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Abstract : The objective of this study is to develop a device for noninvasive local tissue
electrical impedance tomography (EIT) using divided electrodes with guard electrodes
and to validate its effectiveness using bioequivalent phantoms. For this purpose, we pre-
pared a measurement device and bioequivalent phantoms, measured the electrical char-
acteristics of the phantoms, and validated the method using the phantoms. Monolayer
phantoms mimicking the brain and muscle and bilayer phantoms consisting of muscle
and brain layers were prepared. The relative differences between the measured electri-
cal conductivities of the monolayer brain and muscle phantoms and the true values de-
termined by the 4-electrode method were both less than 10%. The relative differences be-
tween the measured and true values in the bilayer phantoms were less than 20% in both
layers. The biological impedance measurement device that we developed was confirmed
to be effective for impedance measurement in bilayer phantoms with different electrical
impedances. To develop a device for the early diagnosis of breast diseases, the develop-
ment of a multi-layer phantom and demonstration of the effectiveness of the device for
its examination are necessary. If the device that we developed makes impedance meas-
urement in breast tumors possible, it may be used as a new diagnostic modality for breast
diseases. J. Med. Invest. 57 : 205-218, August, 2010
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applied for the diagnosis of tumors. As is well
known, radiography, ultrasonography, and CT rep-
resent information on the mass density distribution,
and MRI represents information on the proton den-
sity distribution, as images. On the other hand, as
the bioimpedance technique expresses the electri-
cal characteristics of tissue structures of the body
(1), it provides information essentially different from
that generated by conventional imaging diagnostic
techniques, i.e., the spatial distribution of electrical
characteristics in the body, and there have been
high expectations for the development of devices
using this technique (2). The application of bioim-
pedance information to the measurement of the car-
diac output, respiration, and body composition has
long been attempted (3), but its precision has not
reached a practical level. Morimoto et al. (4-6) con-
firmed differences in the impedance values between
benign and malignant mammary gland tumors by
measuring electrical impedance in the breast us-
ing the needle electrode method. This result sug-
gests that quantitative judgment of whether a breast
lesion is benign or malignant is possible employing
the bioimpedance method, and that earlier and more
accurate tissue diagnosis can be made by its combi-
nation with conventional imaging techniques. How-
ever, on measuring the electrical impedance of a tu-
mor, the use of a needle electrode is invasive and
clinically undesirable. For the application of electrical
impedance information on tumors to the clinical di-
agnosis, the development of a device that can meas-
ure the electrical impedance of tumors noninvasively
using skin-surface electrodes is required.

The objective of this study was to develop a meas-
urement device using divided electrodes with guard
electrodes proposed by Yasuno, Zhao et al. (7-9),
and to validate its effectiveness using bioequiva-
lent phantoms. For this purpose, we prepared an
electrical impedance tomography (EIT) device and
bioequivalent phantoms, measured the electrical
characteristics of the phantoms, and performed vali-
dation tests using multi-layer bioequivalent phan-
toms.

MATERIALS AND METHODS

(1) Expression of electrical characteristics of bio-
logical tissues

The electrical characteristics of biological tis-
sues may be expressed by either of the following 2
methods, 1)expression using electrically equivalent

circuits, 2)expression using the electric conductiv-
ity and permittivity. Biological tissues are made up
of cell groups. Therefore, electrically equivalent cir-
cuits made up of one cell type can be expressed in
a low-frequency zone as circuits consisting of the
parameters extracellular resistance (Re), intracellu-
lar resistance (Ri), and electrical capacitance of the
cell membrane (Cm) (1), as shown in Figure 1. Re,
Ri, and Cm are the resistance component derived
from extracellular fluid, resistance component de-
rived from intracellular fluid, and capacity compo-
nent derived from the cytoplasmic membranes, re-
spectively. If the tissue structure is uniform, the en-
tire tissue can be expressed by these equivalent cir-
cuits (Fig. 1).

2.

Figure 1 : Expression of biological tissue using electrical equiva-
lent circuits (low-frequency range)

Using these electrically equivalent circuits, the
bioelectric impedance Z is expressed by the follow-
ing equation : Z=Roo-(Reo-Re)/ (1-joT) Here, Roo =
ReRi/ (Re+Ri) (total resistance of parallel resistors
Re and Ri), T=Cm(Re+Ri) (time constant), and ®
is each frequency. When the body is regarded as
an electrical material, its electrical characteristics
are expressed by the conductivity ¢ and permittiv-
ity €. The conductance per unit volume (unit cross-
sectional areaxXunit length) G (=1/2) [S/m] is ex-
pressed by the following equation : G=6+jwe Since
there is no cell structure in a biological phantom,
its electrical characteristics can be expressed by G.
In experiments using bioequivalent phantoms in this
study, the electrical characteristics of the phantoms
were expressed using the conductivity and permit-
tivity. These two expressions are interchangeable.
If they are interchanged, the conductivity ¢ and per-
mittivity € are usually functions of the frequency .
In the low frequency range of about 1 [kHz] dis-
cussed in this paper, € is negligible, only ¢ must be
considered, and the value of ¢ can be regarded as
a constant not dependent on the frequency.
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(2) Measurement rationale

Figure 2 shows the arrangement of electrodes
for the measurement of the bioelectric impedance.
The divided electrodes with guard electrodes are
composed of electric current and voltage electrodes.
The same voltage vi (1 [V]) is applied to the elec-
tric current electrodes placed outside (3 electrodes
here), and the electric current i=(@1, i2, i3) is ap-
plied to the body between the ground electrodes
(potential : 0 [V]) arranged outside on the other
side. Also, the voltage between electrodes v=(v1, v2,
v3) is measured with the 4 voltage electrodes placed
between the electric current electrodes arranged
on both ends. The current from the electric current
electrode i=(il, i2, i3) flows in the body under the
electrode, but it not only flows through the cross-
section S beneath the electrode, but also spreads
in a manner dependent on the 3-dimensional struc-
ture of the body. Therefore, the observed electrical
impedance reflects the electrical characteristics of
all body tissues as well as the cross-section S of
the body beneath the electrode. For the bioimped-
ance to reflect the electrical characteristics of the
cross-section of the body beneath the electrode
alone, the electric current from the current electrode
must be trapped in this cross-section.

The guard electrodes proposed by Yasuno and

Zhao et al. control the 3-dimensional diffusion of
the electric current sent from the electric current
electrodes through a 2-dimensional cross-section
and substitute distribution equivalent circuits for
the electrical characteristics of the 2-dimensional
cross-section. The diffusion of the electric current
is controlled within a 2-dimensional cross-section,
as shown by the green part in Figure 2. Since guard
electrodes are used for this purpose, and since the
same voltage as the electric current electrodes is
applied to them, diffusion of the electric current
from the electric current electrodes can be pre-
vented (7-9).

In this study, phantoms were used instead of the
living body to experimentally examine the effective-
ness of the proposed method. The electrical char-
acteristics of a bioequivalent phantom can be ex-
pressed using the conductivity ¢ in a low frequency
range. The method to estimate the distribution of
the conductivity in cross-section S from the elec-
tric current i=(il, i2, i3) and voltage v=(v1, v2, v3)
measured using the measurement circuits in Figure
2 is outlined as follows : Here the voltage applied
to the electric current electrode Vi is a sine curve
alternating current with an amplitude of 1 [V] and
a frequency of 1 [kHz]. From the electric current
passing each electric current electrode i= (i1, i2, i3)
and the voltage between the voltage measurement

Voltage signal V;

Figure 2 : Electrode arrangement for impedance measurement

The device consists of divided and guard electrodes. Because of the effect of the guard electrodes, the electric current that has passed
from the electric current electrode is controlled within a 2-dimensional cross-section. The green area is the measurement area. The

light black area is the cross-section S beneath the electrode.
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electrodes v=(vl, v2, v3), 9 resistances Run=vo/im
(n, m=1~3) can be determined, and they are ex-
pressed as R=(R11, R12, ----- ,R33).

The structure of the cross-section of the phantom
was converted to a model using computer software,
and R was calculated by numerical analysis using
this model. This method is outlined as follows :
The distribution of the conductivity ¢ [S/m] in the
cross-section of interest of biological tissue (x-y 2-
dimensional plane) is assumed to be o(x,y). At this
time, the voltage distribution in this biological tis-
sue cross-section v(x,v) can be calculated as the so-
lution of the equation of Laplace. 3/ x (c(X,y) ov
x,y)/0x)+3/dy(c(xy) dv(x,y)/dy)=0 The electric
current i= (i1, i2, i3) and voltage v=(v1, v2, v3) are
determined by numerically solving the above equa-
tion using the boundary condition in which the volt-
age of the electric current electrode vi=1 [V], and
the resistance R=(R11, R12,...,R33) is calculated.
This resistance is a function of 6(x,y). To perform
this calculation, the 2-dimensional cross-section is
divided into a lattice pattern, and the solution is
calculated using a matrix obtained by making the
above equation of Laplace discrete. Here, if the re-
sistance R obtained by model analysis is designated
as R., and the resistance determined by the meas-
urement experiment as Rq (fixed value), the square
error €2=|| Ru-Rudl |2 is a function of 6(x,y). There-
fore, the relationship can be expressed as &=
F{o(x,y)}. By performing a converging calculation
of 6(x,y) that minimizes this error function F by
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the steepest descent method, the conductivity dis-
tribution in the cross-section of interest in a bio-
logical phantom can be estimated.

The bioequivalent phantoms used in this study
had monolayer and bilayer structures, and o (x,y) =
o1 in the monolayer phantoms and was an unknown
quantity. In the bilayer phantoms, the conductivities
of the two layers 6: and o: were 2 unknown quanti-
ties.

(3) Method for the measurement of conductivity
(true value)

The conductivity of a material was measured us-
ing an impedance measurement device, and the
intrinsic value of the material was regarded as the
true value. It was necessary to examine the preci-
sion of the measurement device by regarding the
difference between the true and observed values as
an error. The true value was measured employing
the four-electrode method (1), which is a standard
method to determine the conductivity of materials.
In this study, the conductivity (true value) was de-
termined by the method shown in the diagram of
Figure 3. A phantom with a volume of ABH [mm?®]
was sandwiched between 2 stainless steel plates and
connected to a source of 1 kHz alternating current.
The electric current passing through phantom I was
calculated as I=Vi/R from the voltage V; that ap-
pears on both ends of the resistor R connected in
series with the phantom. Also, V, was determined,
using 2 electrodes for voltage measurement placed

L=48 [mm], A=86 [mm],
R=10.6 [QQ], B=86 [mm],
S=BxH [mm?],

H varies among phantoms.

.
I=—L [4]

R
o:,—]L [S /mum |
V, S

Figure 3 : Diagram of a measurement device based on the 4-electrode method
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at a distance of L [m]. The method for conductiv-
ity measurement in the phantom can be expressed
as equations I=Vi/R[A] and 6=I/V:XL/S [S/mm)].
The conductivity of the phantom calculated by this
method was regarded as the true value. In this
study, L=48 [mm], A=86 [mm], B=86 [mm], R=
10.6 [Q], and S=BXH [mm?], with H varying among
the phantoms.

(4) Bioequivalent phantoms

1. Bioequivalent phantoms used in this study and
the procedure for their preparation

Bioequivalent phantoms prepared at Ito Labora-
tory, Department of Medical System Engineering
at Chiba University (15) were used. The materials
were agar (Wako Pure Chemical Industries, Ltd.),
sodium chloride (Wako Pure Chemical Industries,
Ltd.), dehydroacetic acid sodium salt (Wako Pure
Chemical Industries, Ltd.), polyethylene powder
(SUMITOMO SEIKA CHEMICALS CO., LTD.
Inabata Fine Tech & Co., Ltd.), and TX-151 (Oil
Center Research Inc., LA, USA). Bioequivalent phan-
toms were prepared as described from [1] to [7]
below :

[1] In a pan, ion exchange water (tap water can

also be used), sodium chloride, boric acid, and

agar were placed and mixed until the contents

become homogeneous.

[2] The mixture was heated over a gas cooking

stove. During heating, the contents must be

stirred continuously to avoid burning the agar.

[3] After boiling the mixture, the flame was im-
mediately extinguished. Caution is necessary, be-
cause the agar does not gel if heating is insuffi-
cient.
[4] TX-151 was sprinkled into the pan in several
parts and stirred quickly until it became homo-
geneous. (The operator must wear a mask to
avoid inhaling the powder.) Be careful not to let
bubbles form in the mixture.
[5] Polyethylene powder was also sprinkled into
the pan in several parts and stirred until the mix-
ture became homogeneous.
[6] The mixture was poured into a mold, wrapped
in plastic film to prevent the evaporation of mois-
ture, and allowed to cool at room temperature for
about a day.
[7] After the phantom was gelled, it was removed
from the mold, wrapped in plastic film, and stored
at room temperature.
Concerning steps [4] and [5], TX-151 and polyeth-
ylene powder may be mixed well in advance and
added together to the solution.
2. Composition and lifespan of the phantoms
Tables 1 and 2 show the compositions, electrical
characteristics, and lifespans of the bioequivalent
phantoms used (15).
3. Phantoms used in the experiments
In this study, monolayer and bilayer muscle and
brain phantoms 86 [mm]x86 [mm]xH [mm] (H
varies among phantoms) were prepared and used
for the measurements. Figure 4 shows a figure of

Table 1 : The composition of tissue containing a high-density water-equivalent phantom and its electrical characteristics

Brain phantom Muscle phantom

Conductivity 0.83 [S/m] 1.43 [S/m]

Ion-exchange water 3,375 [g]

- 15 indepndene f e
NaCl (basic quantity) 21.5 [g] 37.6 [g] Adjustment of permittivity
Preservative Reference to Table 2

TX151* 57.1 [g] 84.4 [g] Adhesive
Polyethylene powder 54.8 [g] 337.5 [g] Adjustr;l:rr;‘i;)t{i;[/};;rate of
*Qil Center Research Inc., LA, USA
Table 2 : The lifespan of a phantom

Quantity [g] Increased quantity of NaCl [g] Lifespan

Sorbic acid 0.2 1.8 2 weeks
Dehydroacetic acid Na 2.0 1.6 Over 1 month
Boric acid 394 1.8 3 weeks
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55mm

86mm

monolayer phantom

Figure 4 : A figure of monolayer phantom and of bilayer phantom

monolayer phantom and of bilayer phantom. Dehy-
droacetic acid Na salt was used as the preservative,
and the phantoms were used in experiments within
1 month after their preparation.

(5) Experimental methods

1) Diagram and appearance of the measurement

device
A1 [kHz] alternating current was passed from

Voltage signal V;
)
L/

15mm

50mm

- .4::mm

1st layer
2nd layer

. ./86'mm
86mm

bilayer phantom

the impressed signal, and the voltage and electric
current were measured using the voltage and cur-
rent electrodes. The measurement area controlled
within a 2-dimensional cross-section due to the ef-
fect of the guard electrodes is indicated in green
(Fig. 5). Figure 6 is a block diagram of the meas-
urement circuits of the measurement system (de-
tails are described in 3) Measurement Methods).
Table 3 shows the instruments used, and Table 4

Figure 5 : Structure of the measurement
device and measurement range
Red dotted lines : Electric current

Blue spots : Voltage electrodes

Black spots : Electric current electrodes
Black solid lines : Isovoltage lines

A 1kHz alternating current was passed

‘ Oscillator
AD converter '—
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Measured area

from the impressed signal, and the volt-
age and electric current were measured
with the voltage and electric current elec-
trodes. Because of the effect of the guard
electrodes shown in Figure 2, the actual
measurement area in Figure 5 was the 2-
dimensional cross-section shown as the
green area.

Figure 6 : Block diagram of the measure-
ment system
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Table 3 : Instruments used in the measurement system

Name Manufacturer Model Specifications

USB 2.0, with a PCMCI port,
Computer DELL PPO7L Windows XP

Maximum output £ 10V,
Frequency< 2 MHz,
free waveform setting
(4,096 points)
Resolution 12 bit,
conversion time 1 uS,
voltage range = 10V,
maximum 16 ch

Oscillator NF 1915

AD converter Interface CSI-360116

Table 4 : Specifications of the measurement system concerning the Measurable range and precision

Measurable range™ Precision of measurement™
Electric current measurement circuits T 131pA £0.3%
Voltage difference measurement circuits *£1,310 mV +0.3%

*1: When< 15 V was used as the power source
*2: Specifications of the products including the AD converter concerning the precision

shows the measurable range and precision accord- 2) Diagram and appearance of measurement elec-

ing to the specifications of the measurement system. trodes

Figure 7 shows the appearance of a test model of Figure 8 shows the arrangement of measurement

our measurement device. electrodes (bottom view), Figure 9 presents their
AD converter A voltage measurement circuit

P4

‘

Figure 7 : Appearance of the measure-
ment device

The AD converter, electric current meas-
urement circuits, and voltage measure-
ment circuits are shown.

An electric current measurement circuit

7 Guard
electrodes
@ @ @ (4 lines) e o0
®@ @ @ o 0 0
. ®@ @ @ e 060
Electric current
measurement
electrodes @ 6 O 5.08 [mm] e 06
@ © 6/js @ @ 00 0 O
Figure 8 : Diagram of measurement elec-
e o0 Voltage e e 0 trodes (bottom view)
®@ 8 @ measurement ® o @
electrodes
®@ @ @ e 060
e 0 0
(@@ o)\ Gun |
electrodes
(4 lines) @ Voltage signal

® Ground (GND)
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| Electric current electrode l

Electric current electrode

Guard electrodes

Measured electric current

4-electrode method

G =

[t o n

v

Guard electric current Measured Guard electric current

electric
current

Divided electrode method with guard

electrodes

Figure 9 : Measurement electrodes (lateral view)

diagrams (lateral view), and Figure 10 shows their
appearance. The electrodes used were JR-20Y, 1.9
[mm] in diameter (JAPAN SPRING PROBE CO.,
LTD.). They were arranged at intervals of 5.08
[mm)], and current measuring, voltage measuring,
guard, and ground electrodes were positioned as in
Figure 8. Guard electrodes were placed at 4 sites
(Fig. 8). Because of the effect of the guard elec-
trodes, the actual flow of the electric current was
controlled in a 2-dimensional cross-section. The
ground electrodes were used to earth the system.
Figure 9 shows diagrams of the measurement elec-
trodes (lateral view). While the measured electric

Figure 10 : Appearance of measurement electrodes

current was diffused 3-dimensionally when using
the 4-electrode method, it was controlled in a 2-
dimensional cross-section and flowed linearly due
to the effect of the guard electrodes in the divided
electrode method.
3) Measurement method

The measurement was initiated as a computer sig-
naled the oscillator, which generated a sine curve
alternating current of 1 [kHz] and sent it to the elec-
tric current electrodes. The same voltage was si-
multaneously applied to the guard electrodes. Due
to this voltage applied to the electric current elec-
trodes, the electric current that flowed from each

JR-20Y ©1.9 mm
(JAPAN SPRING PROBE CO.,LTD.)

JR-20Y spring electrodes 1.9 mm in diameter (JAPAN SPRING PROBE CO., LTD.) were arranged as above.
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electric current electrode into the bioequivalent
phantom was measured by the electric current
measurement circuits. These measured signals were
input into a computer through an AD converter.
Also, due to the electric current flowing into the
bioequivalent phantom, the voltage generated in
the bioequivalent phantom was measured by the
voltage electrodes and voltage measurement cir-
cuits, and their signals are also input into the com-
puter through the AD converter. The signal ampli-
tude was calculated from the electric current and
voltage signal waveforms input into the computer,
and the resistance R=(R11, R12, ----- , R33) was cal-
culated from these values (Fig. 6). Figure 11 shows
a photograph of actual measurement. The measure-
ment device was placed, an acryl resin board with
a hole 1.8 [mm] in diameter was mounted on the

-

Phantom

_ Guard electrodes
( 4 lines )

' Measurement equipment

Figure 11 : A scene of actual measurement

Conductivity
(o) [S/m]

25

20

(]
1.5 ...-

0.5

20 22 24 26

spring electrodes, and the phantom was placed in
a manner that its ground surface was in even con-
tact with the spring electrodes. A 1 kHz alternat-
ing current was passed, the voltage was measured,
and the conductivity of the phantom was deter-
mined. Four lines of guard electrodes were used
to control the 3-dimensional diffusion of the meas-
ured electric current within a 2-dimensional cross-
section (7-9).

RESULTS

(1) Characteristics of the electrical responses of
bioequivalent phantoms to a 1[kHz]low frequency
alternating current

The bioequivalent phantoms used in this study
were developed to examine the electrical character-
istics of high-water-content tissues in a microwave
frequency range (300-3,000 [MHz]). The imped-
ance measurement device that we developed uses
a 1 kHz low frequency alternating current power
source, because evaluation of the characteristics of
the bioequivalent phantoms in a low frequency
range was necessary. We prepared muscle phan-
toms and studied changes in the conductivity with
variations in the temperature and NaCl concentra-
tion. Figure 12 shows changes in the temperature
of a bioequivalent phantom (muscle phantom). The
conductivity changed only slightly from 1.5 to 1.6
[S/m] between 20 and 23 ['C]. Figure 13 shows

28 30 32 Temperature [°C]

Figure 12 : Relationship between the conductivity and temperature changes in a bioequivalent phantom (muscle phantom)
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Conductivity
(o) [S8/m]
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7
6
5
4 =
5 =
2 --
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0 2 4 6 8 10

14 16 18 20 NaCl volume [g]

Figure 13 : Relationship between the conductivity and amount of NaCl

the relationship between the conductivity of a bio-
equivalent phantom (muscle phantom) and NaCl
concentration. The phantom was prepared using 1/
20 of the amounts of the materials shown in Table 1.
The red spot is the basal value shown in Table 1.
The conductivity increased with the NaCl concen-
tration. The conductivity of the monolayer muscle
phantoms could also be adjusted by changing the
NaCl concentration at a low frequency of 1 kHz,
used in our impedance measurement device.

The characteristics of the conductivity of this
phantom with a 1 kHz low frequency alternating
current power source were shown to be similar to
those in a microwave frequency range (300-3,000
[MHz]).

(2) Measurement results

The results of conductivity measurements using

the impedance measurement device were regarded
as the estimated values, and those using the four-
electrode method as the true values. The absolute
value of the difference between the true and esti-
mated values divided by the true value was defined
as the relative difference (Relative difference=[|true
value-estimated value| X100]/true value). All meas-
urements were performed with an impressed sig-
nal of 0.5 [V,.,], 1 [kHz].
1) Results of measurements in monolayer phantoms
(brain, muscle). The mean relative difference of 6
samples (monolayer brain phantoms) was 5.75+
2.92%, being less than 10% (Table 5). The mean
relative difference of 5 samples (monolayer mus-
cle phantoms) was 3.25+ 1.82%, being less than 5%
(Table 6).

Table 5 : Results of measurement of 6 monolayer brain phan-
toms

True value Estimated Relative
(S/m) value (S/m) |difference (%)

1 0.896 0.810 9.60

2 0.778 0.713 8.33

3 0.778 0.762 2.12

4 0.741 0.766 3.36

5 0.740 0.708 4.52

6 0.755 0.708 6.57

Mean£SD | 0.777£0.059 | 0.745£0.042 | 5.75£2.92

Table 6 : Results of measurement of 5 monolayer muscle phan-
toms

True value Estimated Relative
(S/m) value (S/m) |difference (%)
1 1.49 1.50 0.54
2 1.49 1.54 3.14
3 1.37 1.45 5.52
4 1.45 1.51 4.14
5 1.64 1.59 2.90
Mean®SD | 1.488%0.098 | 1.518+0.052 | 3.25% 1.82

2) Results of measurements in bilayer phantoms :
The first and second layers were the muscle and
brain in 1 phantom and the brain and muscle, re-
spectively, in the other. The estimated conductiv-
ity of the first muscle layer was 4.41%, and the rela-
tive difference of the second brain layer was 9.25%.
The relative difference was less than 10% in each
of the 2 layers (Table 7). The relative difference of
the first brain layer was 18.4%, and that of the sec-
ond muscle layer was 9.20%. The relative difference
was less than 20% in each of the 2 layers (Table 8).
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Table 7 : Results of measurement of a bilayer phantom (1st muscle layer, 2nd brain layer)

True value (S/m)

Estimated value (S/m)

Relative difference (%)

1st layer muscle phantom

0.96

0.92

441

2nd layer brain phantom

0.79

0.87

9.25

Table 8 : Results of measurement of a bilayer phantom (1st brain layer, 2nd muscle layer)

True value (S/m)

Estimated value (S/m)

Relative difference (%)

1st layer brain phantom

1.26

1.03

184

2nd layer muscle phantom

1.45

9.20

9.20

Although the results were from only 2 samples, the
relative difference in each layer was less than 20%.
The relative differences between the true and
measured values in the monolayer phantoms (brain,
muscle) were less than 10%, indicating the satisfac-
tory precision of the measurement device. The rela-
tive difference between the true and measured val-
ues was less than 20% in each layer of the bilayer
phantoms, indicating the satisfactory precision of
our measurement device also in bilayer phantoms.

DISCUSSION

Yasuno, Zhao, et al. (7) established a method of
regional electrical impedance tomography (EIT).
Usually, an electric current generated from an elec-
trode diffuses 3-dimensionally while it is transmit-
ted. However, this 3-dimensional spread of the elec-
tric current generated from an electric current elec-
trode can be controlled within a 2-dimensional cross-
section through the use of divided electrodes with
guard electrodes. By this method, the area of meas-
urement can be restricted to a 2-dimensional cross-
section, and the electrical characteristics of distri-
bution equivalent circuits can be substituted for
those in the cross-section. According to this theory,
the electric impedance distribution in the cross-
section of a tumor immediately below the divided
electrodes is estimated using an algorithm for in-
verse problems by attaching divided electrodes and
guard electrodes to the skin near the tumor as
measurement electrodes. For the future clinical ap-
plication of this newly developed technique of local
EIT, its effectiveness must be validated by actual
measurements using test devices prepared accord-
ing to the theory. We performed experiments using

bioequivalent phantoms as the first step in basic re-
search for this purpose. Such a measurement device
is called impedance CT (2) or EIT and has been
investigated by many researchers (10-13). Most of
the studies on EIT have been conducted by attach-
ing many electrodes to the skin of a part of the body
(e.g., abdomen), and the electric impedance distri-
bution of a cross-section of the body has been meas-
ured and represented as images (14). First, we pre-
pared a prototype measurement device using di-
vided electrodes with guard electrodes, and per-
formed basic experiments using bioequivalent phan-
toms as the first step.

The characteristics of the bioequivalent phantoms
used in this study were as follows : The human body
can be divided into high-water-content tissues such
as the muscle, brain, and viscera and low-water con-
tent tissues such as fat and bone, and their electri-
cal characteristics (relative permittivity and conduc-
tivity) differ (16-22). The phantoms mimicked the
electrical characteristics of high-water-content tis-
sues in a microwave frequency range (300-3,000
[MHz]) and were characterized as follows :

[1] The raw materials are easy to acquire, and

the phantoms can be prepared manually without

special instruments.

[2] The phantoms can mimic the electrical char-

acteristics of the living body over a wide fre-

quency range with a single compositional ratio,
and their electrical characteristics can be modi-
fied by changing the compositional ratio.

[3] The phantoms can be molded or carved into

any desired shapes and show tight contact be-

tween separated surfaces.
Because of these characteristics, we judged that they
were appropriate as materials for phantom experi-
ments investigating the impedance measurement
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device that we developed.

The relative difference in the results of measure-
ments between the impedance and four-electrode
methods was 10% or less in both the monolayer
brain and muscle phantoms, indicating the validity
of the measurement results. In the 2 bilayer phan-
toms consisting of 2 layers with different electrical
resistances, the relative difference in each layer was
less than 20%. We consider that our results demon-
strated that bilayer phantoms with different electrical
resistances can be examined with the bioimpedance
measurement device that we developed. One prob-
lem with the examination of bilayer phantoms to
be addressed in the future is the variability of the
measurement results caused by small bubbles oc-
curring at the interface between the layers and the
consequent unevenness of the contact surface,
which may grossly appear even. Thus, bilayer phan-
toms were suggested to be more difficult to prepare
than monolayer phantoms.

In the past, Morimoto et al. (4, 5) intraoperatively
measured the extracellular resistance (R.), the in-
tracellular resistance (R;), and the electrical capaci-
tance of the cell membrane (C.) in breast cancers,
benign breast tumors (fibroadenomas), normal
breast tissues, and adipose tissues at 10 [kHz] or
below using needle electrodes among 54 patients
(31 cases of breast cancer, 13 cases of fibroade-
noma, and 10 cases of mastopathy). They found that
R. and R were significantly higher, and C., was sig-
nificantly lower, in breast cancer than in benign
breast tumor (fibroadenoma). The mean R. was
1,445+ 586 [Q] in breast cancer, 954+ 156 [Q] in
fibroadenoma, 772+ 203 [Q] in normal breast tissue,
and 6,044+ 3,388 [Q2] in adipose tissue [6, 7]. When
the parameters that we used for the evaluation of
the experimental results were calculated using these
data : Relative difference in R. between fibroade-
noma and normal breast tissue=(Mean R. of fi-
broadenoma-mean R. of normal breast tissue) X100/
mean R. of normal breast tissue=(954-772) X100/
772=23.5% Relative difference in R. between breast
cancer and normal breast tissue= (Mean R. of breast
cancer-mean R. of normal breast tissue) X100/mean
R. of normal breast tissue=(1,445-772)xX100/772=
87.2%

The relative difference in R. between fibroaden-
ima and normal breast tissue was 23.5%, and that
between breast cancer and normal breast tissue was
87.2%. Therefore, if the relative difference of the
electrical resistance measured with an impedance
measurement device compared with the true value

in each of the 2 layers of a bilayer phantom with
different electrical resistances is 20% or less, this
technique is suggested to be clinically applicable
for the diagnosis of breast cancer.

Ohmine, Morimoto, et al. (23) reported the re-
sults of conductivity measurement in the antebra-
chial muscle and adipose tissue in males and fe-
males. The conductivity was 0.40 [S/m] in the an-
tebrachial region and 0.15 [S/m] in adipose tissue
in males and 0.35 and 0.11 [S/m], respectively, in
females. The absolute value of the difference be-
tween the muscle conductivity and adipose tissue
conductivity divided by the muscle conductivity was
defined as the relative difference (Relative differ-
ence=[| muscle conductivity-adipose tissue conduc-
tivity| X100]/muscle conductivity). Relative differ-
ence between the adipose tissues and muscle con-
ductivities in the male antebrachial region=(0.40-
0.15)x100/0.40=62.5% Relative difference between
the adipose tissues and muscle conductivities in the
female antebrachial region=(0.35-0.11)x100/0.35=
68.6% The relative difference between the antebra-
chial muscle and adipose tissue was 62.5% in males
and 68.6% in females, being very high, exceeding
60%, in both genders. Since the relative difference
was less than 20% in the results of measurements
of the bilayer phantoms with different electrical re-
sistances using the impedance measurement device
that we developed, the technique was suggested to
be applicable to the examination of bilayer structures
with different conductivities such as the human ante-
brachium, consisting of adipose and muscle tissues.

For future clinical application, the preparation of
small-size electrodes and a measurement device and
their validation using multi-layer phantoms are nec-
essary. Measurement of the living body, e.g., the an-
terior femoral region, in which the laminar structure
is relatively clear, is also necessary. To develop a
device for the early diagnosis of breast diseases,
multi-layer phantoms must be developed, and the
effectiveness of the device in the examination of
such phantoms must be established. Yasuno et al.
(24) reported a method to present data of Re, Ri,
and Cm as images. This report suggests that the
impedance of local tissues can be imaged using a
measurement device incorporating divided elec-
trodes with guard electrodes. Figure 14 shows an
image prepared using data on Re. If the impedance
measurement device that we prepared is capable of
impedance measurement in breast tumors, it may
be developed as a new modality for the diagnosis
of breast diseases.
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Figure 14 : An image derived from Re data
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