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Magneto–acoustic tomography with magnetic induction (MAT-MI) is a multiphysics coupled imaging technique that
is combined with electrical impedance tomography and ultrasound imaging. In order to study the influence of adding
magnetic nanoparticles as a contrast agent for MAT-MI on its physical process, firstly, we analyze and compare the elec-
tromagnetic and acoustical properties of MAT-MI theoretically before and after adding magnetic nanoparticles, and then
construct a two-dimensional (2D) planar model. Under the guidance of space-time separation theory, we determine the
reasonable simulation conditions and solve the electromagnetic field and sound field physical processes in the two modes
by using the finite element method. The magnetic flux density, sound pressure distribution, and related one-dimensional
(1D), 2D, and three-dimensional(3D) images are obtained. Finally, we make a qualitative and quantitative analysis based
on the theoretical and simulation results. The research results show that the peak time of the time item separated from the
sound source has a corresponding relationship with the peak time of the sound pressure signal. At this moment, MAMPT-
MI produces larger sound pressure signals, and the sound pressure distribution of the MAMPT-MI is more uniform, which
facilitates the detection and completion of sound source reconstruction. The research results may lay the foundation for the
MAT-MI of magnetically responsive nanoparticle in subsequent experiments and even clinical applications.

Keywords: magneto–acoustic tomography with magnetic induction, magnetic nanoparticles, magnetic flux
density, sound pressure

PACS: 43.35.Rw, 02.60.Cb, 43.20.Bi DOI: 10.1088/1674-1056/27/10/104302

1. Introduction

Magneto-acoustic tomography with magnetic induction
(MAT-MI), a multi-physics coupled imaging method, has at-
tracted much attention recently. The MAT-MI was first pro-
posed by He Bin et al. in 2005 and has received extensive
attention in recent years.[1] The research on MAT-MI aims
to improve the resolution of imaging. The research mainly
focuses on theoretical analysis,[2–4] simulations,[5] scanning
systems,[6–8] reconstruction algorithms,[9–16] and biological
tissue experiments.[17,18] In recent years, in order to enhance
the imaging effect in imaging, magnetic nanoparticles have
been used as contrast agents to set off research booms. It is
combined with MAT-MI as a drug carrier for targeting, and
the combination of drug therapy and imaging monitoring is
a current research hotspot. In 2012, Hu et al. proposed to
incorporate magnetic nanoparticles into the MAT-MI for the
first time.[19] The tissue model containing superparamagnetic
nanoparticles was examined and a clear tissue boundary im-
age was obtained. It provided a new detection technology for
the detection of magnetic nanomaterials in drug transport and
targeted therapy, and it further proved that the MAT-MI has
unique advantages in the fields of gene therapy and molecu-

lar imaging. In 2013, Carrey et al. described the excitation
conditions of the magneto-acoustic signals of nanoparticles
in an alternating magnetic field.[20] In the same year, Stein-
berg et al. proposed a method of detecting target objects based
on nanoparticle magneto-acoustic signals, and used the mag-
netic acoustic signals generated by the nanoparticles in an al-
ternating magnetic field to obtain information about the loca-
tion of the target.[21] In 2014, Fang et al. conducted the re-
search on magnetic sensing nano-sensing technology, estab-
lished a magnetic induction magneto-acoustic nano-sensing
experimental system, and conducted an experimental study on
the uniform distribution of magnetic nanoparticles. The ex-
periments proved that magnetic signals can be detected.[22] In
2016, Mariappan et al. embedded superparamagnetic iron ox-
ide nanoparticles into mice and successfully detected and re-
constructed the distribution of superparamagnetic iron oxide
nanoparticles by using the MAT-MI. It proved that magnetic
nanoparticle-based MAT-MI has good resolution and imaging
depth and can be used for imaging the soft tissue tumors.[23]

However, most of the current researches focus on the de-
tection of magneto-acoustic signals and the acquisition of tis-
sue boundary images. There has been no report on the prin-
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ciple analysis of magneto-nanoparticles and their detailed in-
troduction. In view of this, we carry out a research on the
electromagnetic and acoustic fields of MAT-MI by using mag-
netic nano-particles. We establish a 2D planar model of the
imaging target, analyze the effects of the introduction of mag-
netic nanoparticles on the distribution of magnetic flux density
and the sound pressure distribution of the sound field from the
theory and simulation, and compare the magnetic flux density
and sound pressure signals before and after the introduction
of nanoparticles. Finally we conduct a preliminary qualitative
and quantitative analysis of the effects of magnetic nanoparti-
cles on MAT-MI.

2. Theoretical analysis
2.1. Principle of tomography

As shown in Fig. 1, an alternating magnetic field 𝐵̃ is
applied to the object space, where 𝐵̃ is generated by a z-
direction alternating current 𝐽0 which is applied to a current-
carrying conductor placed on the xz plane. The magnetic field
is mainly along the x direction of the object space. The target
body induces an eddy current 𝐽 under the action of an alter-
nating magnetic field. The eddy current interacts with a static
magnetic field and an alternating magnetic field to generate a
Lorentz force 𝑓 , and the target body vibrates to generate an
acoustic wave.

At this time, the abnormal conductivity body exists as
a sound source, and the essence of the imaging is to detect
the abnormality of the conductivity. Therefore, in this paper,
this imaging method is called magneto–acoustic impedance
tomography with magnetic induction (MAIT-MI).
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sound wave
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Fig. 1. (color online) Schematic diagram of MAIT-MI.

After the introduction of magnetic nanoparticles as shown
in Fig. 2, the source of the force changes, and the Lorentz force
changes into the electromagnetic force generated by the mag-
netic nanoparticles under the action of an alternating magnetic
field. At this point, the sound source that causes the parti-
cle vibration to produce sound waves is a magnetic nanopar-
ticle. The essence of imaging is to detect the abnormality of

magnetic permeability. Therefore, in this paper, this imaging
method is called magneto-acoustic magnetic permeability to-
mography with magnetic induction (MAMPT-MI).
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Fig. 2. (color online) Schematic diagram of MAMPT-MI.

2.2. Sound field characteristics

For a biological tissue medium that can be viewed as a
non-viscous fluid, the acoustic field continuity equation[24] is

∂ (ρ +ρ0)

∂ t
=−O · (ρ𝑣̃+ρ0𝑣̃). (1)

The sound field motion equation is

(ρ +ρ0)

(
∂ 𝑣̃

∂ t
+ 𝑣̃ ·O𝑣̃

)
+O(p0 + p)−𝑓 = 0, (2)

where ρ0 denotes the medium density without disturbance,
p0 is the medium pressure without disturbance, ρ is sound-
induced density disturbances, 𝑣̃ is the vibration velocity of the
particles in the medium, and p is the sound pressure.

After omitting higher order small quantities in the equa-
tion, the continuous equation and motion equation are ob-
tained as follows:

∂ρ

∂ t
=−ρ0O · 𝑣̃, (3)

ρ0
∂𝑣

∂ t
=−Op+𝑓 . (4)

Meanwhile, the equation of state is

p = c2
s ρ. (5)

Simultaneous equations (3)–(5) can be used to derive the
coupling equation of sound pressure and particle velocity

1
c2

s

∂ p
∂ t

=−ρ0O · 𝑣̃,

ρ0
∂ 𝑣̃

∂ t
= Op+𝑓 .

(6)

In this way, the sound pressure wave equation can be derived

1
ρ0

O2 − 1
ρ0c2

s

∂ 2 p
∂ t2 =

1
ρ0

O ·𝑓 . (7)

2.3. Sound source

According to the principle of MAIT-MI, the source term
𝑓 in Eq. (7) is the Lorentz force. Assume that there is only a
magnetic field in the x direction, then we will obtain

𝑓 = 𝐽 × 𝐵̃ = J̃zB̃x𝑒̃y, (8)
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where J̃z is the induced current in the target body and B̃x is the
magnetic field in the x direction.

For the MAMPT-MI, when magnetic nanoparticles are
exposed to an external magnetic field, the magnetic energy of
a single particle is[25]

U =
1
2
𝑚̃ · 𝐵̃ =−

χnpvnp fm

2µ0
𝐵̃2, (9)

where χ is the magnetic susceptibility of the particle, vnp is
the volume of the nanoparticles, fm is the volume fraction of
the nanoparticles, and µ0 is the permeability constant of the
vacuum.

Then the electromagnetic force can be calculated accord-
ing to the principle of virtual work, and expressed as

𝑓 =−
χnpvnp fm

2µ0
O
∣∣𝐵̃∣∣2. (10)

Assuming that only the magnetic field in the x direction
is considered, the sound source term in Eq. (7) is electromag-
netic force and can be expressed as

𝑓 =−
χnpvnp fm

µ0
B̃x

∂ B̃x

∂x
𝑒x. (11)

2.4. Theoretical basis of time waveform analysis

The alternating current and its generated all physical
quantities are time-varying vectors, and any time-varying vec-
tor can be expressed as the product of the space vector term
and the time term. In this article, we call it the theory of space-
time separation.

The magnetic quasi-static approximation is used to ana-
lyze the sound source time terms of MAIT-MI and MAMPT-
MI. First, introduce the time term, record the alternating cur-
rent as 𝐽 = 𝐽0s(t), and ignore the influence of the displace-
ment current, then will have

O×𝐻̃1 = 𝐽0. (12)

It can be seen that the magnetic field strength and mag-
netic flux density of a primary magnetic field can be expressed
as 𝐻̃1 =𝐻1s(t) and 𝐵̃ =𝐵1s(t), respectively.

For the MAIT-MI, the electrical anomaly is a low-
conductivity biological tissue model, and the secondary mag-
netic field is much smaller than the primary magnetic field,
so the effect of the secondary magnetic field can be ignored.
Therefore

O× 𝐸̃ =−∂𝐵̃

∂ t
=−𝐵1

ds
dt

=𝐵1g(t), (13)

where 𝐸̃ is the induced electric field strength, g(t) = ds/dt.
Therefore, the induced electric field can be expressed as 𝐸̃ =

𝐸g(t).

According to Ohm’s law 𝐽 = σ𝐸̃, the induced current in
the abnormal conductivity body is 𝐽 = 𝐽g(t).

Therefore, it can be seen that the sound source item of
MAIT-MI is

𝑓 = 𝐽 × 𝐵̃ =
(
𝐽 ×𝐵

)
s(t)g(t). (14)

For the MAMPT-MI, the sound source is only related to
magnetic field and its gradient, so the sound source item can
be written as

𝑓 =−
χnpvnp fm

µ0
Bx

∂Bx

∂x
𝑒xs2(t). (15)

3. Numerical simulation

In this paper, a multi-physics coupling software comsol
multiphysics was used to establish a biological tissue simula-
tion model and a finite element analysis of the electromagnetic
field. The model is shown in Fig. 3.

excitation

targeted drug»loaded
magnetic particles/
abnormal body

normal human tissue

Fig. 3. (color online) The 2D plane simulation model.

Considering the concentric model, the center of the circle
is set at the origin of the coordinates. The outer circle rep-
resents the normal tissue and its radius is 400 nm. Since the
analysis of the general rule is not affected in this paper, the
conductivity is set to be 0 S/m; the relative permittivity and
relative permeability are both set to be 1; the inner circle is set
to be the target drug-loaded magnetic particles or abnormal
body according to different simulation conditions with a ra-
dius of 50 nm; the electromagnetic field background environ-
ment conductivity is defined as 0 S/m; the relative permittivity
and relative permeability are both set to be 1. The parameter
settings are shown in Table 1.

Table 1. Simulation parameters.

Variable Parameter Simulation value

µ relative permeability of magnetic anomaly 6
σ conductivity of electrical anomaly 5 S/m
ri radius of outer circle 400 nm
ro radius of inner circle 50 nm
σ0 background environment conductivity 0 S/m
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In order to save computer resources and speed up calcula-
tions, different grid sizes are set for the solution area to solve
the finite element problem, and meshing is performed. Per-
forming transient analysis to solve the electromagnetic field,
the applied current density excitation pulse function is shown
in Fig. 4 and its expression is as follows:

f (t) = 2×108 × e−5×106t × sin
(
2π ××106t

)
(16)

To avoid the edge effect, the current density excitation is
set to be in the z direction, that is, the target body is placed
in the x-direction magnetic field, and the applied current den-
sity is converted into a current amplitude of about 80 A. The
parameters are matched with the magnetic acoustic imaging
experimental platform.
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Fig. 4. (color online) Current density excitation.

The targeted drug-loaded magnetic nanoparticle used in
this paper is shown in Fig. 5. It represents a magnetic
drug-loaded particle cluster model with superparamagnetic
nanoparticles with an average diameter of 3 nm–4 nm, em-
bedded in a biocompatible polymer. The model has a nuclear
structure, and the size of a single particle structure is still on a
nano-scale. The diameter of the combined superparamagnetic
nanoparticle stable clusters is usually in a range between 10 n,
and 400 nm, and it is assumed to be a sphere for the simulation
study of the magneto-acoustic physics process.[26]

drug

polymer

magenetic nanoparticles

Fig. 5. (color online) Superparamagnetic nanoparticles stable cluster.

3.1. Time source curve of sound source

Through the analysis of the time waveform, it can be seen
that the sound source time items of MAIT-MI and MAMPT-
MI are

Qi = s(t)g(t) (17)

Qm = s2(t). (18)

Then we can draw a one-dimensional (1D) curve of the
time item as shown in Fig. 6. It can be seen that the time peaks
of MAIT-MI and MAMPT-MI occur at 0.06 µs and 0.2 µs,
respectively.
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Fig. 6. (color online) The 1D curve of sound source time item of MAIT-MI
(red line) and MAMPT-MI (blue line).

3.2. Effect of magnetic nanoparticles on magnetic flux
density

In order to verify the enhancement effect of magnetic
nanoparticles on the imaging effect, the MAIT-MI is used as
a reference in this paper, and the simulation comparisons are
made of both the magnetic flux density and sound pressure dis-
tribution in the imaging target body. The MAIT-MI is based
on the principle of early changes in electrical characteristics
of diseased tissue and the target of detection is the electrical
conductivity of anomalous body. In Fig. 3, the inner circle
of concentric circles is an electrical anomaly, and the con-
ductivity is set to be σ = 5 S/m. The MAMPT-MI is a tar-
geted combination of magnetic nanoparticles and diseased tis-
sue. The detection target is magnetic permeability of magnetic
nanoparticles. The inner circle of the concentric circle in the
model is a magnetic anomaly, and the relative permeability is
set to be µ = 6. The simulation is conducted under the mag-
netic quasi-static condition, the electromagnetic field module
and the sound field module are adopted, and equations (8) and
(11) are used as a dipole source of the sound field for simu-
lation analysis. The magnetic flux density distributions of the
two imaging modes are calculated, and the results are shown
in Fig. 7.
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Fig. 7. (color online) Magnetic flux density distributions of two imaging methods, obtained according to peak time calculated by space-time separation
method. (a) t = 0.06 µs, MAIT-MI flux density distribution; (b) t = 0.2 µs, MAMPT-MI flux density distribution.

The two models are in the same time-varying magnetic

field, while the effects of the electrical anomaly and the mag-

netic anomaly on the magnetic flux density are different. In

the model, taking the line y = 0 and drawing the flux density

curve as shown in Fig. 8, the start point A and the end point B

of the cut line are (−400,0) and (400,0), respectively, and the

focus of the line and the anomaly are points C and D. When

the background environment is air, the presence of anomalous

bodies weakens the magnetic flux density, while the magnetic

anomalous body is just the opposite case. Since the point A

is away from the abnormal body, its magnetic flux density is

not affected in the presence nor absence of the abnormal body.

The magnetic flux density at the point A can be used as the

background environment, that is, the magnetic flux density at

the point C in the air. Thus, the degree of change in the mag-

netic field between the two anomalous bodies is measured by

the difference in magnetic flux density between the point A

and the point C. It can be seen that the effect of the magnetic

anomaly on the magnetic field is 2.5 times that of the electrical

anomaly, the ability to change the magnetic field is stronger.

-600      -300          0           300        600 

x coordinate/nm

0.6

0.7

0.8

0.9

1.0

1.1

1.2

1.3

M
a
g
n
e
ti
c
 f
lu

x
 d

e
n
si

ty
/
1
0

-
6
 T

MAIT
MI

MAMPT
MI

Fig. 8. (color online) The 1D magnetic flux density of MAIT-MI (red line)
and MAMPT-MI (blue line).

3.3. Effect of magnetic nanoparticles on sound pressure

The sound sources of the two imaging methods are shown
in Eqs. (8) and (11), respectively, to ensure the consistency of
the magnetic flux density during the comparative analysis, the
sound pressure in the y direction of the MAIT-MI should be
compared with the sound pressure in the x direction of the
MAMPT-MI . In the simulation model of the two imaging
modes, two lines with x = 0 and y = 0 are taken, and the line
intersects the model at four points A, B, C, and D as shown in
Fig. 12.
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Fig. 9. (color online) MAIT-MI position–time–sound pressure diagrams: (a) the 3D diagram and (b) the 2D color plane diagram.
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Fig. 10. (color online) MAMPT-MI position–time–sound pressure diagram: (a) the 3D diagram and (b) the 2D color plane diagram.

When comparing the sound pressures, respectively, from the two imaging methods, in order to ensure the reliability of the
results, it is necessary to determine the time when the maximum sound pressures from the two method occur. For MAIT-MI and
MAMPT-MI, 21 points in a range from −50 nm to 50 nm are scanned in steps of 5 nm on the above two lines, and 101 time
points in a range from 0 µs to 1 µs are scanned in steps of 0.01 µs. And calculating the corresponding sound pressure value,
the obtained data are drawn into a 3D position-time-sound pressure diagram, and thus obtaining a corresponding 2D color plane
diagrams as shown in Figs. 9 and 10. It can be seen from the figure that the sound pressure distribution is symmetrical about
the origin of the coordinates. The maximum sound pressure values from the two imaging methods correspond to the time peaks,
that is, the maximum sound pressure of MAIT-MI appears at 0.06 µs, and the maximum MAMPT-MI sound pressure occurs at
0.2 µs.
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Fig. 11. (color online) Sound pressure distributions of the two imaging methods, obtained according to the peak time calculated by the space-time separation
method. (a) t = 0.06 µs, MAIT-MI sound pressure; (b) t = 0.2 µs, MAMPT-MI sound pressure.

Further, in this article the sound pressure distributions
produced by the two imaging methods at their respective peak
times are compared as shown in Fig. 11. Since the magnetic
nanoparticles are targeted at the diseased tissue, the detection
of the magnetic nanoparticles is to detect the boundary of the
diseased tissue, and the sound pressure signal generated by
the magnetic nanoparticle can reflect the boundary of the dis-
eased tissue. It can be seen that the sound pressure distribution
characteristics of the two imaging modes are different, when
the sound pressure signal is collected, even if the ultrasonic
transducer adopts the ring sweep mode, the weak signals out-
side the collected sound pressure distribution area cannot be
used as effective data for sound source reconstruction, thus

leading some of the boundaries of the reconstruction of the
sound source to be unclear or even missing. The sound pres-
sure distribution of the MAMPT-MI is relatively uniform, and
the signal intensity is 12 orders of magnitude larger than the
counterpart of the MAIT-MI, which is convenient for detecting
and completing sound source reconstruction.

The 1D graph of the sound pressure is plotted at the taken
line, as shown in Fig. 12. In the two curves, abnormal body
boundaries can be seen at points C and D, but the sound pres-
sure amplitude of MAMPT-MI is 1012 times that of MAIT-MI,
the signal is stronger, which is more conducive to sound pres-
sure acquisition.

From the above analyses, the sound pressure signal of

104302-6



Chin. Phys. B Vol. 27, No. 10 (2018) 104302

MAIT-MI is obtained when the magnetic field strength is
10−6 T. However, in practical applications, the magnetic field
of MAT-MI is provided by a static magnetic field with a mag-
netic field strength in a range from 0.1 T to 1 T. A rough es-
timate shows that even if the 1T static magnetic field in the
MAIT-MI is used to replace the alternating magnetic field, the
MAMPT-MI sound pressure signal is 6 orders of magnitude
larger than the MAIT-MI. Therefore, it can be preliminarily
assumed that the magnetic nano-particles can enhance the sig-
nal of MAT-MI and simplify the system.
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Fig. 12. (color online) The 1D magnetic flux density curves of MAIT-MI
(red line) and MAMPT-MI (blue line), respectively.

4. Conclusions and perspectives

In this paper, two imaging methods, i.e., MAIT-MI and
MAMPT-MI are simulated by establishing a 2D planar model.
Under the same excitation and magnetic field conditions, the
source time terms of the two sources are theoretically analyzed
and their differences are compared with each other to deter-
mine the peak time. Further, the magnetic flux density and the
sound pressure are calculated on this basis. Then we obtain
the magnetic flux density distribution, magnetic flux density
1D curve diagram and sound pressure distribution, 1D sound
pressure curve diagram, 3D sound pressure map, and corre-
sponding 2D color plan. Simulation results are summarized
below.

(i) The time peaks calculated by the time-space sepa-
ration theory under the guidance of the space–time separa-
tion theory of the two imaging methods coincide with the
time peaks of the sound pressure during the sound pressure
analysis. The results show that the time–space separation
method is conducive to analyzing the complex sound sources
in magneto–acoustic imaging. It also has a guiding effect on
the experimental signal acquisition time.

(ii) Under the strict control of variables and the control
of precise conditions, the change of the magnetic field is more
significant in the magnetic nanoparticle than the changes in the

electrical conductivity of the diseased tissue, and then the dif-
ference in sound pressure between the two is compared. The
results show that the sound pressure signal of MAMPT-MI is
larger than that of MAIT-MI, which can significantly increase
the sound pressure signal intensity in the absence of static
magnetic field. The 1D curve of sound pressure can clearly
distinguish where the magnetic nanoparticles are located. The
characteristics are obvious, and the enhancement effect of the
imaging effect is significant.

The sound pressure distribution of MAMPT-MI is rel-
atively uniform, and the sound pressure signal intensity is
greater than that of MAIT-MI. The sound pressure signal is
easy to detect during the experiment and the abundant data
volume is conducive to the complete and comprehensive sound
source reconstruction.

Although the analysis in this paper indicates that the
MAMPT-MI can generate larger sound pressure signals and
facilitate the detection of diseased tissues from both theoret-
ical and simulation aspect, there are still some shortcomings.
There are made some approximations in the theoretical anal-
ysis and simulation process, for example, the microstructure
of magnetic nanoparticles and the like. Therefore, compar-
ing with MAIT-MI, there is a certain degree of deviation in
the amplitude of the magneto-acoustic signal, but it is certain
that MAMPT-MI can generate a larger magnetic acoustic sig-
nal. The use of magnetic nanoparticles can further achieve
the dual purpose of detection and treatment. The MAIT-MI
has the advantage of early diagnosis because it does not re-
quire magnetic nanoparticles to encapsulate the drug nor bind
it to the diseased tissue. Before the tissue changes physio-
logically, it can detect the change of electrical characteristics.
In addition, the establishment and experimental research of 3D
models are still needed. The research results may lay the foun-
dation for MAT-MI of magnetically responsive nanoparticle in
subsequent experiments and even clinical applications.
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