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Abstract—Magnetoacoustic tomography with magnetic
induction (MAT-MI) is one of the multiphysics imaging
techniques that combines the principle of magnetic field
excitation and acoustic vibration. It is a noninvasive imaging
technique developed in order to achieve high electrical
impedance contrast of biological tissue as well as high spatial
resolution close to ultrasound imaging. The feasibility to
reconstruct high spatial resolution conductivity images using
MAT-MI method has been demonstrated by both computer
simulation and experimental studies. This work reviews the
summary of fundamental ideas of MAT-MI and major
techniques developed in recent years. First, the physical
mechanisms underlying MAT-MI imaging are described
including the magnetic induction and Lorentz force induced
acoustic wave propagation. Second, experimental setups and
various imaging strategies for MAT-MI are reviewed. Finally,
we give our opinions on existing challenges and future directions
for MAT-MI research. With all the reported and future
technical advancement, MAT-MI has the potential to become an
important noninvasive modality for electrical conductivity
imaging of biological tissue.

Keywords—MAT-MI, Multiphysics, Noninvasive Imaging,
Biological Tissues, MRI.

[1] INTRODUCTION

Multiphysics problems, which include hybrid imaging
techniques have been given great attention and enormous
research interest over the years [1,2]. They are called hybrid
because they utilize couplings of physical modalities in
which the measurement quantities and excitation are belong
to different physical modalities [3,4]. Medical imaging
techniques are playing increasingly important roles in
biomedical research and clinical diagnosis. A number of
efforts have been made to improve our ability to characterize
tissue properties such as to image the electrical impedance
of biological tissues using noninvasive measurements. Also,
Electrical properties of biological tissue including electrical
conductivity o and permittivity y are very important in
understanding the interactions and the effects of
electromagnetic fields on our body. Also, biophysical
parameters in the studies and analysis of electromagnetic
therapies like transcranial stimulation methods and
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electrophysiology reflects the structural, functional and
pathological conditions of tissues [5-7]. In addition, tissue
electrical properties may serve as an imaging contrast for
possible diagnosis and research applications due to their
changes under physiological and pathological conditions
[8]. They are determined by the molecular composition,
cellular structure, amount of intra- and extra-cellular fluids,
mobility and concentration of ions, temperature and many
other factors. Therefore, measurements of tissue electrical
properties could provide valuable information for guidance
of neuronal stimulation in neuroscience, radio frequency
patient safety in magnetic resonance imaging (MRI), and
could be used as a new endogenous biomarker for example
in oncology [9-11].

A number of efforts have been made over the decades to
developed different hybrid imaging methods in order to
characterize tissue properties and to measure electrical
properties of biological tissue, which include Electrical
Impedance Tomography (EIT) [12,13], magnetic resonance
electrical impedance tomography (MREIT) [14,15].
magnetic induction tomography (MIT) [16], and
magnetoacoustics tomography (MAT) [17-19]. To
addressed the limitations of these proposed methods such as
low spatial resolution, degraded sensitivity, and shielding
effect as in EIT [20]. Use of MRI machine which makes
MREIT more expensive and high level current injection
requirement for good SNR value. For MIT, due to ill-posed
inverse problem, the spatial resolution of this technique is
also limited. Also, for the methods that coupled
electromagnetic field and acoustic field such as in MAT and
HEI or MAET or LFEIT, the problem of the “shielding
effect” associated with the use of surface electrodes for
current injection or voltage measurement, i.e. regions
surrounded by low-conductive tissue become invisible, still
exists in these methods [21-23]. Therefore, MAT-MI has
been proposed as an alternative and suitable method to
image electrical tissues.

MAT-MI utilizes magnetic induction to induce eddy
current in the conductive sample and generates acoustic
vibrations through the same Lorentz force coupling
mechanism as in MAT or HEI. Ultrasound waves are then
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sensed to reconstruct the electrical conductivity related
images. Ever since the MAT-MI method was proposed,
there have been many numerical studies [24-26] and
experimental studies using physical phantoms [27,28] or
biological tissues [29-31] demonstrating the feasibility and
performance of MAT-MI. Advancement on experimental
system design [32,33] and image reconstruction algorithms
[34,35] has also been achieved in recent years. In addition,
similar to the reverse mode of HEI or MAET, i.e. applying
ultrasound transmission and measuring the Lorentz force
induced current or voltage for imaging electrical
conductivity, the reverse mode of MAT-MI named
magneto-acousto-electrical tomography with magnetic
induction (MAET-MI) has also been developed recently
[36,37], which uses ultrasound stimulation and coil
measurement of the dynamic magnetic field generated by
Lorentz force induced current in conductive imaging
objects.

This report is aim at providing an overview over the
basic background concepts of theories and physical
principles behind MAT-MI imaging methodology. Also
review of numerical, experimental studies during these
recent years have been presented. Finally, the report would
be concluded with challenges and future direction for
technical improvement.

[2] BACKGROUND

As shown in fig 1. the basic principle of MAT-MI is that
the conductive object with electrical conductivity o(r)
(where r is the position vector is placed in a static magnetic
field Bo and a time-varying magnetic stimulation with
magnetic flux density Bs is applied to induce eddy current J
inside the object volume Q. the conductivity distribution
o(r) and field B; determined the induced current while the
system frequency considered is in MHz and the
displacement current is much smaller than the conduction
current [38], so permittivity which is related to tissue
capacitance is neglected. the Lorentz force F described in
(1) formed the eddy current by moving charged iron and
therefore generates ultra sound pressure signal to be detected
by ultra sound probes so that electrical conductivity map of
the object’s can be estimated.

F = JxBo €))

MAT-MI two essentials mechanisms are described as
follows [39]:

Staticmagnetic ficld B

Ultrasound
Transducers

Pulsed Magnetic Ficld B,

Fig. 1. Basic Principle of MAT-MI
2.1 Magnetic induction in conductive tissue sample

In MAT-MI, the magnetic induction problem can be
regarded as quasi-static and by that the spatial and temporal
functions of the time-varying magnetic field can be
separated, i.e.

Ba(r.t) = By(n)f(t) (2)
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From (2), it shows that magnetic field in the tissue can
be well approximated by the field produced by the coil in
the absence of the tissue and can be estimated with the
known coil geometry [40].

Using the magnetic vector potential A(r,t) as B1 = VxA.

According to Faraday’s law, we
have

24
v x (E + 5) =0 3)

where E(r, t) is the electrical field intensity. Therefore the
electrical field intensity E(r,t) can be written as:

E=-Vp-2 )
where ¢(r, t) is the electrical scalar potential. According to

Ampere’s law and because we ignore the displacement
current, the current density J(r,t) is solenoidal as:

V.J=0 %)

In addition, according to Ohm’s law, the current density
is related to the electrical field through conductivity as:

J = oF ®)
Combining Equations (4)-(6), we can have:
V.(oV0) = . (c3) )

According to the quasi-static condition, Faraday’s Law
and Ohm’s Law, the similar spatial and temporal separation
holds for the magnetic vector potential, induced electrical
field and eddy current density, i.e. A(r,t) = A(n)f(t), o(r.t) =
d(NF (1), E(r,t) = E(Nf(t) and J(r,t) = I(r)f'(t) where the
prime denotes the first order time derivative.

2.2 Lorentz force induced acoustic wave propagation

With magnetically induced eddy current J and the static
magnetic field By, the Lorentz force acting on the eddy
current over unit volume can be written as

F = JxBo 8)

Note here that we assumed B << By as the strength of the
dynamic field for magnetic induction is much smaller than
that of the static field in most of the MAT-MI experiment
systems. According to Newton’s second law of motion and
assuming the particle velocity v caused by the Lorentz force
is small as described in Equation (9) [41,42]:

9(pov) _
at

—Vp +] X By 9)

where po is the density of the material at rest and p is acoustic
pressure. Taking the divergence of both sides of (9), we have
Equation (10):

T = V2 +V.(J X By) "

In addition, we have the conservation of mass as in (11)
and the definition of the adiabatic compressibility of the
medium fs is shown in in Equation (12):

V. (p0v) = — ‘Z—f (11)
,8 sP = pLO (12)

where p is the density variation. Combining Equations

. . . 1 .

(10)-(12) r?md usmq the relatlc.)nshlp Cs = there Cs IS
the acoustic speed in the medium, we can derive the wave
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equation with the Lorentz force induced acoustic source [36]:

2 10% _

Vp—C—SZF—V.UXBO) (13)
Note here that in MAT-MI, the static magnetic field is
generally generated from some external sources such as
permanent magnets placed outside the imaging object
volume, thus VxBO0 = 0 inside the imaging object volume

[40,41].
[3] EXPERIMENTAL SETUP

The experimental setup for MAT-MI has three essential
components, static magnetic field, dynamic magnetic field,
and ultrasound transducer to capture ultrasound signals as
shown in fig. 2.
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Fig. 2. MAT-MI Experimental Setup

Permanent magnets usually generate the static magnetic
field to give a field strength of 0.1-0.3 Tesla in z direction
around the sample [43], superconducting magnet is used with
2 9.4 T MRI scanner, the imaging sample is rotating while the
coil and transducer were fixed due to limited space in the MRI
bore. For dynamic magnetic field generation, Computer
controlled magnetic stimulators are used to drive the coil load
around the sample. MAT-MI system which used pulse
magnetic stimulations, high voltage and high current switches
to control capacitor discharge through connected coil load
have been used by magnetic stimulators. High voltage
capacitors that charged up to 600v is proposed in [25], While
[34] use as high as 24kv. The corresponding maximum
dynamic magnetic field, which can be measured by small
sensing coils around the imaging object, ranged from 0.00125
T to 0.07 T [45]. Magnetic stimulations sent through different
coils have also been explored in the past but most MAT-MI
system used a single magnetic stimulation generated through
one coil set, such as a Helmholtz coil pair, which produces a
region with a nearly uniform magnetic field [35]. In addition,
MAT-MI systems using different coil sets to generate
different magnetic stimulations and consequently different
eddy current pattern in the conductive tissue sample
have also been developed in the so-called multi-excitation
MAT-MI system [46].

Ultrasound transducer mounted in certain scanning
system that can either rotate the transducer or the imaging
sample can be used to acquire MAT-MI signals around the
imaging sample. Signal detected by the transducer are then
filtered, amplified and fed to the data acquisition system. In
MAT-MI, the magnetic induced eddy current in conductive
tissues and the Lorentz force induced acoustic source are
intrinsically distributed in the three-dimensional (3D) tissue

a0

volume. Induced force acoustic source is needed to map the
3D electrical conductivity distribution. Three-dimensional
MAT-MI systems have been previously developed based on
ultrasound focusing and cylindrical scanning [47]. As shown
in Fig. 2, through ultrasound focusing in the Z direction, we
can localize the MAT-MI acoustic sources in a specific XY
plane. A 2-dimensional (2D) MAT-MI image can be obtained
at each cross section of the 3D object and vertical scans in the
Z direction can provide a stack of 2D images, thus forming a
3D volume image of the object. With such a circular scan, the
spatial resolution of the MAT-MI image in each slice is
mainly determined by the central frequency and bandwidth of
the transducer, while the resolution in Z direction is
determined by the focusing beam width. For imaging objects
that are uniform in the Z direction and with homogeneous
static and dynamic magnetic field, the whole MAT-MI
system can be simplified as a 2D system, in which only 2D
ultrasound scan is needed [48,49]. For 2D ultrasound scans,
besides the circular scan mode with large scanning radius
around the objects using unfocused transducer, scanning in
B-mode scan using focused transducer may also be used [50].

[4] CHALLENGES AND FUTURE DIRECTIONS

In spite of many technical advances achieved in these
years on MAT-MI, limitations still exist in currently available
MAT-MI methods in the aspects of dynamic magnetic
stimulation, instrumentation and reconstruction algorithms
and further improvement is necessary to make it useful and
applicable in clinical setup.

4.1 Dynamic Magnetic Stimulation

With the use of solid-state high voltage and high current
switch, the dynamic magnetic stimulation used in MAT-MI
system has been substantially improved to about 0.07T in its
maximum dynamic range. There may be some space of
improvement in terms of the magnetic stimulations. Note
here that with the increased magnetic stimulation strength,
the assumption By << By may need to be modified to include
the contribution of JxBj in the induced Lorentz Force. MAT-
MI imaging speed may be further improved by using
electrically controlled ultrasound phased array instead of
single element transducer and mechanical scanning.

4.2 Instrumentation

Another technical challenge in MAT-MI instrumentation
is the electromagnetic interference (EMI) caused by the time
varying magnetic field on the ultrasound transducer. Related
to the turn off transients in the stimulator and the impulse
response of the transducer, such EMI usually contaminates
the MAT-MI signal for substantial long period (tens of ps)
and have been observed to have some low frequency
variations. Therefore, further band-pass filtering is usually
needed before MAT-MI image reconstruction. Better ways to
avoid the EM contamination to the ultrasound transducer,
such as better EM shielding or the use of optical fiber based
transducers may be further explored to allow acquiring
ultrasound signals in a closer distance (e.g. when using
transducer with shorter focus) and further improve the MAT -
M1 signal quality.

4.3 Reconstruction Algorithm

For electrical conductivity reconstruction through
mapping MAT-MI acoustic sources such as the multi-
excitation MAT-MI method, more sophisticated coil pattern
designs may help better improve the inverse conditions and
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the final image quality. On the other hand, the recently
developed beam-forming current density vector source
method has shown great potential for electrical conductivity
reconstruction with the use of only single magnetic
excitation. Ultrasound bandwidth limitations have been
successfully tackled using inverse filtering in that method.
Further improvement may be achieved by considering the
conductivity gradient term using iterative process when
calculating the electrical conductivity from the estimated
current density vector.

4.4 MAT-MI in Clinical Application

In vitro or in vivo, animal experiments need to be further
conducted to assess the MAT-MI method for high-resolution
conductivity imaging. Different types of soft tissues, organs
or the whole body may be explored in the future imaging
studies. The most possible clinical application of MAT-MI is
believed to be tumor detection especially in cancer screening
and detection.

A recent work on magneto acoustic tomography with the
aid of magnetic nanoparticles suggested such possibility;
employing the magnetomotive force, magneto acoustic
tomography in a MAT-MI compatible setup was
demonstrated as a high-spatial-resolution approach to
reconstruct the in vivo distributions of nanoparticles, and to
further highlight tumor by a high contrast [51].

[5] CONCLUSION

This report reviews fundamental ideas of MAT-MI and
major techniques developed in recent years. First, the
physical mechanisms underlying MAT-MI imaging are
described including the magnetic induction and Lorentz force
induced acoustic wave propagation. Also, experimental
setups and various imaging strategies for MAT-MI are
reviewed and compared together with the corresponding
experimental results. Finally, some of the existing challenges
and future directions for MAT-MI research have been
highlighted. With all the reported and future technical
advancement, MAT-MI has the potential to become an
important noninvasive modality for electrical conductivity
imaging of biological tissue.
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