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Abstract
Magnetic particle imaging (MPI) is a tracer based tomographic imaging technique that uses static and oscillating
magnetic fields to generate an image contrast from the spatial distribution of magnetic nanoparticles. Recent
investigations have shown that the MPI is able to generate additional contrasts from different tracer materials or
their environments. For example, multi-contrast MPI can be used to determine the viscosity or temperature of the
particle environment, or to distinguish tracer particles based on their core size. In this work, we investigate a novel
contrast based on the magnetic anisotropy of immobilized particles which allows to estimate the orientation of
samples.

I Introduction

In MPI magnetic nanoparticles are used as tracer ma-
terial. Static and oscillating magnetic fields cause the
ensemble magnetization of the tracer particles to react
with a magnetization signal which encodes information
about the spatial distribution [1], properties [2] and envi-
ronment [2] of the tracer particles. Recent investigations
have shown that temperature [3] and viscosity [4,5] can
be recovered from the magnetization signal.

The magnetic response of the magnetic nanoparti-
cles is governed by a mixture of the internal reorientation
of the magnetic moment (Néel rotation) and reorienta-
tion of the particle itself (Brownian rotation) [6]. When
nanoparticles are immobilized, Néel rotation dominates
the particles magnetization dynamics. Recently, it has
been shown that the orientation of the magnetic easy
axis influences the magnetization dynamics of magnetic
nanoparticles [7] and that it plays a key role for proper
modeling the system function for multi-dimensional ex-
citation patterns [8]. We use these findings to establish a

new MPI contrast that allows to estimate the orientation
of the easy axis and thereby the orientation of a sample
of immobilized nanoparticles with aligned easy axis.

II Material and methods

Perimag (micromod Partikeltechnologie GmbH, Rostock,
Germany) nanoparticles with an iron concentration of
50 mmolFeL-1 was used as MPI tracer. Containers with
a cylindrical recess of radius 1.7 mm and height 1.5 mm
were 3D printed to prepare four samples with immobi-
lized and magnetic easy axis radially aligned nanoparti-
cles. To this end dental cement and 13.5µL of the tracer
were added into the cylindrical recess of each container.
Immobilization of the nanoparticles and alignment of
the magnetization easy axis was done by curing the den-
tal cement in a static homogeneous magnetic field. Ad-
ditionally, a three-point phantom was 3D printed, where
three samples can be placed on the y-axis of our MPI
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Figure 1: The three-point phantom with samples aligned at
120°, 0°, and 60° (left to right) is shown.

Figure 2: Exemplarily, the weights (markers) of the first mea-
surement in which the samples are aligned at 60°, 0°, and 120°,
are shown in dependence of the channel labeled by the align-
ment of the delta sample. Fitting curves (lines) provide an
estimate of the alignment of the easy axes of 50°, 178°, and
110°.

system centered at−8 mm, 0 mm, and 8 mm and aligned
individually as shown in Fig. 1.

2D MPI measurements were performed with a pre-
clinical system (Philips preclinical MPI package with
a Bruker preclinical MPI system) operated with a gra-
dient strength of −1 Tµ−1

0 m−1 in x - and y -directions,
2 Tµ−1

0 m−1 in z -direction, and a drive-field amplitude of
12 mTµ−1

0 in x - and y -directions, whereµ0 is the vacuum
permeability. The system uses a field free point Lissajous
trajectory with 2.5/102 MHz and 2.5/99 MHz excitation
frequencies. The trajectory covers a 24x24 mm2 field of
view and has a repetition time of 652.8 µs. For signal
reception we use a custom receive chain with a single
gradiometric pickup coil aligned parallel to the x -axis of
our MPI system.

Nine different system matrices were measured using
sample 1 as delta sample on a 30x30 voxel grid covering
a field of view of 30x30 mm2. At each position 500 MPI
cycles were averaged to increase the signal to noise ratio.
For each system matrix the magnetic easy axis of sample
1 was rotated within the x y -plane to enclose an angle
of 0° to 160° in 20° steps to the x -axis, respectively. The
three-point phantom centered in the field of view was
used to measure the three remaining samples for 10000
excitation cycles aligned at 0°, 60°, and 120° using all
possible permutations for sample placement at -8 mm,
0 mm, and 8 mm on the y -axis, respectively.

All measurements were block averaged with a block
size of 500 and reconstructed using all 9 system matrices

Figure 3: The mean absolute estimation error is shown for all
measurements. Two values are available for each alignment
and position due to the permutation of the sample position in
the measurement protocol. The mean is taken with respect to
the 20 images reconstructed per measurement. A single outlier
(-8 mm) at −32° for 60° alignment is not shown.

in a multi-channel reconstruction approach [9]. To this
end, we used our open source reconstruction framework
[10], a signal-to-noise threshold of 3, a relative Tikhonov
regularization parameter of 0.01, and 10000 iterations.
This yields a total of 20 9-channel images per measure-
ment, where each channel corresponds to one of the
system matrices, which we will refer to by the alignment
of the corresponding delta sample.

To estimate the angle of a sample from the multi-
channel image, we propose the following: A circular re-
gion of interest (ROI) with a radius of 4 voxels is created
at the image location of the sample. The signal within the
ROI is summed up for each channel individually yielding
9 weights each corresponding to a specific alignment of
the delta sample as shown is Fig. 2. These weights are
least squares fitted by

w (α) = a

�

�

cos
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180°

�2�b

, (1)

where α is the delta sample alignment angle and a , αe ,
and b are model parameters. The maximum of the fitting
curve at αe is taken as estimate for the axis alignment.

III Results and discussion

Easy axis alignments were estimated for all measure-
ments and samples in the phantom and are summa-
rized in Fig. 3. A single strong outlier estimating the
60° alignment to be 28° for the sample located at -8 mm
was observed and excluded from further analysis. The
alignments 0°, 60°, and 120° were estimated to be -8(5)°,
51(4)°, and 115(7)°, respectively. Within a measurement
alignment estimates showed only a marginal spread with
standard deviation below 1° stemming from image noise.
In stark contrast, we observed a systematic underesti-
mation of the true alignment of on average 7°. As for
the position of the sample no spatial dependence on the
alignment estimation could be observed.
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In this study, the main source of error is the alignment
of the samples by a marker on a set of auxiliary lines avail-
able at 10° intervals. The impact of this error is twofold,
as the sample was aligned during the curing process of
the dental cement and preparation of the phantom or
delta sample. A systematic misalignment of the easy
axis in sample 1 compared to the other three is the most
likely explanation for the systematic underestimation
observed. Likewise, the inaccuracy of the alignment esti-
mates of up to 7° is dominated by the alignment process.
In practice, it is therefore important to improve the exper-
imental setup with respect to alignment accuracy, which
may improve accuracy to the 1° limited by image noise.

Beyond what we presented here, it should be possi-
ble to generalize the method to estimate 3D alignments
rather than in plane alignments. To this end, it could
be of interest to investigate the impact additional re-
ceive channels and the excitation trajectory have when
it comes to encode the easy axis alignment into the MPI
signal.

IV Conclusions
In this work, we provided a proof of principle that the
alignment of the easy axis provides a novel imaging con-
trast for multi-contrast MPI. We have shown that this con-
trast can be used to estimate the alignment of samples
with immobilized nanoparticles with aligned easy axis.
Among the other imaging contrasts it is the only one en-
abling pose estimation which is highly beneficial for ded-
icated applications such as the navigation of catheters,
magnetic swimmers [11], and other medical devices.
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