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Abstract — Magnetic particle imaging (MPI) is a rapidly
developing medical imaging modality that exploits the non-
linear response of magnetic nanoparticles (MNPs). Color
MPI widens the functionality of MPI, empowering it with
the capability to distinguish different MNPs and/or MNP
environments. The system function approach for color MPI
relies on extensive calibrations that capture the differences
in the harmonic responses of the MNPs. An alternative
calibration-free x-space-based method called TAURUS es-
timates a map of the relaxation time constant, , by re-
covering the underlying mirror symmetry in the MPI signal.
However, TAURUS requires a back and forth scanning of
a given region, restricting its usage to slow trajectories
with constant or piecewise constant focus elds (FFs).
In this work, we propose a novel technique to increase
the performance of TAURUS and enable map estimation
for rapid and multi-dimensional trajectories. The proposed
technique is based on correcting the distortions on mirror
symmetry induced by time-varying FFs. We demonstrate
via simulations and experiments in our in-house MPI scan-
ner that the proposed method successfully estimates high-
delity maps for rapid trajectories that provide orders of
magnitude reduction in scanning time (over 300 fold for
simulations and over 8 fold for experiments) while preserv-
ing the calibration-free property of TAURUS.

Index Terms —Magnetic particle imaging, color MPI,
nanoparticle relaxation, mirror symmetry, x-space MPI,
rapid trajectory.

. INTRODUCTION

AGNETIC particle imaging (MPI) is a rapidly develop-

ing tracer-based medical imaging modality, which takes
advantage of the non-linear response of magnetic nanoparti-
cles (MNPs) under time-varying magnetic fields [1]-[5]. The
leading applications of MPI include angiography [6], [7], stem
cell tracking [8]-[10], inflammation imaging [11], [12], drug
delivery [13], [14], traumatic brain injury imaging [15], cancer
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imaging [16], and localized hyperthermia [17]. Color MPI is
an emerging field within MPI, providing a means to distinguish
different MNPs and/or MNP environments [18]. Color MPI
offers various practical applications such as catheter tracking
during cardiovascular interventions [19], [20], and identifying
the characteristics of the environment such as viscosity [21]-
[25] and temperature [26]-[28].

A standard MPI system utilizes three different magnetic
fields to acquire an image of the spatial distribution of MNPs.
First, a field free point (FFP) is created using a static selection
field (SF) with strong spatial gradients. Then, a sinusoidal
drive field (DF) is applied to move the FFP in a field-of-view
(FOV). However, human safety concerns [29], [30] and/or
hardware limitations constrain the region covered by the DF
to a relatively small partial field-of-view (pFOV) around the
FFP. Thus, additional low-frequency focus fields (FFs) are
employed to shift the FFP in a wider FOV [31].

Depending on factors such as the magnetic material and
core diameter, different MNPs are expected to have different
MPI signal responses [3]. Additionally, differences in the
environmental conditions such as temperature or viscosity can
alter the relaxation behavior of the MNPs [32]. Recently,
color MPI techniques have been proposed to take advantage
of these differences to distinguish the MPI signals from
different MNPs and/or environmental conditions. The first
color MPI study targeted distinguishing MNPs using a system
function reconstruction (SFR) approach [18]. SFR requires
lengthy calibration measurements of a point source MNP at
all voxel locations within a FOV [33], [34]. For the color MPI
extension, an extended linear system of equations is solved to
find the concentrations of different MNP types and/or MNPs
in different environmental conditions for each voxel. SFR-
based color MPI requires separate calibrations for each MNP
type and/or environmental condition, further lengthening the
calibration time [18], [19], [26], [35].

X-space-based color MPI techniques do not require cali-
bration, but the resulting images are typically blurred by the
point spread function (PSF) of the imaging system [36]. One
approach is performing multiple measurements at different
drive field (DF) amplitudes to differentiate the relaxation
behaviors of MNPs [37]. Another approach is a relaxation time
constant () estimation method, abbreviated as TAURUS (
estimation via Recovery of Underlying mirror Symmetry) [21],
[24], [38]. Instead of estimating the concentrations of different
MNPs like the SFR-based color MPI methods, TAURUS
estimates a  for each pFOV (or patch) within the image to
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create a quantitative map. Importantly, it does not require any
calibrations, multiple measurements, or prior knowledge about
the MNPs to estimate the  map. However, TAURUS relies
on the underlying mirror symmetry of the MPI signal, which
is valid only for trajectories that perform a strict back-and-
forth scanning of each pFOV (e.g., a 1D DF applied together
with constant FFs). This requirement restricts the usage of
TAURUS to trajectories with constant or piecewise constant
FFs, previously demonstrated for active scan times exceeding
2.5 minutes for a 0.8 cm 8 cm FOV [38]. Reducing the scan
time can pave the way to real-time imaging applications of
TAURUS [39].

In this work, we propose a novel technique that enables
map estimation via TAURUS for rapid and multi-dimensional
trajectories that can reduce the scan time by orders of magni-
tude. We first demonstrate how the time-varying FFs utilized
in these trajectories distort the mirror symmetry of the MPI
signal and propose a method to compensate for the FF-
induced distortions. Additionally, we improve the performance
of TAURUS by casting it as a weighted least squares (WLS-
TAURUS) problem. With simulations and imaging experi-
ments, we demonstrate that the proposed method is robust for
a wide range of FF slew rates (SRs) and noise, successfully
estimating  maps for rapid multi-dimensional trajectories
while preserving the calibration-free property of TAURUS.
The proposed method provides high fidelity = maps and
orders of magnitude reduction in scanning time for TAURUS,
demonstrated for over 300-fold reduction in simulations and
over 8-fold reduction in experiments.

Il. THEORY

A. Mirror Symmetry and TAURUS

In MPI, a simplifying approach is to model the relaxation
effect as a Debye process, which can be expressed as a
convolution relation [32]:

S(t) = Sadgian(t) 1 (1); (1a)
where
Saian(®) = Xs(DNX) Ly o’ (1)
r=te ¥ u: (1c)
Here, denotes convolution, s(t) is the signal with relaxation,

Sadiab(t) is the adiabatic signal described by the Langevin
model [40], and r (t) is the relaxation kernel. In addition,
N(x) is the MPI image blurred by the PSF, Xg(t) is the
FFP trajectory, Xs(t) is the FFP speed, and is a constant
that depends on system and MNP parameters [36], [40]. In
the relaxation kernel,  (sec) is the effective relaxation time
constant of the MNP that explains the signal lag and u(t) is
the Heaviside unit step function [32].

TAURUS uses the underlying mirror symmetry of the adi-
abatic MPI signal to estimate the time constant  [21], [38].
The mirror symmetry assumption is valid independent of the
MNP type or distribution in space, as long as the signal is
acquired during a back-and-forth FFP trajectory. Without loss
of generality, consider the following trajectory with a 1D DF
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in the z-direction together with constant FFs:
2 3 2 3 2

X(t) Brix=G, 0
Xs(t) = 4y(t)5 = 4B|:;y:Gy5 +4 0 5. 2

z(t) Br:.z=G, %cos 2 fgt)
|—{z—} |=
Focus Field Drive Field

Here, Bg.i (T) are the constant FFs and G; (T/m) are the
SF gradients along each direction, respectively. In addition,
By (T) and fgq (Hz) are the peak amplitude and the frequency
of the DF, respectively. The size of pFOV covered by the DF
alone is equal to Wy = 2B,=G; [3]. We refer to this trajectory
as the “piecewise trajectory” (PWT), as it utilizes piecewise
constant FFs to scan a small pFOV. Then, Bg.; are stepped to
different values to cover the entire FOV piece by piece.

For PWT, we define the negative and positive signals as the
half-cycle signals acquired during the back and forth portions
of the FFP movement, respectively. Then, the mirror symmetry
in Sugian(t) can be expressed as [21], [38]:

Spos,adiab(t) = Sneg,adiab( t) = Shaif(t): 3)

For the signal with relaxation, however, this mirror symmetry
is broken. Using Egs. (1a) and (3), we can write:

Spos(t) = Snair(t) r (1) (4a)
Sneg(t) = Spair( t) 1 (D): (4b)
The Fourier transforms of these signals and r (t) are:
Spos(F) = Ffspos(t)g = Spair(F)R (F); (52)
Sneg(F) = Ffsneg()g = Spar(FR (F); (5b)
R (F)=Ffr (0= oo (5¢)

Here, F denotes Fourier transformation and superscript
denotes complex conjugation. Next, can be computed in
frequency domain as follows [21], [38]:
— Spos(f) + Sneg (f) .
(f) = i2 T Spos(F)  Sneg(F) (©)
Ideally, (F) should be independent of frequency, f. How-
ever, the presence of noise or deviations from the model
in Eq. (1a) can cause frequency dependency. To provide
robustnesss against such non-idealities, a weighted average
of (F) is computed using the magnitude spectrum jSyos(F)j
as weights [38]. Once is computed, the mirror symmetric
Sadiab(t) can be recovered by deconvolving s(t) with r (t).

B. FF-Induced Distortions in Mirror Symmetry

Trajectories that contain time-varying FFs experience a
distortion in mirror symmetry, even for the case of Sygiap(t).
Without loss of generality, consider the following FFP trajec-
tory, with a 1D DF and a linearly ramping FF applied along
the z-direction, and constant FFs in the x- and y-directions:

2 3 2 3 2 3
X(t) Brix=G,
xs(t) = 4y(t)d = 4Bry=g, 0> + 4 0 S: ()
z(t) Rsizt=G, g2cos(2 Fyt)

Here, Rs.; (T/s) is the SR of the FF along the z-direction.
As shown in Fig. 1, the positive and negative signals have
matching amplitudes for Rs.; = 0. For Rs., = 20 T/s, on the
other hand, the amplitude is time varying due to the global
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Rx=0T/s :%S%/GZ MP1 Signal motion. For Eq. (7), this assumption can be expressed as:
E 625 1 : d Bp d RS;Z .
E o s ol AAAAA S max G—Zcos(z fqt) T G, t ; (83
R s U U U U U U U U ”»1 Bp2 fy  Rsy: (8b)
100 400 700 100 400 700 Here, indicates at least an order of magnitude difference
a) Time (us) Time (us) between the left- and right-hand sides of the inequality.
Rez=20T/s MPISignal =5 Under this assumption, the overall effect of the FF can be
= 10 A — () approximated as a global time shift and a global amplitude
E o\ A/ / l'l' ,J k LL{ scaling between the positive and negative signals.
& UV A ( { ( l A closed-form expression for the FF-induced time shift, t,
glit] s e — — g S —— can be found by solving the following equation:
100 400 700 100 400 700
b) Time (us) Time (us) Z(to) — Z(to +T=2+ t); (93)
Fig. 1: Effects of a linearly ramping FF, demonstrating a time- to = argmax(jz(v)j); t 2 [0;T=2]: (9b)
varying signal amplitude at non-zero Rs.,. The FFP position, t B

and the adiabatic and non-adiabatic signals for (a) Rs.; = 0
and (b) Rs.; = 20 T/s. Simulations utilized a point source
MNP with =3 s positioned at z = 0.
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Fig. 2: FF-induced distortions on mirror symmetry at Rg., =
20 T/s for (a) the adiabatic (i.e., = 0) and (b) the non-
adiabatic (for = 3 s) signals. After SR correction, the
mirror symmetry is recovered for the adiabatic signal. After SR
correction, TAURUS vyields (a) » =8 ns and (b) » = 2:89 s.

FFP movement caused by the FF. The pFOV center moves
by Rs..=(2f4G;) in half a DF period, so the FFP motion is
no longer symmetrical around the pFOV center. In addition,
the trajectory speed is different for the positive and negative
signals, which further distorts the mirror symmetry in Sygian(t).

In Fig. 2.(a), the positive and mirrored negative signals
for Sugian(t) (i.e., for = 0) are plotted, showing the FF-
induced distortions on mirror symmetry. The SR along the
z-axis causes a lag between these two signals and a mismatch
between their amplitudes.

C. SR Correction for Recovering Mirror Symmetry

For accurate  estimations, we propose an SR correction
method to correct the FF-induced distortions and recover the
mirror symmetry in Sggiap(t). First, we assume that the FFP
speed is dominated by the DF for the majority of the FFP
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Here, T = 1=Ff4 is the period of the drive field and ty is the
time point during the first negative half-cycle at which the
FFP speed is maximum. Without loss of generality, consider
the trajectory in Eq. (7), where ty can be found as 1=(4fy).
For the same trajectory, Eq. (9a) can be expressed as:

Rs;zlo + Bpcos(2 fyto) _ Rs;z(to+T=2+ 1)
G2 Gz - Gz
Bpcos(2 fy(to+T=2+ 1t)).
G, .

(10)
+

Inserting to = 1=(4fy) gives:

Bpcos(z)= ';Sf +Rs;; t+Bpcos(3-+2 fg 1)), (11)
d
which can be simplified to:
Bpsin(2 fy t)+Re, t+ F;j;z =0: (12)
d

If t
yields:

1=Fy, a first-order Taylor series expansion of sine

t= Rs:z .
2f3(Bp2 fg+Rs;2)’

(13)

A more accurate solution can be computed, e.g., using a
higher-order Taylor series expansion of sine.
Next, the amplitude scaling, , can be expressed as the ratio
of the FFP speeds at tg and to + T=2 + t, which yields:
_ iBp2 fgcos(2 g t) +Rs;zj,
B j Bp2 fg+Rs;zj '
Once tand are computed using Egs. (12)-(14), the positive
signal can be kept the same and the proposed SR correction
can be applied to the negative signal only, i.e.,

Spos,c(F) = Sposa(f); (15a)

Sneg,c(f) = Sneg,d(f)eI2 o (15b)
Here, Sposa(f) and Speqa(T) are the SR-distorted negative
and positive signals, respectively, and Sposc(F) and Spegc(T)
are their corrected versions. Finally, Eq. (6) can be applied
on the corrected signals to obtain SR-corrected estimation in
frequency domain:

Spos,c(f) + Sneg,c(f)

(f) = i2 F Sposc(f)  Snege(f)

TAURUS was originally proposed for the case of PWT, for
which Rs.; = 0 and Egs. (12)-(14) yield t=0and =1,as
expected. As Rs., increases, both tand increase steadily.
Importantly, both t and  are independent of the MNP

(14)

(16)
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Fig. 3: (@) (f) for Rs.; = 10 and 20 T/s and (b) normalized
power spectrum of the positive half-cycle before and after SR
correction for Rs.; = 20 T/s. The SR-corrected (f) (solid
lines) closely follows the reference case of Rs.; = 0, while the
non-corrected (f) (dashed lines) shows increasing levels of
underestimation at higher frequencies and closely follows the
theoretical (Th.) 4(f) from Eq. 17 (dotted lines). The power
spectra match closely. Simulations utilized a point source MNP
with =3 s.

parameters or the environmental conditions, and are purely
dependent on the system and trajectory parameters.

Estimating  without applying any SR correction would

yield erroneous results. The estimation in frequency domain

for the SR-distorted case, 4(F), can be expressed as follows
(see Appendix VII for derivation):

i2 fde+d
D= o ntd +a

(17

where d = e 2 ™ In the absence of FF-induced
distortions (i.e., Rs.; = 0), d+ = 2 and d = 0, yielding
4 = , as expected. However, for increasing FF-induced
distortions, 4 diverges from

In Fig. 2, the positive and negative signals of Sagiap(t) (i.e.,

=0) and s(t) (for =3 s) are shown for Rs., = 20 T/s.
For accurate  estimations, S,gisn(t) should have a perfect
mirror symmetry. However, due to the FF-induced distortions,
the positive and the mirrored negative signals of Sygian(t) are
shifted in opposite directions in time in Fig. 2.(a). Additionally,
the amplitude of the negative signal is smaller than that of the
positive signal. When SR correction is applied using Eq. (15),
the mirror symmetry is recovered for S,giapn(t). Computing
using TAURUS vyields ~ = 8 ns in this case (i.e., within
numerical error of zero, as expected). For s(t) in Fig. 2.(b),
the relaxation effect causes a separation of the positive and
mirrored negative signals in the direction opposite to that
caused by the SR. The relaxation effect also broadens the
signal along the scanning direction. Directly computing
using this distorted signal yields ~ = 1:85 s, a significant
underestimation. After applying SR correction, the amplitudes
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of the positive and negative signals match and the effective
delay between them gets visibly larger. Then, computing for
the SR-corrected signal gives » = 2:89 s, a close match to
the actual value of =3 s. Finally, applying deconvolution
using this ~ recovers the underlying mirror symmetry of the
MPI signal.

In Fig. 3, (f) and power spectrum are shown before and
after SR correction for Rs.; = 10 and 20 T/s. Here, the
results for Rs.; = 0 are provided as the references without
any FF-induced distortions. As seen in Fig. 3.(a), the SR-
corrected (F) closely follows the reference, whereas the non-
corrected (F) shows increasing levels of underestimation at
higher frequencies and closely follows the theoretical ¢(f)
from Eq. (17). Here, the ripple effect on SR-corrected (f) at
Rs.z = 10 and 20 T/s is caused by the digital manipulations
and temporal windowing of the signal. When the FFP speed
is more strongly dominated by the DF (i.e., for smaller Rs.;),
these ripples flatten and SR-corrected (f) converges to the
reference. Nevertheless, since TAURUS applies an averaging
of (f) weighted by the magnitude spectrum, the ripples in

() at high frequencies have a relatively minor effect on the
final estimated . In Fig. 3.(b), the normalized power spectrum
of spos(t) is shown, where there is negligible difference
between the SR-corrected and non-corrected cases and the
reference.

D. Rapid Color MPI Trajectories

The trajectory in Eq. (7) covers the FOV as a ”line-by-
line trajectory” (LLT), with overlapping pFOVs along the z-
direction and discrete steps in the x- and y-directions. Due to
the continuously ramping FF, this trajectory is already much
faster than PWT. For example, for the FFP scanner used in
this work with G, = 2:4 T/m, even a relatively modest SR of
Rs.z = 4 T/s corresponds to 0.83 m/s speed, which can cover
a human-length line segment in approximately 2 seconds.

To cover a 2D or 3D FOV continuously, time-varying FFs,
Be.i(t), can be utilized in all directions, i.e.,

3 2
Brix (=G, 0
Xs(t) = 4Bry (0=, 5 + 4B 0 5. (18)
Br:z (=G, G—Zcos(z fqt)

Defining Rs;i(t) = &£Bg;i(t) as the SR for the FF along each
direction, the assumption in Eq. (8) can be generalized as:

Bp2 T4 max Rs.z(t) ; 8t2]0;Tg]: 19)

Here, Ts is the total scan time. For example, for B, = 15 mT,
fq = 10 kHz, and Rs.; = 20 T/s, Eq. (19) yields a ratio of
47 between the left- and right-hand sides of the inequality.
Therefore, adopting the 20 T/s safety limit of MRI gradient
fields to FFs [30], [41], we can conclude that the FFP speed
is dominated by the DF for all practical purposes.

E. Weighted Least Squares TAURUS

The frequency domain division in Eq. (16) makes TAURUS
susceptible to division by a small number or zero under the
presence of noise and interference. Therefore, we propose
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casting Eqg. (16) as a weighted least squares (WLS) problem
by first expressing it as a vector relation:

a =b; (20)

where a;b 2 CK 1 such that:
a=i2 k f Spee(k F) Sugek ) ; (21a)
b = Sygsc(k T) + Spege(k T): (21b)

Here, k = 0;1;::;; K 1 with K = fg= f, where fg is
the sampling frequency and f is the resolution in frequency
domain. WLS-TAURUS can then be written as:

= (a"Wa) la"Whb; (22)
where W 2 RK K js a diagonal weighting matrix with
Wik = jSposc(k  F)j?, and the superscript H denotes Hermi-
tian transpose. As seen in Fig. 3.(b), this weighting is similar
to harmonic selection, but provides better generalization when
the signal energy shows variations across harmonics depending
on the MNP distribution, or when the signal energy spreads
around the harmonics at high SRs. WLS-TAURUS avoids the
problem of division by a small number or zero, and is expected
to provide robustness against noise.

F. Signal Replication for Increased TAURUS
Performance

In Eq. (16), directly using the SR-corrected positive and
negative signals, Sposc(t) and Spegc(t), results in a poor fre-
quency resolution of f = 2fy (i.e., the inverse of a half
DF period). To improve the frequency resolution, each period
of the SR-corrected signal was first replicated Ny, times,
then concatenated with the positive signal on the right side
for Sposc(t) and with the negative signal on the left side
for spegc(t) to yield the extended versions. This procedure
improves the frequency resolution to  f = 2f3=(2Nye, + 1).

Example extended signals and the corresponding (f) for
Nrep Values of 0 and 4 at Rs;; = 20 T/s are given Fig. 4.(a).
Note that the underlying mirror symmetry feature still applies
for these extended signals. Next, the effect of Ny, on the

(f) and the power spectra is shown in Fig. 4.(b). As clearly
seen in the power spectra, the frequency resolution increases as
Nrep increases. In Fig. 4.(c), the performances of SR-corrected
TAURUS and WLS-TAURUS are evaluated as a function of
Nrep 2 [0; 10] for the noise-free case and for relatively low
signal-to-noise ratios (SNRs) of 2 and 10. The estimation
error as a function of Ny, indicates that Ny, < 3 results in
poor performance especially at SNR = 2. The performances
of TAURUS and WLS-TAURUS both converge to a constant
level for Ny = 5, independent of the noise level. Therefore,
for the rest of this work, Ny, = 6 was utilized.

[1l. METHODS
A. Simulations

The MPI simulations were carried out using a custom tool-
box in MATLAB (Mathworks, Natick, MA). The parameters
were chosen to mimic the experiments performed on our in-
house MPI system: ( 4:8; 2:4; 2:4) T/m SF gradients in
X-, y- and z-directions, 1D DF along the z-direction with
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Fig. 4. Effects of signal replication on estimation error. (a)
The positive and mirrored negative signals for Ny, = 0 (i.e.,
no replication) and Ny, = 4. (b) (F) and power spectra for
different Nr, values. (c) Estimation error as a function of
Nrep at different SNR levels for SR-corrected TAURUS and
WLS-TAURUS.

fq = 10 kHz and B, = 15 mT, creating a pFOV of W, =
12:5 mm. A homogeneous receive coil along the z-direction
was utilized. The core MNP diameter, d, was assumed to be
25 nm, a realistic value based on the literature [42], [43].
To simulate the continuous-time nature of the physical world,
the MNP responses were first generated at 100 MS/s, and
then downsampled to 2 MS/s to generate the MPI signals.
To emulate the direct feedthrough filtering utilized in the
experiments, a zero-phase finite impulse response (FIR) high-
pass filter (HPF) with a cut-off frequency of 1.5fy was utilized.
Finally, before applying TAURUS, the resulting signals were
upsampled at 10 MHz to increase computational accuracy [38].
The details of each simulation are explained in detail below.

1) Slew Rate Robustness: The SR robustness of the pro-
posed method was evaluated for Rs.; 2 [0; 20] T/s and
Rs.x 2 [0; 20] T/s, where the estimation performances of
the no correction and SR correction cases were compared,
using WLS-TAURUS. The proposed SR correction in Eq. (15)
incorporates a time-shift correction and an amplitude correc-
tion. Therefore, the performances of the no correction, only
amplitude correction, only time-shift correction, and full SR
correction cases were also evaluated for Rs., 2 [0; 20] T/s,
using WLS-TAURUS. For these simulations, a point source
MNP distribution with =3 s positioned at the origin with
the core diameter of 25 nm was utilized.

2) Robustness against MNP Characteristics: Robustness of
the proposed method against d and  was evaluated for
d 2 [15; 35] nm and 2 [2;4] s, and SR-corrected
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Fig. 5. (@ In-house FFP MPI scanner with

( 4:8; 2:4; 2:4) T/m SF gradients and 1D DF along
the z-direction at 10 kHz. A three-axis linear actuator was
utilized to move the FFP globally, instead of using FFs.
(b) The imaging phantom contained Perimag, Vivotrax,
their mixture, and a marker. (c) The flow diagram of the
experimental process. A digital trigger from the VXM-2
motor controller was sent to the DAQ for synchronization.
(d) The digital signal processing and image reconstruction
stages for color MPI.

TAURUS and WLS-TAURUS were compared. The range for
d was chosen based on the literature [42], and the range for

was based on earlier TAURUS results using similar DFs [38].
These simulations utilized a point source MNP distribution
positioned at the origin, with Rs.; = 20 T/s and Rs.x = 0 T/s.

3) Noise Robustness: Monte Carlo simulations were per-
formed to compare the noise robustness of TAURUS and
WLS-TAURUS, for SNR 2 [2; 20] and Rs.; 2 [0; 20] T/s.
Accordingly, at a given SNR and Rs.,, simulations were
repeated numerous times and the estimation errors for SR-
corrected TAURUS and WLS-TAURUS were averaged across
the repetitions. In each repetition, a different instance of white
Gaussian noise with zero mean and a given standard deviation
(STD) was added to the MPI signal. The noise STD was set
as the maximum signal intensity (before direct feedthrough
filtering) of the noise-free signal divided by the targeted SNR
level. The number of repetitions was set to 10* for SNR 5,
and 10° for SNR > 5 to ensure accurate estimation of
performances. A point source MNP distribution with =3 s
positioned at the origin was utilized.

4) Color MPI Simulations: Finally, color MPI simulations

were performed to evalute the performance of the proposed
method. A phantom containing 6 MNP distributions with
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=[2, 2.4, 2.8, 3.2, 3.6 4] s was created. Each MNP
distribution had a size of 2 mm 2 mm. A5cm 6 cm FOV
in the x-z plane was scanned using 3 different trajectories:

Piecewise Trajectory (PWT): The FFs along the x- and
z-directions were stepped to cover the FOV at 100 100
points in the x-z plane, providing 95.2% overlap between the
consecutive pFOVs along the z-direction. An MPI signal of
10 ms duration was simulated at each point, resulting in an
active scan time of 100 s for the entire trajectory.

Line-by-line Trajectory (LLT): A linearly ramping FF in
the z-direction was utilized with Rs.; = 4 T/s to cover each
line in 36 ms, with 98.7% overlap between the consecutive
pFOVs along the z-direction. The FF along the x-direction
was stepped to cover the x-direction at 100 equally spaced
lines, resulting in an active scan time of 3.6 s.

2D Triangle Trajectory (2DTT): To cover the 2D FOV
continuously, a linearly ramping FF in the z-direction was
utilized. A triangle wave FF was applied along the x-direction,
formulated as follows:

X(t) = %Sin 1 sin(2 th) ;12 [O;Ts): (23)

Here, fr = Rs.x=(2FOV«Gy) is the frequency of the triangle
wave and scan time Ts = FOV;=(Rs.2=G;). Rs.; = 0:5 T/s
and Rs.x = 20 T/s were chosen to densely cover the whole
FOV. There was no explicit overlap among the neighboring
pFOVs due to the continuous movement along the x-direction.
The resulting active scan time was 0.288 s.

Note that the active scan times listed above do not include
the idle times of PWT and LLT during which the FFP position
is stepped. For example, traversing each line back at the same
SR of Rs.; = 4 T/s would automatically double the total scan
time of LLT to 7.2 s. In contrast, 0.288 s active scan time for
2DTT s directly equal to the total scan time, as the whole
FOV is scanned continuously in a single shot.

B. Imaging Experiments

Color MPI imaging experiments were performed on our
in-house FFP MPI scanner shown in Fig. 5.(a), using 3
different trajectories. This scanner had ( 4:8; 2:4; 2:4) T/m
SF gradients in the x-, y- and z-directions, and featured a free
bore size of 1.9 cm and air cooling to prevent system heating.
Both the drive and receive coils were oriented along the z-
direction. To minimize the direct feedthrough, the receive coil
was designed as a tunable 3-section gradiometric coil. Instead
of utilizing FF coils to globally move the FFP, this scanner
used a three-axis linear actuator (Velmex BiSlide), with a
maximum speed of 38.1 mm/s in all axes, corresponding to
Rs.z = 0:091 T/s. The other details of the scanner can be
found in [24], [38].

The flow diagram of the experimental process is presented
in Fig. 5.(c). For precise synchronization of the signal trans-
mission/reception and the linear actuator movement, a digital
trigger was sent from the VXM-2 motor controller of the
actuator to a data acquisition card (DAQ) (NI PCle-6374).
The DAQ card sent the DF signal to the power amplifier (AE
Techron 7224), which then sent it to the drive coil via an
impedance matching circuitry tuned to f4 = 10 kHz. A current
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probe (PEM LFR 06/6/300) was used for calibratidg. The
received signal was pre-ampli ed using a low-noise ampli er
(SRS SR560) and then sampled at 2 MS/s using the DAQ.
1) Trajectory Speci cations: A 2D FOV of 0.7 cm 12.7 cm
in the x-z plane was scanned using 3 different trajectories,
shown in Fig. 6. The experiments utilizédd = 10 kHz and
B, =15 mT, resulting in a pFOV size iV, =12.5 mm.
PWT: The FOV was divided into 11100 points in the x-
z plane, providing 89.84% overlap between the consecutive
pFOVs. A 150 ms signal was acquired for each pFOV,
resulting in an active scan time of 165 s. Due to the idle
times needed for actuator motion, the total scan time was
approximately 46 min.
LLT: The x-direction was divided into 11 equally spaced
lines. For the z-direction, the actuator was moved continuously
at its maximum speed of 38.1 mm/s, corresponding4{Q =
0:0917T/s for G, = 2:4 T/m. This relatively lowRs., resulted
in 99.97% overlap between the consecutive pFOVs. Each line
was covered in 3.46 s, resulting in an active scan time of 38 s.
The total scan time was 76 s due to the idle times needed for
the backward actuator movement along each line.
2DTT: A continuous triangle wave movement with,x =
0:061 T/s andRs.; = 0:03 T/s was applied using Eq. (23).
The active scan time was 19.8 s, with no idle time.
For direct feedthrough compensation, baseline measure-
ments were acquired before and after each line for PWT and
LLT, and before and after the entire trajectory for 2DTT.
2) Phantom Preparation: As shown in Fig. 5.(b), an imaging
phantom was prepared with 3 different samples, containing
Perimag (Micromod GmbH), Vivotrax (Magnetic Insight Inc.)
and their equal volume mixture. The samples were placed witi). 6: Trajectories used in the imaging experiments, with
2.3 cm center-to-center separations. Each sample had 3 @hcm 12.7 cm FOV in the x-z plane. (a) PWT, with stepped
diameter in the x-z plane and contained a total volume ¥f and z- directions. (b) LLT, with stepped x-direction and a
20 L . Perimag (17 mg Fe/mL undiluted concentration) wagear motion along z-direction. (c) 2DTT with a triangle-wave
diluted 10.5 times to approximately equalize its signal lev&notion along x-direction and a linear motion along z-direction.
to that of Vivotrax (5.5 mg Fe/mL undiluted concentration)The waveforms for the z-direction also show the superimposed
For computing signal timing (see Sec. 11I-B.4), an additiondlD DF along the z-direction. The trajectories in the x-z plane
marker sample containing 10 undiluted Perimag was do not re ect the DF.
placed at a 4.6 cm separation from the leftmost sample.
3) Signal Preprocessing: As outlined in Fig. 5.(d), the re- L . o
ceived and baseline signals were individually low pass |tereldnaccounted delays can cause a bias.iThe S|g_nal timing,
using a zero-phase FIR lter with a cut-off frequency b of the preprocessed signal was ne tuned using the marker

120 kHz to denoise the signal and remove the self-resonarfi@"al- To achieve sub-sample precision, rst the signal was
of the receive coil at 280 kHz. Potential system drifts (e.g., di®

sampled at 100 MHz sampling rate. The tuning process
to heating or vibration) can cause slight delays between thd@8K advantage of the underlying mirror symmetry: whe(t)
two signals. This delay was negligibly small for PWT due t§°MPuted at the corredt is used to deconvolve the signal,
the short DF signals separated by extensive idle times thag Mirror symmetry should be achieved [38], i.e.,
allowed system cooling. For LLT and 2DTT, the delay was fi = argmin MSE(Spos dt); Sneg.d 1)): (24)
more prominent due to the longer DF signals. The relative ti
delay was computed by rst upsampling the received ardere, f; is the estimated signal timing that minimizes the
baseline signals at 100 MHz sampling rate, followed by mean square error (MSE) in mirror symmetry. In addition,
cross-correlation operation. The baseline signal was then tinsgss {t) andsneg {t) denote the positive and negative signals
shifted and subtracted from the received signal. Finally, tlaéter deconvolution withr (t) computed att;, respectively.
direct feedthrough at the fundamental harmonic was Itergginally, the estimated; was applied to the entire signal. As
out using a zero-phase FIR HPF with a cut-off frequency ofutlined in Fig. 5.(d), the resulting signal is then fed to the
1.5g. image reconstruction step.

4) Digital Fine-Tuning of Signal Timing: TAURUS requires
a precise (sub-sample level) adjustment of signal timing, as
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Fig. 7: SR robustness results. The estimation error (a) as~&@. 9: Noise robustness results. (a) The estimation error

function of Rsx andRs; for no correction and SR correction,for SR-corrected TAURUS and WLS-TAURUS with respect

(b) as a function ofRs, for Rex = 20 T/s, and (c) as a to SNR andRs;,. (b) (f) for 4 different SNR levels at

function of Rsx for Rs; = 20 T/s. SR correction reduces theRs;; = 20 T/s. (c) TAURUS vs. WLS-TAURUS with respect

estimation error to below 3.6% at @s; andRgsy values. to SNR atRs; = 20 T/s. WLS-TAURUS shows improved
robustness, especially for SNR5.

in 2DTT were on a non-Cartesian grid, an automated gridding
algorithm for non-Cartesian MPI reconstruction was utilized
on the HD-X data [46]. This gridding algorithm automatically
tuned all reconstruction parameters, including the grid size. To
reduce the blurring introduced by the gridding operation, the
Cartesian output image was deconvolved with the gridding ker-
nel using the Lucy-Richardson deconvolution [47]. The nal
reconstructed images had 50800 pixels for the simulations
and 200 2133 pixels for the imaging experiments.
N Map Reconstruction: After SR correction of each DF
period, ~ was estimated using WLS-TAURUS witN ¢, =
6. The estimated* values were placed on the corresponding
pFOV center locations to form‘amap. For 2DTT, the above-
mentioned gridding algorithm was utilized to grid thevalues
Fig. 8: Results for robustness against MNP characteristidg.a Cartesian grid [46]. In the background regiohsan have
The estimation error for SR-corrected TAURUS and WLS!nexpectedly high or low values due to low SNR. To ensure
TAURUS (a) as a function ofl and , (b) as a function ofi that these outlier* values do not contaminate tfemap, the
for =3 s, and (c) as a function of for d = 25 nm. Both gridding kernel was reduced to one-fourth of that used during
TAURUS and WLS-TAURUS show low estimation error foimage reconstruction. Finally, th® map was interpolated to
d> 19 nm. match the size of the MPI image. To suppress the noise-like
A values in the background regions, thenap was multiplied
with a binary mask of the MPI image, with a threshold of
C. Color MPI Image Reconstruction 10% of the maximum pixel intensity.

. . Color Overlay Formation: The » maps were overlayed
Color MPI image reconstruction was composed of three. i L
) . . . with the reconstructed MPI images by multiplying the RGB
steps: MPI image reconstruction, map reconstruction, and

color overlay formation pixel intensities of the two images, channel by channel.

MPI Image Reconstruction: The MPI images for PWT
and LLT were reconstructed using Partial FOV Center Imaging
(PCI) reconstruction [44]. PCI requires the pFOV centers f SR Robustness Results
be aligned on a line and to have a high overlap percentageThe slew rate robustness of the proposed method is pre-
and hence is suitable for PWT and LLT. Since 2DTT doesented in Fig. 7.(a) as a function &, and Rsx, ranging
not have any explicit overlap between pFOVs, PCI is ndietween 0-20 T/s. Here, both the no correction and SR cor-
directly applicable. Taking advantage of the continuous sigraction results utilized WLS-TAURUS. These results indicate
acquisition of this trajectory, Harmonic Dispersion X-spacthat the estimation error does not dependRaR , but is rather
(HD-X) reconstruction was utilized [45]. Since the data pointdominated byRs., for the no correction case, reaching 37%

IV. RESULTS
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Fig. 10: Color MPI simulation results for 3 different trajectories. (a) The digital phantom withetween 2-4 s. The”

maps (top row) and the corresponding color overlays (bottom row) for (b) PWT, (c) LLT, and (d) 2DTT, showing comparable
performance despite their vastly different trajectory speeds. (e) The estimation performances, where the error bars denote the
mean and STD of the estimation errorifor the non-corrected (semi-transparent bars) and SR-corrected (solid bars) cases. SR
correction does not apply to PWT. SR correction provides a signi cant improvement in accuracy. 2DTT shows high accuracy
estimation with fast scanning and dense coverage.

error atRs.; = 20 T/s. SR correction successfully reduces thenpact on the estimation error. As seen in Fig. 9.(a), the esti-
estimation error to below 3.6% at dRs, and Rsx values mation error after SR correction is almost independeRf,
tested. Figure 7.(b) shows the estimation errdat = 20 T/s  but depends largely on the noise level. At high SNR levels,
as a function ofRs.;. Even at this largdRs.x, SR correction WLS-TAURUS provides a relatively small improvement over
maintains a low estimation error at dts.; values tested. TAURUS. At low SNR levels, TAURUS shows high estimation
Next, Fig. 7.(c) shows the estimation errorRyg., = 20 T/s, errors, particularly for SNR 5. In contrast, WLS-TAURUS
displaying a less than 0.05% increase as a functioR&f maintains robustness against noise even at SNR
for both the no correction and SR correction cases. In Fig. 9.(b), SR-corrected(f ) in Eqg. (16) is plotted at 4
The component-wise performances of the proposed SR cdifferent SNR levels aRg., = 20 T/s. At SNR= 2, (f)
rection method were also evaluated ¢, ranging between shows large ripple-like deviations from the ideal value of
0-20 T/s (results not shown). Amplitude correction alone ha&l s. These deviations increase at high frequencies, as the
minimal effect (less than 0.01%) on the estimation perfosignal energy gets smaller and the computation @f) gets
mance with respect to the no correction case. In contrast, tine®minated by noise. In addition, these ripples decrease at high
shift correction alone provided a performance improveme8NR and converge to the noise-free case. As previously shown
that is only slightly (less than 0.06%) lower than the full Sk Fig. 3, the ripples also increase wifs.,. Hence, (f)

correction case. shown for SNR= 2 and Rs.; = 20 T/s corresponds to the
most challenging scenario.
B. MNP Characteristics Robustness Results Next, Fig. 9.(c) shows a direct comparison of TAURUS

The robustness against MNP characteristics for Sﬁ[‘d WLS-TAURUS aRs; =20 T/s as a function of SNR,

corrected TAURUS and WLS-TAURUS are given in Fig. 8 fof/'e'® the improved noise robustness of WLS-TAURUS s

d ranging between 15-35 nm andranging between 2-4s, clearly visible for SNR< 5. At SNR = 2, the estimation

- 0, 0,
Figure 8 shows comparable performances for both metho85°"S fpr TAURUS and WLS TA.URL.JS are 37% and 21%,
with estimation errors below 3.7% fai > 19 nm, nearly re$pectively. At SNR= 20, the estimation errors fall down to

independent of . The estimation error is approximately 8.60/5'5% and 5'0% for TAQRU.S and WLS'TAURBS’ respegtn{ely.
atd=15 nm and =2 s whereas it decreases down to comparison, the estimation errors are 3.8% and 3.6% in the
3.1% for TAURUS and 2 9%’for WLS-TAURUS at= 35 nm noise-free case for TAURUS and WLS-TAURUS, respectively.

and =4 s.
D. Color MPI Simulation Results

C. Noise Robustness Results Figure 10 shows the color MPI simulation results for
Noise robustness results for SR-corrected TAURUS alddifferent trajectories. The digital phantom used in these
WLS-TAURUS are given in Fig. 9 for SNR ranging betweesimulations is displayed in Fig. 10.(a), withvalues between
2-20 andRs:; ranging between 0-20 T/s. This analysis did n®-4 s. In Fig. 10.(b)-(d), the color overlays show comparable
include Rq , as Fig. 7 indicated thaRsx does not have an performance for PWT, LLT, and 2DTT, despite their vastly
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A shows a large variation along the x-direction due to the
low trajectory density in that direction. For 2DTT, map is
visibly smoother with reduced variations along both x- and
z-directions, as this trajectory is considerably denser than the
other two trajectories. Since Vivotrax has worse full-width at
half-maximum (FWHM) resolution than Perimag, ftsvalues
extend in a wider region along the z-direction [38].
The estimated® for each sample are given as bar plots
in Fig. 11.(d). Here, the error bars denote the mean and
STD of » of each sample within the FWHM region of the
respective MPI image for that sample and trajectory. For
PWT, the” values were 2.060.14 s, 2.58 0.13 s, and
2.83 0.16 s for Perimag, mixture, and Vivotrax, respectively.
For LLT, the” values were 1.940.05 s, 2.51 0.16 s, and
2.82 0.17 sfor Perimag, mixture, and Vivotrax, respectively.
For 2DTT, the” values were 1.780.03 s, 2.36 0.02 s, and
2.83 0.12 sfor Perimag, mixture, and Vivotrax, respectively.
These results indicate thaffor Vivotrax is consistent, showing
less than 1% variation across trajectories. This consistency is
potentially due to the worse FWHM resolution of Vivotrax,
which provides a paradoxical robustness against the low den-
sities of PWT and LLT along the x-direction. In additighfor
Perimag is also consistent between PWT and LLT, with only
5.8% difference, as their densities match along the x-direction.
In contrast,™ for Perimag for 2DTT is approximately 13.6%
Fig. 11: Imaging experiment results. The reconstructed MRing 8.29% lower than for PWT and LLT, respectively. These
images,” maps, and color overlays for (a) PWT, (b) LLTgifferences potentially stem from the substantially increased
and (c) 2DTT.” map for 2DTT is visibly smoother. (d) The density of 2DTT along the x-direction. For each trajectdry,
estimated® for each sample, where the error bars denote th§ the mixture closely matches the average dbr Perimag
mean and STD within the FWHM region of the respectivgnd Vivotrax, as expected [38].
MP!I image for that sample and trajectory. The displayed FOV gverall, these results indicate that 2DTT provides relidble
is 0.7 cm 7.3 cm. estimations thanks to its dense coverage, while also providing
the shortest scan time among the tested trajectories.

different speeds. The estimation performances are compared

quantitatively in Fig. 10.(e), where the error bars denote V. DiscussioN

the mean and STD of the estimation errors®irwithin the In this work, we have proposed and experimentally demon-
2 mm 2 mm region for each MNP distribution. As seen irstrated techniques that enable relaxation-based color MPI for
these results, 2DTT has the best performance, whereas llapid and multi-dimensional trajectories. The proposed SR
shows slightly improved performance over PWT. The meaorrection method provides excellent robustness against FF-
estimation errors across all MNPs were 1352%, 0.6 0.2% induced distortions for a wide range of SR values. Importantly,
and 0.4 0.4% for PWT, LLT, and 2DTT, respectively. Fig-this method solely depends on the system and trajectory pa-
ure 10.(e) also demonstrates the importance of SR correcticameters. In addition, using a weighted least squares approach,
the estimations errors were 9.0.2% and 2.2 1.8% for the WLS-TAURUS, successfully improves the noise robustness.
non-corrected cases of LLT and 2DTT, respectively. Here,
consistent with the results in Fig. 7, the. .nc.)n—co.rrected Ca8e Aliernative SR Correction Approaches
of LLT displayed a larger error due to utilizing highBx. . ) ) i i i
Additionally, the results directly re ect the effect of trajectory 1 n€ Proposed algorithm appliest time-shift and - scaling
density and* map delity for the SR-corrected cases. While®" the negatlve signal to align it with the po§|t|ve §|gnal. An
LLT is denser than PWT along the z-direction, both LLT anfltérnative approach could be to apply=2 time-shift and
PWT are relatively sparse along the x-direction. In contrast, p scaling on the negative signal and=2 time-shift and

2DTT provides a dense coverage along both the x- and =  Scaling on the positive signal, so that they meet at the
directions, resulting in improved estimation performance. Center of the half period. It can be shown that, in theory, this
approach yields identical as the proposed approach given in

_ _ Eqg. (16). In practice also, it provides identical performance to
E. Imaging Experiment Results the proposed SR correction, given that FF-induced shifts are
Figure 11.(a)-(c) displays the imaging experiment resultajthin 1% of the DF period even &s., = 20 T/s. Another
showing the reconstructed MPI images,maps, and color approach could be to fully correct for the time-varying nature
overlay images for 3 different trajectories. For PWT and LLTof the FF-induced distortions, so that the correctggayt)
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attains perfect mirror symmetry. However, such a correctid®erimag and 21.7 nm for Vivotrax. Note that these diameters
would essentially stretch or compress one (or both) of tlage close to the 25 nm diameter used in the simulations, and
half-cycle signals, perturbing the temporal properties of thee well above the 19 nm threshold mentioned above.
relaxation effect in Eq. (4). Since frequency-domain relations

for TAURUS given in Egs. (5)-(6) would no longer apply, thisy Rresolution of Map

approach is not suitable for relaxation mapping. In contrast,When creating the® map, a single” is estimated for

th_e _pr(_)po_s_ed SR correction preserves the relaxation effeé:gsch period of the signal and assigned to the center of the
within individual half cycles.

corresponding pFOV. Consequently, the resolution*ahap
is directly proportional to the trajectory density. For PWT,
B. SR Robustness improving the resolution requires increasing the number of
The simulations presented in this work were based on ostepped points along both the x- and z-directions, increasing
in-house MPI scanner, with both the drive and receive coilse scan time quadratically for a 2D FOV. For LLT, the
along the z-direction. As shown in Fig. 7, the SR correctioresolution along the continuously scanned z-axis is suf ciently
is very robust againsRs.; and does not depend dRsx. high and can be further improved by reduciiy.; (e.g.,
The latter effect stems from two reasons: the collinear P®Wen atRgs.; = 20 T/s, the resolution along the z-axis is
is relatively wide along the x-direction [40], and the DF i9.83 mm for the parameters in this work). However, improving
not along that direction. For the simulation parameters in thilse resolution along the x-direction requires more lines to be
work, the collinear PSF has 1.8 mm and 2.1 mm FWHM alorgganned, which would increase the scan time linearly for a
the z- and x-directions, respectively. Even ®R¢x =20 T/s, 2D FOV. In 2DTT, the resolution is considerably improved
the FFP moves approximately 0.2 mm along the x-directialong the x-direction, but is position dependent. For a xed
in half the DF period, which is considerably smaller thascan time and FOMRs; and the number of pFOVs are also
the FWHM along that direction. Even in theory, reaching xed. Then, a trade-off between the resolutions in the x- and
comparable FWHM would require an effective MNP diametez-directions can be achieved by adjustiRgy . By increasing
greater than 55 nm. For the same reasons, we efpgetto  the scan time and reducirgs;, the overall resolution oft

have a similarly negligible effect. map can be further improved in both directions.
It should be noted that controlling the trajectory density in
C. Effects of MNP Diameter a systematic fashion is challenging for 2DTT, as the trajectory

. . : : arameters are coupled. For example, doubfigglone will
According fo the Langevin theory, increasing the MNlﬁouble the density on the exact same trajectory. The same

diameter or the SF gradients decreases the FWHM of t :
PSF in all directions [40]. Regardless, the MNP diameter Esﬁea can also be achievedk,. andRs;, are both reduced to

. L alf with a doubling in scan time to cover the same FOV. How-
not expected to have any major effects on thestimation

o .ever, in both cases, the off-trajectory points will not bene t
performance, as con rmed by the low estimation errors Malom this seeming increase in density. In contrast, if we reduce
tained ford > 19 nm in Fig. 8. First of all, SR correction 9 Y- ’

is independent of the MNP parameters. Secondly, in terr%gly Rs; to half with a doubling in scan time, the trajectory

. . ; . ) : tSelf will have twice as many triangles covering the same
of resolution, increasing the MNP diameter is equivalent o . ; . :
. ; . . . . . FOV. This time, the increased density will bene t the entire
increasingG, instead. The trajectory can still be kept identical : . .
: . scanned FOV. Furthermore, the differences in scan time also
if B, andRs;; are increased at the same rateGas Because . . . ) . .
v : .~ need to be considered for a fair comparison of trajectories with
the assumption in Eqg. (19) remains unchanged, the estimatign . ) .
: respect to the noise level, as previously done in a thorough
performance with respect s, should not be affected. trajectory analysis of SFR-based image reconstruction [50]
With B, and G, xed, the increase in estimation error J y y 9 '

for d < 19 nm is a result of the excessive widening of th Note that the color MPI simulations in Fig. 10 were noise-

PSF, which causes the MPI image to appear at within the o and the experiments in Fig. 11 were performed using

xed pFOV size. In general, a at MNP distribution can berelatlvely high MNP concentrations showing negligible noise.

. o ; o Therefore, the differences in scan times did not cause any
problematic for estimation, as it causes the entire signalto . .~ . . . o .
fall on the fundamental harmonic. Then, the correspondi unfair bias in performance evaluations in this work. With that

ng. o i
pFOV will have low signal after direct feedthrough Itering,S%Id’ considering the coupling between the scan parameters,

despite having a non-zero pixel intensity in the reconstructct-:r?je effects of trajectory density of map delity must be

MPI image. A potential solution is to Il in the correspondinganaIyZEd thoroughly with an appropriate de nition of density,

~ regions using neighboring pFOVs, as proposed in [38\1\{h|Ch remains an important future work.

Another alternative solution is to utilize active cancellation )
methods to preserve the fundamental harmonic [48], [49]. E- Hardware and Safety Constraints on SR

The effectived for the MNPs in the imaging experiments In human-size applications of rapid TAURUS, both hard-
can be calculated using Fig. 11, where the FWHM valuegare and safety constraints will affect the imaging speed. The
along the z-direction are 3.73 mm for Perimag and 4.40 miaxge imaging bore needed for human-size MPI scanners can
for Vivotrax samples. Taking into account the 2.9 mm inneequire coils with large inductances [51], [52], with FF coil
diameter of each sample together with the estimatedlues, inductances in the mH range [53]. These large inductances
the effective MNP diameters are computed as 24.7 nm foan in turn limit the applicable SR, necessitating hardware

X X © 2022 IEEE. Personal use is permitted, but reEJuincatiqn/redistribution requires IEEE permission. See htt s://www.ieee.or?/publications/ri?hts/index.html for more information.
Authorized licensed use limited to: ULAKBIM UASL - Bilkent University. Downloaded on September 03,2022 at 23:26:39 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in IEEE Transactions on Medical Imaging. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TMI.2022.3195694

12 IEEE TRANSACTIONS ON MEDICAL IMAGING, VOL. XX, NO. XX, XXXX 2017

solutions to reduce the inductances [54]. For FF safety limitdsing Eq. (15) and Eq. (25)4(f ) can be rewritten as follows:

we have adopted the 20 T/s safety limit of MRI gradient elds _ Sposd! I+ Snegdf)e 12 1 =
[41], given the similarity of their operating frequencies. In d(f) = 121 Spedl) Snegdf)e 12 1 = (27a)
MPI, the dominating safety constraint for both DF and FF is _ R (f)' R(f)e 12 ¢ _
magnetostimulation [29]. During simultaneous application of = 3T R() +RM)e T T (27b)

DF and FF, the safety limits and the allowable SR for FF ca[

further reduce [30]. Therefore, 20 T/s can be considered as QﬁertlngR(f) as given in Eq. (5) and simplifying yields:

upper limit for the SR of FF. Note that while the limitations fy= . @+i2f ) e R i2f ) . (28)
on SR can hinder the imaging speed of MPI in general, they in i2f @+i2f )+e 2 (@ i2f )
turn make the speed assumption in Eq. (19) easier to satigfmally, regrouping the terms and de niry = ez
we get: . ;
A
a(f)= o7 (29)

F. Extension to Other Rapid MPI Trajectories 2f i2fd +ds

This work utilized constant SRs in both the simulations and VIIl. ACKNOWLEDGMENTS

the experiments. In fact, a constant but high SR (e.g., 20 T/S)A preliminary version of this work was presented at th& 10

is the worst-case scenario for FF-induced distortions. If téj;ernational Workshop on Magnetic Particle Imaging (IWMP!

asstl;]mgttlorl in Eq. (.19)S'SR Satr']s e|<(jj, exttendmg thhe Irropos 20). The authors would like to thank Dr. Mustafa Utkur for
method 1o time-varying S should not pose a challenge. valuable discussions and feedback.

In this work, a 1D DF was utilized. Trajectories with
multi-dimensional DFs, such as the Lissajous trajectory, can
cover a 2D/3D pFOV in a relatively short scan time [50]. _ _ o )

For such trajectories the assumption in Eq (19) has to dé] B. Gleich and J. Weizenecker, “Tomographic imaging using the non-

. i . T linear response of magnetic particledlaturg vol. 435, no. 7046, pp.
satis ed for each DF axis. Since TAURUS requires a back- 1214-1217, 2005.
and-forth scanning, the multi-dimensional DFs may need t&] P. W. Goodwill, E. U. Saritas, L. R. Croft, T. N. Kim, K. M. Krishnan,

; ; D. V. Schaffer, and S. M. Conolly, “X-space MPI: magnetic nanoparti-
be applied twice, once forward and once backward [38]. Note cles for safe medical imagingAdv. Mater, vol. 24, no. 28, pp. 3870

that, while x-space reconstruction was previously proposed for 3377, 2012.
such trajectories [46], an experimental demonstration is yet 8] E. U. Saritas, P. W. Goodwill, L. R. Croft, J. J. Konkle, K. Lu, B. Zheng,

; _ ; and S. M. Conolly, “Magnetic particle imaging (MPI) for NMR and MRI
be shown. Extending TAURUS and x-space reconstruction to researchers. Magn. Resonvol. 229, pp. 116126, 2013,

such multi-dimensional DFs remains an important future workig] B. zheng, E. Yu, R. Orendorff, K. Lu, J. J. Konkle, Z. W. Tay,
D. Hensley, X. Y. Zhou, P. Chandrasekharan, E. U. Saetad, “Seeing
SPIOs directly in vivo with magnetic particle imagindylol. Imaging
[5] L. Wu, Y. Zhang, G. Steinberg, H. Qu, S. Huang, M. Cheng, T. Bliss,

: : F. Du, J. Rao, G. Songt al, “A review of magnetic particle imaging
In this work, we have proposed a novel SR correction and perspectives on neuroimagingJNR Am. J. Neuroradiglvol. 40,

method to compensate for the FF-induced distortions in the no. 2, pp. 206-212, 2019.
underlying mirror symmetry of the MPI signal. The proposed§] |. Molwitz, H. Ittrich, T. Knopp, T. Mummert, J. Salamon, C. Jung,

: _ G. Adam, and M. Kaul, “First magnetic particle imaging angiography
method depends only on the system and scanning parame in human-sized organs by employing a multimodal ex vivo pig kidney

ters, and enables high- delity relaxation map estimations via perfusion system,Physiol. Meas.vol. 40, no. 10, p. 105002, 2019.
TAURUS for rapid and multi-dimensional trajectories. Thel7]l A. Mohtashamdolatshahi, H. Kratz, O. Kosch, R. Hauptmann,

: - : N. Stolzenburg, F. Wiekhorst, I. Sack, B. Hamm, M. Taupitz, and
performance is further boosted via a weighted least squares J. Schnorr, “In vivo magnetic particle imaging: angiography of inferior

approach. The results show robustness against a wide range vena cava and aorta in rats using newly developed multicore particles,”
of SRs and noise, together with orders of magnitude reduction Sci. Rep.vol. 10, no. 1, p. 17247, 2020.

: : : : : B. Zheng, T. Vazin, P. W. Goodwill, A. Conway, A. Verma, E. U. Saritas,
in scan time. The proposed rapid relaxation mapping methda] D. Schaffer, and S. M. Conolly, “Magnetic particle imaging tracks the

will have important applications in developing the functional  |ong-term fate of in vivo neural cell implants with high image contrast,”
imaging capabilities of MPI. Sci. Rep.vol. 5, no. 1, p. 14055, 2015. _
[9] K. Them, J. Salamon, P. Szwargulski, S. Sequeira, M. Kaul, C. Lange,
H. lttrich, and T. Knopp, “Increasing the sensitivity for stem cell
monitoring in system-function based magnetic particle imagiRrgys.
VII. APPENDIX Med. Biol, vol. 61, no. 9, pp. 32793290, 2016.
. . . %O] Q. Wang, X. Ma, H. Liao, Z. Liang, F. Li, J. Tian, and D. Ling, “Arti-
In this appendix, we derive Eq. (17). If we assume that S cially engineered cubic iron oxide nanoparticle as a high-performance

correction fully recovers the mirror symmetry property, the magnetic particle imaging tracer for stem cell trackingCS Nano
vol. 14, no. 2, pp. 2053-2062, 2020.
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