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Abstract: Biological tissue will have anisotropy in electrical conductivity, due to the
orientation of muscular fibers or neural axons as well as the distribution of large size blood
vessels. Thus, the in vivo measurement of electrical conductivity anisotropy can be used to
detect deep-seated vessels in large organs such as the liver during surgeries. For diagnostic
applications, decrease of anisotropy may indicate the existence of cancer in anisotropic tis-
sues such as the white matter of the brain or the mammary gland in the breast.

In this paper, we will introduce a new tri-phase induction method to drive rotating
high-frequency electrical current in the tissue for the measurement of electrical conductivity
anisotropy. In the measurement, three electromagnets are symmetrically placed on the tis-
sue surface and driven by high-frequency alternative currents of 0 kHz, modulated with
1 kHz 3-phase signals. In the center area of three magnets, magnetic fields are superim-
posed to produce a rotating induction current. This current produces electrical potentials
among circularly arranged electrodes to be used to find the conductivity in each direction
determined by the electrode pairs. To find the horizontal and vertical signal components,
the measured potentials are amplified by a 2ch lock-in amplifier phase-locked with the 1
kHz reference signal. The superimposed current in the tissue was typically 45 micro Am-
peres when we applied 150 micro Tesla of magnetic field. We showed the validity of our
method by conducting in vitro measurements with respect to artificially formed anisotropic

materials and preliminary in vivo measurements on the pig’s liver.

Compared to diffusion tensor MRI method, our anisotropy sensor is compact and
advantageous for use during surgical operations because our method does not require strong
magnetic field that may disturb ongoing surgical operations.

Keywords: conductivity anisotropy, biological tissue, three-phase magnetic field,

induction current.

1. INTRODUCTION

Biological tissue in general will have aniso-
tropy of mechanical, optical or electrical properties
[1], depending on the fine structure of bones, mus-
cular fibers [2], bundles of neural axons in the white
matter of the brain [3] and blood vessels. Generally
speaking, mechanical and optical anisotropic proper-
ties might be determined through anatomical know-
ledge as well as visual observation. However, elec-
trical anisotropic properties of deep-seated tissues
cannot be estimated just by visual superficial obser-
vations.

’ Corresponding author: kyukio@kp.catv.ne.jp

From the diagnostic point of view, a decrease
of anisotropy may indicate the existence of cancer in
anisotropic tissues such as the white matter of the
brain [4], or the mammary gland in the breast [5].
This anisotropy can be detected by Diffusion Tensor
Imaging using MR equipment. If we can obtain an
anisotropic profile of biological tissues without us-
ing expensive equipment such as MR, we may be
able to detect deeply seated cancerous tissues at
small clinics even in the surgical circumstances for
therapeutic applications, while the detection of the
blood vessels may assist surgical operation of large
organs such as the liver.
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For measuring the electrical impedance of bi-
ological tissue, the 4-dekectraode method is popu-
larly used [1,3]. In that method, a pair of detection
electrodes is used together with another pair of elec-
trodes arranged on a line for driving the constant
current in the tissue. If we use the conventional
4-electrode method to find anisotropy, we have to
change the position of driving electrodes for every
direction, which involves time-consuming proce-
dures. In the actual in-vivo tissue, impedance and
anisotropy may change rapidly mainly due to the
blood-flow change. Thus for accurate measurement,
it is desirable to complete the anisotropy measure-
ment within a short time period. To realize the fast
measurement, one may prepare many pairs of elec-
trode in different directions to be switched automat-
ically. Even in that method, it is difficult to place
many electrodes on uniform conditions within a li-
mited area for the observation.

In this paper we propose a three-phase elec-
tromagnetic sensing device for easy measuring of
biological anisotropy. The three-phase sensor con-
sists of three electrical magnets arranged in triangle,
and two pairs of detection electrodes placed ortho-
gonally. The three magnets are driven by symme-
trical three-phase alternative current. By superim-
posing the magnetic fields, a rotating eddy current
yields at the center of the triangle. This rotating cur-
rent can be used to produce differential voltages
across the horizontally arranged electrodes as well as
for the vertically arranged pair of electrodes. From
the differential voltages that appear across the pair of
electrodes, we can estimate anisotropic conductivity
for each direction. We show the experimental results
on an anisotropic phantom as well as on biological
tissues.

(y*—y~ “10mm)

(x*—x~ “10mm)

2. METHOD

In our method, as shown in Figure 1(a) and
(b), three electromagnets M;-Mj; of high-frequency
specification are placed in each top of the equilateral
triangle, i.e. they are placed in order to respectively
make an angle of 120 degrees on the concentric cir-
cle, on the surface of biological tissue. These elec-
tromagnets are supplied with the current of each
phase of the symmetrical three-phase alternative
current. By the magnetic fields produced by these
electromagnets, a set of eddy currents will be pro-
duced, in the middle of electromagnets M;-Ms., as
shown in (1),
J] = k]hllo COoS ((Dst)
Jr=kohyl cos {(wst) — (2m/3)} (D
J3=ksh;lp cos {(@st) — (47/3)},
where, h;, h,, h; denote the unit direction vectors
depicted in Figure 1(b) respectively, k; through k; are
constants determined by the shape of magnets, the
number of coil turns, as well as the relative position
of magnets and the observatory position. When we
consider the superimposed eddy currents, at the cen-
ter of electromagnets, the current can be expressed
as (2), with parameters k;through k; equal and de-
scribed by “k”.
Jotr = klg[hjcos(mst) + hocos{(mst) — (2Qn/3)} +
hacos {(yt) — (4/3)} ] @)

When we express the above current in x and y
components, we get,

Jx =—1.5k I sin (o)

Jy =15k I cos(wmst) . 3)
This expresses the existence of a rotating cur-

rent produced in the biological tissue.

i

()

Figure 1. (a) The sensing head; (b) Arrangement of each part of the sensing head
(M,, M, M;; electromagnet, x, x"; electrode on the x-axis, v, y+,' electrode on the y-axis, h;, h,, h;; unit vector)
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In Figure 2 (a), individual eddy currents of (1)
are shown and the superimposed rotating current is
shown in Figure 2 (b). In Figure 2 the direction of
superimposed current at time O-A of the figure (a)
refers to the one flowing from the sensing head (O)
towards A of the figure (b). With the progress of
time, the superimposed current flows in the direction
of O-B, O-C and so on, to yield a rotation during one
period of alternating current.

When we place horizontal pair x', X and ver-
tical pair y', y~ of electrodes, as shown in Figure 1
on the surface of the tissue, we can measure diffe-

15

rential voltages Vx and Vy accompanied with the
rotational eddy current. From the above measure-
ment, the resistivity along the orientation of rotating
current can be estimated. That is, the voltages along
the current can be calculated as the root of squared
sum of the horizontal and vertical voltages as,

V= (Vx> + Wh)!? 4
with the orientation of),
0 = arc tan (Vy/VXx). (5)

Relative amplitude
=

0-4

(b)

Figure 2. (a) Three phase alternative currents, (b) Directions of synthetic current
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3. EXPERIMENTAL SET-UP

When we want to realize the measuring
equipment directly based on the principle proposed in
the above section, the superimposed current will ro-
tate at the rate of high frequency current applied to the
magnet, which may cause instability in the measure-
ment. To overcome this difficulty, as shown in Figure
3, we adopted a modulation method. In this method,
we used a high-frequency carrier signal of angular
frequency ., together with a stepwise modulation
signal to control the amplitude of high-frequency car-
rier given to the electromagnets. With this stepwise
amplitude modulation, stable voltage measurement
can be realized, because the superimposed current
will flow to a fixed direction during a certain period
of time. As an experimental setup, we segmented the
period into 6 sections; i. e. the same amplitude is
maintained for 30 degrees of time shown as A-A’,
B-B’ and so on in Figure 3. In this case, x and y

cos(wet)

components of the superimposed eddy-current at the
center of the sensing head are given by,
Jx=—1.5kI;sin y cos (wt)

Jy=1.5k Iy cos y cos (ast) (6)
where y is 0, 30, 60, 90, 120 or 150 degrees, corres-
ponding to the orientation of the superimposed cur-
rent as shown in Figure 3. In this case, the weight
coefficients of the driving voltage of the electromag-
net, depending on the orientations are summarized in
Table 1. In this modulation method, the measurement
direction is different from the one-side area as O to A
in Figure 2 (b); both side area as A-A’in the figure is
scanned in the measurement. If there is no
non-linearity in the tissue, the measured result will
not be different from the one explained for
non-modulation case. Whereas, the parameter 0 in (5)
corresponds to v in (6), however it is not the same one
as shown in the model experiment in the next section.

= =

cos {wst-(2m/3)]

il

(411/3)}

cos {ms

s

-k B-B" C-C°
I | | | |

D-D* E-E’

direction
| |
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1200 150
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Figure 3. Current waveform of each coil of electromagnet M;, M, M;

The mechanical size of the sensing head is, as
shown in Figure 1, three electromagnets of 3mm
diameter, 40mm long are placed on each top of the
equilateral triangle, 20 mm apart to each other. Also,
a pair of electrodes 10mm apart are placed in x di-
rection and y direction to measure the horizontal and
vertical components of electrical potential difference
evoked by the eddy current. Each electromagnet is
composed of an 80-turns coil and a ferrite core HF70

(TDK Co. Ltd) and each electrode is made of silver
rod of the 2mm diameter.

The driving circuit of the magnets is shown in
Figure 4. The high-frequency sinusoidal three-phase
signal of 50 kHz is modulated with the weight coef-
ficients assigned in Table 1, and applied to the elec-
tromagnets via switching circuits and the power am-
plifiers. In the switching circuit, the direction of the
superimposed eddy current can be continuously
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changed one after another, or fixed at a particular
direction. The maximum repetitive frequency of the
switching signal was set at 1 kHz. The electrical
circuit for differential voltage measurement is shown
in Figure 5, where each differential voltage is
smoothed by LPF, after the product with the refer-
ence voltage is taken. In this case, the reference sig-
nal is determined in order for the product result to
agree with each quadrant defined by x-y plane of

Figure 2(b), because we want to know the direction
of the superimposed current in the measurement. By
this circuit arrangement, on-line measurements of
(4) (5) are possible with Lissajous indication on the
oscilloscope. The carrier signal frequency was set at
50 kHz, the maximum magnetic field is about 150
pTesla (1.5 Gauss), which produced the synthesized
current of about 45 pA p-p in the saline water of the
100Qcm resistivity with 10 mm depth.

Table 1. Weighting coefficients of the driving voltage of the electromagnet and setting direction ()

Q)
C . Y
Weighting 0 30 60 90 120 150
C, 1 0.86 0.5 0 -0.5 —0.86
C, -0.5 0 0.5 0.86 1 0.86
Cs -0.5 -0.86 -1 -0.86 -0.5 0
Power amp.
1 X C1 ]
M1
E0kHz =
{oe/21T) Analog
X C2 ™1 -switching —E
circuits % MZ
—t X C3
M3
Switching pulses =
Figure 4. Driving circuit of each electromagnet M;, M,, M;
Multiplexer
%-
- Low pass filter.
V +
¥ ox X Cut off :100Hz
W
Reference Lissajous
. o—
signal diagram

Low pass filter.
¥ X Cut off :100Hz
VT
Yo

Figure 5. Observation circuit of V-V, Lissajous diagram

4. RESULTS AND DISCUSSION immersed with saline water to yield 100 Qcm of
resistivity, whereas a conductive sheet consisting of
ten HB pencil rods of 0.5 mm diameter and 60mm
length, sandwiched with isotropic rubber sponges
comprise an anisotropic phantom as shown in Figure

6(b). In the measurement, the conductive sheet

4.1 Phantom Experiment

An isotropic phantom, as shown in Figure 6(a),
consists of 8 sheets of 6mm-thick rubber sponge



Yukio Kosugi, et al., 4 three-phase inductive sensor for in vivo measurement of electrical...

Contemporary Materials, V-1 (2014)

Page 6 of 9

placed at 6 mm depth was step-wisely rotated by
30-degrees pitch, starting with an initial point that
the high conductivity orientation is aligned to A-A’
direction of Figure 2, ends with F-F’ direction. For
each of 6 orientations, horizontal and vertical
voltage differences were measured and substituted to
(4) to yield the output voltage profile dependent on
the orientation of the high-conductivity direction as
shown in Figure 8. Also, the depth of the conductive
sheet was changed as 6, 12, 18 and 36mm depth, and
plotted as the function of the high-conductivity
direction as shown in Figure 9. In all cases, the
output voltage had the minimum value, when the
eddy current direction is set at the same direction of
high-conductivity orientation in the conducting sheet.
For the depth dependence experiment of Figure 9, it
is clear that output voltage is maximum at d=6mm
and gradually decreased for deeper cases.

In Figure 10 (a)-(c), Lissajous figures are
plotted for the case of isotropic phantom, phantom
with the conductive plate inserted in direction A-A’
and for the conductive plate inserted in direction
D-D’ respectively. As shown in Figure 10(a), in the
case of isotropic phantom, the diameter of Lissajous
is constant for every current direction, while for the
case of (b), it shows minimum radius for A-A’
direction, and in case (c) it took minimum at D-D’
direction; the minimum radius direction agrees with
conducting plate insertion direction, while it has
maximum radius in the direction perpendicular to
the insertion direction. However, for other directions,

6mm,

(90x90mm)

(a) Eight sponge sheets (2500cm)
soaked in salt =olution [1000cm)

Conductive plate

the current direction does not coincide with that of
plate insertion. The reason is explained with the aid
of Figurell. Figure 11(a) shows the Lissajous for the
case that the conductive sheet with high conductivity
along C-C’ direction was inserted at 6mm depth. As
shown in this figure, for the assigned direction C-C’
and that for F-F’ which is perpendicular to C-C’,
Lissajous indication and the assigned direction agree,
while for other directions Lissajous indication does
not agree with the assigned direction.

The differential voltage along the direction
C-C’, caused by magnet M3, will be reduced due to
the existence of the anisotropic conduction sheet,
while the influence of the conductive sheet to the
differential voltages along A-A’ and E-E’, produced
by magnets M; and M, respectively, tended to be
small to yield orientation of the synthesized eddy
current is a little bit small angle, comparing to the
A-A’ direction as shown in Figure 11(b); this
theoretical result agrees with that of experimentally
obtained Lissajous of Figure 11(a).

This Lissajous expression facilitates short
time measurement of tissue anisotropy, e.g. in the
experimental setup, a hundred times of measurement
can be done in a second; this allows to make a
dynamic observation of swift changes of anisotropy
accompanied with pulsatile changes of the blood
flow in the artery. Also, this high-speed response of
the observation system facilitates to scan over the
tissue with a handheld sensor head.

60mm

(the long axis direction of
thelead)

(b) Conductive plate using ten leads of the
eversharppencil (HB:$=0.5mm )

Figure 6. Experimental model

(a) Position of the sensing head

Portal vein

Sensing head
(core distance : 20mm)

(b) Measurement of the liver of pig

Figure 7. Measurement of the liver of pig
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Figure 8. Results of measurements for the model (6 directions) — (inserting
depth of the conductive plate: d = 6 mm)
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Figure 9. Results of measurements for the model (inserting direction of the conductive plate: A-A’)
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(a) Lissajous figure

.a%, Svynthetie voltage difference.
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Conductive plate.

(b) Estimation of the synthetic voltage

for the setting direction A-A

Figure 11. Results of measurements for the model with the conductive plate
inserted in the direction C-C’and in the depth of 6mm

4.2. In vivo experiment

We have conducted an in vivo experiment on
an anesthetized pig’s liver. The electric impedance of
the liver of pig is shown for the direction along with
the portal vein, as well as for the perpendicular angle

to the direction of the portal vein is shown in Table 2.

As shown in the Table, the electrical impedance
along with the portal vein is about 20% less than that
of orthogonal direction to the body. The differential

voltages given by (4) are plotted in Figure 12 as a
function of setting directions vy, similarly to the
expression of Figure 8. From this plot, it can be
recognized that the differential voltage is minimum
for near the direction F-F’ along with the portal vein,
while it becomes maximum for the D-D’ which is
orthogonal to the vein flow, which is consistent with
the one shown in Table 2, obtained by the
conventional 4-Electrode method.

6
Biss -
ﬁ*zs ~ \
£, / \
£, "/ \
37 T N
g S
B 48
§4_s
44
0 30 60 90 120 150
(a-A  (BB) (Cccy (OD) (EE) (FF)

Setting directions 7 (degrees)
Figure 12. Results of measurement for the liver of pig

Table 2. Electric impedance on the liver of pig

Measurement direction Mean + SD (QQ) Number of determinations
Direction to the portal vein 755+11.6 11
Direction at right angle to the direction to the portal vein 77.7£11 11

5. CONCLUSION

We propose a three-phase electromagnetic
sensing device for measuring biological anisotropy

and the effectiveness is confirmed in the phantom
experiment as well as in vivo experiment on the pig’s
liver. In our method, it is not necessary to change the
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attachment position of the electrodes for changing
the measurement direction.

It is possible to make a real-time in vivo mea-
surement of tissue anisotropy, just by lightly putting
the applicator on the surface of the body. Therefore,
during emergent cases in surgical operations, infor-
mation on the blood vessel orientation in large or-
gans can be obtained. Also, this method may facili-
tate the evaluation of tumor malignancy in aniso-
tropic part of the body, without using large scale MR
observation systems.
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TPO®PA3HU UHAYKTUBHU CEH30P 3A IN VIVO MJEPEIE
EJIEKTPUYHE AHU3OTPOITMJE BUOJIONIKUX TKMBA

Caerak: buonomiko TkuBo he ©MaTu aHU30TPOIH]y €IEKTPONPOBOIBUBOCTH 300T
OpHjeHTaldje MUIIMhHUX BJlaKaHA WJIM HEPBHUX aKCOHA, Kao M 300T pacropena BETMKHUX
KPBHHUX cynoBa. Tako ce in vivo Mjepere aHW30TPOIHje eJICKTPUYHE POBOAJBUBOCTH MOXKE
ynoTpujeduT aa Ou ce OTKPWIIM JYOOKO CMjElITeHH KPBHH CYAOBH Y BEJIMKHUM OpraHHMa,
Kao IITO je jeTpa, TOKOM orepandja. Y JAWjarHOCTHYKE CBPXE, CMambCHE aHW30TPOIHje
MOXE yKa3aTH Ha II0CTOjame KapIMHOMa Y aHW30TPOIICKMM TKMBHMMa, Kao IITO je Oujerna

TBap y MO3TY HJIM MJIMjE€YHA JKJIHje3/1a Y JOjIIH.

VY oBOM paxy yBOAMMO HOBY MeToAy TpodasHe HHIyKIHje, KaKo OUCMO YBeIH
poTtupajyhy BHCOKO(PEKBEHTHY €IEKTPUYHY CTPY]y Y TKHBO DAy Mjeperma aHHU30TpOIIHje
SIIEKTPUYHE NPOBOMJBMBOCTH. [IpHIHMKOM Mjepera Ha IOBPLIMHY TKHBA CHMETPHYHO Ce
CTaBJbajy TPH €JIEKTpOMarHera koja rnokpehe BHCOKO(PEKBEHTHA HAM3MjEHHYHA CTPYja Of
50 kHz, monynupana tpodasnum curHanuma on 1 kHz. ¥V uentpanHoMm mnoupyujy Tpu
MarHera, MarHeTHa II0Jba Cy [OCTaBJb€HA jEIaH HW3HAJ JPYyror Kako Ou mnpousBena
potupajyhy uHAYKTUBHY CTpyjy. OBa CTpyja MpOW3BOAM E€IEKTPUYHH MHOTEHIMjan mehy
KPY?’KHO IOCTaBJbEHUM EJIEKTpOJlaMa Koje ce KOPHCTE 3a MPOHAJIAKEHEe MPOBOAJLUBOCTH Y
CBaKoM cMjepy onpeheHoMm mapoBuMa enekTpoia. Kako Ou ce Hamule XOpH3OHTaJIHE U
BEPTUKAJIHE KOMIIOHEHTE CHrHalla, MjepeHHM MOTEHIMjajJk Ce IMojavyaBajy momohy Ba
Hau3MjeHHYHa (pa3Ha mojavyana, gasHoO 3aTBOpeHa, ca pedepentHuM curHaimoM on 1 kHz.
Crpyja mocTaB/beHa Ha TKUBO je Omiaa TUMHYHO 45 PA KajJa CMO MPUMH]CHUIH MarHeTHO
noJsbe on 150 uT. Jloka3anu cMo Jia je Hamia MeToJa BajbaHa TaKo MITO CMO CHPOBEIH in Vi-
tro Mjepema Ha BjelITauYKd KpeupaHe aHM30TPOIIHE MaTepHjajie Kao U MpeIuMHUHApHA in Vi-

VO Mjepera Ha JeTpU CBUIbE.

V¥ nopehemy ca audysznonom terzop MPU meronom, Hamn ceH30p aHM30TPOIIH|E je
KOMIIAKTaH M HeroBa MPEAHOCT je Y TOMe INTO MOXKe Ja c€ KOPUCTH TOKOM XHPYPIIKHUX
omneparuja Oynyhu na 3a Hamr MeToJ HHje MOTPEOHO jaKo MarHEHTHO MMOJbE KOje MOXKe

MOPEMETUTH TOK XUPYPILIKUX OepaLuja.

Kibyune pujeun: aHu3oTponuja MpPOBOIJBMBOCTH, OHOJIOMIKO TKHBO, TpodaszHo

MarHeTHO M0Jbe, HHAYKTHBHA CTPY]ja.



