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Abstract

Magnetic Particle Imaging (MPI) is a novel tracer imaging modality that images the spatial distribution of super-
paramagnetic iron oxide nanoparticles (SPIOs), allowing for the sensitive and radiation-free imaging of labeled
cells and targeted disease. Recent works have shown that at high concentrations, SPIOs display extremely sharp
magnetic responses, resulting in 10-fold resolution and signal improvements. Dubbed superferromagnetic iron
oxide particles (SFMIOs), these particles appear to interact with neighbours, effectively amplifying applied fields.
This work performs a simulation of ensembles of linear chains of interacting SPIOs to elucidate SFMIO behavior and
guide practical constraints in SEMIO synthesis. We show that working within certain physical constraints (chain
length distributions and SPIO separation) preserves the improvements observed from SFMIOs.

I. Introduction assume non-interacting SPIOs. Recently, Tay et al. exper-
imented with interacting SPIOs to dramatically improve

MPI resolution. They showed experimentally that high

Magnetic Particle Imaging (MPI) is an emerging positive-
contrast imaging modality that directly images super-
paramagnetic iron oxide (SPIO) tracers in the body [1].
Pre-clinical MPI has demonstrated micromolar sensitiv-
ity for tracking stem and white blood cells, as well as in
the imaging of cancer, lung perfusion and abdominal
bleeding [2-5]. MPI resolution is determined by the ra-
tio of the SPIO saturation strength to the gradient field
strength [1, 6, 7]. MPI already has excellent sensitivity
and ideal contrast, linearity and penetration depth. The
only significant weakness is poor spatial resolution, now
about 1.5 mm in a mouse [8]. All MPI studies to date
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local concentrations of SPIO tracers showed order-of-
magnitude improvements in both SNR and resolution [9].
These resolution improvements could allow for 10-fold
reduction in scanner gradient field strength and thus a
100-fold reduction in cost. Several experiments support
the hypothesis that the observed super-resolution be-
havior is due to the formation of SPIO particle chains [9,
10, 11]. We propose that these super-resolution chains of
SPIOs exhibit “superferromagnetism,” since superpara-
magnetism does not exhibit remanence or coercivity [10].
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Il. Methods

We consider an ensemble of linear chains, each consist-
ing of N spherical, superparamagnetic single-domain
particles (each of radius a;) in the presence of an ap-
plied magnetic field. The SPIO chains are identical and
independent, allowing ensemble averaging across the
k™ SPIO in each chain. This averaging permits the use
of a Langevin saturator model for each SPIO in the chain.
Assuming the adiabatic dipole moment of each nodal
SPIO is aligned (anti)parallel to the chain axis (the only
possible equilibrium positions), the magnitude of the
magnetization of the k™ SPIO in each chain, M & 1s given
by

1)

H,

kgT

where p is the particle spatial density, m, the magni-
tude of the particle magnetic moment, T the absolute
ambient temperature, and u, and kp the vacuum per-
meability and Boltzmann constants respectively. £ (x)=
(tanh x)™! — x! is the Langevin function and H; is the
local magnetic field strength at the k" SPIO. Each nodal
SPIO feels an identical applied field plus the local dipole
field from neighboring SPIOs:
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where A;; is the center-to-center distance between the
i™ and j™ SPIO in each chain. With the nondimension-
alizations ¢ = M /(pmy) and B = uyH /(kz T/ my), we
obtain a set of transcendental equations describing the
time-varying polarization ¢ (t) of the k™ SPIO in each
chain as a function of the time-varying applied magnetic
flux density
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Here, y is the magnetic susceptibility of superparamag-
netic iron oxide, defined as
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This formulation generates a system of k transcendental
equations that describe positive feedback, which is con-
sistent with the observed hysteresis. The system is itera-
tively solved until an energetically stable, self-consistent
solution is obtained. The external applied field is then
stepped, akin to a DC magnetometry study, to obtain the
complete magnetization curve. Relevant system param-
eters can be easily altered to accommodate particles of
varying physical and magnetic properties. In this study,
we simulate chains wherein each nodal SPIO is identi-
cal and equally separated. This is done to elucidate the
dependence of coercivity on chain length N and inter-
particle separation.
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Figure 1: Simulated magnetization curve (a) shows hysteresis
in SEMIO chains but not for non-interacting SPIOs [6]. There
is good agreement between the SFMIO simulation and exper-
iment. The derived MPI PSF (b) shows order-of-magnitude
improvements in SFMIO resolution and signal over SPIOs.
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Figure 2: Parametric sweeps of chain length show coercivity
increases monotonically with chain length (a). We observe
negligible changes in coercivity beyond a certain chain length.
Varying the inter-particle separation (b) shows that increasing
this value beyond a certain point causes inter-particle interac-
tions to vanish, resulting in regular SPIO behaviour.

I1l. Results

Adiabatic magnetization curves were generated for par-
ticles with a 20 nm diameter and 5 nm shell thickness
(Figure 1(a)). We observe hysteresis in the magnetiza-
tion curve for chains of > 2 particles. The derived MPI
point spread function (PSF) of the SFMIO chain in Fig-
ure 1(b) shows marked improvements in SNR (~70-fold)
and resolution (~30-fold). Parametric sweeps in Figure
2(a) indicate that the coercive threshold does not vary
with chain length above a certain size. Simulated data
obtained by sweeping the applied field with a 1 kHz si-
nusoidal excitation (Figure 3) shows the odd harmonics
necessary for MPI reconstruction [7].

IV. Discussion

The theoretical magnetization curves show good agree-
ment with SFMIO data and can predict the coercive
threshold. Deviations between theory and experiments
are due to variations in particle size, coating thickness
and chain length within the test sample. Experimental

(© 2022 Infinite Science Publishing
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Figure 3: Subjecting the SFMIOs with a 1kHz sinusoidal exci-
tation with sufficient amplitude to cause a coercive flip shows
the full set of odd harmonics (bottom right) in the frequency
spectrum, as necessary for MPI reconstruction. The raw sig-
nal shows an order-of-magnitude increase in the SFMIO signal
(top right) over the SPIO signal (top left).

data also exhibits non-adiabatic relaxation effects in the
coercive transition, which are unaccounted for.

Parametric sweeps indicate that the coercive thresh-
old does not vary with chain length above a certain size,
owing to the rapid spatial fall-off of the magnetic field
away from each nodal dipole (B(r) o< 1/r3). This lim-
its the maximum coercive dispersion (variance in the
coercivity of chains with different lengths) allowing for
generous practical tolerances in SFMIO chain synthe-
sis. This is critical since a wide spread of coercivities
within a tracer sample would result in significantly worse
resolution as well as a marked increase in the complex-
ity of MPI image reconstruction. Simulation shows that
dimers also display hysteresis, paving the way for solely
dimeric tracers with superior sensitivity and resolution
but negligible magneto-motive drift, which could be a
safety concern for longer chains.

We expect some resolution and SNR losses from par-
ticle relaxation. We can also account for coercivity dis-
persion by considering a distribution of chain lengths
within the test sample, which will manifest as further PSF
blurring. We find that coercivity is a monotonic function
of SPIO shell thickness (Figure 2(b)), vanishing for very
thick shells as expected.

V. Conclusion
We successfully simulated an ensemble of short-chains of
SPIOs using a computational model of magnetic dipole-

coupled Langevin saturators. The model accurately pre-
dicts hysteresis, and also predicts the experimentally
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measured order-of-magnitude improvements in SNR
and spatial resolution. These findings will be crucial for
practical SFMIO synthesis and FDA safety. Indeed, the
primary value of the simulation is to estimate uniformity
constraints on chain length and shell coating thickness
for SFMIO behavior.
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