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Magnetic particle imaging (MPI) is a new tracer-based imaging modality that is useful in diagnosing various pathophysiology
related to the vascular system and for sensitive tracking of cytotherapies. MPI uses nonradioactive and easily assimilated
nanometer-sized iron oxide particles as tracers. MPI images the nonlinear Langevin behavior of the iron oxide particles and
has allowed for the sensitive detection of iron oxide-labeled therapeutic cells in the body. This review will provide an overview
of MPI technology, the tracer, and its use in vascular imaging and cytotherapies using molecular targets.

1. Introduction

Magnetic particle imaging (MPI) is a relatively new imaging
modality that images the spatial distribution of superpara-
magnetic iron oxide nanoparticles as a tracer [1–4]. MPI
was first developed by Gleich & Weizenecker from the Phi-
lips research center in Hamburg [5] and has ever since seen
rapid growth in various forms, including hardware [6–9],
image acquisition and reconstruction [10–15], tracer devel-
opments [16–22], and implementation in preclinical transla-
tional research [23–27].

Magnetic particle imaging is not to be confused with
magnetic resonance imaging (MRI) [4]. Though some of
the iron oxide tracers used for MRI can also be used for
MPI, the working principles of MPI and MRI are entirely
different. In MPI, the superparamagnetic iron oxide (SPIO)
tracers are directly imaged, whereas in MRI, the paramag-
netic proton that comes under the influence of the magne-
tized SPIO tracer is measured. This influence results in a

change in the T2∗ times of proton relaxation resulting in a
negative contrast in MRI. However, MPI generates a positive
signal from the instantaneous location of the SPIO tracer. In
Figure 1, we highlight some preclinical MPI images of
immense diagnostic and translational value. These images
consist solely of tracer particles, making them similar to
images produced in nuclear medicine. MPI is particularly
useful for vascular imaging [28–31] and for tracking
cytotherapies, such as red blood cells (RBCs) [32], stem cells
[33–35], and white blood cells (WBCs) [23, 36, 37], all with-
out any radiation.

Tracers for MPI consist of nanosized superparamagnetic
iron oxide nanoparticles administered intravenously (i.v.).
MPI tracers coated with polyethylene glycol resist opsoniza-
tion and compartmentalize in the blood plasma. This results
in a longer circulation time, which enables highly sensitive
angiograms that could detect gastrointestinal bleeding as
shown in Figure 1(b). Furthermore, MPI tracers with anti-
bodies can selectively bind to molecular targets in circulating
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immune cells, such as neutrophils, and allow for sensitive
tracking of therapeutic cells (Figure 1(c)). MPI can image
malformed angiogenic blood vessels in tumors due to
enhanced permeation and retention (Figure 1(d)).

In this review article, we will introduce the chemistry
and working principle behind the tracers of MPI, followed
by a brief introduction to image acquisition using the
tracers. We will finally highlight some examples of vascular
and cellular imaging of theranostic value using MPI.

2. Tracers for MPI

MPI is a tracer-based imaging modality, and the magnetic
properties of tracers greatly influence the sensitivity and
resolution of the images. Superparamagnetic iron oxide

nanoparticles or SPIOs have long been used in biomedicine,
as contrast agents in MRI, as an iron supplement for treating
anemic patients, and for hyperthermia-based treatment
involving inductive heating. Unlike small molecule tracers
used in nuclear medicine, tracers for MPI are similar to
99mTc-sulfur colloids, except MPI tracers are nonradioactive
(Figure 2).

SPIOs are superparamagnetic and exhibit the Langevin
physics which is crucial for MPI (Figure 3(a)). Ferromag-
netic materials of iron oxide that are confined to the “nano-
meter” dimension between approximately 3 and 30nm near
the spherical diameter behave superparamagnetic. Superpar-
amagnetic materials are strongly magnetized in the presence
of an externally applied magnetic field and can switch the
direction of magnetization with the switch in the direction
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Figure 1: MPI overview: magnetic particle imaging is a new, noninvasive, and nonradioactive tracer-based imaging technology for imaging
pathologies associated with vascular defects, cell tracking, and molecular imaging. (a) Intravenously administered tracers of MPI can be
engineered to either partition in the blood plasma or tag to a specific subset of immune cells using molecular targets (MNP: magnetic
nanoparticles). (b) Long-circulating tracers in MPI can be used to acquire highly sensitive angiograms that could detect gastrointestinal
bleeding shown here. MPI images of bleed hot spots can be observed in the abdomen overlaid over a projection X-ray for anatomical
reference. (Adapted with permission from Yu et al., ACS Nano, 2017. Copyright (2017) American Chemical Society) [27] (c)
Furthermore, MPI tracers with antibodies can selectively bind to molecular targets in circulating immune cells, such as neutrophils, and
allow for sensitive tracking of therapeutic cells. (Reproduced under the Creative Common license) (d) MPI can image malformed
angiogenic blood vessels in tumors due to enhanced permeation and retention (image overlaid over CT data for anatomical reference)
(adapted with permission from Yu et al., Nano Letters, 2017. Copyright (2017) American Chemical Society [38]).
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of the applied field. SPIOs have zero remanences and coer-
civity, which are needed for spatial localization using MPI.
The derivative of Langevin is the point-spread function of
the image in MPI, with the full width at half maximum
(FWHM) corresponding to the magnetic resolution
(Figure 3(b)). The saturation magnetization and the slope
of the linear portion of Langevin are critical in determining
the sensitivity and resolution of particles for MPI [1–3, 18,
22].

The magnetic property of the tracer depends on the size
and crystalline nature of the iron oxide particles, which is
influenced by the route of synthesis. Many of the commer-
cial SPIO particles are prepared by a bottom-up approach.
In the bottom-up approach of SPIO preparation, Fe2+ and
Fe3+ salts are mixed under strongly basic or acidic condi-
tions. The salts precipitate to form a colloidal crystal of iron
oxide. This reaction referred to as the Schikorr reaction, has
been the classical method for preparing a variety of commer-
cially available SPIOs [44, 45]. The resulting products of the
Schikorr reaction usually contain mixed phases of oxides of
iron such as FeO (Wüstite), Fe2O3 (hematite), and Fe3O4
(Magnetite). In common practice, the iron oxides formed
are oxidized further to improve the magnetic property of
the product [17, 46, 47].

In Table 1, we have listed the details of some commer-
cially available SPIO tracers, including their crystalline phase
and MPI properties. Feraheme [48] and Resovist [49] are
two of the tracers prepared by the Schikorr reaction detailed
above [44], and both have an average particle core size of
approximately 5 nm. Feraheme particles have maghemite
(γ-Fe2O3) as a crystalline phase, while X-ray diffraction
studies in Resovist show a mixed magnetite (Fe3O4) and
maghemite (γ-Fe2O3) crystalline phase. The susceptibility
(χ) of the crystalline phase of magnetite is almost 1.5–2

times higher than that of maghemite, with magnetite parti-
cles showing better MPI signal and resolution [50]. Lode-
Spin nanoparticles from the University of Washington
were prepared by a thermal decomposition process of the
organometallic precursor in a controlled chemical environ-
ment. The thermal decomposition process allows for greater
control of the size and oxidative state of iron oxide crystals.
LodeSpin particles with long blood circulation time have a
sensitivity value of 3 ng and a 0.83mm resolution in a 7T/
m/μ0 gradient field-free line MPI scanner (Table 1) [27,
38]. LodeSpin particles have pure-phase magnetite (inset
Figure 2(a) represents a selected area electron diffraction
pattern showing crystal morphology and characteristic spi-
nel diffraction rings) core having the highest magnetic sus-
ceptibility [16]. Apart from the crystalline phase, the size
of the iron oxide nanoparticles influences the resolution
and sensitivity. The Langevin equations of physics predict
a cubic improvement (resolution, FWHM scales ~1/(particle
diameter)3). But in reality, the measured resolution is
affected due to particle relaxation, which is merely a time
delay τ for the particle magnetization to align with the exter-
nally applied field [51]. Factors like excitation frequency and
amplitude can further affect the resolution and sensitivity of
MPI [52].

Attempts have been made to synthesize magnetic nano-
particles with better resolution and sensitivity. Zero-valent
iron oxide nanoparticles are considered to have the highest
magnetic susceptibility compared to various iron-crystal
forms. However, the iron-zero state is not very stable and
would quickly oxidize at room temperature and atmospheric
pressure. Researchers from Monash University developed
zero-valent iron oxide nanoparticles with an approximately
5-8 nm core and vectorized it with an approximately 3 nm
thick iron oxide shell [21]. The iron oxide shell provided a

(a)

(b)

(c) (d)

Figure 2: Unlike the small molecule metal chelators used in nuclear medicine which are typical 1-2 nm in size, MPI uses colloids of (a–c)
iron oxide nanoparticles (SPIO) with core sizes of 4–28 nm [27]. For this reason, many MPI applications studied thus far bears a close
resemblance to nuclear medicine studies using (adapted with permission from Yu et al., ACS Nano, 2017. Copyright (2017) American
Chemical Society, Chandrasekharan et al., Theranostics, 2020 [39]; Tay et al., Small Methods, 2021 [40]) (d) 99mTc-Sulfur colloids [41],
but with no radiation nor any radioactive decay. Signals from the MPI tracer persist until the SPIO particles are enzymatically
hydrolyzed and cleared (Reproduced with permission from Michenfelder MM et al., J Nucl Med Technol, 2014).
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protective layer over the zero-valent iron. The particles
had an MPI signal and resolution comparable to ferucar-
botran. Other approaches have been carried out to
improve the crystalline anisotropy of the nanoparticle
either using doped iron oxide or cube-shaped iron oxide
nanoparticles [53, 54]. The improved anisotropy provides
a great advantage for MPI-guided hysteresis heating of

the nanoparticles, commonly referred to as magnetic fluid
hyperthermia [19, 25, 55–57].

Recently, UC Berkeley collaborated with the University
of Florida to develop a new class of high-resolution MPI
tracers called superferromagnetism (SFMIO). SFMIO nano-
particles transiently interact to form chains that flip instan-
taneously and provide a sharp transition of the magnetic

1
Magnetic response

0.5

M
/M

sa
t

0

–0.5

–1
–20 –10 0

Applied field (mT)
10 20

Langevin
SFMIO

(a)

Standard vivotraxTM

SF-MNP chains

M
PI

 si
gn

al
 (A

.U
.)

1.0
⁎40-fold less

iron mass than
VivotraxTM

0.8

0.6

0.4

0.2

–60 –40 –20 0
B (mT)

20 40 60

(b)

VivoTraxTM SNR normalized

5 mm

(c)

SFMIO SNR normalized

5 mm

(d)

Figure 3: Tracers of MPI obey (a) Langevin physics (blue line). At UC Berkeley, we have discovered that SPIO particles interact to create a
new form of magnetic behavior which provides a step-like change in response to a magnetic field (red line). We coined this new type of
particle as superferromagnetic iron oxide nanoparticles (SFMIO). (b) The step response-like behavior of SFMIO particles to the applied
field provides high resolution and higher signal compared to VivoTrax™ as shown by the point-spread function (PSF) of the particles.
(Reproduced with permission from Tay et al., Small Methods, 2021 [40]) (c) MPI images of VivoTrax™ filled in capillary tubes to create
a pointillism phantom acquired using a 6.3 T/m field-free line MPI scanner versus (d) SFMIO particles. SFMIOs have been shown to
improve the resolution of MPI to 100 microns, a 10-fold improvement compared to commercial nanoparticles [40, 42, 43].

Table 1: Commercially available SPIO tracers used for MPI had their resolution and sensitivity measured using an arbitrary wave
relaxometer [1, 40] (reproduced with permission from Chandrasekharan et al. [1]).

Commercial particles Crystal phase/size MPI resolution/sensitivity

Feraheme γ-Fe2O3 Maghemite/6-7 nm 5.6mm/77 ng

Resovist (Ferucarbotran) Magnetite (Fe3O4) & Maghemite (Fe2O3)/3-5 nm 1.4mm/12 ng

LodeSpin lab Magnetite (Fe3O4)/29 nm 0.83mm/3 ng

Superferromagnetic particles Interacting ~0.1mm/10-fold better sensitivity [40]
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field vector with the change in applied field (dM(t)/dH(t))
[40]. This sharp transition provides a 10-fold boost in MPI
resolution compared to commercial MPI tracers at a 7T/m
magnetic field gradient (Figure 3(d)). The high-resolution
SFMIO nanoparticles will allow for the scale-up of preclini-
cal MPI scanners to human-size scanners by reducing the
gradient strength needed by 10-fold. A mere 1T/m gradient
MPI could provide 1-mm resolution images using SFMIO
particles, which is the nominal resolution of a clinical
SPECT or PET scanner. Since gradient hardware cost scales
quadratically with field strength, SFMIO nanoparticles could
reduce the gradient cost, remove any hardware constraints,
and make human MPI scanners affordable.

SPIOs are colloidally stabilized using biocompatible
materials, such as carboxydextran (polyglucose in the case
of Feraheme and Resovist) or polyethylene glycol (PEG)
(in the case of LodeSpin) and reconstituted in a pharmaceu-
tical adjuvant for intravenous administration. For diagnostic
purposes, SPIOs can be repurposed within biomolecules,
such as chylomicrons [26], red blood cells [32, 58], white
blood cells [23, 36, 59], stem cells [33–35], exosomes [60],
and synaptic vesicles [61], and can be used for functional
and metabolic imaging (see Figure 4). SPIO tracers devel-
oped so far have been approved only as a supplement for
anemia and an off-label MRI contrast agent. Tracers for
MPI could benefit from having a custom iron oxide core
built over a previously FDA-approved biocompatible formu-
lation. Such tracers can be fast-tracked for first-in-human
clinical use through device exemption, owing to the overall
diagnostic benefit of magnetic particle imaging (MPI). In
the following sections, we will discuss some key benefits of
MPI that have been proven in preclinical setups for
modern-day nanotheranostics.

3. Magnetic Particle Imaging

Magnetic particle imaging (MPI) should not be confused
with MRI, as traditional MRI scanners cannot create an
MPI image. The change in proton relaxation under the influ-
ence of SPIOs is observed as a contrast in MRI, while in MPI
the signal originating from the SPIOs is directly detected.
For the benefit of readers of molecular imaging, we will
explain the MPI hardware and image acquisition in brief.

MPI hardware architecture consists of a pair of magnets
forming the gradient field, slow shift magnets, and a pair of
transceiver coils. A field-free region (FFR) in the form of a
point or a line is created by bringing closer the “like” poles
of two magnets. The magnetic field aligns to create a gradi-
ent, with the field at the center being close to nil (at UC
Berkeley, 2.4T/m and 7T/m gradient fields were used). In
MPI, the particles rotate only in the region of the FFR, while
the particles outside the FFR remain saturated. The instanta-
neous location of the FFR allows for the spatial location of
the signal in MPI. Slow-shift fields are generated by pairs
of electromagnets that shift the field-free region in space.
The slow-shift coil allows manipulation of the trajectory of
FFR in space. The transceiver coil generates a sinusoidal
radiofrequency oscillation (typically at 20 kHz at 20 mT in
UC Berkeley scanners) that excites the SPIOs at the location

of the FFR. SPIOs subsequently generate a signal that is
picked up as induced e.m.f. in the receiver coil by Faraday’s
law of induction. For more information on MPI hardware,
the readers can refer to other research articles [5, 62–69].
Different approaches are implemented to acquire MPI
images. The system matrix is one of the first methods used
for MPI image acquisition. In the system matrix, the har-
monic response of particles to a sinusoidal excitation is cal-
ibrated in all possible locations in space [70, 71]. This forms
the basis for the set. The MPI images are generated by solv-
ing a set of linear equations based on the calibrated system
matrix. The x-space method of MPI image acquisition is
shown in Figure 5. The x-space approach does not require
precalibration; rather, the signal received is directly gridded
to the spatial distribution of the SPIO tracer by knowledge
of the instantaneous location of the field-free region (FFR),
as shown in Figure 5 [66, 72, 73]. Several research articles
and review articles have comprehensively explained the
working, design, and imaging reconstruction in MPI scan-
ners [11, 74–76].

Recently, efforts have been put into reconstructing MPI
images using deep learning and convolutional neural net-
work (CNN)-based methods. The classical inverse problem
approach to image reconstruction is solved iteratively,
requiring a harmonic basis set as in the system matrix
approach that precalibrates the MPI system, which can be
suboptimal in computational performance. A deep/machine
learning approach using neural networks and training data
could optimize MPI image reconstruction. Chae confirmed
by training a single-layer network on MPI images that the
spatial basis vectors of the MPI kernel are Chebyshev poly-
nomials [77]. This key result was shown in classical MPI
by Rahmer et al. [7] and Lu et al. [15], for system-matrix
and x-space-based reconstruction methods, respectively.
Subsequently, a multilayer CNN was used to show successful
MPI image reconstruction from data generated using model-
based simulation with tracers larger than 35nm. Further
investigations using deep image priors and comparisons
between various regularization techniques in the context of
MPI reconstruction as a constrained optimization problem
have also been done by Dittmer et al. [78] and Askin et al.
[79]. Shang et al. [80] utilized fusion dual-sampling by com-
bining two neural network branches with and without a
pooling layer to retain high-resolution information in the
MPI image. This method was compared against other
single-network CNNs to investigate resolution improve-
ments. The above studies were done with the help of public
MPI datasets such as OpenMPIData [81].

Classification of MPI data using artificial intelligence is
also a burgeoning field. Identifying the region of interest
(ROI) where the MPI tracer accumulates can be crucial for
diagnosis and cell tracking. Manual identification of ROI is
often time-consuming, and automatic segmentation of MPI
images could quicken the diagnostic read. On these lines,
Hayat et al. [82] used the K-means++ unsupervised learning
algorithm to segment in-vivo rodent MPI images for local-
ized iron quantification.

Newer MPI technologies, such as pulsed MPI and Color-
MPI can measure the relaxation time constant of the iron
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oxide nanoparticles and provide information about the local
environment surrounding the particles influenced by the
diseased physiology [52, 83–85]. This could be viscosity
changes, temperature changes, or both [86, 87].

Both the SPIO tracers and MPI scanners have no ioniz-
ing radiation, and many tracers have already been approved

by the FDA or EU as safe for human use [66, 89–91]. The
SPIOs remain superparamagnetic until hydrolyzed or enzy-
matically degraded, as demonstrated by months-long longi-
tudinal in vivoMPI cell tracking studies [33, 34, 92]. Injected
SPIOs are typically cleared through the hepatobiliary system
to reduce the renal burden [30]. MPI is extremely useful for
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the Creative Common license CC-BY-4 from Chandrasekharan et al., Nanotheranostics, 2021 [23].

6 Molecular Imaging



diagnosing pathology related to vascular changes and cell
tracking. In the next few sections, we will discuss some of
these key applications using MPI and their clinical
translation.

4. MPI for Vascular Imaging

Changes in the vasculature of organs are a strong diagnostic
indicator of organ damage. It is estimated that over eight
million myocardial perfusion scans [93] and another 62 mil-
lion CT angiograms are performed every year in the US [94].
In a typical perfusion scan, a tracer is injected as a bolus, and
the signal (s(t) ∝ f (concentration of tracer), c(t)) as a func-
tion of time is captured using the imaging modality. The pat-
tern of tracer uptake can be evaluated, and various tracer
uptake parameters can be estimated. Tracer kinetic models
are valuable in vascular perfusion-based diagnosis and treat-
ment planning. MPI-based perfusion studies have been per-
formed in preclinical murine models. Similar to tissue
perfusion studies performed using 99mTc-sulfur colloids
and RBC labeled with 111In in scintigraphy, MPI has shown
promise in diagnosing vessel-related pathology. MPI has a
longer imaging window and superior SNR, but no radiation
and no radioactive decay time constraints. MPI is also line-
arly quantitative, so tracer kinetic models that evaluate tissue
perfusion parameters in scintigraphy can also be directly
implemented in MPI. As shown in Figure 2, the SPIO tracers
are comparable to sulfur colloids in size; however, the sur-
face coating influences the circulation time and thus their
use for vascular diagnosis. Carboxydextran-coated SPIO
tracers, such as Vivotrax™ and Resovist, have a very short
circulation time and are immediately taken up by the reticu-
loendothelial organs of the liver and spleen (Figure 6(a)).
This form of biodistribution is similar to the tracers of
99mTc-sulfur colloid [95] and is useful for liver-spleen imag-
ing. SPIOs with polyethylene glycol surface modification
show better steric hindrance and avoid protein opsonization
when administered intravenously, resulting in long circula-
tion and a blood half-life of ~4.2 hours in rodents
(Figures 6(b) and 6(c)).

Figure 6 illustrates the difference between polyethylene
glycol (PEG)-coated long-circulating MPI tracers versus
carboxydextran-coated MPI tracers of Ferucarbotran. The
dextran-coated particles are readily taken up by the reticulo-
endothelial (RES) organs of the liver and spleen. While the
PEG-coated particles resist opsonization and have a longer
circulation time. MPI was useful in estimating the particle
tracer kinetics. The signal from the major artery (ventricle
of the heart) from a time series of data was fit to a monoex-
ponential model (s = s0expð−t/t1/2Þ), where t1/2 can be esti-
mated by the knowledge of the signal of the tracer in the
blood) to estimate the blood half-life of the tracer. PEG-
coated particles from the LodeSpin lab have a blood circula-
tion blood half-life of about 4.2 hours, while Ferucarbotran
has a blood circulation blood half-life of about 0.17-0.5 h
[20, 30, 96]. Using a similar approach and an inert coating
of PEG-silane, the team at the University of Florida calcu-
lated the blood circulation half-life time for their tracers to
be t1/2~ 7 hours [20].

Intravenously injected tracers partition within the
plasma component of the blood. It is possible to achieve long
blood circulation of the MPI tracer by encapsulating iron
oxide nanoparticles within red blood cells (RBCs) [32, 97].
RBCs are e-nucleated and make up the largest component
of the circulating blood cells. Similar to 99mTc-RBC and
111In-RBC scintigraphy studies that are routinely performed
to estimate myocardial perfusion, SPIO-labeled RBCs were
used in evaluating cardiac function using a murine model.
The group at Università degli Studi di Urbino subjected
RBCs to a hypotonic solution containing ferrofluids. By
doing so, the RBCs develop small pores that allowed move-
ment of the SPIOs into the RBCs, and the RBCs reseal once
the tonicity is restored [58]. The RBC-loaded MPI tracer had
a 2- to 3-fold improved circulation half-life relative to bare
SPIOs. The authors were able to observe the cardiac output
and artifacts due to respiration using 3D MPI [32]. Using
RBCs to encapsulate SPIOs for long circulation ensures bio-
compatibility. However, tradeoffs of this method include the
need for routine quality checks that ensure the labeled RBCs
are healthy and have low MPI sensitivity from MPI labeling.
Therefore, researchers typically prefer commercially avail-
able long-circulating MPI tracers.

With zero background signal, MPI has an advantage
over other modalities for imaging the vasculature. It has
been known for decades that hemodynamic and metabolic
changes are linked to neuronal activity, including cerebral
blood flow (CBF), cerebral blood volume (CBV), and cere-
bral metabolic rate of oxygen (CMRO2). These can be
mapped quantitatively with optical, PET, and MR imaging.
The hemodynamic response to brain activity is delayed by
about 3–6 seconds [98]. These methods have weak sensitiv-
ity due to the low CBV signal: gray matter CBV is 5:2 ± 1:4%
and white matter CBV is 2.7± 0.6% [99]. More recent MRI
measurements show CBF increases roughly 3-fold more
than CMRO2 following brain activation [100]. CBV also
shows strong changes (27%) after activation [101]. CBV
changes are thought to better localize neuronal activity than
CMRO2 [102–106].

The CBV change can be directly measured as a change in
a signal using a long-circulating tracer in MPI, with an
increase in signal resulting from the dilatory effect in the ves-
sel. One of the first studies evaluating the neuronal response
using MPI was done by a team at Massachusetts General
Hospital [108]. The group developed a hand-held magnetic
particle spectroscopy device (MPS) that detects the MPI
tracer response based on the location at which the device is
used for probing. Otherwise, the device does not provide
any spatial information. Using long-circulating MPI tracers
from Ocean Nanotech, the group noticed a remarkable
change in the contrast-to-noise ratio (CNR) of fifty from
changes in the CBV in the rodent’s brain subjected to hyper-
capnia breathing. At UC Berkeley, using a field-free point
scanner and long-circulating tracers of LodeSpin, the global
CBV of a rodent brain was mapped with the difference in
perfusion observed inside and outside the brain cortical
regions (Figure 7). MPI has also been used to study ischemic
as well as hemorrhagic strokes of the brain. The group from
the University Medical Center Hamburg-Eppendorf
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Figure 6: Continued.
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acquired MPI images at forty-six volumes per second,
enabling the first-pass tracer perfusion measurements in a
rodent model of mid-cerebral arterial occlusion [109]. The
first-pass measurement allowed for the diagnostic evaluation
of kinetic parameters, including the tracer transit time, CBF,
and CBV. In a similar approach, the same group also used
MPI to evaluate cerebral hemorrhages as well [110]. Deter-
mining hemorrhagic versus ischemic stroke is crucial in
defining the course of treatment.

At UC Berkeley, we evaluated the CBV changes in a
rodent model of traumatic brain injury (TBI) [28]. This
was one of the first studies to visualize the primary brain
injury and associated hematoma in TBI using MPI. The
MPI data showed the severity, and depth of TBI-associated
vascular damage. The work also showed immune-related
activity as a sign of the repair mechanism of the brain-
related injury [28].

Once again, MPI complements imaging techniques in
nuclear medicine. MPI tracers involve no complex radio-
chemistry and can be stored and used without prior prepara-
tion. Some of the kinetic models that are used in
scintigraphy and PET can be directly adapted for MPI.

Gastrointestinal (GI) bleeding in humans is caused by
various conditions, including trauma to the lower abdomen,
due to inflammation, carcinoma, and Meckel diverticulum

(where the intestinal wall folds itself) [111, 112]. Though
the bleed onset can be asymptomatic, it can range in severity
from acute to chronic to obscure and can occur anywhere in
the lower and upper parts of the GI tract. The first UC
Berkeley publication detected GI bleeding using 2D projec-
tions, similar to projection scintigraphy, in a murine model
of familial adenomatous polyposis (FAP) [27] [113]. ApcMin

(min, multiple intestinal neoplasia) is a point mutation in
the murine homolog of the adenomatous polyposis coli
(APC) gene [99]. This mutation is often found in patients
with FAP, a hereditary form of colon cancer. Polyps sponta-
neously develop in these mice with age, causing bleeding and
anemia [114].

We induced acute bleeds by administering an anticoagu-
lant (heparin) and tracked the bleed with MPI (Figure 8).
Using an irreversible tracer kinetic model or classically
referred to as the Patlak model, allowed for bleed rate esti-
mation. Using MPI, we observed a sensitivity of 1-5μl/min
blood volume which was 10 times more sensitive than
RBC scintigraphy.

MPI is uniquely suited for imaging the lungs, as it is not
affected by depth limits or air-tissue-related susceptibility
effects. Pulmonary embolisms (PE) have a 30% mortality
rate when left untreated, but the mortality rate improves to
8% after emergency treatment.
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Figure 6: MPI studies are comparable to 99mTc-sulfur colloids and 111In RBC scintigraphy studies. (a, b) MPI images overlaid on an X-ray
CT image for anatomical reference at 10 minutes post i.v. administration of carboxydextran-coated SPIO, Ferucarbotran, and polyethylene
glycol (PEG)-coated long-circulating SPIO of LodeSpin, respectively. Ferucarbotran has a shorter blood half-life and is rapidly taken up by
the liver, similar to sulfur colloid tracers (c). On the other hand, PEG-coated SPIOs show a longer blood circulation time of about 4.2 hours
and are useful in perfusion studies similar to 111Inlabeled red blood cell scintigraphy but without any radiation. (Image reproduced with
permission from Kesleman et al., Phys Med Biol. 2017) [30].
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Figure 7: Functional brain imaging. MPI images of whole brain blood volume (a, b) were imaged using a long-circulation tracer. (c) The
tracer kinetics measured using MPI show a wash-in phase and a wash-out phase from the region of interest (ROI) within the brain,
while the signal change in the background is negligible [28]. MPI CNR is ideal for functional brain studies, as MPI shows no obscuring
background [1, 107].
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The emergency diagnosis of PE is challenging due to
nonspecific symptoms, such as chest pain and/or shortness
of breath. Many cases of PE are only diagnosed postmortem
[115]. Hence, the imaging studies CT pulmonary angiogra-
phy (CTPA) and ventilation/perfusion scintigraphy (V/Q)
are crucial for the definitive diagnosis of PE. Because the
V/Q exam is slow (3 hours) and provides poor spatial reso-
lution (5mm) [116–118], CTPA has become the gold stan-
dard PE diagnostic imaging method [116, 119]. Two large
subpopulations—patients sensitive to iodine contrast and
pregnant patients—cannot tolerate CTPA, and hence these

patients undergo V/Q. However, V/Q’s total exam time (3
hours) is too slow to provide an emergency diagnosis.
MPI, on the contrary, could provide a rapid, zero-radiation
complement to V/Q [120]. At UC Berkeley, we conducted
the first-in-animal ventilation/perfusion MPI studies, sur-
passing the dose-limited sensitivity of nuclear medicine
[24, 31] (Figure 9).

Since MPI tracers have no radioactive half-life, they can
be prepared and stored in the refrigerator. SPIOs coated with
macroaggregated albumin (MAA) could be injected directly
from the refrigerator, and an emergency MPI scan can be
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Figure 8: Kinetic models from scintigraphy and PET studies can be directly adopted for use withMPI. The most common model of irreversible
tracer uptake or the Patlakmodel was used to quantify the rate of gut (GI tract) bleeding usingMPI in amurinemodel. The approach assumes (a)
a central compartment consisting of the tracers in the circulation from which Cp(t) can be calculated from the MPI signal from the ventricle of
the heart and a peripheral compartment in which the tracer enters irreversibly at the rate constant kbleed. (b) The slope of the rate equation from
the graph can be used to estimate the rate of bleeding. (c) Dynamic MPI images show the central compartment (heart) and the peripheral bleed
compartment (GI tract) (MPI images are overlayed on X-ray projection data (grayscale) for anatomical reference). (Adapted with permission
from Yu et al., ACS Nano, 2017. Copyright (2017) American Chemical Society) [27].
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done in just a few minutes. This is much faster than the tra-
ditional 99mTc-MAA studies with scintigraphy or SPECT,
which typically requires three hours. Newer MPI approaches
exploit a doppler-like effect from the magnetic nanoparticles
to measure blood flow velocity [121], which can minimize
certain imaging artifacts in MPI.

5. MPI for Cell Tracking and Immunotherapy

MPI is uniquely suited for tracking therapeutic and diagnos-
tic cells in vivo. With a growing number of cell-based thera-
peutics, there is a particular need to validate and follow such

therapies and be able to provide information on the treat-
ment progress. Therapies based on stem cells and therapeu-
tic immune cells such as chimeric antigen receptor (CAR) T
cells, tumor-infiltrating lymphocytes (TILs), and CAR-NK
cells have shown promising treatment outcomes for treating
cancer, inflammation, and various degenerative diseases.

MPI tracers are biodegradable and nonradioactive. In
the previous section, we showed that tracers of MPI can be
packaged into RBCs and can be used as a blood-pool agent
like 99mTc-RBCs. However, encapsulating nucleated cells
such as lymphocytes using radioactive isotopes like 99mTc
and 111In have a debilitating effect on the cells. Labeling cells
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Figure 9: Lung ventilation/perfusion studies using magnetic particle imaging. (a) An Engineered mechanical ventilation device with a
vibrating mesh nanoparticle aerosolizer for ventilation study of the lungs using MPI. (b) SPIOs aggregated in macroaggregated albumin
(MAA) for lung perfusion studies. (c) MPI lung ventilation/perfusion images co-registered with X-ray images as an anatomical reference
[24, 31] (reproduced with permission from IOP Publishing and under the Creative Common license).

12 Molecular Imaging



with 111In could lead to chromosomal aberration, cell death,
and ultimately cell dysfunction [122, 123]. Cells labeled with
111In can be exposed to as much as 90Gy radiation per 108

cells [124]; whereas, the iron oxide nanoparticles used for
MPI are readily taken up by cells and are nontoxic to the
labeled cells.

When it comes to regenerative cell therapies like stem
cell therapy, certain posttherapy observations can be of
immense diagnostic importance, including (a) observing
if the implanted stem cell is growing and differentiating
into the desired cell type, (b) determining whether or
not the implanted cells are alive, and (c) understanding
the fundamental biodistribution (ADME) of the intro-
duced stem cells [125, 126].

MPI has by far the highest sensitivity for cell tracking
(~200 cell sensitivity) [1, 34]. One of the first stem cell
“hot spot” imaging was reported in the year of 2015 [35].
Bulte et al. implanted SPIO-labeled mesenchymal stem cells
(MSCs) using a stereotaxic setup into the striatum of a
rodent brain. The authors reported the possibility to track
50,000 labeled stem cells. At UC Berkeley, long-term track-
ing of SPIO-labeled neuronal progenitor cells was carried
out by the stereotaxic introduction of labeled cells in the
brain [34]. In this work, an incredible 5 ng/voxel (~200 cell
detection limit) was reported using a 2.3T/m gradient MPI
scanner. Further, MPI tracked cells for ~87 days with no loss
of tracer signal. In another approach, MSCs labeled with
SPIO were injected intravenously and tracked using MPI
(ADME) [34]. The injected cells were tracked to the lungs
of the rodent, which they initially traverse due to the physi-
ology of the vascular system, followed by clearance of labeled
cells to the liver and spleen. These studies show that the MPI
can track the biodistribution of injected therapeutic cells
with superb sensitivity. In another collaborative research
from Harvard and Michigan State University, researchers
labeled islet cells with SPIOs and tracked the islet cell graft
in a rodent model using MPI. MPI provided high contrast
in imaging insulin-expressing graft cells [127]. Researchers
have also covalidated stem cell tracking using bi- and trimo-
dal approaches and compared it with that of MPI [22, 128,
129]. Multimodal imaging complements the strengths of
each modality and improves the overall diagnosis.

Cancer prognosis and its response to immunotherapy
depend on the tumor microenvironment. For instance, the
tumor burden of immune cells, such as the CD4/CD8 T
cells, can predict the tumor response to checkpoint immu-
notherapy [130, 131]. The immune-rich tumor microenvi-
ronment can have a favorable outcome in treating cancer
with immunotherapy [132]; whereas, a tumor-rich microen-
vironment with inflammatory cells of neutrophils and mac-
rophages can cause tumor metastasis [133–135]. MPI was
utilized to assess the tumor microenvironment.

Nanoparticles have been shown to accumulate in tumor
lesions through a process of enhanced permeation and
retention (EPR). EPR occurs because of leaky vasculature
resulting from uncontrolled angiogenesis happening within
a tumor. As a result, macromolecules like albumin and
injected nanoparticles from blood plasma accumulate within
the tumor milieu and are retained. At UC Berkeley, we

observed EPR for the first time using MPI. Using a xenograft
cancer model of triple-negative breast cancer in a rodent,
i.v.-injected long-circulating tracers of LodeSpin showed
classical rim enhancement of the tumor at earlier time points
followed by core enhancement at later time points, with peak
tracer signal observed in the tumor at 6 hours posttracer
administration (Figure 10(a)) [38]. Histology from the study
showed a strong correlation between immune cell uptake
within the tumor and that of the MPI tracers (Figure 10(b)).

In a follow-up study, researchers from Western Univer-
sity and Michigan State University used MPI tracers of feru-
carbotran and ferumoxytol to label the monocytes of the
liver and spleen;these in situ labeled immune cells then infil-
trated a highly metastatic breast cancer xenograft of 4T1 in a
murine model [37] and were observed using MPI. The
authors shed new light on the EPR phenomenon using
MPI. The current work and recent studies on EPR suggest
that beyond the leakiness of the tumor vessels, the uptake
of nanoparticles by the immune cells and the tumor micro-
environment can all contribute to the EPR effect. Immune
cells, such as macrophages and neutrophils, are involved in
cancer metastasis, and tracking tumor-associated macro-
phages (TAMs) and neutrophils (TANs) is of immense diag-
nostic and therapeutic value. Furthermore, imaging the EPR
effect using MPI can be a helpful indicator for classifying
responders and nonresponders to nanotherapeutics [136].
In a similar approach, a group at Stanford labeled macro-
phages in vitro and tracked them toward sites of neuroin-
flammation in a murine model [59].

White blood cell (WBC) scans are often used to diag-
nose inflammation and fevers of unknown origin (FUO).
By radiolabeling and tracking autologous immune cells,
radiologists can visualize areas of high immune activity
that highlight pathologies, such as inflammation, infection,
or cancer. Antibodies are biomolecules that can bind to a
molecular target with very high specificity. Antibodies
functionalized with radioisotopes are used to track and
identify the overexpression of molecular targets using
PET/SPECT, thereby providing spatial information on bio-
molecule expression, for instance in cancer. In a molecular
imaging approach at UC Berkeley, we utilized SPIOs func-
tionalized with antibodies (anti-Ly6G) that are specific
towards antigens expressed on the surface of inflammatory
cells of neutrophils and macrophages, which allowed us to
label them in situ in a mouse model and track them
towards sites of bacterial lipopolysaccharide (LPS)-induced
acute inflammation (Figure 11) [23].

In a healthy mouse, i.v.-injected IgG-based antibody-
MPI tracers are distributed in the bone marrows of the skull,
limbs, pelvic bones, and the RES organs of the spleen and
liver. In addition, the antibody-MPI tracers also accumu-
lated in the renal organs (Figure 11(a)). This observation is
critical for antibody-MPI and indicates preserved antibody
function. This is because MPI tracers without antibodies
are mostly cleared via the hepatobiliary route rather than
the renal route.

The anti-Ly6G antibody MPI tracer was injected into a
mouse model of LPS-induced myositis, and the tracer was
distributed to the inflammatory site compared to the
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contralateral side. The antibody binds to specific cell surface
markers on inflammatory cells of neutrophils (Ly6G in this
case), and the tracer-bound inflammatory cells home into
the sites of myositis, providing a means to diagnose infec-
tion, inflammation, and possibly cancer [23, 137, 138].

Antibodies used as therapeutics have a complex biodis-
tribution and elimination pattern. The monoclonal anti-
body of IgG can have a long blood-half life or bind to
their targets and clear rapidly. Radiolabeled IgGs have
shown initial biodistribution into the hepatobiliary organ,
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Figure 10: UC Berkeley MPI images show the EPR effect in breast cancer (MDA-MB231) tumor model in an athymic rat [38] (a) Tracer
dynamics: rim enhancement followed by EPR and cellular uptake and washout. (MPI images are coregistered with X-ray images for
anatomical reference.) (Adapted with permission from Yu et al., Nano Letters, 2017. Copyright (2017) American Chemical Society [38]) (b)
Iron and rat macrophage colocalization histology: side-by-side comparison of identical tissue sections stained with Prussian blue and CD68
shows iron-laden macrophages (blue) present in the central stroma of the xenograft that is positive for macrophage marker CD68 (brown).
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organs of the RES, lungs, GI tract, and kidneys [139], but
their elimination route seems to depend on various fac-
tors. For example, small-size proteins and antibody frag-
ments are cleared via the renal route, whereas larger-size
antibodies are removed via the hepatobiliary route [140].
Further, nontargeted uptake of antibodies can occur differ-
ently based on the radioactive element bound to the anti-
body [141, 142]. The catabolized fragments of radiolabeled
antibodies have been shown to pose a radiation risk to
renal organs [143].

As a nonradioactive tracer imaging modality, MPI can
be used to track antibody-nanoparticle conjugates with no
harm to the off-target sites of tracer accumulation. However,
we need to be cautious of the size of the antibody-
nanoparticle conjugate that could impede the antibody func-
tion. In the study using the anti-Ly6G antibody described
above, the molecular targets were present in the circulation,
and it did not need to cross the vascular endothelium. More
research along the transport mechanism of the antibody-
SPIO conjugate could shed light on the molecular mecha-
nism and enable future molecular imaging approaches using
MPI. Nevertheless, IgMs, a pentamer of IgG with superior
avidity, are around ~20nm. This is close to the size of the
nanoparticles used as MPI tracers and can bind to molecular
targets. By carefully engineering antibody-MPI tracer conju-
gates, we can achieve nanoparticle delivery across vascular
endothelium using antibody-SPIO and provide a means for
molecular imaging using MPI.

Researchers at Beihang University and the Chinese
Academy of Sciences extended the study above with anti-
bodies to evaluate NETosis in lupus, an autoimmune condi-
tion that can become fatal to the patient overtime. The

authors showed that using MPI and anti-Ly6G-SPIOs, neu-
trophils infiltrated the lung peritoneum due to a lupus-based
inflammatory response [144]. Antibody-MPI can be further
extended towards understanding the cancer microenviron-
ment using tracers targeting CD4 and CD8 T cell subtypes
and can also be exploited for imaging antibody-based immu-
notherapies [145].

Another area of immense interest is the noninvasive track-
ing of chimeric antigen receptor (CAR)-based immunothera-
pies and the treatment response. Chimeric antigen receptors
are also specific to a molecular target, like antibodies. How-
ever, once the CAR binds to the molecular target, it can trigger
a kill switch in the CAR-carrying T or NK cells. Interest in
tracking adoptively transferred T cells began in the 1980s.
Researchers have used 111Inlabeled tumor-infiltrating lym-
phocytes (TILs) to determine cell localization in tumor lesions
[146, 147]. However, as pointed out by the authors in the study
and as discussed earlier, radiation exposure to lymphocytes
such as T cells, B cells, and NK cells impedes their functions
and causes cell death. Immunotherapy using CAR cells and
TILs sometime require weeks to even months to see any
appreciable response from the tumor.

Immunotherapy response evaluation criteria, such as the
Lugano criteria and the Olsen criteria are designed for mon-
itoring the response in blood tumors to treatment (e.g., lym-
phoma) [149, 150]. Activities such as nodal swelling, activity
in reticuloendothelial organs, and signs of inflammation are
often monitored. These activities do not directly indicate the
activity of the drug (antibody or CAR-T cells). MPI, for this
reason, is uniquely suited for tracking CAR and TIL-based
immunotherapy, since the MPI signal persists for a long
time and the tracers are not toxic to the labeled cells. Thus,
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Figure 11: (a) Maximum intensity projection (MIP) of 3D MPI using anti-Ly6G antibody SPIOs (neutrophil targeting) compared to an X-
ray CT image of a mouse. The antibody tracers of MPI are distributed in bone marrow of the skull, limbs, pelvic bones, and
reticuloendothelial organs of the liver and spleen. The antibody tracers also accumulate in the kidneys. This clearance pattern is observed
in antibody-based therapeutics, which is atypical for MPI tracers to accumulate in the kidneys [3, 148]. MPI can thus be tremendously
valuable for tracking antibody therapeutics with negligible renal toxicity, often observed in radioactive antibody tracers. (b) Anti-Ly6G
antibody MPI tracer imaging of inflammation/infection in a murine model of bacterial myositis using lipopolysaccharide (LPS) on the
right flank. MPI showed a CNR of ~8-12 in the inflammatory site versus the contralateral side (data overlayed on a mouse anatomical
outline, with the liver signal segmented through apodization) [23, 138, 148].
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MPI allows for real-time spatial localization of the CAR-
labeled cells and provides treatment insights to the oncolo-
gists, allowing them to optimize immunotherapy for each
patient. Further, it can provide information on whether the
administered CAR-Ts are dead or alive and active [86].

For example, the team at the University of Florida was
successful in labeling T cells specific to the PMEL marker
on brain tumor cells using SPIOs and tracking them toward
aggressive tumors of glioma in a murine model [36]. In
another approach, researchers at Stanford labeled CAR-T
cells specific to the cancer checkpoint marker B7-H3 using
a mechanoporation approach and successfully tracked the
labeled cells to a tumor xenograft using a multimodal imag-
ing approach encompassing MPI, MRI, and photoacoustic
imaging [151].

MPI can be utilized for precision and personalized
immunotherapy tracking. CAR-based immunotherapy with
increased target specificity, for example, using a synNotch
transcriptional circuit, is an approach to recognize multian-
tigen priming and target-specific killing of cancer cells that
can also be repurposed for early diagnosis of cancer [152].
Using multiple priming targets that are expressed in the
early stages of cancer, one can implement MPI and track
engineered T-cells to recognize tumors at an early stage, pro-
viding a means of early-stage cancer screening. Immu-
notheranostics using MPI can be useful for the early
diagnosis of a myriad of immune-related disorders.

In a separate review, we have further detailed the use
of magnetic particle imaging exclusively for cancer thera-
nostics [39, 153].

6. MPI in Metabolic Imaging

Since MPI tracers are “nano” in scale and dimension, MPI
cannot mimic small molecule imaging in PET and SPECT.
However, MPI can track tracers encapsulated within synap-
tic vesicles of neurons, fatty acid vesicles of chylomicrons,
and functional vesicles of exosomes (Figure 4).

Exosomes, a form of extracellular vesicles (EV) that con-
tain protein and other macromolecular constituents, are
excreted from cells and carry pertinent information about
the cells [60]. The group from Stanford exposed cancer cells
to anaerobic conditions and radiation exposure to generate
exosomes that are readily taken up by cancer cells, but only
under hypoxic conditions. Seventy to ninety percent of the
exosomes were taken up by hypoxic cancer cells but not by
cancer cells exposed to aerobic conditions. The exosomes
of 50 -200 nm sizes were readily labeled with MPI tracers
and showed an antitumor effect in a xenograft murine can-
cer model in vivo.

Chylomicrons are small fatty vesicles and play a role in
fat metabolism and fat transportation across various tissues.
Brown adipose tissue (BAT) has been demonstrated to
regulate fat/glucose metabolism and body temperature.
During the activation of BAT, chylomicrons transport
triglycerides. They are also a major site for postprandial tri-
glyceride clearance. The authors from Rheinische Friedrich-
Wilhelms-Universität Bonn and Physikalisch-Technische
Bundesanstalt developed artificial chylomicrons containing

triglycerides and MPI tracers and showed that MPI could
track BAT activation in a mouse model exposed to cold
temperatures [26]. The cold exposure increases the BAT
metabolism and thus the triglyceride consumption, result-
ing in a superior MPI contrast of the interscapular BAT tis-
sue compared to that in the healthy control mouse.

In another interesting study, the team from the Chinese
Academy of Science developed a surface-modified SPIO
with 5-hydroxytryptamine (5-HT) that is oligomerized by
the enzyme myeloperoxidase activity (MPO) expressed by
neutrophils during inflammation [154]. The authors
reported that the 5-HT tracers showed increased activity at
inflammatory sites in a mouse model of vulnerable athero-
sclerotic plaque using MPI. The authors validated their find-
ings using a multimodal imaging approach.

On a different note, the group at Michigan State Univer-
sity coencapsulated a therapeutic drug and SPIO within a
polymer nanoparticle. Using MPI, they were able to quantify
the amount of drug released from the particles [155]. The
approach could be invaluable for controlling drug release
and reducing chemotherapy-related toxicity.

MPI has also been explored for studying plants. Chelated
iron fertilizers are used to evaluate chlorosis and damage due
to reactive oxygen species production. Most of these studies
rely on destructive spectroscopy techniques to probe plant
elemental iron distribution. The team from Case Western
formulated MPI tracers of different sizes in EDTA-based
metal chelators and grew Lepidium sativum with roots
soaked in water containing the iron formulation [156]. The
authors showed that the nanoparticle formulation had
greater uptake by the plants, resulting in enhanced biomass
and chlorophyll production. MPI tracked the chelated nano-
particles in the plant system with minimal and nondestruc-
tive preparation of plant specimens.

7. Conclusion

In this review article, we have discussed how magnetic
particle imaging (MPI), a new and radiation-free imaging
modality, can complement nuclear medicine. Clinicians
can directly adapt diagnostic approaches with colloidal
tracers in scintigraphy for MPI but without any radiation.
One can also readily repurpose existing tracer uptake
kinetic models for MPI, such as for estimating the GI
bleed using long-circulating tracers. MPI is unique because
its tracer physics influence image resolution and sensitiv-
ity. Many MPI tracers are clinically available, and new
ones with better MPI performance are being developed.
Recently, we reported a new particle physics called super-
ferromagnetism (SFMIO) that shows a 10-fold boost in
resolution in MPI. Research along with new tracer devel-
opment and biocompartmentalization with reduced toxic-
ity can pave for clinical studies using MPI. MPI is
uniquely suited for tracking cell-based therapies with zero
radiation and no cell harm from labeling. Many research
groups across the globe are pushing MPI towards the
clinic with newer scanning approaches, lower magnetic
gradients with reduced power requirements [157], cheaper
one-sided MPI scanners [158], and safer RF [88].
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