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An acoustic dipole radiation model for magnetoacoustic tomography with magnetic induction (MAT-MI) is pro-

posed, based on the analyses of one-dimensional tissue vibration, three-dimensional acoustic dipole radiation and acoustic

waveform detection with a planar piston transducer. The collected waveforms provide information about the conductiv-

ity boundaries in various vibration intensities and phases due to the acoustic dipole radiation pattern. Combined with

the simplified back projection algorithm, the conductivity configuration of the measured layer in terms of shape and

size can be reconstructed with obvious border stripes. The numerical simulation is performed for a two-layer cylindrical

phantom model and it is also verified by the experimental results of MAT-MI for a tissue-like sample phantom. The

proposed model suggests a potential application of conductivity differentiation and provides a universal basis for the

further study of conductivity reconstruction for MAT-MI.

Keywords: magnetoacoustic tomography with magnetic induction, acoustic dipole radiation, beam

pattern, biological tissues
PACS: 43.80.Ev, 72.55.4+s, 73.50.Rb

1. Introduction

In the past decades, several non-invasive imaging
techniques, such as electrical impedance tomography
(EIT),!* =3 magnetic induction tomography (MIT)[*5]
and magnetic resonance electrical impedance tomog-
raphy (MREIT),[G_S] have been proposed to image the
electrical impedance distribution of biological tissues
with improved image contrast with the help of a broad
However, the EIT tech-
nique is limited by the shielding effect!! of insulat-

range of impedance value.

ing tissues for current injection. The ultimate spatial
resolution of EIT or MIT needs further improvement
in order to achieve the high resolution required for
electrical impedance imaging, and the practical appli-
cation of MREIT is limited by the high-level current
injection, low-level signal-to-noise ratio and high cost.
A novel imaging modality of magnetoacoustic tomog-
raphy with magnetic induction (MAT-MI)*0~19] was
recently proposed to improve spatial resolution and
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image contrast without current injection.

Compared with other imaging modalities, MAT-
MI has shown improved reliability without physical
contact and the shielding effect for magnetic excita-
tion and acoustic propagation.''=14 Xu and Hel'!]
demonstrated the feasibility of the MAT-MI approach
for electrical impedance imaging. Xia et all'¥ per-
formed a three-dimensional (3D) image reconstruc-
tion with multi-layer measurement for a cylindrical
phantom model. Li et al,'®) and Ma and Hel'"18l
proposed a theoretical study for MAT-MI using the
acoustic straight line propagation mode with a fo-
cused transducer and neglecting acoustic diffraction.
A two-dimensional (2D) inverse problem of conductiv-
ity reconstruction was also investigated by using the
finite element method (FEM)!! to evaluate the per-
formance of MAT-MI.

In previous studies of MAT-MI, each Lorentz-
force-induced tissue vibration was considered to be
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a point acoustic source to produce spherical acoustic
propagation based on Green’s theorem. However, the
Lorentz-force-induced 1D tissue vibration in MAT-MI
is along the normal direction of eddy current and the
bi-directional vibration produces acoustic waves with
opposite vibration phases, which should be considered
as an acoustic dipole to generate 3D acoustic propa-
gation with corresponding radiation pattern.20l

In the present study, an acoustic dipole radia-
tion model is proposed to solve the forward problem
of MAT-MI for a planar piston transducer, based on
the analysis of 1D magnetic induction, 1D acoustic
vibration, 3D acoustic dipole radiation, acoustic pres-
sure integration and transducer waveform detection.
The analytical solutions of MAT-MI are deduced in
explicit formulae to describe the acoustic propaga-
tion, the acoustic pressure superposition and trans-
ducer waveform collection. To validate the proposed
theory, numerical simulations of acoustic dipole radi-
ation, acoustic waveform collection and 2D magnetoa-
coustic tomographic image reconstruction for a cylin-
drical phantom model with several geometric specifi-
cations are conducted. Based on the radiation pat-
tern analysis for each acoustic dipole, the reason why
the transducer-collected waveforms can provide only
the acoustic signal at the conductivity boundary is
It is also demonstrated that the
configurations of the scanned layer in terms of shape

clearly explained.

and size can be reconstructed without inner con-
ductivity distribution visualization. The experimen-

(18] for a two-layer cylindrical tissue-like

tal paradigms
sample phantom show good agreement with the nu-
merical simulation results. The favourable results sug-
gest the potential application of MAT-MI to electrical
impedance imaging and provides a universal basis for

the further study of conductivity reconstruction.

2. Theory and method

In the MAT-MI system shown in Fig. 1, a con-
ductive object is placed in a static magnetic field
By = B2 (the bold variable refers to a vector and the
hatted variable denotes the unit vector in this paper)
and a time-varying pulsed magnetic field B = B(t)2
generated by a magnet and a stimulating coil, respec-
tively. The coil is excited by an electric current pulse
to generate a pulsed magnetic field, which can induce
eddy currents inside the conductive object volume.
For simplicity, both the static and the pulsed mag-
netic fields are considered to be homogeneous in the
region covering the entire object volume V', while the

secondary magnetic field generated by the eddy cur-
rent is neglected for the low conductivity of tissues.
Due to the interaction between the static magnetic
field and the induced eddy current, an acoustic wave
can be generated by the Lorentz-force-induced acous-
tic vibration within the object. The generated acous-

tic pressure p satisfies the wave equation[?!-2%
1 0%p
2 =-V T) X B,
P= 292 = [J(r) x Bo] , (1)

where the acoustic source strength is a given function
of Q(r) = V - [J(r) x By] at the point r(z,y, z) in-
side the object, V is the divergence operator, V? is
the Laplacian operator, and c is the acoustic velocity.
The acoustic waveforms can be detected by the trans-
ducers placed at v'(2’, 4y, 2’) around the object for the
acoustic diffraction transmission in a 3D free space.
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Fig. 1. Illustration of the MAT-MI system.

For the magnetic induction in the MAT-MI sys-
tem with a low frequency of 0.5 MHz, the eddy and
the displacement currents are too small to disturb
the source magnetic field significantly. For biolog-
ical tissues, the displacement current is negligible
against the induced conduction current.!'?l Suppos-
ing that an object with a uniform conductivity o is
immersed in an insulating medium of o9 = 0 S/m,
the induced electrical intensity E in the object is gov-
erned by Faraday’s law as V x E = —0B(t)/0t and
the induced eddy current density can be described
as J(r) = cE(r) based on Ohm’s law. The induced
electrical field also satisfies the boundary condition
fix (E— Ey) = 0 at the conductive-insulator junction,
where Ej is the electrical intensity in the insulating
medium and 7 is the unit normal to Ey. Supposing
that the pulsed magnetic field is a step function e(¢)2
in MAT-MI system, then V x Es(r) = —§(¢t)Z and
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the induced eddy current density Js(7)d(t) are per-
pendicular to the external pulsed magnetic field. The
induced Lorentz force density Fy, = [J5(r)d(t) x By
is along the normal direction of the induced eddy cur-
rent in the zy plane, so the corresponding acoustic
source strength Qs(r) = V - [Js(r)d(t) x By| at point
r produces 1D tissue vibration along the direction
of the Lorentz force. For a conductivity homogenous
medium, the induced eddy current lines are closed
loops and the eddy current increases with the di-
mension for § [J5(r)/o] dL = — [[6(t)dS, where L
and S are the corresponding perimeter and area, re-
spectively. It reaches a maximum at the conductive
boundary with a shape similar to the cross-sectional
Due to the differential
effect, the acoustic source strength inside a low con-

geometry of the medium.

ductivity medium is much smaller than that gener-
ated at the conductivity boundary. Based on Green’s
theorem for a monopole acoustic point source, the
acoustic pressure transmitted from the source po-
sition r to the receiver position 7’ can be written
as Qs(r)exp[j(wt — k|r' — )] / [4m |’ — p[),20-22
where w and k are the angular frequency and the
wave number of the acoustic signal, respectively.

In the microscopic sketch map of acoustic dipole
radiation in MAT-MI, as shown in Fig. 2, the direc-
tion of the Lorentz force at position r is along the nor-
mal direction of the induced eddy current. The media
compression at the right side r and decompression at
the left side r_ produce two acoustic vibration sources
with opposite phases and each one can produce acous-
tic transmission in 3D space. Unlike monopolar acous-
tic point source radiation, the two acoustic point
sources with opposite phases should be pictured as
the two monopole sources of a dipole vector and the
acoustic dipole radiation should be considered in 3D
diffraction transmission mode. Taking pressure su-
perposition as the two monopole sources, the dipole

produced acoustic pressure transmitted from r to 7’

can be expressed as[20-22
por) = L et — k)
Qs(r-) :
_=ar) — ke 2
P T )
where ry = |’ =7y ] and r— = |’ —r_|. Sup-

posing that the distance ! between the two point
sources of the dipole is much smaller than the trans-
mission distance |r’ — 7| and it is also small enough
compared with the acoustic wavelength, the acous-
tic transmission distances can be approximated to

ry = r+1lcosf/2 and r— =~ r — lcosf/2 respec-
tively, where 6 is the angle between the normal di-
rection of #(r) and the transmission path v’ — r (see
Fig. 2). When the frequency is not too high for
kl <1, Qs(r) = Qs(ry) = Qs(r—) and r =~ ry = r_.
Considering the opposite vibration phases, the dipole-
produced acoustic pressure p(r’,r) transmitted from

r to 7’ can be simplified into!20—22

V - [J5(r)3(t) x By
4 |r’ — 7|

/

p(’l" ,’I’) =0

os 6, (3)

where 7 = —jkl is the dimensionless constant for a
specific system and the transmission time is set to be
t = |’ — 7| /c to satisfy exp[j(wt —k|r' —r|)] = 1.
It is clearly indicated that the radiation of the acous-
tic dipole of MAT-MI is inversely proportional to the
transmission distance |r’ — r| with a radiation pattern
of cosf.
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Fig. 2. Sketch map of acoustic dipole radiation in MAT-
MI.

As shown in Fig. 1, a planar circular piston trans-
ducer with the surface radius a is located around
the object to detect the propagated acoustic pres-
sures with the transducer pointing to the origin.
The acoustic signals transmitted from the vibra-
tion sources inside the object produce a pressure
If there
is an angle [ between the unit normal 7(r’) of

superposition on the transducer surface.

the transducer surface and the transmission path
|r" — 7|, the beam pattern |2J; (kasin 8)/ (kasin §)| of
the planar transducer should be considered222] and
the transducer-detected pressure pgr(r’,r) transmit-
ted from the acoustic dipole source position r to 7’
can be written as

V - [J5(r)5(t) x By

/ _
pR(T 7’I") - f’r] A |’I'/ — T|
2J1(kasin 3)
x ’knﬁ cost  (4)
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where ¢ is the acoustic pressure conversion efficiency
of the transducer and J; (ka sin ) is the regular cylin-
drical Bessel function of first order.

By extending the dipole source position r to the
entire object volume V and considering the time delay
of the transmission distance, the acoustic pressure de-
tected by the planar transducer at v’ can be described
as the volume integral over pg(r’,r)

w0 = [

I_
X cos@dr@é(t Ir r|>7 (5)

2J1 (kasin )
kasin 8

c

where ® is the convolution operator and d(t —
|r" — 7| /c) introduces the time delay of the acoustic
transmission distance |r’ — r|.

However, for current excitation of a stimulating
coil, the pulsed magnetic signal of a step function is
impossible to be generated. So the waveform of the
pulsed magnetic field B(t) should be considered as
B(t)2 = [0B(t)/0t)®e(t)Z, where the pulsed magnetic
field of a step function e(t)2 is used for pg (v, t) deriva-
tion. Meanwhile, each transducer has its own impulse
response S(t) to produce a time-series vibration for
the acoustic excitation of a delta function. Combin-
ing the waveforms of B(t) and S(t), the transducer-
collected acoustic waveform at r’' can be described as

2J1(kasin )
kasin 3

>< Bo]

o= [ T

[ ]
dB(t) i )

TR (6)

X cos@dr@é(t—

®S(t)®

Therefore, each transducer-collected acoustic wave-
form at position 7’ can be expressed as the convo-
lution result of the system transfer function h(t) and
the acoustic pressure pr (7', t). Here, the system trans-
fer function h(t) = S(t) ® [0B(t)/0t] is produced by
the impulse response of the transducer and the wave-
form of the pulsed magnetic field of the MAT-MI sys-
tem. pr(r’,t) can be defined as the conductive trans-
fer function that is determined only by the conductiv-
ity distribution of the conductive object.

In the image reconstruction process, the acous-
tic source cannot be identified accurately from each
waveform. However, it can be achieved using the to-
mographic technique for the waveform wg (7', t) col-
lected around the object. In the MAT-MI system, the

waveforms of the received acoustic signals are used
to reconstruct the image by the means of a simpli-
fied back projection algorithm for diffraction acoustic

sources!!1:23-25]
1 () (r —7)
I(r) = " t)d 7
0= g [ S e 0o ()

where I(7) is the reconstructed intensity at = inside
the measured scope and ¢ is the measured angle of the
transducer. The transmission distance can be calcu-
lated with the time delay from each time-series wave-
form collected around the object as |7’ — r| = ct.

3. Numerical simulations and ex-

perimental results

To verify the validity of the proposed theory for
the forward problem of MAT-MI, 3D simulations were
conducted for a two-layer eccentric cylindrical phan-
tom model with a height of 72 mm, as shown in
Fig. 3(a) and the corresponding cross section is pre-
sented in Fig. 3(b) with the conductivity value dis-
played in different gray scales. The conductivities of
the outer and the inner media were set as 07 =1 S/m
(simulating parenchyma) and o2 = 0 S/m (simulating
fat) respectively. The diameters of the outer and inner
media were set to be 72 mm and 36 mm centred at
the origin and (6, —6) mm, respectively. The trans-
ducer scans around the object in a circular orbit with
a radius of 60 mm.

To simplify the numerical calculation, the entire
object was immersed into distilled water of og =~
0 S/m for acoustic coupling, and the acoustic sys-
tem was considered to be acoustically homogeneous
without acoustic reflection, dispersion and attenuation
consideration.!?”l The acoustic velocities in the media
were both set to be 1500 m/s. The sampling rate of
the acoustic waveform collection and the correspond-
ing calculation grid were set to be 5 MHz and 0.3 mm,
respectively. The central frequency of the transducer
and the frequency of the pulsed magnetic field were
both set to be 0.5 MHz.

netic signal and the impulse response were simulated

The waveform of the mag-

as a semi-cycle cosine wave and a three-cycle damping
cosine pulse, respectively. The planar transducer was
placed in the central layer of the object at z = 0 mm
and the radius of the transducer surface was optimized
to be 0.1 mm to lower the influence of transducer aper-
ture.
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Fig. 3. (a) 3D configuration of the two-layer cylindrical model and (b) 2D conductivity distribution of the cross

section. (in mm).

In the the transducer-collected

acoustic waveforms at the angles from 0° to 359° were

simulations,

calculated based on Eq. (6) with a step angle of 1°.
The following calculation flowchart was employed for
each measured angle:

(i) calculate the coordinate 7’ for the transducer
at the measured angle;

(ii) calculate the acoustic source strength Q(r)
within the object;

(iil) calculate the acoustic pressure p(r/, r) trans-
mitted from 7 to 7’ based on the acoustic dipole radi-
ation theory;

(iv) integrate the acoustic pressure p(r’,r) over
the entire object (240 layers from —36 mm to 36 mm)
to obtain the conductive transfer function pgr (7', t);

(v) simulate the transducer-collected acoustic
waveform wg(r’,t) using the convolution operation
between the conductive transfer function pg(7/,t) and
the system transfer function h(t).

Figure 4(a) shows the normalized pressure of
pr(r’,t) obtained at an angle of 100° and figure 4(b)
displays the corresponding normalized acoustic wave-
form wg(r’,t) for comparison. Four pressure jumps
are clearly observed at about 16, 25, 49 and 64 us in
Fig. 4(a), representing the peak pressure values gen-
erated at the conductivity boundaries with the nor-
mal direction of the induced eddy current J(r) per-
pendicular to the transducer surface as n(r') = n(r).
The inverse acoustic pressures describe the opposite
vibration phases induced by the opposite conductiv-
ity change directions along the transmission path. For
example, the positive pressure at 16 us represents the
positive conductivity change from 0 S/m to 1 S/m,
while the negative pressure at 64 us is for the negative
conductivity change from 1 S/m to 0 S/m of the outer

medium. The pressure amplitude of each medium is
asymmetric due to the differences in transmission dis-
tance and angle of each acoustic dipole radiation from
r to 7', even though the configurations of the outer
and inner media are symmetric circles. So there is con-
tinuous acoustic pressure damping between the jumps
from the maximal to the minimal values and the am-
plitude difference comes from the integral over all the
acoustic dipole sources in the object volume.

a

v 0.8} ( )-
9
=]
b= L ]
a
g 04} J
<
el L 4
QL
N
I 0
g
—-
[e] - 4
Z,

_04_ 4

0

o 0.8r
g=]
= L
=
= 04r
g L
54
| S
£ 04
g
o] + 4
Z

—0.8}F b

0 20 40 60 80

Time/ps

Fig. 4. (a) Normalized acoustic pressure pr(r’,t) mea-
sured at an angle of 100° and (b) corresponding detected
waveform wg (7', t).

Due to the vibration of the impulse response of
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the transducer in the convolution operation with the
acoustic pressure pgr(r’,t), four obvious wave clus-
ters are generated in the collected waveform wg (7', t)
as shown in Fig. 4(b), which are produced by the
four jumps of pr(r’,t). The different amplitudes and
phases of the wave clusters represent the differences
in intensity and polarity of the acoustic pressure in
pr (7', t) respectively. Meanwhile, the wave clusters
produced by the continuous waves (for example, from
25 us to 49 ps) are almost eliminated after the convo-
lution operation.

Based on the back projection algorithm of
Eq. (7), the acoustic tomographic image of MAT-
MI was reconstructed as illustrated in Fig. 5(a)
with 360 simulated waveforms. The configura-
tions in terms of shapes and sizes of the outer
and inner media of the object are clearly displayed,
while the conductivity distribution inside each con-
ductive homogenous medium cannot be visualized.
In addition, an obvious stripe at each conductive

60

30

—30

Normalized amplitude

— reconstructed image
L — — model image .
1 1 1 1 1

—-60 —40 =20 0 20 40 60

= axis/mm

Fig. 5. (a) Reconstructed image using the detected wave-
forms and (b) its 1D distribution (solid line) at y = 0 mm
with the corresponding conductivity distribution of the
model for comparison (dashed line).

boundary makes a wide borderline between the ad-

jacent media, which is introduced by the impulse re-
sponse of the receiver. The boundary brightness of the
outer medium is higher than that of the inner medium
because of the higher induced eddy current. As shown
in Fig. 5(b), the 1D distribution (solid line) of the re-
constructed image at y = 0 mm identifies the accu-
rate positions of the conductivity boundaries, which
accords well with the corresponding conductivity dis-
tribution (dashed line) of the model. In addition, the
opposite vibration phases at —36 mm and —10 mm
represent the inverse conductivity changes, and their
amplitudes also indicate the Lorentz force difference
at the conductivity boundaries of the outer and inner
media.

Although the simulations had verified the valida-
tion of the proposed theory for the forward problem
of MAT-MI, it would be more desirable to test its
effectivity further with the experimental data. The
acoustic waveforms were extracted from the measured
data,['8) and then the image was reconstructed based
on Egs. (6) and (7).
piston transducer (V301, 0.5 MHz, Panametrics) was

In the experiment, a planar

used as the receiver. The phantom model used in the
experiment was a two-layer cylindrical sample with
0% saline gel (0 S/m, about 30-mm diameter) used
as the inner medium and 0.5% saline gel (0.95 S/m,
about 50-mm diameter) serving as the outer medium.
The experimental results of the acoustic waveform and
the reconstructed image accord well with the theoret-
ical predictions. As shown in Fig. 6(a), the collected
acoustic waveform at an angle of 270° displays four
clusters with corresponding positions, amplitudes, and
vibration phases, which represent the four conductiv-
ity boundaries of the model. It is clear that the wave
clusters of the outer (26 ps and 59 us) or inner (32 ps
and 49 ps) medium are in opposite vibration phases
and the amplitude at 59 ps is even higher than that
at 26 us. It is consistent with the theoretical predic-
tion of the acoustic dipole radiation model and further
proves that the acoustic pressure is determined by not
only the transmission distance but also the transmis-
sion angle. However, the high level noise introduced
by the experimental system is also obviously revealed
in the waveform.

The reconstructed image in Fig. 6(b) presents the
conductivity configuration of the cross section of the
cylindrical phantom. The stripes at the conductiv-
ity boundaries with the opposite vibration phases and
corresponding amplitudes are displayed in different
brightnesses. However, some boundaries are blurred
because of the acoustic pressure superposition in the
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experiment, including the conductivity abnormity of
the phantom, pressure counteraction on the large-scale
transducer surface and the finite sampling number,
low level SNR, and so on.

0.8F (a)

0.4

Normalized amplitude

5 —04}

40 60 80

Time/pus

G0

30

15

0 15 30 45 60 75

Fig. 6. (a) Experimental acoustic waveform detected at
an angle of 270°, and (b) reconstructed image (in mm).

4. Discussion

In thermoacoustic tomography (TAT) with mi-
crowave radiation, thermally induced tissue vibra-
tion is a pulsating spherical source with an omni-
directional radiation pattern and the acoustic pres-
sure can be calculated using the Green’s function. For
the point acoustic radiation assumption, the collected
wave clusters are in the same vibration phase and the
higher amplitude can be achieved for closer transmis-
sion because the acoustic pressure is only inversely
proportional to the transmission distance. In previous
studies of MAT-MI, imitating the principle of TAT,
the magnetoacoustic excitation and transmission are
both considered to be a point source to perform the-
oretical analysis and image reconstruction. However,
unlike the thermal-absorption-induced 3D tissue vi-
bration in TAT, the Lorentz-force-induced 1D tissue

vibration in MAT-MI generates acoustic waves in op-
posite phases along the force direction to form an
acoustic dipole. Considering the radiation pattern of
cosf, the dipole radiation can produce pressure at-
tenuation with opposite phases for different transmis-
sion distances and directions. The proposed acous-
tic dipole radiation model of MAT-MI is verified by
the experimental results of opposite vibration phases
and different wave cluster amplitudes for conductivity
boundaries in the collected waveforms.

In the pilot study performed by Xu and He,!) the
magnetoacoustic signals generated from a metal wire
loop were collected and the reconstructed image was in
good consistence with the shape of the wire loop. For
the frequency at 0.5 MHz, the 0.5-mm diameter of the
metal wire was much smaller than the wavelength of
3 mm. Due to the waveform superposition for the ad-
jacent boundaries of the thin wire, only one vibration
cluster could be detected and the two wire boundaries
could not be differentiated. Li and Xial'¥ conducted
the experiment for a multi-layer cylindrical phantom
with two gel columns inside and only the conductiv-
ity boundaries of the phantom with the corresponding
circular and triangular cross sections were displayed in
the reconstructed image, which provided an evidence
for the proposed analytical forward problem solution
for MAT-MI.

In the present study, the proposed theory gives a
theoretical explanation of the acoustic dipole radiation
for MAT-MI in acoustic diffraction transmission mode
for a planar piston transducer. The numerical simula-
tions of the collected waveform and the reconstructed
image are in good agreement with the experimental
results and it is proved that the reconstructed image
can display only the configuration of the medium in
terms of shape and size without the inner conductivity
distribution visualization. The conductivity bound-
aries can be reconstructed with a wide striped bor-
derline and the spatial resolution of MAT-MI can be
improved with high frequency magnetic induction and
a broadband transducer.['s) However, the great atten-
uation and nonlinear effect of thigh frequency acoustic
propagation can reduce the transmission distance and
lower signal-to-noise ratio (SNR) for acoustic detec-
tion. Therefore, an appropriate frequency should be
selected to achieve better image effect in the exper-
In addition, the MAT-MI system is consid-
ered to be acoustically homogeneous to simplify the-

iment.

ory deduction and numerical calculation. The acous-
tic reflection, refraction, and scattering are neglected.
In fact, the acoustic inhomogeneity can change the
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acoustic propagation direction, strengthen the acous-
tic scattering and lead to indeterminacy for acous-
tic detection, which can impair the accuracy and the
determination of the image reconstruction.26! So the
magnetic distribution, the acoustic inhomogeneity and
the diffraction of acoustic dipole radiation need fur-
ther investigating for the inverse problem of the con-
ductivity distribution reconstruction in MAT-MI.

5. Conclusion

In the present paper, an analytical forward prob-
lem solution of MAT-MI is proposed in explicit for-
mula based on the acoustic dipole radiation model
for a planar piston transducer. The mechanism of
MAT-MI is analysed with the acoustic dipole radi-
ation in 3D diffraction transmission mode with im-
It is demonstrated that
the acoustic dipole radiation pattern produces pres-

proved universal validity.

sure jumps at the conductivity boundaries and the
corresponding vibration clusters are generated in the
transducer collected waveforms. Using the back pro-
jection algorithm, the conductivity boundaries can be
reconstructed with corresponding vibration intensity
and phase, which are introduced by the conductiv-
ity variation. The reconstructed 2D image can dis-
play the conductivity configuration of the measured
layer in terms of shape and size with obvious bor-
der stripe, while the conductivity distribution inside
each medium cannot be visualized. The experimen-
tal paradigms for a two-layer cylindrical sample phan-
tom are consistent with the numerical simulation re-
sults. Even though the conductivity reconstruction is
required to be further investigated, the present stud-
ies offer a theoretical basis of conductivity imaging for
MAT-MI. The favourable results also indicate that the
proposed modality could be potentially used as a pow-
erful noninvasive imaging technique to visualize the
conductivity distribution with excellent spatial reso-
lution and improved contrast.
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