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Abstract— The magnetic nanoparticles have been widely ex-
plored as an important kind of biomaterial for the treatment and
diagnosis of cancer. Imaging of magnetic nanoparticles can
greatly facilitate treatment and diagneosis in both preclinical and
clinical applications. The magnetoacoustic tomography is a non-
invasive imaging modality for the distribution of the magnetic
nanoparticles. However, the traditional magnetoacoustic imag-
ing system requires higher power and the large instantaneous
current that suffers cost and safety issues. In this paper, we pro-
pose a low-power magnetoacoustic tomography system, whose
power amplifier only has 30 W peak power. The system used a
pulse train of excitation to gain energy accumulation by reso-
nance. The reconstructed algorithm, i.e. universal back-projec-
tion, was applied for imaging. To prove the feasibility and poten-
tial of the proposed system, we performed the imaging experi-
ments with the gelatin phantom containing the magnetic nano-
particles.

I. INTRODUCTION

Nowadays, the nanoscience has been one of the most im-
portant research area [1]. Among them, the magnetic nanopar-
ticles (MNPs) exhibit small size and excellent physicochemi-
cal properties. Thus, MNPs show the enormous potential for
vast fields of biotechnology, material science, and environ-
mental engineering areas. In biomedical applications, the mag-
netic nanoparticles can be applied to the treatment and diagno-
sis of cancer. For example, therapeutic drugs can be loaded on
the MNPs and released by the excitation with magnetic control
until the nanoparticles arrive at the tumors site with blood cir-
culation [2]. Therefore, the imaging of the distribution of the
MNPs is significant for many clinical treatment and diagnosis.

The main ingredient of the magnetic nanoparticle is iron
oxide (FesO4 and Fe,03). It’s possible to use magnetic reso-
nance imaging (MRI) for imaging of the MNPs. MRI can pro-
vide high resolution distribution, but the limitations are sensi-
tivity and the cost of large-scale applications [3, 4]. In recent
years, magnetoacoustic tomography (MAT) has been applied
for imaging of MNPs [5-7]. The MAT is a non-invasive imag-
ing modality, which combines the specific absorption contrast
of MNPs with the advantages of high-resolution ultrasound de-
tection in deep tissue [8-12]. The MAT applies the pulsed al-
ternating magnetic field to induce magneto-motive force in the
object, e.g. MNPs. The acoustic vibrations could be excited by
the force with the same frequency as the pulsed alternating
magnetic field. This frequency matches the range of ultra-
sound frequency. Thus, the acoustic vibrations can generate
ultrasound signals, which can be detected by the ultrasound
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transducer. Then, the reconstructed algorithm can be used to
obtain the distribution of MNPs.

However, the conventional MAT system needs the high-
power short-pulse radio frequency (RF) current in coils to ex-
cite the pulsed alternating magnetic field. Generally speaking,
the strong magnetoacoustic signals require the high-voltage
(~24 kV) microsecond pulse and pulse current (~600 A) [13-
15]. Such high energy RF excitation sources are usually ex-
pensive with safety problem.

In this paper, we developed a lower power MAT system
with a lower power amplifier (30 W) for imaging of the distri-
bution of MNPs. The excitation source is a low power sinus-
oidal pulse train. By raster scanning of ultrasound transducer
and image reconstruction, imaging of the MNPs is well
demonstrated.

II. THEORY

The schematic diagram of the MAT is shown in Fig. 1.
MNPs form a fluid and are embedded in biological tissue.
Meanwhile, MNPs lie in the pulsed alternating magnetic B.
Since the interaction of the pulsed alternating magnetic and
magnetic dipoles of the MNPs, the pulsed magneto-motive
force generated in this process can cause MNPs’ acoustic vi-
brations. This acoustic vibration propagates in all directions of
the tissue medium with the same frequency as the pulsed alter-
nating magnetic.
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Figure 1. The schematic diagram of the magnetoacoustic tomography.
The pulsed alternating magnetic field B can be stimulated by

the short-pulse radio frequency current in the coil, which is a
time-varying magnetic field. The magneto-motive force is:

FZMV(BZ) (1)
2u

Where ¥,, is magnetic susceptibility of MNPs, ¥, and £
indicate the volume and the volume fraction of the MNPs,

Center of Energy Efficient and Custom AI IC, School of Information Science
and Technology, ShanghaiTech University, Shanghai 201210, China (*cor-
responding author: gaofei@shanghaitech.edu.cn).

2696



(a)

Computer

/\MP

Phantom :
Wmmm g

lSteppmg Motor
' '- - -—

-j‘y

.r—-;'_,,

thntom \

ing Motor

‘Mm*

Figure 2. (a) The dual capacitor resonance circuit C1=C2=1 nF, R=0.1 Q, the resonance frequency is 1.1 MHz. (b) Photography of the MAT system. (c)
Detailed experiment setup of MAT system, PA: power amplifier; FG: function generator; DC: driving circuit; UST: ultrasound transducer; AMP: amplifier;

BP: bandpass filter; OSC: oscilloscope.

M is the magnetic permeability. The MNPs will vibrate under

magneto-motive force, and ultrasound wave can be generated
by the above-mentioned acoustic vibration, which is so-called
MA signal. The wave equation of the MA signal is derived as:

1°p
VZ
p- c@t
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where p is acoustic pressure and ¢ is the sound speed of
1500m/s for the tissue. We suppose the magnetic field on the
MNPs is consistent. Then the solution of the wave equation by
the Green function method with the zero-initial-value condi-
tion and the ultrasound pressure at position » can be formed as:

VxF(r,
L

Furthermore, the MA signals can be detected by ultrasound
detectors, followed by image reconstruction. In this paper, the
universal back-projection algorithm is applied to reconstruct
the distribution of the acoustic source, which reflects the dis-
tribution of the MNPs [16].

p(r,t)=— (3)
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III. METHODS

A. Experiment setup

Since the intensity of the MA signal depends on the inten-
sity of the pulsed alternating magnetic field, the dual capacitor
resonance circuit, as show in Fig. 2(a), can be used as a driving
circuit to enhance the MA signal’s intensity [17]. The reso-
nance frequency of the driving circuit is 1.1 MHz. With the
low-power (30 W) amplifier, the resonance current can
achieve the level of > 10 A.

Fig. 2(b)-(c) show the diagram of the experimental setup.
On the upper and lower sides of the water tank, a couple of
coils constitute the Helmholtz coil. Each coil is 6 cm diameter
and 10 turns, which is made in a 3 mm diameter copper wire
by hand. The coils are connected to the driving circuit. From
the driving circuit, the resonance current will feed into the coils
to generate pulsed alternating magnetic fields. The power am-
plifier (30 W, LZY- 22+, Mini-Circuits.) outputs excitation
current to the driving circuit, and the input signals of the am-
plifier are from the function generator (DG5352, RIGOL). The
input signals are a series of sinusoidal pulses with 15 cycles
and 10 ms repeat period. These signals have the same fre-
quency as the resonance frequency (1.1 MHz) of the coil. It
will stimulate the resonance circuit to accumulate energy, and
generate higher current and stronger magnetic field.
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Both the phantom of the tissue with the MNPs and the sin-
gle-point ultrasound transducer (HFC076, Doppler Inc.) are
immersed in the water. The center frequency of the ultrasound
transducer is 2.25 MHz. The transducer is connected with a
rotating platform. Driven by a stepping motor (RAP200, Zolix
Inc.), the MA signals can be detected over the 180 degrees with
a step size of 6 degrees around the MNPs by the transducer.
Then, the MA signals will be amplified with a signal amplifier
(AMP-16, Photosound Inc.), and filtered with a bandpass filter
with the 1 MHz center frequency and 110 kHz bandwidth.

B. Signal processing

A typical measured MA signal is showed in Fig. 3. This
MA signal is collected by the ultrasound transducer with the
processing of amplifying and filtering, followed by 100 times
average to suppress random noise. It shows that the MA signal
has quite good signal-to-noise ratio (SNR).
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Figure 3. The magnetoacoustic signals of the magnetic nanoparticles.

However, the generation of MA signal needs the energy ac-
cumulation by a series of cyclic pulses, since the lower power
of the individual pulse. Thus, the received MA signal has poor
axial resolution compared with conventional single-pulse MA
signal. The advantage is that the intensity of MA signal is grad-
ually increasing with higher SNR. Using this feature, we can
simply process the MA signal to improve the axial resolution,
as show in Fig. 4. In Fig. 4(b), the Hilbert transformation can
be applied to obtain the envelope of MA signals. From the en-
velope curve, the position of extreme point of the MA signals
intensity can be obtained. We can intercept the signal of one
period near this location, which are the main MA signals and
contains amplitude and phase information. The envelope of the
main MA signals can replace the original MA signals with this
processed signals, which can improve the axial resolution, as
showed in Fig. 4(c)-(d).

After the process of the detection over the 180 degrees with
a step size of 6 degrees, the data can be saved in the computer
from the oscilloscope. Then reconstructed algorithm of the
universal back-projection will be applied to get the imaging of
the distribution of MNPs.

IV. RESULTS

We executed the magnetoacoustic tomography experi-
ments with homemade gelatin phantom using the proposed

low-power MAT system. We build a cylindrical gelatin phan-
tom for simulating biological tissue. The phantom is 65 mm in
diameter and 20 mm in height, and has a gelatin concentration
of 10%. In the center of the gelatin phantom, there is a hole
with ~50 mm wide and 10 mm deep, which is made to load the
target. The target is ferrofluid whose concentration is ~ 300
mg/ml with MNPs. The main components of the MNPs is
Fe;04 and Fe;Os. The ferrofluid filled the hole in the middle
of the gelatin phantom, which is showed in Fig. 5(a).
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Figure 5. (a) Photograph of the gelatin phantom with magnetic nanoparticle
target. (b) Reconstructed image of the target shown in (a).

In the experiment, the phantom was immersed in a water
tank and lied in the center of the Helmholtz coil. A series of
sinusoidal pulses (15 cycles, 1.1 MHz) were generated by
function generator and fed into the power amplifier (30 W).
The output signals of the power amplifier drove the resonant
circuit to stimulate the pulsed alternating magnetic field in the
Helmbholtz coil. Then the pulsed alternating magnetic field in-
teract with the magnetic dipoles of the MNPs so that magneto-
motive force acting on MNPs. After this process, the MNPs
generated acoustic vibration with the 1.1 MHz resonant fre-
quency and produced the ultrasound signals of the same fre-
quency, which were MA signals. The MA signals were col-
lected by the single ultrasound transducer with 180 degrees
over the target. Then the reconstructed algorithm, universal
back-projection, was used in the imaging experiment in
MATLAB. The imaging result is shown in Fig. 5(b).

From the imaging result, we can find the approximate dis-
tribution profile and position of magnetic nanoparticles,
which are elongated in the center of the field of view. There-
fore, the experimental result verified the feasibility and poten-
tial of the proposed low-power MAT system.

V. CONCLUSIONS

In this paper, a lower-power MAT system is proposed. We
introduced the experiment setup of the MAT system with the
lower power amplifier (30 W). Then we performed the phan-
tom experiment with the magnetic nanoparticles in gelatin
phantom. The system exhibits low cost and low power, which
is safe and economical compared with conventional high-
power MAT. The imaging result also shows good spatial res-
olution. This method proved feasibility and potential of imag-
ing distribution of magnetic nanoparticles in biological tissue
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Figure 4. (a) The original MA signals. (b) The envelope of the MA signals. (¢) The main MA signals. (d) The envelope of the main MA signals.

with a low power and portable system. In the future work, the

real-

time MAT system will be performed for in vivo imaging

scenarios.
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