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Magnetic particle imaging (MPI) is a new imaging modality that is capable of
imaging the distribution of magnetic nanoparticles (MNPs) with high sensitivity, high
spatial resolution, and high imaging speed. We applied an excitation magnetic field
with frequency @, and an additional dc bias H,, to obtain a second-harmonic response
of magnetization M generated owing to the nonlinearity of M—H. When H,, is set at a
knee point in the M—H characteristics, the second harmonic reaches a maximum. This
method does not need a large ac modulation field /H,.. In this study, we developed a two-
dimensional (2-D) imaging system using the detection of the second-harmonic response
of MNPs. As a result, we successfully obtained the one-dimensional (1-D) image of a
phantom 60-nm-diameter nanoparticle in a ¢2 x 4 mm vessel. In the 1-D imaging map,
the full width at half maximum (FWHM) was about 2 mm, which was consistent with
the phantom size (2 mm). In the 20 X § mm? 2-D imaging map, the position of the two
MNP phantoms could be identified.

1. Introduction

Magnetic nanoparticles (MNPs) have been well known as magnetic markers for
biomedical applications. They are coated with a polymer, which is sometimes bound
with diagnostic reagents or drugs on its surface. Magnetic markers have been used for
the separation and purification of cells or pathogens and the amplification of contrast
in MRI. Several magnetic detection methods have been developed to determine MNP
volumes for use in different bioapplications, such as immunoassays.("

Magnetic particle imaging (MPI), as introduced by Gleich and Weizenecker, and
Knopp et al., is based on utilizing the nonlinear magnetization response M for the
detection of superparamagnetic iron oxide nanoparticles.®¥ The spatial resolution of 1
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mm can be obtained.® The sensitivity of MPI is one million times higher than that of
magnetic resonance imaging (MRI).®

MPI is characterized by detecting the third harmonic of the magnetic response by
applying an excitation ac magnetic field to MNPs. In MNPs detection and the MPI
technique, the most commonly employed method is the detection of the odd harmonics
of the M response. We developed a method to improve the detection sensitivity for
the magnetization M of MNPs and an imaging technique based on the detection of the
second-harmonic response.*” The advantage of using the second-harmonic response
is that the response can be detected for even small amplitudes of the ac magnetic field.
In the case of conventional detection using a third harmonic, the amplitude of the ac
magnetic field must be larger than a threshold level.

In this study, we demonstrated the operation of a 2-D imaging system. A 20 x 8 mm?
2-D imaging map of two phantoms decorated with 60 nm diameter nanoparticles (Resovist®:
Fujifilm RI Pharma Co., Ltd.) in a ¢2 X 4 mm vessel was successfully generated.

Phantom is a specially designed object scanned in the field of medical imaging and used
for tuning the device.

2. Principles of MNP Detection

2.1 Detection of MNPs

MPI is a new technique that uses the nonlinear magnetization characteristics of
MNPs to generate images. The MNP (particle diameter < 100 nm) used for MPI has no
hysteresis in the magnetization curve as contrasted with ferromagnetic materials such
as Fe and Co. Therefore, an MNP has no residual magnetization, and the magnitude of
magnetization is determined uniquely by the magnetic field strength.

Figure 1(a) shows how to detect the third-harmonic response of the MNP. An ac
magnetic field is applied at the origin of the M—H curve of the MNP. If an ac magnetic
field with smaller amplitude (H,,) is applied, the M response becomes sinusoidal and
contains the fundamental frequency (M,). However, in the case of a large ac magnetic
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Fig. 1. (Color online) Principle of MNP detection using harmonic response: (a) using the third
harmonic and (b) using the second harmonic.
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field (H,.,), the M response is distorted and contains the third and odd harmonics (#4,).
This indicates that an amplitude larger than that of the saturation magnetization H, of the
M-H curve of the MNP is essential in principle to obtain the third-harmonic response. It
is expected that a large power source and a large coil will be required.

Figure 1(b) shows how to detect the second-harmonic response of the MNP. When
an ac magnetic field (H,.) and an additional dc bias field H, are applied, the M response
is a half-rectified waveform and contains primarily the second harmonic. Since the M—H
curve follows the Langevin function, the characteristics are not simple and round at the
bias field H,, = H,. However, when the dc bias field H,, = H,, the second harmonic of M
reaches a maximum owing to the nonlinearity of the M—H characteristics. The waveform
of M is not changed by the amplitude of the ac magnetic field (H,, or H,,). The
advantage of using the second-harmonic response is that the response can be observed
for even small amplitudes of H,.. Usually, an amplitude of 10 mT/y, should be applied,
but almost half of it is applied in our experiment.®

2.2 Principles of 1-D and 2-D imaging processes using second harmonic

In this section, we explain how to carry out 1-D and 2-D imaging processes for
MNPs using the second harmonic of the magnetic response.

A magnetic field gradient is required for MPI. To realize a 1-D MPI system, we
placed a pair of NdFeB permanent magnets at both ends of a particle detection system.
The magnets generated a gradient field transverse to the imaging bore. The two
saturation points, H,, occur side-by-side on the M—H curve, which gives a maximum
second-harmonic response, as shown in Fig. 1(b). To realize 1-D imaging, the saturation
points H, must be scanned. The principle is shown in Fig. 2. By changing the dc bias
field, the gradient field line can be scanned from left (open circle) to right (solid circle),
and the response from an object in the imaging bore can be detected.
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Fig. 2. Scanning of H, by applying a dc bias field: (a) before scanning and (b) after scanning.



1048 Sensors and Materials, Vol. 27, No. 10 (2015)

If an MNP is in the imaging region, the signal of the second-harmonic peak appears
twice. These two peaks correspond to —H, and +H,, and the position of the phantom
is the middle between these peaks. To identify the position, a lock-in amplifier was
introduced into the MPI scanning system. Since the phase between two peaks (—H, and
+H,) is 180 degrees, if the second-harmonic peaks are detected by a lock-in amplifier,
the signals can be converted into the shape shown in Fig. 3(a). Moreover, the partial
differentiation of the cosine component d(cosf)/dz can be calculated to clearly identify
the position of the phantom as shown in Fig. 3(b).

Figure 4 shows a schematic of the 2-D imaging system using MNPs. This 2-D
imaging system is fundamentally the same as the 1-D imaging system except for an xy-
positioner. The phantom was scanned along the z-axis by applying a dc bias field. After
scanning along the z-axis with an applied dc bias field, the position of the phantom was
moved in the x-axis by the xy-positioner. By repeating the scan, it was possible to obtain
an xz 2-D image of the phantom.
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Fig. 3. Principle of imaging MNPs using a phase-sensitive detector: (a) cosf component and (b)
d(cos0)/dz.
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Fig. 4. (Color online) Schematic of the 2-D imaging system using MNPs.
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3.  MPI Scanning System

3.1 Setup for 2-D imaging system

Figure 5 shows a schematic diagram of the MPI scanning system. The MPI scanning
system was constructed with a permanent ring magnet, a dc bias field coil (Helmholtz),
an ac modulation field coil, and a differential detection coil. The MPI scanning system
used a pair of NdFeB permanent ring magnets with a bore size of #80 mm separated by
90 mm. The magnets generated gradients of G. = 3.18 T/m transverse to the imaging
bore and G, = 1.26 T/m along the longitudinal axis.

The ac modulation field and dc bias field coils were used to generate an excitation
field H,. and a static field H,, respectively. The detection coil, which consisted of two
differential connected coils, detected the magnetic response of the MNP sample.

The ac modulation field and detection coils were arranged coaxially. The coil
parameters, including the measured resistance and impedance, are listed in Table 1. The
specifications of the MNPs are listed in Table 2. In the experiments, the amplitude of
the static field generated by the dc bias field coil reached values up to £32 mT/p,. An ac
modulation field up to 11 mT, /p, at 2 kHz (fundamental frequency) was applied. The
sample rod with a small vessel (42 x 4 mm) was located on one side of the detection coil.
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Fig. 5. (Color online) Schematic diagram of the MPI scanning system. The scanning system was
constructed with a permanent ring magnet, a dc bias field coil (Helmholtz), an ac modulation field
coil, and a differential detection coil. A lock-in amplifier was used to detect the second-harmonic
response of the phantom.
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Table 1
Coil parameters.
I.D. x Length ~ Wire size No. of turns Resistance  Inductance

(mm) (mm) (D) (mH)
dc bias field coil #90 x (94+94) 1.0x3.0 1485 x 2 5.5/coil 132/coil
ac modulation field coil ~ ¢#40 x 260 $0.6 744 6.1 3.8
Detection coil @17 x (50 + 50) $0.6 1000 x 2 12.4 12.9
Table 2
MNP parameters.
Name Core Fe content (mg/ml)  Particle diameter (nm)
Resovist® Fe,O, 27.8 45-65

3.2 I-D imaging and results

An original Resovist® solution (10 pl) was used as a sample. An ac modulation field
amplitude of 5.5 mT/y, at 2 kHz was applied, and the dc bias field in the z-axis was
scanned within the range of £32 mT/p,, which corresponded to £10 mm. The step in
the z-axis was £0.13 mT/y, (0.04 mm intervals). The second-harmonic response signal
from the detection coil was amplified with a lock-in amplifier (LI5640, NF Corporation).
The cosine component of the response at 4 kHz in the lock-in amplifier was selected
and recorded by a PC at each position. The 1-D image of the phantom, a nanoparticle
solution (Resovist®) in a ¢2 x 4 mm vessel, is shown in Fig. 6. The black line shows the
cosine component of the second-harmonic response, which indicates two peaks at a dc
bias field of £3 mT/y,. The intensity of the second-harmonic signal was about 0.7 mV,,_,.
The red line shows the partial differentiation of the cosine d(cosf)/dz. The full width at
half maximum (FWHM) was about 2 mm, which was almost the same as the phantom
diameter (¢2 mm).

3.3 2-D imaging and results

For 2-D imaging, we used two phantoms. Two phantoms were placed at a separation
of 5 mm at the center of one side of the detection coil. A dc bias field in the z-axis was
scanned within the range of +32 mT/y,, which corresponds to +10 mm. After scanning
along the z-axis, the samples were moved in the x-axis by a positioner by a step of 1
mm. This protocol was then repeated until areas of #4 mm in the x-axis and +10 mm
in the z-axis were scanned. A 2-D imaging map of the two phantoms, 60-nm-diameter
nanoparticles in solution (Resovist®) in ¢2 x 4 mm vessels, is shown in Fig. 7. The
cosine component of the response at each position is plotted in the zx plate. However,
since the gradient fields in the z- and x-axes (G. and G,, respectively) had a 2.5 difference
in magnitude, each signal in the x-axis was multiplied by a factor of 1/2.5. Figure 7(a)
shows the cosine component of the second-harmonic response. Two magnetic dipoles
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Fig. 6. (Color online) Cosine component (solid circles) and derivative values (open circles)
plotted as a function of the position z and dc bias field.
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Fig. 7. (Color online) Reconstruction of 2-D imaging maps of two phantoms. Resovist® (10 pl)
in 2 x 4 mm vessels: (a) 2-D imaging map from the cosine component of the second-harmonic
response and (b) 2-D imaging map from the partial differentiation of the cosine d(cos6)/dz.

were located at a separation of 5 mm along the z-axis. Figure 7(b) shows the partial
differentiation of the cosine d(cosf)/dz. The position of the two phantoms could be
identified at positions of +£5 mm from the center.

4. Conclusions

We constructed a 2-D imaging scanning system and demonstrated 2-D imaging.
Nanoparticle solutions of Resovist® were used as phantoms. The lock-in amp technique
was employed to manipulate the cosine component to determine the position of the
phantom. As a result, a 2-D dipole contour map of the two magnetic particle solutions
was successfully generated. Moreover, the positions of the MNP solutions were
clearly indicated in the contour map following the partial differentiation of the cosine
component.
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