continuityU and
e(]U/]r ) that have to be satisfied on each of 2N bound-
aries for the whole range of angleswP@0,2p#. There-
fore, 8N unknown coefficients can be found from 8N
boundary equations. After substitutions of variables

H F̂n
s5Fn

s/~ ãs!
n,

F% n
s5F̃n

s/~ ãs!
n,

~11!

and some transformations, we obtain an infinite line
equation system in variablesF̂n

s , F% n
s , s51,...N:

¦

k̃n
sF̂n

s5(
j Þs

~21!n (
m51

` S m1n21
n D

3F% m
j

ãj
mãs

n

zjs
m1n 1

E0

2
ãsx~n51!,

k̃n
sF% n

s5(
j Þs

~21!n (
m51

` S m1n21
n D

3F̂m
j

ãj
mãs

n

z̄js
m1n 1

E0

2
ãsx~n51!,

s51,...,N

~12!

where (n
m1n21)5Cm1n21

n 5@(m1n21)!#/@n!(m21)!#
—binomial coefficients,

x~n51!5H 1, n51

0, nÞ1
, zjs5zj2zs ,
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and

U ã j

zjs
U,1, U ãs

zjs
U,1,

k̃n
s5

an
s1~e1

s/e2!bn
s

an
s2~e1

s/e2!bn
s , ~13!

H an
s5

1

2 S 11
e0

s

e1
sD 1

1

2 S 12
e0

s

e1
sD S as

ãs
D 2n

,

bn
s5

1

2 S 11
e0

s

e1
sD 2

1

2 S 12
e0

s

e1
sD S as

ãs
D 2n

.

~14!

Solving this system of equations by cutting meth
and increasing the system dimensions until a solution
stabilized, the unknown coefficientsFn

s , F̃n
s can be

found. Another 6N unknown coefficients@Eq. ~10!# are
expressed fromFn

s , F̃n
s :

H An
s5

2~ ãs!
22n

an
s2~e1

s/e2!bn
s Fn

s ,

Ãn
s5

2~ ãs!
22n

an
s2~e1

s/e2!bn
s F̃n

s ,
~15!

5
Bn

s5
1

2 S 11
e0

s

e1
sDAn

s , B̃n
s5

1

2 S 11
e0

s

e1
sD Ãn

s ,

Cn
s5~as!

2n
1

2 S 12
e0

s

e1
sDAn

s , C̃n
s5~as!

2n
1

2

3S 12
e0

s

e1
sD Ãn

s .

~16!

The average intracellular@Eq. ~17!# membrane@Eq.
~18!#, and extracellular@Eq. ~19!# fields are found, re-
spectively,

H E
uzsu,as

Ex
~0,s!dV5

2~ ãs!
22n

a1
s2~e1

s/e2!b1
s ~F1

s1F̃1
s!pas

2,

E
uzsu,as

Ey
~0,s!dV5

2~ ãs!
22n

a1
s2~e1

s/e2!b1
s i ~F1

s2F̃1
s!pas

2,

~17!
5
E

as,uzsu,ãs

Ex
~1,s!dV5~11e0

s/e1
s!

~ ãs!
22n

a1
s2~e1

s/e2!b1
s

3~F1
s1F̃1

s!p~ãs
22as

2!,

E
as,uzsu,ãs

Ey
~1,s!dV5~11e0

s/e1
s!

~ ãs!
22n

a1
s2~e1

s/e2!b1
s

3 i ~F1
s2F̃1

s!p~ ãs
22as

2!,
~18!

E
VR\~ ø

s51

N
Ṽs!

Ex
~2!dV5E0pR22(

s51

N

k1
s~F1

s1F̃1
s!pãs

2,

~19!

E
VR\~ ø

s51

N
Ṽs!

Ey
~2!dV52 i (

s51

N

k1
s~F1

s2F̃1
s!pãs

2,

wherek1
s5k̃1

s(ãs)
22, k̃1

s from Eq. ~13!, i 2521.
Summarizing Eqs.~17!, ~18!, and ~19!, we obtain a

mean by volume complex dielectrical permittivityēx

5(*VR
eExdV/*VR

ExdV):

E
VR

ExdV5p(
s51

N
~F1

s1F̃1
s!

a1
s2~e1

s/e2!b1
s

3H 2
as

2

ãs
2 1~11e0

s/e1
s!S 12

as
2

ãs
2D

2@a1
s1~e1

s/e2!b1
s#J 1pE0R2, ~20!

E
VR

eExdV5p(
s51

N
~F1

s1F̃1
s!

a1
s2~e1

s/e2!b1
s H 2

as
2

ãs
2 e0

s1~11e0
s/e1

s!

3S 12
as

2

ãs
2D e1

s2@a1
s1~e1

s/e2!b1
s#e2J

1pE0R2e2 .

The accuracy of the solution depends on the num
of decompositionn. We compared solution forn510,
20, 30, 50, and 60 at frequency spectrum from 10 k
up to 8 GHz for normal cellular properties with volum
fraction of 0.68. Results forn550 andn560 are equiva-
lent with an accuracy of 0.1%. Most of the differenc
between low and high values ofn were found at low
frequencies. For example, the relative error betweenn
510 andn550 at 10 kHz were 2% fore8 and 0.8% for
resistancer. In the case ofn520, these errors were
0.6% and 0.2%, respectively. Therefore, it was co
cluded that to obtain results with relative error of abo
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432 SEMENOV et al.
1% it is sufficient to haven520. This number can be
significantly lower for higher frequencies.

RESULTS AND DISCUSSION

In order to calculate bulk myocardial properties, t
dielectrical properties of intracellular, membrane, and
tracellular volumes have to be known. Choice of the
properties and other parameters of the model are give
the Appendix and will be further referenced as a set
standard parameters of a model.

First, we compared our noninteracting cell mod
~model 1! with previously published models. Results f
bulk resistance comparing our noninteracting cell mo
with two classical models are presented in Fig. 2~a! for a
frequency of 0.1 MHz as a function of cellular volum
fraction. The results were also compared at freque
spectrum for a biological value of cellular volume fra
tion of 0.7 @Fig. 2~b!#. At a whole range of frequencie
our results agree well with the proposed model of Fos
and Schwan@Eqs. ~44! and ~53! from Ref. 6#. This can
be seen in both Figs. 2~a! and 2~b!. This underlines that

FIGURE 2. „a… The dependencies of bulk resistance at 0.1
MHz from cellular volume fraction, obtained with different
models. „b… Frequency dependent percent differences in bulk
resistance obtained with different models at a cellular vol-
ume fraction 0.7.
at ratioh/R near 1023, a simplification of the first order
of this parameter can be used. It is appropriate for m
cardial tissue that has the ratio ofh/R about 1023– 1024.
At higher membrane thickness or at lower cellular d
mensions, for example in the case of small ribosome-l
structures with the ratio ofh/R about 1021 or higher, the
difference between these two models became more
nificant. This leads to necessity of not using a simplifi
model. In a limit ofh/R→0 our model is equivalent to
the previously developed approach@Eq. ~44! in Ref. 6#.

As was expected, at frequencies significantly high
than the relaxation frequency of cellular membran
~near 1–10 MHz!, when the cellular membrane becom
transparent to the electromagnetic field, results also ag
with the model proposed by Cole.2 This can be seen in
Fig. 2~b!. At lower frequencies, when the cellular mem
brane plays an important role, and at higher cellu
concentrations the difference with the model of Co
slightly increases. Therefore, it was concluded that
model gives reasonable results, comparable with pre
ously developed approaches. Further, we generalized
model to take into account an electrical interaction b
tween cells~Model 2 section!.

An approach for calculation of concentrated susp
sion of membrane covered spheres was proposed.12 The
approach is based on two steps modeling. First, she
sphere is replaced by homogeneous sphere with an
fective dielectrical permittivity calculated based on t
Maxwell theory.19 Second, the bulk dielectrical permit
tivity of concentrated spheres is calculated. Howev
such an approach has limited usage, because of the in
approximation used in the first step. It is an approxim
tion of uniform field in which the sphere is located, th
allows to find a solution for an induced dipole. In th
case of concentrated suspension, it is no longer
true—the field is nonuniform. In a nonuniform field a
multipoles have to be counted, which was done here
model 2.

The dielectrical properties of models 1 and 2 are co
pared in Fig. 3~a! for bulk e8 and in Fig. 3~b! for bulk
resistance~r!. The parameters of the models were sta
dard. Model 2 is presented for two cases: 7 and 19 c
in a cluster. The difference between interacting and n
interacting cellular models is frequency dependent. T
more pronounced differences are in low frequency
gion, because of the membrane influence. However,
difference is not large; up to 10%–15% in resistance a
in e8, even for the case when cellular volume fraction
in a range of biological values near 0.7, for example,
myocardial tissue.

As can be seen from Fig. 3, in packed cellular co
figuration ~high cellular volume fraction!, the solution is
stabilized in about a dozen cells in a cluster. In le
packed configuration the situation is quite different.
may depend on a structure itself. For example, in
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433Dielectrical Model of Cellular Structures
case of two cells when the line between centers of c
has a different angle with the electrical vector, the d
ference in bulk dielectrical properties can be significa
at low frequencies for bothe8 and r. In other words, in
nonpacked cellular configurations, dielectrical propert
are different in cases when the same number of cells
positioned differently~structural anisotropy!. At higher
frequencies~.10 MHz!, the dielectrical properties o
cellular structures are less anisotropic. It has to be e
phasized, that we define an effective~bulk! dielectrical
permittivity of mixture eeff similar to Ref. 16 as a coef
ficient between mean~by volume! values of D and
E:D̄5eeffĒ @Eq. ~1!#. In this particular case of two in
teracting cells this means that we consider an infin
amount of double-interacting cells.

Results of modeling were compared with experime
tally measured data. Results are presented fore8 andr in
Figs. 3~a! and 3~b!, respectively. Presented models
not take into account the high frequency components
protein, bound water and free relaxations, that were p

FIGURE 3. Comparison of the experimental data for myocar-
dial tissue „NexpÄ231… with noninteracting cells model and
with interacting cells model at different numbers of cells in a
cluster for: e8—in „a… and r—in „b….
viously considered.26 They also do not include low fre
quency relaxation of subcellular components. Therefo
it is understood that experimental and theoretical d
can be compared at frequencies near the cellular m
brane relaxation spectrum. This comparison is presen
in Fig. 3 for frequencies from 1 to 100 MHz. Exper
mental data are presented as a mean6 one SD for a
group of 13 canines, combining 231 measurements
each frequency point. The experimental data were
tained in a large number ofin situ experiments with
significant individual variation in local blood supply, re
action on anesthesia, probe position in relation to blo
vessels, intramural inhomogeneity, etc. This expla
relatively high deviations~up to 12%! in experimental
data, presented in Fig. 3. Experimental and theoret
data, for both interacting and noninteracting models, r
sonably agree. However, no conclusion can be made
agreement is better for interacting cells rather than
noninteracting cells. Differences between models are
the same order as a difference between experimental
theoretical data. To analyze dielectrical spectrosco
data at a wide radio frequency and microwave spectru
the model of interacting cells needs to be further dev
oped to incorporate both higher frequency and low
frequency relaxation components and also a distribut
of relaxation times.

We used a model of infinite cylinders with a circula
cross section for simulation of myocardial cellular com
position. This model allows us to estimate an effect
electrical interaction of cells on bulk dielectrical prope
ties of tissue. Cardiac cells do not have an ideal circu
cross section. The model of electrical conductivity
skeletal muscle utilizing a hexagonal cross section of
cells was proposed.9 The advantage of the hexagon
model is that it allows for modeling of more packe
cellular configuration in a limit closer to 1. Howeve
this is a more complicated and calculation consum
approach, which needs to be further generalized into
case of electrically interacting cells. Cardiac cells do n
have an ideal hexagonal cross section either. In addit
our model allows for making cellular configuration wit
volume fraction near 0.7, which is close to cellular vo
ume fraction of myocardial tissue. Concluding, the pr
posed model of infinite cylinders with a circular cro
section is a reasonable first approximation to estimate
effect of cellular electrical interaction on its bulk diele
trical properties with cellular volume fraction close
that of myocardial tissue.

CONCLUSIONS

~1! The difference between the model of electrica
noninteracting cells and the model of electrically inte
acting cells is inversely dependent on frequency. At b
logical values of cellular volume fraction near 0
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434 SEMENOV et al.
~packed configuration! the difference is up to 10%–15%
in resistance and ine8 for frequencies near 0.1 MHz.

~2! At less packed configuration with smaller cellul
volume fraction, the bulk dielectrical properties of cell
lar compositions are structure dependent~structural an-
isotropy! at low frequencies~,10 MHz!.

~3! Experimental data for myocardial tissue and th
oretical data, for both interacting and noninteracti
models, reasonably agree at frequencies 1–100 MHz
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APPENDIX: PARAMETERS OF THE MODEL

The parameters of cellular model are summarized
Table 1. The membrane permittivity was calculat
based on published values of membrane capacita
1mF/cm2.17,28 The intracellular and extracellular permi
tivities were chosen to be closer to properties of sal
and plasma solutions. Keeping in mind that the repor
value of plasma resistivity at body temperature is ab
64 V cm, and whole blood resistivity~at high hematocrit
of 87 and frequency 0.2 MHz! is about 80V cm,1 we
used a mean values of about 70V cm as an extracellula
resistance, which leads to conductivity of 1.43/V/m.

The intracellular conductivity was calculated based
values of intracellular ion concentrations,2 ion mobility
coefficients,5 and the fact that ion diffusion coefficient
are reduced intracellular.14 This calculation gives a value
of intracellular conductivity of 0.54/V/cm.
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