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Abstract
Magnetic Particle Imaging (MPI) is a recently invented
tomographic imaging method that quantitatively measures
the spatial distribution of a tracer based on magnetic
nanoparticles. The new modality promises a high sensitivity and high spatial as well as temporal resolution. There
is a high potential of MPI to improve interventional and
image-guided surgical procedures because, today, established medical imaging modalities typically excel in only
one or two of these important imaging properties. MPI
makes use of the non-linear magnetization characteristics of the magnetic nanoparticles. For this purpose, two
magnetic ﬁelds are created and superimposed, a static
selection ﬁeld and an oscillatory drive ﬁeld. If superparamagnetic iron-oxide nanoparticles (SPIOs) are subjected
to the oscillatory magnetic ﬁeld, the particles will react
with a non-linear magnetization response, which can be
measured with an appropriate pick-up coil arrangement.
Due to the non-linearity of the particle magnetization, the
received signal consists of the fundamental excitation frequency as well as of harmonics. After separation of the
fundamental signal, the nanoparticle concentration can be
reconstructed quantitatively based on the harmonics. The
spatial coding is realized with the static selection ﬁeld that
produces a ﬁeld-free point, which is moved through the ﬁeld
of view by the drive ﬁelds.
This article focuses on the frequency-based image reconstruction approach and the corresponding imaging devices

Magnetic particle imaging: Grundlagen der
Bildgebung und Hardware-Realisierung
Zusammenfassung
Magnetic Particle Imaging (MPI) ist ein neues tomographisches Bildgebungsverfahren, mit dem sich die
lokale Konzentration von magnetischen Nanopartikeln
quantitativ sowohl mit hoher Empﬁndlichkeit als auch
mit hervorragender räumlicher Auﬂösung in Echtzeit
darstellen lässt. Diese Vorteile gegenüber etablierten
Verfahren, die oft nur einen der Bereiche abdecken können oder nicht quantitativ sind, lassen ein hohes klinisches Potenzial in vielen Anwendungen erwarten. Die
Grundidee besteht in der Nutzung der nichtlinearen Magnetisierungskurve der magnetischen Nanopartikel. Das
Verfahren nutzt dazu zwei überlagernde Magnetfelder,
zum einen ein statisches Selektionsfeld, zum anderen ein
dynamisches Wechselfeld. Werden die Nanopartikel in das
Wechselfeld gebracht, ändert sich ihre Magnetisierung
nichtlinear, was mit einer Empfangsspule gemessen werden
kann. Aufgrund der Nichtlinearität enthält das gemessene
Signal neben der Grundfrequenz des Wechselfelds auch
Harmonische. Nach Separation der Harmonischen von
dem eingespeisten Grundsignal kann die Konzentration der Nanopartikel ermittelt werden. Eine örtliche
Kodierung wird durch das statische Selektionsfeld erreicht, das einen feldfreien Punkt erzeugt. Die inhaltliche
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while alternative concepts like x-space MPI and ﬁeld-free
line imaging are described as well. The status quo in hardware realization is summarized in an overview of MPI
scanners.

Ausrichtung dieses Beitrages konzentriert sich auf die
Bildrekonstruktion im Frequenzraum sowie die dazugehörigen Bildgebungssysteme und beschreibt kurz alternative Konzepte, wie die Bildrekonstruktion im Zeitbereich
und die Bildgebung mit einer feldfreien Linie. Zusammenfassend wird ein Überblick über den gegenwärtigen Stand
von MPI-Bildgebungssystemen gegeben.
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1 Introduction
Magnetic particle imaging (MPI) is a new medical imaging method, first presented by Gleich and Weizenecker in
2005 [1]. Applying static and oscillating magnetic fields, MPI
images the spatial distribution of superparamagnetic ironoxide nanoparticles (SPIOs), which are deployed as tracer
material. The advantage of this tracer type manifests in biocompatibility and slow degradation by the iron metabolism. In
comparison to other medical imaging methods, MPI exhibits
a high sensitivity and a high spatial and temporal resolution
without the need for ionizing radiation (Table 1). Real-time
3D imaging, which is one of the most important innovations
of MPI, makes it possible to visualize blood flow. Apart from
imaging of the vascular system, first clinical application scenarios may include cancer detection and staging (cf. Section
5).
The possibility to employ 3D real-time imaging is of particular interest for cardiac imaging. In 2009, Weizenecker et al.
presented first in vivo 3D real-time images of a beating mouse
heart [3], which have been acquired by a previously introduced
MPI scanner featuring a cylindrical bore (cf. Figure 1(a)).
A single-sided MPI scanner (cf. Figure 1(b)), first presented
in 2009 by Sattel et al. [4], can be utilized for experimental
cancer staging in the case of the sentinel lymph node biopsy
(SLNB), which is essential for the diagnosis and treatment of
breast cancer [5].
Due to the excellent imaging properties of MPI (cf. Table 1),
real-time tracking of interventional instruments is possible
within the field of view (FOV), e.g. balloon-catheters in cardiovascular procedures [6]. While most MPI scanner devices
Table 1
Comparison of different medical imaging methods.

Spatial resolution
Sensitivity
Measurement time
Ionizing radiation
*
**

CT

MRI

PET

MPI

0.5 mm
low
1s
yes

1 mm
low
10 s - 30 min
no

4 mm
high
1 min
yes

< 1 mm*
high
< 0.1 s**
no

Expectations based on calculations by Weizenecker et al. [2].
As measured by Weizenecker et al. [3].

are closed coil assemblies with a cylindrical bore (cf. Table 2),
an open coil topology offering full patient access is preferable for interventional procedures and various other medical
applications. With regard to the image guided interventions
in cardiovascular procedures, MPI has the potential to outperform X-ray fluoroscopy and digital subtraction angiography
(DSA), which nowadays are state of the art in clinical routine.

2 Methods and Materials
In MPI different aspects play a significant role for image
quality. It is of importance to develop and optimize SPIOs
for the MPI imaging process. Additionally, the basic principle can be used in several ways to produce images. In the
following section the SPIO characteristics together with the
main principle of MPI are introduced. An overview of different techniques to image the behavior of SPIOs in case of MPI
is presented.
2.1 Superparamagnetic Nanoparticles
During the last decades, nanoparticles have been proven
to be interesting materials for a number of applications in
technology and life sciences. Particularly, applications in
biotechnology and medicine rose in importance [7]. Nanoparticles show very different behavior when compared to larger
particles of the same material. Especially, some physical and
chemical properties are attractive for specific applications. In
medicine, for instance, nanoparticles can be used as carriers to
administer chemo-therapeutic drugs at tumorous tissue, and
magnetic nanoparticles are used in thermo-therapeutic cancer treatment [8]. In biotechnology, the magnetic properties
are used in processes like cell separation and manipulation
[9]. When magnetic iron-oxide based nanoparticles are small
enough that the magnetic core becomes a single domain, the
particles become superparamagnetic. SPIOs play a crucial role
in MPI. They show a relatively high saturation magnetization
MS (0.6 T/μ0 for magnetite particles - Fe3 O4 [10]), but - in
the ideal case - do not have any hysteresis. This is the reason
why SPIOs constitute the perfect tracer material for imaging
purposes. Furthermore, they are non-toxic. SPIOs have been
used in MRI for years, and different commercially available
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Figure 1. Schematic drawing of different MPI scanner topologies: An MPI scanner, where the field of view lies in the center of a cylindrical
bore and a single-sided MPI scanner, where all coils lie on one side of the field of view.

Figure 2. SPIOs consist of a superparamagnetic iron-oxide core and a coating with a bio-molecule like dextran a). Often these particles
are organized as SPIO clusters b) as demonstrated in the transmission electron microscope (TEM) image c). The macroscopic magnetic
attraction of a nanoparticle suspension is demonstrated in d).
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Figure 3. Signal generation in MPI.

products are on the market (e.g. Resovist® (Bayer Schering Pharma AG) [11], EndoremTM (Guerbet S.A.), Sinerem®
(Guerbet S.A.) and Lumirem® (Guerbet S.A.)). The magnetic
core of these products mainly consists of a mixture of two different iron-oxide configurations, i.e. magnetite (Fe3 O4 ) and
maghemite (Fe2 O3 ). For the application in MPI, Resovist
shows by far the best MPI performance [12] and is the working
horse today. Unfortunately, Resovist has been withdrawn from
the market. However, magnetic nanoparticles can easily be
synthesized using the classical co-precipitation of iron-oxide
in an alkaline solution in presence of dextran [13,7]. Dextran is used as coating material to prevent the particles from
agglomeration (cf. Figure 2). Typically, a broad distribution
of particle sizes is produced in this way. Therefore, for some
time research groups have been making significantly greater
efforts to develop separation strategies [14]. Simulations have
predicted that a mono-modal suspension of particles with a
magnetic core of approx. 30 nm will perform best in MPI.

where H(t) is the external magnetic field, kB is the Boltzmann constant, TP is the temperature of the particles, and μ0
gives the permeability of vacuum [16]. Applying a sinusoidal
external magnetic field, called drive field HD , with frequency
f0 (cf. Figure 3(a), magenta curve), a non-sinusoidal oscillation of the particle magnetization M is induced (cf. Figure 3(a),
green curve) due to the non-linearity of the Langevin function.
In Fourier space, this deformation can be detected as higher
harmonic frequency components, which are again illustrated
in Figure 3(a) and constitute a fingerprint of the tracer material.
To achieve spatial encoding, a static magnetic gradient field,
called selection field, is superimposed to saturate all particles
except those located in the vicinity of a field-free region, i.
e. a field-free point (FFP) or a field-free line (FFL). Hence,
particles outside this region will not contribute to the signal
as illustrated in Figure 3(b).

2.2 Basic Principle of MPI

The basic physical concept of MPI allows measuring the
change of particle magnetization as a voltage signal using
particular receive coils. To reconstruct the spatial distribution
of the tracer a connection to the received signal has to be
introduced.
With the invention of MPI a calibration procedure was
developed that generates a system matrix by placing a delta
sample of the applied tracer at each position of the voxel grid
and measuring the corresponding frequency spectrum [1,10].
Therefore, the system matrix gives the connection between the
spatial distribution of particles and the corresponding measured, Fourier transformed voltage signal. This approach is
called frequency space reconstruction and will be presented
in detail in Section 3.3.
Alternatively, Goodwill et al. introduced a reconstruction
principle in the time domain, called x-space MPI [17,18].
Under the assumption of homogenous magnetic fields, i.e.
assuming a linear shift-invariant system, and based on the
Langevin theory of paramagnetism a correlation between
FFP position and induced voltage signal can be established

MPI takes advantage of the non-linear magnetization
behavior of SPIOs used as tracer material, to detect their
spatial and temporal distribution within a patient. The magnetization behavior of these particles can be approximated by
the Langevin function [15] (cf. Figure 3(a), black curve)


1
MD (t) = ms c coth(ξ) −
.
ξ

(1)

The magnetization of a distribution of particles of diameter D is described by MD , while ms = 1/6πD3 Ms denotes the
magnetic moment at saturation. The saturation magnetization
Ms is a material constant. The particle concentration is given
by c, and the Langevin parameter reads
ξ=

ms μ0 H(t)
,
kB TP

(2)

2.3 Imaging in Magnetic Particle Imaging
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and direct reconstruction becomes possible. The most significant advantage of x-space MPI is the omitted system
matrix such that a scanner dependent calibration process is
no longer necessary. Although deconvolution is not essential it most likely improves image quality. A summarized
overview of x-space MPI was published by Goodwill et al.
in 2012 [19].
Besides FFP imaging, Weizenecker et al. introduced a coil
arrangement to generate an FFL [20] that promises a higher
sensitivity due to particle contribution along a line. Initially,
the setup consisted of 32 coils and was unfeasible to realize. In
2010, Knopp et al. picked up the idea, developed techniques to
generate an FFL with just eight coils [21–23] and presented
an efficient FFL reconstruction based on the Fourier Slice
Theorem [24].
Continuously, new MPI approaches are being presented
that are related to frequency space and x-space MPI, such
as narrowband MPI [25] and traveling wave MPI [26].

3 Implementation of MPI Using
Frequency-Based Reconstruction
3.1 Signal Transmission and Reception
In MPI electromagnetic coils are employed for magnetic
field generation as well as for particle signal reception. For
the field generation, two different types of electromagnetic
fields are needed. First, time varying and spatially homogeneous drive fields are applied to steer the FFP through the
FOV and excite the tracer material at the same time. To image
a 3D distribution of SPIO particles within a patient, three
drive field coil pairs are needed carrying alternating currents.
Furthermore, a static magnetic gradient field, which is called
selection field, needs to be generated providing the FFP used
for spatial encoding. It is realized by coils carrying opposing currents and may be supported by additional permanent
magnets.
The spatial resolution increases with a steeper particle magnetization curve and a stronger magnetic field gradient, which
typically is a few T/(mμ0 ) in actual systems (cf. Table 2). So
far, a spatial resolution of about 1 mm has been realized, while
resolution in the sub-millimeter range seems to be feasible by
improving the field gradient strength, the signal-to-noise ratio,
and the particle properties.
The three different types of electromagnetic coils – i.e. the
selection field coils, the drive field coils and the receive coils
– can be realized as dedicated or shared coils. In the initially
introduced coil topology (cf. Figure 1(a)), the static selection
field is generated using a coil pair in Maxwell configuration. For the generation of the time-dependent magnetic fields
and signal reception with different orientation, coil pairs in
Helmholtz configuration and solenoid coils are used. Applying sinusoidal excitation fields of about 25 kHz, drives the
FFP through space on a Lissajous trajectory with a frame rate
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of 46 volumes per second, i.e. a repetition time of 21.5 ms
[3,27]. While other trajectories are also possible Lissajous
trajectories have been shown to be most suitable in a simulation study [27] and are so far mainly used for frequency-based
reconstruction. Applying drive field strengths in the order of
several 10 mT/μ0 , a FOV with edge lengths in the order of
several 10 mm is covered. The widest bore realized so far in
a pre-clinical small-animal scanner has a diameter of 120 mm
[28].
The initial design provides good efficiency regarding electrical power loss and good field quality in terms of field
homogeneity and gradient linearity. However, both the bore
size and thus, the access to the animal to be imaged is
limited. A single-sided scanner design, which, in principle,
permits arbitrarily large patient sizes and full patient access,
was introduced by Sattel et al. in 2009 [4]. The concept
is shown in Figure 1(b). For selection field generation, it
applies currents of opposite direction to two concentrically
mounted circular coils. While signal transmission and signal reception for the axial direction is realized by circular
coils, D-shaped coil pairs could be employed for lateral field
components to enable multi-dimensional single-sided MPI
[29]. However, compared to the initial scanner design, the
single-sided coil topology exhibits a strongly inhomogeneous
spatial resolution, which decreases with increasing distance to
the scanner.
The basic setup introduced so far can be extended by focusfield coils aiming at spatially shifting the FOV. To enlarge the
FOV, a focus field is superimposed to the other fields in order to
slowly move the FFP in space and thus avoid to exceed safety
limitations (such as specific absorption rate and peripheral
nerve stimulation). Focus-field coils are technically similar to
drive field coils but differ concerning the applied currents. The
imaging volume can be moved either continuously to follow,
for example, a tracer bolus administered in the blood stream,
or stepwise to image a larger volume [30–32].

3.2 Signal chain of an MPI device
A typical signal chain of an MPI device is shown in Figure 4.
The unit for selection field generation is implemented once,
while the other parts are required to be realized once for each
spatial dimension to be imaged. The fact that the drive field
signal directly couples into the receive coils poses two problems. First, the transmit signal needs to be of high spectral
purity. Second, a part of the receive signal content has to be
discarded.
The drive field signal is generated digitally on a PC. After
digital-to-analog conversion, the signal passes a power amplifier for appropriate field generation. Due to the fact that even
high linear amplifiers generate harmonic distortions, a band
pass filter is used to keep the signal on the coils clean. For
this purpose, a third order Butterworth or Chebycheff II filter
may be applied. To obtain a purely sinusoidal signal the filter
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Figure 4. Signal chain of a typical MPI device.

needs to be of high quality. The magnetic field generated can
be described as
H = hI

(3)

where h is the sensitivity profile of the magnetic field
defined by the coil geometry and I is the current. To achieve
a high magnetic field strength, an impedance matching and
an oscillating circuit in resonance is needed to generate
high currents through the coil. Since the drive field signal
couples into the selection field coils, band stop filters are
applied to protect the DC source against the induced AC
voltage.
The particle magnetization changes depending on the actual
resulting magnetic field, which induces a voltage signal in a
receive coil. This particle signal has to be amplified to match
the dynamic range of the data acquisition hardware to achieve
the highest possible resolution. The essential specifications
of this amplifier are to achieve a high signal-to-noise ratio
(SNR) and to damp the fundamental frequency, which directly
couples into the receive coil. This is achieved by an analog
band stop filter and a low noise amplifier (LNA). It has to
be ensured that the signal does not exceed the linear range
of the LNA. The LNA has to amplify especially the higher
frequencies so that as many harmonics as possible can be
separated from the system noise and no harmonics get lost in
the discretization noise [33,34]. The count of harmonics and
the SNR are directly linked to the achievable resolution as
showed in [35].
3.3 Image Reconstruction
A fundamental part of the MPI method is to reconstruct
the unknown spatially dependent tracer concentration c from
the received Fourier transformed voltage signal û. These are

linked to each other by the system function Ŝ, forming a linear
system of equations
Ŝc = û

(4)

with Ŝ ∈ CR×dK , c ∈ RR , and û ∈ CdK . Here, R gives the
number of spatial positions, d gives the number of imaging
dimensions and K gives the number of frequencies used for
reconstruction. The reconstruction step is to solve (4) for
c. Alternatively, the reconstruction can be performed in the
time domain [17,18], which is not considered further here.
The system function can either be measured using a delta
sample [1] or modeled according to the particle characteristics and the scanner properties [36,37]. The former gives the
most accurate results, since all particle properties and system imperfections are included. Recently, a hybrid approach
to determine the system function was introduced [38] that
shows promising potential towards image reconstruction [39].
Another possibility to speed up the system function acquisition is a system calibration unit (SCU), where instead of
moving a delta sample within the FOV, the FOV is moved by
additional focus-fields [40] relative to the stationary sample.
Figure 5 shows the relation of Ŝ and the received signal û
and illustrates the reconstruction process and its challenges.
Realistic scenarios additionally deal with noise and undetermined systems of equations where solving the reconstruction
task is a delicate problem. To ensure a robust solution, the
weighted least squares approach can be used to find the best
approximation (compare eq. 5). A suitable weighting matrix
W normalizes the energy at all frequencies to enhance image
reconstruction results [41].

2
 1
2



 c
Ŝc − û = W 2 (Ŝc − û) −→min
W

2

(5)
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Figure 5. Visualization of the reconstruction process: The unknown tracer concentration c gives the correspondence between the system
function Ŝ (containing the frequency response (red) for a delta sample at each position r) and the measured Fourier transformed signal û
(green). The result of the backprojection c gives the spatial-dependent tracer concentration which equals the weighted contribution of Ŝ to
û (Forward projection). Here: light blue corresponds to a concentration factor of 0.5 and dark blue to 1.0 at the corresponding position.

Aiming for 3D real-time imaging with high spatial resolution and a large FOV, the number of equations grows
rapidly and especially the handling of the system function
becomes challenging. Particularly, it is not possible to hold
the whole system function in the main memory. Therefore,
the application of iterative solvers is an important and indispensable step. Different approaches were analyzed concerning
reconstruction results, number of needed iterations and overall reconstruction time [41]. Currently, the Kaczmarz method
(called algebraic reconstruction techniques (ART) in computed tomography) is a widely used approach to reconstruct
MPI images. Although this method speeds up reconstruction
time drastically compared to singular value decomposition
[41], real-time reconstruction for large three-dimensional
FOVs with adequate resolution is still a challenging problem.
Recently, a method to speed up reconstruction was published
[42], where data compression based on orthogonal transforms
is used to extract the most significant data.

4 Hardware Realization
Although MPI is still a young modality scanners with different coil topologies and geometries as well as imaging concepts

have already been implemented (Table 2). The first MPI scanner introduced by Gleich et al. in 2005 features a coil design
with a cylindrical bore (cf. Figure 1(a)) in combination with
permanent magnets and images are reconstructed in the frequency domain [1,43]. Using this device, a beating mouse
heart (FOV 20.4 × 12 × 16.8 mm3 ) was imaged with a temporal resolution of 21.5 ms and a spatial resolution sufficient
for the identification of different structures in the heart (estimated to be 1 to 1.5 mm in anterior–posterior direction and
2 to 3 mm in the orthogonal directions) [3]. In this study,
concentrations of Resovist (undiluted: 500 mmol(Fe)/l) were
varied between the standard dosage of 8 μmol(Fe)/kg used in
MRI scans and a dosage of 45 μmol(Fe)/kg, which is slightly
above the safe dosage of 40 μmol(Fe)/kg for human applications [44]. An advanced system with a larger bore (120 mm)
was presented by Gleich et al. in 2010 [28]. This scanner additionally introduces focus-field coils, which can be employed
to image a large region of interest. In a multi-station approach
with an FFP volume coverage of 34.5 × 24.3 × 17.0 mm3 and
an acquisition time of 517 ms, several boli of Resovist corresponding to a dosage of 280 μmol(Fe)/kg were imaged in
the heart and liver of a rat [45,30]. Similar MPI scanners were
built by Wawrzik et al. [46–49]. A novel approach for spatial
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Table 2
Overview of MPI scanners.
Institution/Scanner

FFP/ FFL

1D/2D/3D

Strongest Gradient

Free Bore Size

Status Quo/References

Philips/Fast MPI
Demonstrator

FFP

3D

−1
5.5 T μ−1
0 m

32 mm

Philips/Fast MPI
Demonstrator with
enlarged FOV
TU Braunschweig/2D MPI

FFP

3D

−1
2.5 T μ−1
0 m

FFP

2D

−1
3.5 T μ−1
0 m

120 mm (optional:
65 mm using an insert
Rx coil)
10 × 15 mm2 [66]

TU Braunschweig/3D MPI

FFP

3D

−1 [66]
6.5 T μ−1
0 m

30 mm

U Würzburg/Traveling Wave
MPI
UC Berkeley/Narrowband
MPI
UC Berkeley/Narrowband
MPI with stronger gradient

FFP

3D

−1
3.5 T μ−1
0 m

29 mm [67]

FFP

3D

−1
4.5 T μ−1
0 m

38 mm

FFP

3D

−1
6.5 T μ−1
0 m

40 mm [68]

UC Berkeley/3D x-space MPI

FFP

3D

−1
6 T μ−1
0 m

40 mm [68]

UC Berkeley/3D x-space MPI
(mouse/rat)

FFP

3D

−1
7 T μ−1
0 m

Introduction of scanner and phantom
experiments [1,43], in vivo mouse (heart)
[3], in vivo mouse (cerebral blood flow)
[64]
Introduction of scanner [28], phantom
experiments and in vivo rat (heart/liver)
[45,30,65,32]
Introduction of scanner and phantom
experiments [46,47]
Introduction of scanner and 2D phantom
experiments [48,49]
Introduction of scanner and 2D phantom
experiments [26,50–53]
Introduction of scanner, phantom and
tissue experiments [25]
Introduction of scanner, phantom
experiments and in vitro mouse
(intestine) [54,55]
Introduction of scanner and phantom
experiments [18,56,69]
Introduction of scanner [57]

UC Berkeley/Projection
(reconstruction) x-space
MPI

FFL

2D/3D

−1
2.4 T μ−1
0 m

U Lübeck/FFL

FFL

2D (so far)

−1
1.5 T μ−1
0 m

30 mm

U Lübeck/Single-sided MPI
1D
U Lübeck/Single-sided MPI
multidimensional

FFP

1D

−1
1.3 T μ−1
0 m

n/a

FFP

2D (so far)

n.s.

n/a

57 to 70 mm
depending on insert
[68]
40 mm depending on
insert [68]

Introduction of projection scanner, 2D
phantom experiments and post mortem
mouse [70], introduction of projection
reconstruction scanner, 3D phantom
experiments and post mortem mouse
[71,59]
Scanner is currently under construction
[60,61]
Introduction of scanner and phantom
experiments [4,72,73,35]
Scanner is currently under construction
[62,63]

Figure 6. Series of reconstructed 1D images of two 2-hole phantoms (acrylic glass that features holes with a diameter of 1 mm filled with
Resovist; left: with 4 mm gap, right: with 1 mm gap). The phantom position x increases consecutively by 2/3 mm.
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encoding in MPI is being pursued by Vogel et al. [50–53],
who utilize a linear gradient array in a closed coil design
to generate a traveling wave with two FFPs (of which only
one is located within the FOV at each point in time). In
2009, Goodwill et al. demonstrated two narrowband MPI
scanners capable of 3D imaging [25,54,55]. They went on to
present several generations of x-space scanners, where image
reconstruction is performed in time domain [18,56,57]. A 2D
phantom consisting of 400 μm inner diameter tubing filled
with undiluted Resovist was imaged with a FOV of 40 × 20
mm2 in a total imaging time of 28 s not including robot
movement [18]. Goodwill et al. also built the first projection x-space MPI scanner [58]. 2D phantom measurements
(FOV of 100 × 50 mm2 ) with an experimental resolution of
3.8 × 8.4 mm2 were acquired in 4 s using diluted Resovist (one
part Resovist, nine parts deionized water). Recently, Konkle
et al. implemented experimental 3D x-space MPI using projection reconstruction, which requires a mechanical rotation of
the sample [59]. Another MPI scanner using an FFL instead
of an FFP is being developed by Erbe et al. [60,61]. This
device will rotate the FFL electronically and thus do without
a mechanical rotation of the sample, which is a prerequisite
for in vivo measurements. In 2009, the first single-sided MPI
scanner (cf. Figure 1(b)), which allows for unrestricted patient
access, was introduced by Sattel et al. [4]. Measurements of
two phantoms, by which the dependence of imaging quality on the distance to the scanner front was investigated, are
depicted in Figure 6. With the experimental setup, measurement time was 51.2 ms for each of the 1D images. The system
function used for reconstruction was obtained by similar measurements using a delta-like phantom with only one bore filled
with Resovist. To reduce noise contained in the system function, which influences the reconstruction results, measurement
time was 256 ms for each point in space. For both phantoms,
the dots could be resolved close to the scanner front. As the
distance increases, the gradient of the selection field and the
SNR decrease, which results in worse resolution in distant
regions. In [35], the resolution achieved by the single-sided
system has been determined to range from approximately 1.1
to 2.7 mm within the FOV. The phantom dots in the reconstructed images disappeared at about x = 15 mm (cf. Figure 6),
which illustrates that the penetration depth of the scanner setup
is limited. Currently, a single-sided MPI scanner capable of
multidimensional imaging is being developed by Sattel, Gräfe
and co-workers [62,63].

5 Applications
As mentioned in the introduction, cardiovascular radiology, especially cardiovascular intervention is an application
that could benefit substantially from MPI. Until now, fluoroscopy including intraarterial digital subtraction angiography
(DSA) is the gold standard for cardiovascular interventional
procedures, interventional computed tomography (CT) and
magnetic resonance imaging (MRI) are rather experimental
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methods. DSA is not able to provide three-dimensional information and, as does CT even more, burdens patient and
physician with considerable doses of ionizing radiation. MRI
supplies three-dimensional information without use of ionizing radiation, but temporal and spatial resolution is lower than
in DSA and CT [75–77]. MPI has the potential to combine the
advantages of those methods by providing three-dimensional,
high resolution real-time imaging without ionizing radiation.
The vision is to translate this technology into clinical practice.
Then the physician could not only visualize the vasculature
and its pathologies like stenosis and occlusions, but would
be able to quantify these pathologies as well. Furthermore,
the high temporal resolution would also allow real-time perfusion imaging. If this application of MPI can be realized,
it would allow real-time quantitative and qualitative evaluation of vascular pathologies and their systemic impact. Before
treatment this would aid the choice of the individually ideal
therapy and, during interventions, it would provide real-time
information regarding the procedure’s progress and success
and afterwards detailed assessment of the further development
would be possible as well. Additionally, the three-dimensional
image information as could be yielded by MPI has the potential to facilitate the navigation of instruments considerably.
Weizenecker et al. could already visualize the beating heart
of a mouse using an experimental MPI scanner and Resovist
as a tracer with high spatial and temporal resolution [3]. Still,
for use in humans dedicated interventional instruments with
respect to visualization using MPI are a prerequisite (Figure 7)
[6].
SPIOs are in general collected by cells of the mononuclear phagocyte system and accumulate primarily in liver and
spleen. Smaller SPIOs, in general referred to as ultrasmall
SPIOs (uSPIOs) if their hydrodynamic diameter is smaller
than 50 nm, are not cleared by the liver and spleen as fast as
larger ones. uSPIOs can leave the vessel system into the connective tissue or into other organs. Here, they are collected
by cells of the mononuclear phagocyte system as well and
are then carried to lymph nodes, were they accumulated. This
characteristic has been already used in lymph node staging of
e.g. pelvic tumors using MRI [79,80]. Presumably, the higher
sensitivity of MPI could enhance the accuracy of this method
as well. Gleich and Weizenecker have estimated the possible
sensitivity of MPI to be as high as 20 nmol(Fe)/l [1]. Labeling
of lymph nodes using SPIOs can also be a promising tool for
the sentinel lymph node biopsy (SLNB) in breast cancer staging. SLNB is a more gentle method for assessment of axillar
lymph nodes opposed to radical axillary lymph node dissection, which is accompanied by larger surgery and a higher
morbidity [81]. For SLNB, dyes and radionuclides are used as
tracer. The tracer, which will be injected into the tumor region,
reaches the sentinel lymph node via the lymphatic system and
allows the specific localization and subsequent explanation
and histological assessment. The vision is that a particular
single-sided MPI scanner can be manufactured [82,5], much
like an ultrasound probe (Figure 8). This technique would
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Figure 7. Three-dimensional visualization of a balloon-catheter for cardiovascular interventions using a luminal loading with diluted Resovist
(1:20, 25 mmol(Fe)/l). The left image shows the axial, the middle the sagittal and the right image the coronal plane. The field of view is
34 × 34 × 20 mm3 , the balloon has a diameter of 10 mm and a length of 30 mm.

permit sentinel lymph node detection using SPIOs as a tracer,
thus without the use of a radionuclide and exposition of patient
and physician to ionizing radiation.
Another application very likely to benefit from MPI is
molecular imaging. Molecular imaging includes the visualization of small structures like cells, receptors or even
pharmaceutical agents. It is an important method in e.g. oncology research, but has the potential to be a diagnostic tool
as well. A wide variety of dedicated SPIOs are already used
for imaging using active or passive targeting and other methods like drug delivery [83–85]. But an important limitation
of SPIO-based molecular imaging is the rather low sensitivity
of MRI. As SPIOs are, especially regarding their versatility
and good biocompatibility, one of the most important tracers
for in vivo molecular imaging, a suitable method of visualization is essential [86]. MPI, especially with its possibly high
sensitivity and spatial resolution could be a solution for this

problem. Bulte et al. could already demonstrate the applicability of cellular MPI [87].
In general, all existing procedures using SPIOs are potential
applications as well. In theory, MPI may improve, e.g., imaging of inflammation [88,89], neurological disorders [90,91]
and high risk (vulnerable) plaques in arteriosclerosis [92,93]
considerably. One very important step towards these scenarios is to merge the detailed knowledge of SPIO synthesis for
dedicated applications, i.e. specific modification of the coating, and the knowledge concerning ideal SPIOs for MPI. The
result should be MPI-optimized particles, tailored to the need
of the individual application.

6 Conclusion
In order to make the exciting performance of MPI available for interventional and functional imaging, many different
scanners are currently under development. The differences
between those scanner types are mainly due to the large number of geometrical and electrical parameters that can be chosen
in particular realizations. At the same time, much effort is put
into the development of optimized contrast agents. Developing and upscaling this technology to human sized scanners
requires to address issues such as power dissipation, image
reconstruction time and contrast agent production. Thus, MPI
promises to offer possibilities to acquire volumetric images
of tracer distribution in a more sensitive, faster and safer way
as any existing contrast agent based imaging technique.
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