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ABSTRACT: Magnetic particle imaging (MPI) is an emerging imaging modality with
promising applications in diagnostic imaging and guided therapy. The image quality in
MPI is strongly dependent on the nature of its iron oxide nanoparticle−based tracers. The
selection of potential MPI tracers is currently limited, and the underlying physics of tracer
response is not yet fully understood. An in-depth understanding of the magnetic relaxation
processes that govern MPI tracers, gained through concerted theoretical and experimental
work, is crucial to the development of optimized MPI tracers. Although tailored tracers
will lead to improvements in image quality, tailored relaxation may also be exploited for
biomedical applications or more flexible image contrast, as in the recent demonstration
of color MPI.

Magnetic particle imaging (MPI) is an exciting new
imaging modality, first introduced by Gleich and

Weizenecker in 2005.1 MPI exploits the nonlinear magnet-
ization of iron-based tracer nanoparticles to generate maps of
tracer distribution.2−5 Although it is still in the preclinical stage,
there are several key features that motivate future development,
such as excellent contrast, high signal-to-noise ratio (SNR) and
the potential for high resolution imaging, as well as the safety
profile of its tracers.6−9 Over the past 10 years MPI has
advanced rapidly, and initial studies suggest that it eventually
may have a number of applications for human imaging, such as
angiography, cell tracking, and cancer imaging.9,10 Several
preclinical MPI scanners are currently in operation, and efforts
to advance hardware toward human imaging are ongoing. In
parallel with hardware development, there is a great need for
tailored MPI tracers, making MPI of particular interest to the
Physical Chemistry community. MPI is the first imaging
modality to be driven by tracer development. As such, its future
success depends heavily on advances in nanoparticle fabrication
and theoretical models of nanoscale magnetization.

MPI has the potential to be highly competitive in terms of
image quality and quantitative ability, meeting or exceeding the
contrast, sensitivity, and spatial and temporal resolution of
established clinical techniques such as positron emission
tomography (PET), magnetic resonance imaging (MRI), and
computed tomography (CT).11,12 As there is no background
signal from tissue, MPI has excellent contrast, and because it
utilizes low-frequency magnetic fields, it has no depth attenuation.
Additionally, MPI’s theoretically achievable spatial resolution is
on the order of 200−500 μm, and it shows promise as a real-
time imaging modality, with a temporal resolution of seconds−
minutes.3,11 Some published studies have predicted that MPI may
have a sensitivity on par with PET, approximately 10−11−10−12 M,
requiring only nanograms of tracer material to produce an
image.11 Early imaging experiments have achieved a sensitivity
of ∼200 nanograms of iron per voxel, which corresponds to a
sensitivity of roughly 2 × 10−6 M, though advances in hardware
and tracer design could push this limit closer to 10−7−10−8 M.13

However, when drawing comparisons between MPI and nuclear
imaging, it may be more instructive to consider dose-limited
sensitivity. Nuclear imaging techniques, such as PET and SPECT,
require a radioisotope tracer and are limited in the administered
dosage. MPI, which uses iron-based tracers, is not subjected to
such a stringent dose limitation, and may one day surpass the
dose-limited sensitivity of nuclear imaging techniques.
MPI is also considered to be a safe imaging modality with

many potential clinical applications. The tracers used in MPI
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serve as a safer alternative to the current iodine- and gadolinium-
based tracers used in CT and MRI scans, especially for patients
with chronic kidney disease (CKD).14,15 MPI could thereby
circumvent the risks associated with contrast-enhanced imaging
of patients with CKD due to its use of iron-based tracers, which
are known to be cleared through the liver, and have even
received FDA approval for the treatment of anemia.16 MPI has
also been proposed for cardiovascular interventional imaging,
and the first signal-generating instruments for that purpose
have been characterized.17 Moreover, MPI’s quantitative nature
suggests that it may be a viable cell tracking technique.8,18 As an
MPI image reflects only tracer distribution, and is thus similar to
a PET image, MPI may also prove useful as a cancer imaging
method, especially as many preclinical cancer imaging agents are
iron-based.
In this paper, we present an introduction to the MPI imaging

process and the physics of MPI tracers. We discuss current
magnetic relaxation theory and optimization of tracers for MPI,
as well as open questions and related therapeutic applications
that may be exploited for MPI. In particular, we note a key
point: that the success of MPI is heavily reliant on a suitable
tracer, and the field of tracer development opens up new
opportunities for iron-based tracer design.

The MPI Process. MPI is driven by the physics of its tracers,
which are typically superparamagnetic iron oxide nanoparticles
(SPIONs). The SPIONs used in MPI are characterized by

Langevin magnetization, and their magnetization (M) as a function
of applied magnetic field H(t) is given by the Langevin equation
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and c is the tracer concentration, μ0 is the permeability of free
space, ms is the saturation magnetic moment, kB is the Boltzmann
constant, and T is temperature.6 The saturation magnetic moment
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π
=m

d M
6s
c
3

s

where dc is the magnetic core diameter, and Ms is the saturation
magnetization of the tracer. Single-core MPI tracers are usually
very close to the ferromagnetic transition size range, which
generally falls within 20−30 nm diameter.
There are two established methods for MPI: harmonic-space

(also known as frequency-space) and x-space. Though there are
differences between the two techniques, both generate a signal
by exploiting the magnetization curve of SPION tracers for
excitation and selective saturation, as illustrated in Figure 1a−b.1
As illustrated in Figure 1b, a static magnetic field gradient
generates a field free point (FFP)a single location in space at
which the magnetic field is zero. When a time-varying magnetic
field is superimposed, only those SPIONs in the FFP generate a
time-varying magnetization, as SPIONs elsewhere are magneti-
cally saturated. This time-varying magnetization induces a
voltage in a nearby receiver coil (Figure 1c). The raw MPI signal
is obtained by sweeping the FFP over the imaging field of view
(FOV), and image reconstruction techniques generate a map of
tracer concentration (Figure 1d).

We note a key point: that the
success of MPI is heavily reliant
on a suitable tracer, and the field
of tracer development opens up
new opportunities for iron-based

tracer design.

Figure 1. Schematic representation of the MPI image generation workflow, comparing harmonic-space and x-space MPI. The MPI image generation
process can be divided into four steps: (a) tracer selection and characterization, (b) excitation and spatial localization, (c) signal reception, and (d)
image reconstruction. Although some of these steps differ between harmonic-space and x-space MPI the scanner geometry is consistent between the
two methods.
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The seminal MPI images, including the first in vivo imaging
of a beating mouse heart, were generated using harmonic-space
reconstruction,1,3 The fundamental signal of harmonic-space
MPI is the set of harmonic amplitudes obtained by calculating
the Fourier transform of the tracer’s time-dependent magnet-
ization. Harmonic-space MPI requires initialization by con-
struction of a “system matrix.”19 The system matrix contains
the spectral response of an idealized point source tracer at every
location in the imaging FOV as illustrated in Figure 2. The FFP
is typically swept through the FOV in a Lissajous pattern, using
a combination of drive fields and focus (or selection) fields.3

Image reconstruction is then performed using matrix inversion
techniques.20,21 Tracer characterization is accomplished using
MPI spectroscopy, which measures the harmonic response of
a tracer in the FFP, and the resulting set of harmonics can be
used to gauge the behavior of a potential MPI tracer.22

The second MPI technique is known as x-space MPI.6,7

X-space MPI is linear and shift-invariant, a property essential
to quantitative medical imaging, and has been proven to be
mathematically equivalent to the system matrix approach.23

Although the fundamental scanner geometry of x-space MPI is
shared with harmonic-space MPI, the x-space signal corre-
sponds to a temporal scan through x-space, rather than a set of
harmonics, and x-space MPI does not require any precharacte-
rization of the tracer. Signal generation can be summarized
as follows: as the magnetic field is swept from negative to
positive (or vice versa) across a SPION (corresponding to FFP
movement), it induces a magnetization flip that is detected in a
nearby receiver coil. The shape of this signal is the derivative
of the magnetization curve and is the point spread function
[PSF, h(x)] of the x-space MPI system. Spatial localization is
achieved using the same gradients as harmonic-space MPI, and
image reconstruction is achieved by gridding the raw signal
to the known FFP trajectory (after velocity compensation).
The x-space MPI image is essentially a convolution of the PSF

with the spatial distribution of tracer material (Figure 3).6,7

Once the PSF is known, image quality can be predicted to a
great degree of accuracy.
Tracer development is central to the advancement of MPI,

as key factors such as resolution and SNR are governed by
hardware and tracer properties. The resolution is a function of
both gradient strength and particle characteristics, and is given as
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where G is the gradient strength, and ideal, Langevin particles are
assumed.7,19 From this equation, it would appear that increasing
gradient strength and particle diameter would improve resolution
without bound. In theory, increasing the diameter of a nano-
particle from 17 to 25 nm leads to a greater than 3-fold improve-
ment in resolution, though in practice this gain is limited by the
physics of magnetic relaxation.
Magnetic Relaxation in MPI. The Langevin picture of the
magnetization process provides an incomplete picture as it assumes
an instantaneous response of a SPION to a change in magnetic
field and, thus, ignores magnetic relaxation effects. In order to
align with an external magnetic field, SPIONs must overcome
thermal and viscous forces that depend on a combination of the
SPIONs’ crystal structure, environment, and experimental
measurement parameters. In general, MPI tracers may achieve
a magnetic reversal by Brownian rotational diffusion, Neél
relaxation, or hysteretic reversal (Figure 4). Brownian rotation
diffusion (also termed “Brownian relaxation” or “magnetoviscous
relaxation” in MPI literature) refers to the physical rotation of the
magnetically blocked tracer with respect to surrounding fluid. The
time constant associated with Brownian relaxation is given by
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Figure 2. In harmonic-space MPI, the first step is acquisition of the system function, which contains the spectral response of tracers at every location
within the field of view. This calibration scan is then used for image reconstruction.
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where, VH is the hydrodynamic volume of the tracer, η is the
viscosity of the surrounding fluid, kB is Boltzmann’s constant, and
T is temperature.24

Neél relaxation occurs when the thermal energy overcomes
the anisotropy energy barrier, leading to a rotation of the internal
magnetic moment, rather than a physical rotation of the tracer.
The Neél relaxation time constant is given by

τ τ= eKV k T
N 0

/c B

where K is the crystalline anisotropy constant, VC is the volume
of the magnetic core, and τ0 is a time constant on the order of
10−10 s.25 A third possible form of relaxation is hysteretic reversal,
found in tracers or clusters with nonzero coercivity.26

Understanding relaxation in MPI requires consideration
of the magnetic fields (DC and AC) present during an
imaging experiment. The conventional relaxation times are only
appropriate for low-amplitude magnetic fields that are much
smaller than anisotropy field (Happlied ≪ HK = 2K/Ms), but an
MPI tracer will always be exposed to a strong gradient magnetic
field and time-varying excitation fields, on the order of 5 T/m
and 40 mT peak-to-peak, respectively. Recent simulation
work has investigated the dependence of Brownian and Neél
relaxation times on magnetic field amplitude, suggesting that
the current model of zero-field relaxation does not completely
describe relaxation in the presence of the MPI system and
may underestimate the Neél relaxation time by several orders of
magnitude.27

It is well known that relaxation can simultaneously blur the
image and diminish the overall SNR.28 This effect is illustrated
in Figure 5, the PSF is blurred asymmetrically in the scan direc-
tion (the direction the FFP would be moving across the voxel),
and the peak signal is decreased. A specialized device, known as
an x-space relaxometer, can be used to measure the one-
dimensional PSF of a tracer.29 Relaxometry facilitates efficient
screening of potential MPI tracers and is also a useful tool for
studying the physics of SPIONs.
Tailoring Tracers for MPI. MPI is novel in that it is a tracer-
driven imaging modality, yet there are no commercially
available, dedicated MPI tracers and the current “gold standard”
tracer is Resovist (Bayer Schering Pharma AG, Berlin), a
discontinued MRI contrast agent. Although it is the bench-
mark by which all potential tracers are evaluated, its successful
performance is surprising; by all conventional reasoning,
Resovist should not produce a good signal. The manufacturer
reports a 4 nm SPION diameter, which by standard Langevin
theory would lead to a poor resolution. Gleich et al. suggest
that less than 3% of particles actually contribute to the MPI
signal, the small fraction of large-diameter particles.1 A TEM of
Resovist clearly indicates polydispersity, and Eberbeck et al.
suggest that Resovist’s performance may be due in part to a
bimodal size distribution, leading to nanoparticle clusters that
outperform single-core nanoparticles.30 Although Resovist has
so far been an experimentally successful tracer, a tailored MPI
tracer could lead to significant gains in SNR and resolution.

Figure 4. When exposed to an external magnetic field, SPIONs are subject to relaxation mechanisms and must overcome both thermal forces and
viscous drag forces to align with the applied field (a). For tracers used in MPI, relaxation is typically a combination of Brownian and Neél relaxation
(b). A third form of relaxation occurs in nanoparticles or clusters with nonzero coercivity (c).

Figure 3. Overview of x-space MPI. The point spread function (PSF) of the x-space MPI image is the derivative of the tracer’s magnetization curve.
The x-space MPI process is a temporal scan through the field of view: as the FFP passes over a nanoparticle, it induces a magnetization flip that is
detected by a receiver coil, and the received signal is gridded to the known FFP trajectory to produce an image.
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Designing tracers specifically for MPI is an emerging but
important area of research, as tracer optimization is key to
improving sensitivity and resolution.8 Early work on core
size optimization suggests that there exists an optimal nano-
particle for each operating frequency ( f). This is driven by the
transition from Neél to Brownian relaxation dominance, or
when the effective relaxation time constant approaches
1/2πf.31,32 Ferguson et al. recently demonstrated this effect
using spectroscopy and relaxometry at 25 kHz, for which the
optimal core diameter was determined to be 20 nm.33

A more recent work by Ferguson et al. presents a thorough
imaging study using tailored monodisperse, 26−28 nm single-
core tracers with PEG-based coatings.34 One tailored tracer
achieved signal intensity gains of 2−3× compared to Resovist, in
both harmonic-space and x-space MPI images. A second tailored
tracer (with larger hydrodynamic diameter) outperformed
Resovist in a resolution phantom study. Points separated by
2.7 mm were resolved using Resovist, as compared to a 1.7 mm
resolution using the tailored tracer.34 Although this is a great
improvement, relaxometry measurements of the tailored tracer
predicted a spatial resolution of 0.7 mm. The authors note that
this discrepancy is not fully understood but may be related to
tracer behavior in the multidimensional magnetic fields in the
MPI scanner. It is also interesting to note that the authors
observed hysteresis under typical magnetic fields found in MPI,
which is consistent with simulations from Weizenecker et al.
that suggest a small core anisotropy and coercivity may enhance
MPI performance of a SPION tracer.35

Magnetic field parameters (amplitude, frequency) have been
shown to affect tracer response. Shah, Ferguson, and Krishnan
examined the effect of changing the slew rate of the magnetic
field, ωH0, the product of the angular frequency and drive
field amplitude.36 The authors used tracers with a core diameter
of ∼26 nm and hydrodynamic diameter of ∼70 nm. When
the slew rate was held constant, the signal from MPI tracers
(both fluid and immobilized by freezing) was unchanged.
There were differences between fluid and immobilized samples
due to restricted Brownian relaxation, though these differences
were relatively small. In fluid samples, the authors observed
an increase in coercivity and hysteresis loop area with slew rate.
The MPI signal showed a strong dependence on field amplitude,
with low-amplitude magnetic fields generating minor hysteresis
loops. For a constant frequency of 26 kHz, low-amplitude
fields produced the best MPI signal. On the basis of the safety
limits calculated by Saritas et al., this may be optimal for
human imaging, though a smaller field amplitude does limit
the imaging field of view and could require more complicated
imaging protocols.37

Designing tracers for in vivo use requires consideration of
circulation time, biodistribution, and cell uptake.38,39 Reso-
lution improves with core size, so a magnetic core size just

below the ferromagnetic limit is preferred for high resolution.
This is complicated by the need for a surfactant coating to
promote biocompatibility, as the increase in hydrodynamic size
increases the effect of viscous relaxation, so core size must be
optimized in tandem with the surfactant. The surfactant should
be thin to minimize viscous relaxation, but thick enough to
prevent aggregation, a common problem in nanoparticle synthesis.
Care should be taken to determine if significant aggregation exists
within a sample, as it is known to cause changes in the MPI
signal. Ludwig et al. have demonstrated the use of dynamic
measurements in detecting aggregates, which standard TEM and
dynamic light scattering (DLS) measurements can miss.40 Tracer
stability is another critical concern for imaging experiments.
Long-term cell tracking studies require tracers that are stable
over days or weeks in what can be harsh environments.
Highly acidic environments are known to degrade tracers in a
short period of time, weakening their MPI performance, which
motivates the development of new surface modifications.41

In addition to experimental investigation of relaxation, a
number of groups are developing theoretical models. Dhavalikar
and Rinaldi have recently presented results from rotational
Brownian dynamics simulations that model hydrodynamic,
magnetic, and thermal torques on a collection of noninteracting
magnetic nanoparticles.42 This is an excellent start to a relaxa-
tion model and could be expanded to include factors such
as polydispersity, anisotropy, and particle−particle interactions.
Dipole−dipole interactions have been modeled for hyperthermia,
using the Landau−Lifshitz−Gilbert equation and Langevin
dynamics, and should be considered for MPI simulations,
especially for multicore tracers or those that aggregate.43

One of the challenges to MPI simulations is the absence of a
readily accessible method for measuring the anisotropy constant
K. Small variations of this value can lead to orders-of-magnitude
variations in relaxation simulations and difficulties in matching
results to experimental data. A more accessible anisotropy
measurement technique, one that fits within the workflow of
a relaxometry experiment, would facilitate easier comparison
of MPI simulations to relaxometry data. There are a number
of complementary techniques for characterizing nanoparticles,
including AC susceptometry, magnetorelaxometery, and spec-
troscopy. The combined use of all three, such as in the study by
Ludwig et al., can be of great help in understanding nanoparticle
properties and MPI performance.44

Along with simulations, spectroscopy and relaxometry for
high-throughput screening, it would be advantageous to have a
platform for tracer development, particularly for investigating
Neél relaxation. Pablico-Lansigan et al. have developed nano-
composites that restrict relaxation to the Neél mechanism
(Figure 6).12 The nanocomposites are a mixture of magnetite
nanoparticles and ultrahigh molecular weight polyethylene
(UHMWPE) that has been compressed into a thin, flexible film.

Figure 5. Effect of relaxation on the PSF. Relaxation causes a shift in the location of the peak, as well as blurring in the scan direction (the direction
that the FFP is moving). Hysteresis leads to a shoulder in the PSF.
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Initially proposed as an alternative to current hip prostheses, the
nanocomposites may also be useful for developing nanoparticles
that are to be imaged in a bound state (for example, targeted
nanoparticles) or as a fiducial marker for coregistering MPI
images with anatomic reference images.
New Directions. The discussion presented here represents great
progress toward developing MPI tracers. We note, however,
that much of tracer development seems to be focused on
creating a single ideal nanoparticle for MPI, a one-size-fits-all
solution for imaging, but the concept of an ideal tracer is too
limiting. Two of MPI’s potential applicationsangiography
and cell trackingexpose tracers to distinct biological environ-
ments. Angiography alone has great variability in vascular
environments, as blood velocity varies over 3 orders of
magnitude between major vessels and capillaries and shear
stress varies with vessel size. The MPI signal is very sensitive
to a nanoparticle’s local environment, particularly for larger
particles (>20 nm).26 Rauwerdink et al. have exploited this
property for quantification of molecular binding.45 It is possible
that such a technique could lead to in vivo measurements of
bound fractions, or functional image contrast.
In addition to developing new, tailored tracers specifically for

MPI, the MPI community should take advantage of the design
and fabrication practices used to create SPIONs for biomedical
applications in order to develop specialized tracers. SPIONs
have long been exploited in magnetic hyperthermia and drug
delivery applications and have been used as contrast agents
for MRI.46−48 There already exists a collection of interesting
magnetic nanoparticle structures and assemblies, none of which
have yet been investigated in the context of MPI.
To date, the spherical SPION is most commonly used in MPI

tracer optimization studies. Exploring SPIONs of different shapes
is highly interesting due to their increase in shape anisotropy,

which can ultimately influence their magnetic relaxation
properties. Previous studies by Lee et al., Macher et al., and
Noh et al. have demonstrated nonspherical nanoparticles have
significantly enhanced performance in MRI and magnetic
hyperthermia for tumor ablation due to their increase in shape
anisotropy compared to their spherical counterparts.49−51

Optimizations of spherical, ellipsoidal, and cubic iron oxide
nanoparticles are currently underway in our laboratories for their
respective MPI performance (Figure 7). Furthermore, higher-
order structures of SPIONs, such as chains and clusters, can
expand our ability to study the effect of interparticle interactions
on magnetic relaxation. Higher-order nanostructures have shown
promising potentials in the areas of drug delivery and imaging
owing to their unique architecture.52−54 MPI relaxometry can be
an excellent tool to better understand the underlying physics and
magnetic relaxation mechanisms of these structures.
One particularly exciting development is the concept of

“color” MPI (cMPI): the ability to disentangle signals from
multiple, unique tracers that are colocalized. Rahmer et al.
have published the first experimental evidence of color MPI,
distinguishing between Resovist and Ferudextran, in diluted
and dried forms (Figure 8).55 Though there exists a great
similarity between the three materials used, a good degree of
signal distinction was achieved in the resulting images. It would
be advantageous to add a degree of orthogonality between
SPIONs, either in size or formulation, or in the experimental
parameters, such as drive fields of different amplitudes or
frequencies. Whether or not image reconstruction problems
or relaxation effects can be circumvented has yet to be
demonstrated experimentally, but the potential applications of
color MPI warrant further study; such a development would be
highly useful for cell tracking and drug-delivery studies, as well
as in vivo distribution dynamics of SPION tracers.

Figure 7. Transmission electron microscope (TEM) images of nanoparticle platforms under development in our group. (Unpublished data.)

Figure 6. Nanoparticles in the nanocomposite films are immobilized, and their main mode of magnetic relaxation is Neél. Such immobilization leads
to a decrease in signal-to-noise ratio as compared to nanoparticles in solution or in a porous gel, as measured by MPI Spectroscopy. (Unpublished
Data.)
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Future Directions. Much work remains before MPI can be
regarded as a competitive clinical imaging modality. Although
there are several preclinical research scanners, MPI faces the
challenge of scaling hardware to human imaging. Though
the magnetic fields used in MPI are generally considered safe,
there are still physiological limits of peripheral nerve
stimulation and tissue heating (specific absorption rate, SAR)
that place bounds on gradient strength and frequency.37 There
are no fundamental limits that would prevent scaling MPI to
human imaging, so though it may be an engineering challenge,
it is theoretically feasible. In parallel with scanner development,
many groups are working toward making tracer characterization
more sensitive. The importance of careful tracer characteriza-
tion cannot be overstated, and MPI spectroscopy and relaxometry
must match the conditions of the imaging environment, in terms
of magnetic fields, frequencies, and shielding from external
sources of interference. Further, more sensitive measurements
enable applications development, such as targeting studies, in
which significant SNR loss can be expected due to significant
relaxation.
The progress in MPI over the last 10 years is certainly very

exciting, but the field is still young and there are many open
questions. Though it is a tracer-driven imaging technique, the
physics of MPI tracers is still not completely understood, and

the field of tracer development is still emerging. MPI may be
able to take advantage of the existing collection of SPIONs
developed for biomedical applications, especially for the
purpose of achieving functional contrast. MPI shows great
promise as a safe, high-resolution, real-time imaging technique,
and has, at the preclinical stage, shown promise for angiography
and cell tracking, but its future success will heavily rely on the
availability of optimized tracers.
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