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ABSTRACT Magnetic particle imaging (MPI) is an emerging tomographic imaging technique that tracks
and quantitatively measures the spatial distribution of the superparamagnetic iron oxide nanoparticles
(SPIONs). It is a radiation-free, background-free, and signal attenuation-free imaging modality that utilizes
the non-linear behavior of the tracer agents. The minimum acquisition time, high spatial resolution, and
extreme sensitivity make it ideal for medical imaging in comparison to magnetic resonance imaging (MRI),
computed tomography (CT), and positron emission tomography (PET). SPIONs are the main source of
signal generation and have a significant influence on MPI scanner characteristics. Many research groups
in the world are working to produce optimal tracer agents with a low toxicity profile for MPI applications.
Versatile MPI scanners are developed and implemented at the pre-clinical stage to evaluate the performance
of the system parameters. This review aims at giving an overview of the current developments and significant
achievements of the tracer agents, imager design, image reconstruction, and potential applications of MPI
scanners since their first exposure to the scientific world in 2005.

INDEX TERMS Computed tomography (CT), magnetic particle imaging (MPI), magnetic resonance imag-
ing (MRI), positron emission tomography (PET), superparamagnetic iron oxide nanoparticles (SPIONs).

I. INTRODUCTION The useful imaging space of the MPI scanners in the mid-

Magnetic particle imaging (MPI) is a distinctive tomographic
technique invented by Bernhard Gleich in 2001 at Philips
Research Laboratory, Hamburg. A single-dimensional (1D)
proof of concept device was initially presented in 2005 by
Gleich and Weizenecker to the scientific world [1].
Gleich et al. extended the MPI scanner in 2008 to scan a
2D scanning area of 1 x 1 cm? with a Lissajous scanning
sequence at 25 frames per second [2]. The hardware of the
MPI imager was modified to a 3D level in 2009 for real-time
acquisition (in vivo). The movement of the bolus through
the cardiovascular system of the healthy mouse was recorded
with a high temporal resolution of 21 ms for 4D imaging [3].
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dle of the geometry is commonly defined as bore size (diam-
eter) which is used for phantoms, in vivo/in vitro small
animals, and patients. The bore size of the initially presented
scanners was just 32 mm. Moreover, continued research on
the hardware modification yielded a 12 cm bore size, and
scanning of large spaces becomes possible with the integra-
tion of focus fields [4]. In the last decade, research groups
around the world designed and implemented many MPI scan-
ners for specific applications (mouse, rat, etc.). In addition
to large bore size, spatial resolution is another significant
parameter that is correlated with gradient field strength (T/m)
of the selection field. A gradient field strength of 7 T/m was
implemented and the effect of the tracer agent core size was
investigated to achieve optimum spatial resolution [5].
Fundamentally MPI technique is based on the field-free
point (FFP) selection field in closed bore geometry. However,
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TABLE 1. Brief overview of the imaging modalities [16], [17], [18], [19], [20], [21], [22], [23], [24], [25].

Modality Ultrasound CT SPECT PET MPI
Spatial Resolution” I mm <1 mm I mm 3-10 mm 4 mm <1 mm
(Preclinical)
Acquisition time* <ls Is 10 s- 30 min 1 min 1 min <0.1's
(preclinical)
Sensitivity” ~10-12 Molar Millimolar Millimolar Picomolar Picomolar Micromolar
(preclinical)
Quantifiability No Yes Yes Yes Yes
Harmfulness Heating and ITonizing Heating and Ionizing Ionizing Heating and PNS
cavitation radiation radiation radiation
Contrast Microbubbles Todine Gadolinium, Radionuclide Radionuclide SPIO
agents/tracers (contrast (contrast agent) SPIO (contrast (radioactive (radioactive (Magnetic tracer)
agent) agent) tracer) tracer)
Imaging method Anatomic Anatomic Anatomic Tracer Tracer imaging Tracer imaging
imaging imaging imaging imaging

* These are widely accepted generalized values, subject to variation based on instrumentation and tracer agent specifications.

Goodwill introduced the field-free line (FFL) selection field
in 2012 for MPI imaging [6]. FFL is a significant achievement
that promises high sensitivity and less acquisition time as
compared to FFP. Furthermore, MPI scanners of versatile
methodologies such as single-sided, open bore (combina-
tion of two single-sided setups), and a traveling wave MPI
scanner have been constructed in the last ten years [7], [8].
The first commercial preclinical scanner for small animal
(rate, mouse) imaging was developed by Bruker Biospin MRI
GmbH (FFP, 3D) with a 12 cm bore size in 2014 [9] and Mag-
netic Insight Inc. (FFL, 2D) with 6 cm bore size in 2017 [10].
Few research groups have focused on the implementation
of a human brain size MPI scanner with medium bore size
[11], [12]. The main hurdle for the transition of the MPI
device from preclinical setups for small animals to a clinical
machine for humans has been the lack of sufficient bore size.
MPI is not an anatomical/morphological imaging modality,
so an additional imaging modality is required to recognize the
exact biodistribution of the tracer material. The magnetic res-
onance imaging (MRI) technique was successfully integrated
with classic MPI [13], [14]. However, the long acquisition
time of the MRI is a disadvantage to the combined technique.
On the contrary, computed tomography (CT) has the potential
of simultaneous scanning with MPI. Hence hybrid CT-MPI
scanner for the simultaneous acquisition was performed [15].
MPI is a tracer imaging technique like positron emission
tomography (PET) and single-photon emission computed
tomography (SPECT). Excellent properties of the MPI offer
real-time imaging with high spatial resolution as compared to
other imaging modalities as presented in Table 1.
Superparamagnetic iron oxide nanoparticles (SPIONs) are
well-known based on their usage in MRI as negative contrast
agents that create back holes (suppress background noise).
However, SPIONs are used as positive tracer agents that
become the sole signal source (hot spot) for MPI which is an
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emerging medical imaging technique. MPI is a non-invasive
imaging technique that utilizes S-shaped (non-linear) mag-
netic characteristics of the SPIONs.

The MRI signals do not directly depend on SPIONs, how-
ever, The MPI signals that are only generated from SPIONs
support quantifiability (signal strength linearly depends on
biodistribution). Apart from instrumentation specifications,
tracer agents play a crucial role in the Spatio-temporal res-
olution of the MPI scanners.

Il. MPI TRACER AGENTS

MPI uses superparamagnetic iron oxide nanoparticles (SPI-
ONs) as a tracer agent to carry out a scan of the objects
(phantoms, in vitro, and in vivo applications). MPI exploits
the nonlinear magnetization behavior of the nanoparticles
to the applied magnetic field. SPIONs have a long history
in medical imaging as a contrast agent in MRI [26]. Tracer
and contrast agents, antibodies, magnetic hyperthermia, and
drug delivery are key clinical usage of the SPIONs. They are
the only source of signals in MPI, and the image is formed
from the distribution of the nanoparticles. The nonlinear
magnetization behavior of the tracer can be modeled with
the Langevin function [27]. An oscillating magnetic field is
applied to the transmit coil of the MPI system and induced
magnetization is recorded by the pick-up coil of the system.

1
Migeas (H (1)) = myc <coth (xH (1)) — ol (t)) D

DM, . .
where o = ’Z‘;’;ﬁs, mg = —<= and c is a concentration

of the SPIONS, ug is the permeability of free space, T is
the absolute temperature, kp is the Boltzmann constant, m
is the magnetic moment at saturation of a single particle, D,
is the core diameter of the single-particle, and M; (0.6 T/ug
for magnetite) is the saturation magnetization.
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TABLE 2. Well-known magnetic nanoparticles as tracer agents for MPI imaging.

Iron Oxide/Developer Core material Core diameter (nm) Coating material Hydrodynamic ~ Performance
diameter (nm)

Resovist**/BayerPharma AG Fe, 04, Fe,05 4.2 (Multi-core) Carboxydextran 62 1
Ferucarbotran®’/Meito Sangyo Co. Fe;04 3-5 (Multi-core) Carboxydextran 45-72 1
LS-008*’/LodeSpin Labs Fe;0, 26.3 (Single-core) PMAO-PEG 78 1
Vivotrax**/magnetic Insight Fe,0,, Fe,0; 5.5 (Multi-core) Carboxydextran 62 1
UW3¥/University of Washington Fe;04 17 (Single-core) PMAO-PEG 86 2x
Perimag>3/Micromod Fe,0, 19 (Multi-core) Dextran 130 2x
Nanomag*/Micromod Fe,0, 5-15 (Multi-core) Dextran 100 2x
SFMIOs*/University of California Fe;0, 12.2 (Multi-core) Organic Phase 127.3 40x
FluidMAG-D*/Chemicell GmbH Fe,0; n/a (Single-core) Dextran 50 n/a
MCP3*%/ Charité-Universititsmedizin Fe, O3 31.72 (Multi-core) dextran 244 -122.4 5x

Ideally, SPIONs do not have any hysteresis which makes
them perfect tracer material for imaging tasks. Remanence
and coercivity do not exist in SPIONs and they are non-toxic
as well [28]. The spatial resolution of the FFP-based MPI
scanners is enhanced cubically with the magnetic core size
of the SPIONSs. Furthermore, the sensitivity of the scanners
also depends on the magnetization of the tracer materials.
MPI community uses versatile iron oxides among them well-
known tracer agents are presented in Table 2. Relaxation
behavior of the SPIONS at the excitation applied field affects
the MPI signals. Many research studies utilized the change in
relaxation time of the tracer agent to map the viscosity and
temperature measurement of the tracer medium [29], [30].
In addition, relaxation time constants were exploited for
multicolor MPI [31], [32].

Magnetic particle spectrometer (MPS) and magnetic par-
ticle relaxometer (MPR) are simplified devices of the MPI
scanners and are known as zero-dimensional MPI scanners.
In our previous study, we designed and implemented an MPI
relaxometer at 4.6 kHz and 9.9 kHz for the evaluation of
SPIONs for MPI [33]. The In-house MPI relaxometer was
used to evaluate commercially available Vivotrax (Magnetic
Insight, USA), Perimag (micromod, Germany), and Synomag
(micromod, Germany) SPIONs for MPI biomedical applica-
tions. The effective relaxation, spatial resolution (FWHM,
mT), and relative signal strength were investigated at 4.6 kHz
and 9.9 kHz, respectively. Perimag showed the highest per-
formance for spatial resolution, However, Synomag provided
the highest relative signal strength. Tracer agents play a key
role in the spatio-temporal resolution of the MPI. Moreover,
it has the potential to be integrated with the synthesis process
of magnetic nanoparticles (MNP). A quick analysis of the
synthesized MNP determines the potential probes for MPI.

Magnetite (Fe3O4) and maghemite (y- Fe,O3) are fun-
damental SPIONs, however, undoped and uncoated forms
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become causes of agglomeration that harms biocompatibility.
Therefore, doping and capping usage of divalent metal ions
(M = Mn, Co, Ni, etc.) enhance and protect biocompatible
MyFe3_x0O4 SPIONs for biomedical applications. Organic
and inorganic coating minimize toxicity, improve stability,
and functionalize the tracer agents for targeting ligands.
PEG, PEI, dextran, citric acid (CA), polyacrylic acid (PAA),
albumin, gold, and chitosan are prominent coating materi-
als for SPIONs [34]. We have developed NiFe,O4 @PAA,
and NiFe,04@CA SPIONs by a hydrothermal process for
MPI applications [34]. Custom designed MPI relaxometer
at 9.9 kHz was utilized to investigate essential parameters
for MPL. In another study, we have proposed biocompatible
manganese ferrites (MnFe,O4) coated with oleate acid for
MPI applications [35]. The low relaxation time of MnFe;O4
as compared to Perimag and Vivotrx motivates fast imaging
with less blurring.

Ill. SPATIAL ENCODING
Transmit and pick-up coils of the MPI do not differentiate
inductive signals from different positions. Therefore, spa-
tially inhomogeneous static magnetic field (selection field)
is applied in superposition to the alternating (sinusoidal,
Square) excitation field for localization of the probes. Ini-
tially, the field free point (FFP) scheme was presented as
spatial encoding, so the nanoparticles in the vicinity of the
FFP generate a full MPI signal while the nanoparticles at
other positions become saturated in the presence of the strong
static magnetic field. Furthermore, field-free line (FFL) as
shown in Figure 1 is another spatial encoding scheme that
increases sensitivity, signal-to-noise ratio (SNR), and tempo-
ral resolution of the MPI scanners [43], [44].

Versatile MPI scanners based on FFP, and FFL spatial
encoding were designed and implemented at the preclinical
stage around the world and a few of them are presented
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FIGURE 1. Selection fields for MPI scanners; (a) Disc-shaped permanent magnets and ring-shaped electromagnets are
commonly used to generate FFP, (b) Rectangular shaped permanent magnets and electromagnets are usually used to
achieve FFL, (c) Magnetic field strength pattern of FFP spatial encoding, (d) Magnetic field strength pattern of FFL
spatial encoding [45].

TABLE 3. Brief overview of the magnetic particle imaging (MPI) scanners.

Institution/System Gradient (T/m) Bore size (mm) FOV Acquisition time Tracer
Philips/Fast MPI Demonstrator® 5.5 32 20.4x12x16.8 mm® 21.5 ms Saline diluted Resovist
Philips/Fast MPI Demonstrator 2.5 65 (for special  34.5x24.3x17 mm’® 517 ms Resovist

with enlarged FOV» coil)

UC Berkeley/Narrowband MPI* 4.5 38 15x60 mm? 10.3 min fluidMAG-D
UC Berkeley/Narrowband MPI 6.5 40 3x30x20 mm? 7 min SPION tracer
with stronger gradient™

UC  Berkeley/X-space ~MPI® 7 70 55x45 mm? 2 min Diluted Resovist (1:2)
(mouse/rat)

U Wiirzburg/Traveling Wave MPI* 4 29 65x25x25 mm® 1335 Fercarbotran

U Wiirzburg/MPI-MRI"? 4 26 65x25 mm? 435 Resovist
TUHH-UKE/MPI head scanner'? 0.2 190-250 140x100 mm? 0.5s Perimag

Field Free Line (FFL)

UC Liibeck/FFL 1.08 26/30 24.85x24.85 mm? 2 min (Approximate) Resovist

UC Berkely/FFLY’ 2.3 n/s 60x60x104 mm?* 1.3 min Diluted Resovist
U Osaka/FFL* 32 25 24mm (circular) 20 min (Approximate)  Diluted Resovist
Aselsan/FFL-Open bore* 0.6 Open bore 34x18 mm? 1 min (minimum) Perimag

UC Berkely/FFL® 6.3 n/a 51.6 x 85.2 mm’? 130 min LS-017
Commercially Available System

Bruker/MPI-FFP® 2.5 119 100x100x100 mm® 21.5 ms n/a

Magnetic Insight Momentum/MPI- 6.2 60 60x60x120 mm?* n/a

FFL!

in Table 3. In our previous study, we thoroughly studied the

FFP-based selection field generation with permanent mag-
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nets and electromagnets. Analytical results (MATLAB) and

numerical findings (COMSOL Multiphysics) are found to be
in good agreement for the 4.3 T/m gradient field [46]. Spatial
homogeneity of the permanent magnets, electromagnets, and
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hybrid systems was evaluated. The selection field implemen-
tation with hybrid topology was found to be 96.8% spatial
homogeneous. Moreover, hybrid systems (NdFeB and elec-
tromagnets) also provide an opportunity to adjust FOV for
MPI scanning.

Generally, the selection field is generated from two setups
equal in magnitude but opposite in magnetic direction,
so magnetic fields cancel each other at the midpoint of the
geometry. Gradient field homogeneity mainly depends on
the size, shape, and distance between two components of the
selection field. The selection field setup is designed based
on Maxwell configuration which describes optimum homo-
geneity distance between two centers of the selection field
components as /3 R (R is the radius of each component).
Gauss’s law of electromagnetism defines the divergence of
the selection magnetic field in 3D. The homogeneity greater
than 95% would produce artifact-free images in MPI [6]
otherwise wrapping artifacts around the edges of FOV will
complicate image reconstruction [47]. Gradient field strength
is a key parameter that characterizes spatial resolution, sensi-
tivity, and SNR of the MPI scanner. The major challenge in
scaling up the MPI technique from pre-clinical to human size
is the effective implementation of the selection field. So far,
permanent magnets and laminated iron core returns with
electromagnets are utilized to reduce power dissipation [6].

IV. SIGNAL GENERATION AND RECEPTION
Electromagnetic coils are used as transmitters (drive coils)
and pickup (receive coils) in MPI. Spatially homogeneous
excitation fields are obtained from solenoid or Helmholtz
configured electromagnetic coils. Generally, solenoid drive
coils are utilized along the bore axis of the scanners. Saddle-
shaped or fingerprint-shaped drive coils are mounted perpen-
dicular to the bore axis. Litz wire is preferred both for drive
and receive coils to mitigate the skin effect of high-frequency
signals. The optimum length of the drive coils is 1.7 times
their radius [48].

Drive fields have two main purposes in MPI. One, it is used
to equally excite nanoparticles in the FOV region. Second,
it also translates the FFP or FFL region of the MPI scanner.
Each imaging axis needs to drive and receive coil pair to
excite and receive nanoparticle response respectively. Exci-
tation fields can be defined along with 3D (x, y, z) as [3]:

A% Sin 2fyt)
Hp (t) = | ApSin (2nfyt) 2)
A}Sin (21f;1)

where A7), A{),Af) are amplitudes of excitation fields along x,
y, and z axes, respectively. Similarly, f, fy, f; are operating
frequencies along x, y, and z axes, respectively.
Superposition of the inhomogeneous selection field and
homogeneous excitation fields steer the FFP inside the
FOV region. The relationship among excitation frequencies
ensures the trajectory pattern of the FFP. The maximum
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volume covered by the FFP movement can be estimated by:
w24
G G
where G is the maximum gradient field along the z-axis
(selection field components are placed along the z-axis).

FOV directly increases with the amplitude of the excitation
fields. However, overheating of the patient specific absorp-
tion rate (SAR) and peripheral nerve stimulation (PNS) limit
the amplitude of the excitation fields. The maximum ampli-
tude of the excitation fields would not be greater than 10 mT
for human-sized MPI scanners [49], [50], [51]. The optimum
frequency of the excitation fields is 25 kHz approximately
in MPL

A large FOV is feasible with a low gradient field (G),
however, spatial resolution decreases with a low G value. So,
a large FOV is not possible with optimum excitation fields
and gradient fields. Low-frequency focus field is applied
additionally to slowly translate FFP or FFL in the FOV
region. Safety limits such as PNS and SAR are ensured
with the use of the focus field. The use of a low-frequency
focus field introduced multi-patch FOV. Usually, drive and
focus fields are obtained from a single electromagnetic coil
to effectively utilized the available volume of the MPI scan-
ners [59]. Generally, sinusoidal excitation fields are applied
in MPI by all research groups around the world. However,
Tay et all presented pulsed excitation field phenomena in
MPI, and pulse-shaped relaxation of the tracer is thoroughly
explained [61].

Generally, each imaging axis requires for receive coil to
pick up tracer response. Tracer agents induce a voltage on the
receive coils relying on higher harmonics of the fundamen-
tal excitation frequency. Unfortunately, inductive coupling
between the drive and receive coils also induces a fundamen-
tal component which is known as the feedthrough phenom-
ena. Direct feedthrough of the drive coil is 10°-10'? times
stronger than particle signal, so its existence is unacceptable.
Geometric-based gradiometric modification of the receive
coils cancels out 10°-10° feedthrough effect on the receive
coil signal. Electronic circuits like higher-order high pass and
band stop filters are an alternative option for the cancellation
of the feedthrough signal. Even for better cancellation, both
approaches can be used together [62].

FOVp =

3

V. SIGNAL CHAIN AND IMAGING SEQUENCE

A control console is the main unit for the users to operate MPI
devices. All hardware parts (selection field, drive, and receive
coils) are assembled to operate from the control console. The
signal flow in the MPI device is presented in Figure 2. Apart
from MPI components, electronic filters have a key role in
the selection and suppression of the harmonics of the MPI
signal. Only a single harmonic excitation field is ensured with
a higher-order band pass filter (BPF). Similarly, feedthrough
cancellation is achieved with a band stop filter (BSF) to
bring receive coil signal into the dynamic range of the data
acquisition card (DAQ).
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FIGURE 2. MPI device is controlled from a control console (graphical user interface, GUI) for imaging. The sinusoidal signal is generated from the
data acquisition card (DAQ) and amplified with a power amplifier (PA). Unnecessary harmonics are blocked with a band pass filter (BPF) except the
main operating frequency and power reduction of the drive coil are ensured with an impedance matching circuit. A selection field is generated with
single pair of permanent magnets represented with north (N) and south (S) poles. Superparamagnetic iron oxide nanoparticles (SPIONs) are placed
inside the field of view region of the MPI scanner. Tracer-induced signal is passed through band stop filter (BSF) to remove feedthrough signal
followed by low noise amplification (LNA) of the received signal before data recording by DAQ device for post-processing [63].

The selection field setup generates a 3D gradient field for
spatial encoding either on FFP or FFL pattern. However,
drive and receive coils are 1D, so they are implemented for
each axis separately. Mechanical movement of the test object
(phantom, torso, patient) with just a single drive and receive
coil can provide 3D images at the cost of acquisition time.

In MPI, an imaging sequence is classified by the move-
ment of the FFP or FFL dynamic region. Lissajous, spiral,
cartesian, radial, and bidirectional cartesian trajectories based
on FFP patterns were simulated [64]. Bidirectional cartesian
and Lissajous sampling patterns have proven the best spatial
resolution so far [64]. However, the bidirectional cartesian
trajectory is not frequently used in the implementation instead
unidirectional cartesian sampling pattern. Just one drive and
receive pair is enough to shift and scan all planes line-by-
line. On the contrary, the Lissajous trajectory needs 2 or
3 drive and receive pairs to quickly scan the imaging volume.
The minimum acquisition time of the Lissajous trajectory
outperformed the other imaging sequences.

As the amplitude of the excitation fields is restricted by
the PNS and SAR values, FOV (movement of FFP) does not
cover all imaging volumes. Consequently, the focus field was
introduced to enhance the limits of the FOV which is known
as multi-patch imaging sequencing. Tracer agents outside
of partial FOV contribute a signal in the receive coil due
to the S-shape magnetization curve of the tracer particles
[65]. This issue complicates the edge-to-edge multi-patch
sequences. Over scanning of the partial FOV is an option to
achieve artifacts-free images otherwise artifacts appeared at
the edges of the partial FOV. However, the measurement of
the over-scanning region is not trivial. An increased number
of patches would increase acquisition time for large bore-size
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MPI devices. In addition, FFL spatial encoding reduces the
need for drive-receive pairs. 3D imaging with FFL only needs
two drive-receive pairs which may be implemented in either
Lissajous or cartesian sampling pattern.

VI. ESSENTIAL IMAGING PARAMETERS

MPI scanners have promise for many medical applications
like other imaging modalities. There are a few significant
parameters that define the MPI specifications and provide an
opportunity to compare it with other imaging modalities as
presented in Table 1.

A. SPATIAL RESOLUTION

The most significant parameter for imaging modalities is the
spatial resolution which defines how close two objects can be
differentiated. The spatial resolution of the MPI scanner can
be represented as [34];

kgT
womG

Ax = AerwaM “4)
where kp is Boltzmann constant, 7 is temperature, o is
the magnetic permeability of the vacuum, m is the magnetic
moment, Aspwry is the FWHM of the PSF of the tracer
agents, and 8 depends on the third power of the core diameter
of the magnetic nanoparticles. G is the gradient of the static
selection field (FFP/FFL). Ax describes the classical spatial
resolution of the MPI scanner, it can be further increased
by applying deconvolution to the MPI images. Signal-to-
noise (SNR) of the acquired MPI data is also not considered.
The spatial resolution of the MPI imaging modality mainly
depends on the gradient field (T/m) and FWHM (mT) of the
tracer obtained from PSF.
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FIGURE 3. System function (frequency domain) and X-space (time-domain) are two prominent image reconstruction techniques. A simplified
MPI scanner of one drive and one receive coil is displayed in the middle. N and S represent the north and south poles of the permanent
magnets, respectively. Maximum MPI signal is obtained at zero field region (midpoint), however, tracer response becomes saturated at the

outer edges of the FOV region [45].

B. SENSITIVITY AND TEMPORAL RESOLUTION

Temporal resolution represents the scanning time (acquisi-
tion time) of the object. Acquisition time depends on the
frequency of excitation fields. While the sensitivity of the
MPI scanners explores the detection of the minimum amount
of tracer agents [20].

PRfE
G3VRP

here T™® represents total measurement time and PR is the
sensitivity of the pickup coil. fZ is the excitation frequency.
PR is the noise resistance of the receive coil.

Tracer agent concentration has a linear relationship with
the SNR. Similarly, the sensitivity of the receive coil also
enhances the SNR of the MPI scanners linearly. The SNR also
has an inverse relation with the 3" power of the gradient field
strength while the spatial resolution of the MPI scanners has
a direct relation with SNR. However, gradient field strength
does not enhance the spatial resolution of the scanners if the
SNR of the signal is low.

SNR o/T " cq 5)

C. DETECTION LIMITS

MPI utilizes radio frequencies (1-100kHz) for excitation
fields and signal reception. Due to the low-frequency range
coil noise dominates the body noise. It means, still there
is substantial room for technical enhancement in MPI
sensitivity [28].

Detection limits
NF\/ Tcaichuil Hsat vBW
~ 2,0\/;3 . .

PR Miq ‘ WHampl

(6)
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NF represents the noise figure of the preamplifier, kp is
the Boltzmann constant, and BW stands for final receive
bandwidth.

The detection limit of the MPI scanner mainly depends
on the instrumentation (hardware) parameter, nanoparti-
cles (tracer) parameters, and scanning parameters.

VII. IMAGE RECONSTRUCTION

Direct visualization of the MPI signal is not feasible
without transforming the voltage signal to particle
concentrations. Image reconstruction time and image quality
are trademarks of the post-processing techniques. A linear
relationship between particle concentration and measured
signal is the main assumption in all reconstruction techniques.
Mainly two reconstruction approaches such as frequency
domain-based system matrix, and time-domain based x-space
are widely used for image reconstruction [66]. The signal
outcomes of both approaches at two different magnetic field
regions are graphically presented in Figure 3.

The system function can be measured from calibration-
based, model-based, and hybrid approaches. A delta sample
of the tracer agent is used and translated with a 3D actuator
in a calibration-based system matrix approach [1]. It does not
require any mathematical representation of the MPI hardware
components or response of the tracer agent. The MPI signal
(u) relation with system matric (S) is defined as.

Sc=u @)

where c is particle concentration in the FOV.
All system imperfections are considered in this approach;
however, it is very time-consuming. Overall MPI system
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is simulated in a model-based approach with nearly accu-
rate sensitivity and transfer function of the receive channels
[67], [68]. The exact modeling of the nanoparticle response to
excitation fields is a key factor in the model-based approach
as well. Meanwhile, the hybrid approach integrates both
simulation and calibration aspects of the MPI scanner. 3D
actuator movement was removed and the focus field for
emulation of the selection field was included for a robust
and accurate system matrix [69], [70], [71]. Overall, acqui-
sition of the system matrix is tedious as compared to x-space
reconstruction.

The time-domain x-space technique offers fast image
reconstruction of the particle concentrations [63], [72].
Applied field homogeneity and infinite fast relaxation of the
tracers are driving assumptions of the x-space technique.
Receive coil voltage is normalized with FFP movement fol-
lowed by the gridding of the MPI signal on the FFP scanning
pattern. A simplified mathematical relation between tracer
concentration (c) and recorded voltage [72] is defined by;

u (x)

vpFp (X)

®)

c(x)=

where u(x) is the receive coil voltage at a known position
inside FOV. vppp(x) represents the FFP velocity.

Gradiometric design of receive coils and analog filters on
the receive channels remove the feedthrough effect and tracer
response at the excitation frequency. Fortunately, the missing
information only brings dc offset in the reconstructed signal
that can be recovered with continuity boundary conditions
[73], [60]. Frequency-dependent relaxation behavior of the
magnetic nanoparticle delayed the receive coil voltage in
comparison to the excitation field. Relaxation-based delay
leads to shifting of the MPI signal in spatial mapping at the
gridding stage [75]. Furthermore, the relaxation behavior of
the nanoparticles can be modeled as an exponentially decay-
ing function convolved with the magnetic nanoparticles’
magnetization response [75]. A blurring in the reconstructed
image can be cleaned with deconvolution techniques such as
Wiener filtering.

A. DEEP LEARNING AND ARTIFICIAL INTELLIGENCE
There are many traditional image reconstruction techniques
based on system matrix and x-space database proposed in the
literature for MPI. However, classic methods take more time
for image reconstruction which affects the acquisition time
and SNR of the MPI scanner. Recently, image reconstruction
based deep learning (DL), machine learning (ML), and arti-
ficial intelligence (AI) for MPI are proposed.

Deep image prior (DIP) based on a deep neural network
was applied to the Open MPI dataset and results are com-
pared with iterative regularization techniques in terms of
peak signal-to-noise ratio [76]. In another study, fusing a
dual-sampling convolutional neural network (FDS-MPI) was
proposed to enhance spatial resolution by a factor of two and
improve image quality [77].
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In vivo tracking and quantification of implanted islet
organoid grafts with machine learning-based K-means++
algorithm was performed [78]. The outcomes show that
MPI reconstruction with ML algorithm can monitor in vivo
biomedical applications and perform quantitative analysis
of the tracer agents for a long duration. In another study,
K-means++ based artificial intelligence (AI) model was
demonstrated for pancreatic islet transplantation [79]. Islet
numbers and predicted total iron values (TIV) were linearly
correlated which enhances the quantification capabilities of
the Al based MPI reconstruction methods. Therefore, recon-
struction with Al based models will enhance the application
areas of MPI. It will bring more control over monitoring test
objects under observation.

VIil. APPLICATIONS OF MPI

The real-time imaging capability of the MPI technique with
high temporal and spatial resolution opened the window to
innovative biomedical applications. It is free of iodine-based
contrast agents and does not have ionizing radiations. On the
contrary, SPIONs are used as tracer agents in MPI. The
quantitative nature of the MPI signal to the particle concen-
trations enables cell-based measurements in tissue perfusion
and stenosis [63], [80]. MPI has a huge potential for a wide
range of applications such as vascular and perfusion imaging,
MPI-guided thermal therapy, lung imaging, oncology imag-
ing, etc. as shown in Figure 4.

A. VASCULAR AND PERFUSION IMAGING

SPIONSs are injected into a blood vessel and blood pool
imaging is performed with time. The efficiency of vascular
imaging depends on the magnetization response of the tracer
agents and blood circulation half-time. The blood circula-
tion time of the SPIONSs is the main challenge that can be
overcome by changing the chemical properties of the SPI-
ONs [37]. Attachment of the SPIONSs to the red blood cells
enhances the blood circulation time, so, MPI images can be
obtained after a long time (many hours) before they accumu-
late in the liver and spleen [81], [82]. In-vivo visualization
of the living rats implanted left lower mammary tumors and
right lower flank was demonstrated as shown in Figure 5. The
living rats were categorized into Group A and Group B, and
administered with high contrast 15 mg/kg and low contrast
5 mg/kg tracer agents, respectively. The LS-008 tracer agent
coated with Polyethylene glycol (PEG) provided a stable and
persistent intravascular MPI signal after many hours [83].
The signal intensity of the LS-008 is 4 times stronger than
Resovist.

The MPI images were captured for 4 x 4 x 5.8 cm?
FOV in 5 min for Group A. The intensity of MPI along with
time shows the initial rim enhancement (4 hr), accumulation
(24 hr), and clearance (96 hr) stages of the nanoparticles
as shown in Figure 5(a). In addition to this, the full body
biodistribution of the tracer agent LS-008 was scanned for
4 x 4 x 14.5 cm? in 9 min for Group B. The biodistribution
dynamics of the tracer agent for the full body are visible
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FIGURE 4. High spatial and temporal resolution of the MPI brings a revolution in the
medical imaging field. MPI is at the preclinical stage and possible applications of this
technique are being explored. Multicolor MPI utilizes the relaxation characteristics of

the SPIONs which is a future trend [45].

as shown in Figure 5(b). The concentration for Group A is
3 times stronger than Group B and it is verified by MPI
image intensities as shown in Figure 5(c) and Figure 5(d).
Furthermore, the diagnosis of mild degrees of traumatic brain
injuries is very challenging with CT and MRI. An experiment
on a living mouse was performed to observe the clearance of
the affected region as compared to healthy mice [85]. In addi-
tion to this, stoke imaging with MPI has a high potential for
visualization due to cerebral perfusion. The visualization of
the gastrointestinal bleeding is also possible MPI, and even
precise localization of the bleeding can be determined with
MPI [60].

B. MAGNETIC HYPERTHERMIA THERAPY

Magnetic hyperthermia (MHT) utilizes high frequency alter-
nating electromagnetic field (AMF) to generate heat (elevate
the temperature to 43 °C — 45 °C) with magnetic nanoparti-
cles and kill the malignant cells around a specific region [86],
[87]. Tissues at any depth are accessible with MHT without
the need for invasive catheters.

MHT can easily be adopted with chemotherapy and
radiotherapy-based cancer treatments. Systematically deliv-
ered magnetic nanoparticles to the targeted location accumu-
late in off-target organs such as the spleen and liver after some
time. High magnetic field existence everywhere results in
damage to these organs [88]. The challenges associated with
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hyperthermia are resolved by integrating with MPI hardware.
Strong magnetic gradient fields of the MPI are capable to
assist the MHT setup in the selection specific region. Field
free region (FFR) of the MPI is shifted to the cancer cell’s
location followed by AMF application to increase the tem-
perature of the target region by avoiding off-target effects
[89], [90], [91]. Hyperthermia setup is integrated with an
MPI scanner to diagnose bad tissues and apply treatment with
high-frequency magnetic fields are presented in Figure 6.
Experimental tests were performed on the U§7MG xenograft
mouse model. Custom design SPIONs were administered in
two steps, initially 1.25 mg of Fe SPIONs by intratumoral
injection followed by 50 nL of 25 mg/mL SPION through
tail injection. MPI scanning (Step 1) only brings negligible
heating inside the scanning region of the experimental object
due to the low excitation field at low excitation field (20 kHz).
However, the hyperthermia system heats the scanning region
by more than 10 °C as compared to MPI scanning due to
higher excitation frequency [89]. MPI images are evaluated
and the affected region is marked up (Step 2) for MHT treat-
ment. In therapy mode, initially, a gradient field is applied to
isolate unhealthy regions (Step 3). Finally, the magnetic field
is applied at a higher frequency (354 kHz) for the specific
time interval.

In another study, a magnetically activated drug delivery
system was proposed that used radio frequency alternating
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FIGURE 5. 3D MPI with a 7 T/m gradient field (FFP-based spatial encoding) was used for
vascular imaging. A drive field frequency of 20.225 kHz with an excitation field strength of

40 mTpp. MPI scans were integrated with CT skeletal reference. (a) The living rats (Group A)
with implanted mammary tumors were scanned with an MPI scanner using a 15 mg/kg dose of
LS-008 tracer agent. (b) The living rats (Group B) with implanted tumors at the right lower flank
were scanned with an MPI scanner using a 5 mg/kg dose of LS-008 tracer agent.

(c) Two-compartment model fitting and biodistribution for Group A. (d) Two-compartment
model fitting and biodistribution for Group B. The image was adapted with permission from
ACS publications [84].
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FIGURE 6. Magnetic hyperthermia therapy consists of diagnostics and therapy phases. MPl images were obtained with a 2. 35 T/m selection
field (FFL) and 20 mT excitation field at 20 kHz. (Step 1) MPI images of the healthy and tumor region were overlaid to the static MRI image, (Step
2) The position of the tumor region was determined after diagnosis, (Step 3) Tumor region was localized with a gradient field to contain the
heating region, (Step 4) Excitation field of 13 mT at 354 kHz were applied to generate heat with same tracer agent in the presence of gradient
field. Healthy tissues were protected with a localization approach to the tumor treatment. The image was adapted with permission from ACS

publications [89].

FIGURE 7. Time-based assessment of the clearance of administered aerosol. MPI scanner of 6.3 T/m gradient field strength (FFL) was used to
obtain the distribution of the Perimag SPIONSs (tracer agent). A magnetic field of 40 mTpp was applied at 20.225 kHz excitation frequency. The
clearance pathways represented with white arrows show boli in the trachea and gastrointestinal tract. MPI signals do not decay very quickly over
time, so it is a suitable technique to image aerosol clearance. The gradual decay of the MPI signals over the lungs was demonstrated successfully.
The image was adapted with permission from Ivy spring international publisher [95].

magnetic fields to release the drug from nanoliposomes [92].
MPI spatial encoding was applied to achieve localized target
regions. Drug carriers that lie on FFP or FFL regions are
susceptible to radio frequency triggered drug release.

C. LUNG IMAGING

Pulmonary drug delivery is complex due to rapid absorp-
tion. Monitoring and quantification of the aerosol is not an
easy task. Existing imaging modalities like X-ray and CT
rely on contrast agents for imaging human anatomy. Among
other imaging techniques, PET and gamma scintigraphy have
higher efficacy in aerosol imaging with picomolar sensitivity
[93], [94]. However, radioactive inhaling by the patient is a
major drawback and the main source of ionizing radiation
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risk to the lungs. MPI has a high potential to address the
challenges in lung imaging. SPIONs are used as tracer agents
(signal source) and mixed with aerosol to track them with
MPI. The aerosol applications of MPI were demonstrated
for the evaluation of delivery efficacy and tracking of the
inhaled therapeutics [95] as shown in Figure 7. Perimag
(micromod, Germany) SPIONs were mixed with the aerosol
for in vivo tracking through MPI. The magnetic core size
of the tracer agents plays a critical role to measure the MPI
performance, however, biodistribution can be controlled by
changing the coating (hydrodynamic) size of the magnetic
nanoparticles. Perimag has a hydrodynamic size of 130 nm
which restrict the blood-lung penetration. Perimag tracer
agents were observed just above the lung after 2 h. However,
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FIGURE 8. MPI images of the Fe;0, @PFODBT-COOH (stem cells) implanted mouse. (a) Distribution of the stem cells scanned from the front,
(b) Distribution of the stem cells scanned from the back, (c) MPI image of two different locations with different stem cell concentrations, (d) 3D
MPI colored images were overlaid on CT image after subcutaneous injection of functional cells. The image is reused with permission from ACS

publications [101].

the tracer agents quickly moved to the lower gastrointestinal
tract after 14 h. For 13 days, tracer agents (MPI signals) were
gradually removed from the lung [95]. In the future, MPI
can become powerful imaging and therapy technique for lung
applications.

D. STEM CELL LABELING AND TRACKING

SPIONs-based MPI has gained more attention due to the
high sensitivity, specificity, and quantification of the labeled
cells. The sensitivity of the MPI scanners is being enhanced
to detect even a single stem cell in near future. Tissue
regeneration properties of the stem cell may be helpful
in cardiac and neurological diseases [96]. Stem cell-based
therapy has a significant potential for Parkinson’s disease,
Huntington’s disease, amyotrophic lateral sclerosis, multiple
sclerosis, Alzheimer’s disease, stroke, spinal cord injury, and
brain tumors [97].

MPI is a quantitative method with high sensitivity as
compared to existing imaging modalities, especially MRI.
Tumor-associated macrophages’ presence and distribution
were evaluated with MRI and MPI with the same SPIO
nanoparticles [98]. Similarly, MPI and fluorine-19 MRI were
utilized to measure the cellular sensitivity of breast cancer
and mesenchymal stem cells (MSC) [99]. Acquisition time
was kept the same for both imaging techniques for a fair
comparison. MPI easily detected 4 x 10> MSC while a
minimum of 256 x 103 were detected with fluorine-19 MRI.

Moreover, MPI is a safer imaging modality for moni-
toring intravenously human mesenchymal stem cells [100].
Mesenchymal stem cells can be used as a therapy tool for
stroke, traumatic brain injury, and cancer diseases. Various
experiments have been demonstrated on small animals such
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as rats and mice. Cell tracking with MPI was performed
by implanting Fe304@PFODBT-COOH labeled HeLa cells
(Janus particles) implanted into a living mouse scan with
MPI, MRI, and CT imaging [101] as shown in Figure 8.
A mouse with 30,000 labeled cells was visualized with 2-D
projection MPI as shown in Figure 8(a).

In another study, 5 x 10° SPIO-labeled human neural pro-
genitor cells (NPCs) were implanted in the forebrain cortex
of a rat and monitored with MPI for 87 days [102]. The
implanted cells remained in the object for a very long time and
the clearance process was very slow which helps to monitor
the object.

IX. CONCLUSION

In this study, a thorough review of MPI scanners has been
accomplished. Tracer agents, spatial encoding (FFP/FFL),
excitation fields and pickup systems, image reconstruction,
and biomedical applications are extremely indispensable
areas of the MPI technique. Technical specifications of the
MPI scanners such as gradient field, bore size, excitation
fields, and pulse sequences have gradually improved espe-
cially bore size since its first invention in 2005. The research
on the upscaling of MPI technology is already underway.
As MPI does not provide morphological structure so integra-
tion with other imaging modalities is unavoidable. Therefore,
few multimodal imaging tools such as MPI-MRI and MPI-CT
are also demonstrated at the pre-clinical stage. Preliminary
research on MPI has achieved remarkable outcomes in vari-
ous fields such as cell tracking, oncology imaging, vascular
imaging, functional imaging, drug delivery, neuroimaging,
and magnetic thermal therapy. The successful implementa-
tion of pre-clinical MPI scanners yielded huge expectations
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from the pre-clinical (animal) to clinical (human) transition
stage. Outstanding features of the MPI make it an exceptional
imaging device that can play a significant role as a diagnostic,
drug delivery, and monitoring tool in medical imaging. Early
age cancer detection would be possible with this emerging
medical imaging technique.
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