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Abstract

Magnetic particle imaging (MPI) leverages the nonlinear response of magnetic particles for imaging. Since the
response of the particles is dependent on environmental parameters like temperature or viscosity it can reconstruct
images of these properties. It has been shown that MPI is a promising tool to monitor temperatures using a
reconstruction approach called multi-color MPI, which enables temperature imaging in applications such as
magnetic particle hyperthermia. This work investigates different approaches to reconstruct temperature differences
as well as different reconstruction schemes for multi-color MPI. The performed reconstructions are based on
simulated 2D system matrices providing a reliable baseline for comparisons. The simulated system matrices are
obtained by simulations of the magnetic particles in different magnetic offset fields corresponding to the spatial

positions in a gradient field.

. Introduction

Imaging temperatures in vivo can be a useful tool
to control temperatures in applications like magnetic
fluid/particle hyperthermia (MFH/MPH) [1,2] or high-
intensity focused ultrasound (HIFU) [3] and to assure
the therapy goals of those applications. One imaging
methodology capable to obtain images with tempera-
ture information is MPI since the particles used as tracer
have a temperature dependent response. Precise tem-
perature control requires a temperature resolution in the
range below 1 K [4] since hyperthermia and the ablation
of tumours require precise temperatures to ensure the
destruction of the tumour, while the healthy tissue re-
mains unaffected. Resolving temperatures in magnetic
particle imaging (MPI) is possible [5,6,7] but a quantita-
tive measurement of reproduceable temperature resolu-
tion is missing. This work compares different methods
to obtain temperature differences from magnetic parti-
cle imaging as well as different reconstruction schemes.
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Since the data for the reconstruction is acquired using
simulations of the magnetic particles it can be assured
that the difference between two signals at different tem-
peratures is only affected by white noise and the given
temperature difference. No experimental influences de-
grade the signal. Therefore, using data from simulations
ensures a reliable baseline for comparisons.

Il. Material and methods

Measurements and 2D system matrices are obtained us-
ing a simulation introduced by Neumann et al. [8]. The
code for the simulation is available in [9]. It is based on
solving the coupled Langevin equations for the mechan-
ical rotation and magnetization dynamics. Within this
work, the particles are excited using a Lissajous sequence
with a field amplitude of 12 mT and excitation frequen-
cies of f, =24.5098 kHz and f, =26.041 kHz.

System matrices and phantoms are acquired by ap-
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Figure 1: Simulated phantom for the reconstructions

plying offset fields corresponding to the spatial positions
in a gradient field or voxel, respectively. The offset fields
are set uniformly in a range from -16 mT to 16 mT for the
x and y direction, where the discretization is chosen to
be a 7x7 grid. The simulated particles have a core diam-
eter of 25 nm and a hydrodynamic diameter of 50 nm.
The surrounding fluid is assumed to have a viscosity of
1 mPa s (water). Further, the saturation magnetization
and uniaxial anisotropy constant are set to 477464 A/m
(Magnetite) and 4000 kJ/m?, respectively. The value of
the anisotropy constant is chosen since [10] as shown
that these values give the highest signals.

The total simulation time covers 3 periods of the
Lissajous-trajectory (~ 2 ms) with a simulation timestep
of 5 ps. To reduce the amount of data and noise, these
timesteps are oversampled to a final timestep of 2 ps
(block averaged; not moving). To avoid initialization
artefacts of the simulation, only the last two periods are
used for the reconstruction. Each voxel is simulated with
10000 particles. Two system matrices have been simu-
lated at temperatures of 295 K and 335 K. Additionally,
four phantoms at 295 K, 315 K, 335 K and 355 K are also
simulated. An image of the phantom is shown in Fig. 1.
The spectral data is obtained by a Fourier-transform of
the temporal derivative of the particle signal m(t) repre-
senting the induced signal u(¢).

I1l. Results and discussion

For the reconstructions within this work only frequencies
in the range from 75 kHz to 750 kHz with a signal to noise
ratio exceeding 4 are considered, resulting in a total of
700 frequency components. Being able to reconstruct
temperature differences in MPI relies on the fact that the
magnetic response of the particles is temperature depen-
dent. For simplicity, this temperature dependency is as-
sumed to be linear. Commonly used particles experience
an increase of amplitude with increasing temperatures
[11]. However, this correlation depends on the physical
properties of the particles and is mainly determined by
the particle anisotropic energy K, Vj; and the Brownian
relaxation, where K, is the anisotropy constant and V),

10.18416/ijmpi.2022.2203059

2
a)
‘;’,_: 1010 f‘
j 0" | h i
= O
Sk10? J |
5 |
10" -
0 5 10 15
Frequency / Hz x10°
b)
'\7.\ 10—10 L
1 10—11 4
i 10712 MW
&
10—13 L
0 5 10 15
Frequency / Hz x10°
Figure 2: a) difference spectrum (x-channel)

|Ungsi1(4,4)(V) — Usgsk2(4,4)(v)] b) difference spectrum
|Us35x (4, 4)(v) — Ungs (4, 4)(V)]

the core volume of the particle. The particle properties
chosen within this work exhibit a decrease of spectral
amplitude with increasing temperature. The reconstruc-
tions are performed using the Kaczmarz method (Kaz) as
well as the iterative conjugate normal residual (CGNR)
method applied on a regularized least square minimiza-
tion problem.

I11.1. Evaluation of simulation data

Fig. 2a shows the difference of the spectrums (x-channel)
of two simulations at the same temperature (295K) at the
middle voxel position (4,4). Only clean white noise is
visible within the spectrum, which is expected and re-
quired to compare different reconstruction approaches
without experimental uncertainty. Fig. 2b shows the
difference of the amplitude spectrums between two sim-
ulations at voxel (4,4) at 295 K and 335 K resulting from
|Usssx (4, 4)(v) — Uzgsk (4,4)(v)], where Ur(x, y)(v) repre-
sents the signal spectrum at location x, y at a tempera-
ture T and frequency v. The figure shows a significant
difference in harmonics of the spectra at two different
temperatures, indicating the possibility of temperature
reconstruction using the simulations.

I11.1l. Multi-color approach

One approach to reconstruct the temperature differences
is using the multi-color MPI approach [2] with concate-
nated system matrices given by S,,,,;;; = [S2951,S335K -
Resulting in the equation

[S205x 5335K][CT1] =Ur, ey

Cr,

where S,g5 and Ss35x are the system matrices simulated
at 295 K and 335 K respectively. c¢; and cy, are the re-
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Figure 3: top: Multi color reconstruction using CGNR, bottom:
multi-color reconstruction using Kaczmarz
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Figure 4: top: reconstruction using CGNR, bottom: recon-
struction using the Kaczmarz method
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constructed concentration at 7; and 7, and U is the
spectrum of the simulated particles at a temperature 7.
The relative temperature difference is given by

~ CTz(x’y)_ch(x’y)

~ , (2)
cr(x,y)+ceg(x,y)

rel

where AT, is the relative temperature difference to an in-
termediate temperature between 295 K and 335 K, which
we assume to be 315 K. The AT given within this paper
will be calculated relative to a base temperature of 295 K,
sothat AT = AT, +20K.

As already mentioned, this approach assumes that
the particle signal is linearly proportional to the tem-
perature. Fig. 3 shows the reconstructed images for the
temperature differences with respect to the one at 295 K
using the multi-color approach at the different tempera-
tures (315 K, 335 K, 355 K). Two different reconstruction
schemes are applied, using the Kaczmarz method Fig 3
bottom as well as CGNR Fig 3 top [12]. The regularization
parameter A is set to 0.0001 for CGNR and Kaz, while the
number of iterations is set to 50 and 5, respectively. Tab.
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Table 1: Temperature difference and deviation within the
phantoms in Fig.3

Ur CGNR /~AT Kaczmarz /~ AT
Usisk - 22.5K+0.3K 21.3K+2.3K
Usssk - 39.1K+1.3K 34.6+3.3K
Usssk 50.1£1.5K 48.6 K£2.7K

Table 2: Temperature difference and deviation within the
phantoms in Fig.4

Udiff CGNR / AT Kaczmarz / AT
Usiox — Upgs 22.4K204K  22.2K+0.76K
Usssg — Ungsx 40.5 K£0.7 K 40.3£1.1K
Usssk — Usgsk 53.6 K£0.57K  52.7K£1.1K

1 shows the mean temperature of the phantom voxels as
well as their standard deviation. Looking at Tab 1. clari-
fies that using the Kaczmarz algorithm results in a more
noisy and inaccurate temperature reconstructions, while
the reconstruction with CGNR is less noisy as shown by
the lower standard deviation of the mean of the five vox-
els. However, to achieve precise temperatures using the
multi-color approach and the given data, further evalu-
ation of the frequency selection as well as the choice of
regularizing parameters A and the number of iterations
is required.

LI, Using a difference system matrix

Another approach of reconstructing temperatures is by
using the difference of system matrices S = [S335x —
S»95x ] Which is used to reconstruct the difference of the
signal Uy = Ur — U,g5x - Again, the reconstruction is per-
formed using Kaz and CGNR with 5 iterationsand A =0.1.
While the multi-color approach with CGNR required 50
iterations to converge, in this case 5 iterations are suffi-
cient using the given data. Fig. 4 shows the reconstructed
temperature differences for three diffrent spectra Uy,
where Uy is set to (Usysx — Usgsk), (Usssx — Ungsg) and
(Usssx — Usgs i )- Fig. 4 top shows the reconstructed tem-
peratures using CGNR and Fig. 4 bottom the reconstruc-
tions with the Kaczmarz method. The temperature is
obtained by multiplying the reconstruction with the tem-
perature difference between the system matrices in Sy
whichis AT =40K. In addition, the temperatures are nor-
malized by the particle concentration. As in section IIL.II,
itis assumed that the particle signal is linear proportional
to the temperature in the given range (295 K- 355 K). Tab.
2 shows the reconstructed temperature (mean) values
with the corresponding standard deviation. It is visible
that the CGNR method provides a slightly smoother re-
construction in this case. The reconstructed tempera-
tures match good with the temperature difference within
the difference measurements Ug;;. Nevertheless, the re-
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constructed measurement Uszzsx —U,g5x reconstructs to
a temperature difference of approximately 50 K instead
of 60 K. This may occur because the linearity assumption
does not hold, the chosen frequency selection is subop-
timal for the measurement at 355 K or because 355 K
is an extrapolation outside of the range covered by the
system matrices (295 and 335 K). Further investigations
are necessary to understand this behaviour.

IVV. Conclusions

The development of precise methods for temperature
reconstruction in MPI requires data in the form of system
matrices and phantom/image measurements. This data
must be reliable to be able to evaluate the methods at
precisely known temperatures. In the case of experimen-
tal acquired data, this can be quite challenging. There-
fore, using simulated data to generate system matrices
and measurements has great potential as it can provide
data with perfectly controllable parameters. This en-
ables options to improve and develop methods as men-
tioned above in fields like MPI or MPH. In this work, the
simulation-based data is used to examine methods to
reconstruct temperature differences. The acquired re-
sults in particularly for the multi-color approach are not
yet satisfactory, while for the second approach the recon-
structed temperatures are approximately correct. The
main issues to get reliable temperature accuracies in the
range below AT =1 Kis to have a frequency selection fit-
ting for every measurement at a given temperature. It is
also shown, how the selected reconstruction method in-
fluences the reconstructed temperature image and that
different methods show quite different results. Therefore,
further investigations of the reconstruction behaviour
at different temperatures are necessary. In addition, the
linearity assumption (increasing signal versus increas-
ing temperature) must be examined in dependence of
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particle parameters such as magnetic anisotropy energy
K, Vis or hydrodynamic radius to understand its role in
the reconstruction method.
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