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Abstract

Magnetic Particle Imaging (MPI) is an emerging non-invasive medical imaging method capable of determining the
concentration and spatial distribution of superparamagnetic iron oxide (SPIO) nanoparticles. Ongoing research is
exploring technology to estimate the temperature of particles based on MPI signals. In magnetic hyperthermia
treatment, volumetric temperature measurement is crucial for ensuring the safety of healthy tissues. While the
efficacy of magnetic hyperthermia and simulation-based methods for estimating temperature and damage is now
recognized, no prior studies have reported a human-sized MPI system that integrates hyperthermia and MPI.
Such integration could potentially allow for non-invasive treatments. In this paper, we present the design and
manufacture of a theranostic platform with the potential for MPI, magnetic hyperthermia and thermometry. The
development of such technology could greatly extend the application of MPI in planning magnetic hyperthermia
treatments.

|. Introduction magnetization reversal process in magnetic nanoparti-

cles (MNPs) during the application of a radiofrequency

The magnetic particle imaging (MPI) device is a relatively
new imaging modality that can determine the concen-
tration and spatial distribution of superparamagnetic
iron oxide (SPIO) nanoparticles using their nonlinear
magnetization response to an alternating magnetic field
[1]. It is radiation-free and capable of high-resolution,
high-sensitivity, and real-time imaging, making it suit-
able for various medical applications such as vascular
and perfusion imaging, oncology imaging, cell tracking,
inflammation imaging, trauma imaging, navigation for
magnetic drug delivery, and magnetic hyperthermia [2,
3]. In magnetic hyperthermia, heat generated due to the
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magnetic field is employed to treat cancer [4]. Although
MagForce has reported several clinical trials of magnetic
hyperthermia, it has not yet been translated into clinical
routine worldwide. There are various challenges for this
translation; particularly, the MNPs spatial distribution
in tissues, difficulty in delivering the applied magnetic
field in a targeted manner, and the lack of a real-time,
noninvasive, and volumetric temperature measurement.

It has been shown that MPI can stand out as a promis-

ing candidate to address these aforementioned chal-
lenges. It can accurately determine the particles distri-
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bution and concentration in real-time. If combined with
amagnetic hyperthermia device, its magnetic field gradi-
ent can provide arbitrary localized heating [5, 6]. Finally,
it has been proven that the changes in the higher har-
monics of the acquired signal with temperature can be
used as a tool for thermometry [7, 8, 9].

Localized (focused hyperthermia using MPI) can be
a promising approach for minimizing damage to healthy
tissues. However, except for special cases such as using
superconductors [10], when scaling up the MPI scan-
ner for human sizes, its magnetic field gradient strength
reduces substantially. This is while in focused hyperther-
mia, the magnetic field gradient plays a crucial role [6,
11]. An alternative approach can be the development
of human-sized MPI scanners that can accommodate a
magnetic hyperthermia coil in its bore. In this approach,
the integrated device can be used for determining the
MNPs distribution, applying radiofrequency magnetic
field for hyperthermia, and performing volumetric MPI
thermometry by inspecting the changes in higher har-
monics with temperature.

Children with cancer, despite improved survival from
combined therapies like chemotherapy, surgery, and ra-
diation, still face risks due to intensified treatments, es-
pecially with metastatic sarcoma and recurrent solid tu-
mors. Innovating new therapies that minimize imme-
diate and long-term side effects is crucial. Recent ad-
vancements in non-invasive heat-based therapies show
promise for safe, targeted treatments, potentially trans-
forming pediatric cancer care [12]. Therefore, in this
paper, we designed and developed a MPI scanner com-
bined with a hyperthermia device with the potential for
pediatric cancer treatment.

The device has a hexahedral workspace (bore size)
measuring 232x332x550 mm?. For scanning in the x-
axis, it uses a single-axis motor for mechanical move-
ment (175mm to the left and right side). This, along with
electric steering of its field-free-point (FFP) in z- axis and
y-axis allows covering most of a child’s body up to 14
years old [13]. The body sizes may differ case to case, but
the average sizes reported in [14] can be accommodated
in the device comfortably.

The amplitude modulation (AM) method was utilized
for image reconstruction [15]. In AM MPI, a low fre-
quency and high amplitude magnetic field is used to
steer the FFP, while a high frequency and low amplitude
one excites the magnetic nanoparticles (MNPs) [15, 16].
Two main advantages of AM MPI are mitigating the risk
of peripheral nerve stimulation (PNS) and the possibil-
ity of using a wide bandwidth receiver coil. The current
device, by integrating hyperthermia and MPI, has the
potential to serve as a theranostic platform for magnetic
hyperthermia treatment.
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Figure 1: Coil topologies and system configuration of the pro-
posed MPI system

Il. Material and Methods

I1.I. System Configuration

MPI System: The system configuration for the proposed
MPI system is shown in Fig. 1. The system includes a
soft core to improve the selection field and a single-axis
servo motor for moving the workspace in the x-axis. It
moves with 5mm step and low speed of 5mm/s. Here,
the fixed part includes the core and the selection & drive
y, while the movable parts (inner coils) are excitation,
drive z, receiver, and cancellation coils.

To reduce system size, the selection coil and drive y
coil are integrated into one pair of coils in a Maxwell con-
figuration to generate the FFP at the center. The role of
the coil can be determined depending on the frequency
and amplitude of the applied current. The single-axis
servomotor located at the bottom of the inner coil can
move the inner coil in the x-axis direction. This serves
as a replacement for the drive x coil. The movement is
performed to select each scanning plane for 2D image.
Then a 3D image is composed of multiple 2D images.

The inner coils are organized along the z-axis. The
drive z coil for moving the FFP in the z direction is also lo-
cated along the z-axis. In combination with the drive coil
y, the FFP can be steered in the yz-plane to create a two-
dimensional FOV. The yz-plane thus created is moved in
the x-direction in 5 mm steps by the servo motor, ulti-
mately creating a three-dimensional FOV. The receiver
coil is located in the center of the inner coils, and the can-
cellation coil, in two parts, is located close to the receive
coil. A water-cooling system is used for the selection &
drive y coil and operates in connection with an external
cooler.

Magnetic hyperthermia system: The magnetic hy-
perthermia system was designed to be accommodated
within the workspace of the MPI system. For this pur-
pose, a pancake coil configuration was chosen and 16
kW power system was selected while considering mag-
netic field amplitude. Although the magnetic field ampli-
tude reduces by distance from the surface of the coil, the
strong magnetic field produced by the device at surface
(H=50 kA/m and =120 kHz) can guarantee usable fields
for hyperthermia at depths of up to 5 cm (H=15 kA/m).
After designing the hyperthermia system, it was further
optimized and manufactured by Ultraflex Corp.
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Figure 2: The control variables for the proposed system design.

I1.1l. The Method

To optimize the system design, COMSOL Multiphysics
software (COMSOL AB, Stockholm, Sweden) was utilized
with the Nelder-Mead method to find the optimized de-
sign. Our target was to achieve a gradient 0f 0.4/0.8/0.4
(T/m) for the x/y/z axis in a FOV of 300 x 200 x 140
mm?®. The control variables, such as the width W;, height
H;, length L;, core C; and current I; of each coil were
shown in Fig. 2. With our existing power amplifiers (5kW
for AE Techron 7794 and 1kW for AE Techron 7224), we
can optimize the coil dimensions and the number of
turns which are calculated as N;=H;*W;/A; where Ai
is the cross-sectional area of the winding wire. A hol-
low squared conductor was utilized for the selection and
drive coils while Litz wire was used for the excitation and
receiver coils to prevent the skin effect at high frequen-
cies. The optimization process is presented in Fig. 3. To
optimize the coils, the objective function was defined
as F=(p/Prarger — 1)* where p and Prarger indicate the
measured and desired targets for each coil, respectively.
LabVIEW (National Instruments, Texas, USA) and MAT-
LAB (MathWorks, Natick, MA, USA) codes were written
for temperature estimation based on higher harmonics
and image reconstruction based on amplitude modula-
tion [15].

I1l. Results and discussion

Fig. 4 shows the simulated and measured magnetic field
gradient of the MPI scanner. As can be seen, magnetic
field gradients 0of 0.37 T/m, 0.8 T/m, and 0.35 T /m can
be achieved for the x/y/z axis, respectively. These were
achieved by applying a current of 50 A to the selection
coil. For standard particle of 30nm, we can achieve 3~4
mm resolution [17], meaning we can estimate the temper-
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Figure 3: The optimization process for the proposed system
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Figure 4: Simulation and experimental results of magnetic
field gradient for (a) x-axis, (b) y-axis, and (c) z-axis.

ature of particles within an area of 256 mm?3. With these
gradients, we expect to acquire 3D MPI images for deter-
mining MNPs concentration and distribution and obtain
temperature maps at different instances of magnetic hy-
perthermia procedure targeting cancers. It should, how-
ever, be mentioned that for acquiring these images, the
magnetic hyperthermia device needs to be turned off to
prevent interference from its magnetic field. Therefore,
the system must be optimized to perform real-time ther-
mometry to obtain meaningful information about the
temperature during hyperthermia.

A photograph of the proposed MPI system is shown
in Fig. 5. For the stability and convenience of the ex-
periment, an additional movable stand was manufac-
tured, and the overall system size, including the stand,
is 1545x1324x942 mm3. The target specifications of the
system parameters are provided in Table 1. Due to the
symmetry of the inner coils the pancake coil of the mag-
netic hyperthermia device can be located on either side
of the MPI system. The coil length is designed such that
it can be in the center of the receive coil.
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Table 1: Targeted characteristics of the system parameters

Parts Selection/driver y coil Driver coil z Excitation coil | Receiver/Cancellation coil
Max current [A] 70 (50/20) 54.82 35.36 -
Max current density [A/mm?] 3.14 2.15 2.67 -
Conductor type Squared shape Squared shape Litz wire Litz wire
Coil size (horizontal) [mm] 6 6

Coil size (vertical) [mm] 6 6 1500/AWG 420/AWG
Hollow diameter [mm)] 3.5 3.5 38 46
Number of turns per a coil 416 249 91 25
Coil copper area [mm?] 25.52 25.52 11.95 0.5235
Coil cross area [mm?] 43.56 43.56 11.95 0.5235
Turn insulation [mm)] 0.3 0.3 - -
Resistance per a coil [2] 0.5 0.22 0.145 -
Voltage [V] 35.2 12.03 5.12 -
Power [kW] 2470 660 181 -
Maximum gradient (x/y/z) [T/m] 0.37/0.8/0.35

FOV (x/y/z) [mm] 300x200x140

L,

Hyperthermia-MPI system

Figure 5: Manufactured theranostic platform

IV. Conclusions

The proposed system has the potential to address the
scalability issues present in existing MPI systems. It can
act as an independent theranostic platform for magnetic
hyperthermia in pediatric cancers. Exploiting the full po-
tential of such a system not only facilitates hyperthermia
for patients through non-invasive thermometry, but also
prevents damage to healthy tissue through temperature
monitoring. Verification of the 3D MPI imaging test and
temperature measurement system will be conducted and
reported in future works.
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