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Abstract

A bibliographic survey of the electrical properties of biological tissues and of phantoms is provided. A phantom
is, for these purposes, any material, structure, or system that is intended to emulate the electrical properties of

biological tissues, biological systems, or of a whole organism. Phantoms are considered for 1) the evaluation of

interference in medical electronic devices due to exposure to the electromagnetic fields generated by hand-held

and walk-through metal detectors, and 2) the development of standard tests to evaluate the accuracy, reliability,

and sensitivity of hand-held and walk-through metal detectors. The following subjects are included in this

bibliography: measurements of the electrical properties of biological tissues, phantom materials, and materials

that may hold potential use as a phantom material; the description and evaluation of phantoms; and techniques

for measurement of electrical properties.
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Electrical Properties of Biological Materials:
A Bibliographic Survey

1 Introduction

There is a plethora of electronic devices found in med-

ical applications. These devices include, for exam-

ple, cardiac defibrillators, cardiac pacemakers, infusion

pumps, and spinal cord stimulators. Further, the num-
ber of people who rely on these devices to assist or

supplant physiological function is steadily increasing.

Such personal medical electronic devices (PMEDs) are

susceptible, in principle, to interference due to electro-

magnetic fields emitted bv other electronic or electrical

devices. The susceptibility of a device to electromag-

netic interference may be influenced by form factors:

Medical devices may be implanted in the body, located

on the outer surface of the body, or a combination of

both configurations. The functionally of the PMED
may also influence its susceptibility to electromagnetic

interference: PMEDs that are programmed magneti-

cally may be highly susceptible to electromagnetic in-

terference.

Regulations exist to restrict unwanted electromagnetic

emissions from electrical and electronic devices; and

most devices are not intentional radiators. However,

the interaction of PMEDs with intentional radiators is

of concern. Commonly encountered intentional radia-

tors are the hand-held and walk-through metal detec-

tors used in security applications. These detectors may
emit electromagnetic fields that oscillate at frequencies

close to those used by PMEDs.

Metal detectors are often used at courthouses, correc-

tional facilities, airports, schools, governmental build-

ings, and at special events. Unlike air travel, which is a

voluntary activity, many situations that require an in-

dividual to visit a courthouse or governmental building

are not voluntary. Consequently, the safely of persons

with medical electronic devices is not an avoidable is-

sue. Unfortunately, there is little information, other

than anecdotal, on the interaction of PMEDs with the

fields emitted by metal detectors.

Biological phantoms, that is materials that are designed

to emulate the electrical properties of biological tissues,

have been widely used to evaluate the effects of electro-

magnetic radiation on human tissues. Such materials

have been used, for example, in studies of the clini-

cal application of hyperthermia for treatment of cancer

and to estimate the hazard to biological tissues due to

exposure to electromagnetic fields. In that biological

phantoms may simulate the penetration of electromag-

netic fields into the human body, these materials may
provide means to estimate the interaction of PMEDs
with the fields emitted by metal detectors.

Another potential application of phantom materials is

in the evaluation of metal detectors. Standards of the

National Institute of Justice for hand-held and walk-

through metal detectors [68, 139] include tests for body

cavity concealment of contraband. Although the tests

are representative of actual use in the field, they have

not been shown to be reproducible or accurate. The
use of phantoms may improve this situation.

The preparation of this bibliography was undertaken

to survey the published materials on phantoms. For

the purposes of this report, a phantom is any mate-

rial, structure, or system that is intended to emulate

the electrical properties of biological tissues, biological

systems, or of whole organisms. The following sub-

jects are included in this bibliography: the results of

electrical measurements of biological tissues, phantom
materials, and materials that may hold potential use as

phantom materials; the specific description and evalu-

ation of phantoms; and techniques for measurement of

electrical properties.

2 Electrical properties

We begin with a highly abridged review of the electrical

properties of materials. A more complete discussion of

these topics can be found in [16, 113], for example. This

introduction is included largely to motivate the use and

interpretation of the Debye, Cole-Cole, and Davidson-

Cole dispersion equations, which describe the frequency

dependence of the electrical permittivity. These disper-

sion equations are, further, the basis of the phenomeno-

logical models for the electrical properties of biological

materials presented below in section 4. The terms di-

electric relaxation and dispersion are often used inter-

changeably to connote the frequency dependence of the

electrical permittivity: we follow this practice here as

well.

The discussion presented in this section relies on re-

sults obtained from differential geometry and topology.

These results are not derived in this report: References

[40,44,51,97] may be helpful in providing a more rig-

orous treatment of this material. A few concepts are

1
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briefly defined: A manifold may be viewed as an object

on which integration is defined and an exterior differ-

ential form or differential form as the object integrated

[44]. Vectors are an example of a differential form. Vec-

tors tangent to a manifold have a unique expansion of

the form,

where a, is in the space of smooth real functions on the

manifold and
(
j~j

)
is in the space of exterior 1-forms

on the manifold. Differential forms comprise a vector

space.

For the purposes of this discussion, Maxwell’s equa-

tions are considered to be axiomatic. In vectorial form,

Maxwell’s equations,

curl E + —B = 0
dt

(1)

curl H- l-B = J
dt

(2)

div B = 0 (3)

div B = Jo, (4)

are stated in terms of the magnetic induction, B; the

electric displacement, D; the magnetic field strength,

H: the electric field strength, E: and the current den-

sity, J.

The case at hand contemplates the interaction of elec-

tromagnetic fields with biological materials, which in-

troduces the possibility of an exchange of energy be-

tween the electromagnetic field and the material: The

electromagnetic field may, for example, polarize or heat

the material. The equation of state for such a sys-

tem must then properly include Maxwell's equations

together with the constituent equations:

D = eE and B = //H. (5)

Here, e and // are the electrical permittivity and per-

meability tensors, respectively.

Solutions of Maxwell’s equations have values in a 4-

dimensional space. This space is endowed with a met-

ric, which essentially assigns a Euclidean coordinate

frame to neighborhoods of each point in the space. The

4-dimensional space together with the collection of co-

ordinate neighborhoods define a 4-manifold M. We
consider the case where the manifold M has a local

decomposition U x V: The spatial coordinates are as-

sociated with the 3-manifold U
,
and time is associated

with a 1-manifold V = {t
\

t £ M}.

As a general principle, quantities that are physically

significant must be independent of their local coor-

dinate representation. We presume the metric to be

physically significant and select a system of local coor-

dinates satisfying the condition,

dx2 + dy
2 + dz

2 ——dt2 = 0, (6)

where c is a speed of propagation. For the case c =

1, the spatial coordinates describe points on a unit 3-

sphere, S3 — {()}. The sub-manifold U may then be

associated, after normalization, with S3 — {()}.

Maxwell’s equations, div B = 0 and div B = J0 ,
pro-

vide two significant constraints: Firstly, these condi-

tions contain no explicit dependence on time: the vec-

tors B and B are thus associated with T{U), the space

of vectors tangent to U, and may then be associated

with 1 -forms B and D £ T(U). Secondly, B and B
are transverse: The exterior product D A B therefore

has values in the space of 2-forms on U and, further,

defines a planar field, G.

Again invoking our general invariance principle, D and

B must be independent of their coordinate representa-

tions and are thus invariant under the group of rota-

tions that leave the origin fixed. It follows then that G
is a closed, integral surface in U. The product DAB
on the 3-manifold U further defines a conjugate 1-form

u> transverse to G with values in V. The orientation of

G may be chosen to coincide with that of Y

.

The Reeb

stability theorem [40] then provides that the manifold

U admits a product decomposition S2 x S 1
. We asso-

ciate G with S'
2

,
c

o

with S 1
,
and the product D A B

with a projection n : M —» G.

We have then the product decomposition G x u> x Y
for the manifold M. It can be shown that u and Y
commute [40] in this product. The conditions at t = 0

are identified by the zero-section, G x 0, and we examine

further the properties of the germs of vectors on G x 0.

Let r be a path in G with end points p and q. The
connection £ describing parallel transport along T is

a holonomy diffeomorphism Yp — n~ 1

(p) —> Yq =
The curvature for this connection, Q = df,

has values in the Lie algebra of vectors on Y. Stokes

theorem then provides that

J
n=

J g (7)

V,p 8V,p

for a disk V £ G with boundary dV and p £ dV. The

second integral is by definition a holonomy diffeomor-

phism. We note that the surface G — S2
is without

holonomy [40], thus tt(D,B) = 0.

The second integral in (7) may be generalized to obtain

an integral representation for the group of circularly

ordered diffeomorphisms. The covering group for the

manifold S3 — {0} may be parameterized by the Hopf

2
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fibration [97], S 2 x s,s € S'
1 with fiber

7 («)

1

1 + is
’ ( 8 )

which for s = ut is a map R —> 5 1
. This scenario

is shown schematically in Figure 1, which describes a

projection from a complex 3-space C3 onto the complex

projective plane CP 2
. It may be noted, by way of (7)

and the result Vl(D.B) = 0. that

ds.
+ (is)

(9)

Here eo and Coo arc respectively the limiting values of

permittivity at low and high frequencies, and the dif-

ference eo — eTO is a normalization.

An expression for e*(is) is then provided by the pro-

jection

(is) €oo — l^r eoJ
F(s

x l + (is)P-<»
ds (10)

onto the complex plane. F(s) is here a distribution

with values in s. We may then associate e with a home-

ornorphism S2 —> T2
,
which is a projection onto the

complex plane.

Figure 1 Schematic representation of the Hopf fibration and the
projection S 2 x S 1 —> T~ x S 1 (adapted from [51]).

2.1

The Debye equation

Consider firstly solutions of equation 10 where: 1
)
0 =

0, and 2) the distribution F(s) = S(s— so). Equation 10

obtains, for these conditions, the Debye equation:

^ -oo .
• V /

1 + IS

The Debye equation corresponds physically to the case

where the polarization and the electric field are in equi-

librium and the relaxation time is uniquely defined.

The Debye equation holds, to good approximation, for

polar gases and dilute solutions of polar molecules at

frequencies below approximately 1 MHz.

2.2

The Cole-Cole equation

In general, the polarization and the electric field are not

in equilibrium and the condition 0 = 0 does not hold.

For the case where: 1) Q ^ 0, and 2) the distribution

F(s) — 8(s — so), equation 10 obtains the Cole-Cole

equation:

f * (is) - Coo
fo — f oc>

1 + (is)H-*r (
12

)

Non-equilibrium effects are most significant in con-

densed materials and at frequencies above 1 MHz.

2.3 The Davidson-Cole equation

Certain classes of materials, such as composites [94]

and biological tissues [36], may not exhibit a unique

relaxation time, tq: The relaxation time may be dis-

tributed due to the variability in the local composi-

tion and structure of the material. Dispersion in such

materials is described by the Davidson-Cole equation

[31, 109]:

F(t/tq)
e (lUTo) - Coo = (to - foo) /

7— dln(r/T0 ).

7-oc 1 + '

l^ T

(13)

Specific solutions for the distribution F(t/tq) are dis-

cussed in [16,31,109].

2.4 Interpretation

The Debye, Cole-Cole, and Davidson-Cole dispersion

equations are integrations based on a S 2 x s, s 6 S 1

fibration of the compact manifold U. These equations

describe projections from a complex 3-space C3 onto

the complex projective plane CP2 that are identified by

coordinate pairs (u G CP2
. A series approxima-

tion for the dispersion in terms of these coordinate pairs

is suggested. The phenomenological models for biolog-

ical tissues presented below are indeed based on such

series approximations. In recommending these mod-

els, measured dispersion data, normalized by a factor

(eo — foohi are fit by parameters cu, and 0, to obtain rea-

sonable agreement with measurement over the desired

range of frequencies. It is also common to use equiv-

alent circuit parameters, corresponding to the specific

resistivity and capacity, to obtain series approximations

for the electrical permittivity [19,36,91].

The permittivity e* is by construction holomorphic;

and a complex conductivity, a* = iu>e*

,

and resistiv-

ity, B* — l/cr*, are therefore well defined. Here tv is

the radian frequency. The real part of the permittiv-

ity, e', is a measure of the capacity of the material to

3
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store energy while the imaginary part, e", is a measure

of the dissipation of energy. For losses that are purely

resistive f?* - B"

,

which gives rise to a resistive term,

a" /iuo, in the dispersion equations.

3 Measurement techniques

Three strategies are generally employed to describe the

interaction of an electromagnetic field with a material:

1. measurement of the attenuation of the incident

electromagnetic field,

2. measurement of the change of state of the material

upon exposure to an electromagnetic field, or

3. measurement of the transformation of the electro-

magnetic field upon propagation through the ma-

terial.

It is assumed, in each case, that the incident electro-

magnetic field is well characterized.

Time averaging techniques are often employed at fre-

quencies where the electric and magnetic fields are dif-

ficult to resolve. Time averaging techniques essentially

track the disposition of the available energy and do not

require detailed knowledge of the wave shape or the re-

lationship in phase between the electric and magnetic

fields.

Coaxial probe techniques [3,22,73,100] and electrode-

less measurement techniques [41] are based on mea-

surement of the attenuated electromagnetic field. Mea-

surements based on a change of state of the material

typically monitor a change in temperature of the ma-

terial and thus require accurate determinations of such

thermal properties as the specific heat and the thermal

diffusion coefficient of the material.

Under appropriate conditions, the measured circuit pa-

rameters may be associated with the electrical proper-

ties of a material. For an ideal capacitor, the electric

field in the fill material is determined bv a geomet-

rical factor and by the voltage across the capacitor.

Measurements of the voltage and current may thus de-

termine the electrical permittivity of the fill material.

Capacitance bridge techniques [12, 24] are based on this

principle.

Measurements based on transmission line techniques

are discussed in [6 9] and other techniques are dis-

cussed in [23, 28, 72, 74, 96, 140].

Electrode polarization is an instrumental problem typ-

ically encountered at low frequencies in capacitive

bridge measurements [27,91,102,104,118,120]. This

effect is due to the distribution of charge at the in-

terface between dissimilar materials [37,38], which is

sometimes called the Debye layer or the charged dou-

ble layer [39]. The presence of charge at the interface

between an electrode and the sample effectively intro-

duces a series impedance in the measurement circuit.

The effects of electrode polarization may be reduced

by choice of electrode material, platinum black is often

used, and by decreasing the surface to volume ratio.

Corrections for electrode effects have also been devel-

oped [116].

Figure 2 Dispersion in biological tissues. The real part of

permittivity, ('
, for a typical tissue is plotted as a function of

frequency, /. The a-, /3-, and 7-dispersions [
121

]
are indicated. The

range of frequencies utilized by metal detectors, i.e. 80 Hz to

10 MHz, is indicated in halftone.

4 Biological materials

Th(' electrical properties of biological tissues are known

to depend on tissue type and to be influenced by such

factors as cellular structure and composition. It is es-

sential therefore to consider tissue type when evaluat-

ing the effects of electromagnetic fields. In assessing the

effects of radio frequency fields, for example, biological

tissues are often differentiated by water content due to

the predominant role of water in energy absorption at

radio frequencies: High water content tissues include,

for example, muscle and brain tissues; and low water

content tissues include bone and fat.

A qualitative model of dielectric relaxation in biolog-

ical tissues is suggested by Schwan [121]. The model

consists of spherical cells that are immersed in a con-

ducting fluid: The cell interior is itself conducting and

is separated from the conducting bath by a nonconduct-

ing membrane. Dispersion in such a system falls into

three broad categories, which are commonly designated

o, /3, and 7 [119, 121], as depicted in Figure 2.

4
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o-dispersion: The dispersion occurring at frequen-

cies below approximately l()
4 Hz is commonly referred

to as o-dispersion. This dispersion is attributed to

the conduction of charge associated with the Debye

layer [11], Biological molecules such as DNA. for ex-

ample, contribute to dispersion at audio frequencies

by counter-ion diffusion polarization [47,49,58,69,91].

This effect is due the diffusion of charged molecules

near a charged surface.

The effects of electrode polarization and o-dispersion

typically occur over the same range of frequencies, thus

it is particularly difficult to obtain meaningful data

for the analysis of o-dispersion. o-dispersion has been

studied most widely by examination of model systems

such as suspensions of colloidal particles [59] and mem-
branes [21,90-92],

^-dispersion: The dispersion attributed to inter-

facial polarization due to ion blocking at inter- and

intra-cellular membranes is commonly referred to as

/9-dispersion [19]. This phenomena is sometimes also

referred to as the Maxwell-Wagner effect. /9-dispersion

ranges in frequency from tens of kHz to tens of MHz
[91]. Relaxation is by conduction across the membrane.

Investigations of /9-dispersion are reported in [18,20]

where water content is shown to influence /9-dispersion.

The relative water content is thought to influence the

inter-membrane spacing. /9-dispersion is also discussed

in [49,50,90].

Figure 3 Dispersion in heart tissue. The real part, of the dielectric

constant ( ) and the real part of the conductivity (- - -) are

shown. These data are due to the model suggested in [56]. The
range of frequencies utilized by hand-held and walk-through metal

detectors is indicated in halftone.

Gabriel [52] and Hurt [79], which are the basis of the

data base hie described in [4], The Gabriel data and

the sequel [56] are most relevant to the subject at hand,

as the models suggested in [56] are intended to include

frequencies ranging between 10 Hz and 100 GHz.

Gabriel et al. [56] present parametric models for seven-

teen tissue types including: heart, bone, fat, lung, and

muscle tissues. Each tissue type is modeled by a series

approximation of the form

7-dispersion: This dispersion is primarily due to the

molecular polarization of water, bound water, and po-

lar subgroups. It occurs at frequencies above a few

hundred MHz [91]. Counter-ion diffusion polarization

may also contribute to the dispersion at radio frequen-

cies [14,15,49,54].

4.1 Measurements and models

M + -

71= 1
+ (ioJTnY 1 iu>€0

(14)

The effects of ionic conductivity are included by the

final term where e0 is the permittivity of free space.

The difference (c ()
— Coo )n for each dispersive term is

given by Aen . The data presented in Figure 3 are based

on the parameters suggested by these authors for heart

tissue.

Biological tissues may depart from the Schwan model

in significant ways: cells are not spherical, indeed some

tissues have no cellular structure; membranes are not

perfect insulators; and tissues are often intercalated

with conductive networks' such as vascular and neural

systems. As a consequence, phenomenological models

for biological tissues are often more complex than indi-

cated by the Schwan model: Hurt [78] uses five Debye

terms to model the effects of radio frequency fields; and,

as discussed below, Gabriel [52] and Gabriel, Lau, and

Gabriel [56] use four Cole-Cole terms to model tissues.

Comprehensive reviews of the electrical properties of

biological tissues can be found in [49,50,52,53,55,56,

79,91]. We note, in particular, the compilations by

Gabriel et al. are confident in the calculated electrical

properties for frequencies greater than 1 MHz. They

note, however, that the models should be used with

caution for frequencies below 1 MHz due the paucity of

data and measurement uncertainties at these frequen-

cies. Indeed, by examination of the data presented in

[56], it appears that low frequency data were not avail-

able for several of the tissue types.

5 Phantoms

A phantom is considered here to be any material, struc-

ture, or system that emulates the electrical properties

5
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of biological tissues, biological systems, or of whole or-

ganisms.

The suitability of a material to a specific application

may be based on such factors as:

1. cost and availability,

2. the ability to form the material,

3. safety in handling,

4. chemical and physical stability, e.g. resistance to

corrosion, resistance to bacterial attack, resistance

to desiccation,

5. thermal properties,

G. the type of tissue to be emulated, and

7. the frequency range of interest.

5.1 Computer models

A comprehensive review of computational phantoms

is presented in a handbook prepared by International

Commission on Radiation Units and Measurements

[80]. These models are, however, primarily used to es-

timate dosimetry due to exposure to ionizing radiation.

High resolution geometric models of the human body

have been, more recently, adapted to estimate the elec-

trical currents induced in the body due to exposure

to non-ionizing radiation [33,34]. A comparative eval-

uation of these computational models is presented in

[126].

5.2 Particles and membranes

Colloidal particles and membranes have been used as

model systems to investigate the electrical properties

of single cells and dilute suspensions of cells [48] and to

evaluate low-frequency a-dispersion [90,92].

5.3 Solutions

The use of aqueous solutions to simulate biological tis-

sues is discussed in [07,88,89]. Solutions have sev-

eral advantages in this application: Fluids are typ-

ically transparent and have excellent optical proper-

ties. Transparency can facilitate instrumentation in

that probes can be readily positioned and manipulated.

Solutions are uniform in composition and can be accu-

rately and consistently prepared. Solutions can also be

stirred to provide a uniform temperature distribution

and for accurate measurement of thermal properties.

5.4

Gels

Gels have been widely used as phantom materials [26,

64,66,99]. The advantages of gel type phantoms in-

clude: low cost, relative ease of forming, and the ability

to implant probes directly in the material. However,

these materials have several disadvantages: Gels are

typically fragile and may require encapsulation. They

tend to desiccate, which shortens the useful life of the

phantom and may introduce variability in measure-

ments based on the use of the phantom. Gels are also

subject to bacterial and fungal attack; gel recipes often

include preservatives to retard decomposition.

Gel type phantom materials are discussed in the re-

view article by Stuchly and Stuchly [129] and in [103].

Recipes for polyacrylamide based gels are given in [5].

5.5

Solid and dry materials

Solid materials are sometimes preferred over the gel

based materials due to the disadvantages noted above.

Solid and dry type phantoms are typically composites

of a polymeric material and some combination of car-

bon black, graphite, carbon fiber, or ceramic powder

[107,108,133,141].

Composite materials are inhomogeneous mixtures of

two or more dissimilar materials. These materials may
be designed to essentially mimic the structure of bio-

logical tissues and thereby match dielectric dispersion

over a broad range of frequencies. We note two ex-

amples: Broadhurst, Chiang, and Davis [19] were able

to simulate a- and /3-dispersions in a single composite

material by essentially mimicking the micro structure

of biological tissues. Hartsgrove et al. [71] developed a

lung tissue phantom by admixing hollow silica micro-

spheres to mimic alveoli in the lung tissue.

The electrical properties of binary mixtures of insulat-

ing and conducting materials have been widely studied

[30, 45, 46, 81, 83]. These materials are of interest due to

their novel electrical properties [19] and have been ex-

tensively studied in the evaluation of percolation theory

[86]. Although these materials were not developed or

evaluated as phantom materials, the range of frequen-

cies examined, see for example [42], and the similarity

of these materials to solid and dry type phantom mate-

rials suggests that these results may provide guidance

in recommending and evaluating phantom materials.

One problem encountered in the use of composite ma-

terials is the variability in composition based on the

method of preparation. The outcome of electrical mea-

surements is known to depend on the process by which

the material is prepared.

6
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6 Discussion

The phantom materials discussed in the literature are

primarily developed to simulate the effects of elec-

tromagnetic fields that oscillate at frequencies above

100 MHz. The range of frequencies significant to the

evaluation of hand-held and walk-through metal detec-

tors is 80 Hz to 10 MHz. As such, the criteria used

in the design and evaluation of suitable phantom ma-

terials differ substantially from those discussed in the

literature. In particular, a- and /1-dispersion are signifi-

cant in this range of frequencies and phantom materials

developed for purposes of evaluating metal detectors

should mimic these behaviors. The results of Broad-

hurst, Chiang, and Davis [19] appear to hold promise

in this regard.

The thermal properties of phantoms materials are dis-

cussed at length in the literature due to the impor-

tance of these factors in modeling the temperature dis-

tribution and dosage in biological tissues. These issues

are less significant to the evaluation of metal detectors.

The attenuation of the electromagnetic field should be

considered, however the intensity of the electromag-

netic fields used in metal detectors is probably not suf-

ficient to heat biological tissues significantly. The ther-

mal stability of the phantom material is of concern, in

that a temperature dependence in the electrical prop-

erties may introduce variability in measurements based

on the use of the phantom.

The induction of eddy currents in the body may be of

concern. Computer based models [33] suggest that the

induced current densities are greatest at the interface

between dissimilar tissues. Thus anatomical factors,

such as organ morphology and the placement and con-

figuration of the device in the body may play a role in

the evaluation of medical devices.

The models for biological tissues appear to be well de-

veloped and to differentiate adequately between tissue

types. There is, however, some question as to the accu-

racy and reliability of these models at frequencies below'

1 MHz.

7 The bibliography

The following bibliography includes references to: jour-

nal articles, books, conference reports, technical re-

ports, standards, and product data. Bibliographic en-
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mary of the contents of the entry.
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Key: HANBER73
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28(3):621 —63 1 ,
February 1, 1993.
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[71] G. Hartgrove, A. Kraszewski, and A. Surowiec. Simulated biological materials for electromagnetic radiation

absorption studies. Bioelectromagn ., 8:29 36, 1987.

Key: HARKRA87
Annotation: Preparation of gel type phantom materials is described. The phantom materials

are based on the use of hydroxyetheylcellulose (HEC), which was available under the trade name
Natrosol. The HEC was mixed with water, Nad, sucrose, and a bacteriacide. The phantom
materials simulate brain, lung, muscle, and bone tissue. The lung tissue phantom was prepared

by admixing hollow silica micro-spheres to mimic alveoli in human lung tissue. A castable bone

tissue phantom, which was based on epoxy and KC1, is also described. The frequency range

investigated was 100 MHz to 1000 MHz.
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[73] Measuring dielectric constant with the HP 8510 network analyzer, 1985.

Key: HEW85
ANNOTATION: This measurement method is referred to as the coaxial line S-parameter method.
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,
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Key: HILDIS86
ANNOTATION: This article reports measurements of the real and imaginary parts of the complex

dielectric permittivity of jade leaf. These data are obtained for frequencies ranging between

10
-,i Hz and 109 Hz. a and fl dispersions [121] were noted, a dispersion is attributed to a

reduction in the region of charge to membranes next to the electrodes, fi dispersion is attributed

to charging of cell walls.
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1149, 1995.
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USA. Phantoms and computational model in therapy, diagnosis and protection, June 15, 1992. ICRU
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Key: ICR 92
Annotation: A comprehensive history of the development and use of phantoms is presented.

Information on commercially available phantoms is provided.

[81] Y. Ishigure, S. Iijima, H. Ito, T. Ota, H. Unuma, M. Takahashi, Y. Hikichi, and H. Suzuki. Electrical and

elastic properties of conductor-polymer composites. J. Mater. Sci.. 34( 12) :2979 2985, January 15, 1999.

Key: ISHIIJ99

Annotation: The electrical and mechanical properties of a series of conductor-polymer com-

posites were evaluated. The filler materials evaluated include metal powders, graphite, and

conducting ceramics. The polymers used were epoxy, polypropylene, and polyethylene. The re-

sistivity of the composites was measured for varying filler content up to and above the percolation

threshold.
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using automatic network analyzers and calculable geometries. Meas. Set. Tech., 1:691 702, 1990.

Key: JENHQD90
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formation, electrical conductivity and dynamic electrical properties of carbon-black-filled rubbers. Polyrn.

./., 28(2):121— 126, 1996.

Key: KARMEI96
Annotation: The electrical properties of composites of carbon black and styrene butadiene

rubber are examined. The conductivity, the real part of the real part of the permittivity, e', and

the imaginary part of the permittivity, e", are measured for frequencies ranging between 1 kHz

and 13 MHz.

[84] Hirokazu Kato, Masahiro Hiraoka, and Tetsuya Isliida. An agar phantom for hyperthermia. Med. Phys .,

13(3):396-398, May-June 1986.

Key: KATHIR86
Annotation: The phantom material was composed of agar powder, Nad. Na.N 3 ,

and water.

The material was used to construct a free standing model of a human torso, which remained

stable for one year. The phantom was wrapped in polyethylene film to prevent desiccation. The

conductivity and the real part of the permittivity, e', of the phantom material were measured as

a function of Nad concentration for frequencies ranging between 1 MHz and 40 MHz.

[85] Hirokazu Kato and Tetsuya Isliida. Development of an agar phantom adaptable for simulation of various

tissues in the range 5-40 MHz. Phys. Med. Biol.
, 32(2):221-226, February 1987.

Key: KATISH87
Annotation: A gel type phanom material is described. The material is composed of agar, NaN3,

polyvinyl chloride powder, and water. The conductivity and the real part of the permittivity,

e', of the phantom material were measured as a function of NaN 3 concentration for frequencies

ranging between 1 MHz and 40 MHz.
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Key: KOBNOJ93
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Key: KOP80
Annotation: A muscle tissue phantom was used to simulate the temperature distributions ob-

tained during clinical use of hyperthermia. The phantom material is composed of NaCl, polyethy-

lene powder, “Super Stuff” [93], and water; and was based on Guy [66]. Data were obtained at

frequencies of 915 MHz to 2450 MHz.

[89] Andrzej Kraszewski, Maria A. Stuchly, Stanislaw S. Stuchly, George Hartsgrove, and Daniel Adamski.

Specific absorption rate distribution in a full-scale model of man at 350 MHz. IEEE Trans. Microw.

Theory
,
32(8):779-783, 1984.

Key: KRASTU84
Annotation: The specific absorption rate is determined by use of an implanted field probe.

The electric field was determined at low intensity thus eliminating thermal effects. The phantom

consisted of a hollow styrofoam form that was filled with a solution of water, sugar, and salt.

[90] W. Kuang. Low-frequency dielectric properties of biological tissues: Electrical double layer on membranes

arid ionic conduction through membrane pores. Master’s thesis, The University of Georgia, Athens, GA,
1996.
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Key: KUA96

[91] W. Kuang and S. O. Nelson. Low-frequency dielectric properties of biological tissues: A review with some

new insights. Trans. ASAE. 41(1): 173 184, 1998.

Key: KUANEL98
ANNOTATION: This is a general review of low frequency dispersion in biological tissues. The
origins of the electrical double layer are presented. The Debye and Cole-Cole dispersion equations

are discussed. A discussion of physical mechanisms contributing to a-, /3- ,
and 7-dispersion is

presented. Electrode effects are discussed.

[92] Wensheng Kuang and Stuart O. Nelson. Low-frequency dielectric dispersion from ion permeability of

membranes. J. Colloid Interf. Sci ., 193(2):242 249. September 15. 1997.

Key: KUANEL97
Annotation: The low frequency dispersion of a porous membrane was examined. Saran and

Mylar membranes were used. The membranes were punctured to yield 50 /mi circular pores on

average. The membrane was immersed in an aqueous solution of NaCl. The conductance and

capacitance of the membrane were measured for frequencies ranging between 5 Hz and 105 Hz
and for pores ranging in number between 0 and 1000.

[93] Terry Laudry, December 1999. Personal communication with Terry Landry, Oil Center Research, 616 West
Pont Des Mouton Road. Lafayette, LA (TEL: 318-232-2496. FAX: 318-235-2907).

Key: LAU99
Annotation: The product TX150, which is a gelling agent used in gel type phantom materials,

is no longer available and has been replaced by a similar product TX151. TX150 is apparently

also be referred to as “Super Stuff” [88].

[94] Sung-Ik Lee, Yi Song, Tae Won Noli, and James R. Gaines. Experimental observation of nonuniversal

behavior of the conductivity exponent for three-dimensional continuum percolation systems. Phys. Rev.

£, 34(10):6719 6724, November 15, 1986.

Key: LEESON86
Annotation: Two systems were evaluated: The first, consisted of a composite of metalized glass

spheres and insulating Teflon powder. The second was a composite of indium and insulating glass

spheres. The behavior of the first system was consistent with predictions based 011 statistical

percolation theory. The second composite, however, departed from the theoretical predictions.

The indium, being highly malleable, deformed to fill the voids around the insulating spheres

and thus produced a complex conducting network connected by paths having a distribution of

conductivities. Statistical percolation theory provides that the conductivity of a metal/insulator

composite is given by aeff = er0 (p — pc )

f

,
where the p is the volume fraction of metal, pc is the

percolation threshold, aQ is the conductivity of the metal, and t is the conductivity exponent.

Statistical percolation theory predicts a value for t of 1.9 for a 3-dimensional conducting network.

The conductivity exponent for the indium/glass composite was approximately 3.
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Key: MADTOR97
Annotation: The is a reference book containing background material on manifolds and differ-

ential geometry.
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Key: MARNAD89
Annotation: A phantom material used to simulate muscle is described. The material is com-

posed of gelatine, water, and sodium chloride. The material can be cast and is inexpensive.

The material was evaluated at: 10 MHz, 27 MHz, and 50 MHz; and for temperatures ranging

between 15° C and 50° C
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Key: MIYTAK95
Annotation: Gellan gum and polyacrylamide gel type phantom materials are evaluated. The gel

phantom material is doped with a thermally sensitive material to provide a 3-dimensional map of

RF absorption. The dopant becomes opaque at elevated temperatures. The mechanical properties

of these materials and issues of fabrication are discussed. Measurements of the conductivity

and dielectric constant of a polyacrylamide gel based phantom material are reported over the

frequency range of 1 MHz to 3 GHz. These data were obtained using a coaxial probe technique.
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Key: NIK99
Annotation: The phantom material is composed of carbon black and carbon fibers imbedded

in silicone rubber. Different tissue types, e.g., fat and muscle, were simulated by changing the

mixture. The frequency range over which the material was evaluated was 10 MHz to 3 GHz.
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Key: NIKCHI96
ANNOTATION: Data for two phantom materials simulating high and low water content tissue

are presented. The phantom material is composed of silicone rubber impregnated with carbon

fibers. The electrical measurements are obtained using the reflection method. The materials are

evaluated at frequencies ranging between 430 MHz and 2450 MHz.
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Matter
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ANNOTATION: Solutions of a generalized diffusion equation for conduction on fractal struc-

tures are considered. Conduction due to quasi-free charge and due to bound charge are treated.

Charge conduction on a finite fractal aggregate is an example of conduction of a bound charge.

Conduction of bound charge leads to the Cole-Cole equation for the complex susceptibility

x(s ) = \o/(l + (st)
1 ^”). Conduction of quasi-free charges leads to the Davidson-Cole equation

for the complex resistance p(s) = p0 /( 1 + sr)
n

. The case where two processes having different

cut off times occurs in the same material is also considered.
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