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Abstract
Magnetic Particle Imaging (MPI) is a fast and highly sensitive tomographic imaging modality. When applying 3D
Lissajous imaging sequences, the region of interest is rapidly sampled by moving a field-free point along a predefined
trajectory. Since the field excitation is done using three orthogonal excitation coils, usually also the magnetization
response is measured with three independent and orthogonal receive coils. In this work the influence of selecting a
subset of receive channels during reconstruction on the resulting image quality is analyzed. It is shown that using a
single receive channel a slight loss of spatial resolution in the order of 12 % to 22 % in the direction perpendicular to
the receiving direction can be observed while in direction of the receive coil the resolution is preserved and partially
even improved. Since the construction of decoupled 3D receive coil units is a major engineering effort, the findings
can be used to simplify the construction of 3D Lissajous type scanners.

I. Introduction

Magnetic Particle Imaging (MPI) is a multidimensional
tomographic imaging modality featuring high temporal
and spatial resolution in combination with a high sensi-
tivity for the detection of superparamagnetic iron-oxide
nanoparticles (SPIOs) that serve as contrast agents in
MPI. Since the invention of MPI in 2001 many different
scanner types have been developed [1–7]. All scanners
have in common that they excite the nanoparticles with
a sinusoidal magnetic field and they differ in either the
selection field or the sampling trajectory. The selection
field responsible for spatial encoding in MPI can either
be a field-free point (FFP) [2] or a field-free line (FFL)
gradient field [8, 9]. The trajectory is usually chosen to
be Cartesian, Lissajous, or Radial [10].

Cartesian trajectories have the advantage that they
require a single excitation and receive channel since the
particle magnetization and the send/receive channel ori-
entation are perfectly aligned. Lissajous type scanners
require for each imaging dimension a dedicated excita-
tion channel such that for 3D imaging three orthogonal
send coils are required. Since the particle magnetization
during a 3D Lissajous sequence will change during excita-
tion, it is common to use three orthogonal pick-up coils
to recover the full direction of the magnetization over
time. While constructing a 3D receiving unit is feasible
[11] it is still an open question if three receive channels
for the reconstruction of 3D Lissajous data are actually
required. In [12] the 3D MPI system function has been an-
alyzed and it has been shown that the individual receive
channels carry highly redundant information. In partic-
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ular each spatial pattern of the system function within
a certain receive channel will occur similarly in each of
the other receive channels at a different frequency.

The purpose of this work is to investigate experimen-
tally using a preclinical 3D MPI scanner how the image
quality is effected when using only a single receive chan-
nel for the reconstruction of 3D data. In particular we
will study the impact of the number of receive channels
on the spatial resolution of reconstructed images.

II. Materials and Methods

II.I. Experimental Setup
Experiments are carried out using a preclinical MPI
scanner (Bruker Biospin, Germany) having a 118 mm
bore diameter allowing to image small animals as for
instance mice, rats, and small rabbits. The scanner
is equipped with a Maxwell coil pair oriented in z
direction (vertical) generating the FFP field with ad-
justable gradient strength. The gradient strength in z
direction is twice the gradient strength in x/y direction
leading to an anisotropic spatial resolution, where the
higher resolution will be observed along the z direc-
tion. In all experiments the gradient strength is set to
Gz =−2Gx =−2Gy = 1.5 T/m.

The FFP is steered along a 3D Lissajous trajectory
using three orthogonal drive field coils generating an
almost homogeneous magnetic field in the respective
direction. The drive field frequencies are hardwired
within the scanner and given by fx = 2.5 MHz/102,
fy = 2.5 MHz/96, and fz = 2.5 MHz/99. The drive-field
amplitudes are set to Ax = A y = Az = 14 mT leading to a
field of view (FOV) covered by the Lissajous trajectory of
37.33×37.33×18.66 mm3.

The system matrix required for reconstruction is mea-
sured on a grid of size 30×30×35 covering a region of
interest of 60× 60× 35 mm3. The matrix is measured
using a delta sample of size 2× 2× 1 mm3 that is filled
with undiluted (500 mmol(Fe)/L) ferucarbotran (Reso-
vist, Irom Pharmaceuticals, Tokio, Japan). The system
matrix is acquired with an averaging factor of 30.

The spatial resolution of the system is determined
and evaluated in two steps. First, a dot phantom of the
same size as for system calibration but with a reduced
particle concentration of 125 mmol(Fe)/L is used. The
phantom is shown in Fig. 1 (left) where the delta sample
is mounted on the calibration rod. The spatial resolution
is then determined by analyzing the full-width at half
maximum (FWHM) of the reconstructed dot. In order to
evaluate the determined resolution a dedicated resolu-
tion phantom is used that consists of five glass capillaries
with an inner diameter of 1.3 mm and an outer diameter
of 1.7 mm. The capillaries are arranged in a way that one
capillary is located in the center and in the other capil-
laries are arranged in x and y directions with a distance

of 4.3 mm and 7.3 mm. Including the thickness of the
capillaries the tracer to tracer distance is 4.7 mm and
7.7 mm. A patch panel with defined distances is used
for mounting the glass capillaries. The setup of the res-
olution phantom is shown in Fig. 1. Each of the glass
capillaries is filled 20 mm high with 125 mmol(Fe)/L fer-
ucarbotran. All measurements are performed with an
averaging factor of 1000 leading to an acquisition time
of 21.54 s.

Figure 1: Picture of a delta sample mounted on the calibration
rod (left) and the used glass capillaries filled with ferucarbotran
(middle) that are mounted on a patch panel to setup the reso-
lution phantom (right). The distances between the capillaries
in both directions are 4.3 mm and 7.3 mm.

II.II. Frequency Selection
For each receive channel l = x , y , z the relation between
the particle concentration c and the measured voltage
signal in frequency space u l can be formulated as a linear
system of equations

S l c =u l . (1)

Since the system matrix for each channel is determined
in a measurement procedure, the matrices are affected
by noise and will contain rows carrying no MPI signal.
These rows are usually removed prior to reconstruction
by applying a threshold filter [13]. Within this work we
use only those matrix rows that have a signal to noise
ratio (SNR) greater than 2.5. The SNR is calculated by
relating the signal to a reference scan that is measured
with an empty scanner bore [1]. The reduced imaging
equations can be formulated as

S red
l c =u red

l . (2)

In order to take all three receive channels during recon-
struction into account one usually combines the three
individual linear system of equations (2) by stacking the
system matrices and measurement vectors leading to





S red
x

S red
y

S red
z



c =





u red
x

u red
y

u red
z



 . (3)

In order to determine the impact of the number of receive
channels on the spatial resolution we will use both Eq. (2)
and Eq. (3) for reconstruction and analyze the resulting
image data. In addition we will also consider the case
where Eq. (3) is adapted to take a combination of two
receive channels into account.
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Data Redundancy Analysis

In this section we investigate data redundancies across
the three channels by studying the structure of the 3D
system function. This is based on the system function
analysis carried out in [12].

According to this publication, each row of the three
matrices S l , l = x , y , z can be approximated by a tensor
product of Chebyshev polynomials as

S l
n l

x ,n l
y ,n l

z
(x , y , z ) =σl

n l
x ,n l

y ,n l
z

sin
�

n l
x arccos

2x
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�

× sin
�
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y arccos
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�

× sin
�
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z arccos

2z
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�

. (4)

Here,σl
n l

x ,n l
y ,n l

z

is a scalar complex prefactor that differs

significantly for different matrix rows and is usually not
given in analytical form. The size of the drive field FOV
covered by the FFP is given by the factors Rl , l = x , y , z .
Note that Eq. (4) is given as a continuous function which
has to be appropriately sampled to obtain a discrete row
of one of the system matrices S l , l = x , y , z . The polyno-
mial degrees n l

x , n l
y , n l

z are directly related to the mixing
factors mx , my , mz that on the other hand are directly
related to the index k of the considered matrix row. In
particular it holds that

k = |528mx +561my +544mz |, (5)

where the three factors 528= fx /∆ f , 561= fy /∆ f , and
544 = fz /∆ f are derived from the ratios of the excita-
tion frequencies and the spectral resolution∆ f [12]. The
spectral resolution is defined as the inverse repetition
time ∆ f = 1/TR . While the mixing factors are receive
channel independent, the channel dependent polyno-
mial degrees are given by

n x
x = |mx |, n x

y = |my |+1, n x
z = |mz |+1 (6)

n y
x = |mx |+1, n y

y = |my |, n y
z = |mz |+1 (7)

n z
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y = |my |+1, n z
z = |mz |. (8)

Thus, we can in turn represent a fixed row of one of the
receive channels by a corresponding row from another
receive channel using
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The same pattern thus occurs at a shifted matrix row and
is weighted by a different prefactor.

In a noise-free setup Eq. (9) would predict that the im-
age quality and in particular the spatial resolution would

be independent of the number of receive channels used
for reconstruction. However, one important observa-
tion that can be derived from Eq. (9) is that the same
patterns have a different weighting factor for different
receive channels. When assuming a constant noise level
this implies that the system matrix rows corresponding to
the same polynomial degree have a different SNR. In turn
it will happen that certain patterns are above the noise
level in only one of the receive channels. When omitting
this receive channel during reconstruction, the image
quality will be degraded due to the loss of information.

The varying SNR of equivalent system matrix patterns
are illustrated in Fig. 2, where beside the SNR also the
patterns itself are shown. It is important to note that
there is also a global sensitivity difference between the
receive channels for the MPI scanner considered in this
work. This is due to different FOV distances and shapes of
the receive coils leading to different coil sensitivities. For
the scanner used in this work, the solenoidal x receive
coil has the highest sensitivity.
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Figure 2: Representation of the redundancy of system matrix
rows across the receive channels in comparison with a simu-
lated Chebyshev model. Shown are central slices within the x y
plane of the 3D system matrix patterns. For each pattern the
SNR is given above the shown picture. For each row the chan-
nel dependent polynomial degrees (n x

x , n y
y , n z

z ) encoding the
corresponding spatial pattern are given on the left side. Using
Eq. (5) to Eq. (8) for each channel the corresponding frequency
component can be calculated.

To get an idea which patterns are present for recon-
struction after frequency selection in the different receive
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channels, a color coded mask of the frequency selection
is shown in Fig. 3. Instead of the frequency index k we
plot the mask against the polynomial degrees nx , ny , and
nz . From the resulting 3D mask we show the three or-
thogonal planes for nx = 0, ny = 0, and nz = 0. If the poly-
nomial degree is only present in a single receive channel,
a colored pixel value (x channel: red, y channel: green,
z channel: blue) is rendered. If the polynomial degree
is selected in multiple channels, the pixel is rendered in
black. It can be seen that low polynomial degrees oc-
cur in at least two of three receive channels indicating
a high redundancy across the receive channels. How-
ever, higher polynomial degrees between n =10–14 are
only selected in a single receive channel since the SNR in
the other two channels is too low. In turn, these rows in
the corresponding system matrices carry non-redundant
information.

nz

nx

nz

ny

nx

ny

nz

ny

nz

nx

nx

ny

With Redundancy Without Redundancy

x channel y channel z channel

More than one channel point of origin

Figure 3: Graphical illustration of the frequency selection for
different receive channels. Shown is a color coded mask en-
coding if the channel is selected in the x channel (red), the y
channel (green), or the z channel (blue). The data is plotted
against the polynomial degrees nx , ny , and nz . If the corre-
sponding degree is selected in multiple channels the pixel is
rendered in black. Shown are the three main planes of the 3D
frequency selection mask. On the left, the results without re-
moval of redundant matrix rows are show. On the right, the
frequency selection with redundancy removal are rendered.

Data Redundancy Reduction

Based on the data redundancy analysis we can introduce
an additional frequency selection approach that removes
all redundant matrix rows prior to reconstruction. To this
end for each combination of mixing factors the SNR of
the patterns in all three receive channels is compared
and only the pattern with the highest SNR is selected for
reconstruction.

Comparison of Selected Frequencies

The full system matrices S l , l = x , y , z have each a to-
tal number of 26929 rows. Tab. 1 gives the number of
matrix rows that are taken into account when applying
an SNR threshold of 2.5. The results are reported for
any combination of one, two, and three receive channels.
Furthermore the number of selected matrix rows is given
for the three channel reconstruction where additionally
the redundant matrix rows of different receive channels
have been removed.

A graphical illustration of the redundancy removal is
given in Fig. 3. One can see that the redundant black pix-
els are fully removed and that one can directly see from
which channel the corresponding polynomial degree is
selected. One can clearly see that a diagonal structure is
present such that in most cases that channel is selected
in which the polynomial degree is maximum.

Table 1: Number of selected matrix rows used for reconstruc-
tion after applying an SNR threshold.

x freq. y freq. z freq. sum

xyz reconstruction 2318 2060 2150 6528
x reconstruction 2318 - - 2318
y reconstruction - 2060 - 2060
z reconstruction - - 2150 2150
xy reconstruction 2318 2060 - 4378
yz reconstruction - 2060 2150 4210
xz reconstruction 2318 - 2150 4468
reduced xyz reconst. 1190 971 1004 3165

II.III. Image Reconstruction

Image reconstruction is performed by solving the least
squares problem

argmin
c
‖S c −u‖2

2, (10)

where different numbers of receive channels can be en-
coded in S and u . The least squares problem is solved
using the iterative Kaczmarz algorithm as discussed in
[9, 14, 15]. The entire reconstruction framework is imple-
mented using the scientific programming language Julia
[16]. In contrast to former work outlined in [9]we apply
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no explicit Tikhonov regularization to avoid smoothing
the solution c . We observed that it is possible to omit
explicit Tikhonov regularization when applying an ap-
propriate SNR threshold and using a fixed number of
Kaczmarz iterations. Within this work a fixed number
of 10 Kaczmarz iterations is chosen. Using the same set
of reconstruction parameters ensures that the results
for different numbers of receive channels can be directly
compared. The reconstruction time using all 6528 matrix
rows is about 7.5 s and linearly depends on the number
of selected matrix rows.

III. Results

In Fig. 4 reconstruction results and profiles through the
dot sample are shown. The first, second, and third row
show the results using one, two, and all three receive
channels, respectively. In the last row additionally the
reconstruction using the reduced frequency selection is
visualized.

xyz reconstruction                    reduced xyz reconstruction 

xy reconstruction                        yz reconstruction                          xz reconstruction

 x reconstruction                          y reconstruction                            z reconstruction

Figure 4: Reconstruction results and corresponding profiles
through the delta sample. The first and the second row show the
results using one and a combination of two receive channels,
respectively. In the third row the reconstruction results using all
selected frequencies (left) and with the removal of redundant
frequencies (right) using all three receive channels are shown.

From a first sight it can be observed that all recon-
struction results look very similar. No major degrada-
tion in image quality can be observed when reducing
the number of receive channels. In order to compare
the images quantitatively we calculate the FWHM of the

point in all three directions, which is given in Tab. 2. Here,
we use the reconstructed image obtained when select-
ing all three receive channels as the base reference. If
one accounts for the doubled resolution in z direction
due to the doubled gradient strength, the result is rather
isotropic and does not favor a certain direction. Only
in y direction, the resolution of 4.8 mm is slightly lower
than in x direction.

Table 2: FWHM in mm through the dot sample reconstructed
with different receive channel numbers and frequency selec-
tions. The reference reconstruction using all three receive chan-
nels is marked in bold. In brackets the deviation from to the
reference reconstruction is reported.

x profile y profile z profile

xyz reconst. 4.4 4.8 2.2
x reconst. 4.4 (0%) 5.4 (+12%) 2.5 (+13%)
y reconst. 5.2 (+18%) 4.2 (-12%) 2.6 (+18%)
z reconst. 5.4 (+22%) 5.6 (+16%) 2.0 (-9%)
xy reconst. 4.4 (0%) 4.4 (-8%) 2.5 (+13%)
yz reconst. 5.2 (+18%) 4.8 (0%) 2.2 (0%)
xz reconst. 4.6 (+4%) 5.2 (+8%) 2.2 (0%)
reduced xyz 4.4 (0%) 4.8 (0%) 2.2 (0%)
reconst.

When using a single receive channel one can directly
see that the resolution gets anisotropic. In direction of
the receive channel, the resolution is comparable to that
of the three-channel reconstruction or even slightly bet-
ter. In both other directions a loss in resolution of about
12 % to 22 % can be observed. When using two of three
receive channels one observes an isotropic resolution
in the plane spanned by both receive coils and a slightly
degraded resolution along the axis, where the receive
channel has been dropped.

When reducing the redundant frequency compo-
nents of the three channel system matrix using the selec-
tion method outlined in Sec. II.II, it is possible to achieve
nearly the same results as when taking all the redundant
frequency components of all three receive channels into
account. The resolution in terms of the FWHM remains
unchanged.

We will next consider the reconstruction results from
the five-point resolution phantom to confirm the results
obtained by the dot phantom FWHM analysis. The re-
construction results and the corresponding profiles in
x and y directions are shown in Fig. 5. One can see that
the three dots in both direction can not be all resolved
when using only one or two channels for reconstruction.
In contrast, when using all three receive channels, it is
clearly possible to resolve the three dots in both direc-
tions. When removing redundant matrix rows the quality
of the three channel reconstruction remains unchanged.
We note that for the five-point resolution phantom it
may happen that partial volume effects occur since the
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individual dots of the resolution phantom may not be
positioned exactly on the grid used for system matrix
acquisition.

xy reconstruction                        yz reconstruction                          xz reconstruction

xyz reconstruction                    reduced xyz reconstruction 

 x reconstruction                          y reconstruction                            z reconstruction

Figure 5: Reconstruction results and corresponding profiles
through the five-point resolution phantom. The first and the
second row show the results using one and a combination of
two receive channels, respectively. In the third row the recon-
struction results using all selected frequencies (left) and with
the removal of redundant frequencies (right) using all three
receive channels are shown.

IV. Discussion and Conclusion
In this work the influence of the receive channel selec-
tion on the image quality and the spatial resolution has
been analyzed. The effects were studied using experi-
mental data obtained using a delta sample and a resolu-
tion phantom.

Our study shows that in principle 3D Lissajous type
MPI data can be reconstructed with only a single receive
channel. A slight loss of spatial resolution in the order of
12 % to 22 % could be observed. Interestingly, the single-
channel reconstruction partly even had a better resolu-
tion in terms of the FWHM in the direction of the receive
channel. It is not fully clear what caused this improve-
ment.

The experiments were explained by analyzing the MPI
system matrix for different receive channel numbers. It
was discussed that the same spatial pattern can be found
in all three receive channels of the MPI system matrix.
Since the signal level in the patterns corresponding to
the same oscillating degree were significantly different,

we observed that certain patterns were only available in
one or two receive channels. This shows that taking all
three receive channels into account during reconstruc-
tion does indeed give more linear independent informa-
tion that can improve the image quality. However, at the
same time we have shown that one can remove more
than half of the redundant matrix rows across the receive
channels without degradation of the resulting spatial res-
olution after reconstruction. This allows for reducing the
reconstruction time in MPI, which is important for the
realization of online reconstruction frameworks [17].

The findings of the present work can be used when de-
signing future receive chains for 3D Lissajous type MPI
scanners. For instance it could be advantages to only
build a single channel receive coil that is tailored to maxi-
mize SNR by using all available space that is provided for
the receiving unit instead of using three channels with re-
duced sensitivity. Furthermore, a single-channel receive
setup is also easier to realize since 2D and 3D receive coil
setups have to be manually decoupled. This could lower
the effort to realize future MPI scanners.
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