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Abstract—A model of dielectrical properties of cellular struc- models in the microwave spectrum from 0.2 to 6.0
tures of a tissue has been proposed. Cellular structures weregHz25 The functional dependencies of myocardial im-

presented as a composition of membrane covered spheres and edance properties have also been studied in the low
cylinders that do not interact with each other. No restrictions P prop

were applied to the thickness of cellular membranes. The frequency regiorf.
model was further generalized into a case of electrically inter- ~ The theoretical basis for interpretation of experimen-
acting cells. The difference in dielectrical properties calculated tally measured changes in the myocardial dielectrical/

with t_he_ model of electrically noninteracting versus |_nteract|ng impedance properties during various physiological and
cells is inversely dependent on frequency. At biological values

of cellular volume fraction near 0O.{packed configurationthe pathOIOQ_'CaI 'nter\_/ent'ons St'l_l rgmalns unCIear_' Th's_ in-
difference is about 10%—15% in resistance ancinfor fre- terpretation requires a realistic model of dielectrical
quencies near 0.1 MHz. Experimental data for myocardial tis- properties of myocardial tissue as a cellular composition.

sue and theoretical data, for both interacting and noninteracting pifferent dielectrical models of cellular tissue structure
models, reasonably agree at frequencies of 1-100 MHz. 9,10,12 ; ; P

© 2001 Biomedical Engineering Society. have been suggestéf: The major simplification
[DOI: 10.1114/1.1366675 used in these developed models is that cells were as-

sumed to be electrically noninteracting with each other.
It is clear that such an assumption would provide better

. . . ) reement with the experimental data for a low cellular
Keywords—Dielectrical properties and relaxation, Cellular agreeme e experimental data for a low cellula

structures, Composite model. volume fraction. However, the degree of uncertainty of
such a simplification in modeling of tissues with packing
INTRODUCTION cellular composition is not understood.

The first objective of this study was development of

The dielectrical properties of biological tissues in the models of dielectrical properties of myocardial tissue as
radio frequency and microwave spectrum have been g composition of both electrically interacting and nonin-
studied®®?*?" The need for these properties to be teracting cells. The second objective was to compare
known comes from the development of a variety of new these and previously developed models, composed of
biomedical technologies, including tomography and yarious cellular volume fractions with each other and
hyperthermid2%#!2>*t has been shown, than situ with experimental data. The major focus of this research
tissue dielectrical properties are strongly affected by their \yas in the development of mathematical models and
physiological and pathological conditiofts?** we computer simulations. Experimental data were taken
have experimentally demonstrated such dependencies g in situ acute studies on canineExperimental
during acute ischemia and chronic infarction on canine Methods section The models for electrically noninter-

g ) _ acting and interacting cells are presented in model 1 and
o e e o4 modiel 2 secton, respeivly. Comparisons of th difer-
Blythe Boulevard, Charlotte, NC 28203-2861. Electronic mail: €Nt models with each other and with experimental data
ssemenov@carolinas.org are presented in the Results and Discussion section.
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EXPERIMENTAL METHODS P

p /
The experimental data have been obtained in experi- £ @ @ Q%
ments with 13 canines, of either sex with average weight .

of about 30 kg. The experimental procedure has been
presented in detail elsewhereAnimals were part of an
Institutional Animal Care and Use Committee approved FIGURE 1. Geometrical configuration of non-interacting cells
research protocol and cared for under NIH guidelines for problem (N=1) and the interacting cells problem for packed
laboratory research. All animals were premedicated configuration of 7 cells  (N=7) and 19 cells (N=19).
with 1 mg acepromazine, and 0.3 mg/kg butorphanol IM,
20 min prior to an aesthetic induction. The animals were
anesthetized with 15 mg/kg thiopental intravenously. this, such a model allows further generalization into the
Following induction, the animals were intubated and case of electrically interacting cells. The generalization
placed on a volume control respirator. Anesthesia was has been complete@nodel 2 section
maintained with 0.5%-3% isoflurane. An expired £O Let us consider a homogeneous and isotropic medium
monitor, lead Il EKG, and arterial blood pressure were jn which identical cells occupyth part of the volume
utilized to monitor the animal. An intravenous line was (Fig. 1, N=1). We consider spherical or an infinite cy-
placed in the peripheral vein for administration of fluids |indrical shape of cells with radius,. Each cell has a
and drugs. The right groin and left chest were surgically membrane with thicknes#). Further, we use indexes 0,
prepped and draped. A thoracotomy was made in the 1 and 2 for marking intracellular, membrane, and extra-
fifth intercostal space. The pericardium was open to ex- cellular properties, respectively. Dielectrical properties of
pose the epicardial surface of the left ventricular myo- intracellular (¢,), membrane ), and extracelluar ,)
cardium. spaces were considered to be homogeneous and identical
Dielectrical properties were measured with the help of for all cells. For such a media, we considered the case
a coaxial microwave probe manually placed on the epi- for jrradiating by plane electromagnetic wawith time
cardium during a single multifrequency interrogation. dependencee™'“! (w=2xf)], with frequencyf (Hz),
The probe was an open end of coaxial line with inner and amplitudeE® (v/m). The problem is to define bulk
diameter of 0.6 mm and outer diameter of 3.0 mm. It (effective) dielectrical permittivity e, and conductivity
was estimated that the probe interrogation of the myo- 4 . of such a mixture.
cardium approximated a cylinder 10 mm in diameter and  An effective (bulk) dielectrical permittivity of mixture
2.5-3.0 mm in depth. Precautions were taken to avoid ¢, was definetf as a coefficient between medby
blood or saline |ntrodu_ct|on betwe_en the microwave volume values ofD and E:D = eE. Here overbar de-
probe and the myocardium. The microwave probe was fineq yolume averaging. For isotropic media we can ob-
connected to a Hewlett-Packard Network AnalyzEiP tain
Model No. 8753C¢. We used our own developed soft-
ware and calibration procedures to measure myocardial

dielectrical properties in the frequency range 0.1 MHz—
fD(r)dr/ f E(r)dr
\% \%

6.0 GHz. We have conducted 231 measurements at eachégs=
eof E(r)dr+elf E(r)dr+62f e(r)dr}/
Vo Vi Vo

N=1 N=7 N=19

frequency point. All values were expressed as mean
one standard deviatio(SD).

MODELING OF BULK DIELECTRICAL
PERMITTIVITY OF MYOCARDIAL TISSUE AS A
COMPOSITION OF NONINTERACTING
MEMBRANE COVERED CELLS (MODEL 1) [JVOE(F)dr+fVlE(r)dr+fVZE(r)dr}

The dielectrical models of biological tissue as a com-
position of membrane covered spheres are based on the
Maxwell'® theory, which was further generalized by Fos- =e,+| (69— fz)J’ E(r)dr+(e;— €,)
ter and Schwafi.In addition to the assumption that cells Vo
do not electrically interact with each other, they used a
simplification on small parameteh/R (where h is a xf E(r)dr /[j E(r)dr
membrane thickness alis radius of a ce)l Using this Vi Vo
approach as a classic model, we developed a model with-
out any restriction on the ratio di/R. In addition to +fv E(r)dr+JV E(r)dr}, (1)
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Dielectrical Model of Cellular Structures

where volume integrals are taken inside of the intracel-

lular sphere Y,), the membrane shell\{;), and the
extracelluar shell with volumé/,=(Vy+V4)(1—p)/p

in the three-dimensional case. In the two-dimensional

case of cylindrical geometry the integrals were taken
inside of corresponding circle and rings.

Let us assume thdfl) the interactions between cellu-
lar structures and2) the changes of electrical field
within extracelluar spaceE®)] can be neglectedAp-
proximation of electrically noninteracting cellsin this
case the mean internal fields within cells are identical
and equal tE®®, s=0,1. As will be shown later, direc-
tions of all mean fields are identical to the incident field.
In this casefy_E(r)dr=V,E®, whereE®®—mean elec-
trical field in thesth layer.

Applying this approximation to Eq(l), it is easy to
obtain

rg— rg\—
(fo_fz)FjE(O)‘F(fl_fz) 1_E)E(1)
1 1
€eff— €21 P a P I —
pF‘}E<°>+p 1—r—§} ED+(1-p)E?
1 1
2

where d—dimension of spac§(2)—for cylindrical cells
and (3)—for spherical cell§ ro=r;—h is the inner ra-
dius of cell.

(€0— :
_Eo+(d_1)61 0

bl_

(e1— ) e1+(d—1)eg]ri+ (eo— e[ er+(d—1)e;]r§
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Within the radio frequency and microwave spectrum,
the wavelength of electromagnetic fields is much greater
than cellular diameter. In this case, the problem can be
solved in the electrostatic approximation using Laplace
equation inRY for field potential in a three-component
medium. (We compared results of electrostatic and vec-
tor wave fields approaches for spherical cells and found
that within a spectrum off <30 GHz mean electrical
fields agree with four ordepsLet the incident field be
EC. HavingE=—grad u(r, )], let us solve the problem
for field potentialu(r,6).

The field potential can be found *4s

[ uo(r,0)=—A,E’r cog6),

r<ro,

0 B,
u(r,0)=—-—AE r_F’Tl cog 6),
u(r, 6)= ro<r<rq, ’

cogh), r>rq

()

0 B2
us(r,0)=—E I’—F]_—l
\

where #—angle between the direction of the electromag-
netic field and the radius vector. Unknown coefficients
can be found from boundary conditiofisontinuity of u
and edu/ar):

61) d

re (4)

2 Tegt (d—D)eq][er+ (d— 1) e ]r i+ (d—1)(eo— e1)(e1— eo]ra 2

de;[ €ot+(d—1)€;]r§

Al:[€o+(d_1)61][61+(d_1)62]rc11+(d_1)(60_61)(61_62]ro'

_ d€l
_€0+(d_

Ao

1)61A1.

It is easy to show that mean fields in each layer are directed along the incidentxfigkis) and equal to

E(O):AOEO, gxl):AlEO’ Eg(Z): EO°.

Substituting Eqs(3)—(5) in Eq. (2) we find

©)
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d
(e162)[ €0t (d—1)e1]+ (o~ €1)[ €2+ (d—1) €] _?J
M

€cii= €2+ peyd
[eot(d—1)e [{[e1+(d—1) €]+ ple—

MODELING OF BULK DIELECTRICAL
PERMITTIVITY OF MYOCARDIAL TISSUE AS
A COMPOSITION OF MEMBRANE
COVERED INTERACTING CELLS (MODEL 2)

Let us suppose thaN cells exist in a cylindrical
volume Vg (cylinder with radiusR). The geometrical
configuration of cellular structures in its packed position
is presented in Fig. 1 for 7 celldN7) and for 19 cells
(N=19). In this part we model a myocardial cell as an
infinite, membrane covered cylinder with raditis=ag
+hg, wherehg is a thickness of the membrane of the
cell numbers. Axes of the cylinders are parallel to each
other and coaxial to OZ& = (E°,0,0). Here we are mak-
ing an assumption that cells do electrically interact with
each other. The problem is to define the b(akfective
dielectrical permittivitye.; and conductivityoeg of such
a mixture.

Similar to before, we will solve the problem in an
electrostatic approximation using Laplace equatioiRin
for field potential in a three-layered medium. To find a
solution for this problem, we will use the approach pro-
posed in Ref. 13. The field potential for intracelluf&q.
(7)], membrane[Eq. (8)], and extracellularEqg. (9)]
spaces can be found as

©

8+nZl (ASZa+ASZD) |,

rs:|zs|<as;

(7)

Ug(r,e)=—

ui<r,¢>=—|83+n§1 [(BZS+Ciz, ")
+ (~B§2+E§ZS”)]] . a<r<da,; (8

EC E°
w5

P

Ua(r, QD)——{

N
ZEVR\ U ’\75,
s=1

V=V um;. (9

r
el>}+r—§r(eo—el>{(d—1><el—

d .
€)—pl(d—1) e+ e}

(6)

(Vs andmg are volumes ofth cell and its membrane,
respectively with unknown coefficients

A B, Ch, FL. AL B

(10

where z=re'®, z=re ¢, z;=r€'¥s=7—2p,, Zps—iS
the center ofsth cell, n=0,£1,+2,...mg is the volume
of the sth membrane.

Here we have Bl unknown coefficient$Eq. (10)] for
each decomposition coefficiemt Also, we have two
types of boundary conditions for continuity and
€(0U/ar) that have to be satisfied on each &f Bound-
aries for the whole range of anglese[0,27]. There-
fore, 8N unknown coefficients can be found fromN8
boundary equations. After substitutions of variables

[ﬁ%Fﬁ/(”as)“, a

Fo=F5/(@)",

and some transformations, we obtain an infinite linear
equation system in varlabIern F , s=1,..N:

Cen S (m+n-1
RaF= <—1>”E( -
j#s m=1

a'a; E°
xFl 12 +—="ax(n=1),
mZ]rT51;+n 2 S,

2( 1)2
amg" E°

7~aSX(n:1)!

12

m+n— 1)

where (""" h=cl. . =[(m+n—1)!)/[n/(m—1)!]
—binomial coefficients,

1, n=1

:1:
X(=D=1q " q

Z]'S:Z'

|~ Zs:



Dielectrical Model of Cellular Structures 431

and

(e

_dnT e e)Pn 13
e (e By 49
a““:l 1+€—g +} 1—6—8 G B
. € 2 AN
(14)
1 €| 1 €| [ as) "
Bi== 1+ 2| -2 1= 29[
n2 € 2 €5/ \as

Solving this system of equations by cutting method
and increasing the system dimensions until a solution is

stabilized, the unknown coefficientsS, F3 can be
found. Another & unknown coefficient§Eqg. (10)] are

expressed fronF;, Fp:

e 2@
o (e)fy " a5
Zs_ 2(3) " -
" ap—(eler) By "
( s s
EO ~ 1 60 ~
Bﬁ:i l+6_§ Ai, BrS]ZE :|.‘|'6—i Aﬁ,
1 € - 1
CSI(a)Zn—<1——)AS, Cs:(a)Zn_
n s/ o fi n n s/ 9
€\~
X 1——2)A§
\ €1
(16)

The average intracelluldEq. (17)] membrane[Eq.
(18], and extracellulafEq. (19)] fields are found, re-
spectively,

2(ag) 2" ~
E(O’S) V= I FS+ES 2
J|ZS|<aS xd ai—(ei/ez)ﬂi( itFimas,
2(ag) 2" -
EPYdV= —————i(F}—F}) ma?,
J’|zs<a5 y as—(eley)p; YT

17

( f E“’S)dvz(1+L:S/.ES)—(ESY2n
ac<lad<dg O ai- (el e) B

X (FS+F3) m(aZ—ad),
f E§,1'S)dV= (1+€)/€]) s—<—s (ES)Sizn S
ag<|z¢| <3g a1~ (€/€) B
\ Xi(F3—F)m(@-ad),
(18

N
f v EPdV=E'7R? - > «§(F3+F5)nas,
V

RV U Vy) §=1
s=1

19

N

f v EPdV=—iY k5(F3-F5)aal,
VR\( U Vy) s=1
1

s=

where «5=7%3(3,) 2, %5 from Eq. (13), i?=—1.

Summarizing Eqs(17), (18), and (19), we obtain a
mean by volume complex dielectrical permittivity,
= (fVRfEde/fVREXdV):

N

(F3+FD
E.dV= _
J, Bav=rZ, et

1a§

a‘2
S S;._S
= €nl €
ag

+7E°R?, (20

—[al+ (el e2) 1]

N

f eE dV=7,
Vg

S S S
——————={2== €+ (1+€ile
&1 ai—(€5ler) B3 a§ ot o/ €1)

(F$+FY) [Zai

2

a
X 1_5_:) fi_[ai“‘(filfz)ﬁi]fz]
S

+ 7E°R?e,.

The accuracy of the solution depends on the number
of decompositionn. We compared solution fon=10,
20, 30, 50, and 60 at frequency spectrum from 10 kHz
up to 8 GHz for normal cellular properties with volume
fraction of 0.68. Results fon=50 andn=60 are equiva-
lent with an accuracy of 0.1%. Most of the differences
between low and high values of were found at low
frequencies. For example, the relative error betwaen
=10 andn=>50 at 10 kHz were 2% foe’ and 0.8% for
resistancep. In the case ofn=20, these errors were
0.6% and 0.2%, respectively. Therefore, it was con-
cluded that to obtain results with relative error of about



at ratioh/R near 103, a simplification of the first order

of this parameter can be used. It is appropriate for myo-
cardial tissue that has the ratio lnfR about 10 °-10 4.

At higher membrane thickness or at lower cellular di-
mensions, for example in the case of small ribosome-like
structures with the ratio dfi/R about 10°* or higher, the
difference between these two models became more sig-
nificant. This leads to necessity of not using a simplified
model. In a limit ofh/R—0 our model is equivalent to
the previously developed approafdiq. (44) in Ref. 6).

As was expected, at frequencies significantly higher
than the relaxation frequency of cellular membranes
(near 1-10 MH, when the cellular membrane becomes
transparent to the electromagnetic field, results also agree
with the model proposed by CofeThis can be seen in
Fig. 2(b). At lower frequencies, when the cellular mem-
brane plays an important role, and at higher cellular
concentrations the difference with the model of Cole
slightly increases. Therefore, it was concluded that our
model gives reasonable results, comparable with previ-
ously developed approaches. Further, we generalized our
model to take into account an electrical interaction be-
tween cells(Model 2 section

An approach for calculation of concentrated suspen-
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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.

Frequency {GHz]

1% it is sufficient to haven=20. This number can be
significantly lower for higher frequencies.

RESULTS AND DISCUSSION

In order to calculate bulk myocardial properties, the
dielectrical properties of intracellular, membrane, and ex-
tracellular volumes have to be known. Choice of these

sion of membrane covered spheres was proptsatie
approach is based on two steps modeling. First, shelled
sphere is replaced by homogeneous sphere with an ef-
fective dielectrical permittivity calculated based on the
Maxwell theory!® Second, the bulk dielectrical permit-
tivity of concentrated spheres is calculated. However,
such an approach has limited usage, because of the initial
approximation used in the first step. It is an approxima-
tion of uniform field in which the sphere is located, that
allows to find a solution for an induced dipole. In the
case of concentrated suspension, it is no longer the
true—the field is nonuniform. In a nonuniform field all
multipoles have to be counted, which was done here in
model 2.

The dielectrical properties of models 1 and 2 are com-
pared in Fig. 8a) for bulk €’ and in Fig. 3b) for bulk
resistancep). The parameters of the models were stan-

properties and other parameters of the model are given indard. Model 2 is presented for two cases: 7 and 19 cells

the Appendix and will be further referenced as a set of
standard parameters of a model.

First, we compared our noninteracting cell model
(model 1 with previously published models. Results for
bulk resistance comparing our noninteracting cell model
with two classical models are presented in Fig) Zor a
frequency of 0.1 MHz as a function of cellular volume

in a cluster. The difference between interacting and non-
interacting cellular models is frequency dependent. The
more pronounced differences are in low frequency re-
gion, because of the membrane influence. However, the
difference is not large; up to 10%—-15% in resistance and
in €', even for the case when cellular volume fraction is
in a range of biological values near 0.7, for example, for

fraction. The results were also compared at frequency myocardial tissue.

spectrum for a biological value of cellular volume frac-
tion of 0.7 [Fig. 2b)]. At a whole range of frequencies

As can be seen from Fig. 3, in packed cellular con-
figuration (high cellular volume fractiop the solution is

our results agree well with the proposed model of Foster stabilized in about a dozen cells in a cluster. In less

and SchwarfEgs. (44) and (53) from Ref. g. This can
be seen in both Figs.(@ and Zb). This underlines that

packed configuration the situation is quite different. It
may depend on a structure itself. For example, in the
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viously considered® They also do not include low fre-
guency relaxation of subcellular components. Therefore,
it is understood that experimental and theoretical data
can be compared at frequencies near the cellular mem-
brane relaxation spectrum. This comparison is presented
in Fig. 3 for frequencies from 1 to 100 MHz. Experi-
mental data are presented as a mearone SD for a
group of 13 canines, combining 231 measurements at
each frequency point. The experimental data were ob-
tained in a large number oh situ experiments with
significant individual variation in local blood supply, re-
action on anesthesia, probe position in relation to blood
vessels, intramural inhomogeneity, etc. This explains
relatively high deviationgup to 12% in experimental
data, presented in Fig. 3. Experimental and theoretical
data, for both interacting and noninteracting models, rea-
sonably agree. However, no conclusion can be made that
agreement is better for interacting cells rather than for
noninteracting cells. Differences between models are in
the same order as a difference between experimental and
theoretical data. To analyze dielectrical spectroscopy
data at a wide radio frequency and microwave spectrum,
the model of interacting cells needs to be further devel-
oped to incorporate both higher frequency and lower
frequency relaxation components and also a distribution
of relaxation times.

We used a model of infinite cylinders with a circular
cross section for simulation of myocardial cellular com-
position. This model allows us to estimate an effect of
electrical interaction of cells on bulk dielectrical proper-
ties of tissue. Cardiac cells do not have an ideal circular
cross section. The model of electrical conductivity of
skeletal muscle utilizing a hexagonal cross section of the
cells was proposet.The advantage of the hexagonal
model is that it allows for modeling of more packed
case of two cells when the line between centers of cells cellular configuration in a limit closer to 1. However,
has a different angle with the electrical vector, the dif- this is a more complicated and calculation consuming
ference in bulk dielectrical properties can be significant approach, which needs to be further generalized into the
at low frequencies for botle’ and p. In other words, in case of electrically interacting cells. Cardiac cells do not
nonpacked cellular configurations, dielectrical properties have an ideal hexagonal cross section either. In addition,
are different in cases when the same number of cells areour model allows for making cellular configuration with
positioned differently(structural anisotropy At higher volume fraction near 0.7, which is close to cellular vol-
frequencies(>10 MHz), the dielectrical properties of ume fraction of myocardial tissue. Concluding, the pro-
cellular structures are less anisotropic. It has to be em-posed model of infinite cylinders with a circular cross
phasized, that we define an effectideulk) dielectrical section is a reasonable first approximation to estimate an
permittivity of mixture s similar to Ref. 16 as a coef-  effect of cellular electrical interaction on its bulk dielec-
ficient between mear(by volume values of D and trical properties with cellular volume fraction close to
E:D=e4E [EQ. (1)]. In this particular case of two in-  that of myocardial tissue.
teracting cells this means that we consider an infinite
amount of double-interacting cells.

Results of modeling were compared with experimen-
tally measured data. Results are presented fandp in (1) The difference between the model of electrically
Figs. 3@ and 3b), respectively. Presented models do noninteracting cells and the model of electrically inter-
not take into account the high frequency components of acting cells is inversely dependent on frequency. At bio-
protein, bound water and free relaxations, that were pre- logical values of cellular volume fraction near 0.7

100 T T T |
0.01 0.1 1 10 100 1000 10000

(b) Frequency [MHz]

FIGURE 3. Comparison of the experimental data for myocar-
dial tissue (Ngy,=231) with noninteracting cells model and
with interacting cells model at different numbers of cells in a
cluster for: €'—in (a) and p—in (b).

CONCLUSIONS
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TABLE 1. Cellular model parameters.
Conductivity o
Index Media Re (¢ (Q/m)
0 Intracellular 75.0 0.54
1 Membrane 11.3 0.628E—3
2 Extracellular 75.0 1.43

Cellular radius=5 um Membrane thickness=100 A

(packed configurationthe difference is up to 10%—-15%
in resistance and ie’ for frequencies near 0.1 MHz.

(2) At less packed configuration with smaller cellular
volume fraction, the bulk dielectrical properties of cellu-
lar compositions are structure dependéstructural an-
isotropy at low frequencieg<10 MH2z).

(3) Experimental data for myocardial tissue and the-
oretical data, for both interacting and noninteracting
models, reasonably agree at frequencies 1-100 MHz.
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APPENDIX: PARAMETERS OF THE MODEL

The parameters of cellular model are summarized in
Table 1. The membrane permittivity was calculated

SFizicheskie Velichiny, edited by I. S. Grigorieva and E. Z.
Meylichova. Moscow: Energoatomizdat, 1991.

SFoster, K. R., and H. P. Schwan. Dielectric properties of
tissues. In: Handbook of Biological Effects of Electromag-
netic Fields, 2nd ed., edited by C. Polk and E. Postow. NY:
CRC Press, 1996, pp. 25-102.

"Gabriel, C., S. Gabriel, and E. Corthout. The dielectric prop-
erties of biological tissues: I. Literature surveghys. Med.
Biol. 41:2231-2249, 1996.

8Gabriel, S., R. W. Lau, and C. Gabriel. The dielectric prop-
erties of biological tissues: Il. Measurements in the frequency
range 10 Hz to 20 GHzPhys. Med. Biol.41:2251-2269,
1996.

%Gielen, F. L. H., H. E. P. Cruts, B. A. Albers, K. L. Boon,
W. Walunga-de Jonge, and H. B. K. Boom. Model of elec-
trical conductivity of skeletal muscle based on tissue struc-
ture. Med. Biol. Eng. Comput24:34-40, 1986.

Grant, E. H., R. J. Sheppard, and G. P. South. Dielectric
Behavior of Biological Molecules in Solution. Oxford: Clar-
endon Press, 1978.

" Guide for the Care and Use of Laboratory Animals of the
National Academy Press. Washington, DC, 1996.

Hanai, T., K. Asami, and N. Koizumi. Dielectric theory of
concentrated suspensions of shell-spheres in particular refer-
ence to the analysis of biological cell suspensidgl. Inst.
Chem. Res., Kyoto Unika7:297-305, 1997.

Bjvanov, E. A. Diffraction of Electromagnetic Waves on Two
Bodies, Minsk, Nayka and Technology, 1968.

YKay, H. P., E. R. Cardoso, and E. Shwedyk. Correlation of
permittivity and water content during cerebral edentsEE
Trans. Biomed. Engd6:9:1121-1128, 1999.

BKuchmerisk, M. J., and R. J. Podolsky. lonic mobility in

based on published values of membrane capacitance,Jmuscle cell.Sciencel66:1297-1298, 1969.

1uF/cn?.r"? The intracellular and extracellular permit-
tivities were chosen to be closer to properties of saline
and plasma solutions. Keeping in mind that the reported
value of plasma resistivity at body temperature is about
64 () cm, and whole blood resistivitiat high hematocrit

of 87 and frequency 0.2 MHzs about 80Qcm?! we
used a mean values of about ¥ m as an extracellular
resistance, which leads to conductivity of 1Q8h.

The intracellular conductivity was calculated based on
values of intracellular ion concentratiohspn mobility
coefficients> and the fact that ion diffusion coefficients
are reduced intracelluldf. This calculation gives a value
of intracellular conductivity of 0.541/cm.
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