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Abstract
Magnetic particle imaging (MPI) is a tracer-based tomographic imaging technique utilized in
applications such as lung perfusion imaging, cancer diagnosis, stem cell tracking, etc. The goal of
translatingMPI to clinical use has prompted studies on further improving the spatial-temporal
resolutions ofMPI through variousmethods, including image reconstruction algorithm, scanning
trajectory design,magnetic field profile design, and tracer design. Iron oxidemagnetic nanoparticles
(MNPs) are favored forMPI andmagnetic resonance imaging (MRI) over othermaterials due to their
high biocompatibility, low cost, and ease of preparation and surfacemodification. For core–shell
MNPs, the tracers’magnetic core size and non-magnetic coating layer characteristics can significantly
affectMPI signals through dynamicmagnetization relaxations.Mostworks to date have assumed an
ensemble ofMNP tracers with identical sizes, ignoring that artificially synthesizedMNPs typically
follow a log-normal size distribution, which can deviate theoretical results from experimental data. In
this work, we first characterize the size distributions of four commercially available iron oxideMNP
products and thenmodel the collectivemagnetic responses of theseMNPs forMPI applications. For
an ensemble ofMNP tracerswith size standard deviations ofσ, we applied a stochastic Langevinmodel
to study the effect of size distribution onMPI imaging performance. Under an alternatingmagnetic
field (AMF), i.e., the excitation field inMPI, we collected the time domain dynamicmagnetizations
(M-t curves), magnetization-field hysteresis loops (M-Hcurves), point-spread functions (PSFs), and
higher harmonics from theseMNP tracers. The intrinsicMPI spatial resolution, which is related to the
full width at halfmaximum (FWHM) of the PSF profile, alongwith the higher harmonics, serve as
metrics to provide insights into how the size distribution ofMNP tracers affectsMPI performance.

1. Introduction

Magnetic particle imaging (MPI) is a newmedical imagingmodality that detects the spatial distribution of
magnetic tracers with high resolution and sensitivity [1–5]. It has the potential for real-time, in vivo imaging of
humans and animals.MPIworks on the principle that themagnetic nanoparticle (MNP) tracers are periodically
magnetized by a sinusoidal excitation field of frequency f (typically several tens of kHz). A pair of receive coils
designed as gradiometers record the dynamicmagnetic responses of tracers and remove the feed-through signals
in real time. Due to the nonlinearmagnetic responses ofMNPs, higher harmonics at 3f, 5f, 7f, etc, are uniquely
produced by theMNP tracers for the frequency-space (f-space) [6, 7]MPI image reconstruction. Tomographic
imaging is achieved using a selection fieldwith amagnetic gradient of several T/m [8–10], which selectively
activatesMNP tracers within afield-free region (FFR) at specific locations at each instantaneous time.MNP
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tracers outside this FFR aremagnetically saturated by the gradient field, resulting in negligible harmonics from
these regions. By rastering the FFR through the field of view (FOV) along a pre-programmed trajectory,MNP
tracers at different locations are sequentially activated. This allows for the reconstruction of a tracer-basedMPI
image [7, 11–13].

Based on the theory ofMPI, themagnetic properties ofMNP tracers and their relaxation times set the limit
of imaging spatial resolution (i.e., intrinsic spatial resolution) [5, 14–16]. Researchers are actively applying
differentmathematicalmodels to calculate the dynamicmagnetizations ofMNPs under fast-changingmagnetic
field(s) [17–19], i.e., the excitation field(s). Research has evolved from the traditional Langevin function that
ignores the relaxation times ofMNPs, to themore advanced stochastic Langevin function [20–23] and Fokker–
Planck equation [24] that consider the coupled Brownian andNéel relaxations ofMNPs. The newer,more
advancedmodels have been cross-validatedwith experimental data with great accuracy [20, 22]. Nevertheless,
most reportedmodelingworks assume an ensemble ofMNPswith identicalmagnetic core sizes and often ignore
the surface non-magnetic coating layers. However, artificially synthesizedMNPs exhibit a log-normal size
distribution and, for themajority of applications,MNPs are surface-functionalizedwith non-magnetic coating
layers (such as polymers or proteins) to enhance their colloidal stability [25]. It should be noted that the dynamic
magnetizations ofMNPs are largely affected by theirmagnetic core and hydrodynamic sizes [26, 27]. A
uniformly sized ensemble and a non-uniformly sized ensemble ofMNPs can exhibit very different collective
magnetic responses under the same excitationfield(s), even if these two ensembles ofMNPs share identical
averagemagnetic core sizes. Thus, a correct description of themagnetic responses ofMNPswith various size
distributions and non-magnetic shell layers is of paramount importance formoving this technology a step
forward.

In this work, we systematically investigate the effect ofMNP tracers’ size distribution on their collective
dynamicmagnetizations and the point-spread functions (PSF) inMPI. Initially, we characterize the log-normal
size distributions of four commercialMNPproducts, SHP15, SHP25, IPG30, and SHS30, using transmission
electronmicroscopy (TEM) and determine their averagedmagnetic core sizes (Dc) and intrinsic standard
deviations (σ0). To collect information on the surface non-magnetic coating layer thickness for theseMNP
products, their hydrodynamic sizes (area-based statisticsmethod) aremeasured using dynamic light scattering
(DLS). Subsequently, wemodel an ensemble of 10,000 non-interactingMNPs in an FFR, varying their size
distribution (σ).We study the effect of size distribution by deteriorating (σ= 3σ0, 5σ0, 7σ0, whereσ0 is the
intrinsic standard deviation observed fromTEMresults) and improving (σ= 0.5σ0) the size uniformity of these
10,000MNP tracers, andwe record their time-domain dynamicmagnetizations (M-t curves), magnetization-
field hysteresis loops (M-Hcurves), PSF, and higher harmonics. This study provides valuable insights into how
the size distribution ofMNP tracers can enhance or degrade the imaging performance ofMPI.

2.Mathematicalmodels,materials, andmethods

2.1. Stochastic langevinmodel with coupled néel and brownian relaxations
Langevin function is themost widely recognized, classical approach for describing themagnetization of a non-
interacting, isotropic, and identical ensemble ofMNPs. It is only applicable under equilibrium approximation
and does not account for noise in nanoparticle dynamics. In amore realistic scenario, where noise is considered,
the stochastic Langevinmodel provides a better description ofMNPs’magnetization dynamics [22, 23, 28]. It
effectively captures the effects ofNéel and Brownian relaxation times onmagnetization dynamics by considering
the combined rotational dynamics of both the nanoparticle’smagnetic cores and surface coatings. In this

context, the dynamic of anMNPwith a hydrodynamic volumeVh (
p

= D
6

h
3, whereDh is hydrodynamic

diameter) is described by the overall torque applied to its easy axisn, and the evolution of internalmagnetization
M (= mM , wherem is the dimensionless unitmagnetization vector) is governed by the Landau–Lifshitz-Gilbert
(LLG) equation. A generalized torque andfield are derived from theHelmholtz free energy equation, leading to a
generalized formof the torque and field [22]. By incorporating thermalfluctuations into these torques and fields
within the overall torque and LLG equations, themodel results in coupled differential equations that account for
Néel and Brownian relaxations.Moreover, the nanoparticle acceleration is neglected in thismodel due to the
dominance of viscous forces [22]. Reforming the coupled differential equations, incorporating physical
quantities such asNéel and Brownian relaxation times, the system can be described as follows:
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0 (the dimensionless excitationfield that serves as the classical Langevinmodel argument) and

( )s ⋅m n nk (the dimensionless anisotropy field coupledwith themagnetization). h andT are the viscosity and
temperature of the solution, respectively, H is the excitation field, kB is the Boltzmann constant,α is the

damping parameter, γ is the gyromagnetic ratio, Ka ismagnetic anisotropy constant, Vc
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core volume,μ is the value ofmagneticmoment expressed as m = M Vs c, and m0 is the vacuumpermeability.
In the reported literature [18, 29], where the Langevinmodel ( )x= ¢M M Ls was employed. The PSFwas

defined as the derivative of themagnetizationmodel (i.e., Langevin function). Building on this approach, in this
paper, we express the vector formofmagnetization as ( )x¢ t t=M mM , ,s B0 and define the PSF as the derivative
of themagnetizationmodelmwith respect to the dimensionless totalfield, / xmd d . This derivative accounts for
the influence of anisotropy energy in the dynamicmodeling ofMNPmagnetization. The anisotropy energy,
impacted byMNP size, plays a critical role in determining themagnetization dynamics ofMNPs.

The reduced formof correlation becomes equal to theNéel attempting time andBrownian relaxation time
by:
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In this study, we examine the dynamicmagnetizations of four commercial iron oxideMNPproducts with
varying size distributions, where the externally appliedmagnetic field H serves as the sole excitationfield.We
focus on the excitation field applied along theZ-axis and simulate themagnetic dynamics of 10,000MNPs using
standard numericalmethods for the stochastic Langevin equationwith the Stratonovich interpretation. The
tracer core volume-weighted average dynamicmagnetizations ofMNPs along the excitationfield direction, Mz ,
are recorded. The recording is donewith a sampling frequency of 5MHz, and the results are plotted asM-t
curves. The real-time voltage signal is obtained froma receiver coil, based on Faraday’s law of induction in a
space that has been discretized into 3D voxels. The simplified equation for this voltage signal can be expressed as
follows:

( ) ( ) ¯ ( ) ( )òm= -
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where pc represents the coil sensitivity, ( ) ( )å d= -p r V r r
i i i
104

is the particle concentration, and m̄z is the
averageweightedmagnetization (averageweightedwith 10,000 different core sizes extracted from size
distribution) in theZ-axis. Additionally, we assume that theMNPs concentration at the voxel’s center and that
the voxel is entirely within the FFR. Fast Fourier Transform (FFT) is applied and the signal, ( )u t , and harmonics
are obtained after removing the fundamental frequency component.

The dynamicmagnetization versus the excitation field along theZ-axis during a few periods of the excitation
field and after stabilization is plotted asM-H curves. From theM-H curves, we derive the PSF ( / x x- ¢md d
curves). The full width at halfmaximum (FWHM) of the PSF is used as a parameter to evaluate the intrinsic
spatial resolution inMPI systems,Δx, which can be determined by:

Table 1.Variables and values that are used in this work.

Variable Value References

Viscosity (Pa·s) 0.001 —

Temperature (K) 300 —

Damping parameter a 1 [22]
Gyromagnetic Ratio g (GHz/T) 176 [30]
Magnetic Anisotropy Ka (kJ/m

3) 3 [31, 32]
SaturationMagnetizationMS (kA/m) 480 [26]
Excitation FieldAmplitude (mT/μ0) 20 [5, 8, 19]
Excitation Field Frequency (kHz) 25

Receive Coil Sensitivity (μT/A) 100 [33]
Gradient FieldMagnitude (T/m) 3 [8–10]

3
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whereG is the strength of the gradient field and xFWHM is the FWHMthat can bemeasured from the PSF curve.
Themagnetization evaluation over time is affected by the side lobes in the frequency domain, while the
evaluation over thefield is affected by a highmagnetization ratio at saturation points. Tomitigate these
challenges, a Kaiser windowing technique followed by a Savitzky–Golay filter is further applied to / xmd d

and
¯ ( )¶
¶

m t

t
z .

The parameters and values used in this work are summarized in table 1.

2.2. Iron oxideMNPproducts
The SHP15, SHP25, IPG30, and SHS30MNPs (OceanNanoTech, LLC) are single-core iron oxides with various
core sizes and surface coatings [34]. SHP15 and SHP25MNPs are coatedwith carboxylic acid groups and report
averagemagnetic core sizes of 15 and 25 nm, respectively. Both SHP15 and SHP25MNPs are suspended inDI
water. IPG30 and SHS30MNPs are iron oxides coatedwith proteinG and streptavidin, respectively. Both have
an averagemagnetic core size of 30 nmand are suspended in a 10 nMphosphate-buffered saline (PBS) solution
with 0.01%BSA and 0.02%NaN3. In ourmodels, we assumed a viscosity of 1 cp (=0.001 Pa·s) for the solution.

2.3.Hydrodynamic size andmorphological characterizations ofMNPs
The hydrodynamic sizes of theMNPswere characterized by using aDLS particle size analyzer (Microtrac
NANO-flex) at room temperature. EachMNP samplewas 1ml in volume and varyingMNP concentrations
from0.25 to 0.5mgml−1. TEM images, depicting the sizes and shapes of theMNPs, were obtained using the
Thermo Fisher Talos F220Xmicroscope operating at an accelerating voltage of 200 keV. TEM samples were

Figure 1.TEM images and histograms ofmagnetic core size distributions of (a) SHP15, (b) SHP25, (c) IPG30, and (d) SHS30MNPs.
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prepared by drop-casting 10 μl ofMNP suspensions onto carbon-coatedCuTEMgrids (Ted Pella, Inc.) and
allowing them to air-dry at room temperature before characterization.

3. Results and discussion

3.1. Experimentally observed size distribution ofMNPproducts
Figures 1(a)–(d) shows the TEM images of SHP15, SHP25, IPG30, and SHS30MNPs, respectively. Themagnetic
core sizes of theMNPswere calculated under the assumption that allMNPswere perfectly spherical. The bar
chart illustrates the core size distribution (diameter) of 50MNPs randomly selected from the TEM images for
eachMNPproduct. The size distribution curves were fitted using a log-normal function. The averagemagnetic
core size (Dc) and intrinsic standard deviation (σ0) for eachMNPproduct are summarized in table 2.

The area-based hydrodynamic size distributions of theMNPswere obtained viaDLS,fitted using a log-
normal function, and presented infigures 2(a)–(d). The average hydrodynamic sizes of the fourMNPproducts
are calculated and summarized in table 2. In this work, we calculated the non-magnetic coating layer thickness
(d) for eachMNPproduct by using the differences in average hydrodynamic size (Dh) and averagemagnetic core

Figure 2.Probability density of hydrodynamic size distributions of (a) SHP15, (b) SHP25, (c) IPG30, and (d) SHS30MNPs.Data is
plotted based on area-weightedDLS distribution.

Table 2. Summary of themagnetic core sizes and non-magnetic coating layer thicknesses of SHP15, SHP25, IPG30, and SHS30MNPs.

MNP
Magnetic core size Hydrodynamic size

Average (Dc) Standard deviation (σ0) Average (Dh) Coating thickness (d)

SHP15 12.42 nm 0.11 30.40 nm 9.0 nm

SHP25 25.65 nm 0.05 41.10 nm 7.7 nm

IPG30 29.53 nm 0.09 45.90 nm 8.2 nm

SHS30 29.52 nm 0.08 57.70 nm 14.1 nm

5
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size (Dc). As shown in the last columnof table 2, SHP15, SHP25, and IPG30 have similar coating layer
thicknesses ranging from7.7 to 9 nm,while SHS30 has a thicker coating layer of 14.1 nm.

To study the effect of the non-magnetic coating layer on theMPI performance forMNP tracers with varying
core size distributions, we collectively assumed an 8 nm thick coating layer for SHP15, SHP25, and IPG30 in our
models. For SHS30, we assumed a 14 nm thick coating layer.

3.2.Mathematicalmodeling: the effect of tracer size distribution onMPI performance
In this work, we are only interested in studying the effect ofMNP tracer size distribution on theMPI
performance.Whenmodeling the dynamicmagnetizations of an ensemble of 10,000MNPs subjected to an
excitationfield, the standard deviation of tracers’ core sizes is variedwhile the average core size isfixed. This step
will introduceMNP tracers with different core sizes (deviations from the average core size).We are aware that
the intrinsicmagnetic properties ofMNPs, such as saturationmagnetizations,magnetic anisotropy, blocking
temperature, superparamagnetism, etc, are affected by themagnetic core sizes [26]. However, this will inevitably
make the system complicated and diminish the direct effect of tracer size distribution, i.e., the standard deviation
of core sizeσ. Since the intrinsicmagnetic properties ofMNPs can varywidely due to different synthesis
methods, degrees of oxidation, uncontrollable crystalline defects, and shapes of nanoparticles [26]. EvenMNPs
with the samemagnetic corematerials, same core sizes, and same synthesismethod can show very different
magnetic properties. For instance, the reported effectivemagnetic anisotropy values for iron oxideMNPswith
core sizes less than 100 nm range from1 to 10 kJm−3 [31, 32]. The reported saturationmagnetization values can
range fromnear zero up to the bulk iron oxide’sMS values of 400–525 kAm−1 [26]. Even for the same batch of
MNPs, different storage environments can cause oxidation, altering theirmagnetic properties over time.
Considering this variability and the storage history ofMNPs, ourmodels collectively assume a saturation
magnetizationMS of 480 kAm−1 and an effective anisotropy Ka of 3 kJm

−3 for allMNP tracers. Adopting fixed
saturationmagnetization and anisotropy values in ourmodel ensures that tracer core size distribution (varying
standard deviations) is the only contributor to the varying results we collected.

Figure 3. Simulated dynamicmagnetization responses of SHP15with varied core size standard deviationsσ, subjected to an excitation
field of 25 kHz and 20mT/μ0.σ0= 0.11 is themeasured core size standard deviation from the SHP15 product. (a)M-t curves. As a
reference, the excitation field is also plotted. (b)–(d) areM-H curves, PSF, and harmonic profiles, respectively.
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3.2.1. SHP15MNPswith varying size distributions
Based on the TEMandDLS results, the SHP15MNPproduct shows an averagemagnetic core size ofDc= 12.42
nmwith an intrinsic standard deviation ofσ0= 0.11 and an average hydrodynamic size ofDh= 30.40 nm.
Herein, in ourmathematicalmodel, we assumed 10,000 non-interacting SHP15MNPswith an average
magnetic core size ofDc= 12.42 nm, a non-magnetic coating layer thickness d= 8 nm,with varying degrees of
core size uniformity where the standard deviations of core size studiedwereσ= 0.055 (0.5σ0), 0.11 (intrinsicσ0),
0.33 (3σ0), 0.55 (5σ0), and 0.77 (7σ0).

The smallmagnetic core size of SHP15MNPs limits their response to the excitationfield, resulting in a
sinusoidal shapeM-t curve and linearmagnetization hysteresis, as shown infigures 3(a) and (b). A larger
standard deviation ( )s from themean core size of 12.42 nm increases the overall effective core size of theMNP
ensemble, enhancing the netmagneticmoment. This enhancement transforms the sinusoidalM-t curve into a
square-shaped curve and the linear hysteresis into amore non-linear hysteresis, as observed infigures 3(a)& (b).
The increased net size of theMNPs increases theNéel attempting time, introducing a phase delay in response to
the excitationfield (figure 3(a)) andwidening the hysteresis loop (figure 3(b)). Additionally, larger size deviations
increase the anisotropy energy along the easy axis ( )x , disrupting theMNPs’ response to the excitationfield and
reducing the PSF peaks, as illustrated infigure 3(c). Furthermore, the increased nonlinearity in theMNPs’
magnetization response strengthens harmonic signals. Although these harmonics are partially diminished by
dominant relaxation effects, they are amplifiedwith higher particle concentrations and greater size deviations.
Consequently, larger size deviations result in stronger harmonic signals, as depicted infigure 3(d). Data on
Brownian relaxation time,Néel attempting time, and FWHMare summarized in table 3.

3.2.2. SHP25MNPswith varying size distributions
TheTEMandDLS results show that SHP25MNPs have an average core size ofDc= 25.65 nmwith an intrinsic
standard deviation ofσ0= 0.05, coated by a 7.7 nm thick carboxylic acid layer. For a side-by-side comparison
between SHP15 and SHP25MNPs, in ourmodels, we assumed a coating layer thickness of 8 nm for both SHP15
and SHP25MNP tracers.

SHP25, with a larger average core size compared to SHP15, exhibits square-shapedmonetization signal and
nonlinear hysteresis and reaches saturation at afield of 20mT/μ0, as shown infigures 4(a) and (b). The larger
average core size also leads to lower PSF peaks, evenwith smaller standard deviations, as illustrated in figure 4(c).
Additionally, the increased average core size enhances the nonlinearity of theMNPs’ response to the excitation
field, resulting in stronger harmonic signals, as depicted infigure 4(d). For SHP25, variations in standard

Table 3. Summary of the relaxation times and FWHMobtained from the PSFs
of SHP15, SHP25, IPG30, and SHS30MNPswith varying core size standard
deviation (σ). A log-normal core size distributionwas assumed for an
ensemble of 10,000MNPs in FFR.

MNP σ

τB (mean

value in s)
τ0 (mean

value in s) FWHMa

SHP15 0.055 8.76e-6 4.23e-10 1.03

0.11 (σ0) 8.86e-6 4.38e-10 1.16

0.33 1.02e-5 7.04e-10 3.86

0.55 1.50e-5 1.92e-9 46.23

0.77 1.4e-4 5.94e-8 1319.39

SHP25 0.025 2.74e-5 3.64e-9 6.99

0.05 (σ0) 2.77e-5 3.70e-9 7.19

0.15 2.91e-5 4.10e-9 9.38

0.25 3.14e-5 4.87e-9 15.41

0.35 4.72e-4 1.02e-8 32.88

IPG30 0.045 3.60e-5 5.61e-9 10.41

0.09 (σ0) 3.64e-5 5.73e-9 11.86

0.27 4.20e-5 7.58e-9 30.26

0.45 5.88e-5 1.35e-8 121.29

0.63 5.06e-4 2.31e-7 1209.26

SHS30 0.04 7.25e-5 5.60e-9 10.34

0.08 (σ0) 7.29e-5 5.71e-9 11.51

0.24 7.84e-5 7.03e-9 20.93

0.4 9.60e-5 1.15e-8 100.21

0.56 2.54e-4 7.00e-8 378.82

a The FWHM is dimensionless because x¢ is dimensionless. Scaling toTesla

can be achieved by adjusting x¢.
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deviation ( )s , ranging from0.025 to 0.35, produce only subtle changes in theM-t andM-H curves (figures 4(a)
and (b)) compared to SHP15. Similar to SHP15, larger size deviations in SHP25 increase anisotropy energy along
the easy axis, disrupting the response to the excitation field and reducing PSF peaks (figure 4(c)). However, this
reduction is smaller in SHP25 due to smaller variations in size deviations. Furthermore, as with SHP15, larger
size deviations in SHP25 increase the net ensemble size andmagneticmoment, leading to an enhancement in
harmonic signals (figure 4(d)). For the largest standard deviations in both SHP15 and SHP25, the net ensemble
size andmagneticmoment become comparable, resulting in similar harmonic strengths (figures 3(d) and 4(d)).
In summary, a larger average core size reduces PSF peaks and enhances harmonics, while greater size deviations
further amplify harmonics and dramatically reduce PSF peaks.

3.2.3. IPG30MNPswith varying size distributions
TheTEMandDLS results show that the averagemagnetic core size, core size standard deviation, and average
coating layer thickness for IPG30 areDc= 29.53 nm,σ0= 0.09, and d= 8.2 nm, respectively. In ourmodel, we
assumed a coating thickness of d= 8 nm for IPG30MNPs.

The IGP30, with a larger core size than SHP25 but the same coating thickness, exhibits an enhanced response
to the applied field, like SHP25. The increased core size extends theMNP response to the excitation field,
resulting in a square-shapedM-t curve and a nonlinearM-H curve that saturates at 20mT/μ0 (figures 5(a) and
(b)). Furthermore, the increase in average core size extends theNéel relaxation time, leading to a greater phase
delay in theM-t curve andwider hysteresis loops (figures 5(a) and (b)). Additionally, the larger core size reduces
PSF peaks and strengthens harmonic signals compared to SHP25, as shown infigures 5(c) and (d). Like SHP15
and SHP25, a larger standard deviation in IGP30 reduces PSF peaks due to increased anisotropy energy and
enhances harmonic strength due to the larger net ensemble core size andmagneticmoment.However, the
greater variability in size deviations in IGP30, compared to SHP25, results in amore significant reduction in PSF
peaks.

Figure 4. Simulated dynamicmagnetization responses of SHP25with varied core size standard deviationsσ, subjected to an excitation
field of 25 kHz and 20mT/μ0.σ0= 0.05 is themeasured standard deviation from the SHP25 product. (a)–(d) are theM-t curves,M-H
curves, PSF, and harmonic profiles, respectively.
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3.2.4. SHS30MNPswith varying size distributions
TheTEMandDLS results show that the averagemagnetic core size, core size standard deviation, and average
coating layer thickness for SHS30MNPs areDc= 29.52 nm,σ0= 0.08, and d= 14.1 nm, respectively. In our
model, we assumed a coating thickness of 14 nm for SHS30MNPs.

SHS30 exhibits a thicker coating layer whilemaintaining the same core size as IGP30. The effects of core size
and its deviations, when compared to SHP25,mirror those observed in IGP30. Compared to SHP25 and SHP15,
a larger average core size improves the SHS30MNPs’ response to the field, resulting in a square-shapedM-t
curve and nonlinear hysteresis (figures 5(a) and (b)). The extendedNéel attempting time causes phase lag in the
M-t curve andwider hysteresis loops. Additionally, the larger average core size reduces PSF peaks, increases the
net ensemble size andmagneticmoment, and enhances harmonics. Greater size deviation further reduces PSF
peaks and amplifies harmonics. A larger coating size has aminimal impact on PSF peaks and results in a subtle
reduction in harmonics compared to IGP30 (figures 5(d) and 6(d)).

4. Conclusions

The size of theMNP tracer, including the core and the coating, is one of themost important properties inMPI
imaging systems. Inmostmodels and experiments, it is assumed that all tracers are the same size.However, this
assumption is not correct because the size of the particles is lognormally distributed. In this respect, the effect of
size distribution is completely ignored in both experimental andmodelingworks. To evaluate the effect of the
MNP tracer size distribution on theMPI application, we used a stochastic Langevin functionwith coupled
Brownian-Néel relaxationmodels to simulate the dynamicmagnetization responses ofMNP tracers. In the FFR,
an ensemble of 10,000 non-interactingMNP tracers exposed to an excitation field of 25 kHz and 20mT/μ0 was
assumed. Themean and standard deviation of the core size, as well as themean hydrodynamic size, for the four
commercial iron oxideMNPproducts - SHP15, SHP30, IPG30, and SHS30 -were obtained from the TEMand

Figure 5. Simulated dynamicmagnetization responses of IPG30with varied core size standard deviationsσ, subjected to an excitation
field of 25 kHz and 20mT/μ0.σ0= 0.09 is themeasured standard deviation from the IPG30 product. (a)–(d) are theM-t curves,M-H
curves, PSF, and harmonic profiles, respectively.
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DLS results. A few variations in the core size standard deviation, summarized in table 3, were considered for each
sample to investigate the effect of tracer size distribution onMPI performance.

For smallerMNPs like SHP15, size deviation plays a crucial role in alteringmagnetization behavior. Larger
size deviations increase themagneticmoments of the particles, which outweigh the effects of anisotropy energy
(for small anisotropy constant) at the direction of the easy axis. This enhancement in collectivemagnetic
moments strengthens the ensemble’s response to the excitationfield, transforming sinusoidal signals into
square-likeM-t curves and linearM-H curves into nonlinear. These changes improve SNR.However, the
increased anisotropy energy disrupts the response to the excitationfield, significantly reducing PSF peaks and
degrading imaging resolution. In SHP25, a larger core size enhances themagnetization response, exhibiting
greater nonlinearity compared to SHP15. It also increases theNéel relaxation time, leading towider hysteresis
loops and stronger harmonic generation. Despite these benefits, larger average core size reduces PSF peaks. Like
SHP15, a larger size deviation in SHP25 amplifies harmonics by boosting the collectivemagneticmomentwhile
increasing anisotropy energy, further diminishing PSF peaks and degrading imaging resolution. IGP30 and
SHS30 demonstrate similar trends. Larger core sizes improve SNR and reduce PSF peaks, while larger size
deviations further enhance SNR and reduce imaging resolution. Notably, the impact of coating layer thickness,
by comparing IPG30 and SHS30, is negligible. Overall, larger core sizes and size deviations enhance SNR and
harmonic strength but come at the cost of reduced PSF peaks and imaging resolution.

The average Mz component for 10,000MNPs is lower than the Ms value of 480 kAm−1 due to the coupling
of the field and other components. In this study, a low anisotropy constant is used because, whenmultipliedwith
particle size and large size deviations, it could result in a high anisotropy energy that significantly disrupts the
particle’s response to the excitation field. If themodel encounters high anisotropy energy,magnetizationmay
collapse due to Brownian-dominated dynamics [35] or the anisotropy energy barrier. In such situations,
increasing the excitation field andMNP concentration, or usingmaterials with higher saturationmagnetization
can be effective. However, studyingMNP size distribution becomes challenging, as the root cause of
magnetization collapsemay not be apparent. In this respect, to facilitate amore practical investigation of particle

Figure 6. Simulated dynamicmagnetization responses of SHS30with varied core size standard deviationsσ, subjected to an excitation
field of 25 kHz and 20mT/μ0.σ0= 0.08 is themeasured standard deviation from the SHS30 product. (a)–(d) are theM-t curves,M-H
curves, PSF, and harmonic profiles, respectively.
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size distribution, we utilized a low anisotropy constant, which allowed us to observe a significantmagnetization
response and effectively study the influence of particle size distribution in this context.

Our findings offer valuable guidance for researchers synthesizingMNP tracers forMPI applications,
particularly regarding optimal size for clinical use. For longer blood circulation times, tracers between 10 and
100 nmare preferred, as this range avoids rapid kidney clearance of smaller particles (<10 nm) and reduces
uptake by the liver and spleen, which often capture larger particles (>200 nm) through the reticuloendothelial
system. Among theMNP tracers studied here (SHP15, SHP25, IPG30, and SHS30), The SHS15 tracers exhibited
the smallest FWHMat narrower particle size deviations, offering the highest spatial resolution in imaging.
However, achieving an adequate SNR requires using these smallMNPs at a high concentration.
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