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Abstract

In magnetic particle imaging (MPI), different magnetic nanoparticles (MNPs) in the same field-of-view can be
distinguished via color-MPI techniques. Existing system-function-based techniques require extensive calibration
scans, whereas x-space-based approaches require either multiple scans at different drive field parameters, or rely
on the underlying mirror symmetry of the adiabatic MPI signal. In this work, we propose a novel blind source
separation technique for multi-color MP], exploiting the distinct signal delays of different MNPs. The proposed
technique blindly decomposes the MPI signals from different MNPs, which can then be individually reconstructed

and assigned to separate color channels to form a multi-color MPI image.

| Introduction

Different nanoparticle types can be distinguished via
system-function or x-space based multi-color magnetic
particle imaging (MPI) techniques. Existing system-
function based techniques require extensive calibration
scans performed separately for each particle type [1]. X-
space based methods require multiple scans at different
drive field (DF) parameters [2], or rely on the underlying
mirror symmetry of the adiabatic MPI signal [3].

In this work, we propose a blind source separation
technique for multi-color MPI, where MPI signals from
different sources are blindly decomposed, and the cor-
responding images are assigned to separate “color chan-
nels”. The proposed calibration-free technique utilizes a
single imaging scan and leverages the differences among
the magnetization response delays of different magnetic
nanoparticles (MNPs). With imaging results, we show
that this technique successfully separates different MNP

types.
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Il Materials and Methods

I1.I' Theory

As explained in our recent work, a raw MPI image can be
formed by sampling the MPI signal at specific positions
in the partial field-of-views (pFOVs) and assigning them
to pFOV centers [4]:
Pr(x)=ar(p(x)xm(x)), k=1,...,N. €))

Here, p(x) is the ideal MPI image (i.e., MNP distribution
convolved with the point spread function), g, (x) is the
raw image formed from the k" positions of the pFOVs,
ay is a constant that depends on the field free point (FFP)
speed at the k'" position, h(x) is a known convolution
kernel that depends only on the pFOV size, and N is the
number of samples in one cycle.

To estimate the signal delay, we first plot the maxi-
mum image intensities of these N raw images, i.e., for
each k we compute:

2)

max p(x) = a max(p(x)x iy (x))
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Figure 1: (a) Maximum (solid curves) and minimum (dashed
curves) raw image intensities as a function of sample position,
k, for three cases: ignoring relaxation, 7 = 3 us, and 7 = 5
us. (b) These two curves do not intersect when 7 is non-zero.
Simulations were for a point source sample, 2.4 T/m selection
field gradient, DF with 10 mT and 9.7 kHz.

In the absence of signal delays, ¥ = max(p(x) * h(x))
X

is constant for all k, since they are maximum values of
the shifted versions of the same image. Therefore, the
maximum image intensities without delays depend only
on the FFP speed profile, i.e., mxaxf)(x) =ay7y. The same
is also valid for the minimum image intensities.

Figure 1 shows the maximum and minimum raw im-
age intensities for the case of a point source sample. The
MPI signal is simulated first ignoring relaxation, and then
for relaxation time constants of T =3 us and 7 =5 us [5].
The plots dominantly reflect the speed profile of the FFP
(i.e., asinusoidal profile). When relaxation is ignored, the
maximum and minimum intensities intersect at k = N /2,
where both are equal to zero. However, in the case of non-
zero 7, the maximum and minimum intensity profiles
no longer intersect. We leverage the delay (i.e., the gap)
between the maximum and minimum intensity profiles
for blind source separation, as different MNPs will have
different signal delays.

To get a delay map across the entire FOV, we apply the
aforementioned method in local regions, using a moving
window approach. For example, if the 2D FOV is covered
in 5x11 pFOVs, then a 2x2 moving window can be used
to compute local delays, from which a 2D delay map of
the FOV can be formed. Next, we create a histogram of
the delay map to estimate the number of unique MNP
types in the FOV and the corresponding delay values.

Finally, we decompose the MPI signal into signals
from different MNPs. As an example, let s(t) = p;(t) +
po(t) be the MPI signal that only includes the second
harmonic response, and p;(¢) and p,(t) are the individual
signal contributions from two different MNPs, such that

pi(t)=A;cosCw(t—t;)), i=1,2. 3)
Here, t; are the signal delays estimated as described
above, and A; are the unknown signal intensities. Let
S, denote the Fourier transform of s(#) evaluated at the
second harmonic. The real and imaginary parts of S,
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Figure 2: Imaging experiment results. (a) The phantom with
2 vials filled with Nanomag-MIP and Vivotrax. (b) MPI image.
(c) Signal delay map and (d) histogram show that there are two
distinct MNPs in the FOV. (FOV: 4x0.8 cm?).

provide sufficient information to compute 4;, i.e.,

EECIR

This 2x2 linear system of equations can be solved to
compute A; and A,. Next, by processing p;(t) and p,(t)
separately, two separate MPI images can be obtained. Fi-
nally, these two images can then be assigned to different
“color channels” to create a multi-color MPI image. Note
that the other harmonics can be processed similarly.
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Importantly, the proposed technique is not limited to
two MNPs. Each harmonic provides sufficient informa-
tion to differentiate two additional MNPs (assuming that
the MNPs have similar magnetization curves apart from
the differences in their signal delays). Hence, using N,
harmonics, one can potentially differentiate up to 2V,
different MNPs.

I1.11 Imaging Experiments

Imaging experiments were performed on our in-house
FFP MPI scanner with (-4.8, 2.4, 2.4) T/m selection field
gradients in (x, y, z) directions, using a drive field (DF)
at 15 mT and 9.7 kHz along the z-direction. The en-
tire FOV was 4x0.8 cm?, which was covered by a Carte-
sian trajectory with a 12.5-mm pFOV size, 85 % overlap
among pFOVs along the z-direction, and 9 lines along
the x-direction. The total scan time was 2 min 14 sec.
Nanomag-MIP (Micromod GmbH, Germany) nanopar-
ticles with 1.43 mg Fe/mL and Vivotrax (Magnetic In-
sight Inc., USA) nanoparticles with 5.5 mg Fe/mL were
prepared in 3-mm diameter vials, separated at 15-mm
distance (see Fig. 2a). MPI images were reconstructed
using an x-space-based reconstruction that we recently
proposed, pFOV Center Imaging (PCI) [4].
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Figure 3: Imaging experiment results for the proposed tech-
nique. (a-b) The separated MPI images of Nanomag-MIP and
Vivotrax nanoparticles, and (c) multi-color MPI image.

Figure 2 shows the intermediate steps of the proposed
blind source separation technique, together with the cor-
responding MPI image. The signal delay map depicts
the local values for the delays, providing a clear distinc-
tion between the two MNPs. The delay histogram also
indicates the presence of two distinct MNP types.

Figure 3 displays the results of the proposed blind
source separation technique, showing successfully sep-
arated images of Nanomag-MIP and Vivotrax. For the
multi-color MPI image, Nanomag-MIP was assigned to
the red channel and Vivotrax was assigned to the green
channel.

The proposed technique has important advantages.
First, it is a blind, calibration-free technique. In addi-
tion, it decomposes the MPI signal itself, and not the
reconstructed image. Each signal component can then
be treated separately to reconstruct individual MPI im-
ages of the distinct MNPs. Thus, this technique does not

Results and Discussion
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cause any loss of resolution in the separated images. It
can also be applied to MNPs under different local envi-
ronments, as long as the change in environment causes
a change in signal delay. Hence, one can reconstruct
images of only the regions with specific conditions, e.g.,
high viscosity or high temperature regions.

IV Conclusions

In this work, a blind source separation technique is pre-
sented for decomposing the MPI signals from different
MNPs. The decomposed signals can be individually re-
constructed and assigned to separate “color channels”
to form a multi-color MPI image. This technique can be
applied to differentiate MNP types or their local environ-
ments.
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