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Abstract

Micromagnetic fluids are at the core of magnetic particle imaging as underlying tracer materials. They are formed
when magnetic nanoparticles are suspended in a fluid such as blood, cytoplasm or water. One of the fundamental
assumptions made in current MPI models is that the micromagnetic response of nanoparticles and the dynamics
of the fluid transporting them are decoupled. In this contribution, we use a simplified micromagnetic model that

takes this interaction into account to investigate scenarios where this assumption breaks down.

. Introduction

Magnetic particle imaging (MPI) is a tracer based tomo-
graphic imaging modality, which relies on the nonlinear
magnetization response of a tracer material to a dynamic
magnetic field for imaging its spatial distribution [1].
These tracer materials are typically nanosized ferrimag-
netic iron oxide particles suspended in a fluid such as
blood, cytoplasm or water, which then are also referred
to as micromagnetic fluids [2]. As one of the key levers
for improving MPI’s imaging performance, ongoing ef-
forts are being made to optimize these tracers for specific
imaging systems and applications [3-5]. What makes
MPI particularly interesting from a medical point of view
is the high temporal resolution that can be achieved |6,
7], with volumes with a size of about 4 cm?® scanned in
only 21.5 ms [8]. Possible applications are the visualiza-
tion of instruments for cardiovascular intervention [7, 9
11], real-time perfusion imaging in acute stroke [12-14],
magnetic fluid hyperthermia treatment [15], or 3D blood
flow quantification [16].

A fundamental limitation for applications of this type
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is that the MPI imaging equation was originally formu-
lated for imaging scenarios in which the spatial distribu-
tion of the tracer during the acquisition of an image is
assumed to be static to a good approximation [17, 18].
If this assumption is violated, more or less noticeable
motion artifacts occur [19]. To address this problem,
recent generalizations of the imaging equation do take
dynamic tracer distributions into account [20, 21] and
several approaches for their reconstruction have been
proposed [19-24]. An important detail is that the afore-
mentioned MPI models deal with spatiotemporal vari-
ations of the tracer that occur at the macroscopic level,
i.e., changes in its spatial distribution.

In this work we consider a scenario where the MPI
tracer is dispersed in a fluid whose spatiotemporal vari-
ations is described by fluid dynamics. This allows to in-
vestigate the limits of the aforementioned macroscopic
description, where micromagnetic response of nanopar-
ticles and the dynamics of the fluid transporting them
are decoupled. A similarly fundamental question about
the linearity of dynamic magnetic behavior of a tracer for
high tracer concentrations [25] has been studied by mi-
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cromagnetic models, which could attribute this to mag-
netic dipole-dipole interactions [26]. As there is no gen-
eral mathematical MPI model covering the scenario con-
sidered here, we use a simplified micromagnetic model
to obtain the magnetization response of tracer particles
moving along a dynamic fluid in our study.

Il. Problem statement

To illustrate the problem, we consider the scenario where
an MPI tracer is uniformly distributed along a circle in the
xy-plane centered around the field free point (FFP) of an
ideal MPI selection field. Without any additional excita-
tion field the magnetization of the tracer aligns with the
selection field. If we now assume that the particles move
in unison along the fluid at a constant speed along the
circle, this motion leaves the macroscopic tracer distri-
bution unchanged. However, if we follow the tracer parti-
cles along their trajectory, these move through a varying
magnetic field. In case the alignment of the magnetic mo-
ments with the magnetic field is instantaneous, the mag-
netization along the circle will remain determined by the
local field. If we, however, consider non-instantaneous
relaxation dynamics, this will no longer be the case. In-
stead the local magnetization along the circle will also
depend on the “magnetic history” of the particles and
hence on the dynamics of the carrier fluid.

I1l. Methods

In this contribution we use a simplified Brownian re-
laxation model [27] without thermal fluctuations. The
dynamics of the magnetic moment m: [0,+00) — S? of a
nanoparticle is determined by the following equation

dm (mx&)xm

ar - | =

2Tp

3V, . . . .
where T = ZT” is the Brownian relaxation time with

the suspension viscosity 1), V}, is the hydrodynamic vol-
ume of the particle, k is the Boltzmann’s constant, T
is the temperature, and § = ‘,i—IT{ with the magnetic mo-
ment u = M V., which is calculated using the material-
dependent saturation magnetization M; and the core
volume V. We assume monodisperse spherical nanopar-
ticles with magnetite core (M, = 420kAm™") with a di-
ameter of 25 nm resulting in 4 = 3.4 x 107" Am™2. For
the remaining parameters we consider a temperature of
T =293K and the following scenarios: (a) nanoparticles
with a small hydrodynamic diameter of 75 nm are sus-
pended in water () ~ 1 x 1073 Pas [28]), (b) nanoparticles
with a large hydrodynamic diameter of 250 nm are sus-
pended in blood (1 ~3.26 x 10~ Pas [29]). Solutions are
approximated numerically.

As for the remaining setting we expand on the sce-
nario described above and consider a micromagnetic
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fluid as MPI tracer, which is uniformly distributed along
a circle of r = 5cm radius, a selection field Hg(r) = Gr
with a gradient strength of G = diag(—1,—1,2)T m~}, and
a sinusoidal excitation field Hpg(#) = (0,0, Apg sin(27 fpr))
with Apr =20mT and fpr = 1kHz. Next, we distinguish
two scenarios: (i) the nanoparticles move in unison along
the fluid at a constant speed clockwise on the circle with
a given frequency f, (ii) in the static scenario there is
no fluid motion and the nanoparticles remain at their
position on the circle. In case (i) the trajectories of the
nanoparticles are described by

Tb(t)z(rsin(Zﬂ(ft+ b)), rcos(Zﬂ(ft + b)),O), 2)

where b €[0,1) parameterizes the initial position 7,(0)
on the circle at time ¢ =0.

For both scenarios we are interested in the signal
of the magnetic moment for all locations on the circle
r, =7,(0) with b €[0,1). Now fix an arbitrary b €[0,1).
In scenario (ii) the signal mgc ,(#) is obtained by solv-
ing equation (1) directly with the field sequence H(t) =
Hg(r,(0))+Hpg(t) these particles are exposed to. In sce-
nario (i), we change the frame of reference to the moving
particle moving along 7, to obtain the magnetic moment
My, » (1) Dy solving equation (1) with the magnetic
field sequence H(t) = Hgs(r,(¢)) + Hpg(t) the moving par-
ticle is exposed to in this frame of reference. We observe
that the magnetic moment my,,i0n 5 (¢) at a fixed location
r, and time ¢ in the original frame of reference is given
by the magnetic moment of the particles that happen to
pass by at that time

mmotion,b(t) = mmovref,b—ft(t) for any it € [0,+00). (3)

IV. Results

A comparison of the signals myg,c () and My gion 5 (2)
reveals subtle signal changes in the x- and y-component.
The direction of the signal difference Amj, = mc 5 (£)—
My i0n,5(f) depends on the location r = y,(0) and its
strength is proportional to the motion frequency f. Fig-
ure 1 shows the signal mg,. ,(¢) without fluid motion
and the relative signal changes w.r.t. scenario (i) with
a motion frequency f = 1Hz for nanoparticles with a
small hydrodynamic diameter suspended in water (a)
and nanoparticles with a large hydrodynamic diameter
suspended in blood (b). In scenario (i), the particles
move with a velocity that is in the range of peak velocities
of blood flow in normal human venae cavae of 0.30 ms™!
to 0.45ms™! [30]. For nanoparticles with small hydrody-
namic volume in water (a) one observes a relative devi-
ation up to 2 x 1073, For nanoparticles with a large hy-
drodynamic diameter (b) this error increases by an order
of magnitude. Further numerical analysis of our model

indicates that these differences are primarily caused by
§

differences in the ratio =
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Figure 1: The top two graphs show the behavior of the mag-
netic moment of hydrodynamically small nanoparticles in wa-
ter (a) and the bottom two show the behavior of hydrodynami-
cally large ones in blood (b), each for b =0.2 and f =1Hz. Top
graphs do show the signal for the static setting mg;.,. The
relative deviation m"*s“’"c'rff_t)7_'"""(";3‘“’“'”m
i,static,b
the bottom, respectively.

,1=x,y,z is shown at

V. Discussion and Conclusion

The subtle signal differences found in our analysis indi-
cate that the coupling between the micromagnetic re-
sponse of nanoparticles and the dynamics of the fluid
transporting, which have not yet found their way into
MPI models, have an influence on the local magneti-
zation signals. Our study shows that this influence is
negligible for nanoparticles with a small hydrodynamic
diameter in water. More generally, we have found that
the signal differences are caused by the changes in the
magnetic field sequences that drive the magnetization
response. Thereby, the strength of the signal changes
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depends primarily on the flow velocity of the particles
and the ratio % For nanoparticles with a large hydrody-
namic diameter in blood the relative deviation is in the
order of one percent. Scenarios where the deviation can
no longer be neglected are therefore quite conceivable.

It remains an open task to transfer the present re-
sults to the MPI context. The extent to which and the
conditions under which current MPI models reach their
limits of applicability could be further studied using a
generalized model that takes the above-mentioned cou-
pling between micromagnetic response and fluid dynam-
ics bidirectionally into account. While the present work
considers the causal relationship from fluid dynamics
to micromagnetic response only, there is experimental
evidence that the other causal direction can become rel-
evant in realistic MPI scenarios [31]. To develop and
study such a generalized model is the goal of further
studies, which will be based on [32, 33] and literature
cited therein.

In addition, experimental studies demonstrating the
effects we have shown would be of interest. Preferably
such experiments are performed at low excitation fre-
quencies, increased viscosity, and with particles having
a large hydrodynamic to core diameter ratio. Perform-
ing these in a spectroscopic setup with an additional
magnetic gradient field, where Brownian relaxation is
dominant [34], would be the most obvious setting. Ulti-
mately, this would also allow to address the question of
whether the effect is strong enough to be used for flow
measurements or similar applications.
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