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ABSTRACT

Nanomedicine research recently started exploring the combination of therapy and diagnostics, so-called theranostics, as an approach to
offer a more flexible, personal, and precise care with improved patient outcomes. As magnetic nanoparticles show great potential in a
variety of diagnostic and therapeutic applications, they are prime candidates to be used in a theranostic platform to realize this vision.
This Perspective gives an overview of state-of-the-art magnetic imaging techniques and theranostic applications based on magnetic
nanoparticles and discusses their opportunities and associated challenges. In order to address these challenges and to exploit these oppor-
tunities to the fullest, we discuss three promising research directions. The first considers the use of novel magnetic field sequences to
utilize the rich magnetic dynamics of the particles, allowing a more accurate diagnosis and boosting the performance of many nanoparti-
cle-based applications. Second, we introduce the innovative concept of smart theranostics based on feedback mechanisms between the
particle applications and their supporting imaging procedure to enhance the performance of both and to allow real-time monitoring of
treatment efficiency. Finally, we show the twofold advantage of applying data-driven models to enhance therapy and diagnostics on the
one hand and for handling the platform’s large amount of data and associated decision support algorithms on the other. The latter
research track is extended to include hybrid models in which physics-based and data-driven models are combined to overcome challenges
of applications with limited data, making the data-driven part understandable, as well as in uncovering unknown nanoparticle dynamics.
Contrasting other literature works, which mainly focus on developing magnetic nanoparticles with the right characteristics, we put
forward advances in magnetic nanoparticle imaging techniques and applications to enable the use of a broader range of magnetic nano-
particles in theranostics. We seek to emphasize the importance of these building blocks as many research opportunities with a very high
potential are still left open. Therefore, we encourage researchers to also take these aspects into account to advance theranostic applica-
tions of magnetic nanoparticles to real clinical environments.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0085202

1. INTRODUCTION This is attributed to the unique chemical, physical, and biological
properties of the nanomaterials compared to their molecular and
bulk counterparts. Of specific relevance in nanomedicine are mag-
netic nanoparticles (MNPs) that have the additional benefit that they
can be remotely detected and controlled by applying external mag-

Research in medicine is to a great extent directed toward
developing and improving disease detection and therapy. The use
of nanotechnology in medicine, called nanomedicine, has been

proposed as a solution to overcome intrinsic limitations in conven- netic fields.” Because of these advantages, MNPs have been success-
tional approaches and would allow more effective and safer disease fully employed in a broad range of biomedical applications.

diagnosis and treatment." Furthermore, nanomedicine could play There are many diagnostic applications that benefit from the
an important role in personalized treatment approaches, which unique properties of the MNPs. For example, the MNPs’ sensitive
benefit the treatment of diseases with varying representations among and specific registration for diagnostic purposes is enabled by the
individuals and tackles patient variability in therapeutic responses.” fact that biological tissues are virtually devoid of ferromagnetic
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materials and that there is zero signal depth attenuation of the mag-
netic field from a biological tissue (contrasting optical and electrical
techniques). These properties are exploited in MNP imaging tech-
niques that directly measure the particles’ location and concentra-
tion, such as magnetic particle imaging (MPI)," magnetorelaxometry
imaging (MRXi)’ and magnetic susceptibility imaging (MSI).”
Because of the particles’ small sizes, they can easily interact with
cells, viruses, genes, and enter virtually every region in the human
body. Additionally, the MNPs are highly tunable:” by changing their
size, composition, or synthesis process, desired physical properties
and behaviors can be attained, such as slow/fast removal from the
body, specific reaction to applied magnetic fields, etc. The particle
behavior can be further fine-tuned by coating the particles with spe-
cific molecules so that they bind to certain entities. This allows
“molecular imaging,”” which aims to visualize biological processes
by registering specific cells and molecules using nanoparticles. This
increases the sensitivity, resolution, or image contrast of established
imaging techniques in diagnostics. Examples thereof are magnetic
resonance imaging (MRI)'’ and adaptations of ultrasound (US),
such as magnetomotive US'' and magneto-acoustic tomography.'”
Moreover, radioisotopes or fluorescent molecules can be attached to
the MNPs to make them also visible in other imaging modalities,
such as single-photon emission computed tomography (SPECT)/
positron emission tomography (PET) and optical imaging. This is
called multi-modal imaging, and it increases imaging and hence
diagnostic accuracy significantly."”

Regarding therapeutic applications based on MNPs, magnetic
hyperthermia is considered one of the most promising therapies,
especially for cancer treatment.'*™'® In magnetic hyperthermia, the
MNPs are exposed to an externally applied alternating magnetic
field (AMF). This heats up the MNPs and increases the tempera-
ture of their surroundings. When the particles are embedded in a
tumor tissue, this allows for very local heating of the tumors
without harming the healthy cells. Another promising therapy is
magnetic drug targeting (MDT) in which the particles are guided
toward desired regions or sites in the body by employing magnetic
field gradients.'” When the particles arrive at the desired location,
a controlled release of their therapeutic agent (drug, genes, radio-
nuclides, etc.) is possible upon the application of internally or
externally applied stimuli, such as changes in pH, osmolarity, mag-
netic field intensity, or temperature.'” This local drug release
allows one to decrease the total administered dosage, resulting in
less systemic side effects.

From previous paragraphs, it can be seen that MNPs play an
important role in both diagnostic as well as therapeutic applications.
This information, together with the fact that the particles can be
made multi-functional and have large flexibility and versatility,
shows that the particles have great potential to be used in theranostic
applications.'”™** Such applications combine diagnostic and thera-
peutic services and realize a more flexible, precise, and noninvasive
treatment of patients. The ultimate goal is to develop a platform
that combines multiple diagnostic and therapeutic functionalities
based on MNPs. Additionally, this platform permits real-time moni-
toring of disease progress and treatment together with personalized
treatment planning.

In this Perspective, we look at recent advances in MNP
imaging techniques that are useful in a theranostic setting, and we
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give an overview of state-of-the-art MNP-based theranostic appli-
cations. Subsequently, we pinpoint the main opportunities and
challenges that lie ahead and provide three research tracks to
address these issues while making maximal use of current and
future opportunities. Our approach contrasts most other litera-
ture works concerning theranostic applications. Whereas these
often focus on the requirements of the nanoparticles,”'”*"*" this
Perspective draws attention to the applications themselves, the
rich underlying magnetization dynamics, and especially the
accompanying imaging technique as equally important research
topics to generate progress in this field.

Il. RECENT ADVANCES
A. Toward a theranostic MNP imaging technique

An important cornerstone of theranostic applications is the
underlying imaging technique. In this context, much research in
the magnetic nanoparticle imaging community has been directed
toward improving or extending state-of-the-art MNP imaging
techniques so as to enable or to enhance the performance of pos-
sible theranostic applications. A critical requirement is that the
MNP imaging technique should be able to localize multiple types
of MNPs (e.g., different MNP types excellent for detection, treat-
ment, etc.) or MNPs in a different state (e.g., MNP with or without
therapeutics, MNPs having a specific temperature, etc.). As the
technique MPI was already successful at imaging nanoparticles
(of the same type and under the same circumstances) at a fast
speed while having a fine spatial resolution in the mm range, this
technique is a conspicuous candidate to be made compatible with
future theranostic applications. Therefore, this section will mainly
focus on MPL.

In MPI, a static magnetic field, the selection field, containing
a field-free region (FFR), is created using magnetic field gradients.
In most MPI configurations, the FFR is a single point or line,
called the field-free point/line. The FFR is shifted over the field of
view by a sinusoidally varying magnetic field referred to as the
drive field. Only the particles present in the FFR will contribute to
the signal as the static magnetic field saturates the MNPs outside
the FER so that they do not respond to the drive field (see Fig. 1).

In 2015, Rahmer et al.”* showed the first experimental separa-
tion of up to three particle types.”* This is often referred to as
multi-color or multi-contrast MPI, as every particle type has its des-
ignated color in the final image with the color intensity reflecting
the concentration of each particle type. It marks the start of MPI as
a promising theranostic imaging technique. This experiment was
quickly followed up with the concurrent imaging of MNPs in a
vessel together with MNP-coated cardiovascular instrumentation™
and extended later on with quasi real-time additional steering of
the instrumentation using the imaging setup.”® The multi-color
approach was also used in a proof-of-concept that showed that
MPI was able to retrieve the distinct temperatures of two MNP
samples, while simultaneously determining their location.””

Even though MPI on a single particle type is quantitative
(albeit shadowing of lower MNP concentrations by the higher ones
can occur, requiring two-step reconstruction algorithms™®), the
“quantitativeness” of MPI multi-color imaging is still to be shown.
This originates from the fact that MPI signal differences for
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FIG. 1. MPI exploits the non-linear magnetization behavior of the particles by
using a selection field that saturates all the particles except those in the FFR.
The FFR is shifted over the sample by a drive field, to which the particles in the
FFR respond. From Dhavalikar et al., “Image-guided thermal therapy using
magnetic particle imaging and magnetic fluid hyperthermia,” in Nanomaterials
for Magnetic and Optical Hyperthermia Applications. Copyright 2019 Elsevier.
Reprinted with permission from Elsevier.

varying particle types (optimized for MPI performance) are rather
small, making their separation more difficult. This could be tackled
by increasing the number of MPI measurements by, e.g., perform-
ing MPI experiments for varying parameters of the applied fields to
enhance the information content in the measurements. An
example thereof is the work of Viereck et al.*’ who introduced a
dual-frequency acquisition scheme for multi-color MPI to increase
the differences in the MPI signal for MNP binding state estimation
compared to the single frequency approach. By exploiting the
frequency-dependent response of the nanoparticles, they could
qualitatively retrieve the particle’s viscosity and amount in 1D.
Multi-color imaging was recently shown to be quantitative in dis-
cerning between free or internalized MNPs in cells in vitro™ due to
significant changes in the particles’ response when taken up by
cells. This result also stresses the fact that changes in particle sur-
roundings or particle-particle interactions can result in image inac-
curacies or artifacts.”

Another challenge of multi-color MPI is the time-consuming
calibration measurements that need to be performed for each parti-
cle type, environmental condition (viscosity of the surroundings,
temperature, etc.), and magnetic field parameter. Such a library of
system response functions for different particle types and under
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varying circumstances is unpractical for theranostic applications.
Moreover, this calibration process should be repeated often to
correct matters, such as system drift or differences in particle
response to the applied fields due to changes in particle properties
over time. The number of measured calibration functions can be
reduced by assuming a linear impact of the varying parameter on
the MPI signal, as was recently done in Ref. 34 to monitor the tem-
perature distribution in liver ablation phantoms. There also exists
an alternative image reconstruction approach for MPI that does not
require the measurement of system response functions, referred to
as X-space MPL"” This framework has been used to directly extract
a relaxation time image from the MPI signal, in which the pixels
represent the time required to align the particles’ magnetic
moment with the direction of the applied field.”” When the parti-
cles can rotate freely, the magnetic moment can change direction
by a physical rotation of the particle, referred to as Brownian relax-
ation. Alternatively, the magnetic moment can alter its orientation
within the magnetic core itself, i.e., Néel relaxation. Because these
relaxation modes depend on particle properties, such as size, sur-
roundings, and temperature, the relaxation time image could be
used to discriminate between two particle types to obtain a 2D
qualitative image of the particle types without performing any cali-
bration measurements. It has also been employed to discern
between a single MNP type embedded in five viscosity environ-
ments in phantoms.”” Although the direct viscosity values could
not be retrieved, the change in viscosity could be imaged.
Nevertheless, particle-dependent fine-tuning of the magnetic drive
field amplitude and frequency for optimal spread between the mea-
sured signals of the different viscosity environments was still
needed. Recently, a phenomenological model based on the Fokker-
Planck equation allowed for the first time in MPI the simultaneous
imaging of MNP concentration, viscosity, and temperature in a
three-line phantom filled with different viscosity MNP samples at
different spatial distributions of temperature’® with the requirement
that the MNPs only expressed Brownian relaxation.

In order to be useful in a human setting, the imaging tech-
nique should have large field-of-views. At the moment, there are a
few large field-of-view examples in MPI, as most setups were built
for rats and mice. Nevertheless, recently, also, a human-sized brain
scanner for long-term stroke monitoring’”’ and a human torso
imager and a magnetic targeting setup”’ were developed, albeit at
the cost of a cruder resolution. As MPI directly measures the parti-
cles, no anatomical information is available. This information
might be necessary to correlate certain findings (e.g., tumor tissue)
or to increase imaging accuracy by confirming the particle’s loca-
tion using multiple techniques. Therefore, recently, also, multi-
modal imaging setups were introduced, such as an MPI-MRL,"’
which has been used for cardiovascular assessments,”> and
co-registration procedures with CT (computed tomography) and/
or MRI for anatomic reference images have been successfully per-
formed in, e.g., vascular perfusion imaging for traumatic brain
injury,43 acute stroke, ete.™

Other MNP imaging techniques, still in their infancy com-
pared to MPI, have in the last few years mainly focused on improv-
ing their imaging performance.””™"’ Nevertheless, they might also
contribute in advancing theranostic applications, as each technique
has its distinct advantages. For example, MRXi also developed a
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multi-color procedure that does allow quantitative reconstructions of
up to four particle types at a larger field-of-view, albeit at a coarser
resolution compared to MPI and using an offline reconstruction.”’
MRXi has been used to detect ovarian, prostate, and breast cancer
cell lines and was shown to be several orders of magnitude more sen-
sitive than a mammogram.”" It also has the advantage that a broader
range of particle types can be imaged, still showing significant differ-
ences in the measurements. Additionally, the particle imaging tech-
nique MSI offers promising up-scaling opportunities toward humans
and has already been successful at assessing 2D pharmacokinetics of
MNP in vivo in rats in real-time.”” Unfortunately, no MNP quantifi-
cation in vivo has been done with this technique. Combinations of
current MNP imaging techniques that could exploit their various
advantages and reduce their drawbacks have not fully been taken
advantage of (see Sec. I1I A).

B. MNP-based theranostic applications

In general, research in MNP imaging techniques has been
focused on improving the sensitivity and resolution of the imaging
techniques. Because the number of available imaging systems is
still small, it follows that clinical applications using these tech-
niques are limited. MPI, however, has recently entered the preclini-
cal research phase with the commercial availability of two MPI
systems. Therefore, this section is focused on MPI-enabled thera-
nostic approaches that are now starting to be explored.”

The MNPs used in MPI can have long circulation times in the
human body allowing for a prolonged registration of the particles,
tunable from hours up to several months. This is ideal for vascular
imaging, contrasting the nuclear tracers used in PET and SPECT,
which only last a few hours.” Vascular imaging is done in MPI by
either tracking a bolus of MNPs or blood pool agents as the MPI
signal is directly related to blood volume in a vessel.”” For example,
real-time perfusion imaging of stroke lesions,”* in which the MPI
signal decreased in the ischemic hemisphere, allows precise detec-
tion of the ischemic stroke of a few cubic millimeters with a similar
efficiency to a 7T animal MRI but with a considerably higher tem-
poral resolution. The advantage of long-lasting MNPs in MPI has
also been exploited in, e.g., the quantification of therapeutic effect
on tumors’® and the tracking of cells in cell-based therapies. In this
case, MNPs are taken up by or attached to the cell type of interest,
and the measured MPI signal correlates to the amount of cells at a
certain location. This way, islet cells in a possible cure of diabetes
type 1 have been visualized,”” and imaging was done of stem
cells”®*” for potential therapy of various diseases, such as stroke,
myocardial infarction, traumatic brain injury, and cancer. Similarly,
MRXi has been successfully used in visualizing tumors in vivo in
mice, as well as simultaneously determining the amount of MNPs
that arrived at the tumor for determining the efficacy of MNP
delivery or in analyzing the MNP circulation time in the body."’

A drawback, however, is that the injected MNPs, even when
targeted with recognition molecules or with the help of magnetic
fields, end up in other regions of the body besides the intended
ones. This is a key challenge for magnetic hyperthermia experi-
ments as collateral heat damage might occur in healthy tissues.
Another challenge faced by magnetic hyperthermia is accurate tem-
perature monitoring as temperature simulations do not grasp the
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full picture of the complex magnetic dynamics of the MNPs within
their in vivo environment. In most hyperthermia experiments, tem-
perature monitoring is done through fiber-optics probes, but these
have the disadvantage that they only measure the temperature at a
single point, instead of the complete region under treatment.
Moreover, the placement of these probes is highly invasive and
challenging for deep-seated tumors.”'

A possible alternative, magnetic resonance (MR) thermometry
(i.e., measuring the temperature with MRI) is not invasive but lacks
the required accuracy due to the particles’ impact on the MRI
signal.”” This stems from the fact that most MNP types result in
signal loss in MRI (T2 contrast agents, i.e., dark contrast imaging),
making their quantification very hard. T2 contrast agents also have
the difficulty that they cannot be distinguished from other artifact
signals caused by pathogenic conditions (internal bleeding, calcifica-
tion, etc.) or air-tissue boundaries.®® Therefore, MRI is also less suit-
able for (quantitative) MNP-based theranostic applications in
general. Nevertheless, the T2 contrast enhancement of MNPs has
been widely used in theranostic applications, such as tracking of cells
marked by MNPs”* and combined magnetic hyperthermia and
heat-induced release of anticancer drug in tumor treatment.”” To
overcome the intrinsic low sensitivity and poor specificity of MNP
contrast agents, research is being undertaken to develop MNPs as T1
(i.e., bright) contrast agents.”” Of specific interest are MNPs that
express both T1 and T2 relaxation, allowing one to validate their
location by imaging in both modes. A recent example thereof are
Feg ¢Mn 4O nanoflowers, clearly visible in both T1 and T2 images,
and which could induce tumor regression in breast cancer through
magnetic hyperthermia.’” One step further are dynamic T1-T2 dual-
modal contrast agents, in which the MNPs act as an T1 or T2 con-
trast agent depending on their state. Such a concept allows one to
additionally monitor therapy progress, which was successfully done
in work by Liang et al.*® in which the MNPs start initially as clusters
and disintegrate into smaller MNPs in tumor tissue, thereby intro-
ducing a shift from T2 to T1 contrast enhancement.”® A recent over-
view of MNPs altering their relaxation signal in response to a
specific change in their surrounding environment or state can be
found in Ref. 69. Most T1 or T1-T2 dual-modal contrast agents are
extremely specialized MNPs (compared to MNPs used in, e.g., MPI
and MRXi), hindering their translation from bench to bed side, as
answers to complex questions (scalability, toxicity, pharmacokinetics,
biodegradability, benefit vs cost, etc.) still need to be found.”>"”

Quantitative MNP imaging techniques could present a solution
to these challenges as they allow one to accurately locate MNPs and
to monitor the temperature distribution and ablated regions of the
tissue, thereby enabling safe and efficient heating. Moreover, when an
AME, suitable for hyperthermia experiments, is combined with the
static field of MPI, heating can be focused in the FFR only, assuring
that healthy tissues are spared.”’ Furthermore, the shape of the FFR,
and the resulting heating power, can be adapted, thereby enabling
tumor-optimized heating.”" When MNPs with heat-sensitive coatings,
carrying drugs, are used, also, spatially controlled drug release might
be achieved.”” Moreover, when combining localized heating with
drug release, a more efficient treatment can be achieved, while simul-
taneously minimizing systemic toxicity of the drug.

By fixing the FFR of an MPI setup on the tumor during a
magnetic hyperthermia experiment, localized heating of the tumor
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FIG. 2. When using MPI to image the MNPs, negligible heating was observed in the mouse thanks to the low frequency drive field (20 kHz) and raster trajectory of the
field-free line. When a high-frequency (354 kHz) oscillating field is applied without MPI gradients, all in vivo locations with MNPs heat up (thus damaging the healthy liver).
When MPI gradients are used, a field-free line is created on the location of the tumor, resulting in heating of the tumor, while the liver is spared. Additionally, a dual tumor

mouse demonstrates arbitrary user control of which tumor to heat by centering the
et al., ACS Nano 12, 3699-3713 (2018). Copyright 2018 American Chemical Society.

was realized in vivo, while the liver, 1 cm away and also containing
MNPs, was unharmed®” (see Fig. 2). Additionally, the authors of
Ref. 62 showed the potential of MPI to plan the delivered thermal
dose beforehand using the MPI image, which was also supported by
other studies.”””* Monitoring of the temperature using MPI was not
done in this study but could also be included in the future by switch-
ing between heating and temperature measurement modes, in which
the changes in MPI signal are related to a change in the temperature.
Other MPI imaging sequences might even allow simultaneous
(instead of sequential) heating, imaging, and monitoring,”” Recently,
an add-on module called HYPER, for a commercially available MPI
scanner, was brought to market that enables controlled heating on
millimeter-scales combined with real-time fiber optic temperature
monitoring,”® setting first steps toward full MPI-guided hyperthermia
in the future. MPI-guided hyperthermia would greatly reduce the
workload of current clinical hyperthermia studies.

The magnetic field gradients employed in MPI are not only
useful for localized heating, but can also be used, together with the
generated high magnetic field amplitudes, to apply forces for twist-
ing, bending, pushing, and pulling on the MNPs and other mag-
netic objects. MPI is a flexible magnetic field generator in various
directions, making it very useful as a general-purpose field applica-
tor for both magnetic targeting and imaging. MRI systems can also
switch between imaging and magnetic steering modes and have a
number of successful applications under the term magnetic reso-
nance navigation,””’® but these systems have smaller gradient fields
and less flexibility in the field direction compared to MPL*’

Most MPI-guided targeting applications under development
are in the field of interventional medicine for the steering of

field-free line above over the respective tumor. Reprinted with permission from Tay

instrumentation thanks to MPT’s excellent performance for quanti-
fying stenosis,”” balloon catheter tracking,”’ and stent placement
monitoring.”’ Magnetic steering and imaging of catheters when
maneuvering complex vasculature were realized in phantoms.”® In
this study, magnetic forces could be applied on the catheter to
direct it into the desired vessel branch by adding a soft magnetic
sphere on the catheter’s tip. Catheter visualization was possible by
attaching a small compartment containing a MNP powder, and the
vasculature was imaged simultaneously by filling the phantom with
a diluted MNP suspension. Not only catheters can be manipulated,
Nothnagel et al.** showed how a regular MPI imager can generate
forces of variable strength and direction for small softmagnetic
spheres and needles and allows automatic control of these devices
toward a desired position in phantoms based on MPI image infor-
mation.”” Also, a millimeter-sized magnetically coated swimmer
was successfully steered.”” Recently, a clinical scale MPI actuator
was built that performs magnetic targeting in human-sized objects
and was used to steer magnetic drills using high torques through gel
and tissue samples on specific trajectories.”’ This latter approach
might be useful in minimally invasive surgery and for the manipula-
tion of microrobots, as was recently successfully demonstrated by
the navigation of a magnetic micro-robot through a human cerebral
aneurysm phantom.**

Next to the steering of magnetic devices, also, MNPs can be
manipulated using MPI. As these particles are generally signifi-
cantly smaller, the generated forces also decrease severely, making
nanoparticle manipulation not straightforward, especially when the
MNPs need to be steered against blood streams or over biological
barriers. Recently, however, Griese et al.”” showed the possibility of
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navigating MNPs toward a narrowed or blocked vessel by stenosis
in a bifurcation phantom, while also visualizing the particles’ accu-
mulation on the stenosis.”” A mixture of micro- and nanoparticles
was used to have both adequate imaging as well as targeting perfor-
mance. Several phantom inflow speeds and stenosis degrees were
analyzed, and the results indicate that it might be feasible to resolve
a complete stenosis in medium-sized arteries using drug-loaded
MNPs. Intravenous injection of the drug without MNPs would
never reach the stenosis because the drug is drawn toward the
unblocked branch; hence, traditionally, a catheter is employed to
clear the clot. MNP-targeting might remove the need for invasive
procedures and might reduce the required drug dosage. The experi-
ments without stenosis also showed that MPI probably could be
used to move particles in larger branches, where blood flow is
increased, such as from the aorta to the carotid artery. Moreover, in
small arteries, it was possible to fix particles against the wall, which
is of importance for drug targeting applications.

Even though MPI is a promising modality for theranostic
applications, it is true that many factors come into play in making
MDT and/or magnetic hyperthermia truly feasible and successful.
It is of crucial importance to accurately know the properties of
the magnetic field (frequency, amplitude, gradient, etc.) and its
spatial arrangement with respect to the MNPs. In some cases,
unrealistic requirements are asked for the applied fields when
certain distances, forces, and/or heating are needed, making these
applications not feasible. Also, MNP properties, such as their
magnetic moment, coercivity, interactions, pharmacokinetics,
spatial arrangement, etc., play an important role and will set limi-
tations on the applications.

I1l. CHALLENGES AND OPPORTUNITIES

Sections I and IT show that MNPs are promising for a plethora
of theranostic applications. Nevertheless, there still are some chal-
lenges that need to be overcome in order to reach the MNPs’ full
theranostic potential. In this section, several opportunities that
might improve the MNPs performance in theranostic applications
are discussed together with the corresponding challenges.

A. Exploiting complex magnetic particle dynamics

Focus over the last years has been foremost on integrating
MPI with applications, such as magnetic hyperthermia or drug
targeting or improving application/imaging performance. The
latter was achieved mainly by particle and hardware enhancements
and innovative reconstruction algorithms. One aspect that has
remained underexposed is the information content that can be
retrieved from novel magnetic field sequences. In general, the mag-
netic fields employed in the applications or the imaging technique
did not undergo many adaptations, while significant improve-
ments can be realized from further exploitation of the rich MNP
magnetization dynamics.

For example, the main MNP imaging techniques (e.g., MPI,
MRXi, MSI) each use a different range of magnetization dynamics
of the MNPs. For instance, in MRXi, the delayed response of the
MNPs to a suddenly removed magnetic field pulse is measured,
which can be directly related to their relaxation time constant (see
Sec. II A). This information might be of value, for example, in MPI

PERSPECTIVE scitation.org/journalljap

experiments to assess the lag in the particles’ response to the FFR,
as this causes blurring effects that reduce the achievable resolution
(see Sec. II A). Tay et al.*® introduced pulsed MPI, a combination
of MRXi and MPI as a first step in this direction and showed how
it significantly improves the resolution of MPI in 2D line phantom
experiments.”® Subsequently, new hardware concepts were intro-
duced to further facilitate pulsed MPLY Additionally, the multi-
color procedures for MRXi, developed in Ref. 50, could be applied
to pulsed MPI to further improve multi-color imaging. Moreover,
the techniques that allow one to estimate the relaxation time cons-
tant in MPI (see Sec. II A) can be used as additional information to
increase the resolution of multi-color imaging further.”"***
Additionally, the differences between the obtained relaxation
time constants from different approaches can be used to quanti-
tatively assess the impact of the used magnetic fields in every
approach. Indeed, changes in relaxation time might be of value
in measuring the degree of dipolar interactions and other field
dependencies in the sample, which can impact application and
imaging performance.””>* """ In a recently developed MNP char-
acterization technique called thermal noise magnetometry,”" this
idea is carried to the extreme, as it uniquely measures the magnetic
noise originating from the thermally induced fluctuations in the
particles’ magnetization in the absence of any externally applied
field. It is shown that the obtained noise spectra carry similar infor-
mation as other characterization techniques.”” Additionally, this
technique offers a unique and sensitive window into the aggregation
state of the particles thanks to the underlying scaling laws of some
of the noise properties with respect to particle clustering. This can
be exploited in applications, e.g., to monitor the particle aggregation
in immunoassays with increased accuracy.”

Turning our attention again to nonzero fields, Sarangi
et al.,”* and later, Jaufenthaler et al.,”® showed how the relaxation
time was already affected by small direct current (DC) fields
(<100 4T) and their applied direction,” allowing one to improve
the reconstruction in MRXi. Similarly, the measured phase lag in
MSI is also related to these relaxation time constants and could
provide information on changes in particle dynamics and inter-
actions for the case of small AMFs. Taking these effects into
account would also result in an improved characterization of the
MNPs as this is often based on measuring the relaxation time
constants without consideration for the impact of magnetic field
properties and MNP interactions.””"”

One could envision a general imaging framework based on
combinations of MPI, MRXi, and MSI. Given the type of particles
and experimental conditions, one of them or a combination thereof
can be used to reach the desired specifications with respect to
imaging resolution, measurement time, and field-of-view. Starting
from sequences that are initially combinations of state-of-the-art
imaging sequences, a gradual extension toward sequences contain-
ing both temporally and spatially varying magnetic fields, such as
pulsed, gradient, static, and alternating current (AC) fields, can be
made. Such a system (i.e, a general magnetic field applicator)
would also facilitate the merging of different applications to create
a theranostic platform. For example, the required DC gradients for
magnetic targeting and the AC fields for magnetic hyperthermia
can be combined. Moreover, a more thorough characterization of
the MNPs can be performed by measuring their response to this
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versatile set of magnetic fields, allowing one to exploit the
strengths and to mitigate the weaknesses of each individual tech-
nique. We recently demonstrated this advantage by developing a
fitting procedure based on a combination of different magnetic
characterization measurements, each sensitive to a certain range
of magnetic dynamics.”® This way we could accurately determine
the properties of magnetic nanoflowers, which have the remark-
able feature that they display dynamics over a timescale spanning
5 orders of magnitude, making them very useful for a broad range
of applications. The obtained results of the combined fit were not
only consistent with each other, i.e., each of the individual charac-
terization data sets, but provided more detailed information (e.g.,
more finely resolved peaks in the MNP size distribution) in the
range accessible to multiple methods. An accurate characterization
is crucial to fine-tune platform settings toward specific MNP sizes,
agglomerates, particle interactions, or relaxation rates, boosting the
applications’ performance.

In this context, we recently improved the characterization per-
formance of MRX by using a pulsed sinusoidally or circularly polar-
ized AC field instead of a DC pulse.”” Intriguingly, the response of
the particles to such fields is very different depending on whether
the field amplitude is larger or smaller than a, particle-dependent,
critical value.'”” By increasing the field’s amplitude, more particles
fit this requirement and show a dynamical response that can be
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picked up by the sensors (illustrated by Fig. 3). By subtracting sub-
sequent MRX measurements, only the response of a specific parti-
cle type can be obtained. This way, it became possible for the first
time to accurately determine the size distribution of the particles,
while simultaneously retrieving their magnetic coercivity. These
properties are, for example, of interest for magnetic hyperthermia,
as the size and coercivity of the particles determine the optimal
applied field frequency and the resulting heat generation.
Inclusion of such a pulse in magnetic hyperthermia experiments
would allow for real-time characterization and fine-tuning of the
magnetic field toward an optimal heat generation. Such an
approach is also interesting to realize multi-color imaging without
the need to deconvolute the particles’ responses. This contrasts
previous approaches, which always required a model or software
deconvolution approach to discern the specific particle type infor-
mation in postprocessing.”*”*°? Instead, the presented approach
allows the different particle types to be independently activated,
thereby enabling the direct imaging of a specific particle type
without any pre- or postprocessing or calibration measurements
of the different particle types. This approach can readily be
applied to MRX imaging or pulsed MPI by replacing the currently
used DC pulses by sinusoidally varying field pulses. The sequence
could also be included in existing imaging sequences to increase
the knowledge of particle properties (and hence possibly optimize
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FIG. 3. Using a pulsed sine instead of a conventional constant pulse in MRX, it becomes possible to activate specific subsets of MNPs. By changing the amplitude of the
pulse, a different number of particle types respond to the pulse. (@) When a sine pulse with amplitude A; is applied, only the green particle type fulfills the requirements
and hence aligns to the pulse. When the pulse is removed, the sensors only measure the decaying magnetic signal of this particle type as the others are still randomly ori-
ented. (b) When a sine pulse with amplitude A; is applied, both the blue and green particle types respond and hence, both particle types contribute to the measurements.
(c) When a sine pulse with amplitude A3 is employed, all the particle types are activated and the decaying signal contains the signals of all the particles. By subtracting
subsequent measurements, individual MNP information can be retrieved. Reprinted from A. Coene and J. Leliaert, Sensors 20, 3882 (2020). Copyright 2020 Author(s),
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experiment settings) and/or to selectively activate a set of particle
types. Note that it is not necessarily needed to subtract subsequent
measurements, as the differences between the set of activated particle
types between measurements can be interpreted using a model-based
reconstruction.

The application of various magnetic field sequences does not
only facilitate the merger of various applications, it also allows one
to improve their effectiveness. As shown in the previous paragraph,
magnetic hyperthermia relies on an accurate characterization of the
MNPs to fine-tune the magnetic field frequency and amplitude. To
this end, it is essential to be able to assess the particle’s state given
the observed discrepancy between in vivo and in vitro heating perfor-
mance, attributed to particle clustering inside the cell'”’ or to a
change in the particle’s mobility due to, e.g., proteins attaching to
the MNPs.'”” How the magnetic dynamics are altered in vivo can be
exposed by these magnetic field sequences and would allow for more
targeted heating optimization by adapting the therapy parameters in
operando. Also useful in this context is the fact that heat generation
can be improved by using more complex excitation schemes instead
of the commonly employed linearly polarized sinusoidal field.
Déjardin et al.'” suggest that the addition of a small DC magnetic
field impacts the heat generation depending on the particle interac-
tions.'”” Indeed, the DC magnetic field might induce specific MNP
configurations, such as chains or clusters, which impact the MNPs’
performance in several applications.”>*>'%*~'” The influence of
dipolar interactions and DC fields was also recently experimentally
observed in AC susceptibility and hysteresis experiments, indicating
an improved heating for magnetic hyperthermia.'”*™"'" A small
body of work used rotating magnetic fields in hyperthermia
experiments.1 "" In numerical simulations, it was shown that
enhanced heating performance (by 30%-40% compared to stan-
dard AMF hyperthermia) can be realized for both strongly or
weakly interacting MNPs, partially attributed to the fact that a
wider diameter range of the MNPs can contribute to the
heating.''” Previous studies indicate that a significant improve-
ment can be achieved with small alterations to the applied mag-
netic field, holding promise for more complex spatial and
temporal varying field sequences. As another example of the ver-
satility in responses that can be achieved with complex field exci-
tations, Wells et al.”” demonstrated that the Lissajous imaging
sequence in MPI can also be used for hyperthermia purposes,
which would allow possible simultaneous heating and imaging.”
The analysis of the multitude of fields currently under study is,
therefore, also critical from a safety viewpoint to assure no unde-
sired heating occurs in other applications.

Also, other theranostic applications, such as MDT, could
benefit from complex magnetic field patterns. MDT experiments
and simulations so far have only focused on magnetic field gradients
(with the exception of MPI-based studies). Nevertheless, combina-
tions of fields could induce/break up MNP clusters or chains, allow-
ing for larger/smaller forces acting on the MNP. Also, the timing of
these fields is important, as it was observed, for example, that chain
length and corresponding targeting speed of certain particle types
are related to field application time.''” The fields can also induce
particle shape variations, impacting drug release. Similarly, magnetic
field sequences can be used to exploit multi-color information to,
e.g., visualize the release rate/state of a drug.
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One step further down this road is the modeling of the magne-
tization responses to these complex magnetic field patterns. This can
be done by starting from the underlying micromagnetic dynamics
described by the stochastic Landau-Lifshitz-Gilbert equation.
Micromagnetism''* is a powerful framework that allows one to
investigate magnetization dynamics on the nanometer to micrometer
length scale, in response to any excitation. In principle, it allows one
to study any magnetic structure, including nanoparticles with inter-
nal structures. Notable examples are particles consisting of nano-
rods,'"” parallelepiped-shaped crystallites,''® or particles with a core—
shell structure,’'” possibly with spin disorder in the shell.'"®
However, because of the relatively long timescales involved in bio-
medical applications, this approach is a computationally intensive
endeavor."” Especially for structures displaying complex internal
magnetization dynamics, such as the dynamics of magnetic vortices
in a nanodisk as an alternative to magnetic nanoparticles in hyper-
thermia,'*’ graphics processing unit (GPU) accelerated micromag-
netic software'”""'** is an almost indispensable tool.

For typical magnetic nanoparticles, the numerical problem
can be simplified and calculated with traditional central processing
unit (CPU) codes by assuming that the particles are uniformly
magnetized.'”'** Within such a macrospin approach, all relevant
physics, like the emergent switching times under the complex con-
ditions of interacting nanoparticles at nonzero temperatures, are
automatically included. Otherwise, they have to be accounted for
using statistical models,'”” making the macrospin approach very
versatile. Furthermore, such numerical approaches allow one to
access quantities that are very difficult to assess experimentally.
One example is the heat generated by each individual particle in an
ensemble.'”>'*” To illustrate the relation of such numerical results
to real-world applications, a recent study by one of the authors'*’
showed that a more homogeneous heat distribution could be
obtained at larger applied field intensities despite a constant total
amount of generated heat (see Fig. 4). This offers a pathway to mit-
igate the long-standing problem of hot-spots in hyperthermia.

CPU-codes allow one to deepen our insight in the magnetization
dynamics of modestly sized ensembles of nanoparticles. However,
when performing multi-physics simulations, e.g., in which the
mechanical rotations and magnetization dynamics are coupled, of
large ensembles of particles, the use of GPU-accelerated software
again is warranted. For instance, Cabrera et al.'*® consider the
influence of the viscosity of the medium on the low frequency hys-
teresis loops of magnetic colloids consisting of iron oxide or cobalt
ferrite nanocubes of different sizes and chemical composition.
Their results show that such numerical work can help to under-
stand the sensitivity of the heat dissipation toward viscosity,
thereby allowing to engineer particles that are affected as little as
possible by changes in their environment. This constitutes a step
toward maximizing the in vivo heat dissipation from magnetic
nanoparticles, where they are subjected to the complex dynamic
environment of living tissue.

To realize the vision of a theranostic platform, a significant
challenge needs to be addressed related to the hardware aspects of
an all-round magnetic field generator with respect to appropriate
power and system design and in some cases shielding of magnetom-
eters. As a final point, we would like to stress that care needs to be
taken to not excessively lengthen measurement time by introducing
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FIG. 4. The equation shown at the top right can be used to resolve the individ-
ual heat dissipation of interacting nanoparticles at nonzero temperature. The
green and purple lines show the individual heat dissipated in each of two inter-
acting magnetic nanoparticles with different anisotropy constants. The heating
tends to become more uniformly distributed for larger fields. Reprinted from
Leliaert et al, Nanoscale 13, 14734-14744 (2021). Copyright 2021 Royal
Society of Chemistry.

a plethora of consecutive magnetic field patterns. Consequently,
research should also be conducted toward optimized magnetic field
sequences that both maximize the desired information content in
the measurement signals (and/or application performance) and
minimize the measurement (and/or treatment) time.

B. Smart theranostics

Up until now, focus in the literature has mostly been on the
hardware side of integrating the imaging modality with its sup-
porting application(s). Current MNP-based theranostic applica-
tions at most make use of an imaging model that relates the
measurement signal to a spatial particle distribution, even though
many models of MNP-based applications with various complexi-
ties are available.'”'* Adding these application models next to
the imaging model would result in a significant safety and effi-
ciency gain as, e.g., the generated temperature and the displace-
ment of the particles could be estimated. Building on the concepts
introduced in Sec. III A, which aimed to increase the information
content in the measurement signals, MNP-based theranostics can
be made smart by introducing these models in the platforms.
There, they exploit the information content in the measurement
signals and provide the system with the ability to anticipate and
to intelligently use this information.

Even more groundbreaking results are to be expected by the
combined use of these models in which the generated knowledge
by the individual models can be passed on to the other models in
the system as a priori information and also be used to provide feed-
back to one another. In this case, for example, predictions on loca-
tions of the particles from the imaging model can be fed to an
application model of magnetic hyperthermia or targeting to
improve its performance. Vice versa, a predicted displacement of
the particles by a magnetic targeting model can be used in the
imaging model, or an estimated temperature increase can be taken

PERSPECTIVE scitation.org/journalljap

into account by the imaging model to foresee a change in particle
response, while remaining at the same location.

Such an approach could reduce the issue of uncontrollable
temperature rises in magnetic hyperthermia,'*” where, for example,
in clinical trials, temperatures of 82 °C were measured in the treat-
ment of patients having glioblastoma (a very aggressive brain
cancer)."”” In this case, a magnetic hyperthermia model could be
employed, which anticipates the temperature increase starting from
the predicted MNP locations by the imaging model. In turn, this
response could be coupled to a magnetic field model, which adapts
the currents in the coils, to ensure suitable magnetic field parame-
ters to allow safe hyperthermia. As an additional check, the tech-
niques from multi-color MPI could be exploited to estimate the
temperature of the sample. Similarly, in recent work, we showed the
advantages of linking predictions of a magnetic nanoparticle target-
ing model to a control algorithm of the coils to generate specific
magnetic forces on the particles.”' This approach made it possible
to mitigate dispersion of the nanoparticles and to bring them to
their desired location, following the shortest path under minimal
coil energy requirements and keeping in mind the limitations of the
coils. Figure 5 illustrates another example of the positive impact of
feedback mechanisms. In this case, information on spatial tissue
properties (from, e.g, an MRI or multi-color MPI/MRXi tech-
niques) is used to improve MNP image reconstruction results.
Simulations for particles embedded in 2% agar (red) and 5% gelatin
(blue) gel environments, respectively, show a similar MRX signal.
When both environments are close to each other and filled with
MNPs [Fig. 5(a)], it becomes very difficult to separate both particle
signals, deteriorating the reconstruction quality [Fig. 5(b)]. MRXi
reconstruction results can, however, be significantly improved
[Fig. 5(c)] by limiting the reconstruction region of a specific particle
response (i.e., agar or gelatin) based on information of the gels’ loca-
tion obtained from the map [Fig. 5(d)] .

The innovative use of feedback mechanisms between the
models is very promising. Nevertheless, it needs to be carefully
analyzed which feedback aspects should be included as not to
worsen performance or to make the system unstable when inaccu-
rate information is passed on. One way to resolve this issue is to
analyze multiple information channels on the same parameter.
For example, MPI multi-color techniques could be exploited to
estimate the temperature, which can be compared to temperature
estimations of the magnetic hyperthermia model. When both are
in agreement with each other, the feedback can be used in other
models, and if this is not the case, other information channels of
this parameter could be exploited to improve the accuracy of the
feedback or, when no additional channels are available, the feed-
back can be ignored.

Another point of attention concerns the ability of having
real-time imaging and application information to ensure the
system’s continuous safety and efficiency. There is a trade-off
between the accuracy and computation speed of results obtained,
e.g., from slow but accurate complex models and fast, but less reli-
able ones. It should, therefore, be investigated how models of
varying complexities can interact with each other to ensure suffi-
ciently accurate results without jeopardizing the feasibility of real-
time decision making. Such modeling approaches with adaptive
complexity are not only useful for theranostic applications but
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FIG. 5. When MNPs are embedded in 2% agar and 5% gelatin, respectively, the resulting MRXi signals vary only slightly. (a) In this phantom, MNPs embedded in agar
(red) and in gelatin (blue) are also in close spatial proximity, which further complicates the separation of their signals. (b) The reconstruction of the phantom from panel (a)
using MRXi, shows that it is hard to differentiate between the particles in both environments. (c) MRXi reconstruction performance can be significantly improved by exploit-
ing the information on tissue properties from other modalities, such as a viscosity map as depicted in panel (d). By limiting the reconstruction to each respective environ-
ment, an accurate representation of the particles can be retrieved. (d) The gel map presents the spatial variation of both gel types (in red for 2% agar, blue for 5% gelatin)
but has no information on particle locations and is used in defining the spatial reconstruction boundaries for each signal type.

could possibly also push forward stand-alone MNP-based applica-
tions toward real-time assessments.

In MNP imaging, a few hybrid modeling examples can be
found with the aim to reduce the measurement time of the system
response function by combining an analytical model with measure-
ments' > or by merging different measurement sets,’”” and also,
model transformations have been suggested for reducing model
complexity.*>'**'**>  Unfortunately, up until now, interacting
models with varying complexities have not been pursued. One pos-
sible way to include this interaction is through a two-level (or
more) response and parameter mapping-based (RPM) methods.'*
Here, use is made of both a fine, accurate model and a coarser
model with less accuracy. Through finding the solution (e.g., the
particle distribution in imaging), the coarser model is iteratively
refined until it has a similar fidelity as the fine model, but with the
advantage of finding solutions at the speed similar to the coarser
model. In retrieving this surrogate model, only a limited number of
evaluations with the fine model are required to improve the surro-
gate model, while the surrogate model is used to explore the possi-
ble solutions. The surrogate model is enhanced by optimizing the
mappings between the input (P) and output (S) space of the coarse
and fine model; see Fig. 6. This figure shows an example of how
RPM methods could be used to provide an answer on how a fine
and coarse model should interact to enable real-time and accurate
imaging. The coarser model could, for example, be a low-resolution
system function or a simple analytical formulation, while the fine
model could be a high-resolution system function.

C. Introducing (hybrid) data-driven models
in theranostics

Exploiting the particle dynamics (Sec. IIT A) and the use of
model-based feedback in theranostics (Sec. III B) inevitably go
hand in hand with a significant increase in the types and
amount of data. How to cope with the varying data aspects and

to utilize the available information to the fullest is touched upon
in this section.

Most models used in magnetic nanoparticle applications are
based on physics.'”*>''»'*’ Generally, these models are able to
describe the overall dynamics of the system well for a broad range
of parameters and are robust against uncertainties in the inputs.
However, sometimes the predicted output deviates from the actual
result due to invalid assumptions or simplifications of the model.
Alternatively, so-called black-box models can be built, which are
completely driven by data without any knowledge of the underlying
physics. One example of this approach is the use of “system
response functions” in MPI and MRXi’*? (see Sec. 111 A). Deep
learning (DL) techniques'”” are commonly used in other research
fields as black-box models. The term “deep” refers to the large
number of transformations performed in a layered fashion on the
data to transform the input to the desired output. These transfor-
mations are, for example, projections, translations, or nonlinear
operations. The respective parameters of each transformation are
learned by providing the DL model with a training set consisting of
true input (e.g., an MPI measurement signal) and output (e.g., a
corresponding spatial MNP distribution) pairs. Contrasting
physics-based models, DL models match measurements very well
when the measurements are under similar experimental conditions
as the measurements that were used in training (e.g., similar tem-
peratures, particles, etc.); however, once outside the training region,
DL models typically perform less well. This contrasts physics-based
models, which are more robust toward measurements outside the
training region as compared to DL models.

DL models that are commonly employed and could be of spe-
cific interest for MNP-based theranostics are recurrent neural net-
works since they capture the nonlinear dynamics in time series'**
and are, therefore, perfectly suited to learn the MNP dynamics
occurring in applications. Nevertheless, recurrent neural networks
have not yet been applied in our field. Also of value are convolu-
tional neural networks,'”” which have been successfully used in
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FIG. 6. An example of how RPM methods can be used in the case of imaging to determine how models with varying complexities need to interact with each other to
ensure accurate and real-time imaging. In RPM methods, mappings between the inputs (P) and outputs (S) of a fine and coarse model are optimized so that a surrogate
model is found with an accuracy similar to the fine model and a speed similar to the coarse model.

data classification, pattern recognition, and inverse problems, such
as image reconstruction. Only a very recent attempt of applying
convolutional networks in MNP-based applications by Baltruschat
et al."*® can be found. In this work, super-resolution convolutional
neural networks are employed to retrieve a high-resolution system
function to be used in MPI reconstruction starting from measure-
ments of a low-resolution system function. This approach reduces
system calibration time and at the same time provides quantitative,
high-resolution images with a fast processing time.

Conveniently, DL models could also be an asset in handling
the very large amounts of data that are inextricably linked with a
theranostic platform. For example, DL models allow automatic
feature extraction, ie., selecting those representations of the data
that contain the most information; moreover, they are able to
reduce the dimensionality of the data, resulting in a faster operation
of the platform and again identifying those data components of
interest to the decision support algorithms."”” DL has also found
its use in the denoising of datasets and in regularizing.'*'

A disadvantage of DL models is that they require sufficient
ground truth data sets (MNP heating vs applied magnetic field,
MNP location vs magnetic measurement signals, etc.), while gener-
ally, these data in our field are still scarce. Moreover, especially con-
cerning in vivo experiments, it becomes very difficult to correlate
certain findings as many (often patient-depended) factors come into
play, which are also not always registered, such as the patient-
dependent interaction of the MNPs with the body, inaccurately
known MNP/tissue/artery properties and mapping, unknown actual
spatial temperature distribution, etc. DL techniques might help in
finding correlations between input and output data as virtual
sensors. Recent advances toward overcoming data scarcity have
been set for MPI with the introduction of the magnetic particle

imaging data format (MDF),'** an open document standard for the

storage of MPI data, and the OpenMPIData initiative,"*> which con-
tains freely accessible MPI data of phantoms with specific chal-
lenges. Still certified protocols and common procedures need to be
developed to ensure the availability of fair and correct data. Other
MNP-based applications have not yet devoted attention to open
data and standardization, although improvements are under way
among others in the context of European projects and ISO stan-
dards for standardizing procedures in magnetic hyperthermia exper-
iments and in other magnetic measurements.'**'*> For example, the
European COST action RADIOMAG analyzed the differences in
calculated SLP (specific loss power)/ILP (intrinsic loss power) values
among 21 laboratories across Europe for identical particle samples,
which unraveled a lack of harmonization in heating characterization
measurements and highlighted the need for standardized, quantita-
tive characterization techniques.'*® Another issue with DL models is
the concerns raised about interpretability and accountability, as they
are trained on specific cases and present relevant shortcomings in
terms of explainability, replicability, and, ultimately, trustworthiness.
Especially in the medical environment of theranostic setups, afore-
mentioned points are crucial.

To overcome previously mentioned disadvantages of DL models,
currently hindering the adoption of DL in our field, we propose
hybrid or so-called gray-box models as a solution. These combine
the extrapolation capabilities of physics-inspired models (robust
over a large domain, albeit with a lower accuracy) with the regres-
sion capabilities of data-driven models (accurate on similar data as
the training data). This way, incomplete models and incomplete
data suffice to make accurate predictions or gain scientific insights.
Different approaches of combining physics and DL can be found
in the literature. For example, physics-informed neural networks
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TABLE I. Defined hyperparameters of the fully connected NN. SGD stands for sto-
chastic gradient descent and ReLU for a rectified linear unit.
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150,151 . . ..
system parameters,'” allowing to improve currently existing

models and, e.g., find unknown nanoparticle dynamics.
An approach, similar to the physics-informed neural networks

Input units (nqmber of measurements) 2592 described above, but only working on a single measurement, i.e.,
H1dd'en units 874 not yet hybrid, is the so-called Deep Image Prior (DIP)."”” The
Dropout rate in a h1d§en layer 0-5 DIP is specifically useful for solving ill-posed inverse problems.'””
. Activation functlon. ReLU In DIP, the parameters of the neural network are determined
Output units (nurpl:fer of vo?(els in a sample) >4 based on this single measurement, with the aim that the results
Trz.unu.lg entries 90000 found using the network correspond to the minimization of a
\F/Flu.ia.tlon entr}lles 9 000 prior. Hence, the regularization is encoded in the determined
raining €pochs 200 architecture of the network. The DIP approach was adapted by
Lee}rnlng rate 0.05 Dittmer et al."”” to be used in MPI reconstructions, which showed
Learning rate decay Reduce by 20%/epoch superior or similar reconstruction quality compared to traditional
Batc'h suze ) 100 MPI reconstruction methods.”* Up until now, full hybrid tech-
. Optimizer SGD with momentum niques have not been introduced in our field and would be a

Noise level measurements 5dB

constrain the structure of the DL model based on physical laws
(e.g., conservation principles),””” while another class directly
employs physics-based layers in a DL model'*® or, alternatively,
the DL model is used in compensating prediction discrepancies of
the used physics-based model.'*” Grey-box approaches were
shown to typically require significantly less training data compared
to black-box models and could reveal unknown dynamics and

Actual

3cm

Hybrid NN
distribution reconstruction reconstruction reconstruction

game-changer, significantly improving current imaging and appli-
cation models. Moreover, hybrid systems provide ways to gather
insights in the choices made by the black-box part of the model,
increasing the interpretability of the data-driven system and of the
dynamics occurring in the system.'””

As a simple example to show the power of the hybrid
approach, we combined a well-known physics-based model of an
MRX imagerm’ with a fully connected neural network (NN)"*” and
compare its performance in noisy simulations to using solely the
NN without any physics knowledge and to using solely the physics-
based MRXi model."”” The implementation was done in Keras.'*®

Physics-based [mg Fe]

6
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FIG. 7. The imager described in Ref. 156 allows sample sizes up to (top, middle, bottom) 3 x 6 x 3cm®. The physics-based model associated with the imager was
employed to generate measurements of various MNP distributions in training and validation with added white Gaussian noise to realize signals with a SNR of 5 dB. A spe-
cific MNP distribution is shown (first column) with its associated reconstructions for a hybrid (second column), NN (third column), and physics-based (fourth column)

approach. '’
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Measurements were generated for various MNP distributions using
the physics-based model with added white Gaussian noise to
achieve a SNR of 5 dB for both training (90 000 samples) as well as
validation (9000 samples). For the NN, a single hidden layer was
used, and it has the generated measurements as input (2592 ele-
ments) with a spatial MNP distribution as output (54 elements).
See Table I for the hyperparameters of the NN. Note that it is
expected that more advanced DL configurations would have an
increased impact. Especially, the convolutional neural network as
discussed before in the case of imaging more easily captures spatial
relations and requires less parameters for a similar performance.
This example rather serves to show that the combination of
physics-based and data-driven models can enhance the perfor-
mance compared to its stand-alone counterparts. In the hybrid
model, the NN receives the input of the physics-based model,
which partly relieves the NN from learning the underlying physics.
Therefore, the input units of the NN in the hybrid approach are
lowered to 2 x 54 as it receives the proposed MNP distribution
from the physics-based model and the MNP distribution associated
with the difference between the measurement and the measurement
generated from the physics-based model. Figure 7 shows a signifi-
cant improvement in reconstruction quality when a hybrid
approach is pursued, achieving a mean squared error (MSE) of
0.0012 between the actual MNP distribution and the hybrid recon-
struction, whereas solely data-driven or physics-based reconstruc-
tions result in a MSE of 0.0022 and 0.015, respectively. Across the
validation set, a superior performance was seen for the hybrid
approach with an average reduction in MSE of 29% compared to
NN reconstructions and 49% to physics-based reconstructions. To
explore the full extent of improvements that can be made using
such approaches certainly requires additional research using actual
measurements and more complex DL techniques.

As data-driven and hybrid models are still rather unexplored
territory in our field, this research track contains many uncertain-
ties and risks, but given the outstanding performance of data-
driven alternatives compared to the traditional techniques in many
fields, such as system identification and imaging and the success of
hybrid models on limited data sets, it also has a huge potential in
improving the performance of a theranostic platform and in deter-
mining which data should be acted upon by the system.

IV. CONCLUSIONS

In this Perspective, we highlighted open challenges and oppor-
tunities that could significantly advance MNP-based theranostics.
Contrasting other literature works, which rather focus on required
MNP developments, here, the underlying magnetic imaging tech-
nique with its associated applications are addressed as they form an
important cornerstone of theranostic applications. First, an over-
view was given of recent advances in MNP imaging techniques
and, building upon this, how these techniques can be used in com-
bination with MDT and magnetic hyperthermia as a first step
toward theranostic applications.

In order to continue progress in this field, we show the ben-
efits of exploiting the rich magnetic dynamics of the MNPs by
introducing novel magnetic field sequences, as this allows one to
increase the information content on the MNPs in the signals,
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while simultaneously reducing measurement time so to allow the
practical realization of theranostic platforms. Moreover, innova-
tive combinations could also directly boost performance of, e.g.,
magnetic hyperthermia and MDT applications by initializing or
breaking up MNP clusters and modifying particle interactions.

A second opportunity that might stimulate progress is the
introduction of both imaging and application models in the thera-
nostic platform that provide feedback to one another. We demon-
strate how feedback can significantly increase the performance of
applications. Care needs to be taken to select accurate and useful
feedback to not jeopardize platform stability. In order to do so,
while maintaining real-time information, interacting models of dif-
ferent complexity levels need to be developed.

The first two aforementioned opportunities give rise to a
significant increase in measurement and computational data,
which opens up the pathway to the third opportunity, which is
the use of DL models to handle the vast differences in data, and
to perform automatic feature extraction and data dimensionality
reduction. These properties aid in selecting those data streams,
which are most beneficial for the platform, while ensuring fast
throughput of the data. Nevertheless, labeled data of the thera-
nostic platform are still scarce, complicating the training of these
techniques. One way to overcome this data requirement is the
introduction of hybrid DL techniques in our field that combine
physics-based as well as data-driven techniques with the addi-
tional advantages that unknown MNP dynamics can be retrieved
and the data-driven part of the theranostic platform can be made
interpretable. The latter is of paramount importance in a medical
environment. We applied the hybrid approach on imaging data
and showed a significant improvement in reconstruction quality
compared to a completely data-driven reconstruction or a physics-
based reconstruction.

As shown in this Perspective, the endless tailoring possibilities
of the MNPs together with the application of unlimited magnetic
field configurations for exploiting their complex dynamics, sup-
ported by smart and hybrid models, prove a promising as well as
challenging playground for further optimizing MNP-based thera-
nostics and hence opening up the pathway of these systems toward
clinical practice.

ACKNOWLEDGMENTS

A.C. (No. 12Z4722N) and J.L. (No. 12W7622N) are supported
by the Research Foundation—Flanders (FWO) through senior post-
doctoral research fellowships.
AUTHOR DECLARATIONS
Conflict of Interest

The authors have no conflicts to disclose.

NOMENCLATURE

AC alternating current

AMF alternating magnetic field
CPU central processing unit
CT computed tomography
DC direct current
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DIP deep image prior

DL deep learning

FFR field-free region

GPU graphics processing unit
ILP intrinsic loss power

MDF magnetic particle imaging data format
MDT magnetic drug targeting

MNP magnetic nanoparticle

MPI magnetic particle imaging

MR magnetic resonance

MRI magnetic resonance imaging

MRX magnetorelaxometry

MRXi  magnetorelaxometry imaging

MSE mean squared error

MSI magnetic susceptibility imaging

NN neural network

PET positron emission tomography

RPM response and parameter mapping

SLP specific loss power

SPECT  single-photon emission computed tomography

US ultrasound

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

REFERENCES

B. Pelaz, C. Alexiou, R. Alvarez-Puebla, F. Alves, A. Andrews, S. Ashraf,
L. Balogh, L. Ballerini, A. Bestetti, C. Brendel et al., “Diverse applications of
nanomedicine,” ACS Nano 11, 2313-2381 (2017).

2G. T. Tietjen and W. M. Saltzman, “Nanomedicine gets personal,” Sci. Transl.
Med. 7, 6387 (2015).

3K. Wu, D. Su, J. Liu, R. Saha, and J.-P. Wang, “Magnetic nanoparticles in nano-
medicine: A review of recent advances,” Nanotechnology 30, 502003 (2019).

“E. Y. Yu, M. Bishop, B. Zheng, R. M. Ferguson, A. P. Khandhar, S. J. Kemp,
K. M. Krishnan, P. W. Goodwill, and S. M. Conolly, “Magnetic particle imaging:
A novel in vivo imaging platform for cancer detection,” Nano Lett. 17, 1648-1654
(2017).

5M. Liebl, F. Wiekhorst, D. Eberbeck, P. Radon, D. Gutkelch, D. Baumgarten,
U. Steinhoff, and L. Trahms, “Magnetorelaxometry procedures for quantitative
imaging and characterization of magnetic nanoparticles in biomedical applica-
tions,” Biomed. Eng. Biomed. Tech. 60, 427-443 (2015).

B. W. Ficko, P. Giacometti, and S. G. Diamond, “Nonlinear susceptibility
magnitude imaging of magnetic nanoparticles,” J. Magn. Magn. Mater. 378,
267-277 (2015).

7M. Calabresi, C. Quini, J. Matos, G. Moretto, M. Americo, J. Graga, A. Santos,
R. Oliveira, D. Pina, and J. Miranda, “Alternate current biosusceptometry for the
assessment of gastric motility after proximal gastrectomy in rats: A feasibility
study,” Neurogastroenterol. Motil. 27, 1613-1620 (2015).

8x. Batlle, C. Moya, M. Escoda-Torroella, 0. Iglesias, A. Fraile Rodriguez, and
A. Labarta, “Magnetic nanoparticles: From the nanostructure to the physical
properties,” ]. Magn. Magn. Mater. 543, 168594 (2022).

P. Debbage and W. Jaschke, “Molecular imaging with nanoparticles: Giant roles
for dwarf actors,” Histochem. Cell Biol. 130, 845-875 (2008).

10g, Laurent, C. Henoumont, D. Stanicki, S. Boutry, E. Lipani, S. Belaid,
R. N. Muller, and L. Vander Elst, MRI Contrast Agents: From Molecules to Particles,
Springer Briefs in Applied Sciences and Technology—Nanotheranostics (Springer,
2016).

PERSPECTIVE scitation.org/journalljap

nr, Ersepke, T. C. Kranemann, and G. Schmitz, “On the performance of time
domain displacement estimators for magnetomotive ultrasound imaging,” IEEE
Trans. Ultrason. Ferroelectr. Freq. Control 66, 911-921 (2019).

121, Mariappan, Q. Shao, C. Jiang, K. Yu, S. Ashkenazi, J. C. Bischof, and B. He,
“Magneto acoustic tomography with short pulsed magnetic field for in-vivo
imaging of magnetic iron oxide nanoparticles,” Nanomed.: Nanotechnol. Biol.
Med. 12, 689-699 (2016).

13T H. Shin, Y. Choi, S. Kim, and J. Cheon, “Recent advances in magnetic
nanoparticle-based multi-modal imaging,” Chem. Soc. Rev. 44, 4501-4516
(2015).

T4E. A. Périgo, G. Hemery, O. Sandre, D. Ortega, E. Garaio, F. Plazaola, and
E.J. Teran, “Fundamentals and advances in magnetic hyperthermia,” Appl. Phys.
Rev. 2, €id041302 (2015).

T5R. M. Fratila and J. M. De La Fuente, Nanomaterials for Magnetic and Optical
Hyperthermia Applications (Elsevier, 2019).

161, Rubia-Rodriguez, A. Santana-Otero, S. Spassov, E. Tombécz, C. Johansson,
P. D. L. Presa, F. J. Teran, M. del Puerto Morales, S. Veintemillas-Verdaguer,
N. T. K. Thanh, M. O. Besenhard, C. Wilhelm, F. Gazeau, Q. Harmer, E. Mayes,
B. B. Manshian, S. J. Soenen, Y. Gu, A. Millan, E. K. Efthimiadou, J. Gaudet,
P. Goodwill, J. Mansfield, U. Steinhoff, J. Wells, F. Wiekhorst, and D. Ortega,
“Whither magnetic hyperthermia? A tentative roadmap,” Materials 14, 706
(2021).

7K. T. Al-Jamal, J. Bai, J. T.-W. Wang, A. Protti, P. Southern, L. Bogart,
H. Heidari, X. Li, A. Cakebread, D. Asker et al, “Magnetic drug targeting:
Preclinical in vivo studies, mathematical modeling, and extrapolation to humans,”
Nano Lett. 9, 5652-5660 (2016).

8N. Schleich, F. Danhier, and V. Préat, “Iron oxide-loaded nanotheranostics:
Major obstacles to in vivo studies and clinical translation,” J. Control. Release
198, 35-54 (2015).

195, M. Dadfar, K. Roemhild, N. I Drude, S. von Stillfried, R. Kniichel,
E. Kiessling, and T. Lammers, “Iron oxide nanoparticles: Diagnostic, therapeutic
and theranostic applications,” Adv. Drug Deliv. Rev. 138, 302-325 (2019).

200, L. Gobbo, K. Sjaastad, M. W. Radomski, Y. Volkov, and A. Prina-Mello,
“Magnetic nanoparticles in cancer theranostics,” Theranostics 5, 1249 (2015).
213, Zhao, X. Yu, Y. Qian, W. Chen, and J. Shen, “Multifunctional magnetic iron
oxide nanoparticles: An advanced platform for cancer theranostics,”
Theranostics 10, 6278 (2020).

22R. van der Meel, E. Sulheim, Y. Shi, F. Kiessling, W. J. Mulder, and T. Lammers,
“Smart cancer nanomedicine,” Nat. Nanotechnol. 14, 1007-1017 (2019).

23, Zhu, Z. Zhou, H. Mao, and L. Yang, “Magnetic nanoparticles for precision
oncology: Theranostic magnetic iron oxide nanoparticles for image-guided and
targeted cancer therapy,” Nanomedicine 12, 73-87 (2017).

247 Rahmer, A. Halkola, B. Gleich, I. Schmale, and J. Borgert, “First experimen-
tal evidence of the feasibility of multi-color magnetic particle imaging,” Phys.
Med. Biol. 60, 1775 (2015).

25 Haegele, S. Vaalma, N. Panagiotopoulos, J. Barkhausen, F. M. Vogt,
J. Borgert, and J. Rahmer, “Multi-color magnetic particle imaging for cardiovas-
cular interventions,” Phys. Med. Biol. 61, N415 (2016).

26, Rahmer, D. Wirtz, C. Bontus, J. Borgert, and B. Gleich, “Interactive mag-
netic catheter steering with 3D real-time feedback using multi-color magnetic
particle imaging,” IEEE Trans. Med. Imaging 36, 1449-1456 (2017).

27C. Stehning, B. Gleich, and J. Rahmer, “Simultaneous magnetic particle
imaging (MPI) and temperature mapping using multi-color MPL” Int. ]. Magn.
Part. Imaging 2, 1612001 (2016).

28)M. Boberg, N. Gdaniec, P. Szwargulski, F. Werner, M. Méddel, and T. Knopp,
“Simultaneous imaging of widely differing particle concentrations in MPI:
Problem statement and algorithmic proposal for improvement,” Phys. Med. Biol.
66, 095004 (2021).

29T, Viereck, C. Kuhlmann, S. Draack, M. Schilling, and F. Ludwig, “Dual-frequency
magnetic particle imaging of the Brownian particle contribution,” J. Magn. Magn.
Mater. 427, 156-161 (2017).

30H. Paysen, N. Loewa, A. Stach, J. Wells, O. Kosch, S. Twamley, M. R. Makowski,
T. Schaeffter, A. Ludwig, and F. Wiekhorst, “Cellular uptake of magnetic

J. Appl. Phys. 131, 160902 (2022); doi: 10.1063/5.0085202
Published under an exclusive license by AIP Publishing

131, 160902-14


https://doi.org/10.1021/acsnano.6b06040
https://doi.org/10.1126/scitranslmed.aad6645
https://doi.org/10.1126/scitranslmed.aad6645
https://doi.org/10.1088/1361-6528/ab4241
https://doi.org/10.1021/acs.nanolett.6b04865
https://doi.org/10.1515/bmt-2015-0055
https://doi.org/10.1016/j.jmmm.2014.11.049
https://doi.org/10.1111/nmo.12660
https://doi.org/10.1016/j.jmmm.2021.168594
https://doi.org/10.1007/s00418-008-0511-y
https://doi.org/10.1109/TUFFC.2019.2903885
https://doi.org/10.1109/TUFFC.2019.2903885
https://doi.org/10.1016/j.nano.2015.10.014
https://doi.org/10.1016/j.nano.2015.10.014
https://doi.org/10.1039/C4CS00345D
https://doi.org/10.1063/1.4935688
https://doi.org/10.1063/1.4935688
https://doi.org/10.3390/ma14040706
https://doi.org/10.1021/acs.nanolett.6b02261
https://doi.org/10.1016/j.jconrel.2014.11.024
https://doi.org/10.1016/j.addr.2019.01.005
https://doi.org/10.7150/thno.11544
https://doi.org/10.7150/thno.42564
https://doi.org/10.1038/s41565-019-0567-y
https://doi.org/10.2217/nnm-2016-0316
https://doi.org/10.1088/0031-9155/60/5/1775
https://doi.org/10.1088/0031-9155/60/5/1775
https://doi.org/10.1088/0031-9155/61/16/N415
https://doi.org/10.1109/TMI.2017.2679099
https://doi.org/10.18416/ijmpi.2016.1612001
https://doi.org/10.18416/ijmpi.2016.1612001
https://doi.org/10.1088/1361-6560/abf202
https://doi.org/10.1016/j.jmmm.2016.11.003
https://doi.org/10.1016/j.jmmm.2016.11.003
https://aip.scitation.org/journal/jap

Journal of

Applied Physics

nanoparticles imaged and quantified by magnetic particle imaging,” Sci. Rep.
10, 1922 (2020).

31E. Teeman, C. Shasha, J. E. Evans, and K. M. Krishnan, “Intracellular dynamics
of superparamagnetic iron oxide nanoparticles for magnetic particle imaging,”
Nanoscale 11, 7771-7780 (2019).

32N. Lowa, M. Seidel, P. Radon, and F. Wiekhorst, “Magnetic nanoparticles in
different biological environments analyzed by magnetic particle spectroscopy,”
J. Magn. Magn. Mater. 427, 133-138 (2017).

33K. Them, “On magnetic dipole-dipole interactions of nanoparticles in mag-
netic particle imaging,” Phys. Med. Biol. 62, 5623-5639 (2017).

341, Salamon, J. Dieckhoff, M. Kaul, C. Jung, G. Adam, M. Méddel, T. Knopp,
S. Draack, F. Ludwig, and H. Ittrich, “Visualization of spatial and temporal tem-
perature distributions with magnetic particle imaging for liver tumor ablation
therapy,” Sci. Rep. 10, 2849 (2020).

35p, Goodwill and S. Conolly, “Multidimensional x-space magnetic particle
imaging,” IEEE Trans. Med. Imaging 30, 1581-1590 (2011).

38Y. Muslu, M. Utkur, O. B. Demirel, and E. U. Saritas, “Calibration-free
relaxation-based multi-color magnetic particle imaging,” IEEE Trans. Med.
Imaging 37, 1920-1931 (2018).

37M. Utkur, Y. Muslu, and E. U. Saritas, “Relaxation-based color magnetic parti-
cle imaging for viscosity mapping,” Appl. Phys. Lett. 115, 152403 (2019).

38). Zhong, M. Schilling, and F. Ludwig, “Simultaneous imaging of magnetic
nanoparticle concentration, temperature, and viscosity,” Phys. Rev. Appl. 16,
054005 (2021).

39M. Griser, F. Thieben, P. Szwargulski, F. Werner, N. Gdaniec, M. Boberg,
F. Griese, M. M6ddel, P. Ludewig, D. van de Ven et al., “Human-sized magnetic
particle imaging for brain applications,” Nat. Commun. 10, 1 (2019).

“0J, Rahmer, C. Stehning, and B. Gleich, “Remote magnetic actuation using a
clinical scale system,” PLoS One 13, €0193546 (2018).

"1]‘ Franke, U. Heinen, H. Lehr, A. Weber, F. Jaspard, W. Ruhm, M. Heidenreich,
and V. Schulz, “System characterization of a highly integrated preclinical hybrid
MPI-MRI scanner,” IEEE Trans. Med. Imaging 35, 1993-2004 (2016).

“2] Franke, N. Baxan, H. Lehr, U. Heinen, S. Reinartz, ]. Schnorr, M. Heidenreich,
E. Kiessling, and V. Schulz, “Hybrid MPI-MRI system for dual-modal in situ car-
diovascular assessments of real-time 3D blood flow quantification—A pre-clinical
in vivo feasibility investigation,” IEEE Trans. Med. Imaging 39, 4335-4345 (2020).
“3R, Orendorff, A. J. Peck, B. Zheng, S. N. Shirazi, R. M. Ferguson,
A. P. Khandhar, S. J. Kemp, P. Goodwill, K. M. Krishnan, G. A. Brooks et al.,
“First in vivo traumatic brain injury imaging via magnetic particle imaging,”
Phys. Med. Biol. 62, 3501 (2017).

“4p. Ludewig, N. Gdaniec, J. Sedlacik, N. D. Forkert, P. Szwargulski,
M. Graeser, G. Adam, M. G. Kaul, K. M. Krishnan, R. M. Ferguson et al,
“Magnetic particle imaging for real-time perfusion imaging in acute stroke,”
ACS Nano 11, 10480-10488 (2017).

“5p. Schier, M. Liebl, U. Steinhoff, M. Handler, F. Wiekhorst, and
D. Baumgarten, “Optimizing excitation coil currents for advanced magnetorelax-
ometry imaging,” |. Math. Imaging Vis. 62, 238-252 (2020).

“®p, P, Schier, A. Coene, A. Jaufenthaler, and D. Baumgarten, “Evaluating selec-
tion criteria for optimized excitation coils in magnetorelaxometry imaging,”
Phys. Med. Biol. 66, 235001 (2021).

473, Sjostrand, M. Evertsson, and T. Jansson, “Magnetomotive ultrasound
imaging systems: Basic principles and first applications,” Ultrasound Med. Biol.
46, 2636-2650 (2020).

487 Coene, J. Leliaert, L. Dupré, and G. Crevecoeur, “Quantitative model selec-
tion for enhanced magnetic nanoparticle imaging in magnetorelaxometry,” Med.
Phys. 42, 6853-6862 (2015).

495, L. Thrower, S. Kandala, D. Fuentes, W. Stefan, N. J. Sowko, M.-X. Huang,
K. B. Mathieu, and J. D. Hazle, “A compressed sensing approach to immobilized
nanoparticle localization for superparamagnetic relaxometry,” Phys. Med. Biol.
64, 194001 (2019).

50A. Coene, J. Leliaert, M. Liebl, N. Lowa, U. Steinhoff, G. Crevecoeur, L. Dupré,
and F. Wiekhorst, “Multi-color magnetic nanoparticle imaging using magnetore-
laxometry,” Phys. Med. Biol. 62, 3139 (2017).

PERSPECTIVE scitation.org/journalljap

STH. J. Hathaway, K. S. Butler, N. L. Adolphi, D. M. Lovato, R. Belfon, D. Fegan,
T. C. Monson, J. E. Trujillo, T. E. Tessier, H. C. Bryant, D. L. Huber, R. S. Larson,
and E. R. Flynn, “Detection of breast cancer cells using targeted magnetic nano-
particles and ultra-sensitive magnetic field sensors,” Breast Cancer Res. 13, 578
(2011).

52G. A. Soares, A. G. Préspero, M. E. Calabresi, D. S. Rodrigues, L. G. Simoes,
C. C. Quini, R. R. Matos, L. A. Pinto, A. A. Sousa-Junior, A. F. Bakuzis,
P. A. Mancera, and J. R. A. Miranda, “Multichannel AC biosusceptometry
system to map biodistribution and assess the pharmacokinetic profile of mag-
netic nanoparticles by imaging,” IEEE Trans. Nanobiosci. 18, 456-462 (2019).
55T, Knopp, N. Gdaniec, and M. Méddel, “Magnetic particle imaging: From
proof of principle to preclinical applications,” Phys. Med. Biol. 62, R124 (2017).
54X. Y. Zhou, Z. W. Tay, P. Chandrasekharan, Y. Y. Elaine, D. W. Hensley,
R. Orendorff, K. E. Jeffris, D. Mai, B. Zheng, P. W. Goodwill et al., “Magnetic
particle imaging for radiation-free, sensitive and high-contrast vascular imaging
and cell tracking,” Curr. Opin. Chem. Biol. 45, 131-138 (2018).

S5L. Wu, Y. Zhang, G. Steinberg, H. Qu, S. Huang, M. Cheng, T. Bliss, E. Du,
J. Rao, G. Song et al., “A review of magnetic particle imaging and perspectives
on neuroimaging,” Am. J. Neuroradiol. 40, 206-212 (2019).

56K, 0. Jung, H. Jo, J. H. Yu, S. S. Gambhir, and G. Pratx, “Development and
MPI tracking of novel hypoxia-targeted theranostic exosomes,” Biomaterials 177,
139-148 (2018).

57p, Wang, P. W. Goodwill, P. Pandit, J. Gaudet, A. Ross, J. Wang, E. Yu,
D. W. Hensley, T. C. Doyle, C. H. Contag et al., “Magnetic particle imaging of
islet transplantation in the liver and under the kidney capsule in mouse models,”
Quant. Imaging Med. Surg. 8, 114 (2018).

58B. Zheng, P. Marc, E. Yu, B. Gunel, K. Lu, T. Vazin, D. V. Schaffer,
P. W. Goodwill, and S. M. Conolly, “Quantitative magnetic particle imaging
monitors the transplantation, biodistribution, and clearance of stem cells in
vivo,” Theranostics 6, 291 (2016).

59Q. Wang, X. Ma, H. Liao, Z. Liang, E. Li, J. Tian, and D. Ling, “Artificially
engineered cubic iron oxide nanoparticle as a high-performance magnetic parti-
cle imaging tracer for stem cell tracking,” ACS Nano 14, 2053-2062 (2020).

0L, P. De Haro, T. Karaulanov, E. C. Vreeland, B. Anderson, H. J. Hathaway,
D. L. Huber, A. N. Matlashov, C. P. Nettles, A. D. Price, T. C. Monson et al,
“Magnetic relaxometry as applied to sensitive cancer detection and localization,”
Biomed. Eng. Biomed. Tech. 60, 445-455 (2015).

®1R. Dhavalikar, A. C. Bohérquez, and C. Rinaldi, “Image-guided thermal
therapy using magnetic particle imaging and magnetic fluid hyperthermia,” in
Nanomaterials for Magnetic and Optical Hyperthermia Applications (Elsevier,
2019), pp. 265-286.

€27, W. Tay, P. Chandrasekharan, A. Chiu-Lam, D. W. Hensley, R. Dhavalikar,
X.Y. Zhou, E. Y. Yu, P. W. Goodwill, B. Zheng, C. Rinaldi et al., “Magnetic par-
ticle imaging-guided heating in vivo using gradient fields for arbitrary localiza-
tion of magnetic hyperthermia therapy,” ACS Nano 12, 3699-3713 (2018).

63]. Wahsner, E. M. Gale, A. Rodriguez-Rodriguez, and P. Caravan, “Chemistry
of MRI contrast agents: Current challenges and new frontiers,” Chem. Rev. 119,
957-1057 (2019).

s4y. Karimian-Jazi, P. Miinch, A. Alexander, M. Fischer, K. Pfleiderer,
M. Piechutta, M. A. Karreman, G. M. Solecki, A. S. Berghoff, M. Friedrich et al,
“Monitoring innate immune cell dynamics in the glioma microenvironment by
magnetic resonance imaging and multiphoton microscopy (MR-MPM),”
Theranostics 10, 1873 (2020).

851, Garcfa-Hevia, I. Casafont, J. Oliveira, N. Teran, M. L. Fanarraga, J. Gallo,
and M. Bafiobre-Lépez, “Magnetic lipid nanovehicles synergize the controlled
thermal release of chemotherapeutics with magnetic ablation while enabling
non-invasive monitoring by MRI for melanoma theranostics,” Bioact. Mater. 8,
153-164 (2022).

€8M. Jeon, M. V. Halbert, Z. R. Stephen, and M. Zhang, “Iron oxide nanoparti-
cles as T1 contrast agents for magnetic resonance imaging: Fundamentals, chal-
lenges, applications, and prospectives,” Adv. Mater. 33, 1906539 (2021).

67X. L. Liu, C. T. Ng, P. Chandrasekharan, H. T. Yang, L. Y. Zhao, E. Peng,
Y. B. Lv, W. Xiao, J. Fang, J. B. Yi, H. Zhang, K.-H. Chuang, B. H. Bay, J. Ding,

J. Appl. Phys. 131, 160902 (2022); doi: 10.1063/5.0085202
Published under an exclusive license by AIP Publishing

131, 160902-15


https://doi.org/10.1038/s41598-020-58853-3
https://doi.org/10.1039/C9NR01395D
https://doi.org/10.1016/j.jmmm.2016.10.096
https://doi.org/10.1088/1361-6560/aa70ca
https://doi.org/10.1038/s41598-020-64280-1
https://doi.org/10.1109/TMI.2011.2125982
https://doi.org/10.1109/TMI.2018.2818261
https://doi.org/10.1109/TMI.2018.2818261
https://doi.org/10.1063/1.5110475
https://doi.org/10.1103/PhysRevApplied.16.054005
https://doi.org/10.1038/s41467-018-07882-8
https://doi.org/10.1371/journal.pone.0193546
https://doi.org/10.1109/TMI.2016.2542041
https://doi.org/10.1109/TMI.2020.3017160
https://doi.org/10.1088/1361-6560/aa52ad
https://doi.org/10.1021/acsnano.7b05784
https://doi.org/10.1007/s10851-019-00934-8
https://doi.org/10.1088/1361-6560/ac36e8
https://doi.org/10.1016/j.ultrasmedbio.2020.06.014
https://doi.org/10.1118/1.4935147
https://doi.org/10.1118/1.4935147
https://doi.org/10.1088/1361-6560/ab3c06
https://doi.org/10.1088/1361-6560/aa5e90
https://doi.org/10.1186/bcr3050
https://doi.org/10.1109/TNB.2019.2912073
https://doi.org/10.1088/1361-6560/aa6c99
https://doi.org/10.1016/j.cbpa.2018.04.014
https://doi.org/10.3174/ajnr.A5896
https://doi.org/10.1016/j.biomaterials.2018.05.048
https://doi.org/10.21037/qims.2018.02.06
https://doi.org/10.7150/thno.13728
https://doi.org/10.1021/acsnano.9b08660
https://doi.org/10.1515/bmt-2015-0053
https://doi.org/10.1021/acsnano.8b00893
https://doi.org/10.1021/acs.chemrev.8b00363
https://doi.org/10.7150/thno.38659
https://doi.org/10.1016/j.bioactmat.2021.06.009
https://doi.org/10.1002/adma.201906539
https://aip.scitation.org/journal/jap

Journal of

Applied Physics

and H. M. Fan, “Synthesis of ferromagnetic FeysMny 4 nanoflowers as a new
class of magnetic theranostic platform for in vivo T1-T2 dual-mode magnetic
resonance imaging and magnetic hyperthermia therapy,” Adv. Healthc. Mater. 5,
2092-2104 (2016).

8H. Liang, J. Guo, Y. Shi, G. Zhao, S. Sun, and X. Sun, “Porous yolk-shell Fe/
Fe;O4 nanoparticles with controlled exposure of highly active Fe(0) for cancer
therapy,” Biomaterials 268, 120530 (2021).

69S. Fu, Z. Cai, and H. Ai, “Stimulus-responsive nanoparticle magnetic reso-
nance imaging contrast agents: Design considerations and applications,” Adv.
Healthc. Mater. 10, 2001091 (2021).

70p, Chandrasekharan, Z. W. Tay, D. Hensley, X. Y. Zhou, B. K. Fung, C. Colson,
Y. Lu, B. D. Fellows, Q. Huynh, C. Saayujya et al, “Using magnetic particle
imaging systems to localize and guide magnetic hyperthermia treatment: Tracers,
hardware, and future medical applications,” Theranostics 10, 2965 (2020).

7TA. R. Sebastian, S. H. Ryu, H. M. Ko, and S. H. Kim, “Design and control of
field-free region using two permanent magnets for selective magnetic hyperther-
mia,” IEEE Access 7, 96094-96104 (2019).

72E, G. Fuller, H. Sun, R. D. Dhavalikar, M. Unni, G. M. Scheutz, B. S. Sumerlin,
and C. Rinaldi, “Externally triggered heat and drug release from magnetically con-
trolled nanocarriers,” ACS Appl. Polym. Mater. 1, 211-220 (2019).

73T, Kuboyabu, I. Yabata, M. Aoki, N. Banura, K. Nishimoto, A. Mimura, and
K. Murase, “Magnetic particle imaging for magnetic hyperthermia treatment:
Visualization and quantification of the intratumoral distribution and temporal
change of magnetic nanoparticles in vivo,” Open J. Med. Imaging 6, 1 (2016).
74D, Hensley, Z. W. Tay, R. Dhavalikar, B. Zheng, P. Goodwill, C. Rinaldi, and
S. Conolly, “Combining magnetic particle imaging and magnetic fluid hyperther-
mia in a theranostic platform,” Phys. Med. Biol. 62, 3483 (2017).

75]. Wells, S. Twamley, A. Sekar, A. Ludwig, H. Paysen, O. Kosch, and F. Wiekhorst,
“Lissajous scanning magnetic particle imaging as a multifunctional platform for
magnetic hyperthermia therapy,” Nanoscale 12, 18342-18355 (2020).

76N. Talebloo, M. Gudi, N. Robertson, and P. Wang, “Magnetic particle
imaging: Current applications in biomedical research,” J. Magn. Reson. Imaging
51, 1659-1668 (2020).

770. Felfoul, A. T. Becker, G. Fagogenis, and P. E. Dupont, “Simultaneous steer-
ing and imaging of magnetic particles using MRI toward delivery of therapeu-
tics,” Sci. Rep. 6, 33567 (2016).

78M. Muthana, A. J. Kennerley, R. Hughes, E. Fagnano, J. Richardson, M. Paul,
C. Murdoch, F. Wright, C. Payne, M. F. Lythgoe et al., “Directing cell therapy to
anatomic target sites in vivo with magnetic resonance targeting,” Nat. Commun.
6, 8009 (2015).

79S. Herz, P. Vogel, T. Kampf, M. A. Riickert, S. Veldhoen, V. C. Behr, and
T. A. Bley, “Magnetic particle imaging for quantification of vascular stenoses: A
phantom study,” IEEE Trans. Med. Imaging 37, 61-67 (2018).

805, Herz, P. Vogel, P. Dietrich, T. Kampf, M. A. Riickert, R. Kickuth,
V. C. Behr, and T. A. Bley, “Magnetic particle imaging guided real-time percuta-
neous transluminal angioplasty in a phantom model,” Cardiovasc. Interv. Radiol.
41, 1100-1105 (2018).

81S. Herz, P. Vogel, T. Kampf, P. Dietrich, S. Veldhoen, M. A. Riickert,
R. Kickuth, V. C. Behr, and T. A. Bley, “Magnetic particle imaging-guided stent-
ing,” J. Endovasc. Ther. 26, 512-519 (2019).

82y, Nothnagel, J. Rahmer, B. Gleich, A. Halkola, T. M. Buzug, and J. Borgert,
“Steering of magnetic devices with a magnetic particle imaging system,” IEEE
Trans. Biomed. Eng. 63, 2286-2293 (2016).

854, C. Bakenecker, A. von Gladiss, T. Friedrich, U. Heinen, H. Lehr,
K. Liidtke-Buzug, and T. M. Buzug, “Actuation and visualization of a magneti-
cally coated swimmer with magnetic particle imaging,” J. Magn. Magn. Mater.
473, 495-500 (2019).

84A. C. Bakenecker, A. von Gladiss, H. Schwenke, A. Behrends, T. Friedrich,
K. Lidtke-Buzug, A. Neumann, J. Barkhausen, F. Wegner, and T. M. Buzug,
“Navigation of a magnetic micro-robot through a cerebral aneurysm phantom
with magnetic particle imaging,” Sci. Rep. 11, 1685 (2021).

85, Griese, T. Knopp, C. Gruettner, F. Thieben, K. Miiller, S. Loges, P. Ludewig,
and N. Gdaniec, “Simultaneous magnetic particle imaging and navigation of

PERSPECTIVE scitation.org/journalljap

large superparamagnetic nanoparticles in bifurcation flow experiments,” J. Magn.
Magn. Mater. 498, 166206 (2020).

867. W. Tay, D. Hensley, J. Ma, P. Chandrasekharan, B. Zheng, P. Goodwill, and
S. Conolly, “Pulsed excitation in magnetic particle imaging,” IEEE Trans. Med.
Imaging 38, 2389-2399 (2019).

87T, Viereck, S. Draack, M. Kuester, M. Schilling, and F. Ludwig, “Initial
imaging experiments with a direct-driven relaxation magnetic particle imaging
setup,” Int. J. Magn. Part. Imaging 6, 009060 (2020).

88y Leliaert, A. Coene, G. Crevecoeur, A. Vansteenkiste, D. Eberbeck,
F. Wiekhorst, B. Van Waeyenberge, and L. Dupré, “Regarding the Néel relaxation
time constant in magnetorelaxometry,” J. Appl. Phys. 116, 163914 (2014).

89 TLeliaert, D. Schmidt, O. Posth, M. Liebl, D. Eberbeck, A. Coene,
U. Steinhoff, F. Wiekhorst, B. V. Waeyenberge, and L. Dupré, “Interpreting the
magnetorelaxometry signal of suspended magnetic nanoparticles with Kaczmarz’
algorithm,” J. Phys. D: Appl. Phys. 50, 195002 (2017).

%[, Morales, R. Costo, N. Mille, J. Carrey, A. Hernando, and P. de la Presa,
“Time-dependent AC magnetometry and chain formation in magnetite: The
influence of particle size, initial temperature and the shortening of the relaxation
time by the applied field,” Nanoscale Adv. 3, 5801-5812 (2021).

215, Leliaert, A. Coene, M. Liebl, D. Eberbeck, U. Steinhoff, F. Wiekhorst,
B. Fischer, L. Dupré, and B. Van Waeyenberge, “Thermal magnetic noise spectra
of nanoparticle ensembles,” Appl. Phys. Lett. 107, 222401 (2015).

92y Leliaert, D. Eberbeck, M. Liebl, A. Coene, U. Steinhoff, F. Wiekhorst, B. Van
Waeyenberge, and L. Dupré, “The complementarity and similarity of magnetore-
laxometry and thermal magnetic noise spectroscopy for magnetic nanoparticle
characterization,” J. Phys. D: Appl. Phys. 50, 085004 (2017).

93K. Everaert, M. Liebl, D. Gutkelch, J. Wells, B. Van Waeyenberge, F. Wiekhorst,
and J. Leliaert, “Noise power properties of magnetic nanoparticles as measured in
thermal noise magnetometry,” IEEE Access 9, 111505-111517 (2021).

945, Sarangi, I. C. Tan, and A. Brazdeikis, “Magnetic imaging method based
on magnetic relaxation of magnetic nanoparticles,” J. Appl. Phys. 105, 093926
(2009).

95A. Jaufenthaler, V. Schultze, T. Scholtes, C. B. Schmidt, M. Handler, R. Stolz,
and D. Baumgarten, “OPM magnetorelaxometry in the presence of a DC bias
field,” EP] Quantum Technol. 7, 623 (2020).

965, Bogren, A. Fornara, F. Ludwig, M. del Puerto Morales, U. Steinhoff,
M. F. Hansen, O. Kazakova, and C. Johansson, “Classification of magnetic nano-
particle systems—Synthesis, standardization and analysis methods in the
NanoMag project,” Int. J. Mol. Sci. 16, 20308-20325 (2015).

97M. Liebl, D. Eberbeck, A. Coene, J. Leliaert, P. Jauch, M. Kruteva, L. Fruhner,
L. Barnsley, S. G. Mayr, and F. Wiekhorst, “Magnetic measurement methods to
probe nanoparticle-matrix interactions,” Phys. Sci. Rev. 2021, 20190112.

98y, Karpavicius, A. Coene, P. Bender, and J. Leliaert, “Advanced analysis of
magnetic nanoflower measurements to leverage their use in biomedicine,”
Nanoscale Adv. 3, 1633-1645 (2021).

994, Coene and J. Leliaert, “Simultaneous coercivity and size determination of
magnetic nanoparticles,” Sensors 20, 3882 (2020).

190K D. Usadel and C. Usadel, “Dynamics of magnetic single domain particles
embedded in a viscous liquid,” J. Appl. Phys. 118, 234303 (2015).

101D, Cabrera, A. Coene, J. Leliaert, E. J. Artés-Ibéfiez, L. Dupré, N. D. Telling,
and F. J. Teran, “Dynamical magnetic response of iron oxide nanoparticles
inside live cells,” ACS Nano 12, 2741-2752 (2018).

1021 Raouf, S. Khalid, A. Khan, J. Lee, H. S. Kim, and M.-H. Kim, “A review on
numerical modeling for magnetic nanoparticle hyperthermia: Progress and chal-
lenges,” J. Therm. Biol. 91, 102644 (2020).

193) . Déjardin, F. Vernay, M. Respaud, and H. Kachkachi, “Effect of dipolar
interactions and DC magnetic field on the specific absorption rate of an array of
magnetic nanoparticles,” . Appl. Phys. 121, 203903 (2017).

1040, Laslett, S. Ruta, J. Barker, R. W. Chantrell, G. Friedman, and O. Hovorka,
“Interaction effects enhancing magnetic particle detection based on magneto-
relaxometry,” Appl. Phys. Lett. 106, 012407 (2015).

1954, F. Abu-Bakr and A. Y. Zubarev, “On the theory of magnetic hyperthermia:
Clusterization of nanoparticles,” Philos. Trans. R. Soc. A 378, 20190251 (2020).

J. Appl. Phys. 131, 160902 (2022); doi: 10.1063/5.0085202
Published under an exclusive license by AIP Publishing

131, 160902-16


https://doi.org/10.1002/adhm.201600357
https://doi.org/10.1016/j.biomaterials.2020.120530
https://doi.org/10.1002/adhm.202001091
https://doi.org/10.1002/adhm.202001091
https://doi.org/10.7150/thno.40858
https://doi.org/10.1109/ACCESS.2019.2926793
https://doi.org/10.1021/acsapm.8b00100
https://doi.org/10.4236/ojmi.2016.61001
https://doi.org/10.1088/1361-6560/aa5601
https://doi.org/10.1039/D0NR00604A
https://doi.org/10.1002/jmri.26875
https://doi.org/10.1038/srep33567
https://doi.org/10.1038/ncomms9009
https://doi.org/10.1109/TMI.2017.2717958
https://doi.org/10.1007/s00270-018-1955-7
https://doi.org/10.1177/1526602819851202
https://doi.org/10.1109/TBME.2016.2524070
https://doi.org/10.1109/TBME.2016.2524070
https://doi.org/10.1016/j.jmmm.2018.10.056
https://doi.org/10.1038/s41598-021-93323-4
https://doi.org/10.1016/j.jmmm.2019.166206
https://doi.org/10.1016/j.jmmm.2019.166206
https://doi.org/10.1109/TMI.2019.2898202
https://doi.org/10.1109/TMI.2019.2898202
https://doi.org/10.18416/IJMPI.2020.2009060
https://doi.org/10.1063/1.4900916
https://doi.org/10.1088/1361-6463/aa695d
https://doi.org/10.1039/D1NA00463H
https://doi.org/10.1063/1.4936890
https://doi.org/10.1088/1361-6463/aa5944
https://doi.org/10.1109/ACCESS.2021.3102380
https://doi.org/10.1063/1.3125460
https://doi.org/10.1140/epjqt/s40507-020-00087-3
https://doi.org/10.3390/ijms160920308
https://doi.org/10.1039/D0NA00966K
https://doi.org/10.3390/s20143882
https://doi.org/10.1063/1.4937919
https://doi.org/10.1021/acsnano.7b08995
https://doi.org/10.1016/j.jtherbio.2020.102644
https://doi.org/10.1063/1.4984013
https://doi.org/10.1063/1.4905339
https://doi.org/10.1098/rsta.2019.0251
https://aip.scitation.org/journal/jap

Journal of

Applied Physics

196K, Wu and J.-P. Wang, “Magnetic hyperthermia performance of magnetite
nanoparticle assemblies under different driving fields,” AIP Adv. 7, 056327
(2017).

197N. Léwa, P. Radon, O. Kosch, and F. Wiekhorst, “Concentration dependent
MPI tracer performance,” Int. J. Magn. Part. Imaging 2, 1-5 (2016).

108R  Onodera, E. Kita, M. Kishimoto, T. Kuroiwa, and H. Yanagihara, “Dynamic
hysteresis measurement of magnetic nano particle suspensions in parallel and per-
pendicular DC magnetic fields,” IEEE Trans. Magn. 57, 6100605 (2020).

199G, Shi, R. Takeda, S. B. Trisnanto, T. Yamada, S. Ota, and Y. Takemura,
“Enhanced specific loss power from Resovist® achieved by aligning magnetic
easy axes of nanoparticles for hyperthermia,” J. Magn. Magn. Mater. 473,
148-154 (2019).

1104 Chen, D. Billington, E. Riordan, J. Blomgren, S. R. Giblin, C. Johansson,
and S. A. Majetich, “Tuning the dynamics in Fe;O, nanoparticles for hyperther-
mia optimization,” Appl. Phys. Lett. 117, 073702 (2020).

T1M. Bekovi¢, M. Trbusi¢, M. Trlep, M. Jesenik, and A. Hamler, “Magnetic
fluids’ heating power exposed to a high-frequency rotating magnetic field,” Adv.
Mater. Sci. Eng. 2018, 6143607.

112N A. Usov, O. N. Serebryakova, and E. M. Gubanova, “The heating of mag-
netic nanoparticles in a rotating magnetic field,” Nanoscale Microscale
Thermophys. Eng. 24, 20-28 (2020).

113p, Benhal, A. Broda, D. Najafali, P. Malik, A. Mohammed, B. Ramaswamy,
D. Depireux, M. Shimoji, M. Shukoor, and B. Shapiro, “On-chip testing of the
speed of magnetic nano- and micro-particles under a calibrated magnetic gradi-
ent,” |. Magn. Magn. Mater. 474, 187-198 (2019).

114w, F. Brown, Micromagnetics (Interscience Publishers, 1963).

115R, Behbahani, M. L. Plumer, and 1. Saika-Voivod, “Micromagnetic simula-
tions of clusters of nanoparticles with internal structure: Application to magnetic
hyperthermia,” arXiv:2110.11178 (2021).

1167 Boekelheide, J. T. Miller, C. Griittner, and C. L. Dennis, “The effects of
intraparticle structure and interparticle interactions on the magnetic hysteresis
loop of magnetic nanoparticles,” ]. Appl. Phys. 126, 043903 (2019).

1173, G. Erokhin and D. V. Berkov, “Modelling of the magnetization reversal of
nanocomposites consisting of core-shell particles,” J. Phys. D: Appl. Phys. 54,
104003 (2020).

118D, Aurélio and J. Vejpravova, “Understanding magnetization dynamics of a
magnetic nanoparticle with a disordered shell using micromagnetic simulations,”
Nanomaterials 10, 1149 (2020).

”9]. Leliaert and J. Mulkers, “Tomorrow’s micromagnetic simulations,” J. Appl.
Phys. 125, 180901 (2019).

1204 Manzin, R. Ferrero, and M. Vicentini, “From micromagnetic to in silico
modeling of magnetic nanodisks for hyperthermia applications,” Adv. Theory
Simul. 4, 2100013 (2021).

121 A, Manzin and R. Ferrero, “A 2.5D micromagnetic solver for randomly dis-
tributed magnetic thin objects,” ]. Magn. Magn. Mater. 492, 165649 (2019).

122], Leliaert, M. Dvornik, J. Mulkers, J. De Clercq, M. Milosevi¢, and B. Van
Waeyenberge, “Fast micromagnetic simulations on GPU—Recent advances made
with mumax>,” J. Phys. D: Appl. Phys. 51, 123002 (2018).

23] Leliaert, A. Vansteenkiste, A. Coene, L. Dupré, and B. Van Waeyenberge,
“Vinamax: A macrospin simulation tool for magnetic nanoparticles,” Med. Biol.
Eng. Comput. 53, 309-317 (2015).

1240, Laslett, ]. Waters, H. Fangohr, and O. Hovorka, “Magpy: AC++ accelerated
python package for simulating magnetic nanoparticle stochastic dynamics,”
arXiv:1801.06073 (2018).

125p, Torche, C. Mufioz Menendez, D. Serantes, D. Baldomir, K. L. Livesey,
O. Chubykalo-Fesenko, S. Ruta, R. Chantrell, and O. Hovorka, “Thermodynamics
of interacting magnetic nanoparticles,” Phys. Rev. B 101, 224429 (2020).

126C, Mufioz Menendez, D. Serantes, O. Chubykalo-Fesenko, S. Ruta, O. Hovorka,
P. Nieves, K. L. Livesey, D. Baldomir, and R. Chantrell, “Disentangling local heat con-
tributions in interacting magnetic nanoparticles,” Phys. Rev. B 102, 214412 (2020).
127] Leliaert, J. Ortega-Julia, and D. Ortega, “Individual particle heating of interact-
ing magnetic nanoparticles at nonzero temperature,” Nanoscale 13, 14734-14744
(2021).

PERSPECTIVE scitation.org/journalljap

128D Cabrera, A. Lak, T. Yoshida, M. Materia, D. Ortega, F. Ludwig, P. Guardia,
A. Sathya, T. Pellegrino, and F. Teran, “Unraveling viscosity effects on the hyster-
esis losses of magnetic nanocubes,” Nanoscale 9, 5094-5101 (2017).

1294, Etemadi and P. G. Plieger, “Magnetic fluid hyperthermia based on mag-
netic nanoparticles: Physical characteristics, historical perspective, clinical trials,
technological challenges, and recent advances,” Adv. Ther. 3, 2000061 (2020).
120K, Maier-Hauff, E. Ulrich, D. Nestler, H. Niehoff, P. Wust, B. Thiesen,
H. Orawa, V. Budach, and A. Jordan, “Efficacy and safety of intratumoral thermo-
therapy using magnetic iron-oxide nanoparticles combined with external beam
radiotherapy on patients with recurrent glioblastoma multiforme,” J. Neuro-Oncol.
103, 317-324 (2011).

131R. V. Durme, G. Crevecoeur, L. Dupré, and A. Coene, “Model-based opti-
mized steering and focusing of local magnetic particle concentrations for tar-
geted drug delivery,” Drug Deliv. 28, 63-76 (2021).

132] Rahmer, J. Weizenecker, B. Gleich, and J. Borgert, “Signal encoding in
magnetic particle imaging: Properties of the system function,” BMC Med.
Imaging 9, 1214 (2009).

133A. von Gladiss, M. Graeser, A. Behrends, X. Chen, and T. M. Buzug,
“Efficient hybrid 3D system calibration for magnetic particle imaging systems
using a dedicated device,” Sci. Rep. 10, 18432 (2020).

1344, von Gladiss, M. Ahlborg, T. Knopp, and T. Buzug, “Compressed sensing
of the system matrix and sparse reconstruction of the particle concentration in
magnetic particle imaging,” IEEE Trans. Magn. 51, 1-4 (2015).

135D, Baumgarten, F. Braune, E. Supriyanto, and J. Haueisen, “Plane-wise sensi-
tivity based inhomogeneous excitation fields for magnetorelaxometry imaging of
magnetic nanoparticles,” J. Magn. Magn. Mater. 380, 255-260 (2015).

136G. Crevecoeur, “Convergence analysis of two-level response and parameter
mapping-based methods,” Inverse Probl. Sci. Eng. 20, 105-115 (2012).

1371, Goodfellow, Y. Bengio, and A. Courville, Deep Learning (MIT Press, 2016).
1380, Ogunmolu, X. Gu, S. Jiang, and N. Gans, “Nonlinear systems identifica-
tion using deep dynamic neural networks,” arXiv:1610.01439 (2016).

139M. T. McCann, K. H. Jin, and M. Unser, “Convolutional neural networks
for inverse problems in imaging: A review,” IEEE Signal Process. Mag. 34,
85-95 (2017).

1401 M. Baltruschat, P. Szwargulski, F. Griese, M. Grosser, R. Werner, and
T. Knopp, “3d-SMRnet: Achieving a new quality of MPI system matrix recovery
by deep learning,” in International Conference on Medical Image Computing and
Computer-Assisted Intervention (Springer, 2020), pp. 74-82.

141 A, Lucas, M. Tliadis, R. Molina, and A. K. Katsaggelos, “Using deep neural
networks for inverse problems in imaging: Beyond analytical methods,” IEEE
Signal Process. Mag. 35, 20-36 (2018).

1427 Knopp, T. Viereck, G. Bringout, M. Ahlborg, A. von Gladiss, C. Kaethner,
A. Neumann, P. Vogel, J. Rahmer, and M. Méddel, “MDF: Magnetic particle
imaging data format,” arXiv:1602.06072 (2016).

43T, Knopp, P. Szwargulski, F. Griese, and M. Griser, “OpenMPIData: An
initiative for freely accessible magnetic particle imaging data,” Data Br. 28,
104971 (2020).

144D Schier, C. Barton, S. Spassov, C. Johansson, D. Baumgarten, O. Kazakova,
P. Southern, Q. Pankhurst, M. Coisson, C. Griittner et al., “European research on
magnetic nanoparticles for biomedical applications: Standardisation aspects,” in
Polish Conference on Biocybernetics and Biomedical Engineering (Springer, 2019),
pp. 316-326.

1451 Wells, O. Kazakova, O. Posth, U. Steinhoff, S. Petronis, L. K. Bogart,
P. Southern, Q. Pankhurst, and C. Johansson, “Standardisation of magnetic
nanoparticles in liquid suspension,” . Phys. D: Appl. Phys. 50, 383003 (2017).
“'6]. Wells, D. Ortega, U. Steinhoff, S. Dutz, E. Garaio, O. Sandre, E. Natividad,
M. M. Cruz, F. Brero, P. Southern, Q. A. Pankhurst, S. Spassov, and the
RADIOMAG consortium, “Challenges and recommendations for magnetic hyper-
thermia characterization measurements,” Int. J. Hyperth. 38, 447-460 (2021).
T47M. Raissi, P. Perdikaris, and G. Karniadakis, “Physics-informed neural net-
works: A deep learning framework for solving forward and inverse problems
involving nonlinear partial differential equations,” J. Comput. Phys. 378, 686-707
(2019).

J. Appl. Phys. 131, 160902 (2022); doi: 10.1063/5.0085202
Published under an exclusive license by AIP Publishing

131, 160902-17


https://doi.org/10.1063/1.4978458
https://doi.org/10.1109/TMAG.2020.3021428
https://doi.org/10.1016/j.jmmm.2018.10.070
https://doi.org/10.1063/5.0017903
https://doi.org/10.1155/2018/6143607
https://doi.org/10.1155/2018/6143607
https://doi.org/10.1080/15567265.2019.1689589
https://doi.org/10.1080/15567265.2019.1689589
https://doi.org/10.1016/j.jmmm.2018.10.148
http://arxiv.org/abs/arXiv:2110.11178
https://doi.org/10.1063/1.5094180
https://doi.org/10.1088/1361-6463/abc84a
https://doi.org/10.3390/nano10061149
https://doi.org/10.1063/1.5093730
https://doi.org/10.1063/1.5093730
https://doi.org/10.1002/adts.202100013
https://doi.org/10.1002/adts.202100013
https://doi.org/10.1016/j.jmmm.2019.165649
https://doi.org/10.1088/1361-6463/aaab1c
https://doi.org/10.1007/s11517-014-1239-6
https://doi.org/10.1007/s11517-014-1239-6
http://arxiv.org/abs/arXiv:1801.06073
https://doi.org/10.1103/PhysRevB.101.224429
https://doi.org/10.1103/PhysRevB.102.214412
https://doi.org/10.1039/D1NR05311F
https://doi.org/10.1039/C7NR00810D
https://doi.org/10.1002/adtp.202000061
https://doi.org/10.1007/s11060-010-0389-0
https://doi.org/10.1007/s11060-010-0389-0
https://doi.org/10.1080/10717544.2020.1853281
https://doi.org/10.1186/1471-2342-9-4
https://doi.org/10.1186/1471-2342-9-4
https://doi.org/10.1038/s41598-020-75122-5
https://doi.org/10.1109/TMAG.2014.2326432
https://doi.org/10.1016/j.jmmm.2014.09.007
https://doi.org/10.1080/17415977.2011.624623
http://arxiv.org/abs/arXiv:1610.01439
https://doi.org/10.1109/MSP.2017.2739299
https://doi.org/10.1109/MSP.2017.2760358
https://doi.org/10.1109/MSP.2017.2760358
http://arxiv.org/abs/arXiv:1602.06072
https://doi.org/10.1016/j.dib.2019.104971
https://doi.org/10.1088/1361-6463/aa7fa5
https://doi.org/10.1080/02656736.2021.1892837
https://doi.org/10.1016/j.jcp.2018.10.045
https://aip.scitation.org/journal/jap

Journal of

Applied Physics

148y Jia, J. Willard, A. Karpatne, J. Read, J. Zwart, M. Steinbach, and
V. Kumar, “Physics guided RNNs for modeling dynamical systems: A case
study in simulating lake temperature profiles,” in Proceedings of the 2019
SIAM International Conference on Data Mining (SIAM, 2019), pp. 558-
566.

149Q. Liu, J. Liang, and O. Ma, “A physics-based and data-driven hybrid model-
ing method for accurately simulating complex contact phenomenon,” Multibody
Sys. Dyn. 50, 97-117 (2020).

150W. De Groote, E. Kikken, E. Hostens, S. Van Hoecke, and G. Crevecoeur,
“Neural network augmented physics models for systems with partially unknown
dynamics: Application to slider-crank mechanism,” IEEE/ASME Trans.
Mechatron. 2021, 1.

15TW. De Groote, S. Van Hoecke, and G. Crevecoeur, “Physics-based neural
network models for prediction of cam-follower dynamics beyond nominal opera-
tions,” IEEE/ASME Trans. Mechatron. 2021, 1.

152y, Lempitsky, A. Vedaldi, and D. Ulyanov, “Deep image prior,” in 2018
IEEE/CVF Conference on Computer Vision and Pattern Recognition (IEEE, 2018),
pp. 9446-9454.

PERSPECTIVE scitation.org/journalljap

153g, Dittmer, T. Kluth, P. Maass, and D. O. Baguer, “Regularization by architec-
ture: A deep prior approach for inverse problems,” J. Math. Imaging Vision 62,
456-470 (2020).

1545, Dittmer, T. Kluth, M. T. R. Henriksen, and P. Maass, “Deep image prior
for 3D magnetic particle imaging: A quantitative comparison of regularization
techniques on open MPI dataset,” Int. . Magn. Part. Imaging 7, 1-19 (2021).
135W. De Groote, S. Van Hoecke, and G. Crevecoeur, “Prediction of follower
jumps in cam-follower mechanisms: The benefit of using physics-inspired fea-
tures in recurrent neural networks,” Mech. Syst. Signal Process. 166, 108453
(2022).

TS6M. Liebl, U. Steinhoff, F. Wiekhorst, J. Haueisen, and L. Trahms,
“Quantitative imaging of magnetic nanoparticles by magnetorelaxometry with
multiple excitation coils,” Phys. Med. Biol. 59, 6607-6620 (2014).

157M. Nauwynck, T. Van Hauwermeiren, A. Coene, and G. Crevecoeur, “A deep
learning-based approach to image magnetic nanoparticles,” M.S. Thesis (2019);
available at https://libstore.ugent.be/fulltxt/RUG01/002/785/716/RUG01-002785
716_2019_0001_AC.pdf.

158E_ Chollet, Deep Learning with Python (Simon & Schuster, 2021).

J. Appl. Phys. 131, 160902 (2022); doi: 10.1063/5.0085202
Published under an exclusive license by AIP Publishing

131, 160902-18


https://doi.org/10.1007/s11044-020-09746-w
https://doi.org/10.1007/s11044-020-09746-w
https://doi.org/10.1109/TMECH.2021.3101420
https://doi.org/10.1109/TMECH.2021.3101420
https://doi.org/10.1109/TMECH.2021.3101420
https://doi.org/10.1007/s10851-019-00923-x
https://doi.org/10.18416/IJMPI.2021.2103001
https://doi.org/10.1016/j.ymssp.2021.108453
https://doi.org/10.1088/0031-9155/59/21/6607
https://libstore.ugent.be/fulltxt/RUG01/002/785/716/RUG01-002785716_2019_0001_AC.pdf
https://libstore.ugent.be/fulltxt/RUG01/002/785/716/RUG01-002785716_2019_0001_AC.pdf
https://aip.scitation.org/journal/jap

	Magnetic nanoparticles in theranostic applications
	I. INTRODUCTION
	II. RECENT ADVANCES
	A. Toward a theranostic MNP imaging technique
	B. MNP-based theranostic applications

	III. CHALLENGES AND OPPORTUNITIES
	A. Exploiting complex magnetic particle dynamics
	B. Smart theranostics
	C. Introducing (hybrid) data-driven models in theranostics

	IV. CONCLUSIONS
	AUTHOR DECLARATIONS
	Conflict of Interest

	NOMENCLATURE
	DATA AVAILABILITY
	References


