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Abstruet-A novel probe technique for the deterndnstfon of diekctrfc

prepertb?a of seodsolid materials and fiving tissues in situ is descrfbed

experimentally and theoretically. Tlds method, based on so aotemm mod-

effns ~~resw offers mdque advantages over conventiossaf diektrfc
messuremesst techsstques fnchsdfng 1) an abflity to perform living (in uiuo)

tissue dielectric measuremen~ 2) elimination of the need for tedious

sample preparation 3) the abfffty to obtafss continuous dielectric property

data from below 0.1 GHz to above 10 G~ and 4) the abifity to process

data on a reaf the basff. Results of system performance evaluation via

measurements of standard fiqufd dielectric and in uiuo tissue data are

presented.

I. INTRODUCTION

I

T IS WELL recognized that the dielectric properties of

a biological system determine the coupling and ab-

sorption of nonionizing electromagnetic (EM) energy into

that system. Therefore, a prior knowledge of the dielectric

properties of the biological system of interest is essential

either to effectively employ EM radiation in beneficial

biomedical applications or to adequately determine safe

levels for personnel exposure to EM radiation. In view of

these facts, it may be concluded that a measurement

system capable of adequately determining the living (in

oioo) dielectric properties of biological tissues would play

a significant role in any well-founded effort involving

tissue/EM energy interactions.

Areas of biomedical research which would benefit from

accurate dielectric property information include beneficial

applications such as EM-induced hyperthermia for cancer

treatment, EM thawing of cryogenically preserved tissue

and organs, and diathermy applications [ 1]–[4]. Tissue

dielectric property information is also potentially useful in

investigations of physiological processes such as organ

activity or inactivity, induced physiological changes, dis-

eases, etc., that would affect various tissue components,

and hence, the tissue dielectric properties. Once dielectric

property changes have been correlated with physiological
changes, this information would be useful as a measure-

ment/diagnostic indicator of these changes.

Dielectric property information is also essential to the

determination of EM radiation hazards with respect to

personnel [5]. The level of electromagnetic energy which is
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considered to be below the level which constitutes a

potential hazard to personnel working in that environ-

ment is dependent upon many factors. One of these

factors is the interaction of the incident EM field with

various tissues and organ systems, which is in turn depen-

dent upon the local geometry and the dielectric properties

of those systems. Therefore, an accurate knowledge of the

in oioo dielectric properties of the principal tissues and

organs in the body is crucial to the accurate determination

of absorbed power and its spatial distribution. Without

accurate knowledge of the dielectric properties, any com-

putation of power absorption from known or measured

fields is at best an estimate.

A variety of conventional measurement techniques can

be utilized to measure the dielectric properties of biologi-

cal tissues [6]. However, the majority of these techniques

have several limitations. For example, tissue excision is

often required, which makes measurement of the in uiuo

dielectric properties of the tissue impossible [7]. This is a

significant problem since factors such as temperature,

blood flow, and possibly physiological differences be-

tween living and nonliving tissue influence the tissue’s

dielectric properties. Also, once the tissue sample is ex-

cised, it must be carefully prepared to conform to the

exact dimensions of a special sample holder. Since precise

tissue sample preparation is usually extremely difficult,

improperly prepared samples are often a major source of

measurement error, Another shortcoming of conventional

measurement techniques is their limited frequency range

of operation. This makes it necessary to implement several

different measurement systems in order to obtain data

over any appreciable frequency range.
The problems associated with conventional dielectric

property measurement techniques have been overcome by

the recent development of a truly in vivo probe measure-

ment technique [8]–[ 12]. The measurement concept used

to develop this new technique is based on the use of an

antenna modeling theorem and on the application of more

precise, microprocessor-controlled, microwave measure-

ment instrumentation. The theorem relates the change in

free-space terminal impedance of an antenna when in-

serted into a material to the dielectric and magnetic

properties of that material [13]. A short monopole an-

tenna, suitable for insertion into living tissues, is used as

the in vivo probe since its terminal impedance is easily
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described analytically [14]. A Hewlett-Packard network

analyzer used in conjunction with error-correction

routines and a semiautomated data acquisition/data

processing system permits the accurate determination of

the required electrical characteristics of the in oiw probe

and tissue being measured.

Described herein is a simple, flexible, and accurate

method for determining the dielectric properties of in oioo

tissues as well as liquid and semisolid materials over a

wide frequency range extended from the low VHF region

well into the microwave (10-GHz) region of the frequency

spectrum. The efforts expending in the development of

this technique have involved both the analysis and the

development of a suitable probe and associated instru-

mentation for performing in vioo dielectric measurements

over this broad frequency range. Specific areas of investi-

gation included 1) probe analysis, design, and fabrication,

2) system development, 3) systemic error correction tech-

niques, 4) determination of probe measurement accuracy,

and 5) determination of the in vioo dielectric properties of

various tissues which included muscle, kidney, fat, brain,

and blood.

II. THEORETICAL BASIS

The theoretical basis of the in oiw measurement probe

stems from the application of an antenna modeling theo-

rem to the characterization of unknown dielectric media

[12]-[15]. In a nonmagnetic medium where p= PO, the

antenna modeling theorem can be expressed mathemati-

cally as

Z(CO,E*) = Z(n~, eO)
(1)

T ~o

where

a = 277f angular frequency (radians),

q=v~ the complex intrinsic impedance of the

dielectric medium,

C*= c’–jc” the complex permittivity of the dielectric

medium,

qo= w the intrinsic impedance of free space,

% the permittivity of free space,

n=i~ the complex index of refraction of the

dielectric medium relative to that of air.

This theorem is applicable for any probe provided an

analytical expression for the terminal impedance of the

antenna is known both in free space and in the dielectric

medium under study. The theorem as stated in (1)

assumes that the medium surrounding the antenna is

infinite in extent, or conversely, the theorem is valid as

long as the probe’s radiation field is contained completely
within the medium.

When the length of the probe antenna is approximately

one-tenth wavelength or greater, a radiation field exists.

In cases where the penetration depth in the medium under

study is greater than the sample volume, errors are in-

troduced in the measurement of the complex impedance
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of the medium because the field is not contained within

the sample. The extent of the error introduced in the

measurement of the antenna terminal impedance can be

expressed quantitatively by use of the reaction theorem

[16]. The impe&nce 20 of a short antenna in a nonmag-

netic medium of volume V can be written in terms of the

impedance Z of the antenna in free space and the permit-

tivity of the lossy volume as

(2)

where I is the current in the antenna, ~ is the electric

field in lossy volume, and ~ is the electric field in free

space.

The difference between the antenna impedance in an

infinite volume (Ziti) and a finite volume (2.) is

The ratio AZ/ Z gives the error in calculation of the probe

impedance Zv in a finite volume, when an infinite volume

is assumed. For low-loss samples, AZ can be considerable,

but for samples having high loss, such as biological tissue,

it is possible to define a volume which approximates the

infinite volume required.

For short monopole probes whose center conductor

approaches zero length, no appreciable radiated field ex-

ists, but the probe’s fringing field is present. Thus for very

short (or infinitesimal) probes whose length approaches

zero, the minimum sample volume required for accurate

measurements is primarily dependent upon the distance

between the tightly coupled center and outer conductors

of the probe. For example, measurement results which are

in good agreement with published dielectric property data,

have been obtained using sample volumes as small as

0.008 in3 (0.13 cm3).

A. Short Monopole Probe

The terminal impedance of a short monopole antenna

(A/ 10 or less in length) in free space is given by

Z((J, co)= AU2 + ~
JC@

(4)

where A and C are constants determined by the physical

dimensions of the antenna [14]. From a knowledge of the

antenna constants (A and C) and the magnitude and

phase of the complex impedance Z(O, c*) of the antenna

in a lossy medium, the values of relative dielectric con-

stant, conductivity, and loss tangent can be obtained from

(1) as follows. The complex permittivity can be repre-

sented in terms of the relative dielectric constant and loss

tangent of the medium as

C*= CO(K’ –jK”) = K’cO(l –jtan8)

where K’= d/CO is the relative dielectric constant,

c“ / co is the relative loss factor, and tan 8 = u/od.

The impedance relation in (1) can now be written

(5)

Kl~ =

in the
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form:
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Z(.,..)=-$j-z(:.>.o) (6)

where n = V=.

Utilizing the form of antenna impedance given in (4),

one obtains

Equation (7) relates the complete impedance of a 10SSY

dielectric medium at a frequency u to the relative complex

dielectric constant of the medium. In terms of dielectric

constant and loss tangent, (7) becomes

1
z(@, E*)=A@*v K’(1–jtan8) +

jCti[K’(1-jtan8)]

(8)

which is a restatement of the theorem in (1) for a short

monopole. This equation can be placed in the form Z=

R +jX which reduces to two real equations to give

sin2d
R=— +A~u2

i

secf3+ 1

2K’(.oC 2
(9)

and

COS28
x=— +Aflti2

i

sec&– 1

K’coC 2“
(lo)

The parameters R and X are the real and imaginazy

components of the measured impedance, A and C are the

physical constants of the probe, and all other parameters

are known except K’ and 8. Because the inverse pair of

equations corresponding to (9) and (1 O) cannot be easily

obtained, an iterative method of solution is utilized. The

second term in both (9) and (10) is small at low frequen-

cies. Neglecting these high-frequency terms, one obtains

the equations:

sin 28
R=—

2K’tJC

COS28
x=—

K’(JC “

(11)

(12)

The solutions of these equations are easily obtained by

noting that tan 6 = R/X.
The values of K’ and 8 obtained above can be used to

solve (9) and (10) by iteration. Letting K’= u*, (9) and

(10) are expressed as

and

x

(a)

x

(b)

Fig. 1, Coaxial transmission line opening onto a ground plane. (a)
Physical problem. (b) Equivalent EM problem.

Utilizing the low-frequency solution of d obtained from

(11) and (12), (13) can be solved for u, and hence K’. The

correct values of 8 and K’ will satisfy both (13) and (14)

exactly. This fact allows an iteration about both the

low-frequency values until a K’ is determined by (13)

which exactly satisfies (14). This pair of K’ and 8 is the

desired solution of (9) and (10), where K’ is the relative

dielectric constant and tan 8 is the loss tangent of the

material.

B. Infinitesimal Probe

For the case of an infinitesimal coaxial probe where the

extended length of the center conductor approaches zero,

the impedance is totally reactive in free space. In that

case, the probe is essentially an open-circuit transmission

line which may be represented by a coaxial line opening

onto a ground plane, as illustrated in Fig. 1. The radial

electric field Ep over the aperture is the transmission-line

mode of the coax and is given by

E,= ‘v (15)
plog(b/a)

where V is the voltage between the inner and outer

conductors at the open end. Applying the equivalence

principle [17], Ep can be replaced by a magnetic current

sheet H+ = – Ep. This magnetic current sheet acts as an

electric dipole having an electrical vector potential in the

o direction. For this case, it is shown by Efarrington [17]

that the radiation field is given by
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Fig. 2. Normalized free-space radiation field pattern of a eoaxkd trans-

mission line opening onto a ground plane plotted as a function of
polar angle.

He=
@cTV(b* – a*) ~ _j~, ~ino

2Arlog(b/a)
(16)

where k = 2r/A is the wavenumber, A is the wavelength,

and E.= qH+. The radiation field pattern of a coaxial

transmission line opening into a ground plane is shown in

Fig. 2, and the power radiated P,, from the end of the

coaxial line is given by

p _ 47rv2 n2(b2 – a2) 2 “_—
r

3Y A210g(b/a)
(17)

where the symbols are as defined previously and ~(b2 –

az) is the area of the opening between the inner and outer

conductors. Equation (17) illustrates that the power

radiated varies inversely as A4 and that for a small-diame-

ter coaxial line whose impedance is 50 Q, the quantity

within the absolute value symbols approaches zero.

An alternate examination of the radiated power of the

infinitesimal monopole probe yields a result which agrees

with the results obtained for treatment of the problem as a

coaxially fed aperture, as given by (17). The radiation

resistance R of the monopole is a function of the height

of the monopole above the ground plane, or in this case,

the length of the center conductor of the probe [14], [18].

As the extended length of the probe approaches zero,

~+0 and no power (P, = 12R,) is radiated. By expressing

the terminal impedance of the probe in the form:

Z= R, –jX (18)

it can be seen that as Rr+O, the probe impedance be-

comes

Z= – jX (19)

where Z is totally reactive (X is the reactance).

The infinitesimal monopole probe behaves like an

open-circuited coaxial line which has been previously

analyzed [14], [17], [19]. The impedance of an open-

circuited line in free space is

1
Z(ti, 6.)= —

jtiC
(20)

where C is as defined in (4). When the probe is inserted

GROUND PLANE

CONNECT3R

TEFLON DIELECTRIC _ COAXIAL INNER -

CONDUCTOR

(a)

CONNECTOR COAXIAL OUTER

CONDUCTOR

TEFLON DIELECTRIC

CONOUCTOR

417

T
0:0.25 In

1

Fig. 3. Two configurations of the infinitesimal probe. (a) Probe with
ground plane. (b) Probe without ground plane.

into a lossy dielectric medium, (20) becomes

Z(6),6*) = -+-
J6X C

(21)

where the symbols are as defined previously. Expanding

the impedance expression of (20) in the antenna modeling

theorem yields

1
Z(d, c”) = .

JtOC[ K’(1 –jtan8)] “
(22)

This same expression is obtained by substituting the com-

plex permittivity, c*, and probe capacitance expression (in

free space) for C* C in (21). Therefore, for the case of an

open-circuit transmission line, the final probe antenna

impedance resulting from the antenna modeling theorem

(8) reduces to @e expression given by (22).

111.: PROBE MEASUREMENT SYSTEM

A. Probe Configurations

A number of probe configurations have been investi-

gated. The lengths of the extended center conductor of the

probes have ranged from infinitesimal lengths of less than

0.02 in in length to lengths of 0.4 in, and probe outside

diameters have ranged from the size of a #18 hypodermic

needle (approximately 0.042 in) to 0.141 in. Although

several infinitesimal monopole measurement probes have

been fabricated from 0.085-in diameter semirigid coaxial

cable, the two basic probe configurations which have been
used most extensively are schematically illustrated in

Fig. 3.

The in vivo measurement probes (Fig. 3) are each

fabricated from a section of open-ended semirigid coaxial

cable with a slightly extended center conductor. The small

circular ground plane, shown in Fig. 3(a), minimizes fring-
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Fig. 4. Block diagram of in uieo dielectric property measurement sys-
tem consisting of probe, network analyzer, and associated instrumen-
tation.

ing effects. An SMA connector is attached to the probe by

first removing the center conductor and teflon dielectric

material. The connector is then soldered to the outer

conductor followed by reassembly of the probe using the

center conductor as the center pin of the connector, thus

avoiding additional soldering, In this manner, it is possi-

ble to attach the SMA connector without heating the

teflon dielectric. While disassembled, the center and outer

conductors of the probe are first flashed with nickel

plating and then gold plated. Plating the probe with an
inert metal, such as gold, greatly reduces chemical reac-

tions between the probe and the electrolyte in the tissue.

This process virtually eliminates oxidation of the probe’s

metallic surfaces and helps to minimize electrode polariza-

tion effects at lower frequencies (0.01–0. 1 GHz).

B. Probe Measurement System

The impedance measurement instrumentation em-

ployed to measure the terminal impedance of the probe is

schematically illustrated in Fig. 4. The key components of

the measurement system are the probe and the network

analyzer, which is a Hewlett-Packard Model 8410B. The

relative amplitude and phase difference between the refer-
ence and reflected signal channels is measured by the

network analyzer, which functions as an amplitude and

phase comparator. The network analyzer yields the termi-

nal impedance of the probe in terms of the magnitude and

phase angle of the reflection coefficient, and these data

are used as input data to a computer algorithm which

corrects systemic measurement errors and computes the

dielectric property information. A semiautomated data

acquisition/data processing system whose key compo-

nents are an analog/digital converter and microprocessor

was also designed and implemented to increase the rate at

which in oivo dielectric data could be acquired and

processed.

C. Microwave Measurement Error Correction and

Calibration

When the network analyzer system is used for perform-

ing microwave measurements, there exist certain inherent

measurement errors which can be separated into two

categories: instrument errors and test set/connection

errors [20]. Instrument errors are measurement variations

due to noise, imperfect conversions in such equipment as

the frequency converter, crosstalk, inaccurate logarithmic

conversion, nonlinearity in displays, and overall drift of

the system. Test set/connection errors are due to the

directional couplers in the reflectometer, imperfect cables,

and the use of connector adapters. The instrument errors

exhibited by the HP 841OB Network Analyzer are very

small. Noise is specified to be less than – 78 dBm equiv-

alent input noise, and the isolation between channels is

greater than 65 dB from 0.1 GHz to 6.0 GHz and greater

than 60 dB from 6,0 GHz to 12.4 GHz. Reference and test

channels track within 0.3-dB amplitude and within 10

phase over any octave band from 0.1 GHz to 8.0 GHz

within only a slight degradation at 12.4 GI-Iz. Drift is

specified to be within 0.05 dB/°C and 0,10 phase/ ‘C.

The primary source of measurement uncertainty is due to

test set/connector errors at UHF and microwave
frequencies. These uncertainties are quantified as directiv-

ity, source match, and frequency tracking errors.

An analytical model for correcting test set/connection

errors was implemented based on the model used by

Hewlett-Packard for correcting reflectivity measurements

on their semiautomated network analyzer system [20].

This model accounts for directivity, frequency tracking,

and source match errors [20], [21]. Each of the three types

of test set/connection errors is shown schematically in
Fig. 5. The term S1,~ is the measured reflection

coefficient, and SI 1. is the actual reflection coefficient.
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Fig. 5. Error models used for test set/correction errors.

The directivity error El ~ is due to direct leakage of the

incident signal into the reflected signal channel via the

reflectometer directional couplers and to further degrada-

tion by connectors and adapters. The source match error

EZ2 is caused by the rereflection of the reflected signal

back to the unknown. EZ1E,2, the frequency tracking

error, is caused by small variations in gain and phase

flatness between the test and reference channels of the

analyzer as a function of frequency. These three error

terms are determined by calibrating the system using three

independent standard terminations, each of whose actual

reflection coefficient S1la is known at all frequencies of

interest. The measured reflection coefficient S1~~ ex-
pressed as a function of the error terms and the actual

reflection coefficient S1,a is

(23)

The directivity error El ~ is determined by measuring a

sliding matched-load termination. Because no matched

load is perfectly matched, multiple load measurements at

a number of different path lengths are made. The loci of

these points form a circle whose center is the true directiv-

ity error vector. The remaining error terms are determined

in like manner through the solution of (23). Short-circuit

(Sl,= = 1 L 180°) and phase compensated open-circuit

(S1,. = 1 L 0°) terminations provide the two necessary

conditions for determining Ezz and E21Elz. Determination

of the measurement error terms at each frequency permits

one to obtain the actual reflection coefficient as

S,la=
s llm –Ell

E22(s11m– En) -t-E*,E,~ “
(24)

Equation (24) is implemented in the error correction

routine which is part of the data processing software on

the microcomputer system. Once the measured data are

corrected, the remaining data processing software com-

putes the dielectric properties of the test material.
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The error correction/calibration model was tested on

deionized water in the 2–4-GHz frequency range and

compared to standard published data. The water sample

impedance data were measured as a complex reflection

coefficient, and similar reflection coefficient data were

measured for known terminations (short-circuit, open-

circuit, and matched loads). A computer algorithm was

used to compute the directivity error (El 1), the source

match error (EZJ, and the frequency tracking error

(E2,E1J terms in (23). These computed results and the

measured water reflection coefficient data (S1 ~~) were

then used to compute the actual reflection coefficient

(S1 I.) from (24). The dielectric properties were then com-

puted from the corrected reflection coefficient data. The

corrected and uncorrected computed values for the rela-

tive dielectric constant and conductivity of water are

shown in Fig. 6. In both cases, these data are plotted

against an “envelope” which defines the range of normal

dielectric property values for water as characterized by

standard reference sources [6], [22]–[24] and our previous

laboratory measurements [11]. It is noted that accounting

for the systemic measurement errors significantly im-

proves the accuracy of the computed results.

IV. ACCUWCY STUDIES

The accuracy of the in oioo probe measurement system

was determined through measurements on a number of

standard dielectric materials. Water, methanol, ethylene

glycol, and 0.1 molar saline were measured over the

1OO-MHZ– 11-GHz frequency range using swept frequency

techniques. Figs. 7– 10 present graphically the experimen-

tally determined values of relative dielectric constant and

loss factor, The worst-case standard-error-of-the-mean

(SEM) for each material is noted on the appropriate figure

in each case. Data from several reference sources [6],

[22]-[24] pertinent to the test materials are also included

in the figures for comparison.

Because the reference data available from a single

source is rather limited, data from several different refer-

ence sources were utilized to establish an adequate base of

reference comparison data. An interesting observation is

that the variability of data between different reference

sources for a specific material measured at the same

temperature is often greater than the variability of the

data obtained using the in vioo measurement probe. Be-

cause of the reference source data variability, it is difficult

to determine the absolute accuracy of the in oioo probe

dielectric measurement technique. However, the data

measured by the probe are well within the bounds set by

the different sources of reference data.

V. EXPERIMENTAL RESULTS

Both in uivo and in oitro dielectric measurements were

performed on several tissue types, which included muscle

(canine and rat), kidney (canine), fat (canine), brain (rat),

and blood (rat). The results of these measurements and

the factors which most affect the accuracy of the in vivo

probe measurement technique are discussed below.
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Fig. 6. (a) Relative dielectric constant of deionized water computed from corrected and uncorrected probe
measurements compared to the range of dielectric constant data from reference sources. (b) Conductivity of
deionized water computed from cofiected and uncorrected probe measurements compar~ to the rang; of
conductivity data from reference sources.

The most significant factors which must be considered

while performing in oh tissue dielectric measurements

are associated with tissue/probe contact, temperature,

and probe positioning. A list of the known factors which

affect the accuracy and/or repeatability of in oioo probe

measurements are the following:

1)

2)

3)
4)

5)

6)

tissue dehydration at the measurement area resulting

in actual changes in tissue properties;

accumulation of dried tissue fluids on the contact

surface of the in vivo probe which effectively in-

sulate the probe from the tissue;

probe contact pressure variations;

improper positioning of the probe on the tissue re-

sulting in poor repeatability;

changes in tissue temperature resulting in small

changes in dielectric properties;

actual tissue inhomogeneity in the measurement

area.

Each of the above factors constitute a potential error

source during the performance of the in viuo dielectric

measurements, therefore steps to minimize these factors

were taken. Tissue dehydration in rat muscle and canine

muscle was minimized by covering the measurement area

with the skin tissue which had been surgically removed.

Although tissue dehydration during in vivo measurements

performed within the chest cavity of a dog was insignifi-

cant, the chest cavity was covered between measurement

sets. Dried fluid accumulation at the tip of the measure-

ment probe was prevented by thoroughly cleansing the

probe following each measurement sequence. The probe

was cleaned by dipping it in metal cleaner and then

wiping it thoroughly with methanol. The measured reflec-

tion coefficient data were, in some cases, quite sensitive to

positioning of the probe on the tissue under study. These

measured differences were due to actual tissue property

differences at different locations in the same sample

which were measurable because of the very small sample

volume (0.008 in3) interrogated by the probe. In order to

minimize variations in tlte measured data, care was taken

to position the probe in the exact same measurement

location for each measurement repetition. Tissue tempera-
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using a miniature high-resistivity ther- great enough to be of consequence in the tissue-measure-
mistor probe placed on the tissue in an area adjacent to ment region, a laboratory lamp was used to heat and
the measurement area, but not close enough to be within maintain the tissue at a constant temperature. Finally,
the fringing field of the measurement probe. When a during in oioo measurements, a measurement area that
decrease in body temperature due to the anesthesia was contained only one tissue type was selected in order to
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avoid variations in the measured results due to inhomo- tric constant and conductivity of in vioo rat and canine

geneity of the sample. muscle tissue are compared to in vitro muscle data from

The results of the in oioo canine and rat tissue measure- Schwan [25] in Fig. 11. The uncertainty in the measured

ments are summarized in Figs. 11– 15. The relative dielec- data is expressed as the SEM and is indicated in the
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figures by the error bars. The difference between the two ments of animal muscle could be due to water content,

sets of in vivo experimental data are attributed both to temperature, or actual physiological differences which

differences in the blood perfusion in the different muscle may exist between living in situ and nonliving in vitro

tissues and to the differences in tissue-sample tempera- tissues. Measurement results of in vivo and in vitro canine

ture. The differences in the results of the in vitro measure- kidney cortical tissue are presented in Fig. 12. Again,

ments of human autopsy muscle and the jn vioo measure- these results are compared to in vitro data from Schwan.
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Note that although the in tzitro data obtained from probe

measurements of kidneys without dimethylsulfoxide

(Me#O) are in close agreement with Schwan’s data, the in

oiw data are different from both sets of in uitro data. The

results of measurements performed on canine fat, rat

brain, and rat blood are shown in Figs. 13– 15, respec-

tively. When compared to in oitro data [25J, [26], the in

oioo canine fat tissue zneasurement results (Fig, 13) etiibi-

ted relative dielectric constant values a factor of ap-

proximately 1.5 to 2 times greater than reported in vitro

results at frequencies above 100 MHz. These cliff erences

in K’ are primarily attributed to the possible difference in

water content bet ween the in vzko and in vitro measure-

ment conditions; explicit water content was not reported
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content in VI. SUMMARY AND DISCUSSION
fat was performed. Jn oioo and reported in uitro [25], [26]

conductivity values compared very favorably. At all A system which is capable of performing in vzko dielec-
frequencies, the conductivity measured in uivo was within tric property measurements has been developed. Through
the range of reported values nearer the smaller value [26]. proper design and use of infinitesimal probes, and by

The reported in vitro values were not included in Fig. 13 accounting for instrumentation errors through hardware
because of their wide range. and computer software techniques, swept-frequency
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measurements for accurately determining the in viuo di-

electric property data can be recorded from below O.I

GHz to above 10 GHz.

A number of in oivo probes were fabricated and experi-

mentally evaluated. These probes were infinitesimal

monopole measurement probes that were designed both

with and without small circular ground planes. Further,

the proper designs will permit the accurate measurement

of in viuo properties for sample volumes as small as 0.008

in3 (0.13 cm3) over the 0.1 -GHz– 1O-GHZ frequency range.

Of the number of probes investigated, the 0.085-in diame-

ter probe was most extensively studied and was found to

yield accurate results over the entire frequency range. The

probe’s measurement accuracy was assessed through

measurements of standard liquid dielectric materials in-

cluding deionized water, methanol, ethylene glycol, and

0.1 molar saline,

The system measurement accuracy was significantly

improved at microwave frequencies by incorporating

higher precision hardware and systemic error-correction

techniques. In order to minimize systemic errors, im-

proved cables were employed. Also, a measurement error

correction model was utilized which permits calibration of

the system using known terminations (short-circuit, open-

circuit, and sliding matched load). The error model thus

permits compensation for the remaining systemic

measurement errors.

A semiautomated data acquisition/data processing sys-

tem which permits rapid and accurate data acquisition

and computation of the dielectric properties was also

developed. This system increased the overall capability of

the probe technique by significantly reducing the human

involvement in the measurement process and increasing

the data processing rate to effectively real time.

In vim dielectric property measurements were made on

a number of tissue types in dogs and rats. The types of

tissues measured were canine muscle, canine kidney,

canine fat, rat muscle, rat blood, and rat brain. Addition-

ally, measurements addressing the effects of temperature

and drugs on dielectric properties were performed,

Specifically, the effects of Me#O on the dielectric proper-

ties of canine kidney tissue were addressed. The in vioo

dielectric data compiled during the course of these
measurements represents, in many cases, the only in vivo

dielectric information in existence on many of these

tissues.

The most significant advantages of the in uivo probe-

measurement technique over any heretofore available di-

electric property measurement ,techniques are (1) the abil-

ity to perform measurements in oivo for a wide range of

sample volumes, (2) the ability to obtain continuous elec-

trical property data over a wide range of frequencies

(0. 1 GHz-10 GHz) via swept frequency measurements,

and (3) the capability to perform measurement very

rapidly. These capabilities could be used to provide data
for dosimetry computations for aiding in the establish-

ment of a radiation level with respect to personnel safety

and in the planning of treatments for applications of EM

hyperthermia to cancer treatment. Further, this measure-

ment technique represents a potentially useful diagnostic

tool for detecting changes in certain physiological

processes, for differentiating between normal and diseased

tissue, or for elucidating deficits due to drugs.
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