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Abstract
Aiming to increase spatial selectivity which provides the precision in hyperthermia therapy and high resolution in
imaging, we propose a strategy to increase the field gradient for Magnetic Particle Imaging (MPI) modality. In this
study, a solution for an existing MPI system topology was simulated, which uses additional soft magnetic material as
iron core retrofit at the center of selection field coil. Due to the core property of high magnetic permeability relative
to air, the magnetic flux gets confined to increase the selection field gradient field slope. Within this simulation
study, the optimal core position is evaluated whilst its effects on the magnet system is validated. We found that
this technique increases the magnetic field gradient up to a factor of 1.4 from 2.5 T/m to 3.4 T/m in z-direction,
without significant loading of the drive field resonance circuit due to power losses caused by eddy currents in the
MPI compatible iron core shielding.

I Introduction

the spatial selectivity is dependent on both the therapy
tracer properties as well as the selection field gradient
slope [2]. For enlarged FOV (Field of View) in imaging
MPI is a new tomographic imaging method which ex- or enlarged FOT (Field of Therapy) in RF-hyperthermia,
ploits the behavior of superparamagnetic iron-oxide homogeneous shift or focus fields can be used to supernanoparticles. External magnetic alternating fields are impose quasi-static homogeneous magnetic offset fields.
applied to these tracers, while their non-linear response In RF-hyperthermia, the quasi-static offset fields allow to
get spatially encoded by a magnetic field gradient [1], shift the FOT from the magnetic center of the respective
featuring a field-free-region. The magnetic field encod- magnet system.
ing mechanism can be exploited for spatially encoded
radio-frequency (RF) hyperthermia [2]. Both techniques,
imaging and therapy, can be combined into one theranostic system allowing for in situ therapy [3] [10] and
Ferromagnetic core placement is a typical way to conimage guided temperature monitoring [4]. It was shown fine and enhance magnetic fields [9]. Since a piece of
in [1], that an increased selection field gradient leads to magnetic material is inserted at the coil center, the denhigher image resolution capabilities. In hyperthermia sity of the magnetic flux through the core is confined.
therapy, an increased spatial selectivity can minimize The performance of the core depends on the magnetic
thermal damage in healthy tissue. Equivalently to [1] permeability of the material.
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Figure 3: Distribution of power dissipation induced by eddy
current of the DFx excitation in the optimal-modified system.

Figure 1: Schematic one-eighth model of the MPI scanner
illustrates 1. SF-coil 2. FFz-coil 3. FFx-coil 4. DFx-coil 5. Soft
iron core 6. Copper shields and 7. Permenorm shield.

II.II Parameters simulation
We varied the position of the core along z-axis and considered behaviors of the following parameters:
1. Slope of field gradient which is expressed by:
G=

|A − B |
,
2 · 10mm

(1)

where Gradient slope G is calculated by using field
strength at z=±10 mm (A,B).

Figure 2: Simulation of SF gradient along x and z-axis.

II Material and methods
A CAD model of a preclinical MPI system (Bruker BioSpin
MRI GmbH) with a cylindrical bore and field-free-point
(FFP) gradient topology was generated to perform the
electromagnetic simulations in ANSYS Maxwell (ANSYS,
Inc., Canonsburg, Pennsylvania, U.S.A).

II.I Simulation setting
As shown in Fig. 1, the 7-channel MPI scanner, consisting of Selection Field (SF) coils, 3-axis Focus Field (FF)
coils and 3-axis Drive Field (DF) coils, was augmented by
a copper shielded soft magnetic iron core with a relative
permeability of 64000. Material properties (permeability,
conductivity, and coercivity) including the environments
of all coils producing magnetic fields were implemented
into the model. Due to coil topology symmetry, the field
components of y-axis was not simulated as it can be predicted by the fields of x-axis. The maximum currents
used in this simulation was 500 ADC , 150 ADC and 150AAC
for SF, FF, and DF, respectively. The DF-coil with field direction into the x-axis was simulated with the frequency
of 25 kHz which generated the maximum field amplitude
of 20 mT.
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2. Linearity error L of the field gradient which is determined by:


|C − D |
L = 100
−1 ,
(2)
G · 2 · 45mm
using field strength at z=±45 mm (C,D).
3. Ohmic (or power) loss caused by DF-induced eddycurrents in conductive surfaces.
4. Force onto the inserted core.
5. Field amplitudes of FF-coils.
6. FF-homogeneity deviations ∆B which can be expressed by:


|E + F |
∆B = 100
−1 ,
(3)
2H
where E,F,H corresponds to the field strength at
z=±50 mm and z=0 mm, respectively.
7. Maximum FFP offset (∆i ) which can be determined
by FF amplitude (A i ) and the gradient slope (Gi ) at
the specific axis (i =x,y,or z):
∆i = A i /Gi .

(4)

III Results and discussion
The iron core was placed at the center of SF-coil with
the same level as the SF-coil. The field gradient in zaxis, shown in Fig. 2, was boosted up with the factor
of 1.6 from 2.5 T/m of the standard scanner to 4.2 T/m
of the modified scanner. However, by taking the additional conductive surfaces of the core into account, the
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factor of 1.4, provides almost 29 % reduction of targeting
lesion in hyperthermia [2]. An increased gradient from
calculated by (4) for standard and modified magnet systems.
2.5 to 3.4 T/m can lead to 25 % improvement of image
Standard
Modified
resolution in MPI imaging, when considering particle
max G z (T/m)
2.5
3.4
sizes of 30 nm[1].
18, 45
18.2, 60
A x ,y , A z (mT)
Inserting magnetic material is an affordable and prac∆x y , ∆z (mm)
14.4, 18
10.7, 17.5
tical method to increase the SF gradient without the need
for increased power consumption. Furthermore, this
technique allows for an easy upgrade of existing magnet
DF amplitude was damped by eddy current effects by 4 systems. The core localization influences significantly
mT. Since DF amplitude damping by core insertion was the performance of the magnet system of selection, and
not desired, the iron core and its copper shield was relo- focus field mostly in z-axis. In this study, the core pocate away from the DF-coil until 20 mT field strength was sition was optimized to compromise the gain of the inrecovered. This position is called henceforward “optimal creased gradient slope and DF induced energy loss. In
position”.
the future, our experiment with real MPI scanner will
The field gradient slope (1) was increased by up to be set up to validate the therapeutic selectivity enhance1.4 times from 2.5 T/m of the conventional scanner to ment, by the proposed insertion of soft magnetic mate3.4 T/m of the scanner with optimal core position. The rial, and the effect on time response of different coils, as
gradient linearity error (2) was 7.5 % which is slightly in alternating-current devices, the changing magnetic
increased when compared to the system without iron field causes frequency-dependent energy loss [8].
core (7.4 %). Comparing the maximum FFz amplitude
of 60 mT for the system with optimal core position and
45 mT for the existing system, the maximum FFP offsets Author’s Statement
(4) are 17.5 and 18 mm while FFz homogeneity error (4)
are 10 % and 17 %, respectively. The field amplitude Acknowledgement of research funding: The work is a
and homogeneity of the FFx and FFy was not affected part of “Functional Magneto-Therapy” project which is
significantly by the iron core, as expected. The maximal funded by the German Federal Ministry of Education and
FFP offset by the FF-coils at the maximal gradients of 2.5 Research (BMBF, grant number 13GW0230C).
T/m for standard and 3.4 T/m for our modified system
are shown below.
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