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Advances in magnetic particle
imaging: evaluating magnetic
microspheres and optimized
acquisition parameters for high
sensitivity cell tracking

Samantha N. Flood1,2* and Paula J. Foster1,2

1Department of Medical Biophysics, Western University, London, ON, Canada, 2Imaging Research

Laboratories, Robarts Research Institute, London, ON, Canada

Introduction: The sensitivity and resolution of magnetic particle imaging (MPI)

depend on the choice of tracer and specific imaging parameters. For cell tracking

applications with MPI, both the superparamagnetic iron oxide (SPIO) tracer and

the cell labeling e�ciency have a significant impact on MPI sensitivity and vary

for di�erent tracers.

Methods: This study compared three commercially available SPIO tracers

(VivoTrax, Synomag-D and ProMag) and SPIO-labeled cells using magnetic

particle relaxometry (MPR) and imaging. Further, the e�ect of imaging

parameters (high and low gradient field strength and drive field amplitude) on

MPI signal strength, resolution, and cell detection limits, was evaluated.

Results: The peak MPI signal measured by MPR was much higher for Synomag-

D compared to VivoTrax and ProMag. However, the signal for intracellular

Synomag-D was significantly reduced. In contrast, the signal for ProMag, a

micron-sized iron oxide (MPIO) particle, was not significantly di�erent for free

and intracellular particles. The cellular iron loading was higher for ProMag

compared to Synomag-D. The total MPI signal measured from images of free

and intracellular SPIOs was highest for ProMag. Varying imaging parameters

confirmed that a lower gradient field strength and higher drive field amplitude

improved tracer and cellular sensitivity.

Discussion: These results, in addition to prior work from our lab, suggest that

MPIOs are a good option for cell tracking with MPI. In conclusion, the evaluation

of tracers by MPR is not su�cient to predict the performance of all SPIO tracers;

in particular, not for larger, polymer-encapsulated iron particles such as ProMag,

or for SPIO tracers internalized in cells. Improvements in MPI sensitivity through

lower gradient field strength and higher drive field amplitudes are associatedwith

a trade-o� in image resolution.
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1 Introduction

Cellular therapeutics are being used clinically for the treatment of several diseases and

injuries. While cell therapy shows immense potential in preclinical studies there has been

limited success for many clinical trials (Daley, 2012; Squillaro et al., 2016; Han et al.,

2024a). This is in part due to a lack of cell survival and retention post-administration

with some studies showing that <10% of the therapeutic cells survive the first few hours

after administration and <3% after 24 h (Kurpisz et al., 2007; Schots et al., 2007). There
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remain many unanswered questions about why these therapeutic

cells are dying and how to enhance their survival. Establishing a

tool to track and assess therapeutic cells is essential to further the

current state of cellular therapeutics and ideally transition more

therapies into the clinic.

Cell tracking has been used to assess the administration,

biodistribution, retention, and the potential efficacy of therapeutic

cells in vivo. Historically, in vivo cell tracking has been done with

imaging technologies such as bioluminescence imaging (BLI),

magnetic resonance imaging (MRI), and nuclear imaging [positron

emission tomography (PET) and single-photon computed

tomography (SPECT)]. Cell tracking with MRI requires the use of a

contrast agent to label cells. The most commonly used cell labeling

agents for MRI are superparamagnetic iron oxide (SPIO) particles.

The presence of SPIOs in cells causes a distortion in the magnetic

field and leads to signal hypo-intensities (negative contrast) in

iron-sensitive images (T2- and T2∗-weighted images are most

often used). This technique is very sensitive (Cheng, 2023). There

are, however, limitations of SPIO-based MRI cell tracking. The

first is low specificity due to other low-signal regions in images

(such as lung, bone and hemorrhage). Second, quantification

of iron-induced signal loss is complicated. Typically, the degree

of contrast or the volume of signal loss is measured from these

images, but cell number cannot be determined (Bulte et al., 2015;

Sehl et al., 2019). Perfluorcarbon nanoemulsions have also been

used to label cells for imaging with fluorine-19 (19F) MRI (Ahrens

and Bulte, 2013).19F MRI is more specific and directly quantitative

but has very low sensitivity with thousands of cells needed per

voxel to acquire signal (Gaudet et al., 2015; Sehl and Foster, 2021).

Nuclear imaging provides higher sensitivity than 19F MRI and is

also directly quantitative, but the half-lives of the radioisotopes

used make long-term tracking complex and delivers a radiation

dose to the patient and healthcare workers (Kiraga et al., 2021;

Han et al., 2024b). Evidently, there is a need for a non-ionizing,

sensitive, and directly quantitative imaging modality for cell

tracking applications.

Magnetic particle imaging (MPI) is an emerging imaging

modality that directly detects the location and concentration of

SPIO particles. One of the early applications of MPI has been

in vivo cell tracking and has been performed in a variety of

applications including the monitoring of cellular therapeutics, cell

biodistribution, cell retention and clearance. More specifically, MPI

cell tracking has been used to track stem/stromal cells (Bulte

et al., 2015; Zheng et al., 2015; Sehl et al., 2019; Shalaby et al.,

2023), immune cells (Mangarova et al., 2020; Rivera-Rodriguez

et al., 2021; Kiru et al., 2022; Fink et al., 2023; Fernando et al.,

2024; Sehl et al., 2024), cancer cells (Parkins et al., 2021; Makela

et al., 2022; Melo et al., 2022; Williams et al., 2023), and cellular

components like extracellular vesicles (Jung et al., 2018; Toomajian

et al., 2024). MPI has high sensitivity (ng of iron, hundreds

of cells). The MPI signal is linearly quantitative allowing for

measurements of iron from images, and with knowledge of the

cell labeling efficiency (iron per cell) an estimate of cell number.

MPI does not suffer from signal attenuation because it directly

images SPIOs, and only SPIOs. Therefore, unlike other imaging

techniques, MPI doesn’t detect signals from the surrounding tissue.

Because the tissue doesn’t generate a signal, MPI provides a

distinct, positive contrast image with high specificity. The low-

frequency excitation magnetic fields used in MPI (∼25 kHz)

pass through biological tissues without significant interaction or

attenuation. Due to the lack of attenuation, MPI can image deep

within the body without signal loss, unlike techniques that rely

on signals that weaken with distance (Bulte et al., 2015; Sehl

et al., 2019). MPI sensitivity and spatial resolution are expected to

improve with developments in MPI-tailored SPIOs, hardware, and

reconstruction algorithms (Graeser et al., 2017; Harvell-Smith et al.,

2022). Unlike radiotracers, the signal from SPIOs is long-lasting

enabling cell tracking for months after cells are administered.

Currently, several groups are engineering human-sized prototype

MPI systems for clinical imaging (Mason et al., 2017; Graeser

et al., 2019; Vogel et al., 2023; Mattingly et al., 2025). It has been

theorized, that an optimized clinical MPI device could detect as

low as pg amounts of iron but with numerous hardware and safety

limitations; it is, therefore, more practical to optimize sensitivity

and resolution for cell tracking by optimizing tracer performance,

cell labeling, and imaging parameters (Borgert et al., 2011, 2013).

The physics of MPI are described in detail in several

comprehensive reviews (Knopp et al., 2017; Harvell-Smith et al.,

2022; Irfan and Dogan, 2022; Neumann et al., 2022). The MPI

system consists of three main parts: a selection field, a drive field,

and a receiver coil. The selection field is produced by two opposing

magnets which produce a strong magnetic field gradient with a

central region with a near-zero magnetic field, referred to as the

field-free region (FFR). The drive field is an alternating magnetic

field (AMF) that causes changes in the oscillation of SPIO particles

producing the MPI signal.

The strength of the gradient field determines the inherent

resolution of the MPI system; this is the resolution that arises

only from the interaction between the gradient field and the

SPIO particles. Spatial resolution can be improved by increasing

the gradient field strength; doubling the gradient field strength

will improve image resolution by a factor of 2 (Goodwill and

Conolly, 2010; Croft et al., 2015). However, a higher gradient field

strength reduces the scanning volume of the FFR, which reduces

the MPI signal (Erbe, 2014). Lower drive field amplitudes have

been shown to improve particle resolution but at a large cost in

sensitivity. For example, Tay et al. showed that for the SPIO tracer

VivoTrax, an 8-fold decrease in drive field amplitude is needed

to improve resolution from 1.6mm to 0.9mm (Tay et al., 2020).

A few studies have evaluated or optimized imaging parameters

for high resolution and sensitivity but only using simulations or

experiments with samples of SPIO particles (Weizenecker et al.,

2007; Croft et al., 2015; Tay et al., 2020). The effects of these

parameters on imaging SPIO-labeled cells in vitro or in vivo have

yet to be performed.

The formulation of SPIO tracers tailored for MPI has the

potential to dramatically improve sensitivity and resolution.

Numerous studies have characterized and compared the magnetic

properties of commercial SPIO and MPI-tailored SPIO tracers

(Song et al., 2018; Mohtashamdolatshahi et al., 2020; Liu et al.,

2021; Vogel et al., 2021; Remmo et al., 2024, 2023). The best MPI

in vivo detection limits to date are 1,000 cells (corresponding to 4.4

ng Fe) labeled with a commercially available SPIO tracer and 250

cells (corresponding to 7.8 ng Fe) with a custom-made SPIO tracer
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(Song et al., 2018; Gevaert et al., 2022a). The MPI performance

of SPIO particles depends on their magnetic properties, such as

the saturation magnetization and the magnetic core size. The

best performing SPIO tracers reported to date are monodisperse,

single-core particles with core sizes of ∼25 nm (Eberbeck et al.,

2011; Ferguson et al., 2015; Tay et al., 2017). Larger magnetic

microspheres, or micron-sized iron oxide (MPIO) particles, have

magnetic properties and relaxation behavior that is more complex

(Gehrke et al., 2015; Kahmann and Ludwig, 2020). Our lab has

demonstrated the use of MPIOs for imaging cancer cells with MPI

(Parkins et al., 2021; Makela et al., 2022; Melo et al., 2022; Trozzo

et al., 2024).

For cell tracking with MPI, the type of SPIO is also

important for other reasons. First, it is essential that the SPIO

particles effectively label the cells. Factors that affect the cellular

uptake of SPIO particles include the surface coating and charge,

hydrodynamic size, the cell type, cell size and phagocytic ability

of the cell; all of which impact the total iron loading of cells

(Arami et al., 2013; Suzuka et al., 2019; Sehl and Foster, 2021;

Calvert et al., 2024). Second, some SPIO tracers have more iron per

particle. MPIO particles have been used for cell tracking by MRI

to enable the detection of single cells in vivo and single particles

in cells (Shapiro et al., 2004; Heyn et al., 2006). Increasing the

intracellular iron content, with high uptake of SPIO particles or

by using MPIO particles which have very high iron content, will

improve MPI cellular sensitivity. Third, the performance of SPIO

particles can be affected by their environment. The MPI signal for

some SPIO tracers is reduced in more viscous environments and

after cell internalization (Arami et al., 2013; Arami and Krishnan,

2014; Them et al., 2016; Suzuka et al., 2019; Paysen et al., 2020;

Gevaert et al., 2022a,b). This occurs to different degrees with

different SPIO tracers and cell types and is, therefore, an additional

important consideration.

The main goals for this study were to assess MPIO particles

for imaging cells with MPI, by comparing them to commercially

available SPIO tracers, and to test the effect of changing

MPI scanner-specific imaging parameters on image sensitivity,

resolution, and cellular detection limits.

2 Materials and methods

2.1 Superparamagnetic iron oxide (SPIO)
particles

Three commercially available SPIO particles were obtained:

VivoTrax (Magnetic Insight Inc., Alameda, California,

United States), Synomag-D (Micromod Partikeltechnologie,

GmbH, Hamburg, Germany), and ProMag (Bangs Laboratories,

Fishers, Indiana, United States). VivoTrax was chosen because

it is the most commonly used SPIO for MPI cell tracking. It is

a multicore particle with a bimodal size distribution of ∼30%

25–30 nm cores and ∼70% 5 nm cores, it has a carboxydextran

coating and a reported hydrodynamic size of 62 nm. Synomag-D

was chosen because it has previously been shown to have a higher

MPI signal compared to VivoTrax, as measured byMP relaxometry

(MPR) (Liu et al., 2021; Gevaert et al., 2022a). It is a multicore

particle with a nanoflower substructure with a reported cluster

core size of ∼30 nm, a dextran coating and a hydrodynamic size

of 50 nm (Vogel et al., 2021). ProMag consists of multiple iron

oxide cores encapsulated within an inert polymer matrix. The total

diameter of each microsphere is reported to be 1 µm.

2.2 MPI relaxometry of free SPIO particles

MPR was performed using the RELAXTM module on

a MomentumTM preclinical scanner (Magnetic Insight Inc.,

Alameda, California, United States). Relaxometry is a commonly

used method to assess the magnetic properties of SPIO particles

(Arami et al., 2013; Tamrazian et al., 2011). The output of the

RELAXTM module is a point spread function (PSF) characteristic

of the entire volume of a SPIO sample. The peak signal intensity of

the PSF for each SPIO sample reflects the particle sensitivity and

the full-width half maximum (FWHM) is related to the particle

resolution. The FWHM in mT can be converted to mm by dividing

by the gradient field strength (T/m). Free SPIO samples were made

in triplicate for each tracer in 0.2mL individual tubes (n = 3 for

each SPIO tracer; ProMag= 8 µL, Synomag-D= 1.5 µL, VivoTrax

= 12µL). Different volumes were used to assess each SPIO tracer to

not oversaturate the receive coil to the system since each tracer has a

different iron concentration. To compare the PSFs for the different

SPIO tracers, the signal was normalized by the iron concentration

of the sample. Further imaging experiments and MPI of labeled

cells evaluated only Synomag-D and ProMag.

2.3 Cell preparation and labeling

Human adipose-derived stromal cells (ASC) were cultured in a

T75 cm2 flask at 37◦C and 5% CO2 in Dulbecco’s modified Eagle’s

medium F12 (DMEM F12) containing 10% fetal bovine serum

(FBS) and 1% penicillin-streptomycin (PS) until 90% confluency.

Cells were washed with phosphate buffer solution (PBS) to remove

dead cells and residual media components immediately before

cell labeling.

To label ASC with ProMag, 10mL of complete medium and

54 µL of ProMag (4.79 µg Fe/µL) were added to culture at

a final concentration of 25.9µg/mL media. Following overnight

incubation, cells were washed 3 times with PBS to remove

unincorporated particles. To dissociate adherent cells, 5mL of

trypsin/disodium ethylenediaminetetraacetic acid (EDTA) was

added, and the flask was placed in the incubator for 5min.

5mL of complete media was added to the dissociated cells then

centrifuged at 300 g for 5min. After centrifugation, the supernatant

was aspirated then the cell pellet was resuspended in 10mL PBS

and centrifuged for 5min. This washing and centrifugation in PBS

was repeated 2 more times in effort to remove extracellular iron.

Labeled ASCs were suspended in 2mL PBS and incubated for 5min

in an EasySepTM magnet (Stemcell Technologies, Vancouver, CAN)

to separate the iron-labeled cells from the unlabeled.

Cell counting was completed using the trypan-blue exclusion

assay (Countess Automated Cell Counter; Invitrogen) to determine

the concentration of cells in PBS. Cell samples were prepared in
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0.5mL Eppendorf tubes, containing 1, 2, 5, 10, 25, 50, 100, or 500 x

103 cells pelleted by centrifugation.

To label ASC with Synomag-D, transfection agents were

employed. Efficient cell labeling with Synomag-D requires the use

of transfection agents (Sehl et al., 2020; Fink et al., 2023; Williams

et al., 2023). Transfection agents, such as heparin and protamine

sulfate, create complexes or aggregates with the SPIO particles

through electrostatic interactions which promote endocytosis of

the particles by cells (Thu et al., 2012). In one tube, 2.5mL of

serum-free DMEM F12 and 60 µL of stock protamine sulfate (USP,

10 mg/mL) were added and vortexed. In another tube, 2.5mL of

serum-free DMEM F12, 90 µL of Synomag-D and 20 µL of stock

heparin (1,000 USP units/mL) were added and vortexed. The two

tubes were combined and vortexed before the labeling mixture

was added to the flask containing ASCs. After co-incubation for

4 h, 5mL of complete DMEM F12 was added to the flask and the

cells were left to incubate overnight. The next day the cells were

collected, and counted, and cell pellet samples made by the same

method described for labeling with ProMag.

2.4 Assessing cell labeling

Perls’ Prussian Blue (PPB) staining was performed to

qualitatively assess iron labeling efficiency. Cell samples of 200,000

cells were added to glass slides using a Cytospin 4 centrifuge

(Thermo Scientific) set at 1,000 rpm for 5min and then allowed

to dry for 5min. Next, the cells were placed in a fixative mixture

of methanol and acetic acid (3:1) and left to sit for 5min. The

slides were rinsed in deionized water and then placed in a PPB

solution. The PPB solution was made from 0.5 g PPB powder,

25mL Milli-Q water, and 25mL of 2% hydrochloric acid which

was vortexed and then filtered into a glass slide holder. The slides

were left in the PPBmixture for 30min. PPB stains iron blue during

histochemical staining because the ferric iron in the SPIO particles

react with the potassium ferrocyanide in the stain to form ferric

ferrocyanide which is a blue pigment. Another deionized water

rinse was performed, and the slides were placed in a nuclear fast red

stain that was created using 25 g aluminum sulfate hydrate, 500mL

Milli-Q water, and 0.5 g nuclear fast red powder which were mixed

on a hot plate using a magnetic stir bar for about 1 h. Nuclear fast

red was used as a counter stain as it stains nuclear chromatin red

and provides nonspecific background tissue and cell staining with

pink. The slides were left in the nuclear fast red stain for 10 minutes

before undergoing various steps of increasing concentrations of

ethanol (70%, 95%, 100%) and then two xylene washes to dehydrate

the sample. Using cytoseal protectant a glass slide coverslip was

immediately placed after the last xylene wash. Slides were left to

dry for 24 hours before microscope imaging was completed using

the Echo 4 Revolve Microscope (California, USA).

2.5 Imaging of free SPIO particles

Five samples of ProMag and Synomag-D were created in a

dilution series. The ProMag samples include 9.58 µg, 4.79 µg, 2.40

µg, 1.20 µg, and 0.60 µg of iron. The Synomag-D samples include

10 µg, 5 µg, 2.5 µg, 1.75 µg, and 0.88 µg of iron. All samples were

diluted in PBS in 0.2mL individual tubes for a final volume of 3

µL. The samples were then taped to the imaging bed in the same

location and imaged individually with the following parameters: 2D

field of view (FOV) = 12 x 6 cm (z, x), 5.7 T/m gradient strength,

20 mT (x-channel) x 26 mT (z-channel) drive field amplitudes,

0◦ projection angle (coronal image), and imaging time of ∼2min

per sample (this is referred to as the standard scan mode on the

MomentumTM system). Multichannel imaging collects two sets of

data that are averaged to form a 2D isotropic image. This data was

used to evaluate the relationship between total MPI signal and iron

mass for each SPIO tracer.

2.6 Imaging of labeled cells

Triplicate samples of Synomag-D- and ProMag-labeled cells

were prepared by adding 500,000 cells and PBS for a total volume

of 150 µL and then pelleting by centrifugation in a 0.5mL

centrifuge tube. Cell samples were imaged individually using the

same parameters as listed above for the free SPIO samples. These

images were used to calculate the iron loading per cell and to

normalize MPR of labeled cells. Next, six samples of Synomag-D-

and ProMag-labeled cell pellets were prepared as described above

in a dilution series (1,000,000, 500,000, 250,000, 100,000, 50,000,

and 10,000 cells) and imaged with the same parameters. This data

was used to evaluate the relationship between total MPI signal

and iron mass for Synomag-D- and ProMag-labeled cells and for

signal calibration.

2.7 MPI relaxometry of labeled cells

MPR was performed on the same triplicate 500,000 Synomag-

D- and ProMag-labeled cell pellet samples that were imaged to

study the effects of cellular internalization on the peak signal

and resolution. To compare the peak MPI signals the PSFs were

first normalized by the iron mass (determined from imaging).

To compare particle resolutions the PSFs were normalized to the

maximum peak signal value. Further experiments which focused

on testing imaging parameters used only ProMag.

2.8 In vitro testing of imaging parameters

Triplicate 2 µL samples of ProMag (9.58 ug Fe each) were

prepared in 0.2mL individual tubes. An advanced user interface

was used which allowed for editing of pulse sequences on the

MomentumTM system. All samples were imaged individually using

a 2D FOV = 12 x 6 cm. Certain imaging parameters were varied to

determine the effect on the MPI signal. The gradient field strength

was varied first. Images were acquired with the standard isotropic

imaging mode (used for all imaging described above) which used

a 5.7 T/m gradient field strength and 20 mT (x-channel) x 26

mT (z-channel) drive field amplitudes and then with a 3.0 T/m

gradient field strength and 20 mT (x-channel) x 26 mT (z-channel)

drive field amplitudes. The drive field amplitudes were varied next.
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Images were acquired with a gradient field strength of 5.7 T/m

and drive field amplitudes of either 5 mT (x-channel) and 5 mT

(z-channel) or 20 mT (x-channel) and 20 mT (z-channel) mT.

The same imaging was performed again using ProMag-labeled cell

pellets containing 100,0000, 50,000, 25,000, 10,000, 5,000, 2,000,

and 1,000 cells, prepared as described previously.

2.9 Flow cytometry

Before in vivo MPI the viability of cells labeled with ProMag

was evaluated by flow cytometry using the SYTOXTM Blue dead

cell stain (ThermoFisher Scientific, Mississauga, Ontario, Canada).

SYTOXTM Blue is a high-affinity fluorescent, cell impermeant

nucleic acid stain that selectively binds DNA in dead cells with

compromised plasma membranes. ProMag-labeled and unlabeled

ASC were stained with 1 µL of SYTOXTM Blue in 300 µL staining

buffer (PBS with 2% FBS). A heat-shock control was used as a

positive control for SYTOXTM Blue staining. The positive control

was created by removing 25% of the cells in the sample tube and

heating the removed cells in a water bath at 56◦C for 10min and

then placing them on ice for 1min before adding them back into

the sample tube for staining. A CytoFLEX S V4-B2-Y4-R3 Flow

Cytometer (Part Number C09766; Beckman Coulter Canada LP,

Mississauga, Ontario, Canada) was used to detect SYTOXTM Blue

staining (80 mW 405 nm Violet laser excitation, emission in 450/45

nm filter).

2.10 In vivo testing of imaging parameters

Female nude (NU/NU) mice (Charles River, Canada or USA)

were obtained and cared for in accordance with the Guidelines

for Care and Use of Laboratory Animals of Western University

Canada and animal procedures and experiments were approved

by the Animal Use Ethics Committee of Western University’s

Council on Animal Care. Prior to imaging, mice were fasted

for 12 h with only water, corn bedding, and a laxative in their

cage to reduce gastrointestinal iron signal in images which can

interfere with the detection of low MPI signal (Makela et al.,

2022). Mice were anesthetized with 2% isoflurane gas in oxygen

throughout injections and imaging. Cell samples of 5,000, or 2,000

ProMag-labeled ASC, suspended in 50 µL of PBS, were injected

subcutaneously into the back of the mice (n = 2 for 5,000, n =

2 for 2,000 cells). In vivo 2D MPI was performed within 5min

after cell injection, and 3D MPI within 30 minutes. We used the

optimal values for gradient field strength and drive field amplitude

determined from the in vitro cell sample experiments for superior

sensitivity (3.0 T/m gradient field strength and 20mT x 20mT drive

field amplitudes) with the addition of 3D imaging (35 projections).

2.11 Statistical analysis

Excel (version 2409) was used to analyze MPR to assess the

strength of the linear relationship between the known iron mass or

cell number and the total MPI signal using the Pearson correlation.

Statistical analyses forMPR and free SPIO sample parameter testing

were performed using GraphPad Prism (version 9). A one-way

analysis of variance (ANOVA) and Tukey’s honestly significant

difference (HSD) test for multiple comparisons were performed to

compare the maximum signal and FWHM (resolution) measured

for free and intracellular SPIO by MPR. A p-value of 0.05 was used

to determine statistical significance unless otherwise indicated. An

unpaired t-test was used to analyze differences between the MPI

signal for free SPIO sample parameter testing. Line profiles were

generated using MagImage software (Magnetic Insight, Inc.) and

analyzed using Excel (version 2409).

2.12 Image analysis

MPI data sets were visualized and analyzed using Horos

imaging software. Horos is a free and open-source code software

program that is distributed free of charge under the LGPL license at

https://Horosproject.org and sponsored by Nimble Co LLC d/b/a

Purview in Annapolis, MD USA. 2D images of the empty sample

bed were acquired for every set of unique imaging parameters. The

standard deviation of background noise (SD noise) was measured

from a region of interest (ROI) drawn over the entire FOV. To

quantify signal from images of free SPIO samples and labeled cells

a threshold of 5 times the average SD noise was used to mask the

lower amplitude signal and yield a reliable measurement of MPI

signal (Sehl et al., 2022). This imaging criterion is based on MPI

signal with a signal-to-noise ratio (SNR) >5 according to the Rose

Criterion (Rose, 1948; Burgess, 1999). The total MPI signal was

calculated as the mean MPI signal multiplied by the delineated

ROI area. Linear regression was performed for MPI calibration

(known iron mass vs. measured MPI signal) to determine the

calibration equation. This line is forced through the origin, under

the assumption that background MPI signal, without a sample

of iron, has an average of 0. Pearson’s correlation was conducted

for MPI (known iron mass or number of cells vs. measured MPI

signal). The iron mass was calculated from images by dividing the

total MPI signal by the slope of the calibration line. Cell detection

limits were defined as the minimum number of ASC detected with

SNR > 5. Thus, cells with signal below the 5∗SD noise criteria were

considered undetected.

3 Results

3.1 Comparing ProMag with Synomag-D
and VivoTrax

MPR shows Synomag-D produces superior sensitivity and

resolution compared to ProMag and VivoTrax. The peak signal

from Synomag-D was 2.7 times higher than ProMag and 4.4

times higher than VivoTrax (Figure 1A). The measured FWHM

for Synomag-D was 8.9 mT compared to 14.7 mT for VivoTrax

and 24.3 mT for ProMag (Figure 1B). For a gradient strength

of 5.7 T/m, this translates to a spatial resolution of 1.56mm

for Synomag-D, 2.58mm for VivoTrax and 4.26mm for ProMag.

Further experiments with labeled cells evaluated only Synomag-D

and ProMag.
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FIGURE 1

MPR showing the sensitivity and resolution for free Synomag-D, ProMag and VivoTrax. (A) PSF and bar plot showing peak signal intensity normalized

to iron mass (sensitivity) of 3 free SPIO tracers. Free Synomag-D had higher MPI signal compared to other SPIO tracers tested. (B) PSF and bar plot

showing FWHM (resolution) of 3 free SPIO tracers. Free Synomag-D had a smaller FWHM and thus better resolution than other SPIO tracers tested

(Ordinary one-way ANOVA, F2,6 = 620.2, P < 0.0001; Tukey HSD, ns – p >0.05, **-0.0019, ****p ≤ 0.0001).

FIGURE 2

PPB staining of unlabeled, ProMag-, or Synomag-D-labeled human ASCs where iron is stained blue and a counterstain of nuclear fast red stains the

nucleus of cells pink.

3.2 Cell labeling e�ciency with ProMag
and Synomag-D

PPB staining confirmed ASC labeling with ProMag and

Synomag-D (Figure 2).

Total MPI signal was strongly correlated with iron mass

for both Synomag-D (R2 = 0.985) and ProMag (R2 = 0.998)

(Figure 3A). The slope of the line for free ProMag was 1.72 times

higher than free Synomag-D indicating higher sensitivity. The

iron loading per cell measured from triplicate samples of 500,000

Synomag-D- and ProMag-labeled cells was 12 pg/cell for Synomag-

D and 22 pg/cell for ProMag. The total MPI signal measured from

images of cell samples was strongly correlated with cell number

for both Synomag-D (R2 = 0.986, slope = 0.0002A.U./cell) and

ProMag (R2 = 0.994, slope = 0.0006A.U./cell) (Figure 3B). The

slope of the line for ProMag-labeled cells was higher than Synomag-

D indicating higher sensitivity.

Figure 4 shows MPR results for Synomag-D- and ProMag-

labeled cells, compared to MPR of the free SPIO samples. The

peak signal for Synomag-D decreased by ∼60% when in cells
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FIGURE 3

Total MPI signal measured from images vs. known iron mass and cell number. The known iron mass and cell number are strongly correlated with the

total MPI signal for both SPIO tracers. (A) The slope of the line for free ProMag is steeper than free Synomag-D indicating higher particle sensitivity.

(B) The slope of the line for intracellular ProMag is steeper than intracellular Synomag-D indicating higher sensitivity.

FIGURE 4

MPR data for free Synomag-D, ProMag, and ASCs labeled with each SPIO tracer. (A) PSFs and bar plot showing peak signal intensity normalized to

iron mass (sensitivity). ProMag signal did not change significantly once internalized into cells while Synomag-D signal dropped significantly. Once

internalized, the signals from ProMag and Synomag-D were not significantly di�erent from one another. (B) PSFs and bar plot showing FWHM

(resolution) of free SPIO samples and labeled cells. Resolution is worse for intracellular SPIO samples. Free Synomag-D and intracellular Synomag-D

have a smaller FWHM and thus better resolution than free ProMag and intracellular ProMag respectively (Ordinary one-way ANOVA, F3,8 = 289.7,

P < 0.0001; Tukey HSD, ns –p >0.05, ****p ≤ 0.0001).
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(Figure 4A). A reduction in the MPI signal after cell labeling, when

SPIO particles aggregate, degrade or are immobilized, has been

reported previously (Poller et al., 2016; Guzy et al., 2020; Gevaert

et al., 2022b). Importantly, there was no significant difference in

the peak signal for free ProMag vs. cells labeled with ProMag.

Ultimately, there was no significant difference in the peak signal

for cells labeled with Synomag-D or ProMag.

The resolution decreased for both SPIO tracers when

internalized in cells. The FWHM for cells labeled with Synomag-D

was 11.5 mT compared to 28.7 mT for ProMag (Figure 4B). For the

highest gradient strength on the MomentumTM system (5.7 T/m)

this translates to 2mm for Synomag-D and 5mm for ProMag.

3.3 Optimizing MPI parameters for cellular
sensitivity and resolution

Experiments to determine how modifying imaging parameters

affected the MPI signal and resolution were performed only with

ProMag. This was based on the results of MPR and because of

efficient cell labeling without the use of transfection agents.

The total MPI signal measured from images of free ProMag

samples acquired with high and low gradient field strengths (5.7

and 3.0 T/m, respectively) is shown in Figure 5A. The average

total MPI signal was 2.3 times higher for images acquired with

a gradient field strength of 3.0 T/m compared to 5.7 T/m. The

increase in sensitivity achieved with a lower gradient strength

comes with a trade-off in resolution. This can be appreciated in

the representative images and line profiles in Figure 5B. The image

resolution measured from the line profiles was 7.0mm for the

images acquired with a 3.0 T/m gradient strength and 3.7mm for

5.7 T/m, which agrees with the expected linear scaling of resolution

with gradient strength.

The total MPI signal measured from images of free ProMag

samples acquired with high and low drive field amplitudes is shown

in Figure 5C. The average total MPI signal was 7 times higher

for images acquired with drive field amplitudes of 20 x 20 mT

compared to 5 x 5 mT. Again, with the increase in signal strength

there is a trade-off in resolution which can be seen in representative

images in Figure 5D. The image resolution measured from the line

profiles was 4.0mm for the images acquired with 20 x 20 mT drive

field amplitudes and 3.7mm for 5 x 5 mT.

The images and total MPI signal for ProMag-labeled ASCs

acquired with high and low gradient field strengths are shown in

Figure 6. As few as 1,000 cells could be detected and quantified

from 2D images acquired with a 3.0 T/m gradient field strength (the

lowest number imaged). With the higher gradient field strength of

5.7 T/m as few as 5,000 cells could be detected. For cell numbers

which could be detected with both gradient field strengths the

average total MPI signal was 2.3 times higher for images of cells

acquired with a gradient field strength of 3.0 T/m compared

to 5.7 T/m. This result agrees with that observed for the free

ProMag samples.

The images and total MPI signal for ProMag-labeled ASCs

acquired with high and low drive field amplitudes are shown in

Figure 7.With the higher drive field strength of 20 x 20mT as few as

5,000 cells could be detected. With the lower drive field amplitude

of 5 x 5 mT the lowest cell number detected was 50,000 cells. The

total signal calculated for the 100,000 and 50,000 cell samples was

14 and 24 times higher for images acquired with the 20 mT drive

fields compared to 5 mT.

3.4 Viability of ProMag-labeled cells

Flow cytometry was used to compare the viability of unlabeled

and ProMag-labeled ASCs (Figure 8). The Sytox Blue viability assay

showed a small decrease in viability for ProMag-labeled cells; there

was a difference in viability of 15% between unlabeled (Figure 8A)

and labeled cells (Figure 8B).

3.5 In vivo testing of imaging parameters

Mice were imaged using the gradient field strength and

drive field amplitude which gave the highest sensitivity in vitro

experiments; 3.0 T/m and 20 x 20 mT (Figures 6, 7). No signal was

detectable in 2D MPI of mice injected with 2,000 or 5,000 cells.

Figure 9A shows a representative 2D image of a mouse which was

injected with 5,000 ProMag-labeled cells. MPI signal can be seen

in the gastrointestinal region (arrow). This unwanted signal caused

by iron in mouse feed has been observed before and can shadow

regions of interest with low signal due to limited dynamic range

(Makela et al., 2022). However, when the same mouse was imaged

with 3D MPI (35 projections) signal could be detected from the

5,000 ProMag-labeled cells at the ROI (arrow, Figure 9B). No signal

was detectable with 3D MPI of mice injected with 2,000 cells.

4 Discussion

4.1 SPIO tracer comparison for high
sensitivity in MPI

In this study, the performance of SPIO tracers were evaluated

by MPR and MPI. When comparing particles using MPR,

Synomag-D had the highest peak signal. This agrees with several

other studies that have shown that Synomag-D outperforms other

commercial or newly synthesized SPIO tracers (Liu et al., 2021;

Vogel et al., 2021; Gevaert et al., 2022a). However, the peak

signal for intracellular Synomag-D decreased by 60%. Previous

studies have shown that the magnetic behavior of SPIO particles

is strongly influenced by the local environment. This can be due

to changes in viscosity or aggregation of particles after cellular

internalization, both of which are known to increase particle

interactions and slow Brownian relaxation leading to decreased

resolution and reduced signal (Arami and Krishnan, 2014; Suzuka

et al., 2019; Teeman et al., 2019; Paysen et al., 2020). The use

of transfection agents to label cells, which was necessary for

Synomag-D, has also been shown to reduce the MPI signal

(Suzuka et al., 2019; Sehl et al., 2020; Gevaert et al., 2022a).

Gevaert et al. showed that the peak signal measured by MPR was

lower for Synomag-D mixed with heparin and protamine sulfate

compared to Synomag-D alone and was further reduced when

the mixtures were internalized into dendritic cells (Gevaert et al.,
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FIGURE 5

Comparison of images acquired with high and low gradient field strengths and high and low drive field amplitudes for free ProMag samples. (A) The

average total MPI signal was 2.3 times higher for images with the 3.0 T/m gradient field strength compared to 5.7 T/m. (B) Representative 2D

projection images are displayed with the scale set to the maximum signal value of the image acquired with 3.0 T/m. The lower resolution of images

acquired with 3.0 T/m can be appreciated by the larger signal area and wider line profile compared to images acquired with 5.7 T/m. (C) The average

total MPI signal was 7 times higher for images acquired with the high drive field amplitude (20 x 20 mT) compared to the lower drive field amplitude

(5 x 5 mT). (D) Representative 2D projection images are displayed with the scale set to the maximum signal value of the image acquired with 20 x 20

mT. The signal in images acquired with 20 x 20 mT drive fields occupied a larger area compared to images acquired with 5 x 5 mT, indicating lower

resolution (Unpaired t-tests, ***−p = 0.0002, ****−p < 0.0001).

2022a). This cell labelingmethod creates complexes of iron particles

and transfection agents which increases the hydrodynamic size of

particles and inhibits the signal. Notably, the peak signal measured

by MPR for free ProMag was not different from ProMag-labeled

cells. This may be because the encapsulation of the iron limits

particle interactions and aggregation of ProMag in cells. Ultimately,

the peak MPR signal was not different for intracellular Synomag-D

and intracellular ProMag.

When comparing particles with MPI, ProMag samples had

higher total MPI signal (per unit mass) compared to Synomag-

D samples. This was not expected based on the peak signals

measured by MPR. Guzy et al. (2020) observed something similar

when comparing MPR and MPI of small vs. large particles. They

hypothesized that the reduced peak signal measured by MPR

and increased total signal measured by MPI for large particles is

due to the decreased magnetization response. A larger magnetic

field change is needed to saturate the magnetization of MPIO

particles, and this is only achieved for MPI where the particles

experience strong fields as the FFR is moved over the ROI. This data

shows that the extrapolation of MPR results to MPI is not always

straightforward, especially for large particles. For MPI of labeled

cells, the total signal was again higher for ProMag compared to

Synomag-D, however, the differences were greater than for the free

SPIO samples. This is likely because here the total signal was plotted

against cell number and the ProMag cell samples contain more iron

than the Synomag-D cell samples.

These findings along with other benefits of using polymer-

encapsulated MPIO tracers indicate that magnetic microspheres
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FIGURE 6

2D MPI of ProMag-labeled ASC pellets imaged using a low (3.0 T/m) or high (5.7 T/m) gradient field strength (drive field held constant at 20 x 26 mT).

When using a high gradient field strength, as few as 5,000 cells could be detected. In comparison, when using a low gradient field strength as few as

1,000 cells could be detected showing improved sensitivity. Scales are set from zero to the maximum signal value.

should be investigated further for their value as MPI tracers.

The other important benefits of MPIO tracers for preclinical cell

tracking include the fact that many cell types can be easily labeled

with MPIO particles without the need for transfection agents with

high cellular iron loadings (10–100 pg/cell) (Shapiro et al., 2004;

Heyn et al., 2006; Rohani et al., 2011; Tang et al., 2011; Boulland

et al., 2012; Chaumeil et al., 2012) and the potential for longitudinal

imaging with MPIOs which are not rapidly degraded in cells

(Guzy et al., 2020). While commercially available MPIOs such as

ProMag are not biocompatible or biodegradable and, therefore,

not suitable for clinical MPI, there has been progress in the

synthesis of biocompatible MPIO (Shapiro, 2015; Perez-Balderas

et al., 2017). Furthermore, the U.S. Food and Drug Administration

has a minimum acceptable cell viability of 70% required for somatic

cellular therapy new drug applications and our finding that 80% of

cells are viable after labeling ASC with ProMag meets this clinical

cutoff (United States Department of Health and Human Services;

Food and Drug Administration, 2008).

4.2 Testing imaging parameters for optimal
sensitivity and improved cellular detection
limits

The effects of changing the gradient field strength and the

drive field amplitude on the total signal and image resolution were

evaluated byMPI for free ProMag samples and ProMag-labeled cell

samples. Previous studies have tested changes in these parameters

for other SPIO tracers in solution but to the best of our knowledge,

there have not been experiments performed with cells or in vivo.

Increasing the gradient field strength is expected to reduce the

MPI signal and improve spatial resolution in a linear fashion. We

assessed the maximum and minimum values for gradient field

strength on our system to assess the potential maximum change

in sensitivity, resolution, and cellular detection limits. These values

(3.0 and 5.7 T/m) were approximately double and a linear change

in the MPI signal was expected. Our results for free ProMag

and ProMag-labeled cells followed this prediction. The total MPI

signal was approximately double when the gradient field strength

was halved. The measurement of total MPI signal is important

for quantification. Total signal is calculated by multiplying the

mean MPI signal in the ROI by the ROI area and a calibration

can then be used to convert total MPI signal to iron content.

The peak MPI signal and the mean MPI signal were similar for

images of free ProMag and ProMag-labeled cells acquired with

gradient field strengths of 3.0 T/m and 5.7 T/m. However, the

area was 2 times larger for images acquired with 3.0 T/m which

resulted in the total MPI signal also being 2 times higher. The

larger area is related to the lower spatial resolution at 3.0 T/m.

For the MomentumTM MPI scanner which uses a field free line

(FFL) a lower gradient field strength results in a wider FFR which

lowers resolution but collects more signal. As few as 1,000 cells

(the lowest number imaged) could be detected with the lower

gradient strength and 5,000 cells could be detected with the higher

gradient strength.
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FIGURE 7

2D MPI detection of ProMag-labeled ASC pellets using a low (5 x 5 mT) or high (20 x 20 mT) drive field amplitude (gradient field strength constant at

5.7 T/m). When using a low drive field amplitude, as few as 50,000 cells could be detected. In comparison, when using a high drive field amplitude as

few as 5,000 cells could be detected showing improved sensitivity. Scales are set from zero to the maximum signal value in each image.

FIGURE 8

Sytox Blue dead cell stain. (A) Flow cytometry of unlabeled ASCs with Sytox Blue viability assay dye reveals cell viability to be 95%. (B) Flow cytometry

with Sytox Blue viability assay after labeling ASCs with ProMag reveals a viability of 80%.

Optimization of the drive field can also improveMPI signal and

resolution. MPI theory and previous work has shown that the peak

signal strength is directly proportional to the drive field amplitude,

but only when neglecting the effects on relaxation. Most studies

that have focused on the drive field are concerned with adjusting

the imaging sequence to minimize relaxation effects for improved

resolution. The results of such studies show that low drive field

amplitudes improve resolution but at a significant cost of decreased

sensitivity (Croft et al., 2015; Tay et al., 2020). The effect of the drive

field amplitude on large polymer-encapsulated iron oxide particles

has not been evaluated before. We compared images acquired with

drive field amplitudes of 5 x 5 mT and 20 x 20 mT to determine
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FIGURE 9

MPI images of a representative nude mouse which received a

subcutaneous injection of 5,000 ProMag-labeled ASCs to the back

of the neck. (A) 2D imaging did not allow distinct visualization of the

cell signal in comparison to the background signal. Signal present is

due to iron in mouse feed in the gut (yellow arrow). (B) The cells

could be detected with 3D MPI. An increase in averaging (3D

imaging, 35 projections) made the cell sample (indicated by the

orange arrow) visible. Scale is the full dynamic range of the 2D

image and 3D image slice.

if the change in sensitivity and resolution is proportional. The

mean signal was similar for both conditions, and the area was

approximately 7 times larger for the higher drive field amplitude

resulting in the total MPI signal being 7 times higher. The image

resolution was not significantly different for the two different drive

field amplitudes. We hypothesize that the encapsulation of iron

particles in ProMag suppresses Brownian relaxation limiting the

effects of the drive field on resolution.

The lower drive field amplitude severely limited the ability to

detect ProMag-labeled cell samples. As few as 5,000 cells were

detected using drive field amplitudes of 20 x 20 mT. However, only

50,000 cells could be detected using drive field amplitudes of 5 x

5 mT. This was because the noise level was higher with the lower

amplitude, reducing SNR. The value for 5∗SD noise measured from

the empty bed image acquired with drive field amplitudes of 5 x 5

mT was 5 times higher than for the empty bed image acquired with

drive field amplitudes of 20 x 20 mT. For clinical scaling of MPI,

peripheral nerve stimulation (PNS) is the main safety constraint

of the drive field. PNS limits have been shown to decrease with

frequency and has been observed in drive field amplitudes over 5

mT (Barksdale et al., 2024a,b). Our study has shown that a lower

drive field greatly impedes the sensitivity and on a clinical system

this loss in sensitivity will need to be recovered for cell tracking

with optimal SPIO particles, efficient cell labeling, or longer

scan times.

4.3 In vivo MPI cell detection limits

The optimal parameters from the in vitro imaging of cell

samples (3.0 T/m and 20 x 20 mT) were used to image mice injected

with 2,000 or 5,000 ProMag-labeled cells. No signal was detected

using 2D MPI in any of the mice. MPI signal was visible in the

two mice injected with 5,000 cells using 3D MPI. The fact that

we could detect 5,000 cells with 2D MPI in vitro, but not in vivo,

could be related to the dispersion of cells from the injection site

which reduces the cell density per voxel, leading some cells to fall

below the detection limit. It could also be due to gut signal which

could limit detection and quantification of lower signals due to the

dynamic range limitations of MPI (Gevaert et al., 2022a; Fernando

et al., 2024).

4.4 Limitations

One limitation of this study is that only 2 values for each

of the gradient field strength and drive field amplitude were

assessed. Future work could include assessing these parameters

in a stepwise fashion to determine if the change in sensitivity

and resolution occurs proportionally to the change in parameter.

Another limitation is that only one cell type was examined to assess

the effect of particle choice and parameter selection on cellular

detection limits. Others have looked at cellular detection limits

using different cells and SPIOs but this is the first study to evaluate

the effect of changing imaging parameters on the cell detection

limits. In this study, imaging of cell samples was only evaluated with

single acquisition 2D isotropic MPI. Signal averaging is expected

to improve sensitivity; however, this has not been well studied

for MPI. Sehl and Foster (2021) previously showed that in 2D

MPI, a significant reduction in background noise was measured

with 8 averages compared to 1 average, however, this did not

improve cell detection. 3D MPI using 35 projections did offer an

improvement in sensitivity; 4,000 stem cells were detected with 2D

MPI compared to 2,000 stem cells with 3D MPI. The acquisition

time for 3D images (30min) is approximately 15 times longer than

for 2D images (2min). For in vivo imaging, using 3D MPI to

improve cell detection limits must be weighed against the amount

of time that mice need to be anesthetized for a single scan, or

the time required to image multiple mice in experimental groups.

Our preliminary assessment of in vivo detection limits was only

evaluated in a small number of mice and only immediately after the

injection of cells. Future studies will include longitudinal imaging

of mice to better understand how the MPI signal changes with the

dispersion of cells in vivo or with cell death and the clearance of

iron particles.

4.5 Conclusion

In this study, we evaluated ProMag as a novel MPI cellular

imaging tracer and compared it to two other commercially available

SPIO tracers that are more commonly used for MPI. We also

studied the effect of imaging parameter choice on MPI sensitivity,

resolution and cell detection limits with ProMag-labeled cells. For
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preclinical MPI cell tracking, ProMag, a polymer-encapsulated

MPIO particle, has certain advantages including efficient cell

labeling and high cellular iron loading. Furthermore, the MPI

signal is unchanged after ProMag is compartmentalized in

cells. All of these advantages lead to high MPI sensitivity for

cell detection. Scanner-specific parameters can be adjusted for

improved sensitivity or resolution when using ProMag, but careful

consideration needs to be taken due to the trade-off between

the two.

Data availability statement

The raw data supporting the conclusions of this article will be

made available by the authors, without undue reservation.

Ethics statement

The animal study was approved by the Animal Use Ethics

Committee of Western University’s Council on Animal Care. The

study was conducted in accordance with the local legislation and

institutional requirements.

Author contributions

SF: Writing – original draft, Writing – review & editing. PF:

Writing – original draft, Writing – review & editing.

Funding

The author(s) declare that financial support was received

for the research and/or publication of this article. This

research was funded by the National Sciences and Engineering

Research Council of Canada [grant number R4174A32] and

the Canadian Institutes of Health Research [grant number

RN452426-462392].

Acknowledgments

We would like to acknowledge the (ImPaKT) Facility at

Western University and the Canadian Foundation of Innovation.

We would like to acknowledge Dr. Lauren Flynn for providing the

cells used in this project and Dr. Olivia C. Sehl for her assistance

in editing and reviewing this manuscript. We would also like to

acknowledge the London Regional Flow Cytometry Facility for the

use of their facility and support for the flow cytometry experiment

in this study.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.

Generative AI statement

The author(s) declare that no Gen AI was used in the creation

of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

References

Ahrens, E. T., and Bulte, J. W. M. (2013). Tracking immune cells in vivo using
magnetic resonance imaging. Nat. Rev. Immunol. 13, 755–763. doi: 10.1038/nri3531

Arami, H., Ferguson, R. M., Khandhar, A. P., and Krishnan, K. M. (2013). Size-
dependent ferrohydrodynamic relaxometry of magnetic particle imaging tracers in
different environments.Med. Phys. 40:071904. doi: 10.1118/1.4810962

Arami, H., and Krishnan, K. M. (2014). Intracellular performance of tailored
nanoparticle tracers in magnetic particle imaging. J. Appl. Phys. 115:17B306.
doi: 10.1063/1.4867756

Barksdale, A., Ferris, N., Mattingly, E., Sliwiak, M., Guerin, B., Wald, L., et al.
(2024b). Measured PNS thresholds in a human head MPI Solenoid from 200 Hz to
88.1 kHz. Int. J. Magn. Part. Imaging. 10:1 (Suppl 1).

Barksdale, A. C., Ferris, N. G., Mattingly, E., Sliwiak, M., Guerin, B., Wald,
L. L., et al. (2024a). Measurement of peripheral nerve magnetostimulation
thresholds of a head solenoid coil between 200Hz and 88.1 kHz. rs.3.rs-4864083.
doi: 10.21203/rs.3.rs-4864083/v1

Borgert, J., Gleich, B., and Buzug, T. M. (2011). “Magnetic Particle Imaging,” in
Springer Handbook of Medical Technology, (Berlin, Heidelberg: Springer) 461–476.
doi: 10.1007/978-3-540-74658-4_24

Borgert, J., Schmidt, J. D., Schmale, I., Bontus, C., Gleich, B., David, B., et al.
(2013). Perspectives on clinical magnetic particle imaging. Biomed. Tech. 58, 551–6.
doi: 10.1515/bmt-2012-0064

Boulland, J.-L., Leung, D. S. Y., Thuen, M., Vik-Mo, E., Joel, M., Perreault, M.-
C., et al. (2012). Evaluation of intracellular labeling with micron-sized particles of
iron oxide (MPIOs) as a general tool for in vitro and in vivo tracking of human
stem and progenitor cells. Cell Transplant 21, 1743–1759. doi: 10.3727/096368911X627
598

Bulte, J. W. M., Walczak, P., Janowski, M., Krishnan, K. M., Arami, H., Halkola,
A., et al. (2015). Quantitative “hot-spot” imaging of transplanted stem cells using
superparamagnetic tracers and magnetic particle imaging. Tomography 1, 91–97.
doi: 10.18383/j.tom.2015.00172

Burgess, A. E. (1999). The Rose model, revisited. J. Opt. Soc. Am. A Opt. Image Sci.
Vis. 16:633. doi: 10.1364/JOSAA.16.000633

Calvert, N. D., Yu, L., Sehl, O. C., Gevaert, J. J., Knier, N. N., Rivera-Rodriguez,
A., et al. (2024). The careful selection of zwitterionic nanoparticle coating results
in rapid and efficient cell labeling for imaging-based cell tracking. Aggregate
doi: 10.1002/agt2.609

Chaumeil, M. M., Gini, B., Yang, H., Iwanami, A., Sukumar, S., Ozawa, T.,
et al. (2012). Longitudinal evaluation of MPIO-labeled stem cell biodistribution in
glioblastoma using high resolution and contrast-enhanced MR imaging at 14.1Tesla.
Neuro. Oncol. 14, 1050–1061. doi: 10.1093/neuonc/nos126

Cheng, H.-L. M. (2023). A primer on in vivo cell tracking using MRI. Front. Med.
10:1193459. doi: 10.3389/fmed.2023.1193459

Frontiers in Imaging 13 frontiersin.org

https://doi.org/10.3389/fimag.2025.1610258
https://doi.org/10.1038/nri3531
https://doi.org/10.1118/1.4810962
https://doi.org/10.1063/1.4867756
https://doi.org/10.21203/rs.3.rs-4864083/v1
https://doi.org/10.1007/978-3-540-74658-4_24
https://doi.org/10.1515/bmt-2012-0064
https://doi.org/10.3727/096368911X627598
https://doi.org/10.18383/j.tom.2015.00172
https://doi.org/10.1364/JOSAA.16.000633
https://doi.org/10.1002/agt2.609
https://doi.org/10.1093/neuonc/nos126
https://doi.org/10.3389/fmed.2023.1193459
https://www.frontiersin.org/journals/imaging
https://www.frontiersin.org


Flood and Foster 10.3389/fimag.2025.1610258

Croft, L. R., Goodwill, P. W., Konkle, J. J., Arami, H., Price, D. A., Li, A. X., et al.
(2015). Low drive field amplitude for improved image resolution in magnetic particle
imaging.Med. Phys. 43, 424–435. doi: 10.1118/1.4938097

Daley, G. Q. (2012). The promise and perils of stem cell therapeutics. Cell Stem Cell
10, 740–749. doi: 10.1016/j.stem.2012.05.010

Eberbeck, D., Wiekhorst, F., Wagner, S., and Trahms, L. (2011). How the size
distribution of magnetic nanoparticles determines their magnetic particle imaging
performance. Appl Phys Lett. 98:182502. doi: 10.1063/1.3586776

Erbe, M. (2014). Field Free Line Magnetic Particle Imaging. Wiesbaden: Springer
Fachmedien Wiesbaden. doi: 10.1007/978-3-658-05337-6

Ferguson, R. M., Khandhar, A. P., Kemp, S. J., Arami, H., Saritas, E. U., Croft,
L. R., et al. (2015). Magnetic particle imaging with tailored iron oxide nanoparticle
tracers. IEEE Trans. Med. Imaging 34, 1077–1084. doi: 10.1109/TMI.2014.2375
065

Fernando, N., Gevaert, J. J., Konkle, J., Goodwill, P., and Foster, P. J. (2024). Focused
small field of viewmagnetic particle imaging for the isolation and quantification ofMPI
signal in tumours. Int. J. Magn. Part Imaging 10:11. doi: 10.18416/IJMPI.2024.2411
001

Fink, C., Gevaert, J. J., Barrett, J. W., Dikeakos, J. D., Foster, P. J., and Dekaban,
G. A. (2023). In vivo tracking of adenoviral-transduced iron oxide-labeled bone
marrow-derived dendritic cells using magnetic particle imaging. Eur. Radiol. Exp. 7:42.
doi: 10.1186/s41747-023-00359-4

Gaudet, J. M., Ribot, E. J., Chen, Y., Gilbert, K. M., and Foster, P. J. (2015).
Tracking the fate of stem cell implants with fluorine-19 MRI. PLoS One 10:e0118544.
doi: 10.1371/journal.pone.0118544

Gehrke, N., Heinke, D., Eberbeck, D., Ludwig, F., Wawrzik, T., Kuhlmann, C., et al.
(2015). Magnetic characterization of clustered core magnetic nanoparticles for MPI.
IEEE Trans. Magn. 51, 1–4. doi: 10.1109/TMAG.2014.2358275

Gevaert, J. J., Fink, C., Dikeakos, J. D., Dekaban, G. A., and Foster, P.
J. (2022a). Magnetic particle imaging is a sensitive in vivo imaging modality
for the detection of dendritic cell migration. Mol. Imaging Biol. 24, 886–897.
doi: 10.1101/2021.09.22.461401

Gevaert, J. J., Kyle, ·, Beek, V., Sehl, O. C., and Foster, P. J. (2022b). VivoTrax+ TM
improves the detection of cancer cells with magnetic particle imaging. Int. J. Magn.
Part. Imaging 8:10. doi: 10.18416/IJMPI.2022.2210001

Goodwill, P. W., and Conolly, S. M. (2010). The X-space formulation
of the magnetic particle imaging process: 1-D signal, resolution, bandwidth,
SNR, SAR, and magnetostimulation. IEEE Trans. Med. Imaging 29, 1851–1859.
doi: 10.1109/TMI.2010.2052284

Graeser, M., Knopp, T., Szwargulski, P., Friedrich, T., von Gladiss, A., Kaul, M.,
et al. (2017). Towards picogram detection of superparamagnetic iron-oxide particles
using a gradiometric receive coil. Sci. Rep. 7:6872. doi: 10.1038/s41598-017-069
92-5

Graeser, M., Thieben, F., Szwargulski, P., Werner, F., Gdaniec, N., Boberg, M., et al.
(2019). Human-sized magnetic particle imaging for brain applications. Nat. Commun.
10:1936. doi: 10.1038/s41467-019-09704-x

Guzy, J., Chakravarty, S., Buchanan, F. J., Chen, H., Gaudet, J. M., Hix, J. M. L.,
et al. (2020). Complex relationship between iron oxide nanoparticle degradation and
the signal intensity in magnetic particle imaging. ACS Appl. Nano Mater 3, 3991–3999.
doi: 10.1021/acsanm.0c00779

Han, J., Zhang, B., Zheng, S., Jiang, Y., Zhang, X., andMao, K. (2024a). The progress
and prospects of immune cell therapy for the treatment of cancer. Cell Transplant
33:9636897241231892. doi: 10.1177/09636897241231892

Han, Y., Li, Y., Wu, W. E., and Liu, Z. (2024b). Noninvasive strategies of cell-
tracking in vivo. TrAC Trends Anal. Chem. 172:117616. doi: 10.1016/j.trac.2024.117
616

Harvell-Smith, S., Tung, L. D., and Thanh, N. T. K. (2022). Magnetic particle
imaging: tracer development and the biomedical applications of a radiation-
free, sensitive, and quantitative imaging modality. Nanoscale 14, 3658–3697.
doi: 10.1039/D1NR05670K

Heyn, C., Ronald, J. A., Ramadan, S. S., Snir, J. A., Barry, A. M., MacKenzie, L.
T., et al. (2006). In vivo MRI of cancer cell fate at the single-cell level in a mouse
model of breast cancer metastasis to the brain. Magn. Reson. Med. 56, 1001–1010.
doi: 10.1002/mrm.21029

Irfan, M., and Dogan, N. (2022). Comprehensive evaluation of magnetic particle
imaging (mpi) scanners for biomedical applications. IEEE Access 10, 86718–86732.
doi: 10.1109/ACCESS.2022.3197586

Jung, K. O., Jo, H., Yu, J. H., Gambhir, S. S., and Pratx, G. (2018). Development
and MPI tracking of novel hypoxia-targeted theranostic exosomes. Biomaterials 177,
139–148. doi: 10.1016/j.biomaterials.2018.05.048

Kahmann, T., and Ludwig, F. (2020). Magnetic field dependence of the
effective magnetic moment of multi-core nanoparticles. J. Appl. Phys. 127:233901.
doi: 10.1063/5.0011629

Kiraga, Ł., Kucharzewska, P., Paisey, S., Cheda, Ł., Domańska, A., Rogulski, Z.,
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