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X-Space MPI: Magnetic Nanoparticles for Safe Medical

Imaging

Patrick William Goodwill,* Emine Ulku Saritas, Laura Rose Croft, Tyson N. Kim,
Kannan M. Krishnan, David V. Schaffer, and Steven M. Conolly

One quarter of all iodinated contrast X-ray clinical imaging studies are now
performed on Chronic Kidney Disease (CKD) patients. Unfortunately, the
iodine contrast agent used in X-ray is often toxic to CKD patients’ weak
kidneys, leading to significant morbidity and mortality. Hence, we are pio-
neering a new medical imaging method, called Magnetic Particle Imaging
(MPI), to replace X-ray and CT iodinated angiography, especially for CKD

1. Introduction

Magnetic Particle Imaging (MPI) is an
imaging modality that maps the in vivo
spatial distribution of magnetic nanopar-
ticle contrast agents.'®! The technique
shows extraordinary promise as a safe
substitute for iodinated or gadolinium

contrast angiograms in patients with
poor kidney function who have difficulty
excreting these standard contrast agents.
First introduced in 2005 by Gleich and
Weizenecker,!! the technique exploits the
nonlinear magnetization characteristics of
superparamagnetic iron oxide (SPIO) nan-
oparticles to localize the spatial position of
the nanoparticles. The resolution and sen-
sitivity of MPI are governed by the nano-
particle characteristics and by the strength
of the applied magnetic field gradient, so
materials scientists can make critical and
foundational contributions to this new
imaging modality. It is interesting that,
like Magnetic Resonance Imaging (MRI),
the spatial resolution of MPI is orders of
magnitude finer than the wavelength of
the electromagnetic fields used to inter-
rogate the magnetic nanoparticles. MPI
excitation frequencies are typically below
25 kHz, which corresponds to a wave-
length in the body of about 1 kilometer. MPI resolution, on the
other hand, can be more than 6 orders of magnitude finer than
the wavelength and is measured in millimeters.

MPI is perhaps the first imaging technique designed around
a tracer, rather than developing a tracer to work with an existing
imaging technique. Human tissue is diamagnetic, so it manifests
zero MPI signal. This means MPI images have near-perfect con-
trast, with no obscuring background tissue. Also, with low-fre-
quency magnetic fields, there is zero depth attenuation, meaning
the MPI scan is quantitative at any depth. MPI’s superb contrast is
a major advantage over today’s standard angiography techniques,
X-ray, CT and MRI angiography. It is worth noting that catheterized
arterial injections are commonly used in X-ray angiography only
because this increases the concentration of the iodinated contrast
about 30-fold over much safer venous injections. The risky catheter-
ized arterial delivery is essential to overcoming the inherently low
X-ray image contrast between tiny blood vessels and background
tissues. Since tissue is transparent to magnetic fields and MPI

patients. MPI uses magnetic nanoparticle contrast agents that are much
safer than iodine for CKD patients. MPI already offers superb contrast and
extraordinary sensitivity. The iron oxide nanoparticle tracers required for MPI
are also used in MRI, and some are already approved for human use, but
the contrast agents are far more effective at illuminating blood vessels when
used in the MPI modality. We have recently developed a systems theoretic
framework for MPI called x-space MPI, which has already dramatically
improved the speed and robustness of MPI image reconstruction. X-space
MPI has allowed us to optimize the hardware for five MPI scanners. More-
over, x-space MPI provides a powerful framework for optimizing the size
and magpnetic properties of the iron oxide nanoparticle tracers used in MPI.
Currently MPI nanoparticles have diameters in the 10-20 nanometer range,
enabling millimeter-scale resolution in small animals. X-space MPI theory
predicts that larger nanoparticles could enable up to 250 micrometer resolu-
tion imaging, which would represent a major breakthrough in safe imaging
for CKD patients.
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does not see tissue at all, MPI angiography could detect low con-
centrations of the nanoparticle tracer, allowing for much safer
venous injections. MPI shares the excellent contrast of nuclear
imaging, but with much finer spatial resolution, and with no ion-
izing radiation.

Patient safety is another important motivation for MPI angi-
ography. All three existing techniques for angiography, planar
X-ray angiography, CT angiography, and MR angiography, use
Iodine or Gadolinium tracers that are hazardous for patients
with Chronic Kidney Disease (CKD).’-?! The X-ray contrast
agent lodine is the dominant tracer for clinical angiography;
indeed, over 80 million iodinated contrast studies were admin-
istered in 2003 worldwide.”! However, even a single iodine
injection puts a CKD patient at risk for contrast-induced
nephropathy (CIN).”# Although rare (<1%), severe CIN can
require dialysis and is associated with high in-hospital mor-
tality (36%) and high two year mortality (81%).18! The number
of patients with CKD is growing rapidly due to comorbidity
with Type II diabetes and high blood pressure as well as
aging demographics.”! Half of all American patients over the
age of 70 have CKD, and one quarter of all X-ray angiography
patients have CKD,!'% so iodinated contrast is a significant
public health safety concern. We hope that MPI will soon offer
a safer replacement for today’s angiography methods because
SPIO nanoparticles are much safer than iodine or gadolinium
for CKD patients. Indeed, SPIOs have been used as a treat-
ment for anemia in CKD patients.'!] Importantly, these iron
oxide tracers are processed in the liver and do not affect the
kidneys.t!

Here we give a brief introduction to the MPI imaging method
and explain how the fundamental image parameters, signal-to-
noise ratio (SNR), contrast, and spatial resolution depend on
the scanner hardware and the magnetic properties of the iron
oxide imaging tracer. We include some of the first full-body
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mouse MPI images, and discuss promising future directions of
magnetic particle imaging.

2. The MPI Imaging Process

The MPI technique (illustrated in Figure 1) relies on spatially
selective saturation of magnetic nanoparticles inside an animal
or patient. This spatially selective saturation is achieved by a
strong magnetic field gradient, typically in the 2-8 T/m range.
At the origin of the gradient there is a region, known as a
Field Free Point (FFP), where the magnetic field magnitude
is weaker than the saturation field of the SPIOs. For currently
available SPIOs and 6 T/m gradients, the FFP is a millimeter-
scale spheroid. In regions outside the FFP, all SPIOs are mag-
netically saturated and produce no signal in the receiver coil
since the coil can only detect time-varying magnetizations.
Within the FFP, SPIOs are not saturated and can produce an
MPI signal. Imaging occurs as the FFP is rapidly shifted across
the field-of-view (FOV), causing any SPIOs in the current voxel
to flip 180°, inducing a voltage in the receiver coil. We can shift
the FFP mechanically and/or electronically. Electronic shifting
requires adding a time-varying uniform magnetic field.

After the raw MPI signal from the nanoparticles is picked up
in the receiver coil, an MPI image can be reconstructed. The
two principal methods for reconstructing an image in MPI are
called harmonic-space MPI and x-space MPI. Both reconstruc-
tion algorithms are described below.

2.1. Harmonic-space MPI

The earliest image reconstruction technique for MPI is
harmonic-space MPI, which relies on a system matrix to
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Figure 1. (a) A strong magnetic field gradient forms a sensitive point known as a Field Free Point (FFP). The FFP can be moved in a scan trajectory
to cover the imaging field of view. (b) The magnetization of SPIOs demonstrate a nonlinear behavior as a function of the applied field, which can be
modeled using a Langevin function. X-space MPI states that the Point Spread Function (PSF) in MPI is the derivative of this Langevin function. The
simulated PSF is for a log-normally distributed iron oxide nanoparticle with diameter 20 +/— 2.5 nm, which has a FWHM of 6 mT. In a 6 T/m gradient
field, this theoretical FWHM corresponds to T mm resolution. (c) When the FFP rapidly traverses a nanoparticle sample, the nanoparticles induce a
signal in an inductive receive coil. X-space reconstruction involves gridding the instantaneous signal to the position of the FFP to form a native MPI
image.
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pre-characterize the signal response of the magnetic nanopar-
ticles.'1213] The system matrix stores the Fourier harmonics
of an ideal MPI impulse response located at every possible
location of a point source. The system matrix is typically meas-
ured physically with a nanoparticle sample.!'!

Once the system matrix is measured, reconstruction is
achieved through matrix inversion techniques such as singular
value decomposition. This inversion can be quite complex and
ill-posed, since the system matrix is a dense matrix containing
over a billion elements. For example, for an image with N,N,N,
voxels, the system matrix size will be N.Nyx N,N,N, where N,
is the number of receive coils and Ny is the number of har-
monics used in the reconstruction.'? In particular, care must
be taken when regularizing the solution to achieve high reso-
lution while not amplifying noise when inverting the system
matrix. It is important that MPI be subjected to well-condi-
tioned image reconstruction to avoid any loss of SNR. Beyond
the computational challenges, another challenge is robustness.
If the pre-characterization scans do not precisely reproduce
the tracer’s in vivo micro-environment, then the reconstructed
image may have artifacts. It is known that local viscosity as well
as concentration can alter the MPI signal,'*l and that viscosity
of blood varies between the major blood vessels and the microv-
asculature. These variations could produce modeling errors and
lead to a less accurate system matrix, which would translate to
imaging artifacts.

2.2. X-space MPI

We recently introduced the x-space reconstruction technique
to improve both the robustness and the speed of MPI image
reconstructions.?? First we showed that MPI could be ana-
lyzed similarly to the powerful k-space theory of MRLI*I The
key difference is that the MPI signal represents a temporal scan
through x-space, instead of the spatial-frequency domain. The
raw MPI signal is then converted into an x-space MPI image
using a very fast and robust two-step process of velocity com-
pensation followed by gridding to the instantaneous position of
the FFP. No matrix inversion or pre-characterization is required,
and no modeling regarding the in vivo micro-environment is
needed; hence, the x-space image reconstruction algorithm is
robust and real-time.

X-space theory offers several advantages over harmonic-
space reconstructions.'? Specifically, x-space MPI offers experi-
mentally proven Linearity and Shift Invariance (LSI), as well as
real-time image reconstruction speed as it involves only velocity
compensation and gridding. Importantly, x-space MPI makes
no attempt to deconvolve the MPI signal to improve resolu-
tion over the native resolution determined by the physics of the
nanoparticles and field gradient, and thus avoids the significant
noise gain of deconvolution (see the noise gain in Knopp et al.
2011).0160

X-space MPI theory requires three assumptions:>3! First, we
can generate a strong magnetic field gradient and a uniform
magnetic field (> 2.5 T/m) that define a unique FFP within the
FOV (See Figure 1). Second, SPIOs can be instantaneously adi-
abatically aligned and saturated with an applied magnetic field
greater than about 5 mT. Last, we assume that low-frequency
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MPI signals lost during signal detection (which must be filtered
out to prevent direct feedthrough interference) are recover-
able using robust signal processing methods.!'”] The problem
of lost low-frequency signals is not unique to x-space MPI;
system matrix reconstruction must also account for the lost
information.

In x-space MPI, we express the image as a convolution of the
nanoparticle spatial distribution with the point spread function
(PSF) of the system. The key result of this analysis is the signal
equation in one dimension, which states that the MPI signal
samples the real space convolution of a nanoparticle density
p(x) [particles/m?] with a PSF h(x) at the instantaneous loca-
tion of the FFP x,(t)

G (t)
Ha (1)

s(t) = Bimp(x) * h(x)

x= s (t)

where the system PSF is determined both by the magnetiza-
tion characteristics of the nanoparticles, as well as the magnetic
field gradient. As shown in Figure 1(b), the magnetization of
superparamagnetic nanoparticles is nonlinear and follows
what is known as the Langevin function. The receiver coil only
detects the change in the magnetization level, hence the PSF is
the derivative of the Langevin function

- 1(5)

This 1D PSF is similar to a Lorentzian function.}! Note that
the magnitude of the signal in Equation 1 changes with the
sensitivity of the receive coil B; [T/A], the magnetic moment
of a single magnetic nanoparticle in the tracer m [Am?], the
field required to half saturate a magnetic nanoparticle tracer
H,; [A/m], the gradient field strength G [A/m/m] and the FFP
slew rate x’(t) [m/s]. The product Gx’(t) [A/m/s] is simply the
slew rate of the field used to excite the sample.

Dividing out the slew rate of the excitation field and the var-
ious constants, we see that we can produce a native image in
X-space

P (1) = p(x) * h(%)lv=x ) G)

Of great importance is the shape of the system PSF, h(x),
which defines the native resolution of the imaging system.
Using the derivative of the Langevin function, we can show that
the spatial resolution of MPI is

Ha  24kpT
G pom My d3G (4)

Ax ~ 4

where Ax is the full-width at half-maximum (FWHM) of the
PSF (See Figure 1(b)). Here, M, [A/m] is the saturation mag-
netization of the nanoparticles, d [m] is the nanoparticle diam-
eter, kg is Boltzmann's constant, T is the temperature, and U, is
the vacuum permeability.

We have proven both experimentally!” and theoretically!'’]
that X-space MPI produces images that are both Linear and Shift

Adv. Mater. 2012, 24, 3870-3877
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Figure 2. (a) The MPI technique has incredible contrast and only sees tracer. Shown here is an Acrylic phantom containing diluted Resovist tracer
(1 part Resovist, 9 parts water) and the corresponding native X-space MPI scan of the phantom taken using the Berkeley FFL scanner (See Figure 4).
Total acquisition time of 8 seconds. Native Resolution of 3.8 mm. (b) The sensitivity and resolution of MPI compare well with other pre-clinical imaging
techniques for use in small animals. “Smart” U/S and “smart” MRI refer to the use of tracers such as microbubbles and Gadolinium/SPIO nanoparti-
cles, respectively. Chart adapted from Meikle et. al. 2005.1'®l (c) The theoretical resolution of MPI by nanoparticle diameter and gradient strength. Our
current UC Berkeley scanners have gradient strengths that vary from 2.35 Tm™ 'y to 6 T m 'y,

Invariant (LSI). LSI properties are not guaranteed in an imaging
system, but are crucial for quantitative imaging. Fortunately,
most imaging techniques are approximately LSI, including
CT, MRI, Ultrasound, and PET/SPECT. The most notable tech-
niques that are not LSI include planar X-ray imaging and optical
fluorescence/bioluminescence imaging in small animals. To lin-
earize X-ray imaging and enable CT, for example, we reconstruct
the logarithm of the signal to form an image in Hounsfield
units. Similarly, to enable LSI in x-space MPI, we must velocity
compensate the received signal and recover lost low-frequency
information due to filtering. Following x-space reconstruction,
the MPI signal is perfectly linear with quantity of iron oxide
nanoparticles (R? = 0.99) and shift invariant.

3. MPI Fundamentals: Contrast, Sensitivity
and Resolution

X-space MPI allows us to predict how MPI will compare to other
imaging modalities when it comes to the most fundamental
imaging parameters: contrast, resolution, and sensitivity. In
Figure 2(a) we see the ideal contrast of MPI in imaging a “Cal’
phantom, which shows the tracer with no confounding back-
ground signal. In Figure 2(b) we see an overall comparison of
the resolution and sensitivity of MPI and the dominant pre-
clinical imaging modalities (adapted from Meikle et. al. 2005).%8!
The millimeter-scale resolution of MPI sets it apart from fluores-
cence and bioluminescence imaging in small animals, as optical
imaging in tissue thicker than a few millimeters has resolution
approaching a centimeter. For full-body imaging techniques with
resolution independent of depth, MPI could theoretically achieve
the highest sensitivity without requiring radioactive tracers.

3.1. Contrast

The MPI technique has ideal contrast for visualizing iron oxide
tracers. MPI does not see tissue whatsoever, and so the contrast
is similar to nuclear medicine for detecting a tracer with minimal
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background. Since the MPI technique sees the tracer with excep-
tional fidelity, the contrast of the technique is instead defined by
the efficacy of the tracer for the physiological process being inves-
tigated. For example, MPI is near-ideal for angiography because
the tracer is safe to inject and it is possible to engineer SPIO
nanoparticles to have hours of circulation time. However, large-
diameter nanoparticles are quickly filtered from the bloodstream
by Kupffer cells in the liver. It will be important to minimize the
hydrodynamic diameter of the SPIOs with innovative thin coat-
ings, which are essential to prevent aggregation of the particles.

3.2. Sensitivity/SNR

The physics of MPI’s SNR predict that MPI could soon approach
20 nanomolar sensitivity.l'"¥] This is very promising considering
the FDA safety studies on Ferumoxytol showing that even CKD
patients can safely tolerate 2 millimolar SPIO concentrations.[!!
For perspective, MPI’s theoretical sensitivity is better than MRI
when detecting gadolinium tracer (~50 micromolar detection
limit).’! We believe this remarkable sensitivity limit would
enable new biological experiments, even approaching quantita-
tive single-cell imaging inside a live animal.

At present, the lack of optimized tracers and the current state
of MPI hardware both limit the achievable sensitivity of MPI.
The most commonly used tracer, Resovist, is not optimized
for MPI and it is estimated that only 3% of Resovist contrib-
utes to the MPI signal.l'?% This is in contrast to tailored tracers
being developed, such as the tracer shown in Figure 3(b), where
nearly 100% of the sample contributes to the signal. MPI is also
still in the early steps of the engineering effort needed to reach
the physical limits of the technique. This can be contrasted to
MRI, where engineers have used the decades since its inven-
tion to optimize scanners to the point where the patient is the
dominant noise source; further RF coil improvements are of
little SNR benefit in MRI. In MPI, no research group has yet
reduced interference and coil noise to that level. Hence, we
believe hardware and nanoparticle research efforts could dra-
matically improve the sensitivity of real-world MPI scanners.

wileyonlinelibrary.com 3873
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Figure 3. (a) The ability of a magnetic nanoparticle to rotate to follow an applied field and produce a MPI signal is impeded by magnetoviscous
drag. (b) TEM images of a commercially available contrast agent, Resovist, and tailored nanoparticles with 20 nm mean diameter synthesized at the
University of Washington (Scale bars = 40 nm).2!l These TEM images show that we can achieve control on the size and characteristics of the tailored
nanoparticles. (c) Measured point spread function using x-space MPI relaxometry.’! These tailored nanoparticles are already performing on par with
Resovist as demonstrated by the measured PSFs, but with significantly improved signal when using the same amount of iron.?% When compared to
the theoretical PSF for 20 nm nanoparticles (dashed line), both measured PSFs demonstrate distortion and lagging due to relaxation effects.!

3.3. Resolution

We believe that the biggest hurdle MPI faces today is the poor spa-
tial resolution of current MPI scanners. As discussed above, MPI
resolution is fundamentally governed by the gradient strength and
the nanoparticle properties. The FWHM resolution given in Equa-
tion 4 becomes finer with increasing gradient G and increasing
d3B12 Therefore, neglecting relaxation effects, the resolution
in MPI improves with the inverse of the magnetic field gradient
strength and cubically with increasing nanoparticle magnetic core
diameter, as illustrated in Figure 2(c). Our scanners indicate that
Resovist produces a signal similar to a magnetic nanoparticle with
17 + 4 nm diameter,>*! which corresponds to a native resolution of
approximately 3.5 mm in a 2.35 T/m gradient. Unfortunately, this
resolution is poor when compared with sub-millimeter resolutions
(See Figure 2(b)) obtained in the latest generations of PET/SPECT
scanners, and 100-micrometer resolution routinely achieved
in small animal MRI. To this end, we are targeting a gradient
strength of 10 T/m in our next generation scanner, which should
allow sub-millimeter resolutions with no change in tracer. We are
also working with magnetic nanoparticle experts at the University
of Washington to develop SPIOs optimized for MPL.%*2l Given
the theoretical cubic dependence on spatial resolution to particle
size, we hope to double spatial resolution by increasing the nano-
particle diameter just 25%, from 17 nm to 22 nm.

4. Optimal Nanoparticle Characteristics
for X-space MPI

The relaxation characteristics and magnetic core diameter of
the nanoparticle tracer limit the sensitivity and resolution of the
MPI technique. Here we explore both the effects of nanoparticle
relaxation on MPI images as well as the tradeoffs in tracer
design that can result in improved images.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

4.1. Relaxation Effects in MPI

Relaxation effects are one of the primary limits to the achievable
resolution of the MPI technique. One of the assumptions in x-space
MPI theory is that magnetic nanoparticles react instantaneously to
the applied field. This is not strictly true as large nanoparticles flip
180° in a fluid slower than small particles. Essentially, viscous drag
slows the larger particles (See Figure 3(a)). This relaxation is often
called Néel, Brownian, or magneto-viscous relaxation, depending
on magnetic domain size, particle size, scan parameters, and
coating materials. It is crucial to characterize the time constant for
this relaxation, because it effectively reduces the spatial resolution
of MPI by blurring the image along the scan direction.

We have devised a technique, x-space MPI relaxometry, to
directly measure the crucial parameters of spatial resolution
and relaxation times of magnetic nanoparticles by imaging
nanoparticles with a virtual gradient field applied using a strong
electromagnet.”! In Figure 3(b) we see a TEM image of Resovist
tracer compared with a monodisperse MPI tracer synthesized
at the University of Washington. In Figure 3(c), we show exper-
imental data from the X-space relaxometer that shows how the
relaxation reduces the achievable resolution by blurring the
resulting PSF along the scan direction. We have found that
this viscous drag can be effectively modeled with a first-order
relaxation time constant, where the real magnetization lags the
applied field. Fortunately, we believe this time constant can be
reduced through careful magnetic nanoparticle design.

4.2. Optimal Nanoparticles for MPI

Optimizing magnetic nanoparticles expressly for MPI is already
emerging as a powerful and exciting area of research in MPI
and will be critical for improved sensitivity and improved spa-
tial resolution.20:21]

Adv. Mater. 2012, 24, 3870-3877
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As discussed above, resolution improves cubically with
nanoparticle diameter. We believe that the optimal resolution
should occur for the largest SPIO nanocrystals with a diam-
eter just below the ferromagnetic limit. However, as discussed
above, although larger nanoparticles theoretically have the best
resolution, their achievable resolution is limited by their relaxa-
tion characteristics. To minimize relaxation effects, the nano-
particle’s coating size should be minimized. Another concern
is that larger nanoparticles, usually dominated by coating size,
are known to be taken up in the liver more rapidly than smaller
particles. The reduced blood circulation time could limit scan
time.

Optimizing a nanoparticle tracer for sensitivity results in
considerably different nanoparticles than optimizing for resolu-
tion. For optimal sensitivity, a nanoparticle’s magnetic moment
should immediately rotate to follow the applied magnetic
field without requiring physical rotation of the nanoparticle, a
process that occurs for nanoparticles dominated by Néel relaxa-
tion. For optimal resolution, we need larger nanoparticles,
which in turn may experience magneto-viscous relaxation. The
process of magneto-viscous relaxation only occurs in particles
whose magnetic moment is effectively blocked at the 10’s of
kHz scanning rates used in MPI, and results in lower signal
per unit quantity of iron. This transition from Néel to magneto-
viscous relaxation occurs at about 15 nm for round, iron-oxide
nanocrystals. 2]

The nanoparticle size dispersion also affects the resulting
MPI images. Because nanoparticles move in synchrony with
the applied magnetic field, their MPI signals add irrespective
of the size distribution of magnetic nanoparticles present. So,
nanoparticle tracers can be composed of a wide distribution of
nanoparticle diameters and still produce a coherent, focused
image. However, the presence of smaller diameter nanoparti-
cles with lower resolution can add a considerable background
to the MPI image, reducing both resolution and contrast. Thus,
a nanoparticle size distribution should be monodisperse for
optimal resolution and contrast.

Preliminary data, theory and simulations predict that nano-
particles optimized for MPI will require a large, monodisperse,
single-domain core (approaching 30 nm diameter) for high
resolution and a very thin coating to minimize relaxation times
and extend circulation time.

5. Current Research Efforts in MPI

The nascent field of MPI offers exciting research avenues for
experts in hardware design, image reconstruction, and in med-
ical imaging applications. Below we highlight some of these
research avenues.

5.1. Real-time MPI

Very recently, the first 3D real-time MPI images of mice and
rats have been acquired with spatial and temporal resolutions
sufficient to resolve major organs and vasculature.l'*?2 Tt is
important to note that the vascular structures in mice and rats
are considerably smaller than the smallest coronary arteries in

Adv. Mater. 2012, 24, 3870-3877
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humans. Furthermore, these small animals have much faster
heart rates than humans, so high temporal resolution is essen-
tial. The first in vivo demonstration of MPI was performed as
a 3D real-time scan (21.5 ms temporal resolution) of a beating
mouse heart using 20 pL diluted Resovist injected into the tail
vein.3l Because the circulation time in a mouse is very short
(5-10 seconds), high-speed scanning is essential to resolve the
tracer flowing through the living mouse.

5.2. Projection MPI

With the aim of eventually reaching real-time 2D frame-rates
in humans (akin to X-ray fluoroscopy), we recently built the
world’s first Projection MPI scanner (See Figure 4(a,b)).
This scanner is simple in concept, and produces a projec-
tion image by using a Field Free Line (FFL), which is a FFP
stretched along one axis.?3l The signal that is produced is the
integral of the SPIO signal along the FFL. Note that this would
be extremely challenging in MRI due to BO inhomogeneity,
but in MPI the frequency-locked rotation of the SPIOs within
the entire body ensures no loss of signal coherence even deep
within a human.

We have demonstrated that a projection configuration can
provide a significant improvement in the imaging speed of
MPI. This 2D format allows for much faster imaging, since we
need not scan through the third dimension. For example, with
128% 3D matrix size, a projection scanner could either allow for
speedup by a factor of 128 or an SNR boost of +/128. The pro-
jection scanner also enables a much higher-SNR 3D images by
rotating the projection plane and reconstructing a 3D volume
through projection-reconstruction. 624

Some of our most recent small animal images acquired
with our projection scanner are shown in Figures 4(c,d). These
MPI images show the biodistribution of SPIO nanoparticle
tracers in a mouse, with contrast superior to MRI, and with
resolution that already surpasses whole-body optical imaging.
These MPI projection scans of mice were acquired after tail
vein injection with 20 pL (556 pg Fe) of undiluted Resovist
tracer. The first mouse was sacrificed 30 seconds after injec-
tion, whereas the second mouse was sacrificed 5 minutes
after injection. Both mice were imaged after sacrifice. Note
that in Figure 4(c), the tracer in the early phase extends to the
brain, heart, and liver. In the later stages in Figure 4(d), it is
apparent that the Resovist tracer is rapidly filtered from the
blood stream and is concentrated in the liver. The MRI ana-
tomic reference scan (taken post-sacrifice) shows a dark liver,
demonstrating that Resovist (a T,* agent) has already accumu-
lated in the liver.

6. Future of MPI

MPI is perhaps the first imaging technique since MRI that
can be scaled up easily to imaging deep within humans, and
we believe it offers extraordinary promise as an emerging
medical imaging modality. Significant work remains until MPI
can become clinically relevant, particularly with regards to syn-
thesizing ideal magnetic nanoparticle tracers, building new
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Figure 4. Berkeley Projection MPI scanner and Full-body X-space MPI projection scans of mice. (a) Schematic of the Berkeley Projection MPI scanner.
The Projection image occurs in the up/down direction (red-dashed line) and is produced using a Field Free Line (FFL). The FFL is formed by clusters of
permanent magnets facing each other. (b) Photograph of the projection MPI scanner as built. (c) Full-body MPI projection scan of a mouse injected in
a tail vein with 20 pL (556 ug Fe) undiluted Resovist tracer and sacrificed after 30 seconds. The resulting MPI image shows an MPI-MRI visible fiducial
(50 g Fe, scaled to signal value of 1.0), as well as the outlines of the mouse brain, heart, and liver. (d) Full-body MPI projection scan of an identically
prepared mouse, but with a pause of 5 minutes after injection and before sacrifice. In the projection MPI scan, it is apparent that the Resovist tracer
is rapidly filtered from the blood stream by the liver. The MRI scan (taken post-sacrifice) shows a dark liver as Resovist is a Ty* agent. MPI FOV = 6

cm x 20 cm. Native Resolution of 3.8 mm.

generations of MPI scanning hardware and developing new
scanning methodologies. Fortunately, we see no fundamental
hardware limitation that would prevent scaling MPI up to
human sizes. A human MPI scanner would require either much
heavier permanent magnet gradient or a superconducting gra-
dient. A superconducting gradient would put system costs and
complexity similar to that of a modern 1.5 T superconducting
MRI scanner. Numerous groups are developing some of the
first pre-clinical imagers but there is, at present, no commer-
cially available scanner.

We believe that MPI will find its place in rapid angiography,
cancer detection and cell therapy tracking. Early adoption is
likely to occur for the Chronic Kidney Disease (CKD) patient
population, who have no safe angiography alternative.

In addition to angiographic applications, there has been
significant interest in using MPI for detecting tagged cells in
vivo. It is straightforward to label cells with iron oxide nano-
particles.?>) The magnetic tags are non-toxic, remain stable
for weeks in vivo, and do not alter cell function. MPI would
be ideal for imaging the distribution of cellular therapy agents
quantitatively at any depth in an animal.

Another exciting direction for future MPI research is the
field of cancer detection. For revealing early stage cancer with
MPI, we require a magnetic nanoparticle that exploits the
enhanced permeability and retention of tumors.l?®l MPI would
also be ideal for imaging magnetic nanoparticles functionalized
to sense, seek out and linger in tumors. Here, we can quickly
transfer the enormous research efforts in functionalized mag-
netic nanoparticles developed for MRI cancer imaging. This is
especially promising for vascular inflammation targets such as
atherosclerotic plaques and cancers.?’]
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