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Abstract

Single-sided Magnetic Particle Imaging (MPI) is a promising new development that can help translating MPI
technology into clinical practice. Unlike currently available closed geometry MPI scanners, single-sided devices
do not have any hardware around the object. The major progress includes a demonstration of 2D imaging on a
single-sided device that utilizes a field-free point coplanar coil topology. Previously, we proposed a design of a
field-free line selection field generator for a single-sided geometry. Here, we extend our single-sided design to

incorporate a much more efficient scheme that utilizes permanent magnets.

. Introduction

Magnetic Particle Imaging (MPI) [1, 2] is a promising
imaging modality that has potential to outperform other
imaging techniques. In order to show the feasibility in a
clinical scenario, MPI needs to be scaled. The major chal-
lenge of such an upscaling is the high power consump-
tion of the system. Additionally, there are constraints
on the size of FOV due to physiological stimulation and
specific absorption rate associated with large switching
fields [3, 4]. A complimentary MPI topology approach is
designing a single-sided or asymmetric MPI device that
does not inclose large FOVs but instead acts as a surface
probe [5]. Although such device may have penetration
limits it can be effective for cancer screening [6] as well
as for susseptometry. To date a working prototype of a
single sided MPI scanner utilizes a field-free point (FFP)
geometry of the selection field [7]. While it shows promis-
ing results [8-10] the major issue of small signal to noise
still remains. An alternative MPI method utilizes a so
called field-free line (FFL) [11-13] that offers larger sig-
nal to noise and can be faster than FFP MPI. Previously,
an FFL single-sided MPI geometry with elongated elec-
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tromagnets capable of multidimensional encoding was
suggested [14].

In this paper we offer an effective modification of the
previous FFL design that incorporates four permanent
magnets, which form the basis of the static selection field.
The presented simulation study shows that such a de-
vice can be used for multidimensional image encoding,
while cutting down the power consumption and relaxing
cooling requirements.

Il. Theory and Methods

Il.I. FFL generator magnet design

The static selection coils consist of four parallel blocks
of vertically polled permanent magnets that are shown
in Fig. 1. The blocks are arranged into inner and outer
pairs with the magnetization magnitudes M; and M,
respectively. We consider surface magnetization to be
equal to magnetization remanence. To fulfill the zero
field condition the magnetization vector of each adjacent
magnet has to be antiparallel to each other and M; <
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Figure 1: A schematic diagram of single-sided hybrid selection
coils for FFL MPI. The FFL is generated by four permanent
magnets along the y-axis above the coils. Their magnetizations
are given by M, for the inner pair and M, for the outer pair
(white arrows). The two pairs of elongated electromagnets (1,3
and 2,4) can dynamically shift the FFL along the x-axis or z-
axis. The setup can be mechanically rotated around the z-axis
enabling in-plane projection encoding.

M,. Such configuration of the magnetizations creates
two competing magnetic fields H, and H,, which are
oriented along x-axis and opposite to each other at the
isoplane. The FFL is generated along y-axis at z = h for
H,(h) = —H,(h). The schematic plots of the magnetic
fields from the inner and outer pairs of magnets and
the superposition field and a vector plot of the resulting
magnetic field are shown in Fig. 2(a,b) respectively.

The choices of the magnetizations of the permanent
magnets and the geometry such as the gaps between
each pair define the property of resulting FFL, i.e. its
height and the gradient strength. The ideal field with
strong gradient is created by closely positioned two in-
ner magnets that generates rapid field decay along z-axis
and widely separated strong outer magnets that gener-
ate quasi-uniform field (see Fig. 2(a)). In practice, the
geometry is constrained by the dimensions of the blocks
and coils, although the mechanical adjustment of the
gaps can be incorporated into the actual device. The
choice of the surface magnetizations at the fixed geome-
try defines the magnetic field properties, so that the base
height of FFL is reciprocal to the ratio of magnetizations
m= M,/M,, ie. form=1,h — oo, form>1,h — 0.
The gradient strength is proportional to the magnitude of
the magnetizations, so for fixed m the gradient doubles
if both magnetizations double, while the height stays
constant. For example, if the gaps between the inner
and outer magnets are 14.5 mm and 87 mm respectively,
M; = 0.6/4n Tuy"', M, = 2/4nTu," then the gradient
G =7T/m at the height # =10mm.

I1.11. Hybrid drive-selection coil design
for image encoding

The described design of the selection coil based on all
permanent magnets can in principle be used with me-
chanical motion in a similar fashion to [15] or in combi-
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nation with the external drive field coils. Here we present
an all-in-one concept of the coils that are self-sufficient
for 3-D image encoding.

To offset the magnetic field from the permanent mag-
nets we consider two sets of elongated coils [16] outside
of the outer pair of the permanent magnets as shown in
Fig. 1. The two sets of coils can be used independently
from each other displacing the FFL with arbitrary pattern
across the xz-plane.

The bias magnetic field from the outer electromag-
net coils (2,4) with out-of-phase mutual current pattern
shifts the FFL in the yz-plane. These coils can be used as
z-drive coils with AC current:

L(t)=1; sin(2rf, 1), (1)
where I is the current amplitude that defines the depth
encoding, f, = 10—25kHz is the drive frequency.

For 3-D image encoding a second pair of coils is re-
quired to displace the FFL along the x-axis. In our model
design these x-drive pair of coils (1,3) are placed on top
of z-drive coils as shown in Fig. 1. The two x-coils are
driven with in-phase mutual AC current:

I(t)=I; sin(27 f, 1), 2)
where I is the current amplitude that defines Ax en-
coding, f, = 10 —25kHz is the drive frequency. With
the appropriately chosen parameters and dimensions of
the coils the FFL can be oscillated along x-axis. There-
fore, 3-D image encoding can be done by independently
driving x- and z-coils with AC current and simultaneous
rotation of the device around the z-axis for projection
reconstruction [17, 18].

I1l. Simulation results

To study the magnetic field generated by the permanent
magnets and electromagnetic coils we carried out quasi-
static simulations using Wolfram Mathematica® soft-
ware with Radia package (ESRF France). The package
allows calculating the magnetic flux density B (here, we
call it B-field) from a set of magnetized blocks and coils
with DC currents by utilizing boundary Integral Meth-
ods and requires much less computational power than
analogous FEM based simulations [19].

Firstlet us consider a static FFL generated by a perma-
nent magnet arrangement as described in Section I1.1. For
simplicity, in our proof-of-principle simulation model we
choose all four magnets with equal dimensions: length
[ =300 mm, width w =50 mm, and thickness ¢ =5 mm.
We set the inner and outer magnets’ separations to be
A; =34.5mm and A; =69 mm respectively, and the mag-
netizations: M; = 0.5/47 Tuy', M, = 1/47 Ty, so that
m = 2. Figure 3 shows simulations of the magnetic field
B from the complete set of permanent magnets defined
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Figure 2: Static selection magnetic field along the z-axis at x = 0 generated by the the inner (green dashed-line), the outer (blue
dotted-line) sets of magnets, and their superposition (red thick-line) (a); vector plot of the total magnetic field in the xz-plane
showing a formation of an FFL (b).
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Figure 3: Static field of the selection coils made out of four permanent magnets with the FFL generated at z = 10 mm above the
surface. Simulated magnetic field B contour plots in the xz-plane (a) and the yz-plane (b); B-field magnitude plots along the
z-axis at x =0 (c), and the x-axis at z = 10 mm (d).
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Figure 4: Z-axis encoding with the single-sided MPI device: magnetic field contour plots in the yz-plane show the FFL at (a)
z=7mm for I,(t)=—100A and (b) z =14 mm for I,(¢) =100 A above the surface, respectively.
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Figure 5: X-axis encoding in the xy-plane: the top row - magnetic field contour plots with the FFL at (a) x = —8 mm for
I.(t) = 200A, (b) x = 0mm for I,(t) = 0A, and (c) x = 8mm for I,(¢) = —200 A, respectively, showing the FFL spans for
Ax =16 mm; the bottom row - xz-plane contour plots show a linear FFL trajectory x(I,(#)) with constant z = 10 mm, as shown
by a red dashed-line; the contour lines separations are indicated for each plot in the bottom row.

above. The contour plots (Fig. 3(a,b)) show the quality
of the generated magnetic field and FFL at the height
of h = 10 mm above the surface of the magnets. The
magnetic field magnitude plots along z-axis and x-axis
(Fig. 3(c,d)) show the respective gradients of the field
with the maximum strength G = 1.2 T/m. The specified
geometry provides a flat FFL over the (=50 < y <50) mm
region that depends on the aspect ratio of the magnets.

The image encoding in our coils assembly design is
performed by means of symmetrically located elongated
electromagnetic coils as shown in Fig. 1. The top set of
the coils denoted as (1,3) are used as x-drive coils and
the bottom pair (2,4) are used as z-drive coils. In our
quasi-static simulations we concentrate on the proof-of-
principle magnet generator for static shifting of an FFL
and thus use a certain electromagnet design that utilizes
a plane conductor. Each simulated electromagnet has
the following dimensions: straight length / = 300 mm,
width w =24 mm, height & = 6.4 mm, and core width s =
9 mm. The model conductor is made of N = 25 windings
of conducting tape with the crosssection: 6.33 x 0.3 mm?.

The simulations results for the magnetic field of the
selection coils operated in combination with z-drive (2,4)
coils are shown in Fig. 4. The instantaneous currents
I,(t) = —100A and I,(t) = 100A (see Eq. 1) shift the
FFL to z = 7mm and z = 14 mm above the surface re-
spectively. Thus, the peak current of 100 A allows en-
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coding AZ = 7mm. The gradient strength, however,
does not stay constant over the depth span, which is
inherent drawback of single-sided devices. So for the
low trajectory point G =1.5T/m and for the upper point
G =0.9T/m. This difference of gradient strength has to
be taken into the account and corrected for at the image
reconstruction stage.

Figure 5 shows the simulations results from the op-
eration of the selection coils in combination with the x-
drive (1,3) electromagnetic coils. The FFL displacement
in xy-plane is shown in the top row of Fig. 5(a-c), where
the FFL oscillates from (a) x =—8 mm for I, () =200 A
to (b) x = 0 mm for I,(¢) = 0A, and (c) x = 8 mm for
I.(t) =—200A, respectively, showing overall image en-
coding along x-axis over AX = 16 mm. The bottom
row of Fig. 5 shows the FFL trajectory x(I,(t)), while the
height above the surface stays constant at z = 10 mm.
The z-drive coils can be operated at the same time allow-
ing xz-plane encoding.

The above simulations show an example of xz-plane
FOV encoding of 16 x 7 mm? that can be linearly upscaled
with corresponding higher peak currents. The actual MPI
device would benefit from the higher gradient strength
that can be obtained for permanent magnets with larger
surface magnetizations (see Sec. I1.1), although, to en-
code the same FOV it would also require higher peak
currents in both sets of drive coils.
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IV. Discussion

The presented simulations of a model selection-drive
system consisting of hybrid coils prove feasibility for 3-D
imaging for an MPI device. However, the challenge of any
single-sided geometry is in decreasing gradient strength
and inhomogeneity of the magnetic field along the z-axis
that results in variable spatial resolution and also makes
it difficult to apply robust x-space image reconstruction
method. Alternatively, such an MPI device can be used
for 2-D imaging in the xy-plane with slice selection along
the z-axis, where the in-plane image reconstruction can
be fast and robust.

The geometry with several pairs of elctro- and per-
manent magnets that are arranged symmetrically from
the isoplane can potentially generate multiple field zero
lines when driven with high peak current. The spurious
signal from magnetic particles located in the secondary
FFL, which is outside of the FOV, can be eliminated with
proper choice of the receive sensitivity matrix. Such a re-
ceive profile can be created by the elongated receive coils
that are placed above and in parallel with the respective
drive coils with their dimensions defining the in-plane
FOV.

The single-sided MPI device can be constructed from
the hybrid coils with the above specified parameters. The
actual electromagnet design, which is rated for 2.5 kW
DC power consumption, can be adopted from [16]. The
rare-earth permanent magnets can be compounded to
provide the required size and the field strength. Although,
the specified length of the permanent magnets provide
over 8 cm long linear FFL, reducing the coil’s length by
half still produces a tolerable curvature of the FFL in the
4 cm long range [14].

The simulation results of the x-drive operation show
a linear FFL trajectory along the x-axis with the constant
height (the bottom row of Fig. 5), which is a feature of the
presented magnet topology. However, some coil topolo-
gies, such as all-electromagnet coils, may create a shift of
FFL height at the edges of FOV. In this case, the trajectory
can be corrected by modulating the z-drive coils with a
relatively low current thus offsetting the static height.

The practical dimensions and the choice of the mag-
net strengths and the driving peak currents have to be de-
fined by the specific application rather than made univer-
sal. As such the exact power consumption would depend
on the optimizations of the parameters of the conductors
and magnet properties. For example, an in-plane imag-
ing with submillimeter resolution requires gradients of
~ 10 T/m that can be provided with strong magnets.

Finally, an alternative hybrid coils design can be cre-
ated with the electromagnets located between the inner
and the outer sets of permanent magnets, which can re-
duce drive current, however, the FFL from such a coil
arrangement is less stable with regards to generation of a
secondary FFL. In future work we plan to perform a feasi-
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bility study of scaling the single-sided device to enclose
larger FOV, while optimizing the power consumption.

V. Conclusions

We presented a simulation based feasibility study of a
novel design of a single-sided FFL-based selection coils
with permanent magnets, which is capable of multidi-
mensional imaging. An MPI device based on the selec-
tion coils can provide a strong magnetic field gradient
with a relatively flat FFL and large FOV within the physi-
ological safety operation limit. With sufficient peak cur-
rent FFL can encode the whole volume of a small animal
or penetrate into peripheral human organs.
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