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Abstract

Magnetic nanoparticles (MNPs) exhibit relaxation behavior, introducing a delay in their magnetization alignment.
The TAURUS method enables simultaneous estimation of the signal delay and the effective relaxation time constant.
In this study, we propose a method to separately estimate the MNP induced delay and the system induced delay.
We then demonstrate that the MNP induced delay and the relaxation time constant estimated via TAURUS show

different trends, implying that they may capture different aspects of the MNP response.

. Introduction

Magnetic nanoparticles (MNPs) exhibit relaxation effects
due to thermal fluctuation and viscous friction, which
introduces a delay in their magnetization alignment pro-
cess. This relaxation process is influenced by the MNP
characteristics and their environment, and is typically
modeled as a first-order Debye process [1].

Previously, we presented the TAURUS (TAU esti-
mation via Recovery of Underlying mirror Symmetry)
method, which offers a framework to directly estimate
the relaxation time constant (7) from the MNP signal
[2—4]. Notably, during 7 estimation, TAURUS also deter-
mines a time shift that accounts for both the system delay
and the additional delay stemming from the relaxation
response of the MNPs [2, 3]. In this work, we propose a
method to separately determine the MNP induced delay
and the system induced delay, while estimating 7. We
demonstrate with magnetic particle spectrometer (MPS)
experiments that the MNP induced delay is different than
7, and that it potentially captures different properties of
the MNP response.
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Il. Methods and Materials

I1.1. System Induced Delay Estimation

Due to direct feedthrough interference, the baseline sig-
nal from an empty-bore measurement is proportional
to the time derivative of the drive field (DF). Assum-
ing an imperfect decoupling of the drive and receive
coils, the acquired baseline signal from an experimental
MPS setup inherently incorporates the unknown system-
induced delay, ¢;. This delay can be determined using
the cross-correlation of the baseline signal, s, (¢), and the
time derivative of the applied DE B(t), as follows:

sp(H)B(t—At)dt €))

t; = argmax
At oo

Figure 1b shows an example case, where ¢, = 77 us at
1 kHz and 15 mT DF settings on our MPS setup.

I1.11. Relaxation Metrics

TAURUS models the signal as a convolution of the adi-
abatic signal, s,qiap(%), with an exponential kernel with
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Figure 1: (a) Our in-house MPS setup. (b) An example base-
line signal at 1 kHz and 15 mT DF settings, overlaid with the
derivative of the applied DE (c) The estimated system induced
delays as a function of frequency for baseline signals acquired
before Perimag and Vivotrax experiments.

time constant, 7 1, 3]:

S(1) = Sadiab(¥) % 1(2), (2)

where

6= e 7 u(r). 3)
T

Here, u(t) is the Heaviside step function. Assuming that

the received signal has mirror symmetry that has been

broken due to relaxation, the relaxation time constant is

computed as follows [2, 3]:

8t 0s 1)+ Sneg(f)

= B (83, (= Sreg )

“4)

where S,,,,(f) and S,,.¢(f) are the Fourier transforms of
the positive and negative half-cycles of s(t), respectively.
While calculating 7, a time shift Z.qg for which the signal
best fits the model in (2) is also calculated. The correct
(T, tedge) Pair is estimated minimizing the following mean
squared error [3]:

(T, Leqge) = arg min
T, Ledge)

T/2
f ($p0s(E) = (=Sneg(—=1))" d1t (5)
0
Here, T is the DF period, and $,,,,(¢) and $,,,,(#) denote
the positive and negative half-cycle signals after time
shift compensation and deconvolution with the esti-
mated relaxation kernel, which should restore mirror
symmetry.

In this work, we assume that the time shift calcu-
lated by TAURUS directly reflects the sum of the system-
induced delay, ¢;, and the MNP induced delay, #,;:

tedge =i+ 1. (6)
Therefore, first 7 and feq, Were estimated using the
weighted least squares TAURUS method [4]. Then, the
system induced delay computed via Eq. (1) was sub-
tracted from 7,qg to estimate 4.

Finally, normalized versions of these metrics, 7 and
t4, were computed by dividing with the DF period. These
normalized metrics facilitate comparison of relative re-
laxation effects at different DF frequencies.
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Figure 2: MPS signals for a) Perimag and b) Vivotrax, after
compensating for system induced delays. The time axis is nor-
malized by the DF period, and the signal amplitudes are nor-
malized by the DF frequency to enable comparison.
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Figure 3: Relaxation metrics as a function of DF frequency for
Perimag and Vivotrax MNPs. (a) £ and (b) i,

IL11l. MPS Experiments

The experiments were conducted on our in-house MPS
setup, shown in Figure 1a. The measurements were taken
at 15 mT DF amplitude at 4 different DF frequencies:
250 Hz, 500 Hz, 1 kHz, and 2 kHz. Two different MNPs
were utilized: Perimag (Micromod GmbH, Germany)
with 8.5 mg Fe/mL and Vivotrax (Magnetic Insight Inc.,
USA) with 5.5 mg Fe/mL, prepared at 125 uL each. The
experiments were repeated 2 times for each case.

I1l. Results and Discussion

Figure 1c shows that t; at different DF frequencies re-
mained consistent for Perimag and Vivotrax experiments,
indicating that there was no noticeable system drift
throughout the experiments. Here, the negative ¢, values
stem from delays in digital signal reception using a DAQ
card. Figure 2 shows that the MPS signals demonstrate
increased levels of asymmetric smearing at higher DF
frequencies, but increased delay at lower DF frequencies.
The relaxation metrics in Figure 3 show that, while the
trends occur at different rates for Perimag and Vivotrax
MNPs, £ increases with DF frequency, whereas Z, de-
creases with DF frequency. The fact that £ and 7; demon-
strate opposite trends with respect to frequency implies
that these two parameters may capture different aspects
of the MNP response. For example, one of these two pa-
rameters may be more affected by Brown relaxation and
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the other may be more affected by Neel relaxation.

As an alternative approach, the system delay ¢, could
also be estimated by measuring a transfer function,
which would require additional measurements. In con-
trast, the proposed approach has the advantage of uti-
lizing the baseline signal that is already measured right
before MNP signal acquisition.

IV. Conclusion

This work shows that, after compensating for system in-
duced delays, TAURUS estimates an MNP induced delay
that may capture different aspects of the MNP response
than the relaxation time constant. Jointly analyzing these
two parameters may enable new color MPI techniques
for applications such as viscosity mapping.
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