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two co mponent s are compara ble. In the gen eral cas e, the diel ectric pro perties (in Equa tion
3.60 and Equa tion 3.61) are compl ex. Howeve r, under sta tic or qua sistati c conditi ons, the
mixture equations hold for either permittivity or conductivity.

Maxwell (1891) was the first to characterize the field ratios for a system of sparse
spherical inclusions in a homogenous medium under static field conditions and
obtained:

s � s1

s þ 2s1
¼ n2

s2 � s1

s2 þ 2s1
(3:62)

where the subscripts 1 and 2 refer to the suspending medium and inclusions, respectively.
In terms of permittivity, Equation 3.62 is known as the Rayleigh formula; in its complex
form it is attributed to Wagner and commonly known as the Maxwell–Wagner equation.
Other well-known mixture equations for spherical inclusions include:

Böttcher equation:

«� «1

3«
¼ n2

«2 � «1

«2 þ 2«1
(3:63)

Bruggeman equation:

«� «1

«2 � «1

� �3

þ(1� n2)
«

«1
¼ 1 (3:64)

Looyenga equation:

«1=3 ¼ n1«
1=3
1 þ n2«

1=3
2 (3:65)

To first-order approximation, the above mixture equations revert to the same expression
irrespective of the formulation of the problem and of the technique used to solve it. This is
because the conditions of infinite dilution and the spherical shape enable an almost exact
solution to the field ratio to be obtained.

Other formulations exist for different shape inclusions such as oblate and prolate
spheroids. The subject has been reviewed by, among others, Van Beek (1967), Hanai
(1968), Dukhin (1971), and more recently, Greffe and Grosse (1992), Sihvola and Lindell
(1992), and Tinga (1992).

It is possible to extend mixture equations to multiple inclusions by using an iterative
procedure (Tamasanis, 1992). For example, if «(«1, «2, n2) is the effective permittivity of a
binary mixture of background of permittivity «1, inclusion of permittivity «2, and volume
fraction v2, then a mixture with two types of inclusions identified with subscripts 2 and 3,
respectively, can be described as a binary mixture of background permittivity «(«1, «2,v2/1
� v3) and inclusion of permittivity «3 and volume fraction v3. The effective permittivity of
such a mixture will be

«(«1; «2, v2; «3, v3) � « « «1; «2,
v2

1� v3

� �
; «3, v3

� �
(3:66)

The contributions of the different types of inclusion are added recursively in order of
increasing density.
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Where the assumptions used in their derivation can be approximated in the tissue
model, mixture equations can be used to analyze the dielectric properties of biological
materials in terms of their constituents. A few examples are given here to illustrate their
application.

If the ionic conductivities of the suspending phase and that of a protein solution are
known, say, by measurement at a frequency below the protein b dispersion, and if an
assumption is made about the conductivity of the protein molecules, an appropriate
mixture equation can then be used to determine the volume fraction of the inclusions,
which, in this case, is the hydrated protein. In turn, this enables the amount of bound
water to be calculated given that the fraction of anhydrous protein is known. Bull and
Breese (1969) followed this approach and calculated the bound water for a variety of
proteins. They evaluated the water fraction to be 0.6 g/g of protein. Pauly and Schwan
(1966), following a similar procedure, estimated the conductivity of the human erythro-
cyte to be 0.518 S/m at 258C, compared to the value of 1.45 S/m calculated from the
known ionic composition of the cell. They attributed the difference partly to excluded
volume by the protein-bound water and partly to decreased ionic mobility due to
hydrodynamic effects.

Bound water in biological systems including tissue was estimated by applying mixture
equations in the near-plateau region between the b and g dispersions of the permittivity
spectrum. Assuming the tissue to be a suspension of hydrated organic matter in an
electrolyte solution that is little affected by the presence of the organic matter, the
measured permittivity at 1 GHz is a reasonable estimate of the effective static permittivity.
Knowledge of the permittivity of the suspending medium and an estimate of the permit-
tivity of the organic matter enables the volume fraction of the inclusion to be calculated.
Comparison with the known organic content provides an estimate of bound water (e.g.,
Grant et al., 1984; Kaatze, 1990; Schaefer et al., 2003).
3.6 Dielectric Relaxation Mechanisms in Heterogenous Media

The description of a material as heterogenous is a matter of scale; in the context of
dielectric relaxation, it refers to electrical heterogeneity or the presence of electrical
boundaries or interfaces. Boundary conditions at and around the interfaces gives rise to
dielectric dispersions quite apart from dipolar-type dispersions that occur in the sur-
rounding media. In biological materials, cellular membranes provide such interfaces;
their presence is associated with two major dispersion regions in the dielectric spectra
of tissues, namely, a and b dispersions originating mainly from interfacial polarization
and ionic diffusion effects. The main mechanisms giving rise to these phenomena will be
briefly discussed in this section.
3.6.1 Interfacial Polarization

Interfacial polarization is due to the charging of interfaces between conducting media and
is an important mechanism of interaction in biological material. The basic principles of
this phenomenon are best illustrated in simple models first before discussing their
occurrence in biological materials.
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3.6.1.1 Interface between Two Media

The simplest model is that of an interface between two media, for example, two slabs of
thickness d1 and d2 in contact with each other with their interface perpendicular to an
external electric field (Figure 3.14a). If the static permittivity and conductivity of the two
materials are «1, s1 and «2, s2, respectively, the boundary condition on the electric field
component normal to the interface gives

E1«1 ¼ E2«2 (3:67)

If the current densities j1 and j2 are equal, there will be no charge accumulation at the
interface; this, however, is hardly ever the case. The ratio of current densities at the
interface is

j1=j2 ¼ s1E1=s2E2 ¼ s1«2=s2«1 (3:68)

Therefore, if s1 «2 6¼ s1 «2, the interface will be charged at a rate that is proportional to the
difference between j1 and j2.

The effective permittivity « and conductivity s of the system are calculated from its
effective capacitance. With the field across the interface, this is equivalent to capacitances
in series combination; thus,

d1 þ d2

«� js=v«0
¼ d1

«1 � js1=v«0
þ d2

«2 � js2=v«0
(3:69)

This can be rearranged into a Debye type expression with a relaxation time of

t ¼ «0
«1d2 þ «2d1

s1d2 þ s2d1
(3:70)

and limiting values for low and high frequencies

«s ¼
(«2s1 � «1s2)2(d1 þ d2)d1d2

(«1d2 þ «2d1)(s1d2 þ s2d1)2
þ «1 (3:71)
(a)

Interface between two media

(b)

e1, s1

e1, s1

e2, s2

e2, s2

FIGURE 3.14
Two-media system; the arrow gives the direction of the electric field: (a) interface at right angle to the field and
(b) interface along the field.
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ss ¼ (d1 þ d 2 )
s1 s  2

s1 d2 þ s 2 d1
(3: 72)

«1 ¼
(d1 þ d2 ) «1 «1

(«1 d2 þ «2 d1 ) 
(3: 73)

The polarizat ion of the effective capacitan ce occurs in addition to any polarizat ion proces s
with in the consti tuent ph ase, in whic h case the diele ctric spect rum of the comp osite
system wil l reflect the mu ltiple dispe rsions.

If the field is along the interf ace (Fig ure 3.14b), no interf acial dispe rsion is observed, the
effective permittivity is «̂«¼ («̂«1 þ «̂«2)/2.
3.6.1.2 Suspension of Spheroids

The simplest system in this category is a dilute suspension of spherical inclusions in a
continuum. Its effective complex permittivity is given by the formulation known as the
Maxwell–Wagner equation, where the subscripts 1 and 2 refer to the suspending medium
and inclusions, respectively:

«̂«� «̂«1

«̂«þ 2«̂«1
¼ v2

«̂«2 � «̂«1

«̂«2 þ 2«̂«1
(3:74)

This equation can be rearranged in the form of a dispersion equation with the following
parameters:

«1 ¼ «2
2«2 þ «1 � 2v2(«2 � «1)

2«2 þ «1 þ v2(«2 � «1)

«s � «1 ¼
9(«2s1 � «1s2)2v2(1� v2)

[2«2 þ «1 þ v2(«2 � «1)][2s2 þ s2 þ v2(s2 � s1)]2

ss ¼ s2
2ss þ s2 � 2v2(s2 � s1)

2s2 þ s2 þ v2(s2 � s1)

ss � s1 ¼
9(s2«1 � s1«2)2v2(1� v2)

[2s2 þ s1 þ v2(s2 � s1)][2«2 þ «2 þ v2(«2 � «1)]2

t ¼ «0
2«2 þ «1 � v2(«2 � «1)

2s2 þ s2 þ v2(s2 � s1) (3:75)

The dispersion will occur when s1«2 6¼ s1«2, which is practically always the case. The
magnitude of the dispersion depends on the differences in dielectric parameters between
the two phases.

In the context of mixture theory, sparse means v2 � 0.2; to model the effective
permittivity of more concentrated suspensions, it is necessary to take into consideration
interparticle interactions. This becomes a very complex model; there are no rigorous
solutions even for the relatively simple case of identical spherical inclusions. The
Brugge man–Hanai Equatio n 3.64 was fo rmulated taking account of some interaction
between particles and is therefore better suited than the Maxell–Wagner equation to
model more concentrated suspension. In its complex form, it can be shown to predict
the occurrence of a dispersion with the following limiting parameters:
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«1 � «2

«1 � «2

� �
«1

«s

� �1 = 3

¼ 1 �  v2

«s
3

«s � s 2
� 1

ss

� �
¼ 3

«1 � «2

s1 � s 2
þ «2

ss � s 2

� �
� «2

s2

«s � s 2

s1 � s 2

� �
s1

ss

� �
1 = 3 ¼ 1 �  v2

s1
3

«1 � «2
� 1

«1

� �
¼ 3

s1 � s 2

«1 � «2
þ s2

«1 � «2

� �
� s1

«1 (3 :76)

In these exp ression s «s, «1 , s1 are the limiting val ues of the correspo nding parameter s.
The dispe rsion is charact erized by a distrib ution of relaxation times .

The v alidity of the mode l has been veri fied exp erime ntally for mixtur es of known
comp osition and geome try (Hanai et al., 1 982; Ishik awa et al., 1982). The dispersi on is
broad er than a sin gle time constan t becau se of the interac tions bet ween par ticles. More-
over , if the compo nents of the heteroge nous system exhibi t molec ular diel ectric dispe r-
sion of their own, then these intrins ic disp ersions will also appear , toget her with the
interf acial dispe rsion, in the comp lete freque ncy spect rum of the syst em.

Frick e (1955) , Si hvola and Kon g (1988) , Sihvol a and Linde ll (1992), and man y others
have exte nded the mode l to the more gen eral case of a susp ension of sphe roids with any
combi nation of axial ratios. Ultimat ely, the outcom e is equival ent to introdu cing a par-
amete r to accou nt for the shape . The Max well–W agner equation bec omes

«̂«� «̂«1

«̂«þ F «̂«1
¼ v2

«̂«2 � «̂«1

«̂«2 þ F «̂«1
(3 :77)

wh ere F is the shape fact or, equal to 2 for sph eres, whic h reverts to Eq uation 3.74. In cas es
wh ere the shap e of the inclus ion is not known , limitin g val ues for the effective permit-
tivit y can be obt ained usin g the shape fact ors in the extrem e case s of infini tely long thin
rods and infinitel y thin circul ar disks.

An interesting case is that of ellipsoids with their axes aligned in the same direction.
The permittivity would be different depending on the direction of the field; the mixture
would be electrically anisotropic and the effective permittivity is represented by a tensor.

Another case of practical interest is that of layered spherical inclusions. This situation
is required when modeling cellular structures surrounded by a membrane of finite
thickness. Solutions for the effective permittivity of this model were provided by
many researchers in this field (e.g., Schwan, 1957; Zhang et al., 1983; Grosse, 1988).
These authors applied two mixture models, once to the concentric bodies, thus obtain-
ing an effective permittivity for the inclusions, and then treating the mixture as a
suspension of homogenous spheres. The parameters of the dispersion could be
expressed in terms of the physical dimensions and electrical characteristics of the cell
and cell membrane; simplified versions of these expressions are reported by Foster and
Schwan (1989). Sihvola (1989) and Irimajiri et al. (1991), among others, extended the
treatment to several concentric shells by using a recursive technique. These complex
models are more relevant to the study of biological systems and to the understanding of
the interactions at the cellular level. They are not sufficiently developed for the quan-
titative characterization of the interfacial polarization in biological systems, but do
provide an insight into the factors that determine its characteristics. An example from
the recent literature is the modeling of the dielectric response of heart tissue by Schaefer
et al. (2002). The model is a function of the cell shape, electrical cell coupling and
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polarization of cell membranes, and intracellular structure. It describes heart cells and
subcellular organelles as rotational ellipsoids filled with electrolyte enclosed by an
isolating membrane and is capable of reproducing the main features of the dielectric
spectrum of heart tissue.

In recent years, statistical methods using probabilistic descriptions of the physical
mixture in terms of a spatial density function have been developed to provide realistic
bounds for the effective permittivity of mixtures. This approach, developed by, among
others, Bergman (1978) and Milton (2002), provides an analytic integral representation of
the effective permittivity «̂« of an arbitrary binary mixture in terms of a spatial density
function g(x):

«̂«� «̂«1

«̂«1
¼
ð1
0

g(x) dx

xþ «̂«1=«̂«2 � «̂«1

where, as before, the subscripts 1 and 2 refer to continuum and dispersed phases,
respectively, and the integration is over all possible positions. Depending on the choice
of distribution function g(x), it is possible for the above equation to revert to some of the
well-known binary mixture equations. Recursive application is possible; modeling bio-
logical systems remains challenging.

A new tool for the study of mixtures, including biological materials, has evolved with
the development of increasingly powerful numerical modeling packages for the propa-
gation of electromagnetic fields in complex structures from full solutions of Maxwell’s
equations. With structures being defined at the nanoscale, the characterization of fields
within cells and subcellular structures appears to be within reach (Gimsa and Wachner,
1998, 1999, 2001a,b; Bianco et al., 2000; Sebastian et al., 2001; Munoz et al., 2003).
3.6.2 Counterion Polarization Effects

Another important polarization phenomenon in electrically biological materials origin-
ates from ionic diffusion effects near charged surfaces and the formation of counterion or
electric double layers. The distribution of ions in the vicinity of charged interfaces is
subject to concentration and electric field gradients; an equilibrium is reached with the
ions continuously distributed over the volume of the electrolyte solution. The time
constant associated with this mechanism is longer than that of the Maxwell–Wagner
effect, it is of the form L2/D, where L is the length over which diffusion occurs and D is
a diffusion coefficient (Schwarz, 1962).

Counterion phenomena are difficult to analyze rigorously; they involve coupled elec-
trodynamic and hydrodynamic mechanisms. The theories are complex, but good reviews
are available as an introduction to the subject (Dukhin, 1971; Dukhin and Shilov, 1974;
Fixman, 1980, 1983; Mandel and Odijk, 1984). Relatively simple models that provide exact
solutions have been proposed (Grosse and Foster, 1987; Grosse, 1988), whereby coupled
differential equations for the ion concentrations and current densities are obtained for a
macroscopic sphere of radius a in an ionic medium. Their solution yields a broad,
asymmetrical, low-frequency dispersion. The time constant of this dispersion is a2/D,
where D is the diffusion coefficient of ions in the bulk electrolyte.

To visualize the effect, consider the motion of an ion in the bulk electrolyte near the
particle, it will be conducted away or excluded depending on whether its sign is the same
or opposite that of the ions in the counterion layer. Thus, for an ion in the electrolyte,
the particle acts either as a good conductor or as an insulator depending on its charge
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compared to that of the counterion. A cloud of charge accumulates within a Debye length
of the charged surface; for physiological saline (0.15 N NaCl) the Debye length is very
small, <1 nm, resulting in a very large induced capacitance and hence a large permittivity
dispersion.
3.7 Dielectric Properties of Tissue—State-of-Knowledge

Research into the dielectric properties of biological materials and their variation with
frequency has been ongoing for most of the past century. Early studies went a long way
toward understanding and establishing the principles of interaction and the correspond-
ing features of the highly frequency-dependent spectrum of a tissue. In the last few
decades, the research was driven, above all, by the need to establish a credible database
of dielectric properties of all body tissues for use in electromagnetic dosimetry studies,
where the object is to quantify the exposure of people to external electromagnetic fields
from knowledge of the effective internal fields and currents induced in them. In these
studies, tissues are characterized by their measured dielectric properties. In the last
decade, most dosimetric studies drew on data published in the scientific literature in
1996 and made widely available on the Internet thereafter (Gabriel et al., 1996; Gabriel and
Gabriel, 1997).
3.7.1 1996 Database

The backbone of the 1996 database is a large experimental study providing data pertain-
ing, almost exclusively, to excised animal tissue at 378C. For most tissues, the character-
ization was over a wide frequency range, 10 Hz to 20 GHz, using three previously
established experimental setups with overlapping frequency ranges. The following are
some of its characteristics:

. The data are presented in the context of a review covering all relevant publica-
tions in the preceding half-century. By and large, the experimental data were
well within the confines of corresponding values from the literature.

. The data showed good internal consistency, that is, good agreement between
data obtained with different experimental setups in a common frequency range.

. Finally, an element of great practical importance, the dielectric spectra were
parametrized using a multidispersion model consisting of four Cole–Cole
terms and one ionic conductivity term. For each tissue, the parameters of the
model enable the reconstruction of its spectrum, a procedure that could easily be
incorporated in numerical studies to provide dielectric data that are broadly in
line with the vast body of literature on the subject.

. The fact that the complex permittivity data could be fitted to Cole–Cole disper-
sions implies that they also agree with the Kramers–Kronig relation in accord-
ance with the principle of causality for a linear system. This imparts another level
of consistency to the data.

Examples are given here to illustrate the extent of the available data in the literature
for certain tissues at certain frequencies in contrast to the scarcity of data elsewhere
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(Figure 3.15 through Figure 3.1 7). No attempt is made at a quantitat ive or mechani stic
analysis.

While useful, the 1996 database has several limitations, as pointed out by its authors:

. Most measurements were carried out on excised tissue, while data pertaining to
live tissue would have been more relevant in bioelectromagnetics studies.

. For most tissues, the predictions of the model can be used with confidence for
frequencies above 1 MHz because of the availability of supporting data in the
literature.

. At lower frequencies, where the literature values are scarce and have larger than
average uncertainties, the model should be used with caution in the knowledge
that it provides a ‘‘best estimate’’ based on the then available knowledge. This is
particularly important for tissues where there are no data to support its predic-
tions.

. Electrode polarization, an inevitable source of error at low-frequencies, was not
totally accounted for. It affects the data at frequencies below 100 Hz.

. Because of the geometry of the sampling probe, it was not possible to orient the
field along and across directed structure to demonstrate the anisotropy of the
dielectric properties.
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FIGURE 3.15
Permittivity and conductivity of gray matter at 378C; gray lines are experimental data from Gabriel et al. (1996),
triangles and circles are permittivity and conductivity values from the pre-1996 literature, black solid and dashed
lines are the predictions of the model.
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FIGURE 3.16
Permittivity and conductivity of skeletal muscle at 378C; legend as in Figure 3.15. The very wide spectrum of data
below 1 MHz is, at least partially, due to the anisotropy in the dielectric properties of muscle tissue. The literature
data pertain to measurement along and across the muscle fibers and to measurements where the direction was
not specified.
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FIGURE 3.17
Permittivity and conductivity of liver tissue at 378C; legend as in Figure 3.15. Liver tissue exhibits no significant
anisotropy in its dielectric properties, but as with all tissue, the characteristics of the b dispersion and the static
conductivity are sensitive to the viability and time after death when the measurements were made.
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Evidently, much remains to be done, in particular with respect to reducing the uncer-
tainty in the data and filling in the gaps identified. Ten years on, the recent literature is
reviewed to update the state-of-knowledge on the subject.
3.7.2 Literature After 1996—A Brief Review

The review is carried out per tissue type or thematic underline. In some cases, data from
recent studies are compared with the model in the 1996 database and with data from a
recent study, where the dielectric properties of over 40 tissues were characterized in vivo
and in vitro in the frequency range 102 to 104 MHz (Peyman et al., 2005).
3.7.2.1 Brain Tissue: Gray and White Matter

At microwave frequencies, three studies reported new data for brain tissue (Bao et al.,
1997; Schmid et al., 2003a,b). Data tabulated by the authors are given in Figure 3.18. Data
by Peyman et al. (2005) are in reasonable agreement with the database, while data by
Bao and coworkers and Schmid and coworkers are higher for both permittivity and
conductivity.

It is important to find a reason as to why carefully conducted studies, using
adaptations of a conceptually similar experimental procedure, are still coming up with
different results. In terms of explanation we note the handling of the sample by Bao et al.,
in which the whole brain is excised, immersed in saline, temperature regulated, and
measured while immersed. The authors give good reasons for following this procedure.
Peyman et al. 2005 (in vivo)
1996 database (in vitro)
Bao et al. 1997 (in vitro)
Schmid et al. 2003 (in vitro)
Schmid et al. 2003 (in vivo)

Peyman et al. 2005 (in vivo)
1996 database (in vitro)
Bao et al. 1997 (in vitro)
Schmid et al. 2003 (in vitro)
Schmid et al. 2003 (in vitro)
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FIGURE 3.18
Dielectric properties of gray matter at 378C. Data from recent studies compared to the prediction of the
1996 database.
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It is inev itable, howeve r, that one sho uld expec t their da ta to fal l on the high side of
ave rage bec ause of the presen ce of saline. Schmi d et al. published data on porci ne ( in vivo )
and human gray matter (in vitro ). Their porcine gray matter data we re obt ained under
condi tions designed for the stud y of variation with time over a per iod spannin g the time
of death and beyon d. Pr esumab ly, this is wh y their meas urement s were carri ed out over a
nar row freque ncy ran ge with the measu rement pro be hel d in positio n for the duration of
the ex perime nt (150 min). One might specul ate that the amo unt of pr essure used to
maint ain constan t contact bet ween the pr obe and the live brai n could cau se local oozing
of fluid and hig her condu ctivity values.

Conje cture apart, these da ta are va luable add itions to the litera ture, but one mus t be
cauti ous not to gen eralize on the ba sis of suc h limited data that measure ment in vitro
unde restimates the dielectr ic pro perties of living tissue s at microw ave frequ encies. Dif-
ferenc es bet ween tissue proper ties obt ained in vivo and in vitro are to be expec ted at lower
freque ncies, in the range of a and b disp ersions, in view of the sens itivity of thei r cau sal
mecha nism to the phy siolog ical st ate of the tissue. Differences betwee n in vivo and in vitro
data are much less likely in the frequenc y ran ge of the g  dispersio n, where water co ntent
is the most impor tant det ermina nt fact or, and as recent ly rep orted by Stauffer et al. (2003),
for liver tissue, and by Peym an et al. (2005), for man y tissue s inclu ding gray matt er.
Meas urement s in vivo are fraugh t with difficul ties. For example , Burde tte et al. (1986)
meas ured the gray matter, in vivo , through the pia matt er and directly bene ath it. Of the
two sets of data obtaine d, one is similar to that of Schmi d et al., and the othe r is
sign ificantly lower.

In thei r human stu dy, Schmid et al. measu red the diele ctric proper ties of gray matter in
the freque ncy range of 800 MHz to 2450 MHz on 20 human brains imme diately after
excis ion. The measu rement s were carried out at roo m tempe rature in the range 18 8 C to
25 8 C and extra polated to 37 8 C using exp erimenta lly determined therm al coeffici ents.
Neve rtheless, the diele ctric pro perties at 900 MHz were in very good agree ment with
their data for porcine gray matt er in vivo . It is understan dably frustrati ng to re alize that
the boun ds of uncert ainty remai n hi gh when co mparin g data from dif ferent laboratori es,
even for those tissues that have been widely measure d and rep orted.

Latikka et al. (2001) reported conductivity values at 50 kHz for gray matter ( 0.28 S/m),
white m atter (0.25 S/m), cerebrospinal fluid (1.25 S/m), and t umors (0.1 S/m to 0.43 S/
m ). T hey use d a m onop olar ne edle elec tr ode duri ng brain surger y on ni ne patients wh o
had deep brain t umo rs. Th e t echnique is not g eare d t oward making directed m easure-
ment and dete cting aniso tropy in the electrical properties, although those are an ti ci-
pated on t heo retical gr ounds a nd ar e know n to be presen t i n t he he rtz t o kiloh ertz
frequency range (Nicholson, 1965; Ranck et al., 1965; Yeldin et al., 1974; Nicholson and
Freeman, 1 975). O bserved differences in th e conductivity alo ng and a cross t he cellul ar
structure w ere f actors betwee n 2 and 1 0 d ep en ding on the t issue. Clearly, this is an area
of importance to electrophysiology, among other applications; it is also an area where
data are scarce.

Peyman et al. (2001) reported variation in the dielectric properties of rat brain tissue
as a function of age, at microwave frequencies. Their data pertained to the whole brain.
The observed variation was ascribed, at least partially, to the change in the ratio of gray
to white matter, which is known to occur throughout the developmental stage. In a
recent study on porcine tissues (Peyman et al., 2005), they were able investigate gray
and white matter separately. In this case, no variations were observed in the dielectric
spectrum of gray matter, while statistically significant variations were observed in the
diele ctric spectrum of white m atter (Figure 3.19). The o bserved v ariations are probably
related to the process of myelination, which begins at birth and lasts to maturation.
Similar variations were observed in the dielectric properties of the spinal cord.
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FIGURE 3.19
Permittivity and conductivity of white matter as a function of animal growth. The measurements were made
in vitro at 378C. The lowest permittivity and conductivity spectra pertain to a fully grown, 250-kg sow, the
highest to a 10-kg piglet. (Data are from Peyman A, Holden S, Gabriel C. 2005. Dielectric Properties of Biological
Tissues at Microwave Frequencies. Final technical report, MTHR Department of Health, U.K.)

    SOFTba
3.7.2.2 Liver

Dielectric data for liver tissue were reported in several studies carried out under different
conditions for a variety of reasons. For example, Riedel et al. (2003) developed a contact-
free inductive measurement procedure and demonstrated the system by carrying out
conductivity measurements on liver tissue between 50 and 400 kHz as a function of time
after death. Stauffer et al. (2003) characterized the dielectric properties of normal and
cancerous liver tissue in the frequency range of 0.3 to 3 GHz and reported higher permit-
tivity and conductivity for tumor tissue. Chin and Sherar (2001) observed irreversible
changes in the dielectric properties of liver tissue at 915 MHz because of excessive heating
causing protein denaturation. Haemmerich et al. (2002) reported changes in the electrical
resistivity of liver tissue during induced ischemia and postmortem. They observed
increases in resistivity in vivo during occlusion. They analyzed the data in terms of
intra- and extracellular resistance and cell membrane capacitance.

Valuable contributions by Raicu et al. (1998a,b) have provided data for rat liver tissue,
measured in vivo, in the frequency range of 102 to 108 Hz. This is an eventful part of the
dielectric spectrum of a tissue where contributions from interfacial and counterion inter-
action mechanisms occur. The measured data were corrected for electrode polarization
and found to be in reasonable agreement with some previous studies (Surowiec et al.,
1986; Foster and Schwan, 1996; Gabriel et al., 1996c). As expected, the data obtained traced
a broad dielectric dispersion curve over the range of 103 to 108 Hz, suggestive of the
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