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Abstract

Multi-color Magnetic Particle Imaging (mcMPI) differentiates biological processes by exploiting particle-specific
relaxation times, but conventional approaches rely on extensive calibration that limits practical deployment. Also,
quantitative approaches linking relaxation time ratios to separability of multiple particles remain underexplored.
Here, we use spectral separability derived from the frequency-domain correlation and examine how relaxation-
induced frequency attenuation constrains spectral separability in mcMPI through a physics-based computational
forward model with particle-specific Debye operators, enabling calibration-free multi-color reconstruction. Simu-
lations demonstrate that, at a representative relaxation time ratio, spectral separability can be quantified and leads

to feasible multi-color image reconstruction, while signals from long-relaxation particles are attenuated.

. Introduction

Multi-color MPI (mcMPI) visualizes multiple SPION pop-
ulations via relaxation-dependent spectral responses [1,
2]. Previous studies demonstrated multi-color separa-
tion using both system-matrix-based and calibration-
free approaches[3, 4], but quantitative metrics linking
relaxation-time ratios to separability remain underex-
plored. Physics-based frameworks [5] overcome calibra-
tion and enable frequency-domain analysis, but typically
employ a single global delay that cannot encode particle-
specific relaxation.

Tay et al. [6] identified the “relaxation wall,” where
particles with w7 > 1 undergo frequency-dependent
attenuation that reduces detectability. In mcMP]I, high
relaxation time ratio (7-ratio) values enable spectral sep-
aration while long-7 particles exhibit reduced SNR.

The present work quantifies separability by formulat-
ing spectral separability as a frequency-domain conse-
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quence of relaxation-induced attenuation. Furthermore,
this framework reconstructs multi-color images at a rep-
resentative 7-ratio.

Il. Methods

Under the adiabatic assumption, the physics-based for-
ward model [5] describes the MPI signal as §, =VEHp,
where H models the MPI PSE E performs FFP sampling,
and V applies FFP velocity weighting. The receive chain
gives § =TI'§y. For multi-color imaging, particle-specific
Debye modulation is incorporated into the H term as

1

J

ey
The index j denotes each particle population.

Spectral separability is quantified using a normal-
ized metric S, derived from the frequency-domain cor-
relation between particle-specific relaxation responses,
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Figure 1: Overview of physics-based multi-color reconstruction and spectral analysis at a 20 x 7-ratio. Subfigure (i) shows
the multi-color reconstruction results of each particle population, and subfigure (ii) presents a quantitative spectral analysis
illustrating relaxation-induced separability with a corresponding spectral metric of S ~0.38 at fy,;,. = 45 kHz.

where larger S indicates reduced spectral overlap. Be-
cause the scanning trajectory is identical for all particles,

§= FVE(Z]. ijj). We reconstruct by

2
min S=2 A+ AIVpjl;, Aj=TVEH;,
J 2 J
with Debye-aware regularization scaling A; =
Ao/IDj(farive)l to account for relaxation-induced
attenuation from the drive frequency (frive)-
Simulations use Momentum parameters (5.7 T/m,
45 kHz, 20/23 mT) [7, 8] and two particle populations
(T1=1us, T7,=20us), chosen to represent free-circulating
(71) and tissue-bound (7,) particle states, respectively.

Figure 1(i) shows multi-color reconstruction images,
demonstrating successful separation of the two particle
populations. The extracted Debye responses are consis-
tent with the relaxation times 7, and 7, (Figure 1(ii)). At
45 kHz, the amplitude ratio |D;|/|D,|~5.7 (~15 dB dif-
ference) indicates the multi-color extension of the relax-
ation wall: increasing 7-ratio improves separability while
attenuating long-7 particle signals. Frequency-domain
correlation reflects partial spectral overlap between par-
ticle responses, with a corresponding spectral separa-
bility of S ~ 0.38. The proposed formulation was nu-
merically consistent under the investigated relaxation
contrast. The multi-color relaxation trade-off is quanti-
fied: increasing relaxation-time contrast improves spec-
tral separability while attenuating long-7 particle signals,
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indicating an inherent constraint on achievable multi-
color image quality. For the 45 kHz drive frequency, 7-
ratios near 20x yielded sufficient separability (S ~ 0.38)
while maintaining detectable signal levels for both pop-
ulations, suggesting a practical operating regime for par-
ticle selection.

IV. Conclusion

We quantified spectral separability and reconstructed
multi-color images using particle-specific Debye oper-
ators within a physics-based framework. Simulations
demonstrate effective multi-color separation for par-
ticles with distinct relaxation times. Our results high-
light that practical multi-color image quality is governed
by the interplay between particle relaxation times. Fu-
ture systematic parameter sweeps can further delineate
practical operating regimes and extend toward viscosity-
dependent functional imaging.
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