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Abstract

Recent developments in color magnetic particle imaging (MPI) provided additional functionalities to MPI, such
as distinguishing magnetic nanoparticles (MNPs) by type or by their environmental conditions. In this work, we
propose rapid TAURUS (TAU estimation via Recovery of Underlying mirror Symmetry) to achieve relaxation-based
real-time color MPI. The method can successfully map the effective relaxation time constants in a relatively wide
field-of-view (FOV) at frame rates exceeding 5 frames-per-second (FPS). We present the first simulation results
demonstrating that rapid TAURUS is capable of generating high fidelity and high FPS color MPI images in real time.

. Introduction

Color Magnetic Particle Imaging (MPI) offers a means
to distinguish different magnetic nanoparticles (MNPs)
with potential applications such as catheter tracking [1],
temperature mapping [2], and viscosity mapping [3, 4].
Real-time color MPI can provide a safe alternative to
x-ray fluoroscopy for catheter tracking during cardiovas-
cular interventions [1], and a fast alternative to magnetic
resonance imaging for the diagnosis of stroke [5].

We previously proposed TAURUS (TAU estimation via
Recovery of Underlying mirror Symmetry) for relaxation-
based color MPI [4, 6], and boosted its performance to
make it applicable for rapid and multi-dimensional tra-
jectories [7]. Rapid TAURUS utilizes time-varying focus
fields (FFs) to rapidly scan a field-of-view (FOV), and
corrects the FF-induced distortions on the signal before
estimating the effective relaxation time constant, 7 [7].

In this work, we present the first simulation results for
real-time color MPI using rapid TAURUS. For a 5 x 6 cm?
field-of-view (FOV), we demonstrate frame rates exceed-
ing 5 frames-per-second (FPS). We also show that higher
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frames can be achieved by zooming into a smaller region
of interest (ROI). The results demonstrate the feasibility
of real-time color MPI using rapid TAURUS.

Il. Methods and Materials
Il.I. Rapid TAURUS

Figure 1 shows an example 2D triangle trajectory used in
this work, with a triangle shaped FF along the x-direction
and a linearly ramping FF along the z-direction:
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Here, x(t) is the field free point (FFP) position, fr =
R, . /(2FOV, G, )is the frequency of the triangle wave, and
B, and f; are the amplitude and frequency of the drive
field (DF) along the z-direction, respectively. In addition,
R;,; (T/s) is the slew rate (SR) of the FE G; is the selection
field gradient, and FOV; is the FOV along direction i. The
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Figure 1: An example 2D trajectory for the case of FPS = 3. The
trajectory covers a 5 x 6 cm? FOV. A triangle-wave motion along
the x-direction, a linear motion along the z-direction, and a DF
along the z-direction are utilized.

total scan time per frame is equal to T; = FOV,G,/R; ,.
The frame rate is then FPS =T

Due to time-varying FFs, the FFP movement is not
symmetrical around the partial field-of-view (pFOV) cen-
ters. This movement causes an additional distortion in
the mirror symmetry of the signal, even for the adiabatic
case of 7 =0. Assuming that the FFP speed is dominated
by the DE the FF-induced distortion can be modeled as
a time shift and an amplitude scaling between the two
half cycles of a signal [7]. After distortion correction, we
compute 7 for each pFOV using TAURUS, by recovering
the underlying mirror symmetry between the two half
cycles of a DF period of the signal [6].

II.1l. Simulations

The simulations were carried out using a custom tool-
box in MATLAB (Mathworks, Natick, MA), using the fol-
lowing parameters: (G, Gy, G,)=(—4.8, 2.4, 2.4) T/m,
fa=20kHz, and B, =10 mT. The MNP responses were
generated at 50 MS/s, and then downsampled to 2 MS/s.
The signal-to-noise ratio (SNR) was set to 20. A zero-
phase finite impulse response band-pass filter with the
low and high cut-off frequencies of 1.5 f; and 10.5f; was
utilized for simultaneous direct feed-through filtering
and high frequency noise removal.

In Fig. 2.(a), the 5 x 6 cm? vasculature phantom used
in the simulations is shown. The vessel structure had
>2.5 mm diameter around the main branch and the
catheter had 0.83 mm diameter. The relaxation effects
were incorporated using the phenomenological model
in [8]. The vessel structure contained MNPs with 7 =4 us
and the catheter was labeled with MNPs that had 7 =2 us.
Single-core monodisperse MNPs with 25 nm core diam-
eter were assumed.

Two different simulations were performed. In the
first simulation, the performances at three different FPS
levels were compared for a 5 x 6 cm? FOV. FPS levels of 3,
4.2, and 7 were achieved by setting R; , to 0.43, 0.6, and
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Figure 2: Color MPI simulation results. (a) The vasculature
phantom containing a labeled catheter. (b) 1D cross-sections
of MPI images at different FPS levels. (c) MPI images and color
overlays for FPS =3, 4.2, and 7. The colored lines mark the 1D
cross-sections shown in (b). The labeled catheter can be easily
distinguished in the color overlay images at all FPS levels.

1 T/s, respectively. In the second simulation, a reduced
FOV of 2.5 x 3 cm? was scanned to zoom into a smaller
ROL A higher FPS level of 9.25 was achieved by setting
R, . t0 0.7 T/s. In all of the simulations, R, , was 20 T/s.

II.11l. Image Reconstruction

Image reconstruction consisted of three steps: First, Har-
monic Dispersion X-space (HD-X) reconstruction was
utilized to reconstruct the MPI images [9]. Because the
data points from the 2D triangle trajectory were on a
non-Cartesian grid, an automated gridding algorithm for
non-Cartesian x-space reconstruction was adapted on
the HD-X data [10]. Next, FF-induced time-shift and am-
plitude scaling distortions were corrected [7]. TAURUS
was then applied for each DF period and the estimated
7 value was placed on the corresponding pFOV center
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Figure 3: Color MPI simulation results at a higher FPS level
for a zoomed-in ROI. Color overlay images are shown for (a)
5 x 6 cm? FOV imaged at FPS = 3 and (b) a reduced FOV of
2.5 x 3 cm? imaged at FPS = 9.25.

location to form a non-Cartesian 7 map. The aforemen-
tioned gridding algorithm was utilized to reconstruct
the Cartesian 7 map. Finally, the color MPI image was
generated by overlaying the v map with the MPI image.

Figure 2 shows the results for the FPS levels of 3, 4.2, and
7. The labeled catheter can be easily distinguished in the
color overlay images at all FPS levels tested. In Fig. 2.(c),
rapid TAURUS estimates 7 within the vasculature struc-
ture as 4 us. On the other hand, 7 for the labeled catheter
is estimated as 3.4 us, which is higher than the original
2 us. This result is expected, since TAURUS estimates a
weighted average 7 in regions that contain a mixture of
MNPs with different 7 values, as explained in [6].
Asseenin Fig. 2, the fidelity of both the MPIimage and
the color overlay decreases with FPS. This resultis a direct
consequence of the reduced trajectory density at higher
FPS levels. Note that the trajectory density is a function
of the SRs due to Eq. (1). Increasing the FPS requires
R, , to be increased. To maintain trajectory density and
image resolution, R, , would have to be increased at the
same rate as R; .. In this work, R, , was fixed to 20 T/s
considering potential hardware and safety limitations
With R; , fixed, higher FPS levels resulted in reduced
trajectory density, and thereby reduced image resolution.
Figure 3 shows that higher FPS levels can be achieved
by zooming into a smaller ROI (chosen manually in this
case). In Fig. 3.(a), first, the 5 x 6 cm? FOV was scanned
at 3 FPS to locate the catheter tip. In Fig. 3.(b), a reduced
FOV of 2.5 x 3 cm? was scanned at 9.25 FPS, resulting in a
slightly higher resolution image with more than 3 times

Results and Discussion
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the FPS.

For the real-time application, image reconstruction
should be faster than T;. For a single DF period, the aver-
age execution time of rapid TAURUS followed by 7 map
gridding was 0.75 ms, and that of HD-X followed by grid-
ding was 0.6 ms, on an Intel i5-10600k with Windows
10. Considering that f; =20 kHz, the execution time per
period corresponds to approximately 15 periods. Rapid
TAURUS, HD-X, and gridding only require the individ-
ual DF periods and can be parallelized to run on differ-
ent processor cores or a GPU for each DF period. Addi-
tionally, 7 map generation and image reconstruction are
completely separate processes. Therefore, an efficient
implementation in a different programming language
and parallelization can enable real-time reconstruction.

IV. Conclusion

In this work, we presented the first simulation results
demonstrating the feasibility of real-time color MPI using
rapid TAURUS. The results show that color MPI images
can be successfully generated for a relatively wide FOV at
frame rates exceeding 5 FPS. Additionally, a smaller ROI
can be scanned at frame rates exceeding 9 FPS, without
sacrificing from image fidelity.
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