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Abstract

Magnetic particle imaging (MPI) has recently emerged as a non-invasive, whole body imaging
technique that detects superparamagnetic iron oxide (SP10) nanoparticles similar as those used in
magnetic resonance imaging (MRI). Based on tracer “hot spot” detection instead of providing
contrast on MRI scans, MPI has already proven to be truly quantitative. Without the presence of
endogenous background signal, MPI can also be used in certain tissues where the endogenous
MRI signal is too low to provide contrast. After an introduction to the history and simplified
principles of MPI, this review focuses on early MPI applications including MPI cell tracking,
multiplexed MPI, perfusion and tumor MPI, lung MPI, functional MPI, and MPI-guided
hyperthermia. While it is too early to tell if MPI will become a mainstay imaging technique with
the (theoretical) sensitivity that it promises, and if it can successfully compete with SP10-based 1H
MRI and perfluorocarbon-based 19F MRI, it provides unprecedented opportunities for exploring
new nanoparticle-based imaging applications.
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1. Introduction
1.1. The dawn of MPI

MPI is a novel non-invasive imaging modality, although the technology itself is not new.
MPI was invented in 2001 by Gleich et al. at Philips Research Hamburg GmbH [1]. Four
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years later, in 2005, the scientific world first heard about MPI [2]. Since Philips is not a
vendor of preclinical systems and did not want to enter this market, the company then
licensed its MPI business to Bruker Biospin AG, who released the first commercial pre-
clinical scanner in 2013. Around 2007, Drs. Conolly and Goodwill, then at Stanford
University and later at UC Berkeley, developed a series of alternative MPI scanner
prototypes based on the same basic MPI principles except for (2D) data acquisition and zero
field-based image reconstruction [3]. Around 2014, Magnetic Insight Inc. was founded as
the second company to bring an MPI scanner to the market, which was introduced in New
York at the World Molecular Imaging Conference in 2016 (Figure 1).

1.2. Simplified principles of MPI

A common mistake in the current literature is to call superparamagnetic iron oxide (SPIO)
nanoparticles MPI “contrast agents”. Contrast is defined as the difference between two
signal intensities. Since there is no background MPI signal present in tissue before SP10
administration, there is no contrast. This is unlike MRI, where we always have proton signal
before SP1O injection; hence the term contrast agent does apply. Instead, SPIOs are “MPI
tracer agents”, similar to radioactive tracer agents or isotopes that are detected directly in
nuclear medicine, without any background signal from tissue. In analogy, there are no
“radioactive contrast agents”, only radiopaque contrast agents as known from computed
tomography.

The MPI technology is based on the principle that SP10 nanoparticles can be magnetized by
an external magnetic field and exhibit a nonlinear response in a near-zero magnetic field.
When the external field changes around the value 0, the magnetization will follow until it
reaches a positive or negative saturation value for larger positive or negative magnetic fields.
In the basic MPI scanner setup, a magnetic gradient field is created in such a manner that
there is only 1 point in the 3D imaging volume at any given time at which the magnetic field
is zero. Only at this point, the so-called “field-free point” (FFP), will it be possible to
observe oscillating changes in magnetization if an additional, oscillating external magnetic
field is applied (typically in the kHz range). These changes are then detected via magnetic
induction in a sensing radiofrequency coil, much like in MRI, and following spatial
reconstruction MP images can be created. An alternative method is to apply a “field-free
line” (FFL) [3] instead of multiple FFPs to obtain increased sensitivity, but at the cost of
temporal resolution.

2. SPIOs as MRI contrast agents

2.1 Established MRI applications

Although magnetic nanoparticles were reported to have the ability to shorten MR T2
relaxation times in the late 70s [4], SPIO contrast agents did not make their introduction as
MRI contrast agents until the 1980s [5-7]. It was realized that these nanosized magnetic
entities change the microenvironment of the strong external magnetic fields, leading to a loss
of phase coherence of resonating protons with as result a loss of MRI signal [8]. Since then,
their primary clinical use has been as negative contrast agents for liver and lymph node
imaging [9], where normal tissue contains an abundance of phagocytic cell types that take up
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injected SPI1O particles and turn black on MRI, whereas pathological tissue shows a reduced
uptake and lack of contrast due the reduced number of Kupffer cells or macrophages.

Many of the established applications that MRI has seen for SP1O contrast agents will surely
be revisited with MPI. As further detailed below, one such application is tracking of cell
transfer and transplantation [10], where cells are pre-loaded with SPIO in vitro before
administration. Another example is imaging of inflammation, following intravenous
injection of nanoparticles that accumulate in macrophages at the site of inflammation [11].

2.2. MRI limitations

Although SPIO MR contrast agents are the most effective MRI contrast agents known today,
with field-dependent T2 relaxivities well exceeding >100 mM~1s71 [12], they have several
drawbacks. Most prominent among these is their nanoparticle nature, which causes their
rapid elimination from the bloodstream through non-specific uptake by phagocytic host
cells. This has prevented their overall use as more specific, targeted agents such as those
widely used in nuclear medicine. Secondly, the contrast agents create “black holes”,
obscuring the underlying anatomical tissue structures. In addition, other endogenous sources
of contrast may be confused with the exogenous SP1O particles, such as the existence of
hemorrhage (iron deposits), air-tissue interfaces (skin surface, lung tissue, bowel content)
and/or motion and static magnetic field imperfections. Third, since SPIO is not directly
detected but indirectly through its relaxation effects on protons, it is not possible to reliably
quantify the local tissue concentration of SPIO particles. As further described below, some
of these limitations are not encountered in MPI.

3. SPIOs as MPI tracers

3.1

Early MPI applications

3.1.1. MPI cell tracking—One of the earliest SPIO MRI applications has been in cell
tracking [13-15], and the same can be said for MPI [16, 17]. In order to test the hypothesis
that MPI is truly quantitative, since it detects SPIO particles directly, smaller cell bodies
(neural stem cells — NSCs, diameter approximately 10 um) and larger cells (mesenchymal
stem cells — MSCs, diameter approximately 25 pm) were labeled with three different SPIO
preparations, i.e, the MRI contrast agents Resovist and Feridex, as well as MPI-optimized
particles [18]. Magnetic particle spectroscopy (MPS) measurements demonstrated a linear
correlation between MPI signal and iron content, for both homogeneous solutions of free
particles in solution and for internalized and aggregated particles in labeled cells over a wide
range of concentrations (Figure 2). The fact that SP10 produces the same MPI signal per
unit or iron, regardless of its intra- or extracellular conformation, is important as for /n vivo
MPI applications the biological conformational state of SPIO particles in tissue is often not
known a priori. For instance, particles can be present as free (unbound) entities within the
interstitial fluid, as single bound particles to cell surface receptors, or as large combined
particle clusters inside cells in endosomes. With MR, these different conformational states
lead to different relaxation regimes, as larger clusters are less effective in spin-spin (T1)
relaxation and tend to lead to dominant T2* and magnetic susceptibility effects.
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To further test SPIO-labeled cell quantification in tissue, four different quantitities of SP10-
labeled MSCs were stereotactically transplanted in the striatum of mouse brain (100,000,
50,000, 25,000, and 10,000 cells). Using the initial Philips pre-clinical MPI prototype
scanner at Philips Research, Hamburg, Germany, cells could be readily detected by MPI at a
detection threshold of about 5x104 cells, with MPI/MRI overlays showing a good agreement
between the hypointense MRI areas and MPI hot spots (Figure 3) [19]. The calculated tissue
MPI signal ratio for 100,000 vs. 50,000 implanted cells was 2.08, in close agreement with
the 2-fold difference in cell number, confirming proper tracer quantification with MPI.

Around the same time, initial MPI cell tracking studies were performed by the Berkeley
group. Using MSCs, it was demonstrated that SPIO-labeled NSCs could be detected by MPI
in rat brain, and that the particles persisted for several months [20]. Systemically injected
SP10-labeled MSCs initially became entrapped within the lung vasculature, and then
redistributed within one day to the liver and spleen (Figure 4)[21], which is a typical
distribution pattern previously observed with single photon emission computed tomography
(SPECT) of intravenously injected 11In-oxine-labeled MSCs in both small [22] and large
[23] animal models. The resulting “hot spot” MP and SPECT images are very similar in
appearance and allow analysis of distribution in the lung, which is not possible with MRI
using SP10-labeled cells. Others have applied MPI cell tracking for visualization of SP10-
labeled islets engrafted in the liver and kidney capsule, where further cellular MPI
quantification was demonstrated [24]. While Resovist and Feridex have similar T2
relaxivities and are approximately equally effective as MRI contrast agents, they have
different performances in MPI as shown for both free particles and when internalized in cells
[19]. With the optimal performance dictated by the magnitude of the superparamagnetic
moment and uniform crystal size, attempts are underway to develop fine-tuned SPIO
formulations with optimal MPI properties for cell tracking. One example is to synthesize
Janus iron oxide nanoparticles that are three times more effective compared to Resovist and
7 times more compared to Feraheme [25]. It has been reported that MPI can have extreme
high sensitivity, in the order of <1 pg within the entire FOV [26]. Since cells labeled with
SPI10O for MRI cell tracking purposes have an average iron content of 5-10 pg Fe/cell, one
can in theory track a single cell with MPI. While the early field of MPI cell tracking has not
shown this feasibility yet, an /n vivo sensitivity of 250 cells within the FOV of an entire
mouse has been reported using these MPI-optimized Janus iron oxide nanoparticles [25]. As
for MR, single cell tracking has only been possible when using labeling with non-clinical
formulations of very large magnetic microspheres [27, 28]. Since these studies have used
very small FOV’s for brain or liver (not whole mouse FOV), with each cell containing >100-
fold iron content, these MRI studies do not allow a proper comparison for its sensitivity of
MPI. Multi-modal MP1 cell tracking agents are now also being developed, although at the
cost of a lower sensitivity in the order of 1 million cells [29].

3.1.2. Multiplexed MPI—Using different SP1O particle types with different magnetic
responses (MPI frequency harmonics), it is possible to selectively sample the signal from
each particle subtype and assign artificial colors so that one can perform “multi-color
imaging [30-33]. Aside from temperature mapping [34], this creates unprecedented
opportunities to study multiple cell subtypes or targeted molecules simultaneously, /in vivo,
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within their biological context (i.e., to study the interaction of tumor cells with host stromal
cells). This approach can be compared to multi-color paraCEST (chemical exchange
saturation transfer) MRI using two different paramagnetic agents [35] or diaCEST MRI
using two different diaCEST agents [36], but there are no potentially toxic metals involved
(as in the case of paraCEST MRI) and there is no background contrast (unlike the case of
diaCEST MRI) that may complicate image interpretation.

3.1.3. Perfusion and tumor MPI—(U)SPIO particles have been used with MRI early
on for perfusion imaging [37] and the detection of leaky endothelium in the case of blood-
brain barrier disruption [13]. MPI cerebral perfusion scans have been performed in stroke
[38] and traumatic brain injury [39], and has shown its utility for unambiguous detection of
neuropathological changes (Figure 5). With the high temporal resolution of 40 frames per
second for the FFP method, flowing blood can be observed in real-time in the heart [40] and
the brain [38], and it is possible to obtain blood flow velocity measurements [41]. Notably,
MPI was able to differentiate the anterior and posterior cerebral circulation via the basil
artery, which was not occluded in the MCAO model where it showed an unimpaired
perfusion (Figure 5A). Given their nanoparticle size, SPIO particles will not leak out of
blood vessels unless they are compromised. This has been exploited for detection of internal
bleeding in a rat traumatic brain injury (TBI) model, where large hemorrhagic areas could be
identified (Figure 5B). While SP1O nanoparticles generally clear quickly and for-real time
perfusion imaging bolus injections need to be performed followed by rapid MPI acquisition,
the particles can be encapsulated inside red blood cells to prolong their clearance and to turn
them into long-term blood pool imaging agents [42—44], for a period of 30 days which is the
natural half-life of erythrocytes.

For several reasons, fast growing tumors benefit from leaky vessels with larger pore sizes,
enabling a quick exchange of nutrients. This biological feature has previously been exploited
to non-selectively target tumors with SP10 nanoparticles [45] and other nanosized contrast
agents [46, 47] by means of the so-called enhanced permeability and retention (EPR) effect,
leading to enhanced tumor MR images. This phenomenon has also been shown to apply
MPI, where subcutaneous tumors were selectively highlighted [48]. In another study, the
tumor could be highlighted with a tumor-to-background ratio of up to 50 at the peak uptake
of 6 hours after tracer injection [49].

3.1.4. Functional MPI—Functional MRI (fMRI) can be performed using either the
blood-agent level-dependent (BALD) or blood-oxygenation level (BOLD) mechanism, both
of which are semi-quantitative. The first method relies on injection of an MR contrast agent
through which changes in blood volume can be detected upon cerebral activation. The
BALD approach has been abandoned a long time ago in favor of BOLD imaging, as the
latter does not require administration of a contrast agent. The same principle can be applied
to MPI: by injecting SP1O as a vascular tracer, the overall MPI signal will correspond
directly to the total blood volume. In theory, functional MPI (fMPI) has the advantage over
fMRI in that it is truly quantitative, and whole brain cerebral blood volume (CBV) maps
could possibly be automatically generated. Such initial studies on showing the feasibility of
fMPI have now been reported. (Figure 6)[50].
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3.1.5. Lung MPI—With H MRI, the hypointensities caused by SP10 particles cannot be
distinguished from the air-filled hypointense lung. This precludes 'H MRI biodistribution
studies where the lung is one of the major target organs, i.e., as is the case for the initial
distribution of intravenously injected stem cells. In this scenario, MPI has a real advantage,
as SPI0O detection is possible in all tissues with an equal sensitivity, as exemplified for the
lung in Figure 4. This enables new MPI applications for the lung, including the study of
(impaired) lung perfusion [51], or inhalation of aerosolized SPIO formulations [52], which
was suggested to possibly serve as an alternative mucociliary clearance test. While 1°F MRI
avoids the problems encountered with IH MRI and has been successfully used for lung
ventilation imaging using fluorous gases, it suffers in from low sensitivity [53]. Similar to
19F MRI, MPI may also be used to visualize SP10 in areas of traumatic injury and/or
hemorrhage, where endogenous deoxyhemoglobin and methemoglobin already induce tissue
hypointensities on IH MRI. Since the iron present in these two bleeding byproducts is not
superparamagnetic, it will be able to produce a specific MPI signal. Similarly, MPI can be
properly used in abdominal studies [54], where the colon and other parts of the GI system
often contain air-filled pockets or food packages that show up hypointense on MRI.

3.1.6. MPI-guided hyperthermia—When performing hyperthermia for treatment of
cancer, the surrounding normal tissue (i.e., the liver or spleen) often suffers from collateral
heat damage. More specific image-guided treatment of the actual cancer tissue is highly
desirable. Using MPI to precisely determine the location of SP1O before heating may
overcome these limitations through an image-guided theranostic platform (Figure 7)[55-57].
To proof this, localization of thermal damage and therapy was validated with luciferase
activity and histological assessment [55]. Apart from localizing thermal therapy, this
technique could possibly further extended to localize actuation of drug release and other
biomechanical-based therapies.

3.2. Pros and cons of MPI compared to other in vivo imaging modalities

An overview of the main pros and cons of MPI compared to existing imaging modalities is
given in Table 1. The primary advantages of MPI are its true quantification, promised (but
yet to be proven) high sensitivity, and lack of background signal, facilitating image
interpretation. In contrast to MR, it also allows imaging applications in hemorrhagic tissue
and air-tissue interfaces (i.e., skin surface, lung, and bowel studies). The main disadvantage
of MPI is its lack of anatomical information, and therefore it is preferably be combined with
either CT or MRI, calling for proper co-registration image post-processing procedures.
Indeed, industrial efforts are underway to build an MPI/MRI scanner [58]. However, while
PET/CT or SPECT/CT and PET/MRI studies are now performed routinely, PET and SPECT
alone as radioactive tracer techniques are still being used today in many clinical scenarios.
The spatial resolution depends on the uniformity of the size of the SPIO tracer, and hence
will very between studies using different particles. The voxel size of approximately 1 mm3 is
far less than pre-clinical 1H MRI but approaches that of 19F MRI and PET. Finally, and this
should not be underestimated, the necessity of using nanosized SPIO particles will prevent
many applications familiar to nuclear medicine, due to the pharmacokinetic laws related to
sheer size, blood clearance, and non-specific uptake by the reticulo-endothelial system.
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3.3 Future MPI opportunities and challenges

There is plenty of research space to further develop the field of MPI. Engineers are thrilled
to build a clinical machine [59, 60]. Medical imaging physicists have been very active in
designing improved acquisition and reconstruction techniques [61-68], much like the early
days of MRI (i.e., pulse sequence development, k-space). Inorganic chemists are going back
to the lab to synthesize optimized, uniformly sized superparamagnetic nanoparticles with
maximum magnetic moment [69-72], similar to that pursued during the birth of SPIO MRI
contrast agents in the mid 1980s. It has already been shown that, while equally effective in
generating MRI contrast, certain particles can induce dramatically improved MPI signal,
regardless of an intracellular or extracellular location [19]. Finally, with all optimal
instrumentation, SP10 particles, and image formation in place, it will be the time for
molecular and cellular biologists and pharma drug chemists to take MPI to the next level and
make new biological discoveries or drug treatments. At present, we are at the very beginning
of exploring MPI. If an analogy can be made to MRI and we look back, much has happened
in the field of MRI during the 30 years since SPIO agents were introduced, including several
successful clinical applications. This is an exciting time, and we will have to be patient to
realize the full potential of MPI.

4. Clinical MPI?

A clinical MPI prototype scanner does not exist although there are no theoretical limits
towards building a clinical MPI instrument [73]. Wald et al. are developing a human
functional MPI scanner [59], and Magnetic Insight has also launched an initiative to build
one. A main consideration for future clinical translation is the availability of a clinically
approved SPIO tracer. One is Resovist, which has been widely used in MPI; it is still made
and sold in Japan, and marketed by Magnetic Insight as “Vivotrax”. Feraheme (ferumoxytol)
is another ultrasmall (USPIO) product that is clinically used for iron anemia/deficiency and
may have potential for MPI, although likely with less sensitivity due to its smaller size.
Figure 8 shows which clinical SP10 products are currently used and where. While MPI-
optimized and fine-tuned SPIO particles will have to undergo a lengthy and costly path
towards clinical approval, the existence of several clinical SP1O products should spur further
clinical development.
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Abbreviation

BALD blood agent level-dependent

BOLD blood oxygenation level-dependent

Adv Drug Deliv Rev. Author manuscript; available in PMC 2020 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bulte Page 8
cBvV cerebral blood volume
CEST chemical exchange saturation transfer
CT computed tomography
EPR enhanced-permeability and retention
FFL field-free line
FFP field-free point
fMPI functional magnetic particle imaging
Fov field-of-view
MSC mesenchymal stem cell
MPI magnetic particle imaging
MPS magnetic particle spectroscopy
MRI magnetic resonance imaging
NSC neural stem cell
PET positron emission tomography
SPECT single photon microscopy
SPIO superparamagnetic iron oxide
TBI traumatic brain injury
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Figure 1:
The currently available two MPI systems. (A) Preclinical Bruker MPI system designed for

3D high temporal resolution real-time imaging applications with up to 46 volumes per
second. With a bore diameter of 12 cm, the scanner is applicable for /n vivo imaging from
mice- to rabbit-size animals. The magnetic field generator is equipped with 7 individual
electromagnets allowing for flexible sequence design by means of one scalable selection
gradient filed of up to 2.5 T/m featuring a field free point (FFP), three orthogonal drive
fields for particle excitation (~25 kHz and up to £14 mT/+14 mT/+14 mT) and particle
signal reception (bandwidth up to 1.25 MHz) as well as three orthogonal focus fields for
slow field shifts (+18/+18/+42 mT). Imaging speed is maximized by using a FFP main
magnet, giving an order of magnitude higher temporal resolution than imagers using FFL
magnets. Together with the embedded ParaVision acquisition and processing platform, the
MPI 25/20FF offers intuitive study planning, data acquisition and reconstruction as well as
automatic system control. (B) Magnetic Insight Momentum MPI system designed for 2D
high sensitivity imaging. With a bore size of 6 cm, the scanner is applicable for in vivo
imaging of mice. The resolution of the system is driven by a selection field gradient strength
of 6.2 T/m, featuring a transmit/receive subsystem (45 kHz drive, £15 mT / +15 mT) and
slow shift fields of £190 mT). Sensitivity is maximized by using a field free line (FFL) main
magnet, giving an order of magnitude more signal than imagers using FFP magnets. System
siting requires only power and cooling water, and does not require a shield room. The user
experience offers one-click image acquisition and native DICOM support.
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Figure 2:

First MPS measurements of stem cells labeled with commercial, clinically used SP10
formulations. Shown are the MPI signal amplitudes as a function of Fe content (A, B) and
the corresponding number of cells (C, D). Data are shown for MSCs labeled with Resovist®
(MR) and Feridex® (MF), and NSCs labeled with Resovist® (CR) and Feridex® (CF). Note
the linearity of the MPS signal with both the iron content and number of cells except for the
lowest concentration of the smaller NSCs (2,500 cells) that contain less iron. Reference
samples (free, non-cell bound particles in gelatin) are included in A and B as open symbols,
with no difference in signal from cell-internalized particles. Image reproduced, with
permission, from Refs. [17, 19].
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Figure 3:

First MPI/MRI cell tracking studies. MPI (A), MRI (B) and corresponding overlay
MPI/MRI (C) of a mouse brain injected with 1x10° (left hemisphere) or 5x10* (right
hemisphere) SP10-labeled MSCs as a focal point transplantation in the striatum.
Quantification of MPI signal measurements (D) show an excellent correlation between the
measured MPI signal and number of implanted cells (~2:1 ratio). To this end, an intensity
profile through the centers of both MPI signal peaks was extracted and fitted with two
Gaussian curves. Five parameters were fitted, namely the amplitudes, positions, and one
width parameter, which was assumed to be the same for both curves, as it is mainly
determined by the extent of the calibration sample used for system calibration. Fitted
amplitude values were 7.24x1073 and 3.48 x 1073 a.u. at 4.55 and 9.69 mm for 1x10° and
5x104 cells, respectively, with a full width (resolution) of 3.68 mm. Calculated AUC MPI S|
ratios were 2.08:1. Image reproduced, with permission, from Ref. [19].
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A hMSCs, 1 hour B hMSCs, 12 days
post-injection post-injection

Figure 4:
MPI/CT cell tracking. MPI/CT imaging of intravenously injected hMSCs, with

representative coronal, sagittal, and axial slices shown from full 3D MPI datasets. (A) MP
imaging of hMSC tail vein injections less than 1-hour post-injection shows hMSC
localization to lung only. (B) By 12 days, cells clear from the lung and migrate to the liver.
Figure adapted from Ref. [21].
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Figure 5:

MPI perfusion imaging. (A) SPIO tracer bolus passing through stroked mouse brain. Shown
are slices of automatically fused 3D MPI/MRI data at several time points for the coronal,
sagittal, and transverse planes. The ischemic hemisphere can be easily detected on MPI as a
decreased perfusion area (red hash). Then occluded and non-occluded common/internal
carotid arteries are indicated by a red asterisk and arrow, respectively. Blue arrow indicates
the basil artery. MR dynamic susceptibility contrast (DSC) images are shown for
comparison (bottom row). Reproduced with permission from Ref. [38]. (B) (Left). SPIO
tracer bolus passing through a normal rat and a rat post traumatic brain injury (TBI). Note
the large hemorrhagic brain area in the TBI animal, a result of vascular leakage. (Right) MP
images obtained after three days post-injection. Blue and green circles indicate the area of
the impact site and lymph nodes, respectively. Unlike the control, the TBI rat continues to
have significant signal from the hemorrhage and with SPIO accumulation inside the lymph
nodes. Reproduced with permission from Ref. [39].
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Figure 6:
Brain fMPI. MPI measurement of ACBV modulated by a hypercapnic (5% CO,) paradigm

in a rat model. Ventilation properties controlled for alternating hypo/hypercapnia in 5 min
periods. The MPI signal shows a 10% signal modulation with the expected CBV trend and
CNR = 50. Representative blood-gas measurements were recorded for each condition, with
respiratory rate/pCO,/pO, values of 55 BPM/28 mm Hg/57 mm Hg, 32 BPM/49mm Hg/47
mm Hg, and 34 BPM/35 mmHg/79mm Hg for hypocapnia, hypercapnia, and baseline,
respectively. Image adapted, with permission, from Ref. [50].
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Figure 7:

MPI-guided tumor hyperthermia with sparing of normal liver tissue. During the standard
MPI scan, negligible heating was observed in the mouse to the low frequency of 20 kHz. At
a higher frequency of 354 kHz, all SP10-containing tissues are heated up, including the
healthy liver. When using MPI gradients, only the tumor is heated while the liver is spared.
A dual tumor mouse model was then used to demonstrate arbitrary control of tumor heating.
The FLL was first centered on the bottom tumor, heating the bottom tumor but not the top
tumor. Without moving the animal, the FFL was then centered on the top tumor and the
process was reversed. Image reproduced, with permission, from Ref. [55].
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Figure 8:
Geographical overview of currently clinically used commercial SPIO formulations. Image

courtesy of Dr. Eric Mayes (Endomagnetics, Ltd).
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