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Abstract
Time- and memory-consuming calibration measurements are a major drawback in system-matrix-based recon-
structions in magnetic particle imaging (MPI). Especially, exchanging the receive coils requires new system matrices
and therefore new calibration measurements. To reduce the number of such measurements, the MPI transfer
function can be used to transfer the system matrix of one receive coil set to another. The transfer function can be
obtained by a direct measurement or by estimation using a measured system matrix of each setup. In this abstract,
we extend the latter to incorporate coupling of the receive coils while using only a few voxels of the system matrices.
In this way, we can transfer system matrices between two different receive setups, both of which may contain
non-orthogonal coils.

I. Introduction

In magnetic particle imaging (MPI), time- and memory-
consuming calibration procedures are a major drawback
in system-matrix-based reconstruction methods. Each
time a parameter of the system is changed, the entire cal-
ibration has to be repeated. This applies in particular to
the exchange of the receive coils. Fortunately, there are
already several methods to reduce the calibration time
substantially so that a system matrix of one receive coil
set can be reused for another one by determining and
applying the transfer function of the receive path. The
theoretical foundation and methods for a measurement-
based calibration of the receive path were recently de-
veloped by Thieben et al. in [1]. The proposed method
uses a calibration coil to measure the transfer function
of the device-specific receive path and transform the

measurement signal into the device-independent mag-
netic moment domain of the measured nanoparticles.
This enables an exchange of the receive coils without
new system-matrix measurements or even reusing sys-
tem matrices measured with a different MPI system as it
was done in [2]. Alternatively, the mapping from one
system matrix to another can be obtained by solving
an optimization problem as described in [3], which can
also be combined with a measured transfer function [4].
While the methods [2–4]work well in practice, they have
in common to determine a channel-wise transfer func-
tion assuming no coupling between the receive coils.
This means that the receive coils are assumed to be per-
fectly orthogonal (both coils and receive paths) and that
each coil picks up only the signal of one of the three
principal axes. As it is challenging to produce perfectly
aligned coils in particular when considering the space
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constraints of common MPI scanners, the assumption of
orthogonal receive coils is often violated. This motivated
the authors in [1] to incorporate the receive-coil coupling
into the measurement of the transfer function, which,
however, requires highly precise calibration coils, which
are challenging to manufacture with sufficient accuracy.
In this work, we estimate the transfer function between
two system matrices by extending the optimization prob-
lem in [3] to account for receive path coupling. To solve
the optimization problem, only a few voxels of both sys-
tem matrices are required. As a first step, we neglect the
spatial dependence of the transfer function and focus on
the decoupling only.

II. Methods and materials

The MPI transfer function describes the mapping from
a T -periodic receive signal û r (k ) :Z → CL of a particle
sample at position r ∈ Ωmeasured with L ∈ N receive
coils to the nanoparticles net magnetic moment m̂ :Ω×
Z → C, where Ω ⊆ R3 describes the measured field-of-
view of the system matrix. As has been shown in [1], the
mapping is given by

û r (k ) =α(k )Â(k )P (r )
︸ ︷︷ ︸

=:G (r ,k )

m̂ (r , k ),

where α(k ) = µ0
2πi k

T , k ∈Z is the frequency index, µ0 is
the vacuum permeability, Â : Z → CL×L describes the
analog filters of the receive chains, and P : Ω → RL×3

contains the sensitivity profiles of the receive coils.
Assuming G (r , k ) to have full rank, the measurement

signal of one system û approx,r can be calculated from the
signal û base,r of another system by

û approx,r (k ) =Gapprox(r , k )G +
base(r , k )

︸ ︷︷ ︸

=:T (r ,k )

û base,r (k ),

where G +
base(r , k ) denotes the pseudoinverse of

Gbase(r , k ). Here, we restrict T to be spatially indepen-
dent, i.e., we model a transfer function T : Z → CL×L

independent of the position r .
Analogously to [3], the transfer function is then esti-

mated by solving the minimization problem

min
T (k )



û approx(k )−T (k )û base(k )




2

2
(1)

with û :Z → CL×|Ω| containing the signal at all positions
r ∈ Ω for all L receive coils. When the receive coil cou-
pling can be neglected, T (k ) becomes a diagonal matrix
so that (1) can be solved for each l individually. But in
order to account for receive channel coupling, the sepa-
rate channel-wise solutions T̃l :Z → C considered in [3]
are not sufficient.

Figure 1: Receive coils used in the experiments: the 3D rat coil
setup (above) and the 3D mouse coil setup (below).

Despite the generalization to non-diagonal T , the
minimization problem (1) can still be split into L parts

min
T (k )



û approx,l (k )− û ᵀbase(k )Tl (k )




2

2

where the channel-wise solution Tl : Z → CL depends
on all L receive channels. Each of the minimization prob-
lems is equivalent to the solution of the normal equation

¯̂u base(k )û
ᵀ
base(k )Tl (k ) = ¯̂u base(k )û approx,l (k ). (2)

Solving (2) for an appropriate subset Ωcalib ⊆ Ω of cal-
ibration points yields transfer functions for all receive
channels. Thus, the measurement signal û approx,r can
now be obtained at all positions r ∈Ω from a fully sam-
pled measurement û base.

III. Experiments
The proposed methods are tested on two system matrices
measured in a preclinical MPI system 25/20FF (Bruker
Corporation, Ettlingen, Germany) with two dedicated
receive coil setups shown in Figure 1. The system matrix
measured with a receive coil arrangement dedicated for
rat experiments (rat coil) featuring a bore diameter of
72 mm is used as base measurement û base to model the
system matrix of a receive coil setup for mouse exper-
iments (mouse coil) [5] with a bore diameter of 40 mm.
Both system matrices were measured with 12 mT drive-
field amplitude in all three directions on a 26×26×13
grid with a delta-sample of size 2×2×1 mm3 filled with
perimag (micromod Partikeltechnologie GmbH, Ros-
tock, Germany) with a concentration of 152 mmolFe L−1.
The system matrix of the rat coil was measured on a
field-of-view of size 34.6×34.6×17.3 mm3 with gradi-
ent strengths of (−0.75,−0.75, 1.5) T m−1. For the mouse
coil, gradient strengths of (−1,−1, 2) T m−1 and a field-of-
view of 26×26×13 mm3 were used because of its smaller
bore diameter, but they result in the same offset field in
each voxel as in the voxels of the rat coil’s system matrix.
For both coil setups, a coil-coupling omitting channel-
wise transfer function was measured, which are used as
baseline method for comparison. The measured transfer
functions are applied to the base system matrix in order
to generate a system matrix for the mouse coil.
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Figure 2: Representative row of system matrices resulting from measurements (left) and of the different transfer function (TF)
estimation approaches (right). Shown is the xy -plane of mixing order (5, 5, 5). The colormap is adjusted to the maxima of the
first column. For the third column, the maxima of the colormap are scaled by 2, 20, and 2 %, respectively.

The estimated transfer functions are calculated by
solving (2) using Ωcalib with 15 voxels around the center
of the measured grid. For comparison, also the transfer
function T̃l without coupling is calculated as proposed
in [3] using the same subset of voxels.

IV. Results
In Figure 2, results of the application of the different mea-
sured and estimated transfer functions are compared
to the explicitly measured system matrices. Shown is
the central xy -plane of mixing order (5,5,5) [6]. The es-
timated transfer function considering the receive coil
coupling provides system matrices that are most similar
to the measured system matrices. Especially the system
matrix measured with the y -receive channel of the rat
coil has significant coupling artifacts, which can only
be handled by our proposed model yielding decoupled
system matrices for the mouse coils.

Additionally, Figure 3 shows the normalized root-
mean-square error (NRMSE) comparing the central xy -
plane of the system matrices of each method with the
measured ones in the mouse coil for mixing orders
mx , my ∈ {0, 9} and mz = 5. Taking into account the cou-
pling during transfer function estimation decreases the
NRMSE especially for the y -receive channel significantly,
but also for the other channels a decrease is visible.
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Figure 3: Mixing-order-dependent NRMSE comparing the
different approaches to the system matrix of the mouse coil.

V. Discussion and conclusion

In conclusion, a proper handling of the coupling of re-
ceive coils is important to reuse system matrices mea-
sured with another receive coil setup. It can be incor-
porated into the measurement process as done in [1] or
in the system-matrix-based estimation as proposed in
this work. The latter can be easily applied, if the desired
system matrix is given at some calibration positions. It
corrects both coupling of the receive coils and capacitive
coupling of the receive paths. Afterwards, with the esti-
mated transfer function every system matrix obtained
with the base receive coil setup (measured with any scan-
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ner parameter or particles) can be reused in the second
setup. To ensure high accuracy of the estimated transfer
function, the system matrices used for the estimation
should provide high signal-to-noise ratios.

Author’s statement
Research funding: The author state no funding involved.
Conflict of interest: Authors state no conflict of interest.

References
[1] F. Thieben, T. Knopp, M. Boberg, F. Foerger, M. Graeser, and M. Möd-

del. On the receive path calibration of magnetic particle imaging
systems. IEEE Transactions on Instrumentation and Measurement,
72:1–15, 2023, doi:10.1109/TIM.2022.3219461.

[2] A. von Gladiss, M. Graeser, A. Behrends, X. Chen, and T. M. Buzug.
Efficient hybrid 3d system calibration for magnetic particle imaging
systems using a dedicated device. Scientific reports, 10(1):1–12,
2020.

[3] T. Knopp, T. F. Sattel, S. Biederer, J. Rahmer, J. Weizenecker, B. Gle-
ich, J. Borgert, and T. M. Buzug. Model-based reconstruction for
magnetic particle imaging. IEEE Transactions on Medical Imaging,
29(1):12–18, 2009.

[4] M. Graeser, P. Szwargulski, A. von Gladiss, F. Förger, F. Thieben,
P. Ludewig, and T. Knopp. Receive path calibration to exchange
system matrix data of different receivers. International journal on
magnetic particle imaging, 6(2 Suppl 1), 2020.

[5] M. Graeser, T. Knopp, P. Szwargulski, T. Friedrich, A. von Gladiss, M.
Kaul, K. M. Krishnan, H. Ittrich, G. Adam, and T. M. Buzug. Towards
picogram detection of superparamagnetic iron-oxide particles us-
ing a gradiometric receive coil. Scientific reports, 7(1):1–13, 2017.

[6] J. Rahmer, J. Weizenecker, B. Gleich, and J. Borgert. Analysis of
a 3-D system function measured for magnetic particle imaging.
IEEE Transactions on Medical Imaging, 31(6):1289–1299, 2012,
doi:10.1109/TMI.2012.2188639.

10.18416/ijmpi.2023.2303053 © 2023 Infinite Science Publishing

https://dx.doi.org/10.1109/TIM.2022.3219461
https://dx.doi.org/10.1109/TMI.2012.2188639
https://dx.doi.org/10.18416/ijmpi.2023.2303053
https://dx.doi.org/10.18416/ijmpi.2023.2303053

	Introduction
	Methods and materials
	Experiments
	Results
	Discussion and conclusion

