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ABSTRACT As the conductivities of healthy tissue and cancerous tissue are different, methods for detecting
conductivity variations of biological tissue are potential medical imaging modalities for early diagnosis
of cancer in the future. Magneto-acousto-electrical tomography (MAET) is a noninvasive and hybrid
conductivity imaging technology that integrates the advantage of high contrast. It has been demonstrated to
have an excellent capability to distinguish conductivity variations along the direction of acoustic propagation
and extremely promising as an alternative medical imaging technology for early detection of cancer.
However, the existing MAET has a low resolution, and the factors affecting the imaging resolution of
MAET are rarely studied systematically. Therefore, we firstly designed an MAET detection system and
performed several verification experiments. A B-scan algorithmwas then proposed for enhancing the system
resolution. Subsequently, two uniform phantomswith different intermediate gaps in themiddle and a B-mode
imaging experiment on pork tissue were used for testing the performance of detection resolution. Finally,
comparative analyses were performed to verify whether the frequency, the cycle number of the excitation
signal, and the B-scan algorithm can influence the detection resolution. We obtained the following results:
1) The longitudinal resolution of the conductivity B-scan image increases as the number of cycle excitation
decreases. 2) Vertical resolution using a 2.5MHz probe excitation is significantly better than using a 500 kHz
probe excitation. 3) The B-scan algorithm can improve conductivity resolution, and it reveals that our
proposed detection system’s longitudinal resolution can reach 1mm. 4) we obtained the conductivity profile
of pork tissue. The results showed that our detection platform could accurately distinguish the target sample’s
interfaces of conductivity variations, increasing the excitation frequency, reducing the cycle number, and
adopting the B-mode imaging algorithm could improve its conductivity detection resolution, which laid the
foundation for the design of a high-resolution MAET detection system.

INDEX TERMS Conductivity tomography, weak signal processing, magneto–acousto–electrical detection,
electromagnetic interference.

I. INTRODUCTION
Numerous studies have found that conductivity variation
within a tissue provides physiological information, reflects
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the pathological state of biological tissue, and that conductiv-
ity variation is a conspicuous feature of most cancer tissues in
their early stage [1]. For instance, the conductivity of healthy
breast tissues is much lower than that of breast cancer tissues,
and the conductivity of muscle tissue is about ten times that
of fat tissue [2]. Therefore, the conductivity difference can
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be employed as a sensitive sign for pathological diagnosis.
Imagining the electrical impedance of both cancer tissues and
surrounding healthy tissues may help the doctors diagnose
cancer early and significantly reduce cancer mortality [3].
Thus, imaging the conductivity is likely to be one of cancer
detection modalities in the future [1], which has attracted
considerable attention among many biomedical tomography
investigators, and several conductivity detection modalities
intended to derive the conductivity distributions inside image
object are being extensively investigated, like magnetic res-
onance electrical impedance tomography (MREIT) [4], [5],
electrical impedance tomography (EIT) [6], magnetoacous-
tic tomography (MAT) [7], magnetic induction tomography
(MIT), and acoustoelectric tomography (AET) [8]. However,
the above-mentioned imaging methods have their limitations,
for example, the spatial resolution of MIT methods is low,
which limits its application [9], AET exists the nonlinear
problems and its reconstruction algorithm is complex [10],
the magnetoacoustic signal of MAT is challenging to be
detected and processed, as for MREIT, a high level current
injection is always needed and is may harmful to imaging
tissue [11], and the detection resolution of EIT is strictly
restricted by the electrical insulation of the imaging body and
quantity of the electrodes [12].

Since magneto-acousto-electrical tomography (MAET)
integrates the strong points of the acoustic, electric, and
magnetic fields and advantages of both the traditional EIT
and ultrasound imaging. Besides, the magneto–acousto–
electrical (MAE) voltage signal collected via electrode pair is
detected and processed conveniently [13], [14]. The method
of increasing the acoustic beam’s excitation frequency can
easily enhance the detection resolution of MAET, which is
useful for reducing the cost and complexity of the MAET
detection systems [3]. Therefore, MAET is widely and inten-
sively researched worldwide and may achieve widespread
application [15], [16].

MAET is presented initially by Wen et al. [15]
and also called Hall effect imaging [17]. In 2013,
Grasland-Mongrain et al. [2] renamed MAET as Lorentz
force EIT and designed an experimental apparatus for imag-
ing animal gelatin [3]. In 2008, the formula of Lorenz force
induced electrical signal produced in anisotropic biological
tissue was obtained by Roth and Tseng [18]. The relation-
ship among the acoustic pressure of the probe, electrical
potential, and electrical property inside the target sample
was investigated by Xu et al. [19], [20]. An MAET detec-
tion apparatus using sinusoid-Barker-coded excitation was
designed, and clear MAE signals of a 3-layered animal
gel imitation were derived by Yu et al. [21]. The MAE
signal could distinguish conductivity variations along the
ultrasonic beam direction, which was discovered by Ma
et al. [3]. In 2020, a three-dimensional mathematical simula-
tion model of MAET was presented, and a three-dimensional
image was reconstructed by Li et al. [22]. Numerical sim-
ulation of multi-angle MAET for improving image recon-
struction of MAET was presented by Sun et al. [23].

Furthermore, noninvasive modality of treatment-efficacy
evaluation for high-intensity focused ultrasound ablation
using MAET technology was theoretically investigated by
Zhou et al. [24].

Although tremendous achievements were made in the past
two decades, some issues need to be further investigated. [25]
For instance, the theory of deconvolution was proposed by A.
Montalibet et al., but they did not reconstruct the conductivity
image within the target sample [26]. P. Grasland-Mongrain
obtained the MAET image of biological tissue for the first
time in 2015. The image effect was unsatisfactory due to the
non-uniform magnetic field and low ultrasonic stimulating
frequency [27]. Numerical simulations and related imaging
experiments on a multi-layered phantom and a pork tissue
sample were conducted by Liu et al. [15]. However, a detailed
study of the factors affecting the resolution of MAET has not
yet been conducted.

Although the MAET system using the chirp signal exci-
tation method was presented in our previous research, its
application requires a broad bandwidth probe. The excitation
signal with wide bandwidth imposes higher requirements for
amplifying and detecting of MAE signal [14], [28]. Ma et al.
further improved the theory of deconvolution and recon-
structed the conductivity distribution of a 3-layered animal
gel imitation, and proposed that the longitudinal resolution of
theMAE signal is affected by thewavelength of the ultrasonic
beam [3]. However, they have not yet conducted related
experiments to verify the theory and analyze its effect on con-
ductivity resolution. The detection resolution obtained by a
0.5MHz probe is not good enough. The rotational reconstruc-
tion method for deriving the conductivity distributions inside
the imaged object was employed to perform an MAET imag-
ing experiment on a circular phantom and meat sample by
L. Kunyansk et al. in 2017 [29]. However, the improvement
of detection resolution was limited. Although Chen et al. first
proposed a multi-focusMAET detection platform using chirp
signal stimulation, it presented several effective methods to
reduce the electromagnetic interference signal (EMI) and
improve the resolution of the B-scan image. They also clar-
ified that the number of cycles of the cosinusoidal stimulus
signal is the main factor that affects the imaging resolution
of MAET [16]. However, they have not been verified and
analyzed the influence factor by experiments and have not yet
been reported the conductivity B-mode image of biological
tissue.

Since current MAET has a low detection resolution on
biological tissue, the influences of the frequency, cycle num-
ber of the excitation signal and B-scan imaging algorithm
on conductivity resolution of MAET have not been studied.
It is of considerable significance to investigate the factors
affecting the conductivity detection resolution of MAET.
Therefore, in this study, we designed an MAET experimental
platform, proposed a reconstruction B-scan algorithm that
can be used for improving conductivity axial resolution,
and explored the factors for improving the spatial resolution
of conductivity. Besides, two uniform gel phantoms with
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different intermediate gaps (3mm, 1mm) (4-layers conduc-
tivity change interfaces) and a real pork tissue were utilized
for B-scan imaging experiments to verify the performance of
our designed MAET system. The experiments illustrated that
the detection resolution of our proposed MAET system could
reach 1 mm, and the conductivity outline of the pork tissue
was derived. The detected conductivity boundary was coin-
cidedwith the thickness of the target imaging body, indicating
the accuracy, effectiveness, and feasibility of our proposed
MAET detection approaches and platform. It provided the
possibility of the boundary measurement for cancers and the
materials damage detection in the future.

II. IMAGING PRINCIPLE AND METHOD
A. IMAGING PRINCIPLE
In ourMAET imaging platform, firstly, a short pulse stimulat-
ing signal is sent to an ultrasound transducer to produce vibra-
tion within the target sample. Then, the opposing Lorentz
forces are generated under the action of a static magnetic
field and ultrasonic beam. Then the negatively and positively
charged particles are separated, creating an electric current
perpendicular to the direction of the ultrasound and magnetic
fields. Finally, producing a µ V-level MAE signal on the
surface of the target imaging body, which is measured by a
pair of electrodes attached to the lateral sides of the imaging
sample. The imaging principle of MAET within a target
sample is plotted in Fig. 1.

FIGURE 1. Imaging principle of MAET.

In the above imaging process, to simplify theoretical
derivation, we make some ideal assumptions that ultrasound
pressure is low enough without considering the nonlinear
effect and ultrasound propagation in a fluid media without
any viscosity and energy loss [3]. Consequently, the ultra-
sound pressure meets the linear inviscid force equation [30],
and the vibration velocity at (z, t) can be described as

v(z, t) = −
1
ρ(z)

∫ t

0

∂p(z, t)
∂z

dt (1)

Under the excitation of an acoustic beam, the vibration
of ion occurs, the vibration velocity of a single charged ion
q can be denoted as v. Due to the interaction with a static

magnetic field B, ion deflection occurs by the induced Lorenz
force F = qv × B, which is perpendicular to the vibration
velocity v and magnetic field B. The electrical potential along
the x-axis is generated, establishing a time-varying electrical
field source E = v × B, which conversely forms a current
density J within the imaging sample.

As the electrodes are placed on the x-axis, and themagnetic
field is on the y-axis, the component of vibration velocity
along the z-axis can be written as vz. Thus, the current density
can be described as

Jx = σvz × By (2)

In practice, the net current is only a part of the total electric
flow generated by the Lorentz force, so the fraction is set to
µ and the impedance of the measurement system is denoted
as R0. Integrating Jx over the ultrasound path s and ultrasound
beamwidth W . The received voltage can be expressed in the
form of Eq. (3).

V (t) = µWR0By

∫
s
σ (z)v(z, t)dz (3)

Substituting Eq. (1) into Eq. (3), the detected MAE voltage
can be simplified as

V (t) = −µWR0By

∫
s

σ (z)
ρ(z)

[∫ t

0

∂p(z, t)
∂z

dt
]
dz (4)

As the imaging body is soaked in density uniform media,
ρ(z) can be simplified into ρ0. Combining Eq. (4) by parts
and supposing the stimulating acoustic beam transmits from
position z1 to z2, the detected MAE signal can be rewritten
as

V (t) = −
µWR0Byσ (z)

ρ0

∫ t

−∞

p(z, t)dt|z2z1

+µWR0By

∫ z2

z1
(
∂

∂z
(
σ (z)
ρ0

)
∫ t

−∞

p(z, t)dt)dz (5)

Supposing the ultrasound momentum is expressed as
M (z, t) =

∫ t
−∞

p(z, t)dt , Eq. (5) can be expressed in the form
of Eq. (6).

V (t) =
µWR0By
ρ0

∫ z2

z1
(
∂σ (z)
∂z

)M (z, t))dz

−
µWR0Byσ (z)

ρ0
M (z, t)|z2z1 (6)

As the excitation signal is a cosinusoidal waveform,
the integral of the ultrasonic excitation signal is equivalent
to zero at any time of the interval encompassing the whole
ultrasonic beam. In other words, the net momentum of the
ultrasonic beam is zero [31]. Thus, the second term in Eq. (6)
is zero when the ultrasonic wave packet propagates within
the target sample, and the detected MAE signal can then be
simplified as:

V (t) =
µWR0B
ρ0

∫ z2

z1
(
∂σ (z)
∂z

M (z, t))dz (7)
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B. IMAGING METHOD
According to Eq. (7), the nonzero MAE signal only appears
at the locations where a conductivity gradient exists [17].
In other words, as the wave packet of the ultrasonic beam
passes through a conductivity variation interface, a weak Hall
voltage is generated, and the total MAE voltage turns to
nonzero. The detected MAE signal’s peak implies the posi-
tion of the conductivity variation interfaces of the target sam-
ple [17]. The peak time of each wave packet represents the
interface position of the conductivity variation. Then, after
scanning around an imaging body using an excitation probe,
a reconstructed conductivity image of the target sample can
be obtained by a B-scan imaging algorithm. The whole imag-
ing principle is similar to that of B-mode ultrasonography.
Therefore a B-mode image with relative conductivity infor-
mation of the target sample can be derived by joining lots of
MAE voltage signals at different stimulating locations with
their positions information on the x-axis.

C. PLATFORM DESIGN
1) DETECTION SYSTEM DESIGN
To explore the influences of the ultrasonic excitation fre-
quency, the number of excitation cycles, and B-scan imaging
algorithm on conductivity imaging resolution and improve
the imaging resolution of MAET, we designed and imple-
mented an MAET measurement platform, which contained
four components: 1) excitation and acquisition section,
2) transducer motion control section, 3) detection front end
section and 4) data processing and imaging platform.

As a critical part of theMAET detection platform, the exci-
tation and acquisition section consists of a function generator
(AFG3102, Tektronics Inc., USA), a 53-dB power amplifier
(RF Power A150, Electronics & Innovation Inc., New York,
USA), a four-channel oscilloscope (DPO5054B, Tektronics
Inc., USA), a custom-made and high-power single element
transducer, two cascaded differential amplifiers (PXPA6,
Pengxiang technology Inc., Hunan, China) and a homemade
band-pass filter (−3 dB bandwidth 1 MHz ). The detection
front end section consists of silver-plated copper electrodes
pairs, a C-shaped static magnet with two cube-shaped per-
manent magnets and corresponding support structure, and a
measuring tank with the C-shaped static magnet inside. The
transducer motion control section contains a planar ultra-
sound probe and a motion control device. The motion control
device (MC600, ZOLIX Instruments Inc., Beijing, China) is
employed for the movement of the stimulating transducer.
A personal computer is utilized for data processing for the
B-scan algorithm processing and conductivity imaging of
offlineMAE signals. The detection system block diagram and
physical diagram are shown in Fig. 2 (a) and (b), respectively.

In our proposed MAET apparatus, a personal computer
sends a control command and controls the motion controller’s
movement via an RS232 serial port. The signal generator is
triggered by a motion controller to generate several cycles
of the cosinusoidal excitation signal. The stimulating probe

FIGURE 2. System composition of our proposed MAET system.
(a) Connection block diagram. (b) Physical diagram.

is employed to produce the ultrasonic beam to cause local
vibration of the target sample. Besides, two differential mul-
tistage amplifiers are utilized for amplifying the weak MAE
signals. The silver-plated copper electrode pairs are linked to
the differential pre-amplifier, and that electrode pairs are used
to closely connect to both sides of the target sample. The C-
shaped static magnet is utilized for yielding an approximate
0.78 T uniform magnetic field. Non-conductive oil is used
as the coupling media between the transducer and imaging
body, and a slanted ultrasonic absorbing baffle is employed
as an acoustic absorber.

In our MAET detection, the excitation probe and the tar-
get sample are placed in the tank and soaked into insulat-
ing oil. A function generator generates a stimulating short
pulse with a repetition time of 10 ms, 2-6 cycles of cosi-
nusoidal waves, and 600 mV amplitude. After being ampli-
fied by the 53dB power amplifier, the stimulating signal is
sent to drive an immersion-type transducer. A pair of elec-
trodes is utilized to collect the MAE signal. An adjustable
differential pre-amplifier (PXPA6, 10 dB, China) connect-
ing to the electrode pairs is mainly applied for reducing

203460 VOLUME 8, 2020



M. Dai et al.: Research on Factors Affecting the Imaging Resolution of MAET

the common-mode interference, and an adjustable low-noise
post-amplifier (PXPA6, 30 dB, China) is applied for sec-
ondary amplification. A homemade band-pass filter is used to
improve the signal-to-noise ratio (SNR) of the MAE signal.
After that, the MAE voltage is collected by the multi-channel
oscilloscope at the 20-MHz sampling frequency. After being
processed over 3000 times by mean filter, the oscilloscope
displays and saves the MAE signal in CSV format. The col-
lected MAE signal is further processed offline in a personal
computer equipped with MATLAB 2015a. During the above
imaging process, bymoving the probe on the x-axis, repeating
the above steps, and combining theMAE voltage signals with
their location information, a B-mode image with conductivity
information is derived after being processed by a B-scan
imaging algorithm.

2) B-SCAN IMAGING ALGORITHM
The SNR of the MAE signal has a significant influence on
the conductivity resolution. To derive a high SNR MAE sig-
nal and improve the conductivity B-mode image’s detecting
resolution, we proposed an effective conductivity B-mode
imaging algorithm, analyzed and evaluated the influences
that the B-scan algorithm on conductivity resolution. Firstly,
in our B-scan algorithm, the surrounding noise is filtered out
by the mean calculation (MC) for more than 3000 times.
Then, Wiener filtering (WF) is used for further screening out
the processed data, and Hilbert transform (HT) is performed
to derive the envelope distribution of the MAE signal. Next,
a B-mode scanning image with MAE voltage distributions is
reconstructed after combining the processed MAE voltages
at different stimulating locations with their corresponding
x-axis position. Finally, a B-mode image with conductivity
information is achieved by performing a linear interpolation
algorithm. In this study, Wiener filtering is used to filter out
the external noise and obtain high SNR of the MAE signal.
Hilbert transform is utilized for deriving the envelope of the
MAE voltages and turn the polarized wave packet of the
MAE signal into a unipolar wave packet. The linear interpola-
tion algorithm is applied to smooth the conductivity B-mode
image for achieving a high-accuracy interface position of the
conductivity variation.

III. EXPERIMENTS AND RESULTS
A. EFFECT OF CYCLE NUMBER OF EXCITATION
SIGNAL ON DETECTION RESOLUTION
To explore the influences of the cycle number of excitation
signal on detection resolution, we carried out a verification
experiment. In that experiment, a uniform cuboid phantom
was used as a target sample, and an ultrasonic beam with an
excitation frequency of 2.5 MHz, three cosinusoidal pulses,
a repetition frequency of 100 Hz and an amplitude of 600 mV
was used as an excitation source. The collectedMAE signal is
shown in Fig. 3 (a), and then making sure the other conditions
were unchanged, when the excitation signal cycle number
increased from 3 to 6, the collectedMAE signal could be seen

FIGURE 3. Study on factors affecting conductivity resolution. (a) The MAE
signal collected when using a 3-cycle cosinusoidal excitation at 2.5 MHz
as the excitation signal. (b) The MAE signal received when using a 6-cycle
cosinusoidal excitation at 2.5 MHz as the excitation signal. (c) The MAE
signal detected when using a 2-cycle burst at 500 kHz as the excitation
signal. (d) The MAE signal collected when using a 2-cycle burst at 2.5 MHz
as the excitation signal.

in Fig. 3 (b). From Fig. 3 (a) and (b), it is shown that theMAE
signal using a 6-cycle cosinusoidal excitation at 2.5 MHz
has significant ripple noise than using a 3-cycle excitation
signal at 2.5 MHz. The width of the MAE wave packet
received at the interfaces of the conductivity variation is
related to the cycle number of the ultrasonic excitation signal.
The more the excitation signal cycle number, the higher the
excitation power, but the lower the detection resolution. The
fewer cycles of the excitation signal, the higher the detection
resolution, but the smaller the detection SNR.

B. EFFECT OF EXCITATION FREQUENCY
ON IMAGING RESOLUTION
We used a uniform phantom with four conductivity variation
interfaces as a target sample to explore the influences of
excitation frequency on conductivity resolution in this article,
and a 2-cycle ultrasonic stimulating burst of cosinusoidal
pulses was generated and applied to the immersion-type
probe. Under the same cycle number (2-cycle) of the exci-
tation signal, comparative experiments were performed, and
clear MAE signals were obtained after being processed by a
Wiener filter. When the excitation frequency increased from
0.5 MHz to 2.5 MHz, the collected MAE signal was shown
in Fig. 3 (c) and Fig. 3 (d). From Fig. 3 (c) and Fig. 3
(d), the detection resolution using an excitation signal with
an excitation frequency of 2.5 MHz is significantly better
than that of 0.5 MHz, which indicates that the higher the
ultrasonic excitation frequency, the better the longitudinal
detection resolution.

Moreover, as shown in Fig. 3, it also can be seen that
the MAE wave packet’s width is equal to the multiplication
of cycle number and wavelength of the excitation signal.
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TABLE 1. Accuracy analysis.

It clarifies the cycle numbers and excitation frequency of
the ultrasonic stimulating source directly affect the interface
detection resolution of the conductivity variation. The fewer
cycle numbers of the excitation signal and the higher the
ultrasonic excitation frequency, the higher the detection reso-
lution of the MAE signal. Therefore, to obtain a high SNR
MAE signal and acquire a high detection resolution of a
B-scan image, an ultrasonic excitation signal with two cycles
of cosinusoidal pulses, an excitation frequency of 2.5 MHz
was utilized as the ultrasonic excitation source in subsequent
experiments.

C. INFLUENCE OF B-SCAN ALGORITHM
ON IMAGING RESOLUTION
To derive a high accuracy of a B-mode image and further
improve the detection performance of resolution, in this work,
we proposed a B-scan imaging algorithm and carried out
several comparative experiments. A uniform gel imitation
with 0.5% salinity (7.5 × 2.8 × 3.5 cm) was placed in the
middle of a detection tank and utilized as the imaging body to
demonstrate the influence that the B-scan algorithm on imag-
ing resolution. The target gel imitation is shown in Fig. 4 (a).
After being processed bymean calculation, the detectedMAE
voltage signal is shown in Fig. 4 (b). As shown in Fig. 4 (b),
the SNR of the MAE signal detected by our MAET mea-
surement platform is high. The two interfaces of the conduc-
tivity variation can be recognized significantly. The average

FIGURE 4. Influence of B-scan algorithm on detection resolution.
(a) Target uniform phantom. (b) MAE signal processed by MC. (c) MAE
signal processed by WF. (d) MAE signal processed by HT.

interface locations of the conductivity variation of the
upper and lower imitation interfaces are close to 14.19 and
17.11 cm, respectively. Thus, the average thickness of the
uniform phantom is approximately 2.92 cm, which illustrates
that the width of the phantom calculated by the MAET detec-
tion system is close to the actual value (2.8 cm) measured
by ultrasound imaging, the detection accuracy of the uniform
phantom is shown in Table 1.

Besides, to improve the detection resolution, in this work,
Wiener filtering was applied to cut down external noise inter-
ference in our study. The obtained MAE waveform after
being processed by Wiener filtering was shown in Fig. 4
(c), from which we can see that Wiener filtering signifi-
cantly reduces external noise interference, and the SNR and
detection resolution of the MAE signal is much high. The
two obtained interface positions of conductivity change are
14.19 and 17.05 cm, and the calculated thickness of the
imitation is 2.86 cm,which demonstrates thatWiener filtering
can improve the detection resolution. Subsequently, to further
enhance the imaging resolution, Hilbert transform process-
ing was performed on the above MAE signal to derive the
envelope of theMAEwave packet at each excitation position,
and the processed MAE signal by HT is shown in Fig. 4 (d).
As shown in Fig. 4 (d), the two peak positions of the two
envelopes of the MAE signal are 14.22 and 17.05 cm, respec-
tively, and the calculated thickness of the uniform imitation
is 2.83 cm, with the measured value being much closer to
the actual 2.8 cm thickness of the phantom, indicating that
the B-scan imaging algorithm including MF, WF, and HT is
suitable for interfacemeasurement of the conductivity change
area and can improve detection resolution of conductivity.

To achieve the conductivity distribution of MAET in a
planar area, we conducted a scanning motion experiment
to perform stepscan movements along the x-axis. After the
probe is moved to scan the uniform phantom along the x-axis
direction, the MAE signals at different excitation positions
are received and recorded. Then the recorded data is pro-
cessed by MC, WT, HT, and two-dimensional linear interpo-
lation algorithm. AB-mode image containing the information
of conductivity discontinuity distribution within the target
phantom is reconstructed after combing the MAE signals
with the probe’s excitation position.

D. TEST EXPERIMENT OF DETECTION RESOLUTION
To measure the detection resolution in the longitudinal direc-
tion and to investigate the characteristics of theMAE voltage,
specific softbox and fixture were applied tomake an imitation
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FIGURE 5. Vertical resolution experiments. (a) Target phantom with a
narrow slit width of 3 mm. (b) MAE signal processed by mean filtering.
(c) MAE signal processed by a Wiener filtering. (d) MAE signal processed
by a Hilbert transform. (e) A reconstructed B-scan image of the phantom
with a narrow slit width of 1 mm.

(7.5× 4.85× 3.2 cm), with a thickness of 4.85 cm, a middle
slit length of 3.5 cm and a narrow slit width of 3mm, as shown
in Fig. 5 (a). The stimulating probe was fixedly installed
in the center of the left side of the target imitation, and
the ultrasonic beam passed through the target sample with
four conductivity change interfaces. Finally, our proposed
detection system performed an accuracy test of two uniform
phantoms with a different narrow slit width (1mm and 3mm).
The conductivity curve obtained by measuring the uniform
phantom with a slit width of 1 mm is shown in Fig. 5 (b).
Four interface locations of electrical conductivity change can
be seen clearly, and the four detected interface locations of
the target imitation are consistent with the actual interface
positions.

Subsequently, WT in the time domain was carried out for
the above conductivity curve, and the MAE signal processed
by WT is as shown in Fig. 5 (c). The obtained MAE signal
after the HT is then shown in Fig. 5 (d). The intermediate
slits measured in the above experiments are 0.66, 0.67, and
0.67 mm, respectively, close to the 1 mm narrow slit width
measured before the test. The above experimental differences
are mainly caused by the expansion and deformation of the
target phantom in the insulating oil, which also demonstrates
the high accuracy of our proposed MAET measurement
platform.

FIGURE 6. B-scan imaging experiment on a pork tissue.

In this study, we carried out the stepscan movements along
the x-axis for 45 times to derive a B-mode image with con-
ductivity information, with the step-size was set as 1 mm.
Then, 45 MAE signals were obtained and processed by the
B-mode scanning algorithm, and a reconstructed B-mode
conductivity image of the uniform phantomwith a narrow slit
width of 1 mm is shown in Fig. 5 (e). As shown in Fig. 5 (e),
the result proves that our designed MAET detection system’s
longitudinal detection resolution on a uniform phantom can
reach 1mm.

E. B-SCAN IMAGING EXPERIMENT OF PORK TISSUE
Additionally, a conductivity B-scan imaging experiment on a
pork sample with layered fat and lean tissue was carried out
by applying MC, WF, HT, and 2D interpolation processing.
The tested pork tissue (approximately 41 × 60 mm) and
a reconstructed B-mode image with electrical conductivity
distribution are shown in Fig. 6. From which the interface
locations of conductivity change of the pork tissue can be
roughly distinguished.

The measured profile is consistent with the actual interface
locations of conductivity change of the pork tissue, demon-
strating the feasibility of the conductivity measurement
method and revealing that our designed MAET detection
platform and imaging algorithm canmeasure the interfaces of
conductivity changes. Although a clear B-scan image of the
uniform phantom is achieved, the SNR of the pork tissue’s
B-mode reconstruction image is still low. Therefore, more
robust imaging algorithms and effective detection methods
against external noise are needed to improve the conductivity
resolution further.

IV. DISCUSSION
MAET is a noninvasive and developing conductivity detec-
tion modality that merges the advantages of the magnetic,
electromagnetic, and acoustic fields. To obtain high SNR of
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the MAE signal and explore factors affecting the conductiv-
ity resolution of MAET, in this work, an enhanced MAET
measurement system was designed and implemented, and
the simplified MAET equations were supplied. Moreover,
uniform phantom and real biological tissue experiments were
conducted to test the MAET detection system’s performance,
and comparative analyses were performed to explore factors
that affect conductivity resolution. The relative measurement
errors and methods improving conductivity resolution have
been analyzed and evaluated. As shown in Fig. 3 (a) and (b),
the cycle number of excitation signal affects the width of
the wave packet of the excitation signal, and excessive cycle
numbers of the excitation signal cause overlap between adja-
cent wave packets, thereby reducing the spatial resolution of
the MAET detection system. In Fig. 3 (c) and (d), the detec-
tion resolution of the MAE signal obtained by an excita-
tion frequency of 2.5 MHz is significantly better than that
obtained by an excitation frequency of 0.5MHz, which shows
that the excitation frequency has a significant influence on the
waveform and detection resolution of the MAE signal.

As shown in Fig. 4 and Table 1, the B-scan algorithm
improves the SNR of the MAE voltage, MC, WF, and HT
gradually improve the MAE signal’s detection accuracy to
some extent. The accuracy of the uniform phantom experi-
ment was up to 95%. Besides, the four-layered uniform phan-
tom with interface a narrow slit width of 1 mm was used to
evaluate the detection resolution of our MAET measurement
platform and explore the characteristics of the MAE signal,
as shown in Fig. 5, the wave packet of the MAE signal
only appears at the interface positions where a conductivity
variation occurs. The amplitude and vibration polarity of the
wave packet represents the value and direction of conductiv-
ity variation. After being processed by the MC, WF, HT, and
linear interpolation algorithm, a four-layered B-mode image
with conductivity information, such as the location of con-
ductivity variation, the relative amplitude of conductivity can
be reconstructed, as shown in Fig. 5 (e), with the longitudinal
detection resolution of the conductivity B-mode image of the
target phantom capable of reaching 1mm.

The B-scan image of real biological pork tissue demon-
strates that the MAET measurement platform can obtain the
interface position of the conductivity change of biological
tissue, and the detected interface positions coincide with the
pork tissue profiles. Although we achieved the profile of the
pork tissue, the obtained detection resolution is not high.
The main reasons may be as follows: 1) The conductivity
difference (insulating oil, 0.5%NaCl) at the interface position
of 0.5%NaCl regular phantom varies greatly, the conductivity
difference between lean and fat, and the conductivity differ-
ence between lean/fat and insulating oil are much smaller
than the conductivity variation between insulating oil and
0.5% NaCl, that is to say, the conductivity in the pork tissue
experiment has a small range of change, which results in a low
detection sensitivity. 2) In this work, 18 step movements with
a 1 mm step length are carried out in the X-axis direction,
which affects the lateral resolution. The lateral resolution

is also affected by the three-dimensional motion platform.
Moreover, the scale calibration between the horizontal axis
and the vertical axis is different in figure 6. 3) In order
to ensure sufficient excitation energy, a planar power probe
with a diameter of about 2 cm was used to excite the target
sample in our MAET detection platform, it means that the
ultrasonic beamwidth is about 2 cm, which results in low
lateral resolution and detection sensitivity of conductivity.
Although the excitation frequency, the number of excitation
cycles, and the conductivity B-scan algorithm can improve
the longitudinal resolution of MAET, those methods still
cannot improve the lateral resolution of conductivity. 4) The
shape (regular, irregular) of the target sample has a significant
influence on the longitudinal resolution of MAET. The mea-
sured target sample is an irregularly layered porcine tissue
with low conductivity variation. Those may be the main rea-
sons why the reconstructed boundaries are almost in parallel,
and the sloping boundary of the porcine tissue is not displayed
clearly in Fig. 6. Besides, although the pork tissue’s three
interface profile can be derived with a very poor resolution
in the horizontal direction, it is not yet possible to accurately
image the conductivity change interfaces of pork tissue. Thus,
the MAET detection system and imaging methods for real
biological tissue need to be optimized and improved further.
Additionally, current research on the MAET detection sys-
tem and factors affecting the spatial resolution are in their
early stages. The conductivity measurement approach and its
experimental setup need to be further enhanced. Although
some achievements weremade, the detection resolution of the
pork tissue’s conductivity B-mode image is still limited and
needs improvement. Thus, further investigations are required
to optimize the MAET detection platform, such as adopting
ultrasonic coding technologies, designing an ultra-low noise
detection apparatus, and adding nanoparticles into the target
sample (enhance the detection sensitivity), using a magnetic
shielding probe. A single sinusoid signal, rather than a more
complex ultrasonic stimulating signal such as barker coded
signal, pseudo-random coded signal, and chirp pulse wave,
was utilized as the excitation signal. Therefore, more effective
digital coding methods and a complicated stimulating signal
are required for further study. Additionally, the transducer is
only performed step motion on the x-axis in our experiments,
the horizontal resolution is restricted by step length, and the
low imaging speed means it is hard to achieve real-time imag-
ing. Therefore, the electronic delay focusing method using a
multi-array linear array probe can significantly improve the
imaging speed and detection accuracy to some extent.

V. CONCLUSION
In this article, a noninvasive MAET detection system with
a short pulse signal stimulation was designed and imple-
mented. Experiments exploring conductivity resolution fac-
tors were performed on two different uniform phantoms and
real natural pork tissue. The influences that the stimulat-
ing pulse’s number and excitation frequency on conductiv-
ity resolution was analyzed and discussed by experiments.
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The corresponding results revealed that the proposed MAET
measurement platform could accurately distinguish the tar-
get imaging body’s conductivity variation interfaces, and the
B-mode imaging algorithmwas demonstrated experimentally
to be able to improve the conductivity detection resolution.
Additionally, the conductivity B-mode image of a uniform
gel imitation with an intermediate slit of 1 mm was obtained
clearly. It showed the interface positions of conductivity vari-
ation, which showed an agreement with the actual phantom
interface positions. The 1mm slit within the target phan-
tom could be distinguished clearly, proving the feasibility,
effectiveness, and precision of the MAET detection platform.
It also demonstrated that the detection resolution of our
MAET detection system could reach 1mm. Finally, the pork
tissue profile was derived by performing a B-scan experiment
on a multilayer pork tissue; the conductivity interface posi-
tions detected by our B-scan imaging method were precise.
It was in agreement with the profiles of the imaging body,
which indicates that our MAET modality has the potential
to be an alternative biomedical imaging method for cancer
diagnosis and the identification of cancerous tissue in the
future. Although the uniform phantom experiments proved
that our proposed MAET detection platform could achieve
a high detection resolution of the target phantom, the real
biological sample’s conductivity imaging resolution is not
satisfactory. It demonstrates that the MAET detection system
still needs to be further enhanced. Therefore, it is necessary to
carry out verification experiments on non-uniform phantoms,
cancer tissues embedded in uniform phantoms, and cancer
tissues to explore more effective methods for improving the
conductivity resolution in biological tissues, whichwill be the
emphasis of our next study.
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