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(2017) The Forward and Inverse Problem  The Magneto-acoustic Tomography with Current Injection (MAT-CI) is a

Based on Magneto-Acoustic Tomography — pew biological electrical impedance imaging technique that combines Elec-
with Current Injection. J. Biomedical Science

and Engineering, 10, 97-105. trical Impedance Tomography (EIT) with Ultrasonic Imaging (UI), which

https://doi.org/10.4236/jbise.2017.105B011 possesses the non-invasive and high-contrast of the EIT and the high-resolu-

tion of the UI. The MAT-CI is expected to acquire high quality image and
Received: April 6, 2017

Accepted: June 13,2017 ) . . . . . . .
Published: June 16, 2017 the Static Magnetic Field(SMF) and inject a time-varying current, during

embraces a wide application. Its principle is to put the conductive sample in

which the SMF and the current interact and generate the Lorentz Force that
inspire ultrasonic signal received by the ultrasonic transducers positioned
around the sample. And then according to related reconstruction algorithm
and ultrasonic signal, electrical conductivity image is obtained. In this paper, a
forward problem mathematical model of the MAT-CI has been set up to de-
duce the theoretical equation of the electromagnetic field and solve the sound
source distribution by Green’s function. Secondly, a sound field restoration by
Wiener filtering and reconstruction of current density by time-rotating me-
thod have deduced the Laplace’s equation that caters to the current density to
further acquire the electrical conductivity distribution image of the sample
through iteration method. In the end, double-loop coils experiments have
been conducted to verify its feasibility.
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1. Introduction

At present, structure imaging is relatively mature in medical imaging for clinical
use. However, it is limited to the imaging of the form and structure of the tissue
and fails to detect and diagnose tissue lesion in an early stage. A research has
shown that a MAT-CI that combined the form and the function of the tissue is
expected to fulfill the early warning and diagnosis of a disease. As a new type of
imaging method that based on magneto-acoustic coupling, the MAT-CI pos-
sesses all the advantages of magneto acoustic coupling and resolves the problem
of producing a step signal in magneto acoustic tomography with magnetic in-
duction [1] [2]. The efficiency of energy conversion can be improved by the
MAT-CI. Meanwhile exciting coil is not used in the MAT-CI, which leads to
negative influence of the altering magnetic field to the current of the specimen
and interference of the altering magnetic field to the detection equipments such
as ultrasonic transducer.

Towe B C is the first researcher who has conducted the research on the MAT-
CIL, who put forward a bioelectric currents detecting method through electro-
magnetic coupling and prove the feasibility of this method through experiment
[3]. It was not until 2010 that the Chinese Academy of Medical Sciences and the
Institute of Electrical Engineering of the Chinese Academy of Sciences con-
ducted researches on the MAT-CI [4] [5] [6]. This paper conducts systematic
research on the theory system of the MAT-CI, focuses on the axial symmetry
model, verifies the feasibility in the field of electrical impedance tomography

through experimentation and simulation.

2. Research on the Forward Problem of Electromagnetic
Field

2.1. Theoretical Analysis on Forward Problem

Assuming the imaging sample’s electrical conductivity is ¢ , the sample is put
in the static electric field of which the field density is B, , the current density in
the sample after the injunction of the current is J, the electric field intensity in
the sampleis E.

According to Maxwell’s equations, introduce the magnetic vector potential

A while meet Cullen specification, namely V-A=0
B=VxA (1)
From Maxwell’s equation
VxH=J,+0E (2)
Assuming that the permeability of the sample and air are p , and simplifying
it with the vector equation VxVxA=VV-A-V?A and Cullen specification
V-A=0, itis concluded from (1) and (2):
va—ya%—??st (3)

Injecting the electric current on the boundary of the sample, and the current

98

K2
0
o2

0% Scientific Research Publishing



H. Xia et al.

density is J,. Using the electric insulation boundary, and the condition of the

nx[iVxAJ
7

where N is the normal direction of the outer boundary, where the sample is in-

boundary is

=0

T

jected by electric current. With the Equation (3) and boundary condition, mag-
netic vector potential A can be obtained and the current density of the speci-

men can be calculated

J=oE-—2 (4)
at

2.2. Simulation Analysis on Forward Problem

It is shown in Figure 1 that a hollow cylinder in axial symmetry models is simu-
lated. The electrical conductivity distribution on the inner wall of the cylinder is
abnormal. For axial symmetry models, its electrical conductivity distribution of
the X—0—1Z section is same. Therefore, in simulation calculation, the parame-
ter distribution of the meridian plane of the dylinder just is researched.
Assuming that the density of the cylinder is 1x10°kg/m?, the spread speed
of the original sound field is 1500m /s in it, and the outer radius is 0.1Im
while the inner radius is 0.18m. In the coordinates of Figure 1, the electrical

conductivity in the section meets:
o (r,2) =10 +5x10* exp(10000x 7% (-0.12 + )? + 0.2 x (-0.05+ 2)°)
+5x10* exp(10000x 7°0.3% (—0.14 + r)? +(-0.02 + 2)2) (5)
+5x10" exp(L0000x z2(—0.16 + ) + 0.2 (~0.05 + 2)*)[S/ m]

Lorentz force divergence in this sample

e € e
f=JxB,=| 0 J, 0[=J,Be, (6)
0 0 B

where J, isthe ¢ component of current density. The matching Lorentz force

divergence is

z G [S/m] A 5001e4
x10*
5

4.5

r
0.1 0.1 0.12 0.13 0.144 0.15 0.16 0.17 0.18
r[m] #®ME 100

Figure 1. Axial symmetry model and electrical conductivity distribution on meridian
plane.
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V-f:V-(J¢Boer)=%§(rJ¢BO)=%[J¢+r(2]—r“’] (7)

From Equation (4) and (5), Lorentz force divergence on meridian plane of the
axial symmetry model can be obtained, as shown in Figure 2. From the Figure
2, it is shown that under the effect of the magneto-static field, the current density
and Lorentz force are strong when the electrical conductivity is strong which
could motivate stronger Lorentz force divergence sound source. Therefore, there
is a corresponding relation between strength of sound source and electrical

conductivity distribution.

3. The Inverse Problem of Electromagnetic Field

3.1. Inverse Problem Theory Analysis

In the research of inverse problem on the axisymmetric model, as the current
density in the samples is only on the circumferential component J,, and the
distribution of the current density of the samples on each meridian plane is the
same, the study about the electromagnetic field on a certain meridian plane is

available. Thus

re, e,
o\rd
VXJZEQ 9 i:l ( ¢)ez (8)
rior o¢ oz r or
o nJ, O
o(rd
If EM:k(r,z)
r or
Then the current density of the samples will be
1 r 1 1 1
J, :?J'ror k(r',z)dr 9)

The distribution of current density on the meridian plane would be available
through the Formula (9). And the distribution of electrical conductivity on the
meridian plane of the axisymmetric filed model could be obtained by an iterative

method with the result of current density.

3.2. The Simulation Analysis of Inverse Problem

Using the axisymmetric model in Figure 1 and collecting acoustic pressure sig-
nal, which the number of is 50x 4, around the interface, the sound sources, Lo-
rentz force divergence can be rebuilt for the sample by the time reversal way.
The Figure 3 is the distribution of Lorentz force divergence about the samples
by the time reversal way with the use of sound pressure in the original sound
field. Comparing to the Figure 2 in the forward problem, they have the similar
distribution.

Reconstruction electrical conductivity distribution is shown in Figure 4, and
consistent with Figure 1(b) the original conductivity images, which verifies the

feasibility of reconstruction methods.
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Figure 2. Lorentz force divergence on forward problem calculation.
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Figure 3. Lorentz force divergence reconstructed by the sound pressure.

4. Experiment Study

The experiment principle is shown in Figure 5, the plate that double-ring model

in is vertical to the static magnetic field. In order to avoid the reflection between

inner ring and outer ring, the plane that fits the inner ring and outer ring, how-

ever, the separation between is 2 mm for the probe of ultrasonic transducer is 10

mm. Thus, the double-ring model can be regarded in the same plate when im-

aging. Figure 5(b) is the top view of double-ring model while point A and B is

the injection point electrode, with frequency of 1 KHZ, duty ratio is 0.1%, am-

plitude of pulse current is 50 V.
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Figure 4. The reconstruction electrical conductivity of sample
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Figure 5. Experiment principle of MAT-CI and double-ring model

Magnetic acoustic signal received by ultrasonic transducer as shown in Figure
6, among which CHI represents waveform of synchronizing signal, CH2 re-
presents waveform of excited signal, CH3 represents waveform of magnetic
acoustic signal. Each of the vertical axes of CH3 is 5mV while excited signal seen
as reference signal. Four peaks in the right side are seen, in accordance with the
four positions of electrical conductivity.

Two sets of coaxial double-loop coils are adopted in experiment, the outer
diameters of the two sets of coaxial double-loop coils keep the same,

D =30mm . The inner diameters are D, =10mm and D, =20mm. Figure 7
and Figure 8 are images of electrical conductivity of double coils. From Figure
7, when the distance between the borders of 2 coils comes to 10 mm, the reinsti-
tuted image of Lorentz Force divergence and the image of electrical conductivity
coincide the spread of electrical conductivity of sample.

From Figure 8, when the distance between 2 coils becomes 5 mm, the recon-

struction image can be reflected the distance clearly, illustrating that MAT-CI
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Figure 6. Waveform of magnetic acoustic signal of double-ring model col-
lected by ultrasonic transducer
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Figure 7. The image of electrical conductivity of reconstructed double-loop
coils. (inner diameter: 10 mm)

experiment system and reconstruction arithmetic can make the resolution of
MAT-CI to 5 mm.

5. Conclusion

In this paper, it is conducted systematic research on the theory system of the
MAT-CI, focused on the axial symmetry model, and verified the feasibility in the

field of electrical impedance tomography through experimentation and simula-
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Figure 8. The image of electrical conductivity of reconstruction double-
loop coils. (inner diameter: 20 mm)

tion. Meanwhile, by making use of double-loop model to conduct an experiment

proving when distance of electrical conductivity becomes 5 mm, the reconstruc-

tion image of sample is obtained clearly. It is proved the prospect of MAT-CI in

medical area.
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