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a b s t r a c t

Promising biomedical applications of magnetic nanoparticles share the need for a quantitative knowl-
edge of their in vivo distribution. From multichannel magnetorelaxometry measurements with
sequential activation of inhomogeneous excitation fields, the distribution can be quantitatively
determined. In first studies, single excitation coils were consecutively activated. We aim at further
advancing this imaging technology by suitable activation patterns involving multiple excitation coils.
In this work, we propose the estimation of these patterns based on the spatial sensitivity in order to reduce
the number of required measurements. The sensitivity of a voxel carrying magnetic nanoparticles is
determined by its position relative to the sensors and the excitation field. Whereas the position is fixed
within a given setup, the excitation is controlled by the currents in the coils. The currents required for a
defined target sensitivity are estimated by solving an inverse problem. In our work, two target sensitivity
paradigms are presented: (a) plane-wise activation, where only one plane with high sensitivities is
sought and moved through the source space and (b) plane-wise non-activation, where all voxels except
for one plane should receive high sensitivity. Our approach is investigated in simulation studies using a
setup with a cubic region of interest and a planar sensor array. The imaging quality of both activation
paradigms is evaluated. Our results demonstrate the principal applicability of this spatial sensitivity
based approach for defining inhomogeneous activation patterns. The obtained patterns allow for a
similar imaging quality using a lower number of activation sequences compared to the conventional
single coil activation.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Magnetic nanoparticles offer a large variety of promising
biomedical applications, among them magnetic drug targeting [1]
and magnetic hyperthermia [2]. All these applications share the
need for a quantitative and precise detection of the particles with
respect to monitoring application safety and efficiency. Magnetor-
elaxometry (MRX) using superconducting quantum interference
devices (SQUID) sensors is a highly sensitive and versatile technique
for the detection and characterization of the particles [3]. From
multichannel MRX measurements, the distribution of magnetic
nanoparticles can be quantitatively determined [4,5]. In first simu-
lations and experiments, homogeneous activation fields arising
from exciting a Helmholtz coil pair were employed [6,7]. On the
other hand, inhomogeneous magnetization fields can be obtained
through the use of excitation coil arrays. The sequential activation of

distinct inhomogeneous fields and the combination of the conse-
cutive measurement results considerably enhance the imaging
quality compared to homogeneous activation of the particles [8,9].
This idea was experimentally implemented with consecutive single
coil activation, revealing promising imaging results [10]. However,
the consecutive activation of single coils leads to a high number of
required measurements resulting in extended measurement times.

The primary objective of all these developments is the applica-
tion of inhomogeneous magnetorelaxometry imaging in pre-
clinical research with small animals, e.g. the spatially resolved
quantification of nanoparticle accumulations during magnetic
drug targeting applications [11]. For this purpose, we aim at
further advancing this imaging technology by finding suitable
activation patterns involving multiple excitation coils. In this
respect, the number of required measurements should be reduced
without impairing the imaging quality. Creveceour et al. presented
a first approach for defining these patterns by determining coil
currents that generate a preferably homogeneous spatial sensitiv-
ity within the source space [12]. In another simulation study, the
coil arrays were sequentially activated based on previous recon-
structions of particle distribution [13].
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In this paper, we present approaches for defining the excitation
patterns based on the spatial sensitivity in the source space
independent from the actual measurement object. More specifi-
cally, these patterns consecutively sensitize specific sub-volumes
of the source space. Two paradigms seeking different sub-volumes
are described and compared in simulation studies.

2. Methods

2.1. Forward and inverse modeling

Dividing the source space of an MRX experiment into Nv

volume elements, the contribution of one voxel at location r!k

containing an amount of nk particles with the magnetic suscept-
ibility χ to the magnetic flux density B in the sensor location r!s

can be formulated as

Bð r!sÞ ¼
μ0

4π
d
!

s ∑
Nv

k ¼ 0

3 r!

j r!j5
r!� 1

j r!j3

 !
� H!ð r!kÞ � χ � nk

" #
ð1Þ

with r!¼ r!s� r!k and d
!

s being the normal vector of the SQUID's
flux pickup loop. H

!ð r!kÞ is the magnetization field in this voxel,
generated by the excitation coils. Summarizing these equations for
all voxels and sensors leads to

b
!

0 ¼ L0 � n! ð2Þ

with the vectors b
!

0 and n! containing the relaxation amplitudes
in the sensors and the particle concentrations in the voxels,
respectively. L0 is the system matrix with the dimension Ns � Nv

(Ns-number of sensors). Combining multiple measurements with
different excitation fields results in a concatenated measurement
vector b

!
of length Nm � Ns (Nm-number of measurements) and a

system matrix L that is composed of the system matrices of the
single measurements and therefore has the dimensions Nm � Ns �
Nv [9]:

b
!¼ L � n! ð3Þ

The amount of particles in the voxels can be estimated by
minimizing the L 2 norm of the difference between this forward
model and the measured relaxation amplitudes b

!
meas:

n!est ¼ argmin
n!

JL � n!� b
!

meas J ð4Þ

The problem is solved using the Moore–Penrose pseudo-inverse
and Truncated Singular Value Decomposition regularization [6].

2.2. Spatial sensitivity

The impact of the kth voxel on the sensor system is given by the
spatial sensitivity Sk:

Sk ¼ ∑
Ns

s ¼ 1
JLsk J ð5Þ

In this respect, the elements of the system matrix L and therewith
the sensitivity are influenced by two main contributions, i.e. the
positions of voxels, sensors and excitation coils as well as the
excitation field in the respective voxel. The sensitivity decreases for
larger distances of the voxel to the sensors and with smaller
excitation fields. Whereas the position is fixed within a given setup,
the excitation field in each voxel can be controlled by the currents
in the excitation coils. The Nv-dimensional vector S

!
containing the

sensitivities in the voxels can be computed from the activation
currents vector I

!
c with the dimension Nc (Nc-number of coils) by

an interaction matrix A (Nv�Nc):

S
!¼ A � I

!
c ð6Þ

In order to specifically excitate a sub-region of the source space, a
target sensitivity pattern S

!n

is defined [12]. Solving an over-
determined inverse problem, the coil currents generating the target
sensitivity can be approximated using the Moore–Penrose pseudo-
inverse Aþ of A:

Ic
!n

¼Aþ � S
!n

ð7Þ

2.3. Excitation patterns

The method described above is valid for different target
sensitivity patterns. In this paper, two paradigms for defining the
target sensitivity are proposed. The plane-wise activation paradigm
seeks a sensitivity Snk ¼ 1 for all voxels within one plane of the
source space (cf. Fig. 1), whereas all other voxels should receive a
minimal sensitivity of Snk ¼ 0. The excitation currents estimated for
this target sensitivity are employed in one measurement. For the
subsequent measurement, the next voxel plane is selected to
receive high sensitivity. In this manner, the active plane is
consecutively moved through the complete source space in all
three orientations, defining one current pattern for each target
sensitivity. Thus, the total number of measurements equals the
number of planes in the source space.

In the plane-wise non-activation paradigm, all voxels except for
one plane should receive a sensitivity of Snk ¼ 1 in each measure-
ment sample. For the voxels in the non-active plane, a sensitivity
of Snk ¼ 0 is sought. As in the first paradigm, this plane is moved
through the source space in all three orientations, leading to the
same number of measurements.

Fig. 1. Target sensitivities following the plane-wise activity paradigm: one active voxel plane in three orientations is consecutively moved through the source space.
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2.4. Simulation setup

The paradigms proposed above are investigated in simulation
studies involving a simplified geometric setup. This setup repre-
sents a possible realistic implementation of sequential inhomoge-
neous activation. It comprises 54 excitation coils with a uniform
diameter d¼30 mm positioned in all 6 planes around the region of
interest with a distance of 5 mm (cf. Fig. 2). In each plane, 9 coils
are arranged in a regular grid with distances of 35 mm between
the coil centers, respectively.

A sensor system with a total of 100 magnetic sensors placed on
a regular grid in a distance of 50 mm above the source space is
considered. The sensors (d¼5 mm) are oriented with their normal
vectors in the z-direction. The source space is divided into
12�12�12 cubic volume elements with an edge length of
8 mm, located central below the sensor system.

Two different distributions of magnetic nanoparticles are
simulated. One distribution emulates the Shepp–Logan phantom
with three different particle concentrations in a 12�12�12 voxel
volume. Fig. 4a visualizes the voxels of the yz-planes of the three-
dimensional distribution plotted side by side; the x-position of
each plane is indicated above. Furthermore, a checkerboard
phantom is employed (cf. Fig. 6a). Likewise, it is composed of
12�12�12 volume elements. These voxels alternately contain
high and very low particle concentrations.

3. Results

3.1. Estimated activation currents and achieved sensitivities

The excitation currents estimated for the described setup and
plane-wise activation are illustrated in Fig. 3 (left column, coil
indices corresponding to Fig. 2). Presented are selected samples,
aiming at a bottom, central and top xy-plane (a–c) as well as a left
and central xz-plane (d, e), respectively. With respect to the
symmetry of the simulated setup, the results are analog for a
right xz-plane. In the vertical planes (coils 1–36), the coils near the
target planes yield higher currents, predominantly in one direc-
tion. The coils in the grid below the source space (coils 37–45)
yield high currents for all target sensitivity patterns to compensate
for the large distance to the sensors. However, it can be seen that
the currents within this plane have reverse orientations, partly
canceling out each other. The currents assigned to the coils above
the source space (coils 46–54) are small, even when targeting the
top plane.

The right column of Fig. 3 visualizes the central yz-plane
(x¼44 mm) of the sensitivity patterns realized with the corre-
sponding currents. In all cases, voxels with high sensitivity are

visible near the activated coils, whereas other voxels within the
target plane exhibit considerably lower sensitivity. Furthermore,
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Fig. 2. Schematic representation of the simulation setup with the excitation coils
positioned in 6 planes around the source region containing 12�12�12 voxels and
one plane of sensors above the sources (left) as well as indices of the excitation
coils (right).
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Fig. 3. Left: estimated currents in the excitation coils (indices corresponding to Fig. 2);
right: respective sensitivity patterns in the central yz-plane (x¼44mm) of the source
space for a bottom, central and top xy-plane (a-c; samples 1, 6, 12) as well as a left and
central xz-plane (d, e; samples 25, 30). (a) s¼1, (b) s¼6, (c) s¼12, (d) s¼25 and
(e) s¼30.
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the sensitivity is generally blurred over more than one plane in all
cases. Regarding these limitations, horizontal and vertical planes
near the excitation coils can be sensitized well (a, c, d). A
horizontal central plane is hard to focus (b), whereas the central
vertical plane can be nicely addressed (e).

3.2. Imaging results

Fig. 4 visualizes reconstructed distributions of magnetic nano-
particles employing optimized activation currents following the
two presented paradigms (Fig. 4b and c) as well as the conven-
tionally employed consecutive activation of a single coil per
measurement (Fig. 4d). In each subfigure, the yz-planes are
displayed side by side with their x-coordinates corresponding to
subfigure (a). The reconstruction result of the plane-wise activa-
tion paradigm involving 36 measurements (b) exhibits a correla-
tion to the simulated source of c¼0.9971. The result of plane-wise
non-activation with the same number of measurements is dis-
played below (c¼0.9956). Visual inspection yields similarly good
imaging results for both paradigms, confirmed by the high
correlation values. The outer shape of the phantom is ideally
reconstructed with sharp contours. In both cases, minimal pertur-
bations appear in the lower part of the distributions. Both
reconstructions yield good agreement with the quantitative values
of the simulated source (cf. Fig. 4a). In comparison, Fig. 4d
illustrates the reconstructed particle distribution in the voxels
when consecutively activating one single coil per measurement.
This conventional approach leads to 54 measurements. The
reconstruction exhibits a correlation to the simulated source of
c¼0.9989 and reveals no visible differences to the results of both
plane-wise paradigms. In a further simulation, we reduced the
number of target sensitivity patterns and therewith measure-
ments from 36 to 12. As Fig. 5 illustrates, activating 12 planes
yields a good reconstruction in the top planes close to the sensors,
whereas in the lower part the boundaries and inner structures are
disturbed compared to the results obtained from 36 measure-
ments. In this respect, addressing the 12 xy-planes (subfigure a;
c¼0.9625) reveals similar visual results and correlation values as
targeting 4 planes per orientation, i.e. 4 xy-, xz-, and yz-planes,

respectively (subfigure b; c¼0.9680). Again, the concentration
values could be quantitatively reconstructed.

In order to approach the limitations of our paradigms, we
employed a checkerboard phantom containing the highest possi-
ble spatial frequencies in the simulated source space. The imaging
result from simulations of this phantom employing the plane-wise
activation paradigm is illustrated in Fig. 6b. Only small perturba-
tions of the voxel pattern in the lower central part can be
observed. Voxels with high concentrations are correctly recon-
structed, whereas the distribution is smeared over the empty
voxels in these perturbed areas. The small loss of imaging quality
is substantiated by the high correlation value of c¼0.9907
between the simulated and reconstructed distribution.

4. Discussion

Our work aims at finding optimal excitation currents in
magnetorelaxometry imaging of magnetic nanoparticles. These
currents should reduce the number of required measurements
while preserving the imaging quality compared to the previously
employed consecutive single coil activation. In this paper, we
propose the determination of these currents based on target
patterns of the spatial sensitivity in the source space. Two
paradigms for defining the target sensitivity patterns are pro-
posed: plane-wise activation and plane-wise non-activation. In
contrast to approaches presented earlier [13], this methodology
allows for the determination of appropriate excitation patterns
prior to the actual measurement and independent from the
measurement object. Since the evaluation and analysis of the
measurement data is time-consuming in current systems, an
adaptation of the excitation to the sample under investigation is
challenging. On the other hand, homogeneous spatial sensitivity in
the source space as proposed by Crevecoeur et al. [12] ensures that
all parts of the volume of interest contribute to the signal in the
sensors within one measurement. This approach poses restrictions
in terms of the spatial resolution. Since all voxels contribute to the
sensor signal within a single excitation pattern, spatial information
is lost, particularly in the z-direction. The consecutive activation of
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Fig. 4. Distribution of magnetic nanoparticles emulating a Shepp–Logan phantom (yz-planes, plotted side by side): simulated distribution (a) and reconstructed distributions
following different activation paradigms (b–d). (a) Simulation particle distribution, (b) Imaging result employing plane-wise activationwith all 36 planes (c ¼ 0.9971), (c) imaging
result employing plane-wise non-activation with all 36 planes (c ¼ 0.9956) and (d) imaging result employing consecutively activated single coils (correlation: c ¼ 0.9989).
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sub-volumes as proposed in this paper enables a better discrimi-
nation between the signals from different voxels.

The excitation currents obtained with our approach allow for
the activation of different sub-volumes. Due to the underlying
physical principles, the magnetic field and therewith the sensitiv-
ity cannot be focused in the center of the source space. Therefore,
only a low sensitivity can be achieved in horizontal central planes.
However, since the sensitivity also depends on the distance to the
sensors, vertical central volumes can be addressed. Another reason
for the blurring of the sensitivity patterns over several planes is
the application of a least squares approach for their estimation.
The employment of different inverse methods or the introduction
of constrains, e.g. to the current amplitudes, can lead to more
focused sensitivity patterns. The sensor and excitation setup
involved in the simulations of this paper represent a suitable
combination for pre-clinical research with small animals. The
spatial resolution of 8 mm3 allows for the spatially resolved
quantification of multiple nanoparticle accumulations. The
employed Shepp–Logan phantom represents a realistic particle
distribution. Our imaging results demonstrate that the variety of
the sensitized sub-volumes is sufficient for this setup and spatial
resolution. The three-dimensional particle distributions could be
reconstructed using the sensitivity based approach. Both proposed
paradigms, i.e. plane-wise activation and plane-wise non-activa-
tion, yield similar results. The Shepp–Logan phantom could be
reconstructed with the same quality in terms of visual inspection
and correlation compared to the consecutive single coil activation.
The imaging results of the checkerboard phantom demonstrate
the limitations of the proposed paradigms for high spatial fre-
quencies, which rarely occur in real measurements.

Reducing the number of activated planes and therewith mea-
surements impair the imaging quality. One might expect that in this
respect, the activation of all xy-planes is favorable due to the
dimension and orientation of the sensor plane. However, our results
demonstrate that for the given setup, these reconstructions yield
similar results compared to selecting 4 planes per orientation. One

possible reason is the higher number of central xy-planes involved in
the measurements, which are more difficult to be activated.

5. Conclusion

The results presented in this paper demonstrate the principal
applicability of the proposed approach and the two paradigms for
defining inhomogeneous activation patterns in magnetorelaxome-
try imaging of magnetic nanoparticles. The obtained patterns
allow for a comparable imaging quality with a considerably lower
number of activation sequences compared to single coil activation.
Therewith, a substantial reduction of the measurement time can
be achieved, opening new options in experimental investigations.
Thus, further investigations will be performed emulating more
realistic measurement conditions in terms of setups, noise and
applicable currents in the excitation coils. Moreover, we aim at
further improving our approach by employing different inverse
algorithms for determining the excitation currents as well as
employing sophisticated target sensitivity patterns.
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