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Abstract

In single-harmonic magnetic particle imaging (MPI), image reconstruction is typically achieved through decon-
volution using the point spread function (PSF) corresponding to the 3"¢ harmonic signal received parallel to the
excitation field. In this study, we present an improved single-harmonic MPI reconstruction method. The method
is based on transforming the 3"¢ harmonic signal received perpendicular to the excitation field. Specifically, we
perform a quadratic derivation operation on the original perpendicular signal in the image domain along the
non-excitation direction for deconvolution reconstruction. Experimental results demonstrated that our method,
compared to the reconstruction using the raw original parallel 3" harmonic signals and raw perpendicular 37¢
harmonic signals, not only effectively improves resolution but also better recovers the shape contour of the phantom.
Specifically, the proposed method achieves at least a 2-fold increase in resolution compared to the deconvolution
reconstruction by the raw parallel 3"¢ harmonic signals.

|. Introduction the common methods is to detect a specific single har-
monic signal that represents the magnetic response of

Magnetic particle imaging (MPI) is an emerging imaging the particles. Single-harmonic MPI is an advanced nar-
technique that enables the detection of superparamag- Towband MPI technique, where the reconstructed im-
netic iron oxide nanoparticles (SPIONs)[1]. MPI holds a8es are obtained through deconvolution with the point
great potential in various applications, including stroke SPread function (PSF) corresponding to the 3" har-

detection, cancer tracking, and vascular imaging[1]-{4]. monic. This approach reduces the bandwidth require-

In magnetic particle detection and imaging, one of ments and improves the signal-to-noise ratio at a fixed
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Figure 1: Schematic of the single harmonic MPI scanner.

specific absorption rate.

In some single-excitation MPI setups, the receive coil
and excitation coil are placed in the same direction[1],
[5], [6]. However, in the literature, it has been mentioned
that the receive coil can be placed in a non-excited direc-
tion to capture the magnetization signal perpendicular
to the excitation field, known as the perpendicular mag-
netization signal[7],[8]. Perpendicular magnetization is a
method used to enhance the signal sensitivity by receiv-
ing the SPIONSs signal in a direction perpendicular to the
excitation field[7]-[9].

In this study, we proposed utilizing a transformation
of the perpendicular magnetization signal for deconvolu-
tion reconstruction. Experimental results demonstrated
that this approach effectively improves the resolution of
the reconstructed images compared to the raw perpen-
dicular third harmonic deconvolution results.

Il. Material and methods

I1.I. In-house Single-harmonic MPI

scanner

Figure 1 illustrates the coil configuration schematic of
our single-harmonic MPI scanner. A pair of NdFeB per-
manent magnets generate a field-free point (FFP) with
gradients of approximately 3.2 T/m in the y direction
and 1.6 T/m in the x and z directions. The solenoidal coil
generates an excitation field of approximately 10 mT in
the x direction at 25 kHz.

The scanning coils produce scanning fields in the x
and y directions under 50 Hz and 1 Hz, respectively. The
amplitude of the scanning fields is approximately 18 mT
(x-direction) and 36 mT (y-direction), resulting in a 2D
field of view (FOV) of approximately 23 mmx 23 mm.

Compared to[6], our scanner uses an additional sad-
dle detection coil to receive the perpendicular magne-
tization signal. The SPIONs 3"¢ harmonic signals in
the parallel (x-direction) and perpendicular direction(y-
direction) are received synchronously utilizing a lock-in
amplifier (Zurich Instruments, Zurich, Swiss Confeder-
ation). In addition, our device has achieved complete
electrical scanning by adding a pair of scanning coils,
which reduces the measurement time to 1 s.
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Figure 2: The simulated PSE (a) The simulated PSF in the x-
direction (parallel PSF); (b) The simulated PSF in the y-direction
(perpendicular PSF); (c)The PSF obtained from the second-
order derivative transformation along the y-direction of Figure2
(b) (perpendicular PSF transformation).

I1.1l. 2D Perpendicular signal
transformation

Based on the orientation of the receive coil, each har-
monic PSF typically exhibits two distinct shapes[10]. In
this study, we used the 3"¢ harmonic as an example.
These PSFs can be directly measured by placing a point
source at the center of the FOV. The PSF parallel to the ex-
citation coil is known as the parallel PSF(shown in Figure
2(a)), while the PSF corresponding to the perpendicular
signal received perpendicular to the excitation is referred
to as the perpendicular PSF(shown in Figure 2(b)). In
single-harmonic MP]I, these PSFs can be directly used as
the deconvolution kernels for reconstruction.

Figure 2(b) shows that the raw perpendicular PSF ex-
hibits significant variations in signal, which can intro-
duce signal indistinguishability and distortions during
the deconvolution process.

This study proposed a method by performing a sec-
ond derivative transformation along the non-excitation
field direction (perpendicular direction) in the image do-
main for the raw perpendicular PSE Figure 2(b) and (c)
illustrate the simulation of this approach. Figure 2(c)
shows that the perpendicular PSF transformation leads
to areduction in PSF area. This results in a more local-
ized PSE effectively mitigating signal spreading during
deconvolution and enhancing resolution. Specifically,
the second-order derivation of the perpendicular PSF is
equivalent to extracting the boundary contour of the PSF
to obtain a more local PSF (the area of the PSF decreases).
Since the original MPI image can be represented as the
convolution result of the spatial distribution of particle
concentration and the PSE So the smaller the PSE the
deconvolution will yield a higher resolution spatial dis-
tribution of particle concentrations[10], [11].

IL.I11. Image reconstruction

In single-harmonic MPI, to obtain the concentration dis-
tribution of SPIONSs, the raw image (harmonic distribu-
tion map) should be deconvoluted with the PSF obtained
from a point-like phantom. In practice, deconvolution
is accomplished by solving Eq.1 and Eq.2:
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Figure 3: The measured PSF in our in-house MPI scanner.
(a) The measured PSF in the x-direction (parallel PSF); (b)The
measured PSF in the y-direction (perpendicular PSF); (c)The
PSF obtained from the second-order derivative transformation
along the y-direction of Figure 3(b) (perpendicular PSF trans-
formation).

1)
)

where A/, and A are the system matrices converted from
the parallel PSF and the perpendicular PSE respectively.
¢ represents the concentration distribution of SPIONs.
M,, and M, are the measured parallel and perpendicular
raw images, respectively. For more details, please refer
to[6].

In our proposed method, we perform a second deriva-
tive transformation along the non-excitation field di-
rection (y-direction) on A, and M, resulting in high-
resolution perpendicular PSF and perpendicular raw im-
age. We then utilize these for deconvolution reconstruc-
tion, as shown in Eq.2.

Eq.1, Eq.2, and Eq.3 are all solved using the weighted
Kaczmarz method[12].

A//XCZM//
A xc=M;

Arans X € = Mypans

3)

where Ayans = (A1) Mgans = (M),

Il.
I11.I. Measured 2D PSF

To obtain A;, and A, measurements were performed
using a 5pL undiluted synomag-D SPIONs sample pur-
chased from Micromod GmbH (Rostock, Germany). Fig-
ure 3 shows the PSFs obtained through measurements
on our in-house developed device.

Results

I11.1l. Resolution enhancement based on

perpendicular signal
transformation

To confirm the effectiveness of resolution enhancement
through the transformation of the raw perpendicular
signal, we conducted a comparison of the resolution per-
formance between the parallel signal, perpendicular sig-
nal, and the transformed perpendicular signal using line
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Figure 4: Experimental imaging results of line pair phantoms
using the in-house single-harmonic MPI scanner.

pair phantoms with intervals of 2mm, 1.8mm, 1.6mm,
1.4mm, and 1mm on our in-house MPI system. The line
pair phantoms were filled with undiluted synomag-D
particles.

In Figure 4, the first column displays the images of
the phantom. The second column shows the reconstruc-
tion results of the raw parallel receive signal, which is
parallel to the excitation field (solved by Eq.1). The third
column displays the reconstruction results of the raw
perpendicular receive signal, which is perpendicular to
the excitation field (solved by Eq.2). The fourth column
presents the reconstruction results of the transformation
on the raw perpendicular signal. The fifth column of Fig-
ure 4 shows the 1D profile comparison of these imaging
results.

When using the parallel signal for reconstruction, it
is apparent that no distinction can be made between any
pairs of lines in the phantom. With the raw perpendic-
ular signal used for reconstruction, the best achievable
resolution is 1.4mm. However, when using the trans-
formed perpendicular signal for reconstruction, it can
be observed that the resolution is the best among the
three methods, reaching approximately Imm. Further-
more, the reconstructed results using the transformed
perpendicular signal exhibit an advantage in shape con-
tour compared to the line pair imaging results obtained
from the reconstruction using the raw perpendicular sig-
nal.

IV. Discussion
In this study, we proposed a single-harmonic MPI recon-

struction method based on perpendicular signal transfor-
mation. Compared to the conventional deconvolution
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method using parallel receive signals for reconstruction,
our method significantly enhances the spatial resolution
of the reconstructed images. In addition to resolution im-
provement, using the transformed perpendicular signals
for reconstruction also yields the best shape recovery of
the entire line pair phantom among the three methods.

The method proposed in this paper utilizes perpen-
dicular receive coils to capture the perpendicular sig-
nal. Theoretically, the perpendicular signal should natu-
rally decouple from the excitation magnetic field. How-
ever, in reality, irregularities in the coils and field in-
homogeneities can lead to the presence of excitation
feedthrough signal, resulting in a decreased signal-to-
noise ratio. Additionally, it can cause certain stretching
deformations in the PSE Nevertheless, these challenges
do not render the method impractical, as recently de-
veloped active compensation methods can effectively
address excitation feedthrough and other harmonic in-
terferences[13], [14],[15],[16]. As for the PSF stretching is-
sue, it can be improved by enhancing the coil design[17].

V. Conclusions

In this work, we propose a single-harmonic MPI recon-
struction method based on perpendicular signal trans-
formation. This method performs a second-order deriva-
tive transform of the raw perpendicular PSF along the
direction of the non-excitation field (perpendicular di-
rection) in the image domain to obtain a perpendicular
transformed PSF as an inverse convolution kernel for
reconstruction. Experimental results demonstrated that
our method, compared to the reconstruction using the
raw original parallel 3" harmonic signals and raw per-
pendicular 3"¢ harmonic signals, not only effectively im-
proves resolution but also better recovers the shape con-
tour of the phantom. Specifically, the proposed method
achieves atleast a 2-fold increase in resolution compared
to the deconvolution reconstruction by the raw parallel
374 harmonic signals.
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