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involvement of widely distributed relaxation times. In the second of their 1998 papers,
they provide a mechanistic analysis. A simple application of the Maxwell–Wagner inter-
facial polarization theory could not fully explain the observed dielectric behavior, espe-
cially at frequencies below 1 MHz. The Bruggeman–Hanai-type effective medium theory
(EMT) was better, but not perfect, at simulating the observation at low-frequencies. A
better simulation of the effective permittivity was obtained when second-order correc-
tions, for possible dipole–dipole interaction (DDI) effects, were introduced to the classical
EMT for a concentrated suspension of particles. Application of the new EMT-DDI model
enabled reasonable estimates to be made of the following: effective size and shape of
hepatic cell; specific capacitance for the plasma, nuclear, and mitochondrial membranes
associated with the hepatocyte; and cytosolic as well as nucleoplasmic conductivities of
physiological interest.
3.7.2.3 Muscle

Muscle tissues, be it skeletal, myocardial, lingual, or other, exhibit large anisotropy in
their electrical properties. This is to be expected from the tissue structure and was
observed at frequencies below 1 MHz (Epstein and Foster, 1983; Fallert et al., 1993). The
static conductivity value measured along the muscle fiber may be up to an order of
magnitude higher than when measured across. The a dispersion is more prominent and
the b dispersion less defined in the longitudinal direction in accordance with the predic-
tions of effective permittivity modeling of elongated structures. For example, Semenov
et al. (2002) evaluated anisotropy of the myocardium using a cellular model of the
myocardial tissue and concluded that at frequencies lower than 10 MHz, myocardial
dielectric properties are highly anisotropic (up to a factor of 10). Reliable, low-frequency
data are very scarce, and there is a wide range in what is available in the literature, partly
due to the fact that many authors do not specify the measurement orientation. The
situation is not helped by the fact that the apparent anisotropy depends on the measure-
ment procedure, in particular the interelectrode distance in relation to the size of the
muscle fiber. Some of the problems associated with obtaining good data at frequencies
below 1 MHz have been described by Tsai et al. (2000, 2002) in the context of their in vivo
measurement of swine myocardial resistivity. In their study, they report changes in the
myocardial resistivity as a function of time after death. The postmortem resistivity at 1, 10,
and 100 Hz increased to about three times their original in vivo value and at 500 kHz and
1 MHz increased less than 15%, 6 h after death.

Most recent studies on the electrical properties of muscle tissue focused on the differ-
ences between normal and ischemic or hypoxic tissue. One of the drivers is to investigate
the possibility of using in situ impedance measurements to map the histological changes
in tissue in vivo. There is also potential for noninvasive imaging provided that the
electrical characteristics of both normal and scar tissue are well-defined. Miyauchi et al.
(1999) and Schaefer et al. (1999) observed changes in the a and b dispersions of normal
and ischemic skeletal muscle. Ischemia in myocardial muscle is a matter of clinical
importance in the assessment of myocardial infarction and has been the subject of many
dielectric investigations. Schwartzman et al. (1999) investigated the properties of the
border zone, which were found to be intermediate between healthy and infarcted tissue
in the case of chronically infarcted ventricular myocardium. Semenov et al. (2002)
observed the dielectric properties of canine myocardium during acute ischemia and
hypoxia to explore the potential of these observations for the clinical assessment of
myocardial tissue using electrical impedance and microwave tomography. One of the
problems identified is the need to know and take into consideration the tissue electrical
anisotropy.
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3.7.2 .4 Skin

Skin is the interface of the body with environm ental agents in cluding electro magnet ic
fields; kno wledg e of its diel ectric proper ties is of impor tance in the as sessm ent of human
exposur e and in numerous biome dical appli cations. Data from in vivo meas urement s are
now av ailable, obtaine d using nonin vasiv e, open-e nded coaxial pro bes (Gabr iel et al.,
1996c; Gabriel , 1 997; Raic u et al., 2000). Howeve r, the interpret ati on of suc h topica l
measu rement s as effective per mittivi ty of the skin is far from straig htforwa rd. Lahtin en
et al. (1997) and Alanen et al. (1998) adv ocate an analys is ba sed on a quas istatic appr oxi-
mation of the fring ing field of the probe pen etrating a layer ed structur e. Gabrie l (1997)
drew attention to the effect on the diele ctric spect rum of the degree of hydra tion of the
strat um corn eum (Figure 3.20), wh ich also affec ts pen etration of the field into the tissue .
Joining the discussio n, Raicu et al. (2000) carried out in vivo measure ments on dry skin
and on skin moist ened with phys iological sa line, in the frequenc y range of 100 Hz to
100 MHz . They analyze d the da ta usin g the disp ersion mode l compris ing a De bye-type
and ‘‘un iversal’’ resp onses (Equ ation 3.53) and a conductivi ty te rm. Compar ing the
paramete rs of the model for dry and saline-mo istened skin , they note d a five fold
increase in the dispersi on magn itude. On e possibl e exp lanatio n they pro vide is that the
‘‘effect ive pen etration depth’’ increas es and contri butions from the innermo st skin layer s
becom e evident. This stateme nt appear s par adoxical; in fact, it is due to the re duction in
the layer ing effect; wh en moisten ed, the skin appear s more homoge nous and behaves like
a high water conten t tissue .

Raic u et al. (2000) furth er specul ate that an interfaci al pol arization or iginating from the
strat um corneum –epide rmis interf ace occurs in the case of dry skin, as sugge sted by
Alan en et al. (1999), but not in that of the saline- moistene d skin . In supp ort of this
argume nt, they refer to the change in one of the distr ibution parameter s, b, wh ich
decreas es from 0.152 to 0.076 after the skin is hydra ted with aqu eous NaC l solu tion. It
theref ore appear s that topica l me asureme nt on dry (normal ) skin in vivo may not be
propor tionatel y repre sentative of the inner layers. On the other hand , the use of an
aqueou s coupling agent that is likel y to hydra te the st ratum corn eum affec ts the result s
of the meas urement s. In pr actice, the use of a coupli ng agent gives more reprodu cible
resu lts and leads to bet ter agreement betwee n data from the rece nt litera ture, as is evident
in Figure 3.21 through Figu re 3.2 3, wh ich contain suc h data (Gabr iel, 1 997; Ghod gaonkar
et al., 2000; Raicu et al., 2000; Sunaga et al., 2002; Hw ang et al., 2003; Petaja et al., 2003) and
collectively cover the frequency range of 100 Hz to 100 GHz.
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Permittivity and conductivity of skin (ventral forearm) illustrating the effect of moistening the skin on the
dielectric spectra (Gabriel, 1996).
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FIGURE 3.21
Permittivity and conductivity of skin (different parts of the body, excluding palms and soles). No moistening or
contact gel was used. Different measurement techniques were used including open-ended coaxial probes of
vastly different sizes.
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The dielectric properties of skin have been widely investigated as monitors of various
pathological conditions. Hayashi et al. (2005) investigated the dielectric properties of
human skin in vivo at frequencies up to 10 GHz to monitor the progress of the healing
process of skin burns using water content as the determinant factor. Their measurement
technique, time domain spectroscopy and open-ended probe, is similar to that used by
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FIGURE 3.22
Permittivity and conductivity of skin (Raicu et al.: back of neck, moistened with physiological saline; Gabriel and
database: ventral forearm, moistened with water). Open-ended coaxial probes of vastly different sizes were used.
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FIGURE 3.23
Permittivity and conductivity of palm, from recent studies.
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Gabriel et al. (1997), who reported the dielectric spectra of normal and wounded tissue
and ascribed the differences to water content.

Petaja et al. (2003) attempted to correlate the dielectric properties of skin at 300 MHz to
body fluid changes after cardiac surgery and report limited success. Sunaga et al. (2002)
investigated the variability in the dielectric properties of human skin of healthy volun-
teers, collagen disease patients, and dialysis patients over the frequency range of 1 to
450 MHz. No significant difference was detected in the dielectric properties among the
three groups; some regional (abdomen, thigh, and forearm) dependence was observed.
Marzec et al. (1999) measured the conductance and susceptance of soles and calves in leg
skin from healthy controls and patients with ischemia in the frequency range of 100 Hz to
100 kHz. Ischemia was found to have no effect on the admittance at frequencies lower
than 10 kHz, where the effect of the stratum corneum is dominant. Observed differences
at frequencies in excess of 10 kHz are ascribed to ischemia in the underlying skin tissue.

Lindholm-Sethson et al. (1998) investigated the potential of using noninvasive skin
impedance spectroscopy for the early detection of diabetic changes. They implemented a
multivariate data analysis procedure to demonstrate how a regression model between the
skin impedance and other diagnostic data for diabetic and control groups can be devel-
oped into a novel diagnostic tool for the early discovery of possible complications in
diabetic patients. Statistical procedures are increasingly being applied to correlate dielec-
tric parameters to structural or compositional elements of biological material, particularly
in cases where there is a physical mechanism underpinning the effect that is obscured by
noisy data (Kent et al., 2002).

The use of dielectric spectroscopy to monitor damage to the skin caused by ionizing
radiation is an active field of research aiming at monitoring the side effects of clinical
radiotherapy objectively and quantitatively. It appears that the changes to the skin during
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the acute stage cause both permittivity and conductivity to decrease (Tamura et al., 1994;
Nuutinen et al., 1998), while the reverse happens when radiation-induced fibrosis finally
sets in (Lahtinen et al., 1999). The initial decrease in permittivity, which also means a
decrease in skin water, may be due to damage to skin capillaries resulting in swelling of
the cytoplasm, with narrowing or occlusion of capillaries and a reduction in the effective
microcirculation of the skin. In the long term, an increase in collagen and collagen-bound
water is a likely explanation for the observed increase in the permittivity in line with a
clinical indicator of subcutaneous fibrosis (Nuntineu, 1998).
3.7.2.5 Bone

Peyman et al. (2001) observed variation in the dielectric properties of rat skull bone as a
function of developmental stage from neonate to 70 days old. They reported lower permit-
tivity and conductivity values across the spectrum (100 MHz to 20 GHz). Similar results were
recently reported for porcine skull, cortical bone, and bone marrow (Peyman et al., 2005).
3.7.2.6 Dielectric Properties of Cancerous Tissue

The pathological differences between normal and cancerous cells affect their composition
and morphology and shape their dielectric spectrum. Interest in this field of study is
driven by biomedical applications where such differences can be exploited for the treat-
ment or diagnosis of cancer. Most of the clinical applications are based on hyperthermia,
whereby electromagnetic energy is preferentially applied to the cancerous tissue, usually
as an adjunct to radiotherapy. Electromagnetic hyperthermia was an active field of study
in the 1980s, and it remains the domain of specialist medical centers. In contrast, there is a
growing interest in applications geared toward the detection of cancerous regions using
three-dimensional microwave tomography procedures and signal analysis (Hagness et al.,
1998, 1999; Bulyshev et al., 2001; Wersebe et al., 2002). In cases where the suspect region is
accessible for dielectric measurements, the procedure relies on the characterization and
comparative analysis of the dielectric spectrum (Walker et al., 2000). The ultimate goal is
to detect changes at the precancerous stage prior to their visibility by x-rays and to the
emergence of serious clinical symptoms.

There is evidence that tumors have higher water content than the corresponding normal
tissue; for certain types of tumor, such as breast carcinoma surrounded by fatty tissue, the
difference could be considerable. In terms of dielectric properties, one would expect
cancerous tissue to have higher permittivity and conductivity at microwave frequencies
compared to normal tissue, as observed and reported by Schepps and Foster (1980), Foster
and Schepps (1981), Rogers et al. (1983), and more recently, Stauffer et al. (2003).

Morphological changes affect the dielectric properties in the frequency range of the b

dispersion and can be quite significant (Smith et al., 1986). Walker et al. (2000) used a
finite element analysis to model the differences in impedivity between normal and
precancerous cervical cells in the frequency range of 100 Hz to 10 MHz. Their results
showed significant differences at frequencies lower than 10 kHz, basically in line with
measurements carried out in situ with a four-electrode pencil probe. Polevaya et al.
(1999) used time domain dielectric spectroscopy to study the differences between normal
and malignant white blood cells. They used a Maxwell–Wagner mixture formulation and
a double-shell cell model to determine differences in cellular and nuclear membrane
characteristics between normal and malignant cells. Their detailed analysis reflects on
some functional differences between membranes and provides some insight into the
etiology of cancer.
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The use of the electrical characteristics of tissue to understand, image, or treat cancer-
ous tissue relies on the availability of good representative data across the spectrum but
particularly in the frequency range of the b dispersion, where the changes are specific to
the cellular transformation as well as the water content.
3.7.2.7 Conductivity of Tissue at Low-Frequency

There are limited, reliable dielectric data for body tissue at frequencies below 100 kHz.
Some of the reasons relate to the dependence of the dielectric properties on the physio-
logical state, degree of perfusion, time after death, and other biological parameters. There
are also experimental difficulties, in particular electrode polarization, which is a major
source of systematic error at frequencies below 100 Hz, even when precautions are taken
to minimize its effects. Based on typical tissue dielectric data and a simple model for the
electrode polarization, it is possible to estimate that it affects the permittivity more than
the conductivity and that for body tissue, the conductive rather than the capacitive
component dominates its electrical admittance (Schwan, 1992). For this reason, at
extremely low-frequencies, the conductivity of tissue is considered real rather than
complex, and the body is modeled as a resistive network the parameters of which are
determined by the conductivity of the various tissues.

The conductivity of body tissue can be estimated by modeling on a cellular scale and
applying appropriate mixture equations. Using this approach, Peters et al. (2001) evalu-
ated the effective conductivity of several tissues such as cerebral cortex, liver, and blood.
Such studies help to place upper and lower bounds on the conductivity values based on
cellular parameters and knowledge of the conductivity of the phases.

Faes et al. (1999) carried out a meta-analysis of review studies (Geddes and Baker, 1967;
Stuchly and Stuchly, 1980; Duck, 1990; Gabriel et al., 1996a,b) of tissue conductivity in the
frequency range 100 Hz to 10 MHz. To make relative comparisons between different
tissues, they calculated the mean and 95% confidence interval. They found large confi-
dence intervals such that the conductivities of most high water content tissues (skeletal
and cardiac muscle, kidney, liver, lung, and spleen) were not statistically different from
one another at that level of significance. In contrast, blood has higher conductivity, while
bone and fat have demonstrably lower conductivities. The insignificance of differences in
high water content tissues could, of course, imply an equality of their conductivities, but it
could also point at a large source of experimental variation that obscures real differences.

The conductivity of the body, or body parts, can be obtained by volume averaging
using anatomical models and individual tissue conductivity as in Table 3.4, where the
conductivity of the whole and the various parts of the body is given based on tissue
conductivity in Gabriel (2000) and a voxel anatomical human model (Dimbylow, 1996).

At 50 Hz, the calculated conductivity values are comparable to the commonly used
estimate of 0.2 S/m for the effective permittivity of a homogenous body model. When
dielectric data become available, it would become imperative to reexamine the whole
TABLE 3.4

Conductivity (in S/m) of the Whole and Parts of the Body Obtained by Volume Averaging

Frequency Whole Body Head Torso Arm Leg Neck

50 Hz 0.22 0.25 0.22 0.19 0.20 —
10 kHz 0.28 0.28 0.26 — 0.24 0.22
100 kHz 0.29 0.30 0.33 — 0.24 0.24

Source: From Gabriel (2000).

� 2006 by Taylor & Francis Group, LLC.nk E-Book Center Tehran, Phone: 66403879,66493070  For Educational Use.    



    SOFTba
questio n of whet her or not there is suf ficient justifica tion for neglecti ng the contr ibution of
the capaciti ve elemen t of the body’s electr ical proper ties.
3.7. 2.8 Nonlinea r Di electric Propert ies

The polarizat ion me chanis ms discusse d so far occur from interac tions with weak fields
eliciti ng linear response s. At high field strengt h, nonlinear molec ular and ce llular pol ar-
iza tion pheno mena are pred icted on theoretica l grounds, on the basis of ind uced dipolar
pro perties and clas sical electr odynamics . The thr eshold for initia ting such effects is
syst em and frequenc y depe ndent. As a gen eral rule, as the freque ncy in creases, so does
the field level requ ired to cau se an effe ct. In gene ral, at frequ encies below the man ifest-
ation of the b dispersi on, field strengt hs of the order of 10 6 V/m may be cap able of
initia ting polariz ation mecha nisms that affect the cellular function; higher fields may
caus e dielectr ic breakdo wn with in the membr ane, ultima tely leadi ng to cell destru ction.

Und er contro lled co nditions, high field strengt h, nonlinea r effe cts are the focus of
nume rous appl ications in biotech nology. For example , diele ctroph oresis, or the mo tion
of particle s caus ed by electrical polarizat ion effects in nonun iform fi elds, is used to
separ ate and man ipulate cells. For a re view of this subj ect, see Pethig (1996). Another
nonli near ph enomenon , electr oporati on, is a conse quence of the electr ical bre akdown of
biolo gical membr anes, result ing in the formati on of pores and a sign ificant increase in the
memb rane perme ability to externa l ions and molecule s. Under contro lled conditio ns,
electr opora tion could be reversib le and used to advanta ge in therapeuti c, dru g deli very
appli cations. The bas ic principl es can be found in mecha nisti c stu dies by Plickett and
We aver (1996) , Prausnitz et al. (1999) , and man y others.

The hyp othesis that we ak fi elds may trigg er nonli near effects in cells has been inves-
tiga ted in theo ry and practice (Weave r and Astumia n, 1990; Wo odward and Kell , 1990).
The gene ration of har monics is one aspect that can be used to mo nitor thei r occurr ence
(Woo dward and Kell, 1990); it also means that the diel ectric proper ties are nonlinear ,
resp onding to har monics as wel l as to the fundam ental frequenc y. The stu dy of harmo n-
ics is a subtle and clever tool; it has yet to prov e its effective ness in monitorin g phys io-
logical responses to weak fields.

More recently, Balzano (2002) proposed to use a similar approach to test whether
biological cells exhibit nonlinear responses to weak fields, at microwave freq-
uencies. His idea hinges on the possibility of detecting a microwave signal at 1.8 GHz
(second harmonic of 900 MHz) as weak as one microwave photon per cell per second.
An experimental project based on this hypothesis is currently under way (see MTHR
We b site: http://www.mt hr.or g.uk/r esearch_ project s/HO _funded_p rojects_e xcell.htm ,
accessed August 5, 2005). It will help to clarify the issue of nonlinear dielectric properties.
References

Alanen E, Lahtinen T, Nuutinen J. 1998. Variational formulation of open-ended coaxial line in
contact with layered biological medium. IEEE Trans Biomed Eng 45(10): 1241–1248.

Alanen E, Lahtinen T, Nuutinen J. 1999. Penetration of electromagnetic fields of an open-ended
coaxial probe between 1 MHz and 1 GHz in dielectric skin measurements. Phys Med Biol 44:
N169–N176.
� 2006 by Taylor & Francis Group, LLC.nk E-Book Center Tehran, Phone: 66403879,66493070  For Educational Use.    

http://www.mthr.org.uk


    SOFTba
Balzano Q. 2002. Proposed test for detecting nonlinear responses in biological preparations exposed
to RF energy. Bioelectromagnetics 23(4): 278–287.

Bao JZ, Lu ST, Hurt WD. 1997. Complex dielectric measurements and analysis of brain tissues in the
radio and microwave frequencies. IEEE Trans Microwave Theory Tech MTT 45(10): 1730–1741.

Barthel J, Buchner R, Munsterer M. 1995. The dielectric properties of water in aqueous electrolyte
solutions. In: Chemistry Data Series 12, Kreysa G, Ed., DECHEMA, Frankfurt.

Bateman JB, Gabriel C. 1987. Dielectric properties of aqueous glycerol and a model relating these to
the properties of water. J Chem Soc Faraday Trans 2(83): 355–369.

Bateman JB, Gabriel C, Grant EH. 1990. Permittivity at 70 GHz of water in aqueous solutions of some
amino acids and related compounds. J Chem Soc Faraday Trans 2(86): 3577–3583.

Bateman JB, Evans GF, Brown PR, Gabriel C, Grant EH. 1992. Dielectric properties of the system
bovine albumin: urea: betaine in aqueous solutions. Phys Med Biol 37: 175.

Bergman DJ. 1978. The dielectric constant of a composite material. Phys Rep C43: 377.
Bianco B, Giordano S. 2003. Electrical characterization of linear and nonlinear random networks and

mixtures. Int J Circ Theor Appl 31: 199–218.
Bianco B, Chiabrera A, Giordano S. 2000. DC-ELF characterization of random mixtures of piecewise

nonlinear media. Bioelectromagnetics 21: 145–149.
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