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The use of contrast agents and tracers in medical imaging has a
long history1–7. They provide important information for diagnosis
and therapy, but for some desired applications, a higher resolution
is required than can be obtained using the currently available
medical imaging techniques. Consider, for example, the use of
magnetic tracers in magnetic resonance imaging: detection
thresholds for in vitro8 and in vivo9 imaging are such that the
background signal from the host tissue is a crucial limiting factor.
A sensitive method for detecting the magnetic particles directly is
to measure their magnetic fields using relaxometry10; but this
approach has the drawback that the inverse problem (associated
with transforming the data into a spatial image) is ill posed and
therefore yields low spatial resolution. Here we present a method
for obtaining a high-resolution image of such tracers that takes
advantage of the nonlinear magnetization curve of small magnetic
particles. Initial ‘phantom’ experiments are reported that demon-
strate the feasibility of the imaging method. The resolution that we
achieve is already well below 1 mm. We evaluate the prospects for
further improvement, and show that the method has the potential
to be developed into an imaging method characterized by both
high spatial resolution as well as high sensitivity.
We first introduce the general concept of magnetic particle

imaging (MPI). MPI relies on the nonlinearity of the magnetization
curves of ferromagnetic material and the fact that the particle
magnetization saturates at some magnetic field strength. If an
oscillating magnetic field, called the ‘modulation field’, is applied,
with frequency f1 and sufficiently high amplitude A, the magnetic
material will exhibit a magnetization M(t), where t is time. M(t)
contains not only the drive frequency f1, but also a series of harmonic
frequencies (Fig. 1a). These higher frequencies can be easily separated
from the received signal by means of appropriate filtering.
If the magnetic particles are also exposed to a time constant

magnetic field with a sufficiently large magnitude, they saturate
and the generation of harmonics is suppressed (Fig. 1b). Selective
suppression of the harmonics is employed for the spatial encoding as
follows. In addition to themodulation field, a time-independent field
is superimposed (field plot in Fig. 2a) that vanishes in the centre of
the imaging device (the field-free point, FFP) and increases in
magnitude towards the edges. This field is called the ‘selection
field’. If there is any magnetic material at the position of the FFP it
will produce a signal containing higher harmonics. But only the
magnetic material located at the FFP will respond to the a.c.
modulation field. All other magnetic material remains in the state
of saturation. By steering the FFP through the volume of interest, a
tomographic image can be generated. (As a spatial variation in one
direction of one field component is in general accompanied by a
spatial variation of another component in another direction, only a
single selection field is needed in MPI to obtain a three-dimensional
spatial encoding.) The movement can be performed by moving the

whole coil assembly or by moving the object within the coil assembly.
For simplicity, we assumed a low amplitude of the modulation field.
Otherwise, the a.c. field shifts the FFP significantly.
In summary, to form an image, magnetic tracer material has to be

applied to, or introduced into, the object. The object is placed in
the selection field, and a weak magnetic modulation field is
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Figure 1 | Response of magnetic particles to an external magnetic field.
a, An oscillating magnetic field (H, modulation field, green curve) is applied
to the magnetic material at a single frequency f1. As the magnetization curve
(M, black curve) is nonlinear, the resulting time-dependent magnetization
(red curve) exhibits higher harmonics, as is shown in the Fourier-
transformed signal (S, red bars). b, A time-independent field is added to the
modulation field. The oscillating field does not significantly change the
magnetization of the material, as it is always in saturation. In this state,
harmonics of the oscillating field are almost non-existent. The grey box
indicates those harmonics used for image formation. The signal at f1 is not
used, as it is small compared to the superimposed induced modulation field
signal, and therefore difficult to isolate.
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superimposed. Finally the object is moved (spatial encoding) to
discrete positions and the magnitudes of the harmonics are recorded.
An image of the magnetic tracer in the object is directly obtained by
mapping the magnitude of the harmonics.
The method described so far is capable of generating images of the

spatial distribution of magnetic material. However, the mechanical
movement leads to low scanning speed and the signal to noise ratio
(SNR) is low owing to the weak modulation field. The mechanical
movement is dispensable if three additional orthogonal homogenous
magnetic fields, called drive fields, are provided (Fig. 2b). The three
components of the selection field can be cancelled, at any given point
in space, by appropriate adjustment of these three fields. By driving
each coil pair with a predefined current waveform, the FFP can be
moved on a continuous trajectory over the object. This set-up is
analogous to a mechanical motion set-up.
By using drive fields, it is possible to accelerate the movement of

the FFP dramatically. For this purpose, a different sinusoidal current
with a high frequency is applied to each coil pair. The amplitudes of
the currentsmust be large enough to generate magnetic fields capable
of cancelling the selection field at the border of the desired region of
interest. The fast FFP movement leads to a rapid local change in
magnetization as soon as the FFP passes a location containing
magnetic material. The magnetization change induces a signal in
the recording coil that exhibits higher harmonics of the drive field
frequencies. This induced signal is sufficient for image reconstruc-
tion. The modulation field with low amplitude (Fig. 1) is now
obsolete. Consequently, the introduction of the drive fields over-
comes both drawbacks mentioned above, namely the low encoding
speed and the low SNR.
So the spatial encoding can be realized in two ways, as follows: (1)

using mechanical movement, or (2) using field-induced movement
of the FFP. Furthermore, both possibilities can be combined. This is
the situation realized in the present experimental set-up.
The two-dimensional object used for imaging consisted of distinct

holes filled with an undiluted (0.5mol Fe l21), commercially avail-
able contrast agent (Resovist11, Schering AG Berlin). Components
used in the present set-up are illustrated in Fig. 2a. In order to form
two-dimensional images, the object can be moved in two dimensions
using a robot. Additionally, the drive field moves the FFP in the

vertical direction. Two alternative encoding types are demonstrated.
First, the robot alone is used for the spatial encoding (mechanical
FFP movement). However, a drive field (A ¼ 10mTm0

21) for the
generation of the harmonics is used in place of the low-amplitude
modulation field, owing to the higher achievable SNR. Second, the
robot provides the spatial encoding in the horizontal direction, while
the drive field moves the FFP in the vertical direction. The same
experiment was evaluated in both cases, but in the second case only a
subset of robot scan positions was used.
Figure 3a shows an image of the object, for the case of pure

mechanical movement of the object. Using a drive field leads to a
contribution of neighbouring points to the recorded signal at a given
robot position. This means that the simple method for generating an
image (for the case of the weak modulation field) by mapping the
magnitude of the harmonics is not appropriate, and a reconstruction
is necessary; see Methods section.
In Fig. 3b the drive field encodes vertically and the robot is used for

the horizontal encoding. As the drive field amplitude was not
sufficiently high to move the FFP over the whole object, three
separate images were reconstructed. They covered the upper, middle
and lower regions of the object, and were averaged to form Fig. 3b. As
a result, the resolution in the vertical direction is better than 0.3mm.
In the horizontal direction, the resolution is about 0.5mm, as the
derivative of the field component of the selection field in that
direction is lower. The resolution in both cases (Fig. 3a and b) is
the same, although the SNR differs owing to the shorter measure-
ment time in the second case.
The theoretically expected resolution (R) is given by the ratio

Figure 2 | The main components of the experiment, and an MPI scanner
concept. a, The two large rings generate the selection field. Hence, a d.c.
current with opposite direction in the upper and lower coil produces the
sketched field (field lines and colour coded field magnitude) with the field-
free point (FFP) in the centre. The same two rings serve as drive field coils, as
an a.c. current is superimposed on the d.c. current. A pair of quadratic
recording coils in the centre records the generated a.c. response (harmonics).
b, The field-generating components are sketched schematically for an MPI
scanner capable of encoding purely by drive fields. Two field generators
produce the selection field. For each direction in space, two opposing drive
field coils are used. These coils produce a more or less homogeneous field in
the centre of the scanner and can therefore move the FFP.

Figure 3 | Reconstructed images of the object for two different encoding
types. The true size of the holes is indicated in the lower right corner of the
large images. The drawings on the right side sketch the robot positions used
for measurement (bottom) and a true scale image (top). In a, the data at all
52 £ 52 robot positions were used, whereas in b only the data of 3 £ 52 robot
positions contribute to the reconstruction. In a, encoding is purely done by
robot movement, although the FFP moves a considerable distance in the
vertical direction. In b, this movement is exploited and the encoding is
achieved partly by the drive field. The total measurement time was about
50min, including a pure data acquisition time of 18min for a and 1min for
b. Those spots with low intensity reflect imperfections of the object.
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2Hk/Xs, where Hk is the a.c. field strength at which the material
produces substantial higher harmonics, and Xs is the largest spatial
derivative of a selection field component. A reasonable value for Hk

may be obtained by equating the thermal energy with the Zeeman
energy of the magnetic particles. AssumingHk ¼ 0.5mTm0

21, reach-
able with particles of 30 nm diameter, and the currently used
Xs ¼ 3.4 Tm21 m0

21, the observed resolution is obtained.
Given that the particles have a reported diameter11 of 4 nm it is

remarkable that the achieved resolution is so high. For such particles,
the Langevin theory12 of magnetism would predict quite smooth
magnetization curves withHk ¼ 210mT m0

21, leading to a resolution
of the order of 10 cm. We therefore compared the observed perform-
ance to that of ideal particle ensembles acting according to the
Langevin theory. Figure 4 shows the calculated normalized signal
for particles in the range 10–40 nm as a function of the number of the
higher harmonics. Additionally, the observed signal and the noise
level are included. The experimental data fit well, assuming that
particles of 30 nm diameter are responsible for the signal. The iron
mass of the signal-generating particles represents only 3% of the total
iron mass.
Thus far, the reconstruction was optimized to obtain the best

possible resolution. It can also be adapted to compromise resolution
while improving sensitivity. Analysing the signal and noise in Fig. 4,
we estimate the current detection limit to be about 100 mmol Fe l21

for a resolution of about 1mm. This detection limit is already within
the range of the allowed dosage for medical use13. However, improve-
ments in magnetic tracers and recording electronics can be expected
to lower the detection limit to 20 nmol Fe l21. The potential for
improvement of the tracer can be seen in Fig. 4. The signal could be
increased by at least two orders of magnitude (compare red line with
dashed ‘40 nm’ line) by a better initial composition and a particle
separation process. Additionally, the electronics offers significant
potential for improvement. With an optimized version, we expect an
improvement in SNR of between one and two orders of magnitude
even for a human-size system.
The detection limit extrapolated above can be verified via com-

parison with magnetic resonance imaging (MRI). If the signal is
induced by an oscillating magnetizationM, and the object dominates
the noise (‘patient noise limited’), the SNR is proportional toM but
independent of frequency14. With the detection limit of 20 nmol
Fe l21, the expected magnetization would still be about 5% of a

typical MRI equilibrium magnetization, assuming a proton mag-
netization MMRI(1T) ¼ 4 £ 1029 T m0

21. So the detection limit esti-
mated above seems to be reasonable, as the correspondingMRI signal
can be detected. On the other hand, a well tolerated dosage of
maghemite particles in humans13 is about 70 mmol Fe l21, resulting
in an SNR two orders of magnitude higher than that achieved using
MRI.
A high SNR may speed up the image acquisition, provided that an

adequate encoding speed is possible. In our experiment, the coding
time was rather long, but in principle coding speed can be fast in
MPI. This would require the use of three orthogonal drive fields
responsible for the FFP movement (Fig. 2b), as already mentioned in
the basic description. In that case, the encoding time T for a volume
(N £ N £ N voxel) can be shown to be roughly T ¼ N2/f1. For a
drive field frequency of f1 ¼ 25 kHz andN ¼ 50, an encoding time of
the order of 100ms can be achieved. The size in each direction of a
volume depends on the maximum possible shift F ¼ 2A/Xs of the
FFP, which is of the order of 6mm for Xs ¼ 3.4 Tm21 m0

21 and the
drive field amplitude A ¼ 10mTm0

21. For medical applications, a
larger field of view as well as a higher coding speed is desired. Drive
field amplitudes of up to 20mT m0

21, and frequencies up to 100 kHz,
may be used without harming the patient through heating. To
achieve a still larger field of view, an additional, slower movement
of the FFP can be superimposed. Using permanent magnets, a
maximum Xs of about 3 Tm21 m 0

21 seems to be possible for
human applications, with reasonable effort. The potential of MPI
becomes clear when considering the resolution and the encoding
speed, in combination with the high SNR, which can be converted to
imaging speed and/or sensitivity.
We have demonstrated the possibility of directly mapping mag-

netic material, without relying on the ill-posed inversion problem.
This offers new opportunities for imaging magnetic tracers with high
resolution and sensitivity. MPI may find a variety of applications,
such as medical imaging, crack detection, polymer processing or
fluid dynamics. For medical applications, such as vascular or small
intestine imaging, the high resolution and sensitivity of MPI can be
expected to be advantageous. Furthermore, the signal can penetrate
tissues virtually unattenuated, allowing the inspection of regions
located deep below the surface. Additionally, MPI does not necess-
arily require a large scanner. All required magnetic fields may be
applied from one side. For a relatively small imaging volume, the
scanner itself may be quite small and inexpensive. Finally, themethod
for localized interaction could be used not only for imaging, but also
for therapy by local heating15,16. Further work will be needed to
exploit the full potential of this new imaging method.

METHODS
Hardware.An outline of theMPI scanner is given in Fig. 2a. The field-producing
coils of the scanner are separated by 50mm, and do not contain ferromagnetic
material. In d.c. mode, the spatial derivative of the selection field Xs at the FFP is
3.4 Tm21 m0

21. The drive field amplitude is 10mTm0
21. The drive field frequency

is arbitrarily set to 25.25 kHz. The two recording coils are of square shape, with
about 16mm side length and a separation of about 16mm. They are surrounded
by larger windings with opposite sense (not shown in the figure) to compensate
the induced voltage due to the drive field. In addition, the recorded signal is
passed through a passive notch filter. After amplification and subsequent filter
stages, the signal is digitized (12 bit 20MHz, type PCI-9812, Adlink Inc.).

A robot (Flachbettanlage 1, Iselautomation KG) is used to move the sample
from the upper left to the lower right corner of a square region (approximately
parallel to the page plane in Fig. 2a) in subsequent horizontal lines. The resulting
52 £ 52 data points cover a 9.4 £ 9.4mm2 region.

The first test object was the letter ‘P’, formed by 13 holes (diameter 0.5mm,
length 1mm) in a flat plastic plate that were filled with the magnetic tracer. In
addition, a single hole (reference object) with the same dimensions was filled
with tracer and used as a reference response of the entire system. Its measure-
ment, and later use in reconstruction, accounts for all imperfections of the coils
and the complex behaviour of the tracer. Both the ‘P’ and the reference object
were measured with identical parameters (field amplitudes, frequency, robot
path, delay and recording times).

Figure 4 | Normalized signal strength as a function of frequency for
simulated magnetic tracer particles and a commercially available contrast
agent. The unit signal intensity is that of hypothetical maghemite particles
with a step-like magnetization curve and the same iron amount as present in
the commercial contrast agent, Resovist. The green line shows the measured
instrumental noise of the acquisition system at a measuring time of 0.4 s.
The dashed lines represent the calculated signal strength assuming a specific
diameter (10–40 nm) of spherical particles acting according to the Langevin
theory12. The total amount of iron is the same as found in Resovist. Thus, the
‘3% 30 nm’ curve represents the expected response of an assembly of ideal
particles (30 nm diameter) with an iron concentration 3% that of Resovist.
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Reconstruction principles. The two acquired sets of data (‘P’ and reference
response) were both used for reconstruction. The nth harmonic Vn(y) of the
induced signal, at the robot position vector y, can be written as:

VnðyÞ ¼

ð
Gnðx þ yÞCðxÞdx ð1Þ

Here C(x) is the magnetic particle concentration in the object, being unknown
for the image reconstruction. Gn(r) denotes the delta response of the system,
representing the induced signal in the nth harmonic of the set-up if an
infinitesimally small object is placed at position r. This function includes all
the complex dynamics of the magnetic tracer, as well as the shape of the drive
field and the recording coils.
Obtaining the delta response from the reference response. Owing to the use of
a relatively large object (0.5mm diameter), it is necessary to deconvolute the
delta response from the reference response before starting with the reconstruc-
tion. In order to achieve that, the spatial Fourier transform of equation (1) is
used (functions in Fourier space are denoted as the corresponding lower case
letters with caret):

v̂nðkÞ ¼ ĝn ðkÞĉ* ðkÞ ð2Þ

After division by the known concentration function ĉ*ðkÞ of the reference object,
a Fourier back-transformation yields Gn(r).
Matrix inversion. For image reconstruction, a direct inversion of the discretized
equation (1) was used, as it gives more flexibility with respect to data reduction.
The induced signal is hence:

Vnðy iÞ ¼ d2

j[{52£52}

X
Gnðx j þ y iÞC ðx jÞ ð3Þ

Here, xj and yi refer to different measuring positions within the scanning plane,
and d2 is a normalization factor due to the discretization. The concentration
C(x) in equation (1) was determined numerically for each harmonic n sepa-
rately, using a zero order regularization scheme17. This leads to several complete
images of the object. Finally, the mean value over a set of these individual
concentration images is computed, and shown in Fig. 3a. The grey scale was
assigned to the image in a linear way. Black was assigned to the lowest obtained
concentration.
Reduced data set inversion. If the robot moves only in one horizontal line, the
matrix equation (1) is no longer overdetermined, and all reasonable higher
harmonics have to be included in the matrix to be used for inversion. The new
equation can be written as:

VnðminÞ ¼ d2

j[{1£52}

P
GnðminÞðx j þ y iÞC ðx jÞ

..

.

VnðmaxÞ ¼ d2

j[{1£52}

P
GnðmaxÞðx j þ y iÞC ðx jÞ

ð4Þ

The inversionwas performed in same way as above, but for each of the three lines

independently. Finally, the three images were averaged to form Fig. 3b.
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