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Abstract

Magnetic particle imaging (MPI) provides images of magnetic nanoparticle distribution without any signal from
the surrounding tissue. MPI would benefit from an additional imaging technique that reveals the anatomical
background information, required in many applications. Here, we present a simulation study based on our in-
house open-sided prototype MPI system, in which the coils can be utilized interchangeably for MPI and MRI data
acquisitions. The system can provide a selection field gradient of 0.5 Tm™ for MPI in field free line topology, and a
B, field of up to 50 mT for MRI. We analyze the system-induced deviations on MRI images for different B, values

and pulse sequence parameters.

. Introduction

In Magnetic Particle Imaging (MPI), spatial distribution
of magnetic nanoparticles (MNPs) is imaged with high
sensitivity and contrast [1]. However, anatomical back-
ground information via another imaging modality is
needed to determine where the MNPs are relative to the
human body. Considering that MPI does not use any ion-
izing radiation, combining it with another non-ionizing
imaging modality is highly preferable. Previous work
combined MPI and Magnetic Resonance Imaging (MRI)
using standalone [2] and hybrid systems [3-6]. Fusion of
images from separate MPI and MRI systems may not be a
preferred solution in practice due to patient movement-
related artifacts in the overlaid images. Hybrid MPI-MRI
systems can potentially overcome this problem. Previ-
ously proposed hybrid systems employed close-bore con-
figurations, which have high magnetic field efficiency,
but may prohibit patient access and cause patient dis-
comfort such as claustrophobia.
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Recently, an open-sided MPI scanner capable of
electronically scanning a field-free-line (FFL) was pro-
posed [7]. The performance of the prototype system was
analyzed via both simulations [8, 9] and experiments [10].

In this work, we present an open-sided hybrid MPI-
MRI scanner, based on the aforementioned prototype
system. The system features an MPI mode with FFL
topology with 0.5 Tm™! selection field gradient and a
low-field MRI mode with 5mT - 50 mT B, field. Using
simulations, we analyze the MRI performance of the hy-
brid system for different B, fields and pulse sequence
parameters.
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Figure 1: (a) Open-sided prototype ASELSAN MPI system and
(b) its coil topology. The Tx/Rx coil of MRI and the receive coil
of MPI are assumed to be ideal (not shown). (c) Function of
each coil group for MPI and MRI modes for hybrid imaging.
The listed applied field values are conservative. (d) 3D model of
the designed bimodal phantom. The base material is modeled

to mimic grey matter T1/T2 relaxation parameters in MRI. The
vacancies are modeled to contain MNPs to be imaged via MPI.

Il. Methods and Materials

I1.I. Coil Topology for Hybrid System

The coil topology of the proposed hybrid system is
modeled according to the specifications of the ASELSAN
MPI prototype system [7]. Figure 1(a)-(b) shows the
prototype system and the coil configuration. The
functions of the different coil groups for both the MPI
and MRI modes are listed in figure 1(c). A Helmholtz
configuration coil group, denoted as C,;, generates the
focus fieldin MPI mode, and generates the B, field in MRI
mode. The two bi-planar gradient coil groups, denoted
as C, and C,, generate the magnetic field gradients in
the x- and y-directions, respectively, for the selection
field of MPI in FFL topology. These coils are also used to
form the gradient fields in y- and x-directions in MRI
mode. Another coil group, denoted as C,,, generates the
drive field in MPI mode when coils are fed in-phase; and
generates the gradient field in z-direction in MRI mode
when coils are fed out-of-phase.
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Figure 2: (a) B-field magnitude (B,) of C, coil group at z=0
plane, showing the formation of an FFL along the x-direction.
(b) The gradient field magnitude (aa% ) of C, coil group at z=0
plane. A 0.5 T m™! gradient field is created homogeneously. (c)
Normalized B-field (B,) for C,, coil group at z =0 plane. The

inhomogeneity value for the targeted FOV is 6000 ppm.

I.11. Simulations

For numerical simulations, a bimodal phantom given in
figure 1(d) was designed. For a FOV of 25x25x15 mm?,
discretized with 0.2x0.2x0.2 mm? cells, the magnetic
field maps of the coils (see figure 2) were computed us-
ing Maxwell (Ansys Electromagnetics Suite, Ansys Inc.,
USA), and then imported into in-house MPI and MRI
simulators developed in MATLAB. Importantly, the in-
homogeneity of the C,, coil (i.e., B, field in MRI mode)
was approximately 6000 parts-per-million (ppm). MPI
receive coil and MRI Tx/Rx coils were assumed to be
ideal.

For the MRI simulations, Bloch equations were ap-
plied on the magnetic moment vectors assigned to each
cell, to simulate the T1/T2 relaxations, rotations due to
RF pulses and gradients, and off-resonance effects. For a
spin-echo pulse sequence, imaging parameters were cho-
sen as 0.3 mm in-plane resolution and 2 mm slice thick-
ness. To observe the system-induced deviations, sim-
ulations were carried out for By ranging between 5mT
and 50 mT for MRI mode. The upper limit of 50 mT for
B, was chosen based on initial feasibility simulations
in Maxwell. To demonstrate the trade-offs in choosing
By, the effects of noise were incorporated. Accordingly,
zero-mean white Gaussian noise was added to k-space
data, with standard deviation set to yield 15 dB signal-
to-noise ratio (SNR) at By = 20 mT and readout band-
width of BW =100kHz. The SNR was then scaled with
B] /4. BW~=1/2 for other B, and BW settings [11]. Image re-
construction was done via inverse 2D Fourier transform
of the k-space data.

For MPI simulations, 0.5 T m™' selection field and
6.25 mT-peak drive field at 25 kHz were applied. The
received signal was modeled according to the MPI sig-
nal equation [12]. Noise was not incorporated in these
simulations, as the operating settings of the MPI system
were kept fixed. Images were reconstructed using the
Kaczmarz algorithm [9].
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Figure 3: Reconstructed MRI images at different B, values (a) under identical RF duration and BW, and (b) for RF duration and
BW rescaled to induce identical off-resonance effects at different B, values.

I1l. Results and Discussion

In figure 3(a), the reconstructed MRI images are shown
for different B, values. When pulse sequence parameters
(i.e., RF pulse duration and BW) are kept constant, low
B, causes noisy reconstructions, whereas high B, causes
severe signal dephasing and geometric distortions due
to increased off-resonance effects. Next, RF pulse dura-
tion was reduced and BW was increased according to By,
such that identical off-resonance effects are induced at
different B, values. The limits of the RF pulse duration
and BW used in the simulations were selected based on
the experimental values in the literature [13, 14]. The
reconstruction results in figure 3(b) show that for this
scenario, SNR still increases with By and image quality is
maintained even at higher B, values. In practice, maxi-
mum feasible B, value depends on hardware limits for
RF pulse duration and BW.

Finally, the overlaid image obtained with By =20mT
for the current hybrid system are compared with that
from an ideal hybrid system in figure 4. The MRI image
from the current system displays off-resonance induced
geometric warping, which can be easily fixed with un-
warping methods. Future studies will involve the design
of a shimming coil to reduce B, field inhomogeneity and
to allow a larger FOV in MRI mode.

IV. Conclusion

In this study, we presented a simulation study of an open-
sided hybrid MPI-MRI scanner, in which the coils can
be used interchangeably. The results indicate that the
current system is adequate for performing MPI and low-
field MRI with a proper selection of By magnitude, RF
pulse duration, and bandwidth.
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Figure 4: Reconstructed images for (a) ideal (i.e., with field
inhomogeneities neglected) and (b) current hybrid systems for
MRI mode (at By =20 mT) and MPI modes, together with the
overlaid images.
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