
International Journal on Magnetic Particle Imaging
Vol 7, No 2, Article ID 2109001, 8 Pages

Research Article

Further system characterization of the
Single-Sided MPI Scanner with two- and
three-dimensional measurements
Yvonne Blancke Soares a ,∗· Kerstin Lüdtke-Buzug a · Anselm von Gladiss a ,b ·
Christina Debbelera · Thorsten M. Buzug a ,c · Ksenija Gräfe a ,∗

a Institute of Medical Engineering, University of Lübeck, Lübeck
bnow with: Active Vision Group, Institute of Computational Visualistics, University of Koblenz-Landau, Germany
cFraunhofer Research Institution for Individualized and Cell-Based Medical Engineering, Lübeck, Germany
∗Corresponding author, email: {soares,graefe}@imt.uni-luebeck.de

Received 26 October 2020; Accepted 07 September 2021; Published online 13 September 2021

© 2021 Blancke Soares et al.; licensee Infinite Science Publishing GmbH

This is an Open Access article distributed under the terms of the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.

Abstract
With the single-sided MPI-Scanner unlimited object sizes can be measured and it is suitable for various medical
applications. In previous measurements, the penetration depth for two-dimensional measurements has already
been investigated, as well as the local resolution. The system has evolved from a one-dimensional to a three-
dimensional system. Here, further measurements are carried out to characterize the system. To measure the
penetration depth and spatial resolution as well as the influence of the orientation of the receiving coils, a four-layer
phantom was measured three-dimensionally at different angles. Furthermore, a dilution series was measured to
determine the linearity of the system reaction, which is a prerequisite for the quantifiability of the results. The
results of both studies are shown and discussed in this work.

I. Introduction
Magnetic particle imaging (MPI) uses the nonlinear mag-
netic behavior of superparamagnetic iron oxide nanopar-
ticles (SPIOs) [1]. They are saturated by a homogeneous
magnetic field and excited by the movement of a field-
free region (FFR) across the field of view (FOV), which
leads to a change in magnetization and induces a sig-
nal in the receiving coils. Certain frequencies are used
to move the FFR on a trajectory that covers the entire
FOV [2]. Only particles in or near the FFR are excited,
which allows spatial encoding.

However, due to their design, the size of the object to
be measured is limited, which led to the development of
a single-sided MPI setup in 2009 [3]. Due to the single-
sided arrangement of the coils it is possible to measure

patients or objects of any size. However, due to field inho-
mogeneities, the penetration depth that can be achieved
with a single-sided arrangement is limited. The detec-
tion of sentinel lymph nodes in patients suffering from
breast cancer is a suitable medical application since the
lymph nodes to be examined are located near the surface
of the skin [4].

A single-sided MPI scanner capable of three-
dimensional imaging with a field-free point (FFP) was
built at the Institute of Medical Engineering in Luebeck
(Figure 1). It was the first single-sided MPI scanner that
has been built [3]. By adding two double-D shaped coil
pairs, a second and third dimension in imaging has been
added to the initially one-dimensional system [5–7].
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Figure 1: Top view of the Single Sided-Scanner at the Institute
of Medical Engineering.

Table 1: Scanner dimensions and used currents. The inner
circular coil is simultaneously the transmit and selection field
coil, the outer circular coil is used as selection field coil. The D-
shaped coil pairs are used to move the FFP in y- and z-direction
as well as for the excitation in those directions.

inner circular
coil

outer circular
coil

D-shaped coil
pairs

outer
diameter 58 mm 140 mm 140 mm

inner
diameter 19 mm 107.5 mm 114 mm

DC 65 A 55 A -

ACpeak 42 A - 80 A

There are different approaches of single-sided sys-
tems optimized for different medical applications. As
an alternative to imaging with an FFP, the group of A.
Tonyushkin developed a single-sided system that uses a
field-free line (FFL) for imaging. Instead of using electro-
magnetic coils, this system uses permanent magnets to
generate the selection field. With the help of additional
electromagnetic coils and the rotation of the setup multi-
dimensional imaging is possible [8–10]. An advantage
of FFL systems over FFP systems is the overall higher
sensitivity [11].

Recently, a single-sided system was presented by Ma-
son et al. that is compact enough to be handheld and
is capable of detecting magnetic particles but cannot
be used for imaging. They propose a combination of
this system with a small-bore MPI system to detect and
rapidly examine breast cancer tumors [12]. One chal-
lenge faced by all single-sided MPI systems is the limited
penetration depth that exists due to the inhomogeneous
magnetic fields.

In this work phantom measurements, building on
previous measurements to characterize the system [13,
14], are presented to determine the achievable penetra-
tion depth and spatial resolution in three-dimensional

Figure 2: Explosion view of the three-dimensional single-sided
FFP scanner with descriptions for each coil. The superposition
of the fields generated by the coils x inner (transmit and se-
lection field coil) and x outer (selection field coil) causes the
generation of the FFP and the excitation in x-direction. The
coils y left and right and z back and front are responsible for
the FFP movement and the excitation in y- and z-direction.

imaging. Additionally, the influence of the receiving coil
orientation is investigated. To ensure that the measure-
ment results obtained with the single-sided scanner are
reproducible and can be quantified, a dilution study was
performed, which is also presented in this work.

II. Methods and measurements

In this section the single-sided FFP MPI scanner is shortly
introduced and the two- and three-dimensional mea-
surements are proposed to further characterize the sys-
tem behavior.

II.I. Single-Sided FFP Scanner

The single-sided scanner used for the presented mea-
surements consists of three transmit coils, one for each
channel respectively. With the three receiving coils, one
for each channel, three-dimensional imaging is possible,
see Figure 2. The size of each coil and the used currents
are shown in Table 1. The respective DC signal is sent
from the PC to the DC sources (SM 15-200D, Delta Elec-
tronika BV, Zierikzee, Netherlands) and passes through a
feedthrough filter (GB.E2. 100A.AB.26.x.08, Bajong Elec-
tronic GmbH, Pilsting, Germany), to the inner and outer
x-coil to generate the selection field. The three AC trans-
mit chains describe the path of the signal from the IO
boards (Innovative Integration, CA, USA) via an AC am-
plifier (DCU2250-28, MT MedTech Engineering GmbH,
Berlin, Germany) and a bandpass filter to the respective
transmit coils of the x-, y- and z-channel. The incoming
signal is additionally sent back to the PC via a voltage
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Figure 3: A photo of the four-layer-phantom that was used for
measuring the penetration depth, the spatial resolution and
for investigating the influence of the orientation of the receive
coils.

Figure 4: A sketch of the phantom that was used for measuring
the penetration depth, the spatial resolution and for investigat-
ing the influence of the orientation of the receiving coils on the
quality of the reconstructed images. To investigate the latter,
the phantom was measured at different angles to the y-axis of
the scanner. The numbers in the sketch represent the filling
order.

divider for verification. The receive chain for each of the
three channels consists of a notch filter, a low-noise am-
plifier, a single-to-differential converter and the 10-M
IO card connected to the PC and clocked by a timing
card [15].

II.II. Scanner configurations

A base frequency of f0 = 2.5 MHz was used for excita-
tion. For three-dimensional imaging, three frequency
dividers, one for each channel, were chosen, fd x = 99,
fd y = 96 and fd z = 93. This led to the respective exci-
tation frequencies fx ≈ 25.25 kHz, fy ≈ 26.04 kHz and
fz ≈ 26.88 kHz. In the two-dimensional case the fre-
quency dividers fd x = 99 and fd y = 96 led to the respec-
tive frequencies fx ≈ 25.25 kHz and fy ≈ 26.04 kHz.

Figure 5: (left) A photo of the phantom that was used for the
dilution study. (right) Sketch of the corresponding phantom
with the marked position, that was filled with the diluted trac-
ers.

II.III. Measurements

To determine the penetration depth and the spatial reso-
lution of the single-sided scanner, a layer phantom (see
Figure 3), which consists of four layers, was measured
three-dimensionally. A second phantom was measured
two-dimensionally in the dilution study to investigate
the linear system response. Since the orientation of the
receiving coils with respect to each other affects the mag-
netic fields generated, the signal quality could suffer from
certain variations in the accuracy of the implementation
of the coils. Therefore, measurements were performed to
investigate the influence of the alignment of the receive
coils by rotating and measuring the phantom at different
angles.

II.III.1. Penetration depth and spatial resolution
measurements

As published in [15], the penetration depth for three-
dimensional imaging was 8 mm. Therefore a system
matrix is measured in a FOV of 16 x 32 x 32 mm3 and
discretized in 8 x 16 x 16 positions.
The size of the four-layer phantom is 30 x 30 x 4 mm3 with
a total height of 17 mm when stuck together. The parti-
cles are located in the top layer 14 mm from the scanner
surface. Each layer consists of 7 x 7 circular holes with a
diameter of 2 mm and 2 mm height, each with a capacity
of 7 µl.

First, two holes were filled with particles as shown in
Figure 4. Four different angles, 0°, 22.5°, 45° and 90° to
the x-axis of the scanner were measured to determine
the influence of the orientation of the receive coils on the
reconstructed image quality. The measurements were re-
peated with three filled holes and five filled holes respec-
tively as demonstrated in Figure 4. The measurements
were averaged 150 times.
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(a) Reconstructed images of layer one with a distance of 3.5 mm to the
scanner surface. The results are normalized to the overall maximum
signal.

(b) Reconstructed images of the uppermost layer with a distance of
14 mm to the scanner surface. The results are normalized to the overall
maximum signal.

Figure 6: Reconstructed results of the top and bottom phantom layer with the respective regularization parameter above the
corresponding image. The left column shows two, the middle column three and the right column five filled positions in the
phantom. The rows represent the four angles, 0°, 90°, 45° and 22.5° from top to bottom.

II.III.2. Linear system response measurements

To ensure that the measurement results that we get from
the system are comparable, the linearity of the system re-
sponse was investigated. Therefore, three different trac-
ers, Resovist (Bayer Schering Pharma, Berlin, Germany;
now distributed by FUJIFILM RI Pharma), Perimag (mi-
cromod, Rostock, Germany) and Synomag-S (micromod,
Rostock, Germany) were chosen for a dilution study.

A system matrix was measured for each tracer on a
FOV of 16 x 32 mm3, which was discretized into 8 x 16 po-
sitions. For the measurements the particles were diluted
in water from 0 % to 90 % dilution in 10 % increments. A
phantom, that can be seen in Figure 5 was used for the
two-dimensional measurements.

One hole in the phantom, that holds 10 µl, was filled
and measured for each dilution step and each tracer with
an averaging of 200 for each measurement. To varify the
results, each measurement was repeated ten times.

II.IV. Reconstruction
To collect data from each position in the FOV, a system
matrix S was measured for each of the selected tracers
Perimag, Resovist and Synomag-S. For the system matrix
acquisition a cube-shaped sample containing 8 µl of each
tracer was used to measure the particle response at each

position in the FOV. The linear equation

Ŝ c = û (1)

describes an ill posed problem which can be solved with
an iterative Kaczmarz algorithm. An SNR threshold was
used to eliminate the frequency components that con-
tained too much noise, resulting in a reduced system
matrix Ŝ and measurement û . c represents the desired
particle concentration. To calculate the SNR, the row en-
ergy of each frequency component at the spatial position
r was determined,

w f ,r = ‖(SPf ,r −S E f ,r )‖, (2)

where SP is the system matrix measured with particles,
and SE is the system matrix measured without particles.
With the standard deviationσ of SE this results in

SN R =
w f ,r

σ f
. (3)

A weighting diagonal matrix

W = d i a g (
1

w 2
fr

), (4)

which consists of the reciprocal of the squared row en-
ergy of S, and a Tikhonov-regularization to stabilize the
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(a) Resovist reconstructed results. (b) Resovist plot of the intensities at each dilution step. Down to 112 µg
iron the system responds linearly.

Figure 7: The left image shows the reconstructed results of every dilution step for Resovist. 100 % represents the reconstruction
of the undiluted tracer. The plot on the right shows the signal of the corresponding phantom positions at each dilution step
normalized to the maximum signal of the reconstructed undiluted tracer measurement respectively.

results are used to address the ill posed problem. The
final equation to be solved is as follows

(Ŝ ∗W Ŝ +λI )c = Ŝ ∗W û , (5)

where Ŝ ∗ represents the conjugate transpose of the re-
duced system matrix and I the identitiy matrix [5].

III. Results

The reconstructions of the measurements presented
above are shown and described in this chapter.

III.I. Penetration depth and spatial
resolution measurement results

For reconstruction, the regularization factor λ was cal-
culated for each measurement individually [5]. Each of
the four layers, in which the first two, then three and fi-
nally five holes were filled with particles, was measured
three-dimensionally at four angles, resulting in a total
of 48 measurements. The maximum distance between
the particles and the scanner surface was 14 mm, the
minimum distance was 3.5 mm. Figure 6a shows the re-
constructed images from the measurement of the layer
closest to the scanner surface. From the first to the last
row, the phantom is shown at an angle from 0° to 90°.
From the left to the right column, the number of filled
holes increases from two to five. Figure 6b shows the top
layer for the corresponding angles and filled holes in the
phantom.

III.II. Orientation of the receiving coils
measurement results

For the investigation of the influence of the orientation
of the receiving coils, the reconstructions of the upper-
most and the bottom layer of the phantom are shown in
Figure 6.

III.III. Linear system response
measurement results

The reconstruction algorithm with 500 iteration steps
was used and a constant regularization parameter λwas
chosen for optimal comparison of the results. The recon-
structed images of selected dilution steps for Resovist
are shown in Figure 7a, for Perimag in Figure 8a and for
Synomag-S in Figure 9a. Each of the three tracers was
diluted in 10 steps and measured successively. The mea-
surement was repeated 10 times for each dilution, result-
ing in a total of 300 measurements. The reconstructed
images show the averaged signal intensities of the tracer
positions. The plots of the measured signal intensities
for each of the tracers are shown in Figures 7b, 8b and 9b.

IV. Discussion

The results of the measurements described above are
discussed in this chapter.
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(a) Perimag reconstructed results. (b) Perimag plot of the intensities at each dilution step. The regression
line shows a linear course of the tracer down to 17 µg iron in the dilution.

Figure 8: The left image shows the reconstructed results of every dilution step for Perimag. 100 % represents the reconstruction
of the undiluted tracer. The plot on the right shows the signal of the corresponding phantom positions at each dilution step
normalized to the maximum signal of the reconstructed undiluted tracer measurement respectively.

IV.I. Penetration depth and spatial
resolution

For the reconstruction 200 iteration steps were chosen,
because this provided the best image quality after visual
inspection. The appropriate selection of iteration steps
and other parameters for the reconstruction has a de-
cisive influence on the image quality. It can be clearly
seen that the resolution in y- and z-direction decreases
with the distance to the scanner surface. The two filled
holes of the top layer can be distinguished, but the im-
ages contain a lot of noise. To judge whether the signal
differs significantly from the noise, an empty measure-
ment was reconstructed and the highest noise signal was
lower by a factor of 10 than the measured particle signal
at a distance of 14 mm. For this reason we can speak of a
penetration depth of 14 mm to the scanner surface. In
three-dimensional imaging, the spatial resolution in y-
and z-direction is lower than in x-direction, since in y-
and z-direction a weaker gradient field is generated due
to the coil arrangements [16]. Possibly coupling effects
contribute to the fact that the spatial resolution is lower
in three-dimensional imaging than in two-dimensional
imaging.

IV.II. Orientation of the receiving coils

There are no visible differences in the quality of the re-
constructed images from different angles. This means
that the measured angle of the phantom to the y-axis
of the scanner and therefore the orientation of the re-
ceiving coils has no visible influence on the quality of the
reconstructed images. This shows that the receiving coils

have been accurately installed and are precisely located
so that they receive the generated signal synchronously.
We designed the measurements explicitly for this study,
which represent an important part of characterizing the
system behavior.

IV.III. Linear system response

For quantification of measurement results, the linear sys-
tem behavior must be ensured [17]. Therefore a dilution
study was performed to show, that the measurement re-
sults are reproducable. In addition to Resovist, two other
tracers were selected to strengthen the results, since it
appears that Resovist does not behave linearly at linear
dilution [18]. Contrary to this assumption, our results
show a linear system response for all three selected trac-
ers down to a dilution of 112 µg iron for Resovist, 17 µg
iron for Perimag and down to 40 µg iron in the dilution for
Synomag-S, whereas Synomag-S showed the best results
in the reconstructed signal intensities. The quantifiabil-
ity of the results for the examined system is thus given.

V. Conclusion and Outlook

A conclusion is drawn for each of the presented mea-
surements based on the presented results. A respective
outlook is described for the individual case.
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(a) Synomag-S reconstructed results. (b) Synomag-S plot of the intensities at each dilution step. The regres-
sion line was calculated from the measurements down to 40 µg iron in
the dilution and shows a linear course.

Figure 9: The left image shows the reconstructed results of every dilution step for Synomag-S. 100 % represents the reconstruction
of the undiluted tracer. The plot on the right shows the signal of the corresponding phantom positions at each dilution step
normalized to the maximum signal of the reconstructed undiluted tracer measurement respectively.

V.I. Penetration depth and spatial
resolution

Up to 14 mm distance to the scanner surface, the two
tracer-filled positions in the phantom could be distin-
guished. The images are noisy compared to the recon-
structions of the first layer, which is caused by the de-
creasing magnetic field due to the one sided arrangement
of the system. Our results show that it is possible to dis-
tinguish particles in a distance of 14 mm to each other in
this distance to the scanner surface. Since we have mea-
sured that the noise level is significantly lower than the
measurable particle signal at that distance, the penetra-
tion depth of the system is 14 mm. The spatial resolution
in z- and y-direction is at least 14 mm, but since the step
from 14 mm to 6 mm can be further decreased, further
measurements have to be done to investigate if the spa-
tial resolution lies between 6 mm and 14 mm.

V.II. Orientation of the receiving coils

A visual examination of the reconstructed images showed
no influence of the measured angle of the phantom to the
y-axis of the scanner and therefore the orientation of the
receive coils in y- and z-direction. This is an important
finding because we can assume that the influence of the
different coils in the system is uniform, and thus we can
assume that our system will not cause fluctuations in the
reconstructed signal when making measurements across
the FOV.

V.III. Linear system response
The dilution study was a necessary step to quantify the
measurement results and to further characterize the sys-
tem properties. The more system properties are known,
the better the reconstructed results can be understood.
Thus, one gets the possibility to influence the results
with the help of the gained knowledge about the scan-
ner behavior. In addition, we obtain precise knowledge
about which objects we can measure without problems
and for which we can expect good results. Furthermore,
we can plan possible improvements to the system from
the knowledge gained. Further measurements will fol-
low, which underline the results presented here and
strengthen the validity of the results.
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