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Abstract
A two-dimensional MPI acquisition allows signal from superparamagnetic iron oxide nanoparticles (SPIONs)
outside the intended 2D imaging plane to interfere destructively with that from SPIONs in the desired slice, creating
unwanted artifacts in the reconstructed image. We address this "side-lobe" signal interference with a Side Lobe
Informed Center Extraction (SLICE) reconstruction, which utilizes a projection-space 3D forward model of the
detected harmonics. The developed method reduces the out-of-plane interference artifacts in the 2D image
reconstruction without the need to change the simplified acquisition schemes or hardware of the gradiometer
detection based field-free line system, for example by adding true 3D encoding which would interfere with the goal
of fast <5 second temporal resolution needed for functional brain imaging.

I. Introduction

Our projection-based MPI field-free line (FFL) imager
for rodent functional brain imaging (details on OS-
mpi.github.io [1]) was designed as a 2D imager with
<5 sec temporal resolution to resolve hemodynamic
changes during brain activation. The imager utilizes a
permanent magnet FFL and electromagnet shift coils
that rotate about z to acquire projections in the x −
y plane. Superparamagnetic iron oxide nanoparticle
(SPION) magnetization is driven at f0 = 25 kHz by a
solenoidal drive coil in the z direction and detected with
a separate z directed solenoid in a gradiometer config-
uration. With a drive amplitude of ∼10 mT peak, this
sweeps the 2.8 T/m gradient FFL in z over a∼7.2 mm pk-
pk distance. In this configuration, the achievable point

spread function (PSF) along z contains significant con-
tribution from out-of-slice SPIONs, as seen in the sim-
ulated harmonic sensitivity profiles (Fig. 1). Since the
receive (Rx) coil detects the integrated SPION magnetiza-
tion in its sensitive volume, signal from outside the imag-
ing slice will interfere (destructively if opposite phase)
with in-plane signal unless accounted for. When imaging
brain blood volume changes in rodents, SPION signal
from large vessels outside the imaging slice, for instance,
can be observed in the 2D image reconstruction. Here,
we present a forward model reconstruction to suppress
signal interference from out-of-slice SPIONs in the 3rd
dimension.

X-space MPI and System Matrix MPI both enable 3D
acquisition and reconstruction with great success [2, 3].
Implementing such approaches in our 2D projection
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Figure 1: Simulated sensitivity profiles along the center of the
bore, (0, 0, z ) formed by calculating signal induced by a SPION
point source of Synomag®-D 70 nm placed at each location
along z for 2 f0-9 f0. Magnitude = blue, phase = orange.

scanner, as done traditionally, would, however, require
significant changes to our current acquisition scheme
and/or hardware. This would involve either increased
scan times to acquire volume data (by either moving the
animal or using slice-selecting shift coils), or moving
away from a permanent magnet-based mechanically-
rotated FFL system.

We formulate a reconstruction more amenable to our
existing infrastructure: a projection-space 3D forward
model reconstruction with the goal of accounting for sig-
nal from SPIONs present in the out-of-plane sensitive
regions ("side lobes") and preventing this signal from
aliasing into the imaging slice: "Side Lobe Informed Cen-
ter Extraction" (SLICE). The forward model of our imag-
ing system predicts the complex-valued projections of
the first 8 harmonics over a 3D volume. To form a pro-
jection from each harmonic’s signal level, we bucket the
time domain data for each projection sweep into np pro-
jection points, Fourier transform each bucket of data,
and then map the narrow-band signal at each of the nh

harmonics to its point along the projection (i.e. location
of the FFL), thereby forming 2D projections of each har-
monic. The drive field’s movement of the FFL in the z
direction is encoded by the differing sensitivity profiles in
z of the projections at the higher frequencies. The SPION
concentration at the imaging slice (z = 0) is determined
through inversion of the linear forward model.

II. Methods and materials

The SLICE reconstruction solves the linear system of
equations Ax= b, where A is the complex-valued forward
model in projection space over a 3D volume, and b is the
complex 2D projection data acquired with the imager at
the nh harmonics. The forward model is implemented in

MATLAB (MathWorks, Natick, MA) utilizing field maps
(for drive, receive, shift coils and FFL permanent mag-
nets) produced via Biot-Savart calculations, FEMM 4.2
[4], and Ansys Maxwell (Ansys Inc., Canonsburg, PA). The
Langevin model comes from SPION magnetization data
measured with an MPS system [1]. The simulated signal
is scaled by a measured transfer function of the receive
chain. The calculation of induced voltage follows previ-
ous work [5]. Fig. 2 shows the structure of the system of
equations. The forward model is built by simulating the
nh harmonic projections (each with np projection points
and nθ angles used in the image acquisition) for a SPION
point source moved to each location in the npixels × nz

volume. The normal system of equations is solved with
the preconditioned conjugate gradients method. The re-
construction is the real, positive portion of the solution
at the center (z = 0) slice.

Figure 2: Structure of the system of equations. The forward
model (A) has size [np ·nθ ·nh]× [npixels ·nz], where np, nθ , nh,
npixels, and nz denote numbers of: points per projection, projec-
tion angles, harmonics, pixels in the 2D image, and z slices in
the model, respectively. A is formed by simulating the projec-
tion data induced by a point source at each voxel location of the
3D volume and appending the projections at the harmonics
row-wise.

We image a 17 mm inner diam. sphere filled with
31.25 µg/ml Synomag®-D PEG 25.000-OMe 70 nm (mi-
cromod, Germany). We image the sphere at multiple lo-
cations along the bore with a 5 sec acquisition (66 points
per projection, 27 projections covering 180◦, 2 f0-9 f0 fre-
quencies acquired). We reconstruct the acquired 2D data
using the [2 f0, 3 f0] projections. The SLICE 3D model cov-
ers [3 cm × 3 cm × 7.6 mm] discretized into [65 × 65 × 9]
locations. The preconditioned conjugate gradients is run
for 50 iterations. To compare the SLICE image to a 2D
reconstruction, which clearly exhibits interference arti-
facts from out-of-plane SPIONs, we also reconstruct the
data (3 f0 magnitude projections) via the inverse radon
transform.

10.18416/ijmpi.2022.2203023 © 2022 Infinite Science Publishing

https://dx.doi.org/10.18416/ijmpi.2022.2203023
https://dx.doi.org/10.18416/ijmpi.2022.2203023


International Journal on Magnetic Particle Imaging 3

Figure 3: Spherical 17 mm inner diam., 31.25 µg/ml Synomag®-D 70 nm phantom imaged at different z locations along
bore and reconstruction of data for each acquisition with the inverse radon reconstruction (second row), and the SLICE recon
(third row). Each column indicates a different phantom placement along z , as illustrated in the top row, where the sphere
outline is overlaid onto the 3 f0 sensitivity profile (magnitude = blue, phase = orange). The imaging slice is z = 0 (dashed
line). The inverse radon transform demonstrates the signal interference from out-of-slice SPIONs. The final column shows a
volume rendering formed by stacking the reconstructed images for 36 locations along the bore, made with InVesalius 3 software
(github.com/invesalius/).

III. Results

As shown in Fig. 3, the 2D inverse radon reconstructions
are contaminated by the interfering signal in the mea-
sured projections from out-of-slice SPIONs, with signal
appearing even for the sphere placed fully outside of the
imaging plane (z locations 3, 4). We see that the interfer-
ence artifacts are significantly reduced using the SLICE
reconstruction. Only the center (FFL plane) solution is
utilized; interfering signal from out of slice is correctly
restricted from the 2D reconstruction.

IV. Discussion and conclusions

We present the SLICE reconstruction method to address
the problem of 3D object interference in a 2D encoded
MPI acquisition, utilizing projections at additional har-
monics of the drive frequency and a simulated forward
model that coarsely represents the system in the third
dimension. The harmonic projection data from a 2D
encoded FFL scanner can be reconstructed with an im-
proved "slice" PSF compared to fully 2D reconstructions.
Although this "3D reconstruction" is not currently used
to form a full 3D image in a single acquisition, it informs
the reconstruction’s removal of signal from out of slice.
Thus, the reconstruction method we present here helps
to enable fast (5 sec) 2D projection reconstruction imag-
ing with reduced interference artifacts, with no change
in the hardware or data acquisition times.

Additional encoding information could be provided
by added Rx coils receiving signal in x and/or y to ac-
quire the transverse magnetization data [6]. Similar to

many System Matrix MPI reconstruction methods, the
forward model can also be measured [3]. While time
consuming, this calibration procedure could produce a
more accurate forward model. Further work is underway
to improve the reconstruction algorithm, including pe-
nalizing solutions which are not real/positive, utilizing
additional harmonics, adding regularization, and allow-
ing for a phase offset term in the model.
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