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Abstract: Magnetic Particle Imaging (MPI) is a tomographic imaging method has been introduced for three-
dimensional (3D) imaging of human body with some potential applications such as magnetic hyperthermia and
cancer imaging. It involves three important elements; tracer development using magnetic nanoparticles (MNPs),
hardware realization (scanner using excitation and pickup coils), and image reconstruction optimization. Their
combination will produce a high-quality image taken from any biological tissue in the human body based on the
secondary magnetic field signal from the magnetized MNPs that are injected into human body. A homogeneous and
adequate magnetic field strength from an excitation coil is needed to enhance the quality of the secondary signal.
However, the complex surface topography of human body and physical properties of an excitation coil influence the
strength and the homogeneity of the magnetic field generation at the MNPs. Therefore, this paper presents a new
concept of excitation coil configuration to improve the magnetic field strength and the homogeneity to obtain better
magnetization of MNPs to be detected in MPI. Two designs will be proposed with variation in physical properties
and coil arrangement based on simulation study that will be carried out by using ANSYS Maxwell to generate
magnetic field strength and homogeneity towards the targeted distance of 10 mm - 50 mm below the coils. The
obtained magnetic field from the simulation was validated by the mathematical calculation using Biot-Savart Law
equation. As a result, the new concept of excitation coil configuration proposed can be used to improve the MPI
scanner system performance for various medical application.
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1. Introduction

The Magnetic Particle Imaging (MP]) is a tracer-based tomographic imaging technique that can determine the three-
dimensional (3D) distribution of the magnetic nanoparticles (MNPs) concentration. Although MPI is in the preclinical
stage, there are still several features that are needed for future development such as high-resolution image contrast, signal-
to-noise ratio (SNR), tracer’s material, acquisition time for image reconstruction and coil design configuration [1]-[4]
Over the last decades, Gleich and Weiznecker had invented MPI at Philips Research Laboratories in Hamburg, Germany.
They had utilized the magnetization behaviour of the nanoparticle for tomographic imaging [5]. Since from the first
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invention of the MPI, many groups had explored and discovered the important features of the MPI, which are the material
of the nanoparticle, magnetic coil design and image reconstruction technique. Previous studies have shown the rapid
development of MPI. Until now, there is only one manufacturer which is Bruker that announces the world’s first
preclinical MPI system in 2013 [6]. A summary of the overall MPI development is listed in Table 1.

Table 1 - Summary of the overall MPI development

Year Milestones

2005 Gleich and Weiznecker proposed the Magnetic Particle Imaging (MPI), a novel imaging method that
has the ability of static imaging [5]
2007 Weizenecker et al. published a simulation study on the spatial resolution and sensitivity [7]

2008 Sattel et al. developed an alternative single-sided coil topology and showed dynamic 1D
phantom images produced [8]

2009 Knopp et al. proved the theoretical foundations for a feasible coil topology for field-free line (FFL)
imaging method [9]

2010 Knopp et al. introduced a model-based reconstruction of the MPI system [10]

2011 Knopp et al. analysed and derived simple resolution expression of the spatial resolution [11]
2013 The world’s first preclinical MPI system was announced by Bruker [6]

2014 Vogel et al. developed the first hybrid MRI/MPI system [12]

2015 Zheng et al. developed the MPI system for stem cell imaging [13]

2016 Grafe et al. recorded 2D images with MPI scanner[14]

2017 Ohki et al. developed the MPI scanner system for hyperthermia [15]

2018 Muslu et al. proposed method to generate a multi-colour relaxation map in the MPI system [16]

2019 Kosch et al. developed solid phantoms containing freeze-dried MNPs for the comparison of resolution
capabilities between different MPI scanners [17]

The basic concept of the MPI operation is started with the MNPs being injected into a subject [18]. The MNPs is
made up of Superparamagnetic Iron Oxide Nanoparticle (SPION) that has a unique magnetization characteristic
modelled by the Langevin theory [19]. Then, the MNPs accumulates in the targeted area to be detected by the receive
coil after excited by the excitation field from the excitation coil. Lastly, the collected data from the receive coil will be
used for the image reconstructed phase that indicates the locations and concentrations of the MNPs. There are three main
components of the MPI scanner which are MNPs, magnetic coil (excitation coil, selection coil and receive coil) and
image reconstruction. In this study, the effects of the excitation coil configuration have been investigated by different
physical arrangement and parameter setting. The aim of this study was to generate a strong and homogeneous magnetic
field from the excitation coil towards the MNPs at the targeted distance of 10 mm - 50 mm. (1 A) the current was supplied
to the excitation coil to ensure the minimal power to be used in the whole magnetic field generation.

2. Materials and Methods

Two different types of coil configuration were designed and simulated, Design 4 and Design B. Then, both coil
designs were determined with respect to their magnetic field strength and homogeneity towards the MNPs at the targeted
distance by using ANSY'S Maxwell simulation software. The magnetic field strength generated from the coil system was
determined from 10 mm - 50 mm under the bottom surface of the coil as shown in Fig. 1. The difference between the two
coil designs was the coil configurations arrangement to obtain a complete excitation coil system while the other
specification parameters were set up to a similar value. The standard specification parameters were the amount of current
supplied (1 A) to all coils for both coil designs, the material used for winding the coil (copper wire), coil shape
(cylindrical), and the length of coils (50 mm). Since all the excitation coil proposed by previous researches used copper
wire, therefore copper wire was chosen for both coil models [20]-[23]. The simulation results between both coil designs
were compared in terms of the magnetic field strength and its homogeneity. Then, the simulation data obtained from the
coil design that produces a better result was validated by the mathematical calculation based on the Biot-Savart Law.
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Fig.1 - The magnetic field was determined from the distance of (10 mm - 50 mm) under the bottom surface of the
coil

2.1 Design A Coil System

Design A coil system was designed with the specification as shown in Table 2. The arrangement of all coils to obtain
the complete system as shown in Fig. 2. The length of all coils was 50 mm. The inner and outer radius of the one single-
coil was 10 mm and 50 mm respectively as shown in Fig. 2 (a). The radius of a single wire was 1 mm and produce2000
turns that winding one single coil. Copper wire was chosen to be used as coil wire and 1 A of current was supplied to all
coils. The size of the distributed area to be measured was 120 mm x 100 mm in xy-plane (yellow plane) as shown in Fig.
2 (b).

Table 2 - Coil specification of Design A

Specification Value
Length of the one single coil 50 mm
Inner radius, a 10 mm
Outer radius, b 50 mm
Wire radius 1 mm
Turns, N 2000
Wire material Copper
Current, / 1A
a b
i 100 mm
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Fig. 2 - (a) one single coil of the Design A from xyz-axis view; (b) six coils used to obtain
Design A coil system from the xy-axis view

2.2 Design B Coil System
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Design B coil system was arranged with the specification as shown in Table 3. In this design, a Maxwell coils pair was
employed together with other five single coils to obtain the complete excitation coil system. In MPI, Maxwell coils
pair was used to create field-free-region (FFR) for MNPs magnetization purpose [24]. An example of a Maxwell coils pair
configuration can be found in Fig. 3. Two identical circular coils are arranged symmetrically along the same axis. Each
coil carries an equal amount of current, I flowing in the opposite direction. The blue coils indicate the Maxwell
coils pair configuration and generated the field-free point (FFP) between the Maxwell coils pair.

In the Design B, five stacked coils (red coils) were arranged vertically between the Maxwell coils pair (blue coils)as
can be found in Fig. 4 (a). The length of coil 1 and 2 (blue coils) was 50 mm for each coil while the length of coil 3, 4, 5,
6 and 7 (red coils) was 10 mm for each coil. The inner and outer radius of all coils was 10 mm and 50 mm respectively.
The radius of the wire used was 1 mm for all coils. Copper wire was chosen to winding all coils and 1 A current was
supplied to each of them. The size of the distributed area to be measured was 200 mm x 200 mm in xy-plane (yellow plane)
as shown in Fig. 4 (b).

Table 3 - Coil specification of Design B

Specification Value
Length of coil 1 & 2 50 mm
Length of coil 3,4, 5,6, &7 10 mm
Inner radius, a 10 mm
Outer radius, b 50 mm
Wire radius 1 mm
Wire material Copper
Current, / 1A
Maxwell coils pair
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Fig. 3 - An example of the Maxwell coils pair in the conventional MPI system [24]
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Fig. 4 - (a) Design B coils configuration from xyz-axis view; (b) Design B coils configuration
from xy-axis view
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2.3 Theoretical Calculation of Magnetic Field Strength Generated by the Coils

Based on the magnetic field strength generated by both coil designs, the better simulation data produced will be
validated by the theoretical calculation work. The magnetic field strength generated by the coil design will be compared
between the simulation data and calculation based on the extended equation of the Biot-Savart’s Law as shown in
equation (1) [23].

From equation (1), B indicates the magnetic field strength, iy is the permeability in a vacuum (1.25664 x10—6), N is
the number of turns, 7 is current, 2L is the length of the coil, a is the inner radius of the coil, b is the outer radius of coil
and p is the vertical distance of the MNPs from the centre of the coil.

Vip2tp2 b+ Vb2-p—2Ey2—
B ="M p " (po2n) In{ T ()
4(b—a) P a+ Va2+p? v {a+\/a2+(p—2L)2

3. Results and Discussion

3.1 Magnetic Field Strength Generated from Both Coil Designs

Table 4 and Fig. 5 shows the comparison of the magnetic field strength generated from the Design 4 and Design B
coil systems. From the simulation results, as shown in table 4 and Fig. 5, it can be seen that the magnetic field strength
produced by the coils from the Design B was higher than the Design 4. This is because the five vertically stacked coils
arranged between the Maxwell coils pair in the Design B produced magnetic field in the same direction of z-axis and
resulted in a higher total value of the magnetic field strength generated at the targeted distance of 10 mm - 50 mm below
the surface of the most bottom coil in the design. Then, the magnetic field summation between each of the five vertically
stacked coils can be calculated using the extended version of the Biot-Savart’s Law equation as will be discussed in
subsection 3.3.

Besides, the magnetic field strength generated from the coils was affected by the power loss to the surrounding. In
order to generate high magnetic field strength, the power loss from the coils must be reduced and it can be done by
decreasing the copper loss. Copper loss is the term given to heat produced by electrical currents in the winding conductors
[25]-[27]. The power loss from the copper loss is given in equation (2) [28]. Where I is current, R is resistance and t is
the time current is supplied. When the current was supplied to the coils, the copper loss will occur. The copper loss will
increase when the resistance of the coil increase as long as the current supplied is maintained. The resistance of the coil
was influenced by resistivity, length and area of the wire used as can be found in equation (3) [29]. Length of one single-
coil from five stacked coils in Design B was shorter than in Design 4. As the length of coil decreases, the resistance of
coil will also decrease and the copper loss can be reduced to maintain the power from loss. / is current, R is the resistivity,
t is the temperature, p is the material permittivity, L is the length of the wire and 4 is the area of the wire.

Copper Loss=12-R-t 2
R= L
—Pa 3)

Furthermore, the Maxwell coils pair arrangement also gives a positive impact on the magnetic field strength
generated from the five vertically stacked coils between it as can be seen in Fig. 6. The magnetic field from the Maxwell
coils pair, B will flow towards the five vertically stacked coils and will increase the total magnetic field strength generated
by them to the targeted point of 10 mm - 50 mm.

Note that the Maxwell coils pair was used in this work to increase the induced magnetic field produced by the five
vertically stacked coils instead to create the FFP as normally used by other MPI researchers. This suggests a new idea of
the function of the Maxwell coils pair in MPI besides to create the FFP.

Table 4 - Magnetic field strength generated from the coils in Design 4 and Design B coil systems

Distance (mm) Design A (uT) Design B (uT)
10 1.8020 17.2835
20 1.1285 9.9190
30 0.6167 5.7624
40 0.2688 2.5674
50 0.0284 1.2230
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Fig. 5 - Magnetic field strength generated from the Design 4 and Design B coil systems
when measured at different distances under the coil design
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Fig. 6 - Magnetic field distribution from Design B. Magnetic field strength was
indicated by the rainbow colour spectrum on the right top side of the figure

3.2 Magnetic Field Homogeneity Distributed from Both Coil Designs

Fig. 7 shows the homogeneity of the magnetic field distributed from both Design 4 and Design B, Fig. 7 (a) and Fig.
7 (b), respectively. From the simulation results, it can be seen that the magnetic field direction produced from the coils
in Design B was more homogeneous than Design A towards the centre of the distribution area (yellow plane).

Different coils arrangement between the two designs affected the homogeneity of the magnetic field distribution.
Coils arrangement in Design B were arranged with five vertically stacked coils placed between the Maxwell coils pair
while in Design 4 six single coils that were arranged horizontally in the same plane. When the coils were arranged
vertically in the same axis, the magnetic field direction generated from them will be aligned in the same direction and
this can produce a more homogeneous magnetic field distribution than the coils that were arranged in the horizontal
position.
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Fig. 7 - Magnetic field homogeneity distribution from the coil design at a distance of 10 mm
(a) Design A; (b) Design B

3.3 Comparison between Simulation and Calculation Results of the Magnetic Field Strength
Generated from Design B Coil System

The magnetic field strength generated by the coils in Design B obtained from the simulation was compared with the
calculation that was evaluated by using equation (1). Fig. 8 shows the comparison between simulation and calculation
results of the magnetic field strength generated from the coils by Design B at different positions in the z-axis. Magnetic
field strength generated from both works shows the almost similar value for depth of 10 mm - 30 mm under the coils.
For instance, when the magnetic field strength was determined at point 10 mm under the coils, the results for simulation
and calculation were 16.7126 pT and 17.0516 pT, respectively. However, the magnetic field strength that was determined
at point 40 mm - 50 mm showed slightly different values. For example, when the magnetic field strength was determined
at point 50 mm under the coils, the results for simulation and calculation were 0.1966 pT and 3.0007 uT, respectively.
The different value might be caused by the magnetic field strength generated by the Maxwell coils pair that not considered
in the calculation work even if exist in the simulated model.

In addition, the calculated result shows a higher value of strength than the simulated result. The different values can
be ignored as it is in the puT unit which is a very small range of unit scale. Therefore, the simulation data obtained from
Design B was successfully proven and supported by the mathematical calculation as previously explained.
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Fig. 8 - Comparison between simulation and calculation results of the magnetic field
strength generated from the coils in Design B at different positions under the coils

4. Conclusion

This work presented two designs of an excitation coil system that were simulated by using ANSYS Maxwell to
measure the magnetic field strength generated towards the MNPs located at a targeted distance 10 mm - 50 mm under
the excitation coil. From the simulation data obtained, the Design B generated a stronger and more homogeneous
magnetic field than those from Design 4. Then, the simulated magnetic field strength from the coils in Design B was
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compared to the mathematical calculation for validation. A good agreement was obtained between both simulated and
calculated data for the Design B coil system. The improvement of magnetic field strength and its homogeneity can be
obtained based on the combination of the stacked coils with a Maxwell coils pair. Therefore, a new concept of an
excitation coil configuration system can be proposed from the findings and can be used for a single-sided MPI system
for future development in a medical imaging application.
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