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ABSTRACT

Magnetic particle imaging (MPI), introduced at the beginning of the twenty-first century, is emerging as a promising
diagnostic tool in addition to the current repertoire of medical imaging modalities. Using superparamagnetic iron oxide
nanoparticles (SPIOs), that are available for clinical use, MPI produces high contrast and highly sensitive tomographic
images with absolute quantitation, no tissue attenuation at-depth, and there are no view limitations. The MPI signal is
governed by the Brownian and Néel relaxation behavior of the particles. The relaxation time constants of these particles
can be utilized to map information relating to the local microenvironment, such as viscosity and temperature. Proof-of-
concept pre-clinical studies have shown favourable applications of MPI for better understanding the pathophysiology
associated with vascular defects, tracking cell-based therapies and nanotheranostics. Functional imaging techniques
using MPI will be useful for studying the pathology related to viscosity changes such as in vascular plagues and in
determining cell viability of superparamagnetic iron oxide nanoparticle labeled cells. In this review article, an overview
of MPI is provided with discussions mainly focusing on MPI tracers, applications of translational capabilities ranging
from diagnostics to theranostics and finally outline a promising path towards clinical translation.

INTRODUCTION

air gap, or even soft tissue, as a result, MPI produces high

Magnetic particle imaging (MPI), first invented by
Gleich and Weizenecker in 2005, is a breakthrough in
medical imaging with great potential for clinical transla-
tion. While the first generation of scanners were home-
built,”™ commercial preclinical scanners from Bruker
BioSpin GmbH (Germany) and Magnetic Insight Inc (USA)
have become available. Researchers and clinicians alike are
exploring ways for extending the horizon of applications
of this safe, sensitive and non-radioactive tracer modality.
MPI is a tracer modality and “sees” superparamagnetic iron
oxide nanoparticles (SPIOs). MPI, unlike MRI or X-ray CT
does not acquire anatomical information. MPI generates
positive signals from only at the position of SPIO without
any discernible background tissue signal. This property of
MPI is particularly useful in acquiring tomographic images
at any depth without signal attenuation from bones, tissue

contrast, highly sensitive (~100 nM of iron) and linearly
quantitative images even in visceral spaces of lung and
gastrointestinal tract.

SPIOs are ensemble of ferromagnetic nanoscale particle
that has a net “high” magnetization when exposed to a
magnetic field and a net “zero” magnetization on removing
the external magnetic field, hence these are called super-
paramagnetic. In MPI, a free-field region (FFR) is created
using gradient magnets (Figure 1). The FFR is rastered
across in space and the SPIOs that come under the influ-
ence of the FFR, flip instantaneously, inducing a voltage
based on Faraday’s law of induction, which gets picked up
by sensitive coils. With knowledge of the instantaneous
FFR location, an image is simply reconstructed by tempo-
rospatially mapping the signal of SPIOs®’ (Figure 1). Image
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Figure 1. MPI (A) a 6.3 T m™ vertical bore FFL small animal imaging MPI scanner at UC Berkeley (reproduced with permission
from®), (B) MPI scanner produces a gradient field as shown with a FFP or FFR and saturating regions. The FFR can be electro-
magnetically shifted around in space. (C) SPIOs have net zero magnetization at room temperature without any external magnetic
field, however, with the applied magnetic field SPIOs magnetize and saturate. Only SPIOs at the FFR can respond to excitation,
thereby localizing the signal in space, while SPIOs in other regions are saturated. This figure shows an 1-D example, the magneti-
zation of the SPIO changes rapidly as the FFR is shifted and moved over the SPIO, therefore generating a sharp inductive signal
(s(xs(1)). When two SPIOs are present, two signal peaks are generated. The timing of the peak can be spatiotemporally mapped
into location of the SPIO by knowledge of FFR position in time. (Image reproduced with permission from”) (D) To form an image
we raster the FFR in space along the typical trajectory as shown (E) A 3D UC/Cal phantom filled with SPIOs’ imaged using a
projection MPI scanner. (F) Experimental demonstration of magnetic CT using a FFL scanner and projection reconstruction. 3D
MPI scan of Cal/ UC phantom resolving 2D plane of Cal (TOP) and UC (Bottom). Berkeley image reconstruction algorithms enable
sharp, isotropic resolution MPI images (Image reproduced with permission fromz). 1D, one-dimensional; 2D, two-dimensional; 3D,
three-dimensional; FFL, field-free line; FFP, field-free point; FFR, field-free region; MPI, magnetic particle imaging; SPIO, super-

paramagnetic iron oxide nanoparticle.
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acquisition and reconstruction are detailed in papers from Gleich
& Weiznecker,'! Goodwill & Conolly'®!! and Rahmer et al.'?

MPI tracers are non-radioactive and their signal does not decay
over time. MPI, like nuclear medicine, is a tracer functional
imaging modality useful for diagnosis of pathologies associ-
ated with vascular defect, detecting changes in local microen-
vironment of tissues, imaging receptor-ligand interaction and
in vivo cell tracking. The non-radioactive MPI tracer enables safe
labeling and long-term tracking of cell based therapeutics.®

In this review, we will first introduce the properties of MPI
tracers, their current market status and use. Next, we will high-
light certain applications of clinical relevance. Finally, we will
discuss clinical translation and future prospects of MPI.

MPI TRACERS

MPI is a tracer modality that relies on nanosized iron oxide
nanoparticles with characteristic superparamagnetic behavior.
As early as 1957, the first report of the use of iron oxide particles
for clinical applications was demonstrated.'* The earliest develop-
ment of iron oxide nanoparticles for the diagnostic purpose was to
image the reticuloendothelial system (RES) using MRI. SPIOs are
made of Fe,O5 or Fe;O, crystals of iron oxide, which are colloidally

stabilized using biocompatible materials such as carboxydextran
or polyethylene glycol (PEG) and reconstituted in pharmaceutical
adjuvant for intravenous administration. The superparamagnetic
behavior of SPIOs is attributed to the size of the particle being
confined to a single domain. As explained earlier, the SPIOs have
zero remanence and coercivity. For MPI, the signal is governed by
the saturation magnetization of the particle, while the slope of the
Langevin curve influences the image resolution. Upon application
of external magnetic field, the dynamics of SPIO magnetization is
influenced by the relaxation time constant. The relaxation of SPIO
is influenced by two time constants, the Néel time constant 1y and
the Brownian time constant 1, which results in net relaxation of
! = o4+ 157L The Néel time constant refers to the time for the
internal magnetic moment to align with the external magnetic
field which is affected by the interdomain interaction within the
particles, whereas the Brownian time constant defines the rota-
tional time that the entire particle goes through with respect to the
external magnetic field and is affected by the local microenviron-
ment. According to the Langevin model of superparamagnetism,
the spatial resolution should improve cubically with the magnetic
core diameter, however, Tay ZW et al'* demonstrated that the
image resolution improvement in larger core particles is limited
as result of Brownian relaxation blurring. Tay ZW et al demon-
strated an ideal core diameter of 24 nm yielded the best MPI image
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resolution of ~3 mm at a gradient strength of 3.5 T m™". In Table 1,
we have summarized properties of some of the commercially avail-
able SPIO and their MPI resolution and sensitivity estimate at a
gradient strength of 7 T m™. It can be observed from Table 1, that
larger core size or clustered core particles showed better resolution
and sensitivity when compared to smaller core particles of Fera-
heme™ or NC10015.

As mentioned earlier, the relaxation time constant influences the
signal in MPI. The relaxation behavior of the SPIOs can, thus,
be exploited to measure changes in the local environment of
the particle.! Utkur M et al, utilized the SPIO relaxation time
constant to map the viscosity using MPL.* In another work, John
Weaver correlated the time constant T as a monotonic function
of temperature and thus, introduced a concept for measuring the
temperature of the local environment surrounding the SP10.%*
Stehning et al demonstrated in vitro colorization of MPI signal
based on the SPIO temperature.”* Rahmer et al and Hensley
et al devised a mechanism, termed color MPI, to unmix MPI
signal from a mixture of SPIO based on the dominant relax-
ation behavior that the particle exhibit, i.e. Néel or Brownian and
generate relaxation maps of the MPI signal corresponding to the
particles.”>*® In a different approach, Rahmer et al, applied the
principle of color MPI to stain a blood vessel phantom and cath-
eter differentially, and using real-time multicolor MPI feedback,
Rahmer was able to steer the catheter through a vessel phantom
with the use of an external magnetic field.”

Unlike ionic contrast agents, SPIOs have low osmolality and are
safe for use with patients having renal insufficiency. The iron
core of the tracer used in MPI is safe for use and assimilated
and excreted via the hepatobiliary system. In one study, iron
oxide nanoparticles were shown to be assimilated and incorpo-
rated into the porphyrin rings of hemoglobin.”** In the same
study, the rodents tolerated iron oxide concentration of up to
3000 pumol Fe kg™'. A Phase I clinical study of Ferucarbotran
dose demonstrated a safe use of the tracer at doses of 5-40 pumol
of Fe kg™'. We note that there was a single case of anaphylactic
reaction in this study.’® However, the anaphylactic response was
attributed to immune response to the dextran coating of the
nanoparticles.’!

The size and surface coating of the SPIO, influence the phar-
macokinetics behavior and the biodistribution of the parti-
cles in vivo.** Keselman P et al studied the biodistribution of
carboxydextran and PEG-modified SPIO using MPL'® While the
carboxydextran coated iron oxide nanoparticles cleared rapidly
to the liver, the PEG-modified SPIOs had a relatively long blood
half-life of 4.2 h before, eventual uptake by the RES system (liver
and spleen) (Figure 2). The choice of SPIO and surface coating
influence the potential diagnostic applications using MPI. A
blood pool agent is useful in studying vascular defects,® whereas
particles coated with carboxydextran are useful for imaging the
liver** due to RES targeting or for labeling cells for long-term
tracking.”

Current SPIOs that are available for clinical use are Reso-
vist™ (Japan for MRI), Nanotherm™ (Germany for Magnetic

Hyperthermia), Feraheme™ (North America, for iron supple-
ment therapy in anemic patients) and Sienna+ (Europe, for
lymph node localization). Other SPIOs are continued to be used
for iron supplement therapy in anemic candidates,’®* as a T1
agent for MRI angiography,®®** as agents for diagnosis of liver
cancers***! and lymph node metastases with MRI.*>** We detail
a few of these agents and their MPI performance in Table 1.
Many clinicians and researchers are optimistic to resuscitate
some SPIO agents that did not get prior regulatory approval. In
one such process, clinicians from Radbound University Medical
center, Netherlands, obtained the license to prepare and use
Combidex™ (ferumoxtran-10) and evaluated its diagnostic value
in the detection of small lymph node metastases in the prostate
cancer patient. The authors reported identifying lymph node as
small as 1.5 mm (current resolution limit of MPI) with an excel-
lent safety profile.**

As the SPIO tracer defines the image resolution and sensitivity in
MPI, extensive work is required in SPIO chemistry and nanoscale
physics to optimize new SPIOs for MPI. Moreover, SPIO coatings
can be altered to tailor their biochemical properties to the phys-
iological application. Subsequently, these MPI-optimized SPIOs
will have to undergo regulatory evaluation before being clini-
cally available. Regardless, this is a necessary enabling step for
the many emerging clinical applications of MPI and we believe
that the numerous MPI nanoparticle research groups around the
world are making progress towards this goal.

CLINICALLY RELEVANT APPLICATIONS OF MPI
Perfusion imaging

Perfusion imaging is a technique in which the passage of the
tracer is monitored continuously through the capillary bed of
tissue, capturing the temporal changes of the tracer. Perfusion
imaging has long been used for diagnosis and risk stratification
of stroke, grading of tumors, estimating blood-brain barrier
permeability, and evaluation of various other pathophysiologies
related to vascular changes. MPI is particularly advantageous for
perfusion imaging due to zero background signal, higher sensi-
tivity, and linearity in quantifying the SPIO concentration. As
such, MPI enables direct imaging of the perfusion.

One application of perfusion imaging is in the lungs, which is
needed for diagnosis of common conditions such as pulmonary
embolism, a critical condition requiring time-sensitive detection
and treatment. Zhou X et al reported the first MPI-based lung
perfusion study using® macroaggregated albumin conjugated to
SPIOs (MAA-SPIOs). This type of study is traditionally accom-
plished using scintigraphy with Tc99m-MAA. Intravenously
administered, these MAA-SPIO complexes get trapped in the
lung capillary bed, enabling diagnosis of any vascular related
pulmonary defects. These were eventually cleared safely from
the lungs to liver and spleen for degradation, showing promising
biocompatibility of these agents for non-invasive lung perfusion
studies (Figure 3).

Stroke occurs due to interrupted blood supply to the brain and
can be deadly if not diagnosed and treated promptly. Ludewig et al
developed a middle cerebral artery occlusion (MCAO) model in
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Figure 2. MPI tracers core size and the surface coating play a crucial role in determining the biodistribution and pharmacokinetic
behavior of the particles. The figure shows TEM images of the tracers (A) LodeSpin labs (LS017) (Adapted with permission from
Yu E et al.,,® Copyright 2017 American Chemical Society) and (B) Resovist® (Bayer-Schering). LodeSpin particles are of single core
28 nm size particle coated and stabilized with PEG, resulting in a hydrodynamic diameter of 89 nm. Resovist® is multicore MPI
agents having a conglomerate of iron oxide particles, and coated with carboxydextran. Resovist has a core iron oxide diameter
of 5 nm and hydrodynamic diameter of 60 nm. (C) (TOP) MPI response of Resovist™ and optimized nanoparticles of LodeSpins
(UW-2), the PSF shows the LodeSpins particle have six times the intensity and two times better resolution than Resovist™ (BOT-
TOM) the spectrum demonstrates greater harmonics for LodeSpins particles than Resovist™ (Image reproduced with permission
from>3) (Table 1 details the sensitivity and FWHM of various SPIOs calculated from the PSF measurement). The surface coating
and the size of the core determine the biodistribution of the SPIO tracer. (D) MPI image of a rodent co-registered with a projec-
tion X-ray anatomy image demonstrate carboxydextran coated iron oxide nanoparticle such as Resovist® are taken up by the RES
system while (E) PEG coated particles of LodeSpins have a longer blood circulation and behave as blood pool agents (Adapted
with permission from Keselman P et al'® Institute of Physics and Engineering in Medicine. IOP Publishing). FWHM, full width at
half maximum; MPI, magnetic particle imaging; MPS, magnetic particle spectrometer; PEG, polyethylene glycol; PSF, point spread
function; TEM, transmission electron microscopy.
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rodents and demonstrated the use of cerebral blood perfusion subtraction, it was further possible to quantify the gastrointes-

(CBF) with high temporal resolution, capturing three-dimen-
sional MPI volumes at 47 frames per second for early detection
of ischemic stroke.*® Figure 3 shows that the rCBF estimate is
lower in the side of the brain having an ischemic lesion, whereas
the contralateral side of the brain was well-perfused.

In another study, Yu E et al estimated tracer extravasation in
the gastrointestinal lumen as result of acute bleeding.® Conven-
tionally, this is achieved using scintigraphy techniques in which
the red blood cell (RBC) is tagged using a radioisotope such as
Tc99m or Inlll, but because gastrointestinal bleed is often a
medical emergency requiring timely diagnosis and intervention,
the long (2-3 h.) hot chemistry preparation time of 99m-Tc-
RBCs may not be ideal. Yu E et al used long circulating SPIOs
that can be injected without hot chemistry preparation time and
acquired dynamic MPI projection images showing competitive
acute bleed detection sensitivity with *’m-Tc-RBC. With digital

tinal bleed using simple tracer kinetic modeling and rates as
slow as 1-5 pl min™" could be detected (Figure 3). MPI, with its
linearly quantitative nature, is thus promising for imaging and
staging of pathophysiologies related to blood perfusion while
avoiding typical hindrances such as hot chemistry labeling and
background tissue signal interference.

Another area of interest for medical imaging is cancer detec-
tion and staging. Enhanced permeability and retention (EPR) is
a phenomenon observed in cancer because of neoangiogenesis
resulting in disorderly and chaotic vasculature that is predom-
inantly leaky.*” Nanoparticles and macromolecules are believed
to accumulate in tumors due to EPR. Various anticancer nanoth-
erapeutics have been developed exploiting EPR and it is essen-
tial to identify cancer patients who are most likely to respond
to each nanomedicine type.*® Yu E et al demonstrated the EPR
phenomenon using MPI in a triple negative human breast
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Figure 3. MPI for measuring perfusion changes. (A) First in vivo MPI lung perfusion studies using SPIOs modified with macro-
aggregated albumin. The particles pass through the lung capillaries at 15 min and slowly get cleared to the liver. MPI is useful
for imaging the lungs, where other imaging modalities tend to fail (Image adapted from Zhou X et al*® Institute of Physics and
Engineering in Medicine. Adapted with permission of IOP Publishing.) (B) First brain perfusion study performed by Ludewig et
al in a rodent stroke model. The rCBF parametric estimate show reduced perfusion of blood in the parts of the brain affected by
stroke, however, the contralateral side appears well perfused (Adapted with permission from Ludewig P et al*® Copyright 2017,
American Chemical Society). (C) Images show the first in vivo MPI gut bleed detection using long-circulating MPI tracer. The
tracer accumulates in the GI lumen with time due to the occurrence of an acute bleed (Adapted with permission from Yu E et al®
2017 Copyright, American Chemical Society). CBF, cerebral blood perfusion; Gl, gastrointestinal; MPI, magnetic particle imaging;

SPIOs, super paramagnetic iron oxide nanoparticles.

15min 24 hr

cancer xenograft in an immune deficient rodent model.* The
MPI images using (Figure 4) a long-circulating SPIO gave excel-
lent visualization of EPR wash-in of SPIOs into the tumor with
delayed wash-out at 48 h later. The study revealed that the tumors
were well-perfused in the tumor periphery, whereas the tumor
core was poorly perfused.

MPI angiography

One highly compelling application of MPI would be for safe
angiography in patients with renal insufficiency and in pediatric
cases to minimize exposure to toxic ionic metal chelates. Each
gadolinium-based radiologic study has been associated with a
2.4% risk for nephrogenic systemic fibrosis,”” and an increased
mortality rate was observed with iodine contrast exposure in
patients with acute renal insufficiency.”® MPI angiography can be
achieved with good sensitivity and contrast using long circulating
SPIOs that are predominantly cleared via the hepatobiliary route.
MPI angiograms can be useful for diagnosis of deep vein throm-
bosis, evaluation of cardiovascular defect and restenosis. One of
the key applications of MPI angiography is for the assessment of
an aneurysm in the brain and cardiac angiogram. Jan Sedlacik

et al demonstrated using a Bruker BioSpin GmbH pre-clin-
ical MPI scanner and a four-dimensional flow imaging
technique, that enabled the temporal and spatial evolution of three-
dimensional blood flow (Figure 5) , capturing high-resolution
pulsatile blood flow images with blood velocity of 60 cm s .** Lu K
et al in her work detailing the property of linear and shift invariant
of MPI scanners, used carotid artery phantoms to show vascular
stenosis and was able to resolve occlusion (Figure 5) at high reso-
lution and detailed the linear quantitative nature of MPL.>®

Another method to achieve long circulation for angiography is
to load RBCs with SPIOs.”® Rahmer J et al*® used this method to
capture cardiovascular images in a murine model with temporal
resolution of 21.5 ms. Such SPIO labeled RBCs can be useful for
other applications as well. For example, these can be used in the
non-radioactive diagnosis of vascular defects and quantification
of gastrointestinal bleeds as described earlier.®

MPI cell tracking
MPI has significant advantages for tracking of cells. Cell-based
diagnostics are typically used with scintigraphy for non-invasive

Figure 4. First MPI perfusion studies in a tumor xenograft. The tracer distribution in the tumor over the course of time reveal
well-perfused tumor periphery and poorly perfused tumor core. The MPI tracer distributes in the tumor and is cleared eventually
(Images adapted with permission from Yu E et al*® 2017 Copyright, American Chemical Society). MPI, magnetic particle imaging.

TRACER UPTAKE KINETICS IN ATUMOR XENOGRAFT MEASURED USING MPI
10 min 4 hr

24 hr 48 hr
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Figure 5. MPI angiograms. (A) A 4D flow image of aneurysm phantom obtained by Sedlacik J et al using a Bruker Bio-
Spin GmbH preclinical MPI scanner (Reproduced under creative commons attribution license from®?), the part of the
phantom having aneurysm shows a decreased flow rate. (B) MPI angiogram showing a stenosis (50% occlusion) in an
internal carotid artery phantom obtained by Lu K et al from University of California Berkeley (Adapted with permis-
sion from Lu K et al®® IEEE) . (C) MPI angiogram of a rodent head showing blood vessels constituting to the CBV acquired

using a FFP scanner at UC Berkeley (Reproduced with permission for Zheng B et a

154 Copyright Springer Nature). 4D, four-

dimensional; CBV, cerebral blood volume; FFP, field-free point; MPI, magnetic particle imaging.
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diagnosis. Tc99m or In111 radioisotopes-labeled innate white
blood cells (WBCs) have been used for clinical diagnosis of
inflammation, infection and fever of unknown Origin.57’58 RBC
labeled with radioisotopes have been used as a blood pool agent
for the diagnosis of vascular defects.”® Chromosomal aberration
resulting from labeling cells with radioisotopes is a big concern.*’
While cell tracking with MRI is useful, the negative contrast T,*
imaging could be a confound in tissues such as lung, bone and
tendon and thus limits the inherent sensitivity of the technique
to approximately ~10,000 labeled cells.®* Table 2 compares the
advantages and disadvantages of various preclinical modalities
used for cell tracking. In contrast to existing modalities, MPI
offers high sensitivity radiation-free labeling, with no (radioac-
tive) decay of signal over time that is very helpful for longitudinal
studies.

The MR-cell tracking literature has already shown a good safety
profile for labeling immune cells®*** or stem cells®%" with
SPI0s.%® In a recent MPI study by Zheng B et al (Figure 6), 200
cell detection sensitivity was reported usinga 2.35 T m ™" field-free

Table 2. Comparison of pre-clinical cell tracking methods, data adapted and modified from,

CT are not well characterized for tracking cells

flow direction

1 0 1
Z axis [cm]

line projection MPI scanner, the highest sensitivity achieved
among all imaging modalities based on a review reported by
Nguyen PK et al.®" MPDs superior sensitivity, the absence of
background signal, the safety profile of the tracer and ability to
image at depth, makes the technique extremely valuable for cell
tracking applications. Currently, various cell-based therapeutics
are being investigated, including stem cells, chimeric antigen
receptor T-cells , and dendritic cell vaccines. Cell tracking is
essential especially for monitoring the fate of cell-based thera-
peutics, their biodistribution and clearance, and in identifying
patients as responders or non-responders.”’ Another key interest
is to find out whether the administered cells proliferate and are
alive or dead.” Intracellular viscosity measurement of SPIO-la-
beled cells using MPI, e.g. can enable to distinguish live vs dead
cells in the graft.”>”* Fidler F et al linked the changes in magnetic
particle harmonic-spectrum over time to the viability of the stem
cell, comparing live cells with internalized SPIOs to dying cells in
the process of lysis where SPIOs are released.”* Fidler attributed
the spectral changes because of change in Brownian relaxation
behavior of the SPIO during the lysis process.

56162 \ve noted that Ultrasound and

. . . Sensitivity/cells .
Modality Resolution Acquisition speed ¥ Cell labeling agents
detected

Optical 20 um/poor at depth <Seconds uM/1000 Reporter gene/dyes (IcG,
Cy, Luciferase)

Nuclear medicine 1000-2000 pm Minutes pM/10,000-100,000 Radionuclide (In111,
Tc99m, 18F, 68Ga)

MRI 25-500 pm Minutes mM/10,000 Contrast agent (Gd, Mn,
SPIO, 19F)

MPI 250-1400 pm Minutes 0.1 uM/10-200 SPIO

MPI, magnetic particle imaging; SPIO, superparamagnetic iron oxide nanoparticle.
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Figure 6. Tracking of SPIO-labeled cells provide vital information in regenerative medicine. (A) 87 days of tracking SPIO-tagged
NPCs in the forebrain of a rodent. The labeled cells migrated into the ventricle of the brain (B) as shown by Prussian blue stain-
ing of SPIO-labeled cells (Figure adopted with permission from Zheng B et al® Springer Nature). (C) MPI image of SPIO-labeled
pancreatic islet cells transplanted under the kidney capsule; the transplanted labeled cells were functional as indicated by (D)
immunofluorescence staining (red, insulin; green, dextran, blue, cell nucleus) (Reproduced with permission from®2). MPI, magnetic
particle imaging; NPC, neuronal progenitor cell; SPIO, super paramagnetic iron oxide nanoparticle.

Figure 7. MPI can be used as a theranostic platform, for diagnosis and treatment of cancer using hyperthermia.”?"8' MPI enables
image-guided therapy where a new approach of using the MPI gradient field to localize thermal dose deposition at-depth with
margins of 7 mm using a 2.35 T m™' gradient and 2 mm using a 7 T m™ gradient. Using MPl images, Tay et al”® (A) predicted the heat
deposition to tumor, and by using gradients and high excitation frequency (B) was able to spatially-selectively deposit thermal
dose in a phantom and in a dual tumor xenograft model, (C) where the bottom tumor was selectively treated but not the tumor
in the top (Reproduced with permission from,”® 2018 Copyright, American Chemical Society). MPI, magnetic particle imaging.
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Figure 8. MPI sensitivity dependence on various parameters. Equation assumes limit of detection at SNR =1 for a 1s scan, and
sensor coil noise dominance (body noise negligible and ideal noise matching to pre-amplifiers). Parameters: p = density of SPIO,
kg = Boltzmann constant, T = temperature of sensor coil, NF = noise figure of the preamplifier, R.; = resistance of coil, By =
sensitivity of coil, Hgyt = applied field H needed to achieve Mg, Mgat = magnetization value at saturation, BW = final receive band-
width used (after windowing), o = 2n* excitation frequency, Hamp = excitation amplitude. The derivation estimates peak dM/dt
can be approximated by mg,/(At necessary to go from H = O to H = Hgy), where Mgt = Mgat*Vinanoparticle: M represents magnetic

moment. MPIl, magnetic particle imaging; SNR, signal-to-noise ratio.

N
Limit of Detection = 2 p\/kg -

In another recent study by Wang P et al, pancreatic islet cells
were labeled with SPIOs and safely transplanted in a murine
model (Figure 6), resulting in grafting and insulin secretion in
these cells.”” The authors believe, such an approach will enable
clinicians to track the progress of transplanted organ or tissue
and verify suitable visceral sites for islet survival.

MPI in theranostics and other applications

Magnetic hyperthermia for treating cancer has garnered
interest worldwide due to its potential to deposit heat at any
depth. With conventional hyperthermia systems, it is diffi-
cult to focus the thermal dose to a specific tissue and avoid
non-specific damage (\/2 ~ 50 m).”®

The same principle of MPI can be modified to spatially select
and deposit thermal dose in biological tissue. Tissue death
can be brought about by heating the biological sample to
43°C, a process known as induced hyperthermia. MPI uses
a low sinusoidal excitation frequency in the order of 20 kHz,
but by exciting SPIO particles at a higher frequency of 300

F Tcoichoil

Hpt VvBW

Bcoil Msat wHampE
Hardware Nanoparticle Scanning
Parameters Parameters Parameters

kHz, heat can be generated.”” Hensley et al demonstrated a
method of spatially localizing thermal heat deposition using
magnetic gradients, similar to the physics behind acquiring
MPI images.”® The field-free region (FFR) generated by
the gradient magnet as described in the “Introduction” can
control the excitation of iron oxide nanoparticle in space;
the particles under the influence of the gradient magnet are
locked, and the particles at the FFR are free to rotate, thereby;,
restricting the thermal dose deposition at the FFR alone. This
principle was adopted by Tay et al in vivo.”” Tay and team
used the MPI image to quantify the concentration of iron
and employed a forward model to predict the thermal dose
(Figure 7), followed by selectively treating one tumor in a dual
tumor murine model using induced hyperthermia. Using this
approach, Tay and team could localize thermal dose deposi-
tion with a spatial resolution of 7 mm, and with no toxic effect
to visceral organs such as the liver. More precise localization
to <2.3 mm can be achieved by improving gradient from 2.35
to7Tm™.

Figure 9. Future of MPI scanner. (A) An integrated MPI-MRI system designed by Bruker BioSpin GmbH and University of RWTH,
Achen. Image shows a cavity phantom with MRI image in greyscale and MPI image rendered in red scale. (Adapted with per-
mission from'®) (B) A human scale head MPI scanner design demonstrating the FFL region using a x-z gradient of 1 T m™
(Reproduced under the creative common license from'98). (C) Magnetostimulation limit and SAR estimate in human torso (graph
reproduced with permission from'®”), PNS is the dominant safety concern for MPI at drive field frequency <42 kHz. FFL, field-free
line; MPI, magnetic particle imaging; PNS, peripheral nerve stimulation.
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The treatment approach described above can also be extended
for combinatorial therapy, in which a triggered release of
an encapsulated drug can be achieved in combination with
hyperthermia,®” providing greater precision of treatment and
reducing toxic effects. Further, MPI thermometry approaches
can be explored to monitor the temperature rise during
hyperthermia.*>**

MPI is also an invaluable tool for studying neuronal responses
in brain to external stimuli. Neuronal response is associated
with increased metabolism of the neuron followed by an
intrinsic signal relay between the vasculature and neuronal
activity. Changes associated with cerebral blood volume
(CBV) and cerebral blood perfusion have been the basis of
functional brain imaging. CBV changes resulting from neuro-
vascular coupling can be directly measured as a change in the
tracer signal from the blood vessel. In the pioneering work,
Orendorff R et al performed the first CBV measurement in
rodent brain using MPI by bolus tracking of SPIO particles
administered intravenously.*> CBV measurement using MPI
can be a sensitive tool for studying brain function.***

TRANSLATION OF MPI TO HUMAN SCALE

MPI has grown rapidly in recent years, and clinical translation
on the horizon. Recent developments in the field are anticipated
to ease this translation significantly.

Specific absorption rate (SAR) limits

Like MRI, MPI must address safety issues such as magneto-
stimulation and tissue heating as measured by SAR since it also
exposes the human body to time-varying magnetic fields (exci-
tation field). Saritas et al® has performed an in-depth analysis
on this subject with human data and shown that it is possible to
maintain safety when scaling up to human size if certain MPI
excitation limits are observed. These limits negligibly affect MPI
sensitivity when scaling-up, since the required reduction in exci-
tation amplitude is compensated by a possible increase in exci-
tation frequency,” since current preclinical MPI uses very low
frequencies (~20 kHz). Interestingly, recent work has shown that
low excitation (drive) amplitude actually improves MPI spatial
resolution,®® and thus, a human-compatible MPI excitation
sequence should perform at least equally well as current preclin-
ical MPI excitation sequences.

Hardware scale up

In addition, it is critical to discuss challenges facing MPI hard-
ware in scaling-up from pre-clinical to human size. Scaling will
involve increased power requirement and cost. Current MPI
pre-clinical scanners are able to produce a high gradient field
of 6.3 T m™'.° Of course, MPI resolution scales directly with
gradient strength.'* But no MPI scanner today uses supercon-
ducting gradients, but as with MRI scanners, a superconducting
gradient may be cost-effective for human MPI. Pre-clinical MPI
imaging scanners have used NdFeB permanent magnets® or
laminated iron return electromagnets for more modern field-
free line scanners.”® Cryogen-free magnets using compact cryo-
coolers and high temperature superconductors (HTS) with active
shielding and parts per million (ppm) field homogeneities have

Chandrasekharan et a/

been developed for head MRI,’"* to reduce operational costs.
MRI scanners require stringent, 1 ppm field uniformity. Fortu-
nately, MPI scanners can tolerate more than 1-5% field inhomo-
geneity while producing artifact-free images.®” This basic physics
attribute of MPI explains why scans are perfectly robust in the
lungs where air in the alveolar sacs produces 9 ppm field varia-
tions in the tissue. These intense field gradients cause short T,%,
making lung MRI very challenging. By contrast, MPI of the lung
is completely robust, as shown in various studies.”***% 1t is
worth noting that the 7 T m™! gradients employed in pre-clinical
MPI are already an everyday experience for patients, as clinical
3 T MRI scanners have a 7.2 T m™' maximum spatial gradient
just outside the bore.***

SPIO optimization

A very promising approach to human MPI is to develop better
MPI-tailored SPIOs with sharper magnetization curves. For
instance, improving the phase purity of the SPIO tracer as
shown by University of Washington/Lodespin Labs resulted in
better MPI spatial resolution. These SPIOs have been shown to
have almost two-fold better spatial resolution than Resovist™
in reconstructed MPI images.”>” We anticipate that further
optimization of the SPIO for MPI imaging can achieve further
gains in spatial resolution that can be traded-off for lower
MPI gradients to ease hardware scaling-up to human size. For
example, a 10-fold improvement in resolution due to a sharper
Langevin saturation curve could reduce the gradient cost by up
to 100-fold, which could be enabling. Regulatory approval of
new MPI tracers should be similar to the established approvals
of MRI SPIO tracers, like Feraheme® or Resovist® or other
iron oxide-based T, or T,* tracers. Future MPI tracers could
be approved through three pathways: (a) as tracer for tracking
cell therapy (b) new diagnostic applications, and (c) theranostic
applications. Each pathway requires a different Food and Drug
Administration (FDA) approval, and may require a designation
as an investigational new drug (IND). Specifically, MPI tracers
for vascular imaging or lymph node imaging will require FDA
approval as a new tracer agent consideration for imaging indi-
cation. In comparison, MPI tracers for cell tracking will require
an IND as a cell therapy product. Finally, tracers for theranostics
will require specialized consideration depending on the overall
survival benefit of treatment. The FDA has non-binding guide-
lines of preclinical studies and safety assessment set forth before
an IND can enter clinical trials.””

Theoretical sensitivity limits of MPI

Finally, MPI is still a new field, and current scanner performance
limits do not represent the physical performance limits of MPI.
For example, MRI hardware has reached body noise dominance,
but due to the very low frequencies used in MPI, so radiofre-
quency coil sensor improvements are challenging. However,
because today’s MPI receiver coils operate a low frequency
(<5 MHz) and are small diameter (preclinical), the coil noise
dominates the body noise.””® This means there is substantial
room for technical advances in MPI sensitivity.

From prior work,”?* MPTs limit of detection can be approxi-
mated as shown in Figure 8.
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Prior theoretical work on human MPI* predicted MPI sensitivity

as 5 pgina lsscan (65nM in a 1 mm® voxel). However, opti-
mization of receive hardware (such as 77K cryogenic litz/high
temperature superconductors receive coils,'’"'% MPI-tailored
SPIOs with very small Hg, and optimized scanning sequences/
digital bandwidth windowing could potentially improve each
parameter-group in the Figure 8 equation, and in combination
potentially improve SNR by orders of magnitude.

CONCLUSION

MPI has grown out of its infancy, and tremendous progress is
being made in the pre-clinical space using this safe and sensi-
tive imaging modality.>'?* A clinical MPI scanner is not far from
reality. Progress has been made on multimodal imaging with
MPI such as X-ray, CT and MRL'* Recently, a preclinical highly
integrated hybrid MPI-MRI system was developed'®® (Figure 9).
Another exciting area of research is MPI-tailored SPIOs which
have already shown improved MPI resolution and sensitivity and

could be further improved. With several promising translatable
approaches and superior safety profile of MPI tracers, we are
hopeful that MPI will play a crucial role as a clinical diagnostic
and nanotheranostic tool in the near future.
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