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Thursday, March 27, 2014 

Physikalisch-
Technische Bundesanstalt (PTB) 
Berlin-Charlottenburg

Registration, Tutorials, 
Welcome Reception

Address:
Hermann-von-Helmholtz-Bau
Abbestraße 1
10587 Berlin

Friday, March 28, 2014

Charité 
Campus Virchow Klinikum 
(CVK) 

Talks and 
Poster Sessions

Address:
see Saturday

Wasserwerk 

Evening Event and Poster Award 

Address:
Hohenzollerndamm 208,
10713 Berlin

Saturday, March 29, 2014 

Charité 
Campus Virchow Klinikum 
(CVK) 

Talks and Poster Sessions, 
Closing Remarks

Campus address:
Charité Campus Virchow-Klinikum
Augustenburger Platz 1
13353 Berlin

Internal address:
CVK, Forum 3

Locations and Travel Information

IWMPI 2014 will take place at two different locations, „Physikalisch-Technische Bundesanstalt“ (PTB) 
Berlin Charlottenburg (March 27, 2014) and Charité Campus Virchow Klinikum (March 28 -29, 2014).

Local organization committee:
In urgent cases you can call us on  +49 160 467 8174. 
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Scientific Program
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INTEgRATED TWMPI-MRI hyBRID SCANNER
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Magnetic Particle Imaging (MPI) was fi rstly presented in 2005 [1]. It is based on the nonlinear response 
of ferromagnetic material and the fact that the magnetization saturates at suffi ciently high magnetic 
fi elds. In contrast to Magnetic Resonance Imaging (MRI), MPI directly detects the concentration and 
distribution of superparamagnetic iron-oxide nanoparticles (SPIOs) without any background of any 
tissue. To overcome this issue a Traveling Wave MPI (TWMPI) device [2] was combined with a low fi eld 
MRI scanner [3] to show the possibility of a hybrid scanner, containing both imaging modalities in the 
same device [4]. The hardware of both separate approaches should be improved and optimized to reach 
higher fi elds and a higher resolution especially for the MRI measurement [5].
The TWMPI scanner works with a novel gradient design, the dynamic linear gradient array (dLGA), 
which can generate and move the required fi eld free points (FFP) linearly along the symmetry axis. 
The dLGA contains 20 single copper coil elements, which can be driven individually (fi g. 1 (a)). For the 
TWMPI measurement the traveling wave approach is used (fi g 1 (b)). The dLGA can also be used for 
the generation of a homogeneous B0 fi eld required for the MRI. For that the controlling of the dLGA 
must be changed. For a desired B0 fi eld of about 235 mT (10 MHz ([1H]) a current at the coil elements 
of about 135-200 A is required, which is provided by a customized amplifi er (fi g. 1 (c)). The simulation of 
the magnetic fi eld (fi g. 1 (d)) with the MRI current settings shows a homogeneous fi eld (fi g. 1 (e)) over 
the half of the scanner (about 60 mm). In a fi rst test the stability of the current controller could be tested 
up to 135 A for the B0 fi eld generation with the dLGA

Fig. 1 (a) Dynamic linear gradient array (dLGA) contains several individually accessible coils. (b) Traveling wave 
mode for MPI measurement. (c) Current settings for the MRI measurement: the outer elements are driven with 200 
A, the gray coils with 135 A and the black ones are not required in the MRI mode. (d) Magnetic fi eld simulation with 
the MRI current settings. (e) Field homogeneity inside the scanner (inhomogeneity <0.3 %)).
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SPIN ELECTRONICS BASED SENSORS FOR LOW FREquENCy MAgNETIC 
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Fermon Claude, Pannetier-Lecoeur Myriam, Lebras-Jasmin Guénaelle

Nanomagnetism and oxide laboratory CEA Saclay, Gif Sur Yvette, France

Tuned or untuned coils are currently used for the detection of MRI signals or MPI detection. They are 
very sensitive at high frequencies but suffer at low frequencies of a reduced performance due to the fact 
that they detect the derivative over time of the flux. Alternative detection schemes with magnetic sensors 
able to detect directly the flux are hence competitive for frequencies below 1MHz. In the last years, we 
have developed spin electronics based sensors either cooled at low temperature, either working at room 
temperature which present better detectivities than tuned coils for frequencies below 300kHz.  Low 
temperature sensors are using a superconducting loop acting as a flux to field transformer [1] which can 
be coupled to a cooled or room temperature pick-up loop. The detectivity is hence of about 10fT/sqrt(Hz) 
for frequencies down to 1kHz.  Below 1kHz, the 1/f noise of spin electronics sensors decreases slightly 
the performances. At room temperature, the use of high performance ferrites as flux concentrators gives 
also detectivities in the same range above 10kHz.  We will present device performances and some 
results applied to the case of on very low field (1-10mT/42-420kHz)) MRI. In particular we will show the 
first images obtained on in vivo tissues and the T1 and T2 values evaluated in the millitesla range [2].
This type of sensor could be also good candidates for Magnetic Particle Imaging [3], because they still 
exhibit very good sensitivity in the frequency range of few tens of kHz with a flat frequency response. 
We will evaluate the possible performances of such a detection scheme for Magnetic Particle Imaging 
experiment and discuss the advantages and drawbacks versus the tuned coil detection setups.

[1] Pannetier M, Fermon C, Le Goff G, Simola J and Kerr E(2004) Femtotesla magnetic field measu-
rement with magnetoresistive sensors, Science, 304, 1648–50.

[2] Herreros, Q, Dyvorne, H, Campiglio P, Jasmin-Lebras G, Demonti A, Pannetier-Lecoeur M and 
Fermon C, Very low field magnetic resonance imaging with spintronics sensors,  Rev. Sci. Instr.  84 
(2013)  

[3] Gleich B and Weizenecker J, Tomographic imaging using the nonlinear response of magnetic par-
ticles,  Nature  435, 1214–1217 (2005).
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Magnetic particle imaging (MPI) is a novel tracer-based imaging method allowing detection of the 
distribution of superparamagnetic iron oxide nanoparticles in vivo in three dimensions and in real 
time. For spatial encoding, MPI applies a static gradient field featuring a field-free point (FFP) at a 
unique position in space which is steered through the field-of-view (FoV) by means of three orthogonal 
homogenous AC drive-fields (DF), each with a dedicated frequency of around 25 kHz. The signal chain 
for each DF channel consists of a power amplifier, an analog band-pass filter, a matching network and a 
transmit coil. Each power amplifier Ai, i = x, y, z is fed with a sinusoidal three tone input signal at the three 
DF frequencies fj, j = x, y, z represented by the Fourier coefficients âi,j. The frequency components of 
the resulting currents in the DF coils, which can be measured inductively, are denoted as ĉi,j. A diagonal 
input matrix âi,j, i.e. feeding only the main frequency fi to the DF channel i, will in general not correspond 
to a diagonal output matrix ĉi,j caused by inherent coil coupling in the DF system. To allow for stable 
excitation even for long calibrations scans as well as to ensure a rectangular FoV, two conditions of the 
resulting DF currents ĉi,j have to be met:

•	 thermal drifts in the signal chain have to be actively compensated by controlling ĉi,j (for i=j) in  
 terms of stable amplitude and phase. 
•	 all DF channels have to be decoupled , i.e. ĉi,j  should be zero for i≠j, as coupling leads directly  
 to a sheared FoV.

Hence one has to exploit different approaches minimizing the DF coil current on the side frequencies in 
order to obtain a pure sinusoidal current in the DF coils: 1) optimized DF coil production that minimizes 
channel cross talk, 2) passive DF channel decoupling by means of a decoupling network, and 3) active 
cross talk compensation by means of DF current monitor and actively controlling of the input matrix 
âi,j to compensate for temporal changing residual couplings, i.e. for the side frequencies ĉi,j with i≠j. To 
minimize the power requirements for Ai, all three approaches have to be combined, as active cross talk 
compensation alone would lead to enormous reactive power requirements mostly due to impedance 
mismatch of the signal chain at the side frequencies. In this work, an active control algorithm method for a 
3D MPI scanner is presented to allow for drift compensation as well as active DF cross talk compensation 
using a numerical real-time PID controller. This method includes a three step measurement based 
determination of the band-structured 9x9 transfer matrix which maps âi,j to ĉi,j, while adequate PID control 
initialization minimizes the integral windup during the transient phase of the controller. The DF control 
algorithm has been evaluated experimentally on a 3D MPI scanner (BRUKER MPI 25/20F), where ĉi,j 
were assessed for the raw DF system and the passively decoupled DF system both with and w/o the 
active DF cross talk compensation, where the amplitude control for ĉi,j (for i=j) has been used in each case. 
 
Acknowledgements: The authors thankfully acknowledge the financial support by the German Federal 
Ministry of Education and Research, FKZ 13N11088.
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INTRODUCTION: Two reconstruction formulations have been demonstrated in Magnetic Particle 
Imaging: ‘system function’ reconstruction [1-3] and x-space reconstruction [3-5]. With the x-space image 
reconstruction method, we grid our received signal to the instantaneous position of the field free line or 
field free point [4-5]. However, any MPI reconstruction algorithm must estimate the fundamental signal, 
which is lost during direct-feedthrough filtering[4-5]. In a prior x-space approach, the DC component of 
the image was recovered by enforcing 1D image continuity between image stations (or partial FOVs) [5].
METHODS: Here, we propose a full 2D or 3D continuity algorithm to be used in conjunction with the 
x-space reconstruction method. The reconstruction optimization problem is then solved via regularized 
least squares. Prior to optimization, we grid partial field of view images, which become the input to our 
reconstruction problem.
RESULTS: In Figure 1, we showed the result of our reconstruction algorithm on simulated data. We 
created partial field of view images from the input image. We then removed the DC value along the x-axis 
and added noise. As noted in the error image, the algorithm was quite robust to noise and accurately 
recovered the image.
CONCLUSION: The x-space DC recovery algorithm allows 2D or 3D image reconstruction, with full DC 
recovery. 2D or 3D continuity is a tighter constraint and should offer physically robust a priori information.

[1] B. Gleich and J. Weizenecker, “Tomographic imaging using the nonlinear response of magnetic 
particles.,” Nature, vol. 435, no. 7046, pp. 1214-7, Jun. 2005.

[2] J. Rahmer, J. Weizenecker, B. Gleich, and J. Borgert, “Analysis of a 3-D system function measured 
for magnetic particle imaging.,” IEEE Trans. Med. Imaging, vol. 31, no. 6, pp. 1289-99, Jun. 2012.

[3] J. Rahmer, J. Weizenecker, B. Gleich, and J. Borgert, “Signal encoding in magnetic particle imag-
ing: properties of the system function.,” BMC Med. Imaging, vol. 9, no. 1, p. 4, Jan. 2009.

[4] P. W. Goodwill and S. M. Conolly, “The X-space formulation of the magnetic particle imaging pro-
cess: 1-D signal, resolution, bandwidth, SNR, SAR, and magnetostimulation.,” IEEE Trans. Med. 
Imaging, vol. 29, no. 11, pp. 1851-9, Nov. 2010.

[5] K. Lu, P. W. Goodwill, E. U. Saritas, B. Zheng, and S. M. Conolly, “Linearity and shift invariance 
for quantitative magnetic particle imaging.,” IEEE Trans. Med. Imaging, vol. 32, no. 9, pp. 1565-75, 
Sep. 2013.
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DC BIAS FIELD

Saburo Tanaka1, Hayaki Murata1, Tomoya Ohishi1, Yoshimi Hatsukade1, Yi Zhang2, Herng-Er Horng3, 
Shu-Hsien Liao3, Hong-Chang Yang4
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Magnetic particle imaging (MPI) introduced by Gleich and Weizenecker is based on utilizing the non-
linear magnetic response M for detection of super-paramagnetic iron oxide nanoparticles (MNP) [1]. 
The excited M contains not only the fundamental excitation frequency ω0 but also its harmonics when 
applying an ac excitation magnetic field Hac = H0sin(ω0t). A number of magnetic readout methods have 
been developed to determine the MNP volume (or mass) for different application purposes, for example, 
immunoassay [2-4]. In the MNP detection and the MPI technique, the most commonly employed method 
is the detection of the odd harmonics of the M response. We invented a method to improve the detection 
sensitivity for the magnetization M of MNP. The M response of MNP to an applied magnetic field H (M–H 
characteristics) could be divided into a linear region and a saturation region, which are separated at a 
transition (or saturation) point Hk. The M value shows the saturation trend at the field larger than Hk. We 
define this point on M–H characteristics as FKP (Field Knee Point) as shown in Fig. 1(a). When applying 
an excitation AC magnetic field (Hac) and an additional DC bias field Hdc = Hk, the second harmonic of M 
reaches the maximum due to the nonlinearity of the M–H characteristics. It is stronger than any other 
harmonics including a third harmonic [5]. The advantage of the use of the second harmonic response 
is that the response can be taken for even in small amplitude of Hac. In the case of the conventional 
detection using a third harmonic, the amplitude of the Hac must be larger than the threshold level, which 
is almost the same as Hk. The M response of MNP was systematically analyzed and experimentally 
proven. In order to prove our assumption above, we performed experiments using a high-concentration 
MNP sample (Resovist®, 27.8 mg/ml, 60 nm in dia., 70ml) under different Hac and Hdc. For the detection of 
the sample M responses, three solenoid coils were employed: coil Ldc was used to generate the DC static 
field Hdc, Lac to generate the AC excitation field Hac and Ld to detect the M responses of MNP sample. 
Ld consisted of two coils arranged differentially as a gradient pickup coil which reduced the influence 
of fundamental frequency ω0 (5kHz x 2π), thus increasing the amplifier dynamic range. One of the two 
coils surrounded the sample to detect its M response. The three coils, Ldc, Lac and Ld, were arranged 
coaxially. A high sensitive magnetic sensor device, High-Tc SQUID magnetometer was magnetically 
connected to the pickup coil to amplify the signal at low noise. Keeping the ac excitation field constant 
at Hac = 0.57 mTPP/m0, the M response harmonics of sample vs. the Hdc variation between ± 30 mT/m0 
were recorded in Fig. 1(b). In other words, the bias point was scanned in the range of Hdc ≈ ± 30mT/
m0. As expected, the M maxima of second harmonic appeared at Hdc = ± Hk = ± 2.5 mT/m0, while the 
third harmonic reached a maximum at Hdc = 0. The half-widths of the maximums were estimated to be 
about 3.1 mT/m0. No significant difference of the half-widths between the second harmonic and the third 
harmonic was observed. The half-width with a gradient field decides the imaging resolution of x-space 
in MPI technique [1]. For 1-D imaging, two identical ring-shaped permanent magnets (f120 x f100 
x 20t, Surface magnetic density: 0.4T) were prepared and set with a space of 80 mm so that it gives 
linear magnetic gradient field of 2.63 mT/mm in the rage of ±15 mm.  All the coils of Ldc, Lac and Ld were 
coaxially placed in the space of the ring magnets.  As a phantom, a small plastic-made container of f f2 
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(a)                                                   (b)                                                          (c)

Fig.1. (a) Principle of the detection using a 2nd harmonic with dc bias field of Hk.   (b) Dependence of M harmonics 
of sample on varying Hdc.   (c) 1-D MPI image of MNP phantom.

x 3 mm filled with MNP solution (Resovist®) of 10ml was prepared and set in one of the two detection 
coils. The electronics for the imaging was the same as previous experiment, but the output of the SQUID 
amplifier was connected to a lock-in-amplifier to perform a phase sensitive detection.  By changing 
the DC bias field Hdc, the bias point was scanned in the range of Hdc ≈ ± 30mT/m0.  The signal of cosθ 
component from lock-in-amplifier was recorded; the recorded data was differentiated. Figure 1(c) shows 
the cosθ component and its differentiated values as a function of the DC bias field. The DC bias field can 
be converted into the distance X, which is shown at the upper axis in the figure. The cosθ component 
(solid circle) shows two peaks at FKP. The position of the MNP phantom must be located at the FFP, 
where the slope shows the maximum. However, since the position is not clear by this component, the 
differential component, d(cosθ)/dX (open circle) was used to obtain the 1-D imaging.  In the case it was 
easy to define the position of the MNP phantom by finding the peak of the component.

It was demonstrated that the second harmonic of M is stronger than any other harmonics. A high 
sensitive magnetic sensor device, SQUID magnetometer was used as a low noise amplifier. The 
detection method using a second harmonic was applied to MPI (Magnetic Particle Imaging). We could 
successfully demonstrate the 1D image of a column-shaped phantom filled with MNP.

This work was supported in part by Japanese-Taiwanese Cooperative Program on Bioelectronics.
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WATER-COOLED TWO-AXIS RIgID EXCITATION COIL ASSEMBLy

Patrick goodwill1, Kuan Lu1, Bo Zheng1, Steven Conolly1,2

1Department of Bioengineering, University of California, Berkeley, USA 
2Department of Electrical Engineering and Computer Science, Berkeley, USA

Introduction: The detection limit for MPI cell tracking is proportional to the velocity of scanning, which 
can be maximized for a particular excitation frequency by exciting at the magnetostimulation limit [1]. 
The magneto-stimulation limit for small animals is approximately 40 mT at 50 kHz in mice/rats [2], 
which can be challenging to achieve in imaging systems because of electrical power requirements [3]. 
Further, in a multi-axis transmit coil assembly, the power dissipation requirements can be demanding in 
the transverse axes since saddle and Helmholtz coils are less efficient than the solenoid coils used to 
produce axial fields.
Here we describe the construction of a rigid two-axis excitation coil assembly constructed for use in high-
speed projection MPI imaging. We desired a rigid electromagnet to minimize any electromechanical 
distortion, which prevents us from using magnet wire in a liquid cooling bath.  We constructed a prototype 
water-cooled two-axis transmit coil assembly capable of continuous excitation at kilowatt power levels 
with a 6.3 cm inner diameter using rigid copper tube. This coil assembly serves as a prototype for future 
coil sets that we aim to operate at the murine magneto-stimulation limits at over 5 kW power levels.
Methods: We constructed a medium-power transmit coil assembly for the Berkeley 7 T/m 3D MPI 
imager.  The transmit coil set is capable of transmitting both transverse and axial to the imaging bore. 
The transverse excitation coil is a two-layer saddle coil CNC machined from plates of 1.6 mm copper 
plate using a home-built CNC router. After annealing and hammering into a saddle configuration, each 
of the four plates was insulated with Kapton insulation and soldered into a continuous circuit.  The axial 
transmit coil is a water-cooled, hollow-core solenoid wound outer to the transverse coil. The entire 
assembly was then potted in heat conductive epoxy under vacuum.
Results: The coil is shown in Fig 1A. The transmit system achieved the design parameters of over 15 
mT in both axes at 1.2 kW power levels (see Table 1).  The electro-mechanical distortion of the coils 
during signal reception is also minimal (Fig. 1B). We also constructed transverse and axial receive 
coils in order to test the imaging functionality of the system. Images of a point source are shown in Fig. 
1(C,D). 

Coil orientation Transmit Free Bore Field Produced (peak-
to-peak)

Receive Coil 
Sensitivity

Imaging Free 
Bore

Transverse  
(X axis)

6.3 cm 15 mT @ 1.2 kW 430 µT/A 5 cm

Axial            
(Z axis)

6.3 cm 17 mT @ 1.2 kW 800 µT/A 5 cm

Table 1: Two-channel transmit coil key parameters

Discussion: Here we demonstrated the construction and testing of a two-axis transmit coil assembly.  
The coil achieves the design goals of kilowatt power dissipation at 15 mT excitation strength across an 
imaging free bore of 5 cm (with receive coils), with both low noise and electromechanical distortion. This 
is the first demonstration of a rigid, water-cooled, two-axis transmit coil tailored for high-speed projection 
murine imaging.

Corresponding Author: P. Goodwill, goodwill@berkeley.edu   
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Fig 1: (A) Two -axis transmit coil before potting in heat conductive epoxy. (B) The noise and distortion spectrum of 
the transverse receive coil during signal reception.  (C,D) Undeconvolved native image of a point source showing 
the expected “dog-bone” point spread function seen in x-space reconstruction. 1 µL Micromod-MIP tracer.  5 minute 
acquisition time, 5 cm x 4 cm x 6 cm FOV.

[1] J. Weizenecker, B. Gleich, J. Rahmer, H. Dahnke, and J. Borgert, “Three-dimensional real-time in 
vivo magnetic particle imaging.,” Phys. Med. Biol., vol. 54, no. 5, pp. L1–L10, Mar. 2009.

[2] P. W. Goodwill and S. M. Conolly, “The X-space formulation of the magnetic particle imaging pro-
cess: 1-D signal, resolution, bandwidth, SNR, SAR, and magnetostimulation.,” IEEE Trans. Med. 
Imaging, vol. 29, no. 11, pp. 1851–9, Nov. 2010.

[3] J. Rahmer, B. Gleich, J. Schmidt, C. Bontus, I. Schmale, J. Kanzenbach, J. Borgert, O. Woywode, 
A. Halkola, J. Weizenecke, “Continuous Focus Field Variation for Extending the Imaging Range in 
3D MPI” in S. Proceedings, Magnetic Particle Imaging, vol. 140. Berlin, Heidelberg: Springer Berlin 
Heidelberg, 2012.
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CONSIDERATIONS ON SAFETy LIMITS FOR MAgNETIC FIELDS uSED IN 
MAgNETIC PARTICLE IMAgINg

Olaf Doessel1, Julia Bohnert2

1Institute of Biomedical Engineering, Karlsruhe Institute of Technology KIT, Karlsruhe, Germany 
2now at ITK Engineering AG, Ruelzheim, Germany

For Magnetic Particle Imaging (MPI) magnetic fields in the frequency range of 10kHz to 100kHz are 
applied with amplitudes of 10mT to 100mT. Using larger fields will lead to a better signal to noise ratio 
and/or to a shorter acquisition time. Since the human body is conducting, these time varying magnetic 
fields will induce eddy currents that may lead to stimulation of muscle and heating of tissue. Annoying, 
painful or even dangerous effects may arise. Safety limits for the exposure of patients to magnetic fields 
in this frequency range have to be defined [1]. 
The frequency rage of 10kHz to 100kHz is not comprehensively explored yet in this respect. Below 
10kHz the stimulation of nerves and muscle is dominating for the definition of thresholds. Various 
measurements of stimulation thresholds can be found in the literature. Often the current densities or 
the electric fields inside the muscle, that lead to the stimulation in these experiments, are not precisely 
known or not reported. Several articles propose simplified formulas that help to estimate the frequency 
dependency. Generally the threshold current density that is able to stimulate nerves or muscle is rising 
while increasing the frequency, but at the same time also the current density induced in the body goes 
up with frequency (keeping the amplitude of the magnetic field constant). This leads to a plateau of the 
threshold with respect to the amplitude of the applied magnetic field. Somewhere above 50kHz the 
beta-dispersion becomes important: the capacitance of the cell membrane leads to a short-cut for the 
currents and thus there is no “kick” to the transmembrane voltage any more. 
Above the frequency range of about 25kHz the heating of the tissue through the eddy currents becomes 
very important. The important property in this respect is the Specific Absorption Rate SAR. SAR 
increases quadratically with frequency (keeping the amplitude of the magnetic field constant). Using 
Pennes bioheat equation the local rise of temperature can be calculated. Above 50kHz only a reduced 
duty cycle can prevent the tissue from being heated to temperatures that lead to damage.
This contribution cannot give a comprehensive answer to the question of adequate thresholds, but it will 
summarize (a) the application of basics of electromagnetic field theory to this problem, it will present (b) 
the most important published regulations in this field, it will (c) review the most important measurement 
results and formulas on stimulation thresholds for magnetic fields and it will (d) visualize current densities, 
SAR and temperature rise in a model of the human body using numerical field calculation.

[1] Olaf Doessel and Julia Bohnert, “Safety considerations for magnetic fields of 10 mT to 100 mT 
amplitude in the frequency range of 10 kHz to 100 kHz for magnetic particle imaging“, Biomed Tech 
2013; 58(6): 611-621
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MPI SAFETy IN ThE VIEW OF MRI SAFETy NORMS

Ingo Schmale, Bernhard Gleich, Jürgen Rahmer, Claas Bontus, Joachim Schmidt, Jörn Borgert
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Like in MRI, two physiological mechanisms limit the application of MPI to humans: PNS and SAR. For 
both, ample experience has been gained over years during the development of MRI. Human MPI is only 
at its beginning, with only limited dedicated experiments carried out so far, but can take advantage of 
the wealth of safety knowledge and norms from MRI.

The contribution will start by outlining the similarities and differences from MRI and MPI: RF, gradient, 
and B0 field versus Drive Field, Selection Field, and slow and fast Focus Fields. Then it will be shown 
how each of these terms influences PNS and SAR. 

For PNS, the dependency of threshold as a function of frequency shall be discussed. It can be shown 
that early experimental results by Saritas et al. and our group are largely in line with MRI norms (e.g. 
IEC 60601-2-33).  The relevance of differences shall be investigated: frequency, pulsed vs. continuous 
operation, trapezoidal vs. sinusoidal waveform, single vs. multi-frequency operation, the influence of 
spatially orthogonal simultaneous excitations, the influence of simultaneous application of fast-focus 
field and of drive field etc… 

For SAR, the challenges of deriving a precise measure of dissipated power shall be discussed. Our 
experiments on Q-loading of the drive-field coils are presented and will be compared to numeric and 
analytic calculation for the used field generators. Both approaches include the effect of inhomogeneities 
of the magnetic field, with field increases near the field generator, but also with strongly decaying fields 
far off. As SAR is the ratio of power to weight, the question of what weight needs to be taken into account 
shall be discussed in light of the norm definitions of whole-body, partial-body, and local-tissue SAR.
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STRATEgIES FOR FAST MPI WIThIN ThE LIMITS DETERMINED By NERVE 
STIMuLATION
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Recent volunteer studies on nerve stimulation caused by the application of oscillating magnetic 
fields in the range between 0.5 and 160 kHz indicate that for clinical applications, MPI drive field 
amplitudes will be limited to values clearly below 10 mT [1, 2]. Compared to pre-clinical small-
bore systems that apply field amplitudes up to 20 mT [3, 4], the reduced amplitudes result in a 
substantial reduction of the imaging volume encoded by the drive fields. For compensation, focus 
fields, which have been introduced to generate additional spatial shifts that extend the imaging 
volume [3], need to operate faster, while also respecting nerve stimulation thresholds.  
In this contribution, strategies for fast spatial coverage are presented, which are based on a system design with 
three orthogonal drive fields, three orthogonal focus fields, and additional fast focus fields. To enable faster 
imaging and reduce nerve stimulation, the drive frequencies have been shifted from the range around 25 kHz 
to 150 kHz. Within the parameter space determined by applied selection field gradient strength, applicable 
field amplitudes and slew rates, trajectory density, and desired geometry of the imaging volume, different 
scenarios are evaluated with the aim to enable fast volumetric MPI in clinical applications.  
The results indicate that within the limits imposed by nerve stimulation thresholds, hardware limitations, 
and rather low MPI-performance of currently available approved tracer materials, true real-time imaging 
at high resolution will not be feasible over large volumes (e.g. the whole heart), but will be restricted to 
sub-volumes, whose shape can be quite freely adapted to the anatomy of interest. Alternatively, real-
time MPI of large volumes can be performed at reduced spatial resolution by scaling down the selection 
field gradient applied for spatial encoding. From the complementary information acquired at different 
spatial and temporal resolutions, synthetic real-time representations of larger volumes can be generated 
with high spatial resolution.
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COMPRESSED SENSINg AND SPARSE RECONSTRuCTION IN MPI
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The reconstruction of a particle concentration in Magnetic Particle Imaging (MPI) usually involves 
the solution of a linear system of equations [1]. The acquisition and storage of the system matrix is 
challenging in practice: The acquisition time is proportional to the discretisation of the field of view 
(FOV). Assuming optimistic conditions, the system matrix acquisition lasts about two days for a 
spatial grid containing 64x64x64 voxels. Such a system matrix has a memory size of about 300 GB 
and therefore, it cannot be stored in the main memory of the computer, which is necessary for the 
application of fast reconstruction algorithms. As it has been recently shown, the acquisition time of 
a system matrix can be reduced significantly using compressed sensing methods [2]. It suffices to 
undersample the system matrix by acquiring only 20 % of the voxels in the FOV [3]. These points are 
randomly selected, acquired, transformed into a sparse domain and finally the sparse system matrix is 
reconstructed. Storing the system matrix in its sparse domain reduces the memory requirements. The 
reconstruction of the particle concentration may happen in the sparse domain as well [4]. The system 
functions that are the spatial distributions of one frequency component of the system matrix, can be 
sorted by their signal to noise ratio (SNR). Those system functions, whose SNR is above the noise level, 
are selected, transformed and used for further reconstruction. Applying a low SNR threshold of 10, the 
amount of selected system functions reduces to 3 %. For undersampled system functions the SNR can 
be estimated by the mixing order of the corresponding frequency [5]. The frequencies obtained in MPI 
can be displayed as a linear combination of the exciting frequencies. The sum of the coefficients of 
this linear combination determines the mixing order. A small mixing order corresponds to a high SNR. 
After selecting and transforming the system functions into a sparse domain, they are reconstructed 
and compressed. One of the main properties of the sparse domain is that many values are zero or 
near zero. Those values do not need to be stored as their impact on the reconstruction of the particle 
concentration is negligible. Discarding 90 % of the smallest values, there is no visible difference in the 
reconstruction. Applying both the compression and the SNR threshold, the system matrix shrinks to 0.03 
% of its original size and can be stored in the main memory. Finally, undersampling cannot only be used 
to reduce the acquisition time of a system matrix, but also to improve the spatial resolution of an MPI 
measurement. The resolution depends on the discretisation of the FOV. Discretising a FOV with NxN 
pixels, the reconstruction results in an image of NxN pixels as well. When undersampled by a factor 
of 0.25, a FOV of 128x128 pixels can be fully acquired in the same time as a FOV of 64x64 pixels. As 
the size of the FOV is the same in both cases, undersampling the system matrix doubles the spatial 
resolution in two spatial directions.

[1] B. Gleich and J. Weizenecker. Tomographic Imaging Using the Nonlinear Response of Magnetic 
Particles. Nature, 435(7046):1214-7, 2005.

[2] E. J. Candès, J. Romberg and T. Tao. Robust Uncertainty Principles: Exact Signal Reconstruc-
tion from Highly Incomplete Frequency Information. IEEE Transactions on Information Theory, 
52(2):489-509, 2006.

[3] T. Knopp and A. Weber. Sparse Reconstruction of the Magnetic Particle Imaging System Matrix. 
IEEE Transactions on Medical Imaging, 32(8):1473-1480, 2013.

[4] J. Lampe, C. Bassoy, J. Rahmer, J. Weizenecker, H. Voss, B. Gleich and J. Borgert. Fast Recon-
struction in Magnetic Particle Imaging. Physics in Medicine and Biology, 57(4):1113-1134, 2012.
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Reconstruction of a measured particle concentration with both an undersampled system matrix (fi rst and third 
column) and a fully sampled system matrix with reduced discretisation of the FOV. The original FOV is discretised 
by 68x40 pixels and has been undersampled. In the second and fourth column it has been discretised by 34x20 
and 17x10 pixels. As the undersampling factor κ indicates, the effort to sample the system matrix is the same for 
each pair of columns. After the reconstruction process, the images of the second and fourth columns have been 
interpolated in the Fourier domain to 68x40 pixels. Although the reconstruction of the second column has a stronger 
contrast and therefore seems to be better, spatial information is lost. The spaces between the single dots forming 
the phantom cannot be seen anymore (fi rst row, second column). Reducing the discretisation even more, the phan-
tom blurs and strong background artifacts appear. The original slight shape of the phantom blurs, but can still be 
recognized in the comparable reconstruction using a strongly undersampled system matrix.
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RECONSTRuCTION ENhANCEMENT By uSINg FREquENCy DOMAIN FILTERS
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Magnetic particle imaging (MPI) is a new imaging modality which allows the detection of superparamagnetic 
iron oxide nanoparticles in vivo in three dimensions and in real time.
One approach to reconstruct the particle distribution is the system function method. In this method a 
linear system of equations has to be solved. Hereby the system matrix of the linear system describes 
the mapping between the MPI image and the signals induced in the receive coils. 
Commonly the system matrix is determined by a calibration scan, where the system response of a small 
delta sample with the size of one voxel is measured at the various discretization positions of the field-
of-view (FOV). Due to measurement-based determination the system matrix contains noise which is 
ideally caused by the thermal noise of the calibration sample, but more often is dominated by noise from 
components of the transmit/receive chain. 
Because the system matrix exhibits a high condition number and both the system matrix and the 
measurement signal contain noise, the Tikhonov regularization is introduced to solve the linear system 
of equations. 
Hereby a regularization parameter ʎ is used to prevent an overfitting of noise.  Decreasing ʎ improves 
the resolution, but it also increases the noise floor and so the best trade-off between resolution and 
noise has to be found. 
Furthermore, the linear system of equations is huge and so iterative algorithms are necessary to solve 
this problem. The optimum number of iterations depends on the noise floor of the system matrix, because 
increasing the iterations beyond a certain degree leads again to an overfitting.
To attenuate these effects of a noisy system matrix, a denoising method of the system matrix is proposed. 
To establish the denoising strategy, white noise is assumed [4] and because the system matrix 
components are well-compressible with the discrete Fourier transformation or the discrete Cosine 
transformation [2], frequency domain filters are chosen [1]. These filters exploit the fact that white noise 
is not compressible. Thus the true signal is located in a few coefficients after the transformation and the 
noise can be reduced by canceling coefficients which are smaller than a certain threshold parameter. 
This can be done by hard or soft thresholding. The threshold parameter is assessed to the variance of 
the noise, which can be estimated by the coefficients corresponding to high spatial frequencies of the 
system matrix components, because the true signal is expected to be located at small frequencies.
This method has been evaluated with data acquired at the preclinical demonstrator of Philips Research 
Hamburg. The measurement sequence has been a rotating P-Phantom which consists of twelve 
cylinders of length 1mm and diameter of 0.5mm filled with undiluted Resovist. The distance between 
these cylinders differs from 1.25 mm to 0.9 mm. The scanner setting has been carried out with a gradient 
of 5.5 T/m and a drive-field strength of 18mT. The FOV of 20.4 x 12.0 mm2 has been covered by a 
regular spatial grid of 68 x 40. To reconstruct the P-Phantom frequencies up to 1 MHz are used.
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Figure 1: (left) Reconstruction result with the original system matrix, regularization parameter  ʎ = 0.001 and 7 
iterations. (right) Reconstruction result with the denoised system matrix , regularization parameter  ʎ = 0.00005 and 
100 iterations. The denoised system matrix is obtained by the combination of the discrete Fourier Transformation 
and soft thresholding.

In fi gure 1 good reconstruction results with the original and the denoised system matrix are presented. 
The regularization parameter ʎ and the number of iterations are adapted by hand to achieve a good 
trade-off between resolution and the signal-to-noise ratio. It could be shown that after denoising the 
system matrix, the regularization parameter can be decreased and the number of iterations can be 
increased without an overfi tting to noise. Because of this the resolution could be signifi cant increased. 
There can be more cylinders be distinguished using the denoised system matrix in contrast to the 
original system matrix.

This method can be naturally combined with the sparse reconstruction method presented in [3]. Thereby 
the increase in reconstruction time because of the increase in the number of iterations can be at least 
equalized. Furthermore this method can be used to accelerate the calibration process of the system 
matrix because fewer averages are necessary to get a useful system matrix.

[1] A Buades et al, 2005, A Review of Image Denoising Algorithms, with a New One, Multiscale Model. 
Simul., 4, 490-530

[2] T Knopp and A Weber 2013, Sparse Reconstruction of the magnetic particle imaging system ma-
trix, IEEE Trans Med Imaging, 32, 1473-80

[3] J Lampe et al, 2012, Fast Reconstruction in Magnetic Particle Imaging, Medical Physics, 37, 485-
491

[4] J Weizenecker et al, 2007, A simulation study on the resolution and sensitivity of magnetic particle 
imaging, Physics in Medicine and Biology, 53, 6363-6374
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In the last years, Magnetic Particle Spectroscopy (MPS) has become one of the most powerful tools to 
characterize magnetic nanoparticles (MNP) for MPI. For a detailed understanding of MNP dynamics a 
consistent simulation of the MPS signal is of considerable interest. 
One approach is to model single particle dynamics based on the Gilbert-Landau-Lifschitz equation and 
then integrate the results over a wide range of parameters in order to represent a realistic MNP 
ensemble. However, the real distribution of parameters like anisotropy constant, effective magnetic 
diameter or moment per particle can only be estimated from measurements and forms a prominent 
source of uncertainty in the results. Mathematical models for the dynamic behavior of an MNP ensemble 
do exist only for special cases, eg. for small excitation fields or for limited field directions. 
Our goal is to establish a simple model of MNP dynamics which is only based on physical quantities 
directly accessible by measurements. This model incorporates the data from M(H) measurements and 
the relaxation time τ at a magnetic field H=0 as it is detected by magnetorelaxometry (MRX). The 
behavior of τ at larger drive field amplitudes is represented by a phenomenological expression which 
can be parameterized: 

τ(H) = τ(H=0)/(1+a·Hb).         (1)

We start from the well known dynamic behavior of the magnetic moment of an ensemble of MNP near 
H=0: 

m(t)= χ·V·H-τ·(dm/dt).        (2)

This first order linear differential equation based on the magnetic moment m of a particle sample and the 
relaxation time τ is modeled and eventually solved. Here, χ represents the total magnetic susceptibility 
of the sample and V is the sample volume. 

Fig 1. Comparison of MPS measurements and simulation results for different field strengths.

Implementing in a further modeling step a magnetic field dependent effective relaxation time τ(H) and 
susceptibility χ(H) leads to a coupled system of differential equations. In order to solve that system, 
we discretize the problem into small steps with fixed but updated values for τ(H) and χ(H) and derive 
a numerical solution for the dynamic behavior. The values for χ(H) are obtained from quasistatic M(H) 
measurements. 
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The relaxation time at zero field detected by MRX resulted in a boundary condition for the analytical 
expression of τ(H). To find the parameters a and b of τ(H), we compared simulated to measured MPS 
spectra and minimized the difference by a correlation analysis. It is shown for different real particle 
systems, that this method is suitable to describe the MPS spectra at 10 mT and 25 mT with MNP specific 
fit parameters a and b obtaining a correlation of at least R²=0.99 (see fig. 1). Therefore the method might 
be used to investigate and characterize dynamic behavior of MNP based only on directly measurable 
parameters. 
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MAgNETIC NANOPARTICLES AND ITS APPLICATION TO VISCOSITy-

DEPENDENT MPS MEASuREMENTS

Thilo Wawrzik, Meinhard Schilling, Frank Ludwig

Institut fuer Elektrische Messtechnik und Grundlagen der Elektrotechnik, Technische Universität 
Braunschweig, Germany

Theoretical descriptions and numerical simulations in the context of magnetic particle imaging 
(MPI) and magnetic particle spectroscopy (MPS) are historically based on the Langevin function of 
superparamagnetism. Since the static nature of that equation does not suffice to cover the magnetization 
dynamics involved in MPI signal generation, the Langevin function is usually extended via a frequency-
dependent term based on the Debye model, which has been successfully employed in the field of 
ac susceptibility measurements. As it turns out, the standard Debye model was derived to cover the 
frequency dependence of the base frequency only (ac susceptibility uses a lock-in detection principle 
to obtain magnitude and phase of the detection signal). However, the interest in higher harmonics for 
MPI sets the need to include these harmonics into the model formalism. From MPS evaluation it is well-
known that both magnitude and phase of the particle signal depend on the excitation frequency as well 
as on the harmonic index in the observed spectrum.
We derived a simple equation, where each harmonic is multiplied with a complex-valued weighting 
factor, using familiar semantics of the χ’ and χ’’ notation. The resulting spectrum is represented as a sum 
of weighted harmonics. Since the description of the spectrum and the frequency-dependent modification 
are formulated in frequency space, the evaluation of the model is computationally cheap and allows 
one to apply the model to complex scenarios, such as non-linear optimization, i.e., fitting the model to a 
measured particle spectrum.
It is shown, that in the context of viscosity-dependent MPS spectra, the model proofs to be applicable 
for estimating the viscosity of the measured particle system. While viscosity is the parameter of choice 
for an experimental validation, the ultimate goal is the more general use of the model for determining the 
hydrodynamic volume or the binding state of the particles.
Acknowledgement: This work was supported by the German Federal Ministry of Economics and 
Technology under grant No. FKZ KF3061201UW2.
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SIMuLTANEOuS RECONSTRuCTION AND RESOLuTION ENhANCEMENT FOR 
MAgNETIC PARTICLE IMAgINg 

Osama A. Omer1,2,Hanne Wojtczyk1, Thorsten M. Buzug1

1Institute of Medical Engineering, University of Lübeck, Germany 
²Electrical Engineering Department, Aswan University, Egypt

An essential parameter of magnetic particle imaging (MPI) is the spatial resolution [1,2]. The spatial 
resolution of MPI depends, among other things, on the particles’ diameter and the sampling frequency. 
The spatial resolution increases when increasing the particle diameter. However, large particles suffer 
from relaxation effects and are not preferred in some applications. On the other hand, spatial resolution 
increases with the sampling frequency, which in turn increases the number of sampling points. As an 
alternative solution for resolution enhancement, super-resolution (SR) [3] can be beneficial in improving 
the image quality of many medical imaging systems without the need for significant hardware alteration. 
In this paper, we propose to use small particle diameter and low sampling frequency to reconstruct 
multiple magnetic particle images with low-resolution (LR) and apply a resolution enhancement 
technique to reconstruct a higher resolution magnetic particle image.  Unlike the conventional SR 
techniques, we propose to reconstruct a high-resolution (HR) image from the measured LR signals 
instead of reconstructing LR images and then post-process these images to get a higher resolution 
image. Simulation results show that using simultaneous reconstruction and resolution enhancement 
results in sharper images and more robust against noise than using SR as a post process. 

Rather than performing resolution enhancement in two steps, HR MPI reconstruction problem can be 
described as to minimize

                                                                                       (1)

where g is the system matrix, Uk is the kth measured signal, Wk is the geometric motion operator between 
the HR image X and the kth LR concentration, B is the blurring operator, λ is the regularization parameter, 
D is the down-sampling operator and h is a high-pass filter operator. 

Results and discussion of a simulation study
Figure 1b-d shows the reconstruction results in case of using sampling frequency (Fs) of 2 MHz and 
particle diameter (D) of 50 nm. The reconstructed LR image is shown in Fig. 1b. Figure 1c shows the 
super resolved reconstructed MPI by using SR as a post-process by combining 4 LR images. The 
reconstructed HR MPI image is shown in Fig. 1d. Further results for other parameter combinations are 
depicted in Figs. 1e-1m. From these images, we can see that the super resolved MPI image is blurred 
compared to the reconstructed HR MPI, that is because of the double regularization in the two cascaded 
stages, reconstruction and super-resolution.

Acknowledgments 
This work is funded in part by the Egyptian Ministry of High Education and DAAD through the GERSS 
program. Also, the authors gratefully acknowledge the financial support of the German Federal Ministry 
of Education and Research (BMBF) under grant number 13N11090 and of the European Union and the 
State Schleswig-Holstein (Programme for the Future – Economy) under grant number 122-10-004.

[ ] 2

2
1

2

2
)( XUXXJ

N

k
kk HGDBW λ+−=∑

=

International Workshop on Magnetic Particle Imaging 201428



Corresponding Author: O. Omer, omer.osama@gmail.com    

[1] B. Gleich and J. Weizenecker, “Tomographic imaging using the nonlinear response of magnetic 
particles,” Nature, vol. 435, pp. 1214–1217, 2005.

[2] B. Gleich, J. Weizenecker, and J. Borgert, “Experimental results on fast 2D-encoded magnetic 
particle imaging,” Physics in Medicine and Biology, vol. 53, pp. N81–N84, 2008.

[3] P. Milanfar, “Super-Resolution Imaging,” CRC Press, September 2010.

[4] T. Knopp, T. F. Sattel, S. Biederer, J. Rahmer, J. Weizenecker, B. Gleich, J. Borgert, and T. M. 
Buzug, “Model-based reconstruction for magnetic particle imaging,” IEEE Trans. Med. Imaging, vol. 
29, no. 1, pp. 12–18, 2010.

[5] H. Greenspan, “Super-Resolution in Medical Imaging,” The Computer Journal, vol. 52, No. 1, pp. 
43-63, 2009.

Figure 1, reconstructed images with different methods
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FIELD DEPENDENT ChARACTERISTIC TIMESCALES FOR MAgNETIC 
NANOPARTICLE ROTATIONS

Daniel B. Reeves1, John B. Weaver2

1Dept. of Physics and Astronomy, Dartmouth College, Hanover, USA 
2Dept. of Radiology, Geisel School of Medicine, Hanover, USA

The physics of magnetic nanoparticles in an applied field depends strongly on the type and strength of 
the field applied. There are two relaxation mechanisms (internal—Néel and external—Brown) and both 
are useful for different purposes in medical and biosensing technologies. The two mechanisms are often 
differentiated by their relaxation times. Yet, these times are defined by the relaxation back to equilibrium, 
and when particles are driven with high fields, they are not necessarily at equilibrium at all. Instead, it 
makes sense to examine the different “characteristic timescales” that arise due to varying applied fields. 
Several approximations have been made previously, and we summarize the possible approaches. We 
show how the large field relaxation time can be derived from a Langevin equation approach, and lastly 
compare all the models to simulated data from numerically integrated stochastic differential equations. 
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DEPENDENCE OF BROWNIAN AND NéEL RELAXATION TIMES ON MAgNETIC 
FIELD STRENgTh

Robert J. Deissler

Case Western Reserve University, Cleveland, USA 

Purpose: In Magnetic Particle Imaging (MPI) and Magnetic Particle Spectroscopy (MPS) the relaxation 
time of the magnetization in response to externally applied magnetic fields is determined by the Brownian 
and Néel relaxation mechanisms. Here we investigate the dependence of the relaxation times on the 
magnetic field strength and the implications for MPI and MPS.
Methods: The Fokker-Planck equation with Brownian relaxation and the Fokker-Planck equation with 
Néel relaxation are solved numerically for a time-varying externally applied magnetic field, including 
a step-function, a sinusoidally varying, and a linearly ramped magnetic field.  For magnetic fields that 
are applied as a step function, an eigenvalue approach is used to directly calculate both the Brownian 
and Néel relaxation times for a range of magnetic field strengths. For Néel relaxation, the eigenvalue 
calculations are compared to Brown’s high-barrier approximation formula.
Results: The relaxation times due to the Brownian or Néel mechanisms depend on the magnitude of the 
applied magnetic field. In particular, the Néel relaxation time is sensitive to the magnetic field strength, 
and varies by many orders of magnitude for nanoparticle properties and magnetic field strengths 
relevant for MPI and MPS. Therefore, the well-known zero-field relaxation times underestimate the 
actual relaxation times and, in particular, can underestimate the Néel relaxation time by many orders of 
magnitude. When only Néel relaxation is present -- if the particles are embedded in a solid for instance 
-- we found that there can be a strong magnetization response to a sinusoidal driving field, even if the 
period is much less than the zero-field relaxation time.  For a ferrofluid in which both Brownian and Néel 
relaxation are present, only one relaxation mechanism may dominate depending on the magnetic field 
strength, the driving frequency (or ramp time), and the phase of the magnetization relative to the applied 
magnetic field.
Conclusions: A simple treatment of Néel relaxation using the common zero-field relaxation time 
overestimates the relaxation time of the magnetization in situations relevant for MPI and MPS. For 
sinusoidally driven (or ramped) systems, whether or not a particular relaxation mechanism dominates or 
is even relevant depends on the magnetic field strength, the frequency (or ramp time), and the phase of 
the magnetization relative to the applied magnetic field.
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hANDhELD DIFFERENTIAL MAgNETOMETRy WITh A SPLIT COIL gEOMETRy

Sebastiaan Waanders, Tasio Oderkerk, Martijn Visscher, Erik Krooshoop, Bennie ten Haken
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 Enschede, The Netherlands

Differential magnetometry allows for fast, accurate measurement of small amounts of SPIO nanoparticles 
in biological tissue. For handheld applications, i.e. for use in intra-operative settings, spatial and temporal 
resolution need to be high, using simple, robust hardware. This poses a challenge for conventional 
magnetometer design, as sensing depth and accuracy are ultimately limited by the excitation and 
detection coil diameter. In this paper, we describe a split coil geometry, in which we separate the (large) 
excitation coil from the small detection coil. This allows for significantly increased depth sensitivity, due 
to the larger excitation coil diameter, which is placed under the subject of interest. This is especially 
relevant for intra-operative procedures, for example during magnetic sentinel lymph node mapping[1].

Figure 1: Schematic representation of the DiffMag concept. SPIO nanoparticles (A) are exposed to a constant 
AC field, periodically modulated by quasi-static offset fields, which drive the particles towards saturation (B).  This 
results in a modulation of the particle’s magnetization (C), which results in a changing induced voltage in the 
detection coil (D). 

 
By using the DiffMag protocol (illustrated in Figure 1), which is discrete in time by alternating periods 
of AC excitation (with frequencies up to 10 kHz) with periods in which an offset field is added, we are 
able to separate the signal coming from the changing mutual inductance from the SPIO nanoparticle 
signal. This allows us to accurately and rapidly locate the SPIO nanoparticles, for example during a 
magnetic sentinel node biopsy. This is impossible in conventional magnetometry, as the rapidly varying 
mutual inductance between excitation- and detection coils during probe movement quickly obfuscates 
any signal coming from the SPIO nanoparticles. 
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The concept of handheld differential magnetometry is currently being verified in an ex vivo trial in which, 
after a subareolar injection of Resovist®, the complete breast volume and lymphatic basin are excised. 
Afterwards, a magnetic sentinel node biopsy is performed on the tissue to assess the viability of this 
technique and compare it to existing magnetic and radioactive methods. Phantom experiments indicate 
a detection limit of ~1µg, and we are exploring additional ways of improving this, for example by cooling 
the detection coil using a state-of-the-art miniature cryocooler[2].
Together with two local hospitals and a broad spectrum of industry partners ranging from industrial 
designers to health & safety professionals, we are currently evaluating the viability of this clinical prototype 
for an intraoperative setting. CE marking of the probe and complementary hardware is planned for next 
year, with in vivo clinical evaluation planned for 2015. 
In addition to the handheld magnetometer system, we construct a standalone magnetometer similar to an 
MPI spectrometer[3] or relaxometer[4], which is able to rapidly quantify the amount of nanoparticles present 
in, for example, an excised lymph node or tumor volume. To quantitatively assess the performance of 
various SPIO nanoparticles in different media, the rapid DiffMag protocol allows us to follow biological 
processes like protein adhesion to the nanoparticles[5] in real time by monitoring their (Brownian) 
relaxation time constants (derived from the differential magnetization curve, dM/dH), which is critical for 
predicting tracer behavior in complex body fluids. The relatively low excitation frequency enables us to 
trace these phenomena by virtue of the device’s high sensitivity for changes in particle diameter due to 
the changing Brownian time constants. The DiffMag quantitative magnetometer operates at low power 
and small magnetic field strengths of around 10-25mT, without the need for magnetic shielding, making 
it very suitable for clinical applications.
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ment of breast cancer. BioMed research international, 2013, 281230. doi:10.1155/2013/281230
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IEEE Sensors. doi:10.1109/ICSENS.2008.4716696
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DyNAMIC MAgNETIC BEhAVIOuR OF DDM128 IN AgAROSE gEL, gELATINE 
AND SugAR MATRIX

Dietmar Eberbeck, Lutz Trahms

Physikalisch-Technische Bundesanstalt, Berlin, Germany

The efficiency of the MPI strongly depends on the structure of the applied magnetic nanoparticles (MNP) 
such as magnetic moment and magnetic anisotropy. However, in case of larger MNP a strong magnetic 
dipole-dipole interaction (DDI) can occur determined by the particle correlation within the given matrix 
(tissue, gels) [1]. Thus, DDI co-determines significantly the magnetic behaviour. 
We investigated MNP of different fractions of DDM128, obtained by static magnetic fractionation, where 
we focus on the fractions E500 with a mean effective magnetic diameter of dV=20 nm and E12 with 
dV=29 nm. Interestingly, the initial magnetic bimodality of DDM128 persists after fractionation. Thus, we 
conclude that the fractionated MNP have a multicore structure with an inhomogeneous magnetisation. 
MNP of DDM128, E500 and E12 were embedded in a sugar matrix, in gelatine and agarose gel. We 
found that there is a significant difference between the corresponding Magnetic Particle Spectroscopy 
(MPS) data, M(H) curves and Magnetorelaxometry (MRX) data of MNP immobilised in sugar matrix on 
the one hand and in the gel matrices on the other hand. While this difference in M(H)-data amounts to 
about 15% for DDM128 and E500 it reaches 60% in case of E12. This may be attributed to the larger 
magnetic moments (stronger interaction). This is also reflected by MRX and MPS measurements: The 
amplitude spectra of MPS, A(k) (k-order of the harmonics), and the phase curves f(k) of E500 samples 
(all immobilisations) and of E12 in sugar matrix are qualitatively similar. In contrast, E12 in gelatine and 
agarose shows a steeper decay in Ak. The phase behaviour	fk of E12 in agarose is very similar to that of 
E12 in sugar matrix but fk of E12 in gelatine strongly differs from that of the other samples. 
Using different sensitive magnetic measurement techniques, we found evidence of a complex particle 
structure in preparations of multicore MNP and we could discriminate between 3 obviously qualitatively 
different MNP superstructures in different matrices. Obviously, these different structures affect the MPS-
behaviour via the dipole-dipole-interaction.

37International Workshop on Magnetic Particle Imaging 2014



DEPENDENCE OF TEMPERATuRE PROBINg ON TAyLOR’S EXPANSION OF 
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Ling Jiang, Wenzhong Liu, Jing Zhong, Pu Zhang 

School of Automation, Huazhong University of Science and Technology, Wuhan, China

Temperature probing using magnetic nanoparticles is a promising technique, which has potential of 
probing temperature in vivo noninvasively [1-5]. Magnetization curve of magnetic nanoparticles is 
sensitive to temperature, which can be described by Langevin function. In our recent paper, temperature 
probing using magnetic nanoparticles was achieved by using Taylor’s expansion of Langevin function [4, 
5]. According to the described model, the temperature estimation error resource dates from truncation 
error of Taylor’s expansion, solving error of system function, and magnetization measurement noise. 
However, none of the impact factors has been studied. In this paper, we study the dependence of 
temperature probing on Taylor’s expansion order of Langevin function by simulation. Temperature 
probing was achieved by using magnetization curves and matrix equation solving. Fig. 1 shows the 
temperature probing errors in different Taylor’s expansion orders. It indicates that the absolute error 
of temperature probing firstly decreases and then increases with an increase in expansion order. 
Moreover, the inset shows that the standard deviation increases as an increase in expansion order. The 
explanation is that, with the same SNR of magnetization measurement, the error of temperature probing, 
mainly, dates from the truncation error of Taylor’s expansion firstly and then dates from solving error of 
system function. As the order of Taylor’s expansion increases, the truncation error decreases while the 
solving error of system function increases. Herein, the solving error of system function is determined 
by magnetization measurement noise and matrix condition number. The increasing of matrix condition 
number with expansion order (seen in the inset) enlarges the impact of magnetization measurement 
noise. Therefore, the standard deviation of temperature probing errors monotonically increases.

Fig. 1. Temperature probing error in different expansion orders of Langevin function. ET1-ET5 represent the 
temperature probing errors in 3rd, 4th, 5th, 6th, and 7th order of Taylor’s expansion. The inset shows the standard 
deviation of estimated errors in different expansion orders. The applied magnetic fields are from -200 Gauss to 200 
Gauss with a step of 10 Gauss. And the effective magnetic moment is 1×10-19 emu.
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SyNThETIC APPROAChES FOR IRON OXIDE NANOPARTICLES SuITABLE AS 
TRACER FOR MAgNETIC PARTICLE IMAgINg

Andreas Ide, Farnoosh Roohi, Hubertus Pietsch, Gunnar Schuetz

MR & CT Contrast Media Research, BayerHealthcare, Berlin, Germany

Magnetic Particle Imaging (MPI) is a novel tomographic imaging modality currently under development. 
MPI visualizes magnetic nanoparticles quantitatively at a high temporal and spatial resolution. These 
three features bear the potential for MPI to become a competitive diagnostic imaging modality. After 
intravenous injection of magnetic nanoparticles their distribution can be followed by a temporal resolution 
of up to 46 frames per second. Moving organs like the heart as well as catheter based interventional 
procedures may thus be followed in real-time.  So that nanoparticles are able to fully exploit the potentials 
of MPI they must have particular magnetic properties.  Those are very important, to enable a synergistic 
effect with the technical features of the MPI instruments. An improved tracer performance can spare 
extensive technical specifications of the instruments whereas a poor tracer performance raises the need 
for a more sophisticated instrumentation. 
In order to be innovative in diagnostic imaging MPI has to provide additional diagnostic values, which 
cannot be obtained by improving established diagnostic imaging modalities. Currently, no tracer 
material is available that has magnetic properties being sufficient for the generation of such diagnostic 
value. An ideal tracer consists of iron oxide nanoparticles that ought to be magnetic and proofed to be 
biocompatible. A large number of super-paramagnetic iron oxide nanoparticles have been synthesized 
and used in animal studies as well as in human diagnostic procedures for magnetic resonance imaging 
over the last decades. Unfortunately, none of the reported SPIO formulations exhibit the desired magnetic 
properties for their use as MPI tracer. Resovist is the only SPIO formulation approved for clinical use as 
MR contrast agent that also generates a signal in MPI. Although it is unlikely that the MPI signal obtained 
with Resovist is sufficient for a competitive use in diagnostic imaging, it is regarded as gold standard 
for novel MPI tracer approaches. In order to exploit the full potential of MPI we investigated synthetic 
approaches to generate suitable iron oxide nanoparticles. 
During the synthesis of iron oxide nanoparticles a number of chemical and physical properties were 
addressed in a single step. Especially the high magnetic dipole moment that gives rise to high sensitivity 
and spatial resolution was coded, not only in the crystal phase and size, but also in the inner nanoparticle 
structure. These parameters together define the magnetic anisotropy and saturation magnetization 
which are the key parameters. Therefore a well-tailored synthesis protocol is crucial for the final tracer 
performance. We synthesized MPI tracer particles exhibiting a magnetic dipole moment comparable to 
that of Resovist using different synthetic routes and thus gained substantial experience in fine-tuning 
of the desired magnetic properties. The precise understanding of the influence of various reaction 
parameters on the magnetic dipole moment of the resulting particles now allows directed synthesis 
approaches to generate novel MPI tracer.
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PERPENDICuLAR MAgNETIC PARTICLE IMAgINg, PMPI

John B. Weaver

Department of Radiology, Dartmouth-Hitchcock Medical Center and Dartmouth College, One Medical 
Center Drive, Lebanon, US

The magnetization of an ensemble of magnetic nanoparticles in an alternating magnetic field flips with 
the field.  Normally the magnetization perpendicular to the axis of the alternating field is zero because the 
forces on the nanoparticles are symmetric so there is no preferred direction.  However, a relatively small 
static field can be applied perpendicular to the alternating field to produce a small pulse of magnetization 
as the alternating field passes through zero.  The static field oriented perpendicular to the alternating 
field will disrupt the symmetry of the magnetizations as they pass through the plane perpendicular to 
the alternating field inducing a magnetization pulse perpendicular to the drive field.  The perpendicular 
pickup coil is geometrically decoupled from the alternating drive field and static fields induce no current 
so the feedthrough can be very small enabling very high sensitivity to the magnetization pulse.  If the 
alternating drive field is very large and the perpendicular field is relatively small, the perpendicular 
magnetization is a very short pulse.  The pulse occurs when the alternating field passes through zero or 
slightly after if the relaxation is significant.  Localization along any direction can be achieved by imposing 
a static gradient field in that direction; the field is in the direction of the alternating field but the gradient 
in that field can be any direction.  The gradient makes the total field pass through zero at different times 
for each position along the gradient.  Thus the nanoparticles from each position along the gradient 
produces signal at different times during the cycle of the alternating field allowing a one-dimensional 
projection to be produced.  Rotating the gradient in three-dimensions and taking projections along each 
rotated direction allows a three-dimensional image to be produced.  The process of imaging magnetic 
nanoparticles using the perpendicular field is termed pMPI.  
We simulated pMPI for fast relaxation using the Langevin equation, equilibrium approximation to the 
magnetization.  It is well known that a single signal peak from each position is generated in conventional 
MPI but the magnetization is a pulse in pMPI so the signal is a bipolar shape.  The signal from 100nm 
nanoparticles provides reasonable resolution with 80mT alternating field and 75mT/m gradients.  By 
varying the spatial resolution and calculating the conditioning allowed, pMPI can be compared to MPI.  
These very preliminary results indicate that the optimum conditioning achieved for pMPI required roughly 
three times the gradient in the MPI geometry.  However, these preliminary results require more study.  
Several permutations are possible.  For example, three-dimensional imaging could be achieved using 
a modified MRI system where the main field is replaced by an alternating field and a static field coil 
/ pickup coil combination were added.  It is also feasible to image magnetic nanoparticles at much 
higher concentrations in an MRI system if the main field is used as the perpendicular static field and an 
alternating field is added perpendicular to the main field.  
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Fig. 1:  A simulation assuming fast relaxation approximated by the Langevin function of the applied field.  The 
sinusoidal applied field is 80 mT in amplitude; the gradient is 75 mT across the field of view (FOV); the nanoparticles 
are 100nm in diameter.  Each column of the figure shows the following for three points across the FOV: the applied 
field (top), the magnetization in the direction oft he applied field (second row), the magnetization in the direction 
perpendicular tot he applied field (third row), and the detected signal from the magnetization in the perpendicular 
direction (last row).  The first and third columns are 10% of the FOV from the edges oft he FOV and the second 
column is in the middle oft he FOV.  The timing oft he signal generated allows the location of the nanoparticles 
producing the signal to be estimated.  
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OPTIMIZED MPI TRACERS PERFORM WELL OVER A RANgE OF EXCITATION 
FIELD CONDITIONS
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2Materials Science & Engineering, University of Washington, USA

Excitation fields of ~20 mT amplitude and 25 kHz are most common in the MPI literature up to the 
present time. However, to avoid peripheral nerve stimulation, future scanners may be designed with 
reduced excitation field amplitudes. Higher frequencies may also be utilized to recover signal to noise 
ratio (SNR) that is lost as a result of lower excitation field amplitudes. Modifying the excitation field will 
also affect the MPI tracer magnetic response and potentially affect the spatial resolution and sensitivity 
achievable in MPI. It is therefore necessary to understand how MPI tracers will behave under varying 
excitation field conditions. 
We synthesized iron oxide nanoparticles with sizes close to ideal for MPI (ranging from 20-30 nm diameter) 
and measured their MPI response using a variable frequency magnetic particle spectrometer (MPS) 
system constructed at the University of Washington. For all measurements, the tracers were coated 
with an amphiphilic polymer and dispersed in water at a concentration of ~ 1g Fe/L, dilute enough that 
inter-particle interactions could be neglected. We observed variations in the tracers’ magnetic response 
with both excitation field and frequency; however, the relative magnitude of variation was small. We 
considered the point spread function (dm/dH, with units m3) measured by the MPS and also recovered 
M(H) data by integrating the dm/dH data. Examples are provided for 22 and 25 nm tracers in the figure. 
We observed hysteresis in the M(H) loops, with a small coercive field that increased with average tracer 
particle size. For 25 nm tracers, the coercivity was ~3.5 mT/μ0 when the excitation field amplitude was 
20 mT/μ0 and the frequency 26 kHz. The coercivity increased with amplitude and frequency. For small 
field amplitudes (~ 5 mT/μ0), the tracer magnetization was not saturated by each cycle of the excitation 
field, resulting in a “minor loop.” When the field amplitude was increased beyond the amplitude required 
to saturate the tracer magnetization, the m(H) loop remained relatively unchanged. Varying frequency in 
the range of 15 to 40 kHz had a smaller effect than varying amplitude (5 to ~50 mT/μ0), resulting in small 
changes in coercivity of a few mT/μ0. 
In general, the changes we observed in the tracer response were small for the range of test conditions. 
Even when only a minor loop was excited, the maximum value of dm/dH was consistent after correcting 
for the magnetic ramp rate, Bmaxω. While the field of view of a single excitation is reduced, multiple 
fields of view could be stitched together to recover the information provided by a larger excitation. We 
conclude that though excitation field parameters do affect tracer magnetization, optimized MPI tracers 
will perform well under a variety of applied field conditions and adjustments necessary for patient safety 
can be made without significant impact on MPI tracer performance.
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Figure 1. M(H) loops determined by integrating dm/dH data measured with a magnetic particle spectrometer system 
at the University of Washington. The measurement frequency was fixed at 26 kHz.
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It is well known that the magnetic properties of the tracer material determine the spatial resolution of 
MPI. Since the invention of MPI, Resovist® has been the most frequently used imaging tracer due to 
its favorable MPI performance. The reason for that is not yet fully understood due to the very complex 
formulation of Resovist®. Studies revealed that Resovist® exhibits a bimodal size distribution, consisting 
of small primary particles, some of which form stable aggregates of twice the radius [1,2]. Attempts to 
separate the most suitable magnetic particles (MNP) by magnetic separation led to an improvement of 
MPI signal amplitude by a factor of 2 [3].
In this work we focused on the hydrodynamic separation of Resovist® using asymmetric flow field-
flow fractionation (A4F). A4F is based on an elution method where hydrodynamic extension of MNP 
influences their retention time. The obtained fractions typically reveal a narrow size distribution and 
permit accurate size evaluation. Here, fractions were collected at intervals of 1 minute for 35 minutes in 
6 repetitions. The fractions 14 to 32 were examined further in this study. For subsequent investigation 
one liquid and one freeze dried sample was prepared from each fraction.
To discriminate between core and hydrodynamic properties of the fractions we investigated the 
immobilized and liquid samples by magnetorelaxometry (MRX). When deriving size distributions 
from MRX, we assumed spherical particles with diameters d obeying a log-normal function f(d). We 
estimated the diameter of the mean volume dV and the dispersion parameter σ. Information on the 
anisotropy energy EA = KV can be retrieved by analyzing the relaxation of immobilized samples. Here, 
K is the anisotropy constant and V is the effective magnetic volume of the particles. We found that the 
anisotropy energy EA, also determining Néel relaxation, strongly increases from fraction 18 to fraction 
25 by 110 %. For fractions of earlier elution times no MRX signal could be measured, due to the fact that 
smaller particles typically exhibit low anisotropy values and shorter relaxation times which cannot be 
resolved with our system. These findings strongly correlate with magnetic particle spectroscopy (MPS) 
results (25 mT magnetic field amplitude, 25 kHz frequency). With regard to those fractions containing 
small particles (fraction 14 to 17), the difference between the third harmonic amplitudes of fluid and 
immobilized samples was about 6 %. This means that the magnetic moments follow the external field 
primarily by Néel processes due to their small anisotropy energy EA. For fractions of later elution times 
this gap increased up to 60 %. These results correspond to the phase lag φ measured with MPS, which 
decreases from φ = -5° down to φ = -20° with increasing elution time. Regarding the overall MPS signal 
improvement compared to the original sample, the third harmonic amplitude of fraction 23 increased by 
factor 2.3. 
Using a sample of Resovist®, we demonstrated the potential of improving MPI performance of a MNP 
preparation by A4F. Furthermore, the characterization of hydrodynamically separated fractions shows 
that Resovist® exhibits a broad spectrum of anisotropy energies EA which have a significant influence 
on the MPS signal. These results are a major step forward towards understanding MPI performance of 
Resovist®. This is important to design novel MPI tracer materials and could help for further developments 
of separation techniques.
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Figure | MPS measurement (Bexcit = 25 mT, f = 25 khz) of separated fractions: Amplitude of third
harmonic µ3 normalized to iron content is shown for fraction 17 to 32 in fluid (filled symbols) and solid
state (open symbols). It can clearly be seen that the signal increases with elution time up to factor 2.3
compared to the original sample in liquid state. 

[1] Thuenemann, Andreas F., et al. “In situ analysis of a bimodal size distribution of superparamagnetic 
nanoparticles.” Analytical Chemistry 81.1 (2009): 296-301.

[2] Eberbeck, D., et al. “How the size distribution of magnetic nanoparticles determines their magnetic 
particle imaging performance.” Applied Physics Letters 98.18 (2011): 182502-182502.

[3] Löwa, N., et al. “Potential of improving MPI performance by magnetic separation.” Magnetic Partic-
le Imaging. Springer Berlin Heidelberg, 2012. 73-78.
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In previous work1, we reported on different in-house synthesized iron oxide nanoparticles with seemingly 
identical structure (overall size, core structure, coating) which, however, surprisingly showed significant 
differences in their MPI efficacy. The particles with the highest observed efficacy, NPIO-1, exhibited a 
magnetic particle spectral (MPS) amplitude of up to 10 times higher than NPIO-2, the particles with the 
lowest efficacy involved in this study, and a 3-fold increased MPS amplitude as compared to the gold-
standards Resovist® and FeraSpinTM R2. Since the cores of all investigated particles including NPIO-1 
and NPIO-2 were comprised of clusters of small-sized crystallites of about 5 nm (so-called multicore 
particles), we attributed these findings to different interactions between these crystallites within the 
particles’ cores3. To explore and identify the potential to further improve the MPI efficacy of such particles, 
it is desirable to understand the relation between particle structure and particle magnetic properties in 
more detail. Thus, in the present study, we performed an extensive characterization and analysis of the 
static and dynamic magnetic properties of these nanoparticles.
We synthesized several batches of the particles NPIO-1 and NPIO-2 by the aqueous precipitation 
method and performed basic physicochemical characterization on each batch to confirm reproducibility 
prior to further analysis. For magnetic characterization, liquid as well as freeze-dried, i.e. immobilized, 
particle samples were prepared. Measurements of the MPS, the complex (ac) susceptibility, the 
magnetorelaxation (MRX) signal and static magnetization (M(H)-curves) were conducted. 
The obtained data and the parameters calculated thereof are presented and discussed. The synthesis and 
the MPS of the particles were shown to be reproducible. We found that the static and dynamic magnetic 
properties of the particles are (semi-) quantitatively reflected by their MPS efficacy.  Furthermore, the 
data indicates an interaction between the crystallites within the cores. The degree of this interaction, 
however, differs significantly between particles NPIO-1 and NPIO-2, despite their similarities between 
their crystallite size, cluster size as well as overall hydrodynamic size.
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Particle NPIO-1 NPIO-2

Type
Aqueous synthesis
Multicore
Polymer coated

Aqueous synthesis
Multicore
Polymer coated

Mean hydrodnamic
Diameter by DLS 147 nm 178 nm

Crystallite size
by TEM ~ 5 nm ~ 5 nm
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Fig.1: Main basic particle properties (bottom) and MPS (drive field 25 mT/µ0, f0=25.25 kHz) (top) of the particles 
NPIO-1 and NPIO-2.

[1] Gehrke et al “The Potential of Clustered Core Magnetic Particles for MPI”, IEEE XPlore (2013), DOI 
10.1109/IWMPI.2013.6528368)

[2] N. Gehrke et al , “New Perspectives for MPI: A Toolbox for Tracer Research,” in: Magnetic Particle 
Imaging, T. M. Buzug and J. Borgert, Eds., Springer Proceedings in Physics, vol. 140, Springer 
Berlin Heidelberg (pp. 99-103), March 2012

[3] Lartigue et al “Cooperative Organization in Iron Oxide Multi-Core Nanoparticles Potentiates Their 
Efficiency as Heating Mediators and MRI Contrast Agents”  ACS Nano (2012), 6 (12)
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The performance of magnetic nanoparticle systems is intimately associated with their composition, size, 
shape, and magnetic anisotropy. It has been observed that cooperative magnetic behavior of multi-
core magnetic nanoparticle systems enhance magnetic particle imaging (MPI) performance over single-
core magnetic nanoparticle systems. We propose a theoretical model based on the dipolar interactions 
between magnetic nanoparticles to understand the underlying mechanism. The model is validated 
experimentally for both commercially available and laboratory synthesized magnetic nanoparticles 
using a magnetic particle spectrometer. The model is used to establish a quantitative link between the 
particle assembling, the interactions and the MPI performance.
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Surface coatings provide biocompatibility to superparamagnetic iron oxide nanoparticle (SPIONs) tracers 
designed for MPI; furthermore, surface coatings play a critical role in preserving the key properties that 
are responsible for optimum performance in physiological environments. Particularly, surface coatings 
must (1) preserve the magnetization reversal process of optimized SPIONs in physiological environments 
and (2) prevent their rapid clearance from blood to enable both first-pass cardiovascular and blood 
pool imaging. Blood consists a variety of plasma proteins that are responsible for the sequestration 
of most intravenously (IV) administered materials – when adsorbed to the surface of SPIONs, plasma 
proteins can induce particle aggregation that is detrimental to both magnetization reversal processes 
and blood circulation time; thus, surface coatings with non-fouling properties to adequately resist protein 
adsorption must be developed for MPI tracers. 
Here we show the effect of tuning poly(ethylene glycol) (PEG)-based surface coatings on the in vitro and 
in vivo (mouse model) MPI performance of SPIONs. Our results showed that varying PEG molecular 
weight had a profound impact on colloidal stability – characterized using Dynamic Light Scattering 
(DLS) – and the m’(H) response of SPIONs – characterized in a 25 kHz/40 mTμ0

-1
p-p Magnetic Particle 

Spectrometer (MPS); critically, increasing PEG molecular weight from 5 kDa to 20 kDa preserved 
colloidal stability and m’(H) response of 25 nm SPIONs – the optimum core diameter for MPI – in 
serum-rich cell culture medium for up to 24 hours. Due to the longer chain length of 20K-PEG, the 
hydrodynamic diameter measured using DLS was 60 nm, which was ~50% greater than SPIONs 
coated with 5K-PEG. We hypothesized that the longer chain length of 20K-PEG, and the resulting larger 
hydrodynamic size, provides greater resistance to protein adsorption. Furthermore, in vivo circulation 
studies in mice show that the improved colloidal stability and sustained m’(H) response in serum-rich 
medium translates to a longer blood half-life. Initial studies showed that 20 nm core diameter SPIONs 
with a 40 nm hydrodynamic diameter have a blood half-life of ~18 minutes, and blood half-life studies 
with 25 nm core diameter SPIONs coated with the newly developed 20K-PEG are currently underway. 
We anticipate that the development of MPI SPION tracers with long blood half-lives have potential not 
only in vascular imaging applications, but also enable opportunities in cancer targeting and imaging – a 
critical step towards early cancer detection using the new MPI modality. 

Acknowledgements: This work was supported by the National Institutes of Health’s (NIH) grant no. 
2R42EB013520-02A1.
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Human mesenchymal stem cells (hMSCs) are a promising tool in regenerative medicine. Cell homing 
of cells labeled with iron oxide nanoparticles can be tracked with various modalities like magnetic 
particle imaging (MPI) or magnetic resonance imaging (MRI). Beside cell homing at the targeted organ, 
assessing the cell vitality is of paramount during the healing process. In this study we present our first 
results in monitoring the cell vitality based on magnetic particle spectroscopy (MPS) findings. 
In total three different magnetic nanoparticles, N1C with carboxydextran coating, M3A and M4A with 
dextran coating were used for stem cell labeling. On top M3A and M4A particles were additionally 
coated with poly-L-lysine (PLL) in order to facilitate iron uptake. The applied labeling protocol leads to a 
significant increase in cell’s iron content without affecting the cell viability. In all MPS experiments 250k 
cells were measured in 50µl solution using a home build magnetic particle spectrometer which is able 
to operate at 10 kHz to 25 kHz with field strength up to 40 mT. The probe temperature was stabilized 
to 37°C during measurement; additionally a home build temperature stabilized vortex unit for probe 
preparation was used. The spectrometer was calibrated for quantitative measurements and was able to 
detect magnetic moments down to 2*10-10 Am2. 
 

Fig.1: (a) Measured magnetization curve of intact labeled stem cells. The shown cells are labeled with M4A particles 
at 37°C. (b) Example spectrum (only odd Harmonics shown) of intact (black line) and degraded (gray line) stem cells 
labeled with N1C particles measured at 20 kHz and 37°C. The degradation process was continuously monitored 
(not shown here).

For cell vitality assessment MPS spectra were continuously monitored during a cell degradation process 
initiated by adding sodium dodecyl sulfate (SDS) to the probes, which dissolves the cells. 
During this dissolution experiment the MPS spectra showed a specific change in the higher-order 
harmonics, which can be attributed to a change in Brownian relaxation. 
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These findings suggest, that well designed iron-oxide nanoparticles not only can be used as a reporter 
for cell homing, but also for cell viability.
In summary, these findings also indicate the potential to estimate the cell vitality in the in vivo scenario. 
Acknowledgements: This work was supported by the EU FP7 HEALTH program (IDEA – “Identification, 
homing and monitoring of therapeutic cells for regenerative medicine – Identify, Enrich, Accelerate”)
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Magnetic Particle Imaging (MPI) is seen as a promising method for cardiovascular imaging and guidance 
of cardiovascular interventions [1, 2]. This rests upon its good spatial resolution, very high temporal 
resolution, sensitivity and signal to noise ratio. As the strength of the MPI-signal is proportional to the 
amount of superparamagnetic iron oxide nanoparticles (SPIOs), MPI is an inherent quantitative imaging 
method [1].  This can be a valuable tool in evaluating the extent of pathologies like vascular stenosis 
and in therapy control. Purpose of this study was to visualize and quantify different vascular stenosis 
phantoms using MPI.  
Nine standardized stenosis-phantoms were used, each featuring a circular lumen of 10 mm diameter. 
The lumen of the phantoms narrowed conically to a residual lumen of 1 mm diameter amounting to a 99 
% stenosis of the cross section of the normal diameter, 2 mm (96 %), 3 mm (91 %), 4 mm (84 %), 5 mm 
(75 %), 6 mm (64 %), 7 mm (51 %), 8 mm (36 %) or 9mm (19 %), respectively. For MPI, the phantoms 
were filled with a 1% and 5% dilution of Resovist (Bayer Pharma AG), corresponding to 0.28 and 1.4 
mg(Fe)/ml Resovist, respectively. Images were acquired using a pre-clinical MPI-demonstrator (Philips 
Research, Hamburg, Germany, field of view 36 x 36 x 20 mm3, temporal resolution 46 Volumes per second, 
corresponding to [3]). Imaging was conducted in steady state without flow and during manual movement 
of the phantoms through the field of view of the MPI-demonstrator. Beside image reconstruction, the 
MPI-signal was used for intensity measurements to quantify the grade of stenosis. For comparison, the 
same stenosis-phantoms were evaluated with contrast-enhanced CT (Siemens Definition AS64, 12 % 
Imeron 300 (Bracco Imaging)) and MRI (Philips Achieva 1.5 T, 3 % Gadovist (Bayer Vital). Acquisition 
time for the 3D CT, MRI, and MPI scans was 1.2 s, 60 s, and 21 ms, respectively.
With a resulting spatial resolution of about 3 x 3 x 1 mm3, MPI was able to visualize all residual lumina 
of the stenoses accurately except for the highest grade stenosis (1 mm, 99 %). Additionally, MPI was 
able to detect the residual lumen of the 1 mm (99 %) stenosis using the MPI-signal. It was possible to 
quantify the extent of the stenoses down to 6 mm (64 %) independently of the Resovist concentration 
and the rate of movement of the stenosis-phantoms through the field of view. Higher grade stenoses 
were underestimated, the stenosis of 84% was measured as 74 %, 91 % as 79 %, 96 % as 82 % and 
99 % as 88 %. CT exhibited the highest spatial resolution, followed by MRI; both modalities were able to 
visualize all stenoses. Direct quantification of vascular stenoses using MPI is possible in phantoms with 
very low concentrations of Resovist. Due to the high temporal resolution of the system, visualization and 
quantification is independent of the movement of the probe, which may be beneficial for future clinical 
applications where respiratory and cardiac motion occur. With current experimental MPI-systems and 
available tracer materials, the spatial resolution at high imaging speeds is limited, so that high grade 
stenoses are underestimated systematically due to a partial volume effect. However, in this phantom 
study, the MPI-signal of small structures like residual lumina in high grade vascular stenoses is still 
detectable, even if the spatial resolution is too low for visualization or reliable signal quantification. This 
may allow differentiation of high grade stenoses and vascular obliteration.
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Fig. 1: MPI (top), MRI (middle) and CT (bottom) in comparison. CT exhibits the highest spatial resolution. 
In MPI, the lumen of the highest grade stenosis (1 mm) is hardly delineable. 

[1] Borgert J, Schmidt JD, Schmale I, et al. Fundamentals and applications of magnetic particle 
imaging. J Cardiovasc Comput Tomogr. 2012;6:149-53. doi:10.1016/j.jcct.2012.04.007.

[2] Goodwill PW, Saritas EU, Croft LR, et al. X-Space MPI: Magnetic Nanoparticles for Safe Medical 
Imaging. Adv Mater. 2012;24:3870-7. doi:DOI 10.1002/adma.201200221.

[3] Haegele J, Rahmer J, Gleich B, et al. Magnetic Particle Imaging: Visualization of Instruments for 
Cardiovascular Intervention. Radiology. 2012;265:933-8. doi:DOI 10.1148/radiol.12120424.
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Due to the non-toxicity and versatilities in surface bio-functions, Fe3O4 magnetic nanoparticles 
are applied to in-vivo target labeling and are mapped using medical imaging instruments. In this 
work, high-quality antibody functionalized Fe3O4 magnetic nanoparticles are synthesized [1]. Such 
characterizations as particle morphology, particle size, stability, magnetization, relaxivity of magnetic 
particles are investigated [2,3]. The results show that the mean diameter of antibody functionalized 
magnetic nanoparticles is around 55 nm, and the relaxivity of the magnetic particles is 145 (mM⋅s)-1. In 
addition to characterizing the magnetic nanoparticles, the feasibility of using the antibody functionalized 
magnetic nanoparticles for the contrast medium of target magnetic resonance imaging is investigated. 
These antibody functionalized magnetic nanoparticles are injected into rats bearing with tumor. The 
tumor magnetic-resonance image becomes darker after the injection, and then recovers 40 hours after 
the injection [4], as shown in Fig. 1. The tumor magnetic-resonance image becomes darkest at around 
20 hours after the injection. As a comparison, the time-evolution magnetic resonance images are taken 
in case of the injection of magnetic nanoparticles without antibody into rats. It was found that the darken 
effect of the tumor magnetic-resonance image occurs after the injection, however disappears 20 hours 
after the injection. Thus, the observing time window for the specific labeling of tumors with antibody 
functionalized magnetic nanoparticles was found to be 20 hours after injecting bio-functionalized 
magnetic nanoparticles into rats. The biopsy of tumor is stained after the injection to evidence that the 
long-term darkness of tumor magnetic-resonance image is due to the specific anchoring of antibody 
functionalized magnetic nanoparticles at tumor.  Meanwhile, the metabolism of injected Fe3O4 magnetic 
nanoparticles in rats is studied [5].

[1] S.Y. Yang, Z.F. Jian, H.E. Horng, Chin-Yih Hong, H.C. Yang, C.C Wu, and Y.H. Lee, “Dual immobi-
lization and magnetic manipulation of magnetic nanoparticles”, J. Magn. Magn. Mater. 320, 2688 
(2008).

[2] C.Y. Hong, W.H. Chen, Z.F. Jian, S.Y. Yang, H.E. Horng, L.C. Yang, and H.C. Yang, “Wash-free 
immunomagnetic detection for serum through magnetic susceptibility reduction”, Appl. Phys. Lett. 
90, 74105 (2007).

[3] C.C. Wu, L.Y. Lin, L.C. Lin, H.C. Huang, Y.B. Liu, M.C. Tsai, Y.L. Gao, W.C. Wang, S.Y. Yang, H.E. 
Horng, H.C. Yang, W.K. Tseng, T.L. Lee, C.F. Hsuan, and Isaac W.Y. Tseng, “Bio-functionalized 
magnetic nanoparticles for in-vitro labeling and in-vivo locating specific bio-molecules”, Appl. Phys. 
Lett. 92, 142504 (2008).

[4] K.W. Huang, J.J. Chieh, H.E. Horng, C.Y. Hong, and H.C. Yang, “Characteristics of magnetic la-
beling on liver tumors with anti-alpha-fetoprotein-mediated Fe3O4 magnetic nanoparticles”, Intl. J. 
Nanomed. 7, 2987 (2012).
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C.C. Wu, “A noninvasive method to determine the fate of Fe3O4 nanoparticles following intra-
venous injection using scanning SQUID biosusceptometry”, PLOS one 7, e48510 (2012).

Fig. 1. Time-evolution contrast MRI using magnetic nanoparticles.
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Introduction: The development of cell-based therapies has been hampered by the lack of pre-clinical 
imaging techniques suitable for tracking therapeutic cell implants. Magnetic Particle Imaging (MPI) has 
shown great promise for long-term tracking of magnetically labeled cells in vivo [1-2]. Unlike existing 
techniques, MPI images of cells labeled with superparamagnetic iron oxide (SPIOs) are not obscured by 
surrounding anatomy. Previously, we demonstrated that MPI creates positive-contrast images of labeled 
human embryonic stem cell (hESC)-derived cells sensitivity of 500-1000 cells/voxel [unpublished]. In 
this work, we describe the proof-of-concept MPI monitoring of labeled neural cell implants in the rat brain 
over a therapeutically relevant time scale.
Methods: After stereotactically implanting 0.5 million labeled hESC-derived neural progenitor cells in
three immunosuppressed Fischer 344 rats, we tracked the grafts using a projection-format MPI imager 
over a 12-week period. Postmortem MRI images at 7T were taken of the animal brains, with histological 
confirmation of iron via Prussian blue staining and immunostaining.

Figure 1. Long-term MPI monitoring of neural implants. (A) and (B) show MPI images of SPIO-labeled neural 
progenitor cell grafts from the same animal at 10 and 87 days after implantation, with photo reference (C). The 
total MPI signal from the cell graft showed no significant clearance of SPIOs within 12 weeks. (FOV: 6 cm x 10 cm, 
10 second scan time). (D) shows a proton-weighted zero-echo time (ZTE) MRI postmortem coronal image. SPIO-
labeled cells are visible along the cortex but are hard to distinguish from other anatomical features. Image acquired 
on a Bruker 7T scanner with 2.56 cm³ FOV, 0.1 um³ voxel size, and 20 min scan time. (E) shows Prussian-blue 
stained SPIOs present in the cell graft in the needle track and toward the ventricle.

Results: The grafts were readily discernible in MPI images, producing excellent positive contrast in the 
brain with no interference from other signal sources (Fig. 1A-B). For comparison, we show postmortem 
coronal slices of the same SPIO-labeled cell graft in a 7T MRI (Fig. 1C). A postmortem MRI image 
(Fig. 1D) shows excellent localization of the cell graft at the injection side. When we quantified the 
total MPI signal from the cell grafts over time, we saw no significant clearance of the SPIO label over 
12 weeks (Fig. 1B), which was confirmed by histology (Fig. 1E) using Prussian blie staining, MRI, and 
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immunohistochemistry. A control animal injected with an equivalent amount of Resovist showed no MPI 
signal from 4 days post-injection.

Discussion: Here we demonstrate the first long-term cell implant monitoring using MPI. We note that while 
the negative contrast in MRI makes it difficult to accurately quantify cell number or differentiate between 
SPIOs and other anatomy or image artifacts, MPI is able to unambiguously determine the location and 
number of the cell implant. Hence, the high specificity and quantification in MPI greatly complements the 
excellent resolution and anatomical reference in MRI for highly accurate and informational noninvasive 
cell tracking. Indeed, there already the exist efforts to combine the two modalities into a dedicated 
system [4]. These techniques may efficiently accelerate the development of many cell therapies on the 
clinical horizon.

[1] J. W. M. Bulte et al., Proc IWMPI 2010, pp. 201-204.

[2] A. Antonelli et al., Magnetic Particle Imaging, vol. 140, no. Springer Proceedings in Physics, pp. 
175-179, 2012.

[3] B. Zheng et al., Proc. IWMPI 2013, vol. 104, no. 435, pp. 1-1.

[4] J. Franke et al., Proc. IWMPI 2013, DOI: 10.1109/IWMPI.2013.6528363.
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FLOW ASSESSMENT FROM IN VITRO AND IN SILICO DyNAMIC MPI DATA
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2Philips Research Hamburg, Germany

MPI has shown great potential in imaging small anatomical structures such as vessels and organs 
in mice [1][2] . Its high acquisition speed and fine data resolution make MPI a serious candidate for 
quantification tasks, including real time blood flow imaging. For the moment, the MPI system is not fully 
developed and few in-vivo data are available. To circumvent this problem, we propose in-vitro and in-
silico flow experiments. 
We injected a bolus of nanoparticles inside an in-vitro phantom, extracted the flow of tracer and estimated 
the average flow rate using an optical flow method. This experiment was performed in the preclinical 
MPI demonstrator available at Philips Research facilities in Hamburg. Single volume acquisitions were 
performed inside this phantom, in which a mixture of water and 1/20 diluted Resovist® was injected. 
The amount of water-contrast mixture flowing in the phantom inlet was controlled with a straightway 
diaphragm valve powered with a Lego Mindstorm® unit. During the calibration, the average flow rate 
was evaluated from a graduated container, and a mean velocity of 32 cm.s-1 in the phantom inlet was 
derived. After acquisition, reconstruction and post-processing, a spatial propagation of the particles was 
observable inside the phantom. 
Afterwards, the phantom lumen was numerically reconstructed and computational fluid dynamics (CFD) 
simulations were performed to mimic the same propagation process. The CFD software OpenFOAM® 
was used to reproduce the in-vitro experiment. A surface mesh was generated from manual thresholding 
on the original MPI data. Flow was assumed to be steady with an average velocity of 32 cm.s-1 at the 
inlet of the CFD model. For the contrast transport in the CFD model, an intensity curve from the in-
vitro experiment was extracted and imposed as boundary condition. For the flow estimation in both 
experiments, state-of-the art techniques of regularized optical flow methods were used. Additionally, 
the influence of resolution on optical flow accuracy was studied by testing simpler geometries (straight 
tubes) where the analytical solution is known.
Our optical flow based algorithm yields good qualitative results on the in-vitro phantom (Figure 1). 
The computed velocity magnitudes in each branch lie in an acceptable range of [5-26] cm.s-1, with an 
average of 14.5 cm.s-1 matching well with the known average velocity magnitude (16 cm.s-1) . However, 
the accuracy in all areas of the phantom is not guaranteed. Unlike CFD simulations, where resolution 
can be chosen, MPI has a limited resolution of 1mm. In our in-vitro phantom, 4mm-diameter tubes were 
used, and optical flow and spatial gradient estimation were roughly approximated and subjected to image 
blurring, partial volume effect and/or reconstruction artifacts. Further studies on simpler geometries 
conducted with CFD showed that finer resolutions (0.5 mm, 0.25mm, 0.125mm) can improve the optical 
flow accuracy (median error <5% for the velocity magnitude).
CFD simulations and in-vitro phantom experiments are necessary to further understand the propagation 
process of the MPI tracer. The in-vitro experiment proves the possibility to estimate realistic flow patterns 
with a fast contrast injection. The accuracy can be significantly improved by using CFD models with 
finer resolutions. Until MPI systems get improved, in-vitro experiment together with in-silico models can 
provide a valuable help for the assessment of MPI blood flow estimation methods.
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Figure 1 – optical flow estimation in a Y-shape phantom. Arrows represent 
estimated velocity vectors and grey-scale map is the contrast intensity
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Gael Bringout, Marlitt Erbe, Timo F. Sattel, Thorsten M. Buzug
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In the imaging technique Magnetic Particle Imaging (MPI) the non-linear magnetization behavior of 
superparamagnetic nanoparticles is used to generate a signal, whose energy is directly proportional 
to the particle concentration. To achieve spatial encoding, the particle exciting magnetic field typically 
features a field free point (FFP) and an increasing field strength originating from that point in all spatial 
directions. This way, a linear dependency of the emitted signal and the particle location is given. The 
drawback of this spatial encoding scheme is that the measured signal strength is inverse proportional 
to the gradient of the magnetic field in all three dimensions, while the spatial resolution is proportional 
to the gradient strength. Hence, a possibly low gradient is necessary to achieve a high signal to noise 
ratio (SNR), but a possibly high gradient is essential for a high spatial resolution. An important step to 
cope with this trade-off is the utilization of a different gradient field shape for spatial encoding. If the field 
features a field free line (FFL) instead of an FFP, the signal is only inverse proportional to the gradient 
strength in two dimensions, since the gradient in one direction equals zero. This, in fact, means that the 
area in which particles generate a signal is enlarged without decreasing the gradient strength and the 
resolution. However, one dimension for spatial encoding is lost, but can be compensated by rotating the 
FFL over the field of view (FOV), which enables a Radon-based reconstruction [1].
The idea and the principle realization of an electrical rotatable FFL have already been elaborated [2]. 
The feasibility of image reconstruction with experimentally acquired FFL-MPI data could also be shown 
[3]. However, due to hardware challenges an FFL-MPI scanner with a rotation of the FFL could not be 
implemented until today. Such a first scanner is presented here. A short overview over the hardware 
implementation is presented. The scanner has a bore diameter of 3 cm and a gradient of 1.08 T/m. The 
optimized scanner design features excellent field quality and enables imaging in a circular field of view 
limited by the bore diameter.
The main focus lies on the used x-space reconstruction algorithm and the resulting images. All relevant 
characteristics concerning the acquired raw data, such as sensitivity and SNR, and concerning the 
reconstructed images, such as resolution, are discussed.

[1] Knopp, T., Erbe, M., Sattel, T. F., Biederer, S., and Buzug, T. M.: A Fourier slice theorem for magnetic 
particle imaging using a field-free line. Inverse Problems, vol. 27, no. 9, , 2011

[2] Knopp, T., Erbe, M., Biederer, S., Sattel, T., and Buzug, T.: Efficient generation of a magnetic field-
free line. Medical Physics, vol. 37, no. 7, pp. 3538-3540, 2010

[3] Patrick W. Goodwill, Justin J. Konkle, Bo Zheng, Emine U. Saritas, and Steven M. Conolly: 
Projection X-Space Magnetic Particle Imaging. IEEE Transactions on Medical Imaging, vol. 31, no. 
5, pp. 1076-1085, 2012
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The selection- and focus field (SeFo field) is an inhomogeneous field with a field free point (FFP) at a 
specified position. Building a large SeFo field generator for whole-body MPI encompasses a number of 
challenges. First, the gradient field strength in the vicinity of the FFP must be large enough for obtaining 
sufficient spatial resolution. Second, the space covered by possible positions of the FFP must be large 
enough to build up a suitable field of view (FOV). Third, changing positions of the FFP must be possible 
fast enough to support reasonable temporal resolution. Additionally, the field generator must provide 
sufficient space to take up the drive-field (DF) generator and still leave enough space for the FOV. 
Adequate shielding is required for preventing the DF from interacting with the SeFo generator. 
We present a concept of a SeFo field generator consisting of 16 channels. Each channel has an 
electromagnetic coil connected to a current amplifier. Each coil has a core made from soft magnetic 
material (SMM), i.e. FeSi. Furthermore, SMM is used for field guidance. The central four coils are 
aligned axially on the vertical (z-)axis. They can be used for generating an FFP and moving it along the 
z-axis. The remaining twelve channels are arranged on two circles around the inner coils with six coils 
each. These twelve channels primarily serve for moving the FFP along x and y.
The chosen concept is analyzed by simulations. In particular, we used finite element software (FEM) 
for addressing the three challenges mentioned above. The input parameters of each simulation are the 
power consumptions in each coil, resulting in 16 free parameters. Assuming an effective resistance of 
the copper windings within the coils, the power consumptions are related to current densities. With this 
approach we can assure that the total power consumption never exceeds a given limit, and we can 
specify maximum power consumptions for each coil. By variation of the parameters we were able to 
show that an FFP with gradient field strength of at least 2 T/m should be realizable within a FOV with a 
diameter of 200 mm. The speed at which the FFP can be moved (slew rate) depends on the inductance 
of the coils. For obtaining estimates of the various inductances, we used an approach based on the 
energy stored in the magnetic field. The inductances also depend on the amount of saturation of the 
SMM. Hence, the slew rate must be determined separately for individual cases.
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Since the fi rst publication of MPI several scanner designs have been presented [1][2][3]. All these 
scanners operate at gradient strength of about 2-7 T/m, which results in a spatial resolution of about 
1 mm [4]. This is a reasonable value for a small animal scanner. For more detailed information about 
a used particle system which can be of interest for particle design and a better simulation model, it is 
sometimes necessary to measure at much higher gradient strength and different excitation frequencies.
Using two permanent ring-magnets with an inner bore size of 6 mm, which are placed at a distance 
of  4 mm facing each other with the same pole, a fi eld gradient in the center of about 50 T/m can be 
generated (fi g. 1 (1)). Two additional permanent ring-magnets, which are mounted on a freely moveable 
rod, stabilize the sample in the middle (fi g. 1 (2)). The receive coil is placed inside the main magnets 
surrounding the sample (fi g. 1 (3)). A positioning-coil can move the rod, which holds the sample, relatively 
to the main magnets (and the receive coil) with different frequencies periodically through the static fi eld 
gradient of the setup. This approach does not require fi lter in the receive chain for suppressing the 
excitation frequency. The only signal, that is induced in the receive coil stems from the sample. This 
results in a very high sensitivity.

Fig. 1 (1) Two permanent ring-magnets facing each other with the same pole generate a strong fi eld gradient.               
(2) Secondary permanent ring-magnets stabilize the sample. (3) Receive coil surrounding the sample. (4) A 
positioning-coil for the sample movement at different frequencies. This setup provides a theoretical resolution of 
R<100 µm.
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With a field gradient of about 50 T/m a theoretical spatial resolution of about 50 µm can be achieved 
in one direction (calculated with magnetite with 30 nm diameter) [4]. This can be sufficient enough for 
imaging a single stem cell prepared with Resovist® (Bayer Schering, Germany).

The simple structure of this scanner approach provides a high sensitivity because of the static field and 
yields the possibility of a simple and cheap high resolution MPS/MPI scanner for ex-vivo samples.

[1] B. Gleich, and J. Weizenecker, “Tomographic imaging using the nonlinear response of magnetic 
particles”, Nature 435, 1214-1217, Jun. 2005.

[2] P. Vogel et al. „Traveling Wave Magnetic Particle Imaging“, IEEE TMI, 2013, Doi: 10.1109/
TMI.2013.2285472.

[3] P. W. Goodwill et al. “An x-space magnetic particle imaging scanner”, Rev. Sci. Instrum., 83, 033708, 
2012.

[4] P. W. Goodwill, and S. M. Conolly, “The x-space Formulation of the Magnetic Particle Imaging pro-
cess”, IEEE TMI, vol. 29(11), pp. 1851-1859, 2010.
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Magnetic Particle Imaging (MPI) is a quantitative imaging technique based on magnetic fields [1]. When 
implementing an MPI system, (resistive) power losses are one of the most limiting factors [2]. These 
losses limit the achievable gradient strength in the area of the field free point (FFP). This in turn affects 
the resulting image quality since the gradient strength directly influences the image resolution. Due 
to the fact that the gradient strength is connected to the spatial resolution of a reconstructed image, 
a correlation between the spatial resolution and the power loss is given as well. In the following, two 
different coil configurations to generate a magnetic gradient field are presented. The conventional way is 
to use a pair of opposing electromagnetic coils carrying currents in opposite directions. This configuration, 
known as Maxwell coil setup, provides an efficient way to generate the FFP at the center position 
between both coils. A different way to generate such a gradient field is to arrange two electromagnetic 
coils, differing in their diameter, concentrically in the same plane. This asymmetric coil arrangement 
is known as single-sided configuration [3]. With opposing currents, there are two FFPs generated on 
the common coil axis, one on each side of the coils. However, only the FFP in front of the assembly 
is used for imaging. Similar to the Maxwell setup, there is an FFP position providing the least power 
consumption in the single-sided setup, i.e. directly in front of the assembly with a close distance to the 
coils.  Since, the applied coil currents are considered to be constant, the FFP is established only at one 
certain position. A one-dimensional movement of the FFP can be realized by superimposing alternating 
currents to at least one coil of the considered setups. However, such a movement requires huge power 
consumption, if the FFP is shifted considerably off the center position in the Maxwell setup or away from 
the coils in the single-sided coil assembly, respectively. An approach to generate a magnetic gradient 
field efficiently with arbitrary axial positioning of the FFP was published recently [4]. The setup proposed 
in the referred work combines the aforementioned coil arrangements to a hybrid setup consisting of two 
concentrically arranged coils on opposite sides of the field of view. An optimization of the applied currents 
combined with the hybrid coil arrangement provides a low-power solution for a one-dimensional FFP 
movement. However, it is not obviously given that the derived mathematical solution is extendable to 
two or even three dimensions. In this contribution, it is shown that the efficient gradient field generation 
can be extended to multiple dimensions. In addition to the derivation of the mathematical formulas, first 
simulation results will be presented, showing the potential of this approach (see Figure 1). The findings 
of this extension are an important step to realize human sized MPI scanning devices.
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Figure 1: Simulated scanner setup based on the proposed hybrid coil configuration (left) and the corresponding 
power loss moving an FPP along the main axes and the main diagonal (right).
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Magnetic Particle Imaging (MPI) is a new medical imaging technology which obtains dynamic images 
at high spatial and temporal resolution [1]. Although there are alternative concepts like x-space MPI 
[2], the common way to obtain an MPI image is by inversion of a system matrix that describes the 
transformation between spatial distribution of the contrast agent and the measured signal. The system 
matrix is acquired by moving a small delta-like sample point-by-point through the complete field of view 
(FoV) and measuring its signal response. A concept has been introduced that disperses a smaller FoV 
on a larger region by the application of additional homogeneous offset fields, so-called focus fields [3]. 
Further, it has been experimentally demonstrated that this dispersion can be applied continuously on 
straight lines, by correction of a static system function measurement [4]. 
We investigate in this contribution, how this dispersion method behaves on different trajectories than 
a straight line, like low-frequency Lissajous figures. Further, we measure and simulate a large system 
function that contains the focus field movement. For the experiments, we use a preclinical MPI scanner 
at Philips Research, Hamburg, Germany. Drive fields of 16 mT are applied in 2D at 24.5 kHz and 26.4 
kHz. Focus fields of up to 24 mT are used with sine frequencies around 15 Hz, which sweep the FoV on 
low frequency Lissajous trajectories.  As a result, we find that the correction method can be applied on 
more complex trajectories than the linear movement. Scaling the results of the experiments from 2D to 
3D, the advantage to time reduction is much more pronounced. Nonetheless, the approach to measure 
the complete system function can become interesting, when higher focus field frequencies are applied 
and the calibration procedure time can be reduced, for example by compressed sensing [5] or the use 
of the System Calibration Unit (SCU) [6].
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The traveling wave approach is an alternative magnetic particle imaging (MPI [1]) scanner design for a 
fast determination of the distribution of superparamagnetic iron-oxide nanoparticles in 3D [2]. It uses a 
dynamic linear gradient array (dLGA) for generating and moving a fi eld free point (FFP) linearly along 
the symmetry axis (z-axis). With additional perpendicular saddle coils the FFP can be moved arbitrarily 
through the 3D volume (fi g. 1a). One issue of the initially presented line-scanning mode (LSM) for 
scanning a 3D sample is the bad resolution in the x- and y-direction. To improve the resolution at least 
in one direction (x-direction) the slice-scanning mode (SSM) was proposed [3]. However, the resolution 
in the y-direction is still not optimal (fi g. 1c left).
To overcome this problem the scanning-slice is not moved step by step along the y-axis anymore, but 
is gradually rotated about the z-axis at defi ned angles to scan a sequence of radial slices (fi g. 1b). 
Because of the bad resolution perpendicular to the two excitation frequencies of one scanning-slice, the 
received data can be seen as a projection through the 3D volume at the specifi c angle.
For the reconstruction of the 3D volume in a fi rst step all slices are deconvolved using Wiener fi lter 
and a suitable point spread function (PSF). In a second step the deconvolved projections are placed at 
their respective angle in a 3D array for calculating in a fi nal step the whole 3D dataset using a Radon 
transformation.
Using the projected TWMPI approach gives the possibility to overcome the resolution issue using the 
slice-scanning mode in a TWMPI scanner. In fi gure 1c the results of the resolution improvement can be 
seen. Using the common slice-scanning mode the resolution in the y-axis is very bad (fi g. 1c left), but 
using the projected SSM approach the resolution in the x- and y-direction is comparable (fi g 1c right).

Fig. 1 (a) Sketch of the TWMPI scanner: (1) dynamic linear gradient array (dLGA) for generating and moving the 
fi eld free point in z-direction, (2) receive coil, (3)/(4) perpendicular saddle coil system for the x- and y-defl ection. 
(b) Schematic of radial slice-scanning. (c) Improvement of the resolution in the y-direction: on the left image the 
common slice-scanning mode and on the right image the radial slice-scanning mode of the same sample.
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The traveling wave magnetic particle imaging (TWMPI) scanner [1] is a progression of the common 
MPI approach [2]. It uses a dynamic linear gradient array (dLGA) for generating and moving a fi eld free 
point (FFP) linearly along the z-axis. With additional perpendicular saddle coils the FFP can be moved 
arbitrarily through a 3D volume. Using the slice-scanning mode (SSM) a 3D volume can be scanned 
step by step by moving the scanning-slice gradually along the third axis [3].
The scanning time for one slice depends only on the main frequency f1 driving the dLGA. The secondary 
excitation frequency f2 of the SSM is much higher and can generate with each additional period a more 
densely sampled SSM image, because of the odd relation of the two excitation frequencies. For e.g. 
a frequency f1=1 kHz the scanning time for one slice is tslice=1/2∙1/f1=500 µs (up to 2000 frames per 
second). The factor ½ stems from the fact, that the dLGA generates two FFPs in one period. Thus, every 
half period a whole image can be acquired.
In a fi rst test a freely moveable square µ-metal platelet with a side length of 1 mm is scanned with a 
whole scan time of 20 ms. The result is an image with 250 x 250 pixel and  averages. The position of 
the µ-metal cannot be determined exactly and is smeared in the x-direction (fi g. 1 (a)). The reason is 
the averaging, which means a 40 times passing of a FFP. After a FFP wise reconstruction of the whole 
dataset, which means that gradually only 25.000 data points are used to create an image instead of 
using the whole dataset containing 106

 data points, the exact position of the µ-metal sample can be 
determined for every FFP pass (every 500 µs) (see fi g. 1 (b)). Due to the fewer data points the image 
resolution of the high speed images decreases to 100 x 100 pixel.

 Fig. 1 (a) A freely moveable square µ-metal platelet with 1 mm side length gives a very interesting image after 
a scan whole time of 20 ms (40 average). No exact position of the sample can be seen. (b) The same dataset 
evaluated for each FFP pass (every 0,5 ms): the exact position of the µ-metal sample can be monitored.
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In this contribution, an imaging system is considered, which is part of an activity to test the feasibility 
of whole-body MPI. Recent studies on nerve stimulation in humans indicate that drive field amplitudes 
have to be limited to lower values compared to pre-clinical MPI, but that stimulation thresholds increase 
by moving to frequencies above 100 kHz. Consequently, the three drive field frequencies are set around 
150 kHz. To date, available MPI systems usually apply drive fields at frequencies ranging from 1 to 25 
kHz. In this contribution, we will report on the technical feasibility of a signal chain set up for a drive field 
frequency of 150 kHz. 
In the experimental set-up, a combined send-receive approach is realized for one imaging dimension. 
The drive field coil is connected in series with a tuning capacitor assembly (TCA) and an inductive 
coupling network (ICN). The TCA is tuned such, that the circuit is in resonance at drive field frequency, 
while the absolute value of the impedance is matched by the ICN configuration. The receive signal is 
tapped at the TCA. To ensure good drive field signal quality, the power amplifier is connected via a band 
pass filter to the ICN. To allow for sufficient amplification of the received particle signal, it passes an 
additional band stop filter before entering the low noise amplifier (LNA). 
The signal-to-noise ratio benefits from the drive field frequency shift, since the law of induction implies 
higher receive sensitivities at higher frequencies. Moreover, the frequency range of the receive signal 
is well above the noise corner frequency, where the 1/f-noise drops below the flat thermal noise floor. 
On the other hand, fewer harmonic frequency components are available for image reconstruction when 
keeping the receive signal bandwidth the same. This matches the fact that also fewer harmonics are 
generated due to the reduction in drive field amplitude from about 20 mT for preclinical systems to below 
10 mT as required by nerve stimulation thresholds.
To validate the function of the implemented MPI signal chain, measurements are performed using 
Resovist® as nanoparticle tracer material. Furthermore, a permanent magnet configuration is used to 
generate a selection field gradient that enables low resolution imaging tests. Future plans include the 
adaption and extension of the set-up to a multi-channel send-receive system with an adjustable gradient 
field to allow for fast 3-dimensional imaging.
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MPI is known to be a fast, sensitive imaging modality to measure the distribution of magnetic nanoparticles 
(MNPs) with high spatial resolution. The first system already offered a spatial resolution in the order of 1 
mm and a high temporal resolution with nearly 50 three-dimensional volumes/s [1]. These outstanding 
system characteristics may make MPI an ideal modality for applications like cell tracking or perfusion 
imaging. 
Beside the optimization of the MNPs, a lot of research is centered on improving the sensitivity and 
efficiency by proposing new drive-field and focus-field coil topologies, like the field-free-line coils, elliptical 
coils, or traveling wave coils [2-4]. In combination with harmonic-space MPI the receive chain often 
contains a high order and low-loss band-stop filter (BSF) to suppress the drive field signal component 
in the receive signal to avoid saturation of the amplifier or the analog-to-digital conversion. As a side 
effect the frequency component of the MNP signal at the drive field frequency, which is according to 
the Langevin theory the largest harmonic component, is automatically absorbed [4]. In [5] different 
concepts have been proposed which are using signal cancelation based on additional drive-field coil 
configurations, also in combination with additional filtering. 
In difference to [5], this paper will investigate the concept of field cancelation (FC) based on a dedicated 
receive-coil (RC) design for an existing mouse MPI system from [1] without modifying the drive-field 
coils. The proposed FC-RC design aims at improving MPI on the following aspects:
Significant reduction of the drive-field signal in the receive chain without absorbing MNP signal 
components
Reduction of interfering signal pickup from the scanner environment 
Enable the holistic signal detection of the MNP response including the excitation frequencies from the 
drive field coils 
The FC-RC Lm consists of a centralized rectangular, bent surface coil Ls with a high sensitivity for the 
MNP response at the coil’s iso-center and an additional symmetrical receive coil pair Lc, as depicted 
in Fig. a) and b). In order to investigate different RC realizations only half of the cylindrical coil carrier 
has been used. The linear extension e of the compensation coil Lc was chosen to minimize the mutual 
inductance Mmd between drive field coil Ld and the receive coil Lm. Fig c) shows the logarithm of the 
normalized inductive coupling Mmd as a function of compensation coil extension e. A clear minimum is 
indicating the best choice for which both fields (magnetic fields of the drive-field coil and receive coil) are 
almost orthogonal. Intrinsically the cross coupling between the proposed receive coil and the other two 
drive fields should be minor. In order to compensate for the remaining coupling of the drive field coils, 
the signals of the individual compensating coils are measured as well and considered for precise drive 
field cancelation.

International Workshop on Magnetic Particle Imaging 201480



Corresponding Author: V. Schulz, schulz@pmi.rwth-aachen.de     

Fig.: a) Upper and lower half cylindrical surface receive coil topology consisting of the MPI-signal-sensing coil 
(Ls) and compensation coils (Lc), b) schematic coupling of the drive field and one receive coil channel, c) mutual 
inductive coupling coefficient Mmd as a function of linear extension e calculated using thin-wire approximations.

In such a way, the new FC-RC design aims at the holistic detection of the response of the magnetic 
nanoparticles including components at the drive field frequencies supporting harmonic-space and 
x-space MPI. Therefore, the FC-RC approach has the potential to increase the signal-to-noise ratio 
(SNR) of the entire MPI acquisition. 
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Introduction: Magnetic particle imaging (MPI) is a promising imaging technique for a great number of 
clinical and scientific applications ranging from angiography to stem cell tracking.  From theory [1-2], 
spatial resolution in MPI is determined by the strength of the magnetic field gradients as well as the 
behavior of the nanoparticle contrast agents.  Current MPI scanners have a native resolution at the 
millimeter-scale, which makes small animal and vascular imaging applications difficult.  Furthermore, 
MPI resolution, as with other techniques, is not natively isotropic in all directions.  For example, using 
a one-dimensional drive field, MPI theory shows that the point-spread function (PSF) takes on an 
anisotropic two-lobed dumbbell shape. Although image-processing techniques like deconvolution may 
make the final MPI image more isotropic and spatially resolved, these invariably introduce additional 
noise and artifacts.  A more ideal solution is needed to enable sharp and isotropic imaging for clinical 
diagnostic use.  In this work, we experimentally demonstrate that a composition of orthogonal 
drive and reception channels can create isotropic, high-resolution images using a 3D MPI scanner. 
Methods: Theory: The native PSF for any arbitrary drive field pattern can be mathematically decomposed 
into components collinear to and orthogonal to the drive field directions, which contain respectively 
excellent and poor spatial resolutions for high anisotropy [3]. Analytically, we prove a simple composition 
of two scans along two orthogonal drive field directions is enough to achieve isotropic resolution in a 
2D image for any arbitrary gradient configuration. Experiment: We designed and fabricated two sets 
of transmit and receive coils along two orthogonal directions as above for a 7 T/m 3D MPI small animal 
imager.  We imaged, along the z and x directions, a 4.5x4.5cm UC imaging phantom constructed from 
tubing (ID: 0.8 mm) filled with undiluted Micromod Nanomag-MIP nanoparticles (mean core diameter 19 
nm, Fig. 1a).  The reconstructed images are then co-registered and combined for a final isotropic image. 
Results: Figure 1b-c shows reconstructed native images of a UC phantom for scans along the z and x 
directions, respectively. The experimental images are in good agreement with simulation and our theory 
in that the resolution is optimized along the scanning direction, which could lead to misdiagnosis. For 
example, the x-direction image does not capture the bottom of the U-shape in either the simulation or 
the experiment.  However, after combining two native images by averaging the coil sensitivity-weighted 
reconstructions, which is a linear operation with no noise gain, we can overcome the anisotropic signal 
loss for improved resolution.
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Figure 1 Experimental demonstration of resolution improvement by combining two orthogonal excitation scans. 
(a) UC phantom injected with Micromod 19nm nanoparticles. (b-c) Native images acquired on 7 T/m scanner by 
transmitting and receiving in z and x direction, respectively.  Image acquisition: 5x4x6cm FOV (along xyz directions), 
2 min scan time. (d) Receiver sensitivity-weighted composite images achieve isotropic resolution.

Discussion: In-plane isotropy is of extreme importance to clinical imaging by enabling precise and 
specific localization of disease, particularly for angiographic applications.  In this work, we present a 
method to achieve isotropic resolution for x-space MPI through combining multiple orthogonal scans. 
Moreover, we experimentally demonstrate its effectiveness on a small-animal MPI scanner for the first 
time.
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Tomographic imaging is an essential part of medical diagnostics today. In addition to clinically established 
methods, there are several new methods that increase the imaging possibilities and could improve the 
daily medical routine. Magnetic Particle Imaging (MPI) is one of these new upcoming imaging techniques 
[1]. This modality being able to acquire quantitative image information of magnetic tracer material using 
electromagnetic fields shows great characteristics considering spatial resolution, acquisition time, and 
sensitivity. Due to these properties the attention on MPI grows permanently and makes it an interesting 
imaging technique, especially for diagnosis or surgical interventions. To realize such interventions, an 
unlimited patient access from all sides of the patient table for the surgeon is mandatory. Differing from 
the conventional scanner design in MPI, a circular shaped asymmetric design introduced as single-sided 
MPI scanner has been proposed, recently [2]. All field generating and data acquiring components are 
arranged on one side of the patient. This allows designing a patient table integrated scanner solution. 
In addition to a good patient access, a large field of view (FOV) is required for such interventional 
scenarios [3,4]. Due to the fact that the recently proposed single-sided MPI scanner is based on circular 
electromagnetic coils, the width of an adapted patient table would strongly limit the patient access if the 
scannable FOV is chosen to be sufficiently large. An idea to combine a good patient access with a large 
FOV is to adapt the outer shape of the electromagnetic coils to the geometry of the patient table (see 
Figure 1). 

Figure 1: Visualization of the idea to integrate coils into a patient table.

Based on this, first experiments with elliptical coils and approximated elliptical coils were performed 
recently with promising results for magnetic field properties [5]. Consequently, a suitable asymmetric 
coil arrangement should be designed that combines the advantages of the circular shaped single-
sided device with the generation of a larger FOV. In this contribution, a design study simulating an 
approximated elliptical single-sided scanner is performed, whereas the focus is on the analysis of the 
magnetic field strength, the gradient strength, resulting trajectories, and the reconstructed images. 
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These results are compared to the circular single-sided device with comparable gradient strength in the 
FFP. An interesting point is that the aspect ratio of such an approximated elliptical coil arrangement is 
an important parameter considering the gradient strength in x, y, and z direction. It can be shown that an 
enlargement of the trajectory results in promising reconstructed images.
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Magnetic particle imaging (MPI) is a novel tracer-based imaging method allowing the detection of th
distribution of superparamagnetic iron oxide (SPIO) nanoparticles in vivo in three dimensions and in real
time [1]. Until now, often the main focus of MPI research was MPI technology oriented with many MPI
research groups evaluating their own scanner topology with substantially different approaches and 
features [2,3]. For the important development of real MPI clinical in vivo applications, and for the 
development and in vivo comparison of new MPI contrast agents, an easy-to-use and reliable MPI
scanner platform needs to be accessible for the MPI research community that fulfills the regulatory 
requirements for routine in vivo applications. In this work, the technical specifications of the first 
commercially available Preclinical In Vivo MPI Scanner will be summarized and its imaging perfor
mance will be characterized in terms spatial and temporal resolution and sensitivity limits. A workflow 
for in vivo experiments will be illustrated by an in vivo  experiment with a rat  that was performed un
der standard in vivo laboratory conditions and in which the animal was constantly monitored and kept 
alive during and after the MPI scan. The workflow for acquisition of anatomical reference MR images 
during the same session with intermodality transfer of the anesthetized animal and subsequent 
co-registration of the images is presented.

[1] B. Gleich and J. Weizenecker, Nature, vol. 435, no. 7046, pp.1214–1217, 2005. 
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We have developed an ultra-low field (ULF) magnetic resonance imaging (MRI) system utilizing a 
high-temperature superconductor (HTS) superconducting quantum interference device (SQUID) and 
a permanent magnet for application of contaminant detection in food [1]. In order to enhance the 
magnetization of protons and to compensate the shortage of signal-to-noise ratio of the HTS-SQUID 
based system, the permanent magnet of Halbach layout was employed for the stronger pre-polarizing 
field Bp. We also introduced a sample transfer apparatus, which can transfer a sample from the permanent 
magnet to the measuring position under the HTS-SQUID in about 0.5 s. In our system, the ultra-low 
measurement field Bm generated by a Helmholtz coil is oriented orthogonal to Bp. We considered that 
the magnetization M of the pre-polarized sample was still nearly parallel to Bp and perpendicular to 
Bm at the measuring position in a magnetically shielded room (MSR). However, the magnetization M 
remains in Bp direction only when the magnetic field during the transfer is reduced quickly (sudden 
passage). When the magnetic field is reduced slowly (adiabatic passage), M follows it and aligns with 
Bm under the SQUID without any precession occurring [2-3]. Therefore, after the transfer, a π/2 ac 
pulse is applied to flip M perpendicular to Bm, and then the free induction decays (FID) signal from the 
sample can be measured by the HTS-SQUID. To improve the FID signal, it is necessary to control the 
changes in magnetic field strength and direction between the permanent magnet and the measuring 
position, carefully. We measured 2D MRIs from several samples using the above system. The filtered 
back projection reconstruction was utilized to obtain the 2D MRIs. Projection number was 12, because 
the gradient field directions were rotated for 15° step by step to cover 180°. For all projections, SE 
signals were recorded without averaging. The space resolution is 1.953 Hz/pixel (corresponding to 
0.16 cm/pixel), while the field of view (FOV) is 51.2×51.2 mm in area, which correspond to 62.5 Hz 
in bandwidth, or 32×32 points in pixel. We measured the cucumber sample with a hole using the 2D 
MRI sequence. The sample is a cucumber of 33 mm in diameter and 8 mm in thickness, which was 
cut perpendicular to the longitudinal direction. An air hole in raw foods like cucumbers can be a quality 
problem. The photograph of the cucumber sample with a hole in the center is shown in Figure 1(a). The 
result of 2D MRI measurement is shown in Figure 1(b). The size of the 2D MRI of the cucumber (about 
f22 mm) is smaller than the actual sample sizes (about f33 mm) because the sample size is larger 
than the SQUID’s size (about 10 mm square). In the image shown in Figure 1(b), the image intensity at 
the hole position was clearly low. From this result, it is shown that the hole position can be localized by 
this technique. As the next challenge, we plan to utilize flux transformer or increase SQUID channel, to 
expand the SQUID’s detection area.

Fig.1. (a) Cucumber sample with a hole. (b) 2D MRI image of cucumber sample with a hole.
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We also began to investigate another system with a polarizing coil in place of the permanent magnet 
and the sample transfer apparatus. The liquid nitrogen-cooled polarizing coil utilizing the HTS wire, 
Di-BSCCO wire produced by Sumitomo Electric Industries, Ltd., produce higher Bp than 100 mT at the 
sample. The self-shielded polarizing coil would reduce the eddy currents induced in the conductive 
layers of the MSR when Bp is switched off rapidly. The fast decay time of the field Bp can be applied to 
the measurements of samples which have a shorter relaxation time T1 such as biological samples. This 
system will be applied to acquire images for small animals. The magnetic particle imaging (MPI) signal 
originates particularly from the administered tracer material which makes an unambiguous assignment 
to an anatomical region difficult. To overcome this lack of anatomical information, one can superpose the 
MPI data with anatomical images acquired with e.g. MRI. The small animal ULF-MRI will also be used to 
acquire reference images for the MPI data. In the near future, we will construct a MRI food contaminant 
detection system combining with MPI technology.

This work was supported in part by The Knowledge Hub of Aichi, The priority Research Project.
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Magnetic particle imaging (MPI) is reconstructed with signals generated from magnetic nanoparticles 
(MNPs) at the field-free point (FFP) in the field of view (FOV)[1]. However, image blurring and artifacts 
due to the interference of the magnetization response generated from outside of the FFP region appear 
when the magnetic field is insufficient to saturate the magnetization of MNPs. Therefore, we have 
proposed an original reconstruction method as one solution to solve this problem. In our method, the 
image is reconstructed with time-correlation information between the observed signal from MNPs and 
the corresponding system function at each FFP[2,3]. However, image blurring and artifacts have not 
improved enough with this method because the observed signal also indicates high correlation for the 
system function near the FFP. Last year, we proposed a new iterative image reconstruction method[4]. 
In this process (Fig1 (a)), (1) the initial reconstructed image is calculated by our previous time-correlation 
reconstruction method, (2) the differences between the waveforms estimated from each reconstructed 
image and the observed signals are calculated, (3) the error images are computed on the basis of 
the correlation with these differences and the corresponding system function at each FFP, and (4) the 
iterative image is reconstructed by adding the error image to the initial image or the previous iterative 
image. By repeating a series of such processes, the iterative image is expected to converge to the exact 
particle distribution, reducing image blurring and artifacts. We have performed some experiments (Fig1 
(b), (c), (d)) with our prototype system to confirm the validity of this method. In our experiments, we used 
a Maxwell pair coil with a 180-mm diameter (space between opposite coils: 50 mm) and a receiver coil 
with a 35-mm diameter (placed at a position 35 mm from the Maxwell coil’s center). A gradient magnetic 
field of approximately 1.65 T/m was applied in the x direction, and an alternating magnetic field of 20 mT 
was applied in the same direction. A FOV with a matrix size of 21 × 21 was set to be 30 mm × 30 mm. 
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The proposed method improved image artifacts and blurring up to about 3 times compared to the 
conventional method. However, the effect of the improvement in image quality was insufficient compared 
with the results of the past numerical analysis. As one reason for this difference, it is possible that the 
system function calculated analytically was used in the experiment. In particular, as it is clear that a 
system function differs from the theoretical value on the boundary of the FOV in our system, a more 
accurate three-dimensional system function needs to be acquired in the future. Furthermore, a proposal 
for an algorithm that improves the feedback method with the error image during iterative processing and 
an appropriate successive approximation is required.
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A prototype of a single-sided magnetic particle imaging (MPI) scanner has been presented in 2009 by 
Sattel et al. [1]. In comparison to other scanner geometries, the single-sided scanner design offers a 
perfect patient access through its open design. In this work, a set up of an improved oil cooled design 
is presented. This scanner consists of two concentrically arranged circular coils for the one dimensional 
(1D) imaging process and an additional D-shaped coil pair, which lies fl at under the circular coils, to 
realize two dimensional (2D) imaging. A direct current of about 55 A is applied to the outer coil and about 
65 A to the inner coil. They fl ow in opposite direction. The superposition of the resulting magnetic fi elds 
results in two fi eld free points (FFP), one in front of the scanner and one behind the scanner. For the 
imaging process, only the FFP in front of the scanner is used. In addition, an alternating current (AC) of 
42 A at a frequency of about 25 kHz on the inner coil is applied to move the FFP in axial direction [2]. For 
2D imaging, an AC on the D-shaped coil is necessary. At the moment, the 2D part is under construction 
and it is possible to record a 1D system matrix and 1D phantom measurements. 
This paper presents the fi rst test results with the oil cooled scanner device. First, different samples 
of Resovist® have been tested to fi nd the best sample sizes to record the system matrix and to get 
an estimation of the resulting penetration depth. As the magnetic fi eld amplitude decrease with the 
distance to the scanner, the penetration depth and resolution will be limited. A special sample holder 
for measuring the system matrix has been constructed and a system matrix has been recorded. In the 
next step, the analysis of the signal to noise ratio (SNR) provides a limit of the achievable resolution. For 
the reconstruction, only the frequency components with an SNR above 10 have been used and a 1D 
phantom has been reconstructed (Figure 1). 

Figure 1: The reconstruction result a) of a phantom b) with two sample points, the fi rst one in a distance of about 4 
mm to the scanner and the second one in a distance of about 22 mm.
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In most multi-dimensional dynamic magnetic particle imaging devices, several frequencies are used 
to move the field free point (FFP) or field free line (FFL) through the space [1, 2]. The used fields 
corresponding to these frequencies are orthogonal and superimposed by the static selection field, which 
has a different alignment in each spatial position. In spectrometer setups in contrast, only one excitation 
field and one superimposed offset field are used [3]. Due to relaxation effects and frequency mixing, 
the measurements of a 1D spectrometer setup are not directly comparable to the measurements of a 
scanning device. 
This work addresses the design and construction of a three dimensional spectrometer setup. Most 1D 
spectrometers use a solenoid send coil and a dedicated solenoid receive coil to measure the particle 
response to a well-known magnetic field sequence. This setup must now be supplemented by two 
additional orthogonal transmit and receive coils. These coils cannot be realized as solenoid coils, thus 
other approaches have to be developed. 
Starting from a current distribution, directed along the tube axis of a cylinder generate a magnetic field 
inside of its cylindrical surface. Neglecting boundary effects the field gets homogeneous, if the amplitude 
of the current distribution is sinusoidal dependent on the angle to the tube axis [4, 5]. Such a current 
distribution cannot be realized, and boundary effects will introduce inhomogeneities. By adapting the 
continuous current distribution by discrete wires, the position of the wires can be found by minimizing 
the error of the current distribution integral. Thus an optimal coil shape can be realized that generate a 
highly homogeneous perpendicular field profile to the solenoid without limiting the bore of the first coil. 
The third field direction is generated by a similar shaped coil, with slightly larger bore to fit around the 
other two coils.

To receive the particle signal, one has to design a set of receive coils that fits inside the field generation 
setup. The designed coils resemble the transmit coils in appearance, thus due to the smaller wire cross 
section, the approximation of the continuous current distribution can be more accurate. 

Figure 1 2D-coil setup design with homogeneous cage coil
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To be able to neglect all coupling effects of such a 3D setup, a cancellation unit is build, with the same 
geometry of the field generator. Thus, not only couplings of the send coils can be attenuated but also 
the receive chain and send chain can be magnetically decoupled. Therefore, the transmit filter can be 
more compact, because disturbing signals like harmonics in the send chain cannot interfere with the 
receive chain. 
With the realized setup, any field sequence in an existing or fictive scanner can be emulated. This allows 
for predicting image resolution and magnetization relaxation effects, as well as the measurement of the 
scanner’s point spread function that can be used to deconvolute an X-Space reconstructed image. 
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Magnetic particle imaging (MPI) is a novel tracer-based imaging method allowing detection of the 
distribution of superparamagnetic iron oxide (SPIO) nanoparticles in vivo in three dimensions and in real 
time [1]. However, MPI lacks of the detection of morphological information in order to unambiguously 
assign the spatial SPIO distribution to the actual organ structures. Therefore, merging the quantitative 
information of the spatial distribution of the contrast agent acquired with a MPI scanner with the 
morphological data e.g. acquired with a MRI scanner has been shown to be a promising approach. 
So far, this has been accomplished by using two independent scanners [2]. Image fusion with high 
spatial and temporal confidence necessitates a hybrid scanner in which no or at most an easy object 
transfer and no anesthesia interruption of the animal is required. First hybrid scanner approaches have 
been presented in 2013. The implementation of stable MR imaging on hybrid scanners realized by 
resistive magnet designs can be challenging due to magnet and power supply instabilities. In this work, 
we present significant improvements achieved by adaption of the current control loop parameters of 
the magnet power supply as well as stabilized cooling of the resistive magnet. Latter improvement 
is essential as a temperature fluctuation in cooling media results in fluctuation of the median magnet 
temperature causing directly B0 field drifts. This sensitive temperature effect is well known from the past 
of using resistive magnets in MRI and cannot be fully eliminated by means a justifiable effort. In this work 
we present an additional approach detecting and correcting for residual field instabilities by using newly 
implemented MRI sequences comprising MRI navigators. Here, the MRI navigator signal is analyzed in 
regard of frequency and phase information, while a real-time processor integrates this information online 
into the reference frequency of the scanner and thereby into the data flow to automatically correct for the 
actual Bo field offset. Two MRI sequences have been adapted to allow for MRI navigator signal detection. 
Here, the navigator signal is derived from the slice-gradient refocused free-induced-decay (FID) formed 
by a slice excitation pulse. The dedicated Spin Echo sequence uses the refocused excitation pulse 
FID of the actual imaging slice, whereas the dedicated Gradient Echo sequence allows to derive the Bo 
field offset information from an additional navigator slice. Combination of both, hardware stabilization 
and the usage of dedicated MR sequences, allows for stable MRI data acquisition using the Preclinical 
Hybrid MPI-MRI system without the need for any user interaction. The impact of the current control 
stabilization and the magnet coolant temperature stabilization will be presented by B0 field stability 
tests tracking the magnet coolant temperature simultaneous with FID analysis. Combination of both 
above mentioned improvements were compared to the initial state using MR phantom data. Here, image 
quality was evaluated in terms of artifacts and signal-to-noise ratios. In addition, a short review of the 
hybrid hardware scanner specification description and the state of implementation will be presented.
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For fast volumetric MPI, orthogonal drive fields are used to move the field-free-point on a 3D trajectory. 
Image reconstruction then requires the knowledge of a system function (SF) that relates signal to spatial 
position. The SF is typically determined in a calibration scan over the volume covered by the drive 
field trajectory. For increased spatial coverage, strong offset fields, called focus fields (FFs) [1, 2], are 
applied. The increase in imaging volume, however, can lead to prohibitively long calibration scan times. 
Due to the local nature of MPI encoding, it is possible to split the large volume into sub-volumes, which 
correspond to the volumes encoded during a single repetition of the drive field sequence. The SFs can 
be derived for each of these sub-volumes from a single “static” SF determined on the small volume 
covered by the drive field excitation alone [3]. This is possible, even when the FF changes continuously 
during the drive field sequence. For derivation of the corresponding “dynamic” SFs, one has to take 
into account the FF-induced translation of the field-of-view (FOV) and apply a time-domain correction 
to the static SF [3]. Since the FOV motion is influenced by dynamic eddy current effects, it cannot be 
determined by the currents applied to the FF coils alone. Eddy current effects have not been taken 
into account in previous implementations, but for high-resolution imaging, it is mandatory to know the 
exact FF evolution. To this end, a 3D field sensor is placed in the scanner bore and the FF evolution is 
measured for the FF sequence used for large-volume object scanning. From the measured FF values, 
the time-dependent FOV translation is determined via the known selection field gradient and is used 
for the time-domain derivation of the required dynamic SFs from the measured static SF. In this way, 
dynamic SFs for all FOV motion states occurring during the FF sequence are generated and the image 
can be reconstructed over the total imaging volume. It will be shown that this approach also works for 
rather complex FF trajectories, allowing rapid spatial coverage of large volumes by continuously shifting 
the FOV along a path that is designed to cover the object to be imaged. 
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In magnetic particle imaging scanners, two main types of field free space are used, namely the point and 
the line. When the field topologies are of little influence for the first of them, the line properties strongly 
depend on the field topology. In fact, all generated fields inside the scanner will influence at different 
degrees the line shape. Moreover, MPI scanners use low inductivities\high voltage coils to generate 
the drive fields and high inductivity\low voltage coils to generate the selection fields. Therefore, even 
a small coupling between the drive coils and the selection coils would results in high voltage peak on 
the selection coils, which is too constraining to be absorbed by the coils. Instead, it would be preferred 
to shield the selection coils against the high frequency fields. Doing so leads to the generation of eddy 
current in the shield, which will in returns change the topology of the drive fields. 

We designed the drive coils for a rabbit sized FFL scanner using a boundary elements formulation. 
The induced current in the shield is calculated using the same approach and compared with the 
results obtained with a commercial finite elements program using an 3D model of the coil. To validate 
both modeling, the power loss are compared with analytics formula. Finally, the spherical harmonics 
decomposition of the unshielded coil and the shielded coils are compared.

Figure 1: Comparison of the fields in the middle of the coil. Both results are in agreements.

Both methods are able to model the phenomena accordingly to the theory. But, when Comsol© require 
a mesh with a resolution of the skin depth on the shield (i.e. 0.4 mm in this case), the BEM just need 
a coarse meshing of the surfaces. The Comsol© calculation required 12 Gb of RAM and 2 hours of 
calculation per configuration, where the BEM model needed 160Mb of RAM and 286 seconds on the 
same computer.

The presented methods allowed to correct the efficiency of the coil to take into account the reduction of 
efficiency of the shielded coil and to plan accordingly the diameter of the shield.
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A promising and alternative spatial encoding scheme for Magnetic Particle Imaging (MPI) is based on a 
field-free line (FFL) [1]. This facilitates following crucial advantages in comparison to conventional field-
free point (FFP) imaging techniques. 
It is possible to increase the sensitivity by one order of magnitude, thus smaller particle concentrations 
become visible. Furthermore, due to the projective characteristics of the FFL trajectory, image 
reconstruction enhances significantly: well-known Radon-based reconstruction algorithms speed-up 
this process and no system matrix has to be measured and inverted. Nevertheless, two-dimensional 
FFL-imaging with a rotated FFL has not been realized to the present-day, since high power loss and 
complex scanner design limited practical implementation.
In this work we present the first two-dimensional FFL images with a rotated FFL and describe the setup.
Our system consists of three main parts: the field-generating array, the signal-generating path and the 
receiving path. In the center the field generating array frames the scanner environment. It is based on 
custom-built curved rectangular coils embedded in a gantry design featuring an air-cooling system [2]. 
Selection field coils combined with two permanent magnets generate and rotate the FFL and determine 
spatial encoding. Additionally, drive field coils allow shifting of the FFL to excite the particles. The 
whole setup is positioned in a shielding room. Furthermore, the second part adds the signal-generating 
component to the system. It can be split up into two units: excitation path and spatial encoding path. The 
signal for the drive field coils is filtered with a 3rd order Butterworth-Filter when it enters the shielding 
room and is impedance matched with a resonant circuit. Unipolar direct current sources provide the 
necessary currents for the selection field. Purchased low pass cabin filters avoid interfering signals in 
the shielding room. Due to the unipolar characteristic a switch system is installed behind it to ensure a 
complete FFL rotation and has to be operated manually. Furthermore, a fundamental frequency matched 
resonant circuit protects the direct current sources from any coupled signals between drive and selection 
field coils. Both paths are fully shielded with copper. The third part completes the system and the receive 
path. A fitted receive coil array is used to measure the particle signal, which is first filtered in a 4th order 
Butterworth-Filter to get rid of the fundamental frequency, and afterwards low noise amplified. We send 
the signal via a differential path to the computer for further signal processing steps. Signal generation 
and acquisition is facilitated with a self-implemented C++ script generating the raw data. Afterwards, 
the raw data is processed with MATLAB. Here, signal reconstruction is based on the x-space theory to 
visualize the reconstructed particle distribution.
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Magnetic particle imaging (MPI) is a new method of medical imaging which performs a direct measurement 
of the magnetization of magnetic nanoparticles. In this paper, we set up a 2-dimensional magnetic 
nanoparticle imaging system with high-Tc SQUID sensor.  For imaging the magnetic nanoparticle, a 
pair of magnets, ac excitation coil and dc bias coil are employed to generate a strong gradient filed, 
excitation field, and bias magnetic field respectively. A pair of pick coils designed as gradiometer is 
used for detecting the AC magnetization signal of magnetic particles and coupling to the high-TC SQUID 
magnetometer via flux coupling method. The minimum volume and concentration of magnetic fluid are 
identified. The 2-D imaging of phantom are demonstrated by using our high-Tc SQUID based magnetic 
particle imaging system.
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Targeted drug delivery is an efficient technique to deliver the drug molecules to the specific tissues 
in the human body by attaching them to magnetic nanoparticles (MNPs). Electromagnetic actuation 
systems are the most efficient for applying an adequate force to steer the MNPs in the blood vessels.
[1]  A monitoring system for the position feedback of the MNPs based on the magnet particle imaging 
concept is proposed in this paper. A 3D actuation system have been designed and simulated for the 
actuation of MNPs in [2]. The aim of the proposed system is to investigate the feasibilty of combining 
the actuation system with magnetic particle imaging (MPI) system using numerical simulations and 
optimizing hardware constraints. The MNPs can be steered by applying a magnetic field gradient 
provided by the actuation system in [2]  and monitored by applying the drive and selection fields to the 
actuation coils using a time division multiplexing scheme. Since the drug is loaded on the magnetic 
particles, the tracer particles in the MPI can be used as carriers. The challenge in this research is to 
sequence the actuation signal and the MPI signal to perform both tasks simultaneously. Additional coils 
i.e receive coils are added to our actuation system in [2] to make it compatible with the MPI system. 
The actuation signal involves a constant current to the coils to generate a magnetic gradient field. The 
MPI signal cosists of a low frequency sinusoid and a constant current signal superimposed together to 
move the FFP in the workspace. The receiver coil and the high frequency excitation coil are merged 
together in a single coil for each axis.(Fig 1) The COMSOL Multiphysics software is used for modeling 
and simulation of the system. The proposed system will provide simultaneous navigation and tracking 
for targeted drug delivery of  magnetic nanoparticles in compact and efficent ways.

Fig 1. Schematic drawing of the proposed hybrid system showing the additional coils added to our actuation system.
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Image reconstruction in Magnetic Particle Imaging (MPI) remains a challenging topic. So far, the 
developed approaches (for an overview cf. [1]) are for the most part either inefficient or lack image 
quality mostly due to the unknown particle characteristics of the used MPI tracer. The first MPI image 
reconstructions were based on a measured calibration procedure to set up a system matrix including 
the behavior of a particular tracer in a specific scanner configuration [2]. This approach results in high 
quality images but is tedious and also far too time consuming for clinical applications. Consequentially, 
the development of a model-based reconstruction was promoted either by realistic [3] or ideal [4, 5] 
field assumptions. Assuming optimal conditions concerning particle behavior and field quality it was 
proven by Rahmer et al. that the 1D MPI system matrix is similar to Chebyshev polynomials and 2D/3D 
system matrices are related to tensor products of Chebyshev polynomials [4]. Further, the comparison 
with measured system matrices shows a high resemblance and possibly can form a promising basis 
for image reconstruction. Whereas the Chebyshev approach is performed in Fourier space a second 
technique assuming ideal conditions with data processing in time domain has been developed. This 
approach, established by Goodwill et al., is often referred to as x-space reconstruction [4] and is 
convincing regarding the compactness and speed of the image reconstruction. In x-space MPI the time 
dependent received signal is directly used, compensated for the field free point velocity and gridded 
in order to map it to the corresponding spatial position in the field of view. The reconstructed image is 
called native image. Since the convolution kernel depends on the orientation of the field free point it is 
moved on a linear trajectory instead of a high frequency sinusoidal trajectory used for the other imaging 
approaches in MPI. Image reconstruction results of the native image can be improved by an optional 
deconvolution in x-space MPI but a determination of a sufficiently good convolution kernel is limited to 1D 
so far. Since the Chebyshev and x-space approach emanate from different domains as well as different 
reconstruction concepts, a link between the approaches is not obviously given. In this contribution we 
derive the mathematical formulas of both reconstruction techniques with same prerequisites, i.e. the 
field free point is moved on a sinusoidal trajectory. Regarding the performance, it can be shown that the 
x-space approach requires O(N) arithmetic operations  for the native image reconstruction compared to 
O(N log N) if an additional image deconvolution is applied. The number of operations for the Chebyshev 
reconstruction is O(N log N), i.e. it has the same computational effort as for x-space with deconvolution. 
Finally, we will show that, mathematically, x-space and Chebyshev reconstruction are identical and differ 
in the interpolation of data, only. The findings of the comparative study are a fundamental basis for the 
future development of 2D/3D models in MPI.
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In magnetic particle imaging (MPI), image artifacts and blurring in reconstructed images are caused 
by imperfections in the MPI system and certain properties of magnetic nanoparticles (MNPs) [1]. In 
order to overcome these problems, we have previously proposed a reconstruction method that utilizes 
the correlation information between the waveforms of the electromotive force generated from an MNP 
existing at a field-free point (FFP) and the electromotive force existing beyond the FFP [2]. By the use 
of this method, image artifacts were significantly reduced, and image reconstruction could be performed 
without the inverse-matrix operation used in conventional image reconstruction methods. However, this 
reconstruction method has two problems. The first is the problem of the lengthy scan time over the field 
of view (FOV), because every FFP is discretely scanned at each image matrix point. The second problem 
is image blurring in the reconstructed image that cannot be avoided in principle in this method. In order 
to solve these problems, in addition to the application of the continuous trajectory (Lissajous trajectory) 
scan method [3], we propose a new reconstruction method to improve the abovementioned correlation-
based reconstruction method. The new reconstruction method is based on iteratively correcting image 
artifacts and blurring by reducing the difference between the observed signals from MNPs and the 
calculated waveforms for the reconstructed image. In particular, the waveforms of the electromotive 
force are firstly calculated at each matrix point (FFP) from an initially reconstructed image. Secondly, 
the difference (error) between the observed signals from MNPs at each FFP and the abovementioned 
calculated waveforms is determined. Finally, the corrected image components are estimated from this 
error, and subsequently, the image artifacts and blurring are corrected. These operations are iteratively 
performed. To confirm the effectiveness of this proposed method, numerical simulations were performed. 
In the simulations, two coil pairs were used to scan the FFP. The FOV was set to 10 [mm] × 10 [mm] 
with a matrix size of 35 × 35. A gradient magnetic field of 2.5 [T/m] was applied to MNPs with a particle 
diameter of 35 [nm]. In the simulation results (Fig. 1), although image blurring occurred upon using the 
correlation-based reconstruction method with the continuous trajectory scan, it was partly corrected by 
our proposed method. Moreover, the reconstruction results obtained via various methods (conventional 
(Fig. 1 (b)), our previous (Fig. 1 (c)), and proposed methods (Fig. 1 (d)) were compared under the 
abovementioned simulation conditions. We confirmed that the proposed method was more effective in 
suppressing image artifacts and blurring than the other methods. Futhermore, we confirmed that the 
proposed method exhibited higher tolerance with respect to noise than the other methods. However, 
since the results of the proposed method did not show satisfactory convergence during the iteration, 
image blurring still appeared in the reconstructed image. Therefore, the proposed method needs to be 
improved further in terms of reducing the convergence time and enhancing the image resolution.
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Figure 1 Reconstruction results by each method.
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P22 TRAJECTORy ANALySIS uSINg PATChES FOR MAgNETIC PARTICLE 
IMAgINg 

Patryk Szwargulski, Mandy Ahlborg, Christian Kaethner, Thorsten M. Buzug
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Magnetic Particle Imaging (MPI) is an imaging technique based on the determination of magnetic 
material by moving a field free point along specified trajectories, which are used to sample the field 
of view (FOV) [1]. The coverage of large areas in MPI requires magnetic fields with high amplitudes. 
Thus, challenging research areas are the handling of safety limits, such as stimulation of the peripheral 
nervous system, or technical difficulties, as for example handling large data sets when performing image 
reconstruction. A recently published approach to address the aforementioned issues is to separate the 
FOV into small FOV patches, each covering just a part of the FOV to reduce the field amplitudes [2]. 
Such patches are sampled and reconstructed separately and combined afterwards. To reduce artifacts 
it is possible to use an overlap of the individual patches, which has to be post processed [2, 3]. Although 
different trajectories for MPI were investigated concerning image quality, so far, trajectory studies with 
FOV patches are based on the Lissajous trajectory, only. The aim of this work is to analyze the effect 
of different trajectories combined with the patch approach. In this study, the FOV is separated into four 
patches, which are separately reconstructed. The sampling time of all patches is chosen to be the 
same as for the whole FOV, i.e. the coverage with one large trajectory. In a simulation study, multiple 
trajectories, i.e. the cartesian, the cartesian improved, the radial, and the spiral trajectory, are compared 
with the Lissajous trajectory [4]. In addition, a new patch formation of the radial trajectory based on a 
phase shift between each of the patches is introduced (see Figure 1). As a result of the phase shift, the 
spikes of the radial trajectories interlock, to use the given space in an optimal way. As a follow-up, an 
empiric study is performed to analyze the influence of overlapped patches on each trajectory combined 
with two different post-processing methods. An overlap of the patches is a preventive measure to prohibit 
arising truncation artifacts. As a result, an optimal overlap for each trajectory is found and it is shown that 
for all trajectories an artifact correction is possible using overlapped patches. It can be shown that the 
Lissajous trajectory, which is mostly used for MPI, provides satisfactory results. However, the results of 
overlapped patches with a circular shaped trajectory increase the spatial resolution (see Figure 1). The 
results of the studies in this work are an important step to realize an optimal use of trajectory patches 
for MPI.
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Figure 1: Results for the Lissajous and radial trajectory using a 10% overlap for the patches and a cut-off as post
processing method. It is shown that applying the radial trajectory increases the spatial resolution compared to the
Lissajous trajectory.
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Magnetic Particle Imaging (MPI) was first published in 2005 [1]. It is based on the nonlinear response of 
ferro- and superparamagnetic materials to varying magnetic fields. For imaging a field free point (FFP) 
with a strong gradient on the order of  is moved through the sample. Signal arises only in the vicinity of 
the FFP. Simulating this imaging process is currently based on the Langevin function [2], i.e. relaxation 
effects are completely ignored. MPI applies relatively high frequencies where relaxation effects are 
no longer negligible [3]. The theory and experimental data in [4] indicate that relaxation decreases 
the signal-to-noise ratio and blurs the image in the scanning direction. It is therefore important for an 
accurate MPI signal simulation to also account for relaxation effects. 
The most general description for magnetic particle systems in time-varying fields is the Langevin 
equation which calculates the dynamic of the individual particle. The disadvantage of this approach is 
the huge numerical burden. For simulating suspensions of magnetic nanoparticles, at least  averages 
are necessary for a statistical error below .
The presented work derives an approximation for directly calculating the average of the macroscopic 
magnetization. This is similar to the Fokker-Planck equation which is solved for alternating magnetic 
fields [5], but hard to solve for the general case. The presented approximation aims at the general 
description for arbitrary magnetic vector fields necessary for simulating MPI in 3D. The approximation 
yields accurate results for offset fields that are parallel to the alternating field (1D case – fig 1, middle).
The derivation for 3D fields yields promising results except for orthogonal offset fields smaller than  of 
the alternating field, where it yields non-physical results. The approximation for 1D was about  times 
faster in comparison to  averages of the Langevin equation, for 3D it was about  times faster (using 
Matlab, Mathworks Natick, MA, USA). 

Fig. 1: Left: Simulating relaxation into equilibrium: results using the approximation and the Langevin equation (103 
averages) for a) zero-field, b) with negative offsetfield. Middle: Magnetization  and its time-derivative in an alternating 
field (periodic time ) and an offsetfield, calculated with a) Langevin function, b) approximation, c) Langevin equation. 
Right: Simulating  in offset fields with orthogonal components: a) Langevin function, b) Langevin equation, c) 
approximation. The excitation field oscillates in x-direction, the offset field is oriented diagonal in x- and y-direction.
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Magnetic particle imaging (MPI) is a new imaging modality which allows the detection of superparamagnetic 
iron oxide nanoparticles in vivo in three dimensions and in real time. Furthermore, the physical theory 
predicts a quantitative measurement.
One approach to reconstruct the particle distribution is the system function method. In this method a 
linear system of equations has to be solved. Hereby the system matrix of the linear system describes 
the mapping between the MPI image and the signals induced in the receive coils. 
Commonly the system matrix is determined by a calibration scan, where the system response of a small 
delta sample with the size of approximately one voxel is measured at the various discretization positions 
of the field-of-view (FOV). 
As the system matrix exhibits a high condition number and both the system matrix and the measurement 
signal contain noise, the Tikhonov regularization is introduced to solve the linear system of equations. 
Thereby a regularization parameter ʎ is introduced, which weights the solution in comparison to the 
residual. Decreasing ʎ improves the spatial resolution of the reconstructed particle map, however it 
increases also the signal-to-noise ratio and thus the best trade-off between resolution and noise has to 
be found. 
Furthermore, the linear system of equations is huge and thus iterative algorithms are necessary to 
solve this problem. Hereby the Kaczmarz algorithm shows good performance for the MPI reconstruction 
problem. Again, the number of iterations influences the reconstruction result. Increasing the number of 
iterations beyond a certain degree leads to overfitting of the solution to noise, but computing insufficient 
iterations does not provide the best possible reconstruction result.
In addition, the selection of the trustful frequency components has also an effect to the reconstruction 
of the particle distribution. 
In this work, the effect of the number of iterations, the regularization parameter and the selection of the 
frequency components on the reconstruction result is investigated with regard to the quantity and the 
linearity of the signal intensities.
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Magnetic Particle Imaging is a novel imaging modality which makes use of the nonlinear magnetization 
characteristics of the superparamagnetic iron-oxide nanoparticles(SPIOs)[1]. To reconstruct the image, 
the spatial or temporal distribution of SPIOs must to be quantitatively measured. According to the 
Langevintheory, the main reconstruction step is to solve the concentration of SPIOs, i.e. to solve the 
linear system of equations between the received Fourier transformed voltage signal and concentrationof 
SPIOs. Aiming for imaging with high spatial resolutionand a large field of view, the number of equations 
grows rapidly and especially the handling of the system function becomes challenging. This paper 
proposes a Jacobi algorithm for the singular value decomposition (SVD) of system function matrix. 
Different from traditional SVD approach, the improved algorithm eventually transfers the system function 
matrix to product of orthogonal matrix and diagonal matrix through a series of Jacobi rotations. In 
addition, Jacobi algorithm has adequate resolution and fast speed. Simulation results show that the 
algorithm has very good performance in magnetic particle image reconstruction.
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The availability of thorough system simulations for detailed and accurate performance prediction and 
optimization of existing and future designs for a new modality such as MPI (cf. [1]) are very important. 
Since there exists no freely available simulation framework for MPI yet, we are developing a modular 
and extensible framework. Our framework aims to simulate a complete MPI system by providing a 
description of all (drive and receive) coils, permanent magnet confi gurations, magnetic nanoparticle 
(MNP) distributions, and characteristics of the signal processing chain. In a fi rst realization, the simulation 
is performed on a user defi ned spatial and temporal discrete grid. Currently, the magnetization of the 
MNP is modelled by either the Langevin (cf. [2]) theory or as ideal particles with infi nite steepness at 
B=0 mT and ideal saturation. The magnetic fi elds are approximated in fi rst order by calculating the Biot-
Savart integral. Additionally the coupling constants between the excitation coils (e.g. drive fi eld coils) 
and the receive coils can be determined. All coils can be described by an XML description language 
based on primitive geometric shapes or by using an externally created CAD description. Permanent 
magnets are implemented by using the “Equivalent Sources Method” (cf. [3]).

Fig. 1 a) Schematic of the µMPI scanner. The drive fi eld encloses the probe and receive coils as well as the gradient 
fi eld generator. b+c) Simulated gradient fi eld map of B_x in the central plane.
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First simulations of a modelled µMPI system are shown. Thereby µMPI refers to a small one-dimensional 
system for samples of a size of a few tens of a cubic millimeter. A schematic view of the scanner is 
shown in Fig. 1a. For a scanner of this size permanent magnets are sufficient for creating a steep 
gradient field of 50 – 100 Tm-1 μ0

-1 (cf. [4]) which theoretically allows for a targeted spatial resolution of 
about  (cf. [5]). First simulations show (cf. Fig. 1b,c) that with two permanent magnets (each 10×10×10 
mm3) with a magnetic field of 540 mT at the surface a gradient of about 54 Tm-1 μ0

-1 can be achieved. 
Even higher gradient strengths can be achieved by using permanent magnets of a different shape (e.g. 
“thicker” in the direction of the magnetization). The drive field is designed to scan a field of view of about 
3 x 3 x 3 mm3 . 
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In this paper we present the progress in the development of the software for numerical modeling of 
magnetic particle imaging. The modeling software will enable to evaluate new concepts in the design 
of MPI scanner. Our group is developing a MPI scanner setup for small animals or samples. We 
already build test setup with coils for two dimensional imaging (Fig. 1b). The modeling of magnetic field 
distribution can facilitate the design of the coil setup for a scanner. Though there are available many 
commercial and open source programs for electromagnetic field modeling we are developing a custom 
solver dedicated to MPI in MATLAB environment. The numerical three dimensional solver is based on 
the finite volume method (FVM) and uses structural regular mesh for space discretization. Instead of 
differential formulation FVM involves a discretization of the integral formulation of the conservation laws 
in the physical space and offers advantages in algorithm implementation e.g. for local grid refinement. 
In the first version of our toolbox the state equation was solved using the iterative method. Additionally 
the homogeneous distribution of magnetic permeability was assumed for simplification of calculations. 
The new version of solver is based on Krylov space methods and sparse matrices. It enables three 
dimensional modeling of non-uniform permeability distribution. The advantage of Krylov space methods 
is that they enable relatively faster computation using sparse matrices compared to specialized Gauss 
elimination solvers for band diagonal matrices. Different Krylov methods, such as Conjugate Gradient 
method (CG), Biconjugate Gradient method (BiCG), Conjugate Gradient Squared method (CGS), 
Induced Dimension Reduction method (IDRS) were considered and tested. 

a)                                                                                b)

Fig. 1 a) Magnetic gradient field distribution along Z axis (Bz component). Exemplary results of magnetic field 
simulation and measurement; b) Setup of two pairs of coils. Large coils shown on both sides are selection and 
driving coils for Z axis, while between them  selection coils for Y axis are located. Receiving coil is visible inside 
a FOV of the scanner model.

The magnetic field simulations would be compared with COMSOL FEM software and measurements 
of magnetic field performed using the coil setup designed for a small MPI scanner (Fig. 1a). This setup 
consists of two pairs of Helmholtz coils for gradient and excitation field generation. Selection coils were 
able to generate gradient field with strength of about 0.4 T/m while fed with current of about 2.5 A. Using 
this setup already some experiments were conducted. 
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Detection of superparamagnetic particles was performed using 2nd and 3rd harmonics analyzes, as 
well as manual measurements of distribution of concentration of particles along one axis. New solver 
is being developed to better simulate magnetic field distribution of our experimental coils setup and 
measurements performed with it. Our new implementation would allow faster calculations and more 
accurate results. 
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A new method for characterizing magnetic particle ensembles and first measurements are presented. 
Rotational drift spectroscopy (RDS) is based on the asynchronous rotational drift of magnetic particles 
in rotating magnetic fields. The rotational drift has been measured on single particles [1]. In respect of 
large ensembles of magnetic particles, the steady state susceptibility in rotating field has been studied 
[2]. The presented method aims at measuring rotational drift behavior on magnetic particle ensembles in 
rotating fields. In order to do so, the system needs to be driven out of its steady-state distribution, e.g. by 
applying a short unipolar magnetic pulse. This aligns the magnetic moments of all particles and results 
in a transient rotating macroscopic magnetization. It decays due to disturbances like rotational diffusion, 
very similar to the magnetization decay in magnetorelaxometry [3]. It also decays due to differences 
in rotational drift rates for different particles. The later effect can be reversed by changing the rotating 
direction of the rotating field.
In the experiment two orthogonal coil pairs (fig. 1 left) where driven with two different frequencies f1=57.6 
kHz and f2=50.2 kHz.. The resulting rotating magnetic field periodically changes its rotating direction 
with a frequency of (f1-f2)/2=3.7 kHz, resulting in a train of signal echoes with the same frequency. The 
rotating field started ~3 ms after a magnetic pulse. The induction of the rotating field was separated 
from the signal by using a 5th-order Chebychev low-pass filter. The initial magnetic pulse would cause 
oscillations in the low-pass that are much higher than the typical signal. It was suppressed from the 
receiver chain by using an electro-mechanical switch. 
Measurements were performed on different materials. Shown in fig. 1 are: a) iron swarfs in water (size: 
~100 µm), b) silica particles with maghemite, diameter: ~500 nm (SiMAG-Silanol, chemicell, Berlin, 
Germany), c) plain iron oxid nanoparticles, diameter: ~200 nm (iron oxide 200 nm, micromod, Rostock, 
Germany), e) dextran coated magnetite particles, diameter: ~250 nm (PMC-250, Kisker, Steinfurt, 
Germany). All shown particles were highly aggregated and show different signals caused by their 
structure, hysteresis, shape, core-size, etc.

Fig. 1: Left: Coil system for generating the rotating field. Pulse- and receiver coil are inside. Sample 
diameter: 5mm. Right: a) Pulse suppression ends at t1 (Pulse starts 500µs before t1, FHWM: 20µs, 
Peak value: 200mT). Rotating field starts at t2. Strength of rotating field: a) 750µT, b) – e) 15mT. Dash-
dotted line in a) and dashed line e): only a linearly alternating magnetic field was applied.
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A new method for characterizing magnetic particle ensembles and fi rst measurements are presented. 
Rotational drift spectroscopy (RDS) is based on the asynchronous rotational drift of magnetic particles 
in rotating magnetic fi elds. The rotational drift has been measured on single particles [1]. In respect of 
large ensembles of magnetic particles, the steady state susceptibility in rotating fi eld has been studied 
[2]. The presented method aims at measuring rotational drift behavior on magnetic particle ensembles in 
rotating fi elds. In order to do so, the system needs to be driven out of its steady-state distribution, e.g. by 
applying a short unipolar magnetic pulse. This aligns the magnetic moments of all particles and results 
in a transient rotating macroscopic magnetization. It decays due to disturbances like rotational diffusion, 
very similar to the magnetization decay in magnetorelaxometry [3]. It also decays due to differences in 
rotational drift rates for different particles which can be reversed by changing the rotating direction of 
the rotating fi eld.
The presented simulation study and analysis aims at evaluating the possibilities of RDS. The study is 
currently limited to systems consisting of non-interacting spherical magnetic particles. Fig. 1 (a) illustrates 
the strong fi eld dependency of the rotational drift frequency. Fig. 1 (b) and (c) shows the generation 
of a signal echo. Preliminary experiments that demonstrate signal echoes have been performed 
(measuring the envelope of the signal echo without being able to resolve the rotational drift frequency 
directly). The behavior of such systems is very promising for enabling bio-sensing applications similar 
to magnetorelaxometry [3], yet possibly with higher sensitivity, a much shorter measurement time scale 
and the possibility of accessing additional particle properties like particle shape, inter-particle coupling 
and the ratio between magnetic moment and rotational friction.

Fig. 1 (a): Rotational drift magnetization decay for different rotating magnetic fi eld strengths B. Bc  refers to the 
critical fi eld strengths. The time is given in terms of the periodic time T0 of the rotating fi eld. (b): Simulating the 
magnetization of a single particle in an exemplary rotating magnetic fi eld sequence suitable for RDS. Shown is the 
magnetization in x- (blue), y- (green) and z- direction. The rotating plane is the x- and y-plane. The initial pulse is 
applied between τ	= 80T0…120T0. (c): Simulation of a particle system with 105non-interacting magnetic particles 
with Gaussian distributed B/Bc=0.5 ±0.05. The rotating direction is inverted at t= 200 T0 which shows no effect in 
(b), but yields a signal echo in (c). Frequency components of the external fi eld are fi ltered in (c). 
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P30 MAgNETIC PARTICLE SPECTROSCOPy TO DETERMINE ThE  
MAgNETIC DRug TARgETINg EFFICIENCy OF DIFFERENT MAgNETIC 

NANOPARTICLES IN A FLOW PhANTOM

Patricia Radon1, Maik Liebl1, Nadine Pömpner2, Marcus Stapf2, Frank Wiekhorst1, Kurt Gitter3,  
Ingrid Hilger2, Stefan Odenbach3, Lutz Trahms1

1Physikalisch-Technische Bundesanstalt, Berlin, Germany 

2Institute of Diagnostic and Interventional Radiology I, Universitätsklinikum Jena, Germany 
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Biomedical applications of magnetic nanoparticles (MNP) as contrast agents, drug carriers or heat 
production in the blood flow of organisms or humans are presently intensively investigated. To select 
suitable MNP for a preclinical combined magnetic drug targeting/hyperthermia study in a tumor mouse 
model we built up a simple flow phantom. Magnetic Particle Spectroscopy (MPS) serves as a sensitive 
detection technique to quantify the accumulated MNP amount in a sample after magnetic targeting (MT). 
In pilot experiments we demonstrate the performance of our setup to quantify the retention of MNP by 
magnetic targeting under controlled physiological blood flow and MNP concentration conditions. 
The MT flow phantom consisted of a peristaltic pump with fixed inlet and outlet tubes, a small cubic 
neodymium magnet, a reservoir for MNP suspension input and a removable retention tube of 1 mm inner 
diameter. We used hydroxyethyl starch coated MNP of 50 nm, 200 nm and 300 nm mean hydrodynamic 
diameter (chemicell, Berlin) diluted in 0.1% bovine serum albumin to an clinically tolerable iron 
concentration (7.5 mmol/l). In addition, we performed MT also in EDTA stabilized human blood using the 
200 nm MNP. The suspension was pumped with a flow rate of 350 µl/ min through the flow system and 
the targeting magnet had a fixed distance to the retention tube. After defined time intervals (tMT = 1, 5, 10, 
30, 100, 1000 min), 10 µl aliquots from the retention tube and the reservoir were taken to determine the 
iron concentration by means of MPS. MPS employs the nonlinear magnetic response of MNP exposed 
to a strong oscillating magnetic field (up to 25 mT at 25 kHz), while biological tissue and paramagnetic 
blood iron do not contribute.

Fig 1: MNP retention as a function of MT-time for MNP of three different hydrodynamic diameters. The 
input concentration (7.5 mmol/l) was the same for all MNP.
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As expected the MT yield is crucially determined by the hydrodynamic diameter dhydr (Fig 1). For dhydr = 
50 nm MNP we found nearly no retention (<1% even after 1000 min), while for dhydr = 330 nm MNP after 
30 min about 70% of the MNP were accumulated and the retention process showed already a saturation 
behavior for longer times tMT. For dhydr = 200 nm the retention is only about 25% at 30 min and reaches 
about 65% at 1000 min. For dhydr = 200 nm in blood, the retention is further reduced to about 10%, 
probably due to the higher viscosity. Changes in the shape of the MPS spectrum indicate a moderate 
increase of larger MNP in the retention tube during MT. These alterations in the size distribution were 
confirmed by magnetorelaxometry measurements of the same samples. 
We demonstrate with our setup the quantitative assessment of magnetic targeting efficiency of MNP 
at biologically tolerable (clinical) concentrations. Using different tube diameters or flow rates and tube 
materials together with variations of the flow rate and magnetic field gradients this allows for controlled 
investigations of physical and physiological properties during MT. In a next step we will incorporate a 
dedicated targeting magnet with defined gradients developed for mice tumor studies.
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P31 FRAMEWORK TO ChARACTERIZE MPI TRACERS IN TERMS OF 
AChIEVABLE RESOLuTION, FOV AND SPECTRAL  

DETECTION LIMIT

Florian Palmetshofer, Daniel Schmidt, Uwe Steinhoff

 Physikalisch-Technische Bundesanstalt, Berlin, Germany 

The goal of this work is to develop a framework for characterizing MPI tracer material with respect to 
detection limit, spatial resolution and field of view (FOV) at given drive field amplitudes. The detection 
limit of an MPI tracer material in an MPI scanner is the minimum magnetic nanoparticle (MNP) amount 
generating a signal above the harmonic noise level. It is important to know the detection limit separately 
for each higher harmonic, since the number of harmonics relates to the spatial resolution in image 
reconstruction. 
If the iron amount per voxel is higher than the detection limit for a specific harmonic, this harmonic 
can be detected from that voxel. The voxel length Dx in one direction of the reconstructed tracer 
distribution depends on the field of view 2H/G and on the maximum number k of investigated harmonics 
by approximately Dx ~ H/G·1/k. Here H is the drive field amplitude and G is the gradient strength. This 
dependence is shown for the third harmonic in Fig. 1.

Fig. 1. Dependence between the imageable voxel length Dx and the field of view FOV for the 3rd Harmonic A3. ω1 
is the frequency of the 1st Harmonic A1 .The abscissa runs from -π/12 to π-π/12 (for demonstration purposes shifted 
from zero), which equals a total range of Dω1t=π. To separate two neighbouring amounts of nanoparticles their 
corresponding voxels have to be distinguishable by a change of the signal. For the 3rd Harmonic this is possible 
using 6 voxels within the FOV meaning 3 voxels with signals at an extreme point (white squares) and 3 voxels with 
signals around zero (black squares).

Thus, taking voxel lengths, tracer concentration and MPI scanner noise level into account, the maximal 
number of detectable harmonics or the maximal FOV can be evaluated. 
In order to demonstrate this framework experimentally at different drive field amplitudes, a serial dilution 
of Feraspin R® (nanoPET Pharma GmbH) was investigated by magnetic particle spectroscopy (MPS) 
using a commercial MPS spectrometer (Bruker Biospin). 
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The noise level of the spectrometer was defined as the standard deviation of the signal of an empty sample 
holder. The minimum detectable concentration of Feraspin R® was evaluated for the measurement 
volume of the MPS (30μl) and from there extrapolated to cubic MPI voxel volumes of 0.216μl (=0.6 x 0.6 
x 0.6 mm³), 1.728 μl (=1.2 x 1.2 x 1.2 mm³) and 8 μl (=2 x 2 x 2 mm³). 
For a concentration of 100 μmol/L the maximum number of detectable higher harmonics in MPS is 
limited to 19 and 29 for 5mT/μ0 and 10mT/μ0 drive field amplitude, respectively. Extrapolating to MPI 
voxel volume, the maximum number of detectable higher harmonics for field amplitudes of 5, 10, 18 and 
25 mT/μ0 was found to be 3, 7, 9, 11 for a voxel volume of 0.216 μl, 11, 15, 27 and 35 for 1.728 μl and 
15, 27, 41 and 55 for 8 μl, respectively. Applying the above mentioned formula, the possible FOV can 
be calculated from these results. Thus, it was shown that the principle helps to determine the maximum 
FOV for given tracer concentrations and voxel volume. Similarly the minimal voxel volume for a given 
FOV can be determined. This might be used as an application-oriented way of describing MPI tracers 
with respect to the noise level of a scanner device. 

Acknowledgements: This work was supported by the German Federal Ministry of Economics 
and Technology grant No. KF2303711UW2. We thank nanoPET Pharma GmbH for providing  
Feraspin R®.
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MAgNETORELAXOMETRy IMAgINg OF MAgNETIC NANOPARTICLES
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The distribution of magnetic nanoparticles can be quantitatively determined from multichannel 
magnetorelaxometry measurements by minimum norm estimation techniques [1]. It could be shown 
that the sequential activation of inhomogeneous excitation fields considerably enhances the imaging 
quality compared to homogeneous activation of the particles [2, 3]. In first studies, single coils were 
consecutively activated. We aim at further advancing this imaging technology by finding suitable activation 
patterns involving multiple excitation coils. In this paper, two approaches for finding optimal coil currents 
are presented. Figures-of-merit for this optimization are the spatial sensitivity and the condition of the 
underlying inverse problem that estimates the particle distribution from the relaxation measurements.
The first approach estimates currents that consecutively seek homogeneous spatial sensitivity. The 
sensitivity of a voxel in the source space describes its impact on the sensor system. It is influenced 
by the positions of voxels and sensors and by the excitation field in the respective voxel. Whereas the 
first is fixed within the given setup, the latter can be controlled by the currents in the excitation coils. By 
solving an inverse problem, currents are iteratively estimated to converge to a homogeneous sensitivity 
in the complete source space or in single planes thereof, respectively. Thus, it is ensured that all voxels 
contribute equally to the imaging. In the second approach, a particle swarm optimization (PSO) algorithm 
determines current parameters that minimize the condition number of the inverse problem The condition 
indicates the stability of the inverse solution regarding noise which considerably influences the imaging 
quality. In PSO, several sets of parameters (particles) are iteratively moved through the search space 
by updating them based on their own and the globally best value of a target function. In our application, 
one parameter set contains the parameters describing the currents for all coils and time samples and a 
minimum condition number value is searched.
Both approaches are investigated in simulation studies involving surrogate sensor and coil setups. Two-
dimensional and three-dimensional particle distributions could be reconstructed. Seeking homogeneous 
sensitivity in the complete source space, the best imaging quality is achieved after activation with 5 
excitation patterns and does not visibly improve thereafter. However, a fully homogeneous sensitivity is 
not achieved for the given setup. The given sensitivity is better approached in the plane-wise paradigm 
and better imaging results are obtained with the same number of excitation patterns than in the full 3D 
paradigm. For the second approach, starting from random initializations of the current parameters, our 
PSO algorithm considerably reduces the condition number and improves the imaging quality. Depending 
on the number of excitation patterns, appropriate parameters are obtained within a maximum of 80 
iterations. Further iterations yield only marginal improvement.
Our results demonstrate the principal applicability of both approaches. The obtained activation patterns 
allow for a better imaging quality using a lower number of activation sequences compared to the 
conventional single coil activation. For the given setups, plane-wise sensitivity optimization yields the 
best imaging results among the presented approaches.
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To image magnetic nanoparticles (MNPs) on animal bodies, physicians often use magnetic resonance 
imaging (MRI) to determine the superparamagetic characteristics of MNPs during preoperative analysis. 
However, MRI is unsuitable for other biomedical applications, such as the curative surgical resection 
of tumors or pharmacokinetic studies of MNPs, because of the requirement of nonmetal environments 
and high financial cost of frequent examination, respectively. Thus, researchers have proposed other 
nonmagnetic imaging technologies, such as fluorescence, using multimodal MNPs with nonmagnetic 
indicators. The development of a magnetic instrument based on the other magnetic characteristics 
of MNPs avoids the disadvantages of multimodal MNPs, including the biosafety risk. Based on the 
alternating current (AC) susceptibility of MNPs, previous research has demonstrated the magnetic 
examination of scanning superconducting-quantum-interference-device (SQUID) biosusceptometry 
(SSB). This study, using a low-noise charge-coupled-device (CCD) type of a video camera, reports the 
integration of SSB and CCD to immediately image the magnetic signals on animal bodies or organic 
tissue. This real-time imaging by SSB increases the usefulness of MNPs for more clinical applications, 
including the imaging-guided curative surgical resection of tumors.
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Magnetic particle imaging (MPI) is a new imaging technique which performs a direct measurement of 
the magnetization of magnetic nanoparticles. In this paper, we presented our 2-dimensional magnetic 
nanoparticle imaging system for detecting the second and third harmonic signal from magnetic 
nanoparticles. For second harmonic signal detection, the signal is generated from the magnetic 
nanoparticles under a bias magnetic field. For third harmonic signal detection, the signal is generated 
from the magnetic nanoparticles at field-free point. In our system we measure the second and third 
harmonic signal from the magnetization of magnetic nanoparticle at the same time and compare the 
imaging result from second and third harmonic signal. The imaging resolution included the concentration 
and the spatial resolution of MNPs is demonstrated by using our magnetic particle imaging system.
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P35 DC AND AC MAgNETIC SuSCEPTOMETRy OF SuPERPARAMAgNETIC 
FLuIDS AND FLIMS By OPTICAL POLARIMETRy

Philipp Aebischer, Victor Lebedev, Antoine Weis

Department of Physics, University of Fribourg, Switzerland

We present a simple optical experiment for static (DC) and AC magnetic susceptibility measurements of 
superparamagnetic fluids and films. We demonstrate the technique by measuring the B(H) dependence 
in static fields, from which we deduce the harmonic response of the samples to AC field excitation. The 
predicted AC response is confirmed by AC susceptibility measurements using the same apparatus. 
The application of an external magnetic field orients the magnetization vector of superparamagnetic 
iron oxide nanoparticles (SPIONs) along the field [1]. In granular solids this orientation is defined by 
Néel relaxation, while in colloidal suspensions both Néel and Brownian (rotational diffusion) relaxation 
contribute [2]. The B(H) dependence of these superparamagnetic materials is described by a Langevin 
function, and the sample magnetization induces an optical anisotropy that can be detected by optical 
polarimetry [3] both in DC and AC measurements. 

In our experiments we use the Faraday rotation of linearly polarized light to measure of the samples’ 
magnetization. A scheme of the deployed apparatus is shown in Fig. 1a. A 780 nm diode laser beam 
traverses the sample exposed to either a static magnetic field H or a field of amplitude HRMS oscillating 
at frequency nmod produced by a solenoid. The Faraday rotation angle θ ∝ B is measured by balanced 
photodetectors following a polarizing beam splitter (PBS) oriented at 45° with respect to the incident 
polarization. The differential signal is demodulated by a lock-in amplifier referenced to the chopper 
frequency nmod for DC measurements or to odd harmonics (2n+1)nmod of the field modulation for AC 
measurements.

Figure 1b shows the experimentally recorded magnetization curve of an aqueous solution of 10 nm 
diameter magnetite particles (Ferrotec EMG 707), together with a Langevin function fit. The results of 
the harmonic response measurements are shown in Fig. 1c, together with the dependence predicted 
from the magnetization curve of Fig. 1b, similar to the treatment presented in Ref. [4]. We have further 
investigated the (modulation) frequency dependence of the linear susceptibility of liquid and dry samples. 
Results for the EMG 707 sample are shown in Fig. 1d, where the solid lines represent Lorentzian fits 
based on a model particle size distribution.

Results of measurements on other liquid and solid samples shall be presented at the conference.

We acknowledge financial support by Grant 200021_149542 of the Swiss National Science Foundation.
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Figure 1: Optical measurements of AC/DC susceptibilities of a Ferrotec EMG 707 sample, diluted 1:500 in water: 
a: Optical polarimeter; b: Magnetization curve with Langevin function fit; c: Excitation amplitude dependence of 
harmonic response under AC (nmod = 450 Hz) excitation; d: Frequency dependence of linear susceptibility, together 
with size distribution weighted Lorentzian fits.
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The spatially resolved quantitative detection of magnetic nano-tracers is a rapidly evolving fi eld of 
research in material science and biomedical applications as well as in fundamental studies of magnetic 
material properties [1]. MPI (magnetic particle imaging) is one of the most powerful imaging techniques 
[2] for superparamagnetic nanoparticles (SPIONs). Its spatial encoding relies on the SPIONs’ fi eld 
dependent anharmonic response that is detected by magnetic pick-up. 

Our imaging approach (Fig. 1a) deploys centimeter-sized magnetic fi eld sensor based on atomic 
magnetometers [3] to image a two-dimensional projection of the fi eld pattern produced by magnetized 
SPIONs, from which the fi eld source distribution can, in principle, be reconstructed. The heart of 
the sensor is a cubic glass cell containing Cs vapor and a buffer gas, in which a thin sheet of light 
prepares an ensemble of quasi-immobilized spin-polarized atoms that act as fi eld sensors. The 
atomic magnetization, stabilized by weak (<1mT) magnetic fi eld is resonantly destroyed by magnetic 
resonance. The degree of magnetization is monitored via the resonance fl uorescence emitted by the 
vapor (low intensity for large magnetization, and vice-versa). The magnetic fi eld from the SPIONs shifts 
the magnetic resonance frequency, thereby altering the fl uorescence yield. Field images are obtained 
by recording the fl uorescence emitted by the cell with a CCD camera. 

Figure 1: (a) Top view of the experimental set-up up for imaging MRX of SPIONs; (b,c) sample fi eld maps at 
different sensor planes; (d,e) time evolution of the maximal fi eld in (b,c), dots: experimental values,  solid lines: fi ts 
of the form A ln(1 + τ	/ t).

Here we demonstrate the method described above by recording the fi eld distribution from a 2 mm high, 
8 mm diameter matrix doped with 20 nm magnetite nanoparticle in a 15×15 mm2 plane at different 
distances from the sample. 
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The sample is magnetized in a 1 mT field for 20 seconds, after which we record 36 frames of the CCD camera, 
each exposed for 1 s. In an offline analysis the intensity of the last frame (reference image) is subtracted from all 
previous frames. Figures 1b,c show the first CCD frames, recorded 0.5 s after the end of the magnetization pulse.  
We have also performed a dynamic analysis of the data by extracting the peak magnetic field 
value in the time-dependent maps, yielding the results shown in Figs. 1d,e that exhibit the 
Néel relaxation of the sample’s magnetization. We note that these early experimental results 
do not yet allow us a full quantitative interpretation. Work towards this goal is underway. 
By moving the illumination light sheet the method allows to access the third dimension of the field 
pattern, thereby easing source reconstruction. This method of spatially resolved magnetometry 
developed here is a relatively simple way to access full 3D field patterns. Based on the diffusion length 
of the sensor atoms in the buffer gas we estimate a sub-mm spatial resolution in the imaging plane.  
The accuracy of the method is limited by the design the of the magnetization coil. Sensitivity of the 
measurement is limited by the light detection sensitivity of the camera employed, and light source and 
magnetic environment stability. We see no major limitations for upscaling the sensor size to several cm, 
thus allowing the study of tissue samples and small organs/organisms.

 We acknowledge financial support by Grant 200021_149542 of the Swiss National Science Foundation.
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Magnetic Particle Imaging (MPI) is a promising novel medical imaging technique allowing the background-
free localization of magnetic nanoparticles (MNP) with high temporal and spatial resolution [1]. The 
properties of magnetic nanoparticles used as MPI tracer materials are of fundamental importance for 
resulting image quality [2]. At the moment the clinically approved MRI contrast agent Resovist® is the 
mostly used MNP sample for MPI. Measurements revealed that a minority of aggregates (consisting of 
primary crystallites) within the fluid is responsible for Resovist®’s preferential performance. Quite likely, 
this configuration is of crucial significance for MNP serving as MPI tracers. The present article reports on 
preparation and characterization of aqueous ferrofluids containing specially designed MNP to be used 
as tracers for MPI. 
Following the example of Resovist®, clusters of small primary particles (so called magnetic multicore 
particles) were prepared. For this, a hydrosol of clustered positively charged magnetite nanoparticles 
without any organic components was fractionated by ultracentrifugation. The soft agglomerated 
MNP in the supernatant were used as an intermediate to subsequently prepare carboxymethylated 
dextran coated negatively charged clusters. Magnetic measurements (susceptometry, vibrating sample 
magnetometry, magnetic particle spectroscopy), transmission electron microscopy (TEM), dynamic 
light scattering (DLS), and X-ray diffraction (XRD) were used to characterize the obtained MNP 
regarding size, structure, and magnetic properties. Saturation magnetization Ms and size distribution 
of effective magnetic domain diameters (i.e. effective magnetic core size) were estimated from M(H) 
data, according to [3]. The measurements were performed with a commercial susceptometer (MPMS, 
Quantum Design). Additionally, the core size distribution (in terms of crystallite sizes) was obtained by 
analyzing the shape of the XRD intensity distribution by using an X-ray diffractometer (X’Pert Pro MPD). 
Furthermore, the hydrodynamic diameter of the MNP was measured by DLS using the Zetasizer 3000 
(Malvern Instruments, UK). For all size distributions, spherical particles with diameters d obeying a log-
nomal function f(d) were assumed. Based on these considerations, the diameter of the mean volume 
dV and the dispersion parameter σ were estimated. To evaluate the performance of the MNP as MPI 
tracer materials a magnetic particle spectrometer (MPS-3, Bruker) was used. In this study, all MPS 
measurements were performed at 25 mT magnetic field amplitude and an excitation frequency of 25 
kHz. 
The core sizes distribution parameters for the MNP hydrosol and the coated MNP estimated by XRD 
are dV = 8.5 nm and 8.5 nm as well as σ = 0.36 and 0.37, respectively. Furthermore, the magnetic 
size distributions derived from M(H) data (dV = 6.4 nm and 6.4 nm as well as σ = 0.537 and 0.531, 
respectively) are similar to those of the core size distributions from XRD.  DLS of the samples results 
in hydrodynamic diameter of dV = 97 nm for the MNP hydrosol and dV = 109 nm for the coated MNP. 
Discrepancy of magnetic core size (M(H), XRD) and hydrodynamic diameter (DLS) confirms multicore 
structure. The prepared clusters show a size of nearly twice the diameter of aggregates found in 
Resovist® (dV = 45 nm [4]). In contrast to Resovist®, neither for the core sizes nor for the magnetic 
sizes a bimodal distribution was found. The saturation magnetization Ms of the MNP hydrosol and the 
coated MNP, being 441 kA/m and 417 kA/m, respectively, were about 20% higher than for Resovist®.
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MPS signals of the investigated samples (normalized to their 3rd harmonic amplitude) are shown in Fig. 
1. Investigated samples exhibit a MPS spectrum with similar initial slope as Resovist® but a steeper 
decay for higher harmonics. The absolute signal amplitudes, normalized to the respective iron content, 
were about 20% less than for Resovist® for the third harmonic and even less for higher harmonics. 
Compared to Feraheme® (a clinically approved formulation of small single core MNP) the here prepared 
clusters show higher MPS signal amplitudes until the 23rd harmonic and one order of magnitude higher 
when normalized to iron content. 

Figure 1: MPS measurement (25 mT, 25 kHz, results normalized to 3rd harmonic amplitude) of coated MNP 
(grey circles), MNP hydrosol (open circles) and the commercially available systems Resovist® (filled stars) and 
Feraheme® (open stars). For comparison, data for more compact multicore MNP (squares) of a previous study 
(prepared following a different route [5]) are shown.

As the measurement results show, clusters of small primary particles were prepared. Both, core 
size distribution and magnetic properties were not significantly influenced by the coating procedure. 
Compared to Resovist®, no second fraction of not clustered single cores could be identified from XRD 
and M(H) data. The MPS signals of the coated MNP and the MNP hydrosols were similar and in the 
order of Resovist® but exhibiting a steeper decay for higher harmonics. Probably, this problem can be 
solved by optimization of the packing density of the clusters - influencing exchange and dipole-dipole 
interactions between single cores by this way.
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Multifunctional ferrofluids (FF) have great potential for being simultaneously used in diagnostics and 
therapy, also known as theranostics. As a typical example one can combine an imaging technique (MPI 
or MRI) for detection of cancer cells with therapy methods like drug targeting. For both applications 
the local particle and drug concentration at the target cells should be as high as possible to obtain 
a significant MPI/MRI signal and a high therapeutic effect. In our study two different strategies were 
applied to improve the local particle concentration in tissue: (A) Exploiting the long half life time of 
ultra small superparamagnetic iron oxide (USPIO) particles in the blood circulation (up to 10h), which 
enables a long contact time of the particles towards the target cells and (B) Creating an antigen-antibody 
interaction to the target cells by modifying the USPIO particle’s surface with specific antibodies. USPIO 
carboxymethylated dextran (CMD) magnetite particle FF were prepared in an one step process by 
aqueous co-precipitation in the presence of CMD excess and further dialysis and filtering processes. 
Additionally, a combined centrifugation-dialysis process was used for FF purification and enrichment of 
the particle concentration up to 10 mgFe/ml. The as prepared aggregation stable USPIO-FFs were coated 
first with streptavidin followed by biotinylated specific anti-bodies to establish an antigen-antibody fixing. 
The hydrodynamic size, polydispersity index, and zeta-potential of the USPIO-CMD-FF were measured 
by dynamic light scattering (DLS). The core size was determined by transmission electron microscopy 
(TEM), vibrating sample magnetometry (VSM) magnetization curves, and X-ray diffraction (XRD). The 
amount of coupled and active streptavidin was determined by quantitative analysis of fluorescein-biotin 
coupling to the FF particles. MPI performance was tested by MPS measurements at 25 mT and 25 kHz and 
MRI relaxation times were determined at 1.5 T for different USPIO concentrations. A superparamagnetic 
behavior of the particles was confirmed by negligible coercivity and a relative remanence of 0.02. The 
hydrodynamic diameter from DLS is on the order of 20 to 30 nm. Core size was determined to be 5 to 
7 nm. The particles are suitable as MPI tracers as well as contrast agents for MRI. In the presentation 
the imaging performance of these USPIO-FF as well as antibody coupling will be discussed in more 
detail. Here prepared multifunctional, in vivo applicable USPIO-CMD-FFs modified with antibodies are 
potential candidates for application in theranostics by combining imaging with drug targeting. 
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Biomineralization is the process whereby minerals are formed by living organisms to form features such 
as teeth and bones, spicules and nacre produced by humans, sponges and some mollusks, respectively. 
The purpose of the biomineral is dependent on the organism but is known to serve a protective or 
structural function. Biominerals exhibit extraordinary material properties such as the combination of 
extreme mechanical robustness and extreme lightweight as in the case of nacre. Another amazing 
example are so-called magnetosomes, membrane-enclosed iron oxide nanoparticles biomineralized by 
magnetotactic bacteria as magnetic sensor for magnetotaxis, which is the orientation along the earth’s 
magnetic field.[1] Such magnetosomes are characterized by distinctive monodispersity in size and shape 
and consist of a monocrystalline magnetite phase- all features, which are intensively pursued but only 
partially achieved by the synthesis of iron oxide nanoparticles in the lab.
Magnetic Particle Imaging (MPI) is a new and promising imaging technology that requires the use of a 
magnetic tracer material. Although significant efforts have been undertaken to synthesize suitable MPI 
tracers and to understand their structure-efficacy relation, no ideal tracer exists to date. Different theories 
and approaches exist, involving iron oxide nanoparticles comprising, on the one hand, cores of crystal 
clusters[2] and, on the other hand, monocrystalline cores of large size[3]. Due to their significant crystal 
size (mature particles can grow up to 120 nm), high crystallinity and monodispersity, magnetosomes are 
promising candidates as novel MPI tracers.
Here, we present the investigation of magnetosomes isolated from the bacterium Magnetospirillum 
gryphiswaldense in relation to their MPI performance and in comparison to the current gold-standard, 
Resovist®. The wild-type as well as mutants of the magnetosomes with different particle sizes are 
investigated, which offer the possibility of size-dependent studies. In addition, we characterize the 
magnetic properties (MRX, M(H)) and the morphology of the particles by means of TEM, SAED and 
DLS.
We show that the MPS signal generated by the magnetosomes is highly improved compared 
to Resovist, although the magnetosomes are not perfectly monodisperse and uniform in shape.  
Furthermore, we observe a size-dependence of the MPS signal with the highest signal for the 
largest particles. Static magnetization curves show a significant higher susceptibility of the 
magnetosomes compared to Resovist, which allows first indications for the improved MPI performance.  
Although technical applications of magnetosomes have been hampered due to their technically 
challenging bioproduction, our contribution proves their potential as tracers and may stimulate new 
research efforts to synthesize such particles in the lab by biological and biomimetic synthetic routes.[4]
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Fig. 1: a) TEM image of the magnetosomes and b) MPS spectrum measured at 25 mT/µ0 and 25.25 kHz
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In recent years the material platform base on biocompatible magnetic nanoparticles has attracted increasing 
attention while addressing magnetic hyperthermia, magnetic particle imaging, and nanothermometry [1-
4]. In these regards engineering of magnetic nanoparticles is of great significance to the new technologies 
performance. This study aims to evaluate the impact of the magnetic particle size distribution upon 
the accuracy of the temperature estimation while using AC magnetic fields to assess the information. 
Here, we focused on the standard deviation of the magnetic particle size distribution (δ) dependence 
of temperature estimation accuracy. According to the standard description of superparamagnetism 
using the first-order Langevin’s function, the frequency spectrum of the magnetization is sensitive to the 
temperature [5]. Therefore, the harmonic amplitude of AC magnetization allows temperature estimation. 
In the present study, the temperature estimation is obtained by recording the harmonic amplitudes of 
the AC magnetization at different temperatures. Fig. 1 shows the temperature estimation errors for 
different standard deviation (δ) values. In the range of our investigation the maximum error we found 
for temperature estimation was about 1.08 K, with a temperature standard deviation of 0.8 K, when δ is 
0.3 (log-normal distribution profile). In contrast, when we set δ equals to 0.2 nm we found the error for 
temperature estimation of about 0.14 K, with a standard deviation of 0.09 K. Our findings indicate that 
the temperature estimation error increases monotonically with δ. As δ decreases from 0.3 to 0.2, the 
temperature estimation accuracy increases nearly by a factor of 8. In conclusion, magnetic nanoparticle 
temperature estimation with higher accuracy is achieved by reducing the nanoparticle polydispersity.

Fig. 1. Temperature probing error for different standard deviations of particle size distribution. ET1-ET5 represent 
the temperature errors for standard deviations of 0.200, 0.225, 0.250, 0.275 and 0.300 for average particle 
diameter of 2.4 nm. TT represents theoretical temperature. The inset shows the standard deviation of temperature 
estimated errors. The amplitude of AC applied field and the SNR of AC magnetization were set at 20 Oe and 100 
dB, respectively.
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Magnetic nanoparticle temperature estimation by AC magnetization spectrum is a novel, precise and 
non-invasive temperature measurement approach [1, 2]. AC applied magnetic field is one of important 
impact factors that leading to temperature error [3, 4]. In this report, the model for the minimum 
temperature estimation error in different AC applied magnetic field is simulated for specific magnetic 
nanoparticles. In the process of discretization for Langevin function, truncation error caused by the finite 
polynomial approximation method is found to be increased under an increasing AC field. Whereas, the 
relative error caused by random noise would decrease under an increasing AC field. So the estimated 
error decreases along with an increased AC field till the error reaches its minimum. And then the error 
increased with large field.  Simulations (Fig.1) show that the total temperature estimation error varies 
with the AC field under the same SNR. When AC strength is less than 50Guass, random noise is a 
main contributor for estimation error. The total error reaches its minimum, with an AC field in between 
150Guass to 200Guass. While field is above 250Gauss, the truncation error caused by finite polynomial 
approximation contributes the main error of temperature estimation. In summary, we find by simulation 
that temperature estimation error reach its minimum when AC field fall in 150Guass to 200Guass results. 

Fig.1. The temperature estimation errors in different AC magnetic fields with the same frequency of 105 Hz. The 
amplitude of AC magnetic fields is from 34 Gauss to 254 Gauss with a step of 20 Gauss. The effective magnetic 
moment is 2×10-19 emu.
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Design of noninvasive nanoscale thermometer with a high accuracy is a challenging research topic. 
In recent decades, several nanoscale thermometers have been developed employing the physical 
properties of nano-materials [1-3]. Magnetization and susceptibility, which are fundamental physical 
properties of magnetic nanoparticles, are capable of designing a nanoscale thermometer due to their 
temperature-sensitivity. In our previous studies, a nanoscale thermometer using inverse susceptibility 
of magnetic nanoparticles has been theoretically and experimentally investigated [3]. In this paper, both 
magnetization and inverse susceptibility of magnetic nanoparticles are utilized to estimate temperature 
in DC field by simulation, and their measurement accuracy was compared. Figure 1 shows the measured 
temperature using magnetization and inverse susceptibility as well as the measurement errors by 5th 
expansion order of Langevin function [4, 5]. With a SNR of 80dB, the maximum error in temperature 
estimation employing magnetization is about 0.36 K with a standard deviation of 0.26 K, lower than 
that for the measurement error employing inverse susceptibility which is about 1.66 K with a standard 
deviation of 0.92 K. This indicates that temperature estimation using magnetization is more accurate by 
a factor of about 4 than that using inverse susceptibility.

Fig. 1.ET1-ET2 in (a) represent estimated temperature by using magnetization and inverse susceptibility of magnetic 
nanoparticles at SNR of 80dB, while (b) shows the relevant temperature error.  The applied magnetic fields are from 
10 Gauss to 200 Gauss with a step of 10 Gauss. And the effective magnetic moment is 1×10-19 emu.
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Systems for combined diagnostic and therapeutic approaches, so called theranostics, have gained 
the interest of many researchers because of their immense potential for directly monitoring therapy. 
Here, we present magnetic and drug loaded polymeric vesicles (polymersomes) as traceable drug 
carriers. Magnetic particle imaging (MPI) as a powerful imaging technique with its high sensitivity 
and spatial resolution may allow tracking of these magnetic nanotransporters inside the body. 
Micromixing technology as reliably controllable straightforward preparation method was used to 
manufacture drug-loaded magnetic polymersomes. The polymersomes are based on the FDA-
approved triblock copolymer poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide). 
The anti-cancer drug camptothecin as well as magnetic nanoparticles (MNP) were loaded in 
situ during the polymersome formation. Successful incorporation of the MNP was confirmed by 
transmission electron microscopy. Dynamic light scattering measurements showed a relatively 
narrow size distribution of the hybrid polymersomes. Their stability in presence of serum proteins 
was also demonstrated by multi-angle light scattering. Camptothecin polymersomes reduced 
the cell viability of prostate cancer cells (PC-3) measured after 72 h significantly, while drug-free 
polymersomes showed no cytotoxic effects. Specific cell targeting to prostate cancer cells of bombesin-
functionalized hybrid polymersomes was shown by flow cytometry and confocal microscopy.1 
Relaxometry measurements clearly demonstrated the capacity of magnetic polymersomes to generate 
significant T2-weighted MRI contrast. In vivo studies concerning the biodistribution profile and the in 
vivo MR contrast properties are in progress. First investigations of the performance of the magnetic 
polymersomes for MPI have shown promising results. Magnetic particle spectroscopy revealed that 
the absolute signal amplitudes, normalized to the respective iron content, were generally higher for the 
magnetic polymersomes than for Endorem® and Feraheme®. Even compared to Resovist® the signal 
amplitudes were only 50% less for the third harmonic.  The encapsulated MNP in the polymersomes’ 
membrane have a core diameter of about 10 nm and are not optimized for MPI. Thus, there is room for 
improvement in MPI performance, which is subject of ongoing work.

Continuously manufactured magnetic polymersomes that allow for direct monitoring of the biodistribution 
will be a further step from basic research towards the development of theranostic drug devices.
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Figure 1 Magnetic particle spectroscopy: Signal spectrum of magnetic polymersomes compared to commercial 
contrast agents
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Superparamagnetic nanoparticles are used as an imaging agent. Magnetic particle imaging (MPI) 
is applicable to not only diagnostics but therapy such as hyperthermia and drug delivery. Integrative 
therapeutic and diagnostic application is called as theranostics. In particular, magnetic relaxation is one 
of the most important factors for both imaging and hyperthermia treatment. The evaluation of magnetic 
relaxation property is necessary to design the materials and instrument applying an external magnetic 
field. Magnetic relaxation is characterized by two distinct modes. Brownian relaxation is occurred by 
rotation of the particles. Néel relaxation is induced by rotation of the magnetic moment. The mechanism 
of magnetic relaxation is influenced by the primary and secondary size of magnetic nanoparticles, surface 
coating agent, state of materials, viscosity of medium. In this study, the magnetic relaxation properties of 
Resovist and other commercial magnetic nanoparticles were measured at frequency of several kiro heltz 
up to 500 kHz and high magnetic field up to 50 Oe. The commercial iron oxide nanoparticles of both of 
superparamagnetic and ferrimagnetic features were used for the measurements. The hysteresis loop 
under an applied alternating magnetic field was measured for estimating magnetic loss and effective 
magnetic relaxation time. The materials were prepared in powder form, dispersed state in medium, 
or fixed state by agarose / epoxy bond. Magnetic nanoparticles dispersed in medium were rotated by 
an alternating magnetic field, and both Brownian and Néel relaxation could occur. In contrast, fixation 
regulated rotation of the particles and only Néel relaxation could occur. Therefore, hysteresis loop of 
alternating magnetic field in dispersed and fixed samples directly indicated the magnetic relaxation 
mechanisms of measured materials. The dependency of area of the hysteresis loop on the frequency 
of magnetic field indicated the effective frequency of Brownian and Néel relaxation. Relaxation time 
was also calculated. Experimental estimation of effective relaxation time confirms the influence of size 
distribution, concentration, state, surface coating agent and medium. Thus, evaluation of magnetic loss 
and magnetic relaxation time measured under the alternating field condition which is used for MPI is the 
effective method to evaluate the mechanisms of magnetic relaxation and optimum material property.
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The drive field frequency of Magnetic Particle Imaging (MPI) systems plays an important role for system 
design, safety requirements and tracer selection. 
Because the commonly utilized MPI drive field frequency of 25 kHz might be increased in future 
system generations to avoid peripheral nerve stimulation, a performance evaluation of tracers at 
higher frequencies is desirable. In addition, the investigation of the drive-field-frequency dependence 
of the harmonic spectrum is beneficial for the development of proper models and thus helps to better 
understand particle properties. 
We have studied magnetite nanoparticles that were optimized for MPI applications, utilizing Magnetic 
Particle Spectrometers (MPS) with drive field frequencies in the range from 1 kHz up to 100 kHz. The 
particles have core diameters of 25 nm from TEM measurements (25.3 from fitting to M(H) data assuming 
a single log-normal distribution with geometric standard deviation of 0.23) and a hydrodynamic size of 
77 nm (determined by dynamic light scattering). MPS measurements between 1 kHz and 10 kHz were 
performed with our spectrometer described in [1] whereas spectra in the frequency range above 10 kHz 
were recorded with a newly designed MPS system allowing one to adjust discrete drive frequencies 
of 10 kHz, 25 kHz, 50 kHz, and 100 kHz with rms amplitudes up to 25 mT. Optionally, additional static 
magnetic fields can be applied. In both MPS systems, gradiometric detection coils are utilized.
Immobilized particles were prepared from aqueous solutions by freeze-drying the sample in a mannitol 
matrix. Since the Brownian mechanism is blocked in this process, it allows one to study the frequency 
dependence of the Néel contribution. In order to exclude possible particle interactions, samples of 
different concentrations were characterized and compared.
Fig. 1 depicts MPS spectra measured for various drive-field frequencies between 1 kHz and 100 kHz at 
a rms field amplitude of 25 mT on a sample suspension and on an immobilized reference sample. As can 
be seen the spectral magnitude of the 3rd harmonic increases with drive frequency as a consequence 
of the induction law. On the other hand, the slope of the harmonic decay rises with increasing drive field 
frequency. The effect can be seen for mobile as well as immobile samples and is monotonous over the 
covered frequency range.
Immobilized particles show a significantly decreased signal and a steeper harmonic decay compared to 
mobile samples due to the large Néel time constant of the examined single-core particles.
Whereas the spectral magnitudes of the 3rd harmonic significantly differ for drive-field frequencies 
between 1 kHz and 10 kHz, the differences are only weak between 25 kHz and 100 kHz. Thus, the 
signal gain due to the induction law is partially compensated by the fact that most of the particles can no 
longer follow the fast drive field. This is supported by measurements of the ac susceptibility.
The observed drive-field-frequency dependence of the harmonic spectra will be compared to several 
models. Implications for the application of the examined particles as tracers for MPI at increased drive 
field frequencies and mitigation of the observed effects by the use of induction coils as sensors will be 
discussed.
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Fig. 1: Spectral magnitude versus harmonic number measured on suspension and immobilized reference samples 
normalized to same iron content for drive-field frequencies between 1 kHz and 100 kHz. 
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Iron oxide nanoparticles are the most promising MPI tracer candidates, but the relation between their 
structure and their MPI efficacy is still not understood. This is especially valid for such particles having 
iron oxide cores composed of clustered crystallites (so called multicore particles) which were observed 
to show unexpectedly high MPS amplitudes.
Small angle X-ray scattering (SAXS) is as an ideal tool for the investigation of nanostructures such as 
nanoparticles in bulk or solution1.  Based on the sensitivity of X-rays on the electron density difference 
between sample and solvent elastically scattered X-ray radiation provides information about the structure 
and the length scales of the sample. Because standard SAXS allows the investigation of length scales 
between a few nanometers up to about 100 nanometers it is ideally suited to study this clustered core 
particle type and to provide information on the structure of the core as a whole as well as it`s sub-
structure.
Here, we present a study involving the structural analysis of different in-house synthesized iron oxide 
nanoparticles of the clustered core type by means of SAXS. Although in terms of hydrodynamic size, 
crystallite size and coating material some of those particles exhibited very similar structures, they 
showed huge differences in their MPS efficacies2. 
The particle solutions were measured using a Kratky-camera system equipped with a sealed tube 
microsource. Initial data treatment and desmearing was done using the Saxsquant software package 
provided.
For all particles of this study we identified at least two length-scales in the SAXS curves: The range of 
low values of the scattering vector q was characteristic for the particle cores as a whole, the range of 
high q values for its local sub-structure, i.e. the crystallites. 
We found that the shape of the scattering curves of the magnetic nanoparticles with the larger MPS 
amplitudes discriminates apparently better between two types of scattering entities than that of the 
particles with the lower MPS-performance. Quantitavely, the Guinier radii of the high performing tracers 
are larger by 20% only but the particle density within the clusters is about twice as high than in low 
performing tracers. Furthermore, there are slight but significant differences in the Porod approximation, 
i.e. fractal dimension of the clustered core particles.   
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Fig.1: Schematic diagram of the multicore particle type investigated here and the X-ray scattering intensity I(Q) 
of two of thos e particles, NPIO-1 and NPIO-2, as a function of the magnitude of the scattering vector Q in double-
logarithmic representation. The scattering data are corrected for signal background and smearing effects due to the 
slit collimation. 

[1] Gehrke et al “The Potential of Clustered Core Magnetic Particles for MPI”, IEEE XPlore (2013), DOI 
10.1109/IWMPI.2013.6528368

[2] B. Chu and T. Liu “Characterization of nanoparticles by scattering techniques” Journal of Nanoparticle 
Research (2000) 2: 29–41
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Biodegradable microspheres made from the polyesters poly(lactic acid) (PLA), poly(lactic-co-glycolic 
acid) (PLGA), and poly(caprolactone) (PCL) can be made with highly uniform size distribution with a 
method called flow focusing. In this method, the polymer is dissolved in chloroform and pumped through 
an orifice on a microfluidic glass chip. At the same time, a much higher (30x-100x) flow of an aqueous 
solution with a surface active agent (here polyvinyl alcohol) is pumped through the same orifice and 
“focuses” the stream of phase. Due to the pressure difference between inlet and the outlet of the orifice, 
the stream breaks up into monosized droplets. On the way out of the microfluidic chip, the solvent is 
extracted into the surrounding water phase, and single monosized microspheres form. We have earlier 
shown that this method works well, that it can produce microspheres of between 2.8 µm and 35 µm with 
a standard deviation of +/- 1.5 µm, and that we even can use it for the delivery of Tc-99m radiation to 
diagnose lung diseases. In the current work, we have now additionally made the microspheres magnetic 
by encapsulating appropriately coated magnetic nanoparticles into the polymeric bulk phase. Under 
controlled operational conditions, magnetic microspheres were produced with narrow size distribution 
(standard deviations of less than 5%) and a loading efficiency of magnetite up to 50% of the polymer dry 
weight. Such microspheres are promising for theranostics by combining magnetically guided targeting 
of the particles to their target location, imaging and localization of the particles by MPI or MRI, and drug 
release which can be triggered or enhanced by a local temperature increase realized by hyperthermia. 
In this presentation, details of the magnetic nanoparticle coatings necessary for the preparation of 
magnetic microspheres and their magnetic characterizations will be shown. Magnetic particle imaging 
spectra as well as hyperthermia data will be discussed.
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The design and characterization of iron oxide tracer material suitable for Magnetic Particle Imaging (MPI) 
is a crucial part of the imaging chain. Considering the toxic effects of iron oxide tracers being injected 
overdosed, a thorough characterization of the ferrofluid regarding core diameter, volume, surface 
structure, and iron concentration using techniques such as Magnetic Particle Spectroscopy (MPS) or 
Photon Cross-correlation Spectroscopy (PCCS) is essential. A phantom has been constructed and an 
evaluation software has been implemented for micro Computed Tomography (µCT) based determination 
of the iron concentration of ferrofluids. This concept offers an alternative to photometry and atomic 
absorption spectroscopy. Measurements have been carried out with a Skyscan 1172 high-resolution 
µCT (Skyscan, Belgium) and reconstruction of the acquired data was realized with the Feldkamp, Davis 
and Kress approach (software: NRecon, Skyscan, Belgium). 
In a first step, the scanning parameters for the µCT experiments had to be determined. Based on the 
results of a recent study [1], a tube voltage of 40 kV and an X-ray beam filtration with a 0.5 mm aluminum 
source filter has been chosen for iron concentration determination. Several measurements of ferrofluids 
with different concentrations were performed and statistically evaluated. Under the abovementioned 
conditions, it could be demonstrated that the measured mean attenuation value, represented as grey 
value in the µCT image, is proportional to the iron concentration. Using a linear calibration functional it is 
therefore possible to determine the concentration of any ferrofluid sample, based on a superparamagnetic 
iron oxide (SPIO) dispersion in the same solvent. 
These first results indicate that a determination of the ferrofluid concentration using µCT is possible. 
Besides the tube voltage and the X-ray beam filtration, further parameters affect the accuracy of the 
measurements. This includes, for instance, the influence of the temperature on the density and in turn on 
the iron concentration of the fluid. Actually, the temperature of the sample may be increased, if several 
µCT scans are performed in a short time interval. Furthermore, a change of temperature influences 
the viscosity of the tracer suspension. Since liquid solutions have been used in all experiments, the 
influence of the viscosity on the CT attenuation value has to be evaluated as well. 
In this contribution, µCT measurements of tracer material have been carried out under variation of 
temperature and viscosity. It can be demonstrated that the viscosity of the liquid matrix affects the 
concentration-attenuation calibration function. However, if the temperature-viscosity relation is known 
for the liquid matrix of the SPIO nanoparticles, µCT can be used for estimation of the iron concentration. 
This knowledge is a crucial step in characterizing tracer material and must be correlated with the results 
of further investigations using MPS and PCCS.
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Since it was first published in 2005, the greatest potential for Magnetic Particle Imaging (MPI) is seen in 
medical applications. However, dual-use applications of MPI, for instance, in safety engineering, quality 
assurance, and various other technical fields are interesting as well.
The development of superparamagnetic iron oxide nanoparticles (SPIONs) dispersed in polymers opens 
a wide field of potential applications. For instance, these polymers, such as polyethylene, polypropylene, 
and polyurethane, may be used for surface coatings of medical instruments. This is of particular interest, 
because superparamagnetic coatings of endoscopes or catheters would allow for MPI-guided minimally 
invasive surgical interventions. Additionally, structured SPION coatings may find applications as security 
labels or fraud-resistant badges in security-sensitive areas. Further, superparamagnetic nanoparticles 
may be combined with synthetic polymers, such as poly(tetrafluoroethylene) or polyethylene, for the 
production of surgical instruments.
In this contribution, experiments with metallic anti-rust protection coatings will be presented. It can be 
demonstrated that these materials show an acceptable, but poor magnetic response. However, when 
selecting particular magnetic coatings for surfaces of surgical instruments, special attention has to be 
paid to biocompatibility. Although the conventional anti-rust protection coatings gave an acceptable signal 
response in MPS, they cannot be used as coating of medical instruments due to their bio-incompatibility. 
In a second experiment, it is reported on coating results obtained with self-synthesized water-solved 
superparamagnetic iron oxide nanoparticles combined with different synthetic resin varnish. To obtain 
homogenous particle dispersion, nanoparticles have to be given in a fast process to the polymer and the 
mixture has to be homogenized by vigorous stirring. Consecutively, the homogenized mixture must be 
dried while applied to the surface materials, such as plastic layers or other tubing material. 
The coating materials, metallic anti-rust protection coatings and the self-synthesized water-
solved superparamagnetic iron oxide nanoparticles, have been analyzed with respect to their MPI 
responsiveness with magnetic particle spectroscopy (MPS). The materials have been analyzed in three 
different conditions, i.e. a) the pure particle suspension, b) particles fixed in a polymer, and c) the coated 
materials. In this comparison, the resulting harmonic decay plots of the MPS signal did not show any 
significant difference for the self-synthesized particles. However, it has been demonstrated that the 
magnetic response of surface coatings based on self-manufactured magnetic nanoparticles exceeds 
the magnetization response of metallic anti-rust surface protection coatings by far.
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Purpose:
Research in biomedical engineering is still at the beginning to explore its possibilities. Although the 
imaging technology is already elementary for diagnostic and therapy in medical use, fundamental 
further developments are useful. A new revolutionary imaging technology is magnetic particle imaging 
(MPI). The development of a three-dimensional MPI scanner and a belonging superparamagnetic iron 
oxide nanoparticle  (SPION) are in early stages. Here, we report the biocompatibility and biosafety of 
the dextran-coated MPI tracer of the University of Lübeck (UL-D) IMT. 
Experimental Design:
We focused on UL-D induced impacts on the biological properties of head and neck squamous cell 
carcinoma (HNSCC) cells and their cellular uptake efficiency in comparison to the contrast agent 
Resovist, which is the gold standard for MPI.
Results:
UL-D and Resovist were taken up in vitro by human head and neck cancer cells, showed good labeling 
efficiencies and an accumulation. Flow cytometry analysis demonstrated a dose and time dependent, 
Resovist induced, apoptosis whereas the cell viability of UL-D labeled cells was not influenced. We 
observed decreased cell proliferation in response to increased SPION concentrations. The cellular 
migration and the intracellular production of reactive oxygen species (ROS) were not impaired. Tumor 
necrosis factor alpha (TNF-α) and the interleukins -6 (IL-6) -8 (IL-8) and -1 beta (IL-1ß) were measured 
indicating inflammatory responses. Only UT-SCC-60A, labeled with > 0.5 mM Resovist, showed a 
significant increase of IL-1ß expression.
Conclusions:
Our data suggest UL-D SPIONs as a promising tracer material for innovative tumor cell analyzes with 
the aid of MPI.
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Today superparamagnetic iron oxide nanoparticles (SPIOs) are used to form contrast agents with 
improved sensitivity and specificity. Their magnetic read-out in MRI or MPI measurements avoids risks 
which occur from ionizing (CT) or radioactive (PET) radiation. In difference to MRI the Magnetic Particle 
Imaging (MPI) measures the magnetic properties of iron oxide nanoparticles themselves and not their 
influence on the surrounding tissue. Therefore the properties of the used particles have an even larger 
influence on the resulting signal.
To yield a high quality contrast agent the used SPIOs should be monodispers with well defined and 
reproducible properties. This kind of particles can typically be produced by thermal decomposition 
reactions with diameters only between 5 and 20 nm. Also these particles are often dispersible in non 
polar solvents only, so a phase transfer after the synthesis is needed.
Nowadays mainly RESOVIST® is used in MPI studies as it yields stronger signals compared to the 
contrast agents based on above described monodisperse iron oxide particles. Unfortunately RESOVIST® 
is a rather divers system consisting of small crystalline particles as well as larger agglomerates of these 
(see TEM images shown in figure 1). It is known that only a small proportion of the whole sample actually 
contributes to the signal. Here we present the results of an investigation in which RESOVIST® was 
separated into different fraction using the asymmetric flow field-flow fractionation technique (AF4). MPS 
measurements of the different fractions are shown together with detailed TEM analysis. 
In addition, we have continued to work on the reproducibility and up-scaling of our iron oxide nanoparticle 
synthesis. These particles can be used for our continuous flow phase transfer approach (CFPTA) 
described on the last meetings. Using this technique we can produce clustered iron oxide nanoparticles 
of different cluster sizes to tune their magnetic properties. To compare these results with RESOVIST® 
we have used AF4 to split these already well defined samples into several fractions with even narrower 
cluster size distribution. MPS measurements and HRTEM analysis will be shown.

Figure 1: TEM images of RESOVIST®
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Magnetic Particle Imaging (MPI) is a new imaging modality for preclinical and with a promising 
future in clinical investigation. The technique consists in detecting directly the spatial distribution of 
superparamagnetic iron oxide nanoparticles (SPIO) for high-resolution images. [1] This new medical 
imaging field opens many promising perspectives and it has opened extensive research for improving not 
only physics aspects of the system [2]  but also SPIOs likely to display the best signal for MPI [3]. Indeed 
SPIOs have a major influence on the quality and sensitivity of the image, therefore developing suitable 
candidates for MPI is crucial for the future and the development of this technique [4]. It has been shown 
that higher magnetic moment is favourable for the resolution whereas  long time of demagnetization 
is detrimental for the sensitivity [1]. As these two parameters are strongly but inversely linked with 
the diameter of the magnetite core,  a fair balance has been reported to be around 30 nm core size. 
However until now the multiple influences of the SPIOs structure for optimal MPI signals remain fuzzy  
and the best performing and commonly used tracer is still the “old” Resovist.
In order to understand better how the magnetic moment and the size of the SPIOs  affect  the MPI 
image quality ; we prepared sets of three nanoparticles (NPs) which core diameter were increased by 
the addition of one and then two magnetite layers (ie. shell).  The magnetic particle spectroscopy (MPS) 
signals of the three nanoparticles obtained (core-NPs, core@shell1-NPs, core@shell1@shell2-NPs) 
were measured and influence of the core size demonstrated. A nanoparticle prepared by a one-pot 
synthesis with a core of the same size than the core@shell1@shell2-NPs was used to consider as well 
the influence of the multiple layer structure.  Indeed, the magnetization studies shown that the layer 
structure modified the magnetic properties. These data together with the MPS measurements were 
discussed. Moreover the results and influences were assesed and confirmed  with 3 different sets of NP 
type : PEG (Mn=600) coated Fe3O4, oleic acid coated Fe3O4 and albumin coated Fe3O4.

[1] B. Gleich and  J. Weizenecker, Tomographic imaging using the nonlinear response of magnetic 
particles, Nature, 435:7046, p. 1214–1217, 2005.

[2] Saritas, Emine U, Patrick W Goodwill, Laura R Croft, Justin J Konkle, Kuan Lu, Bo Zheng, and 
Steven M Conolly, Magnetic Particle Imaging (MPI) for NMR and MRI Researchers, Journal of 
Magnetic Resonance, 229, p. 116–126, 2013.

[3] Ferguson RM, Khandhar AP, Krishnan KM, Tracer design for magnetic particle imaging, J.  Appl. 
Phys, 111(7), 2012.
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Magnetic nanoparticles (NPs) are increasingly important in many biomedical applications, such as drug 
delivery, hyperthermia, and magnetic resonance imaging (MRI) contrast enhancement. To build the 
most effective magnetic nanoparticle systems for various biomedical applications, characteristics of 
particle, including size, surface chemistry, magnetic properties, and toxicity have to be fully investigated. 
In this work, effects of some production methods of the magnetic nanoparticles for the bio-medical 
applications are discussed.  In this investigation, multicomponent  ferrite nanoparticles were prepared 
by the hydrothermal synthesis, sol-gel, and solid state methods. In addition,  x-ray powder diffractometry 
(XRD), scanning electron microscopy (SEM), and vibrating scanning magnetometer (VSM) were used 
to characterize the structural, morphological and magnetic properties of the nanoparticles. The size and 
crystal structure of the nanoparticles were characterized by using XRD results. The magnetic properties 
of the samples were performed for each sample at +/-80 kOe by Quantum Design Physical Properties 
System (PPMS). The temperature dependence of field cooled (FC) magnetization of the samples have 
been compared in this work. 
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Assemblies (or superstructures) of magnetic nanoparticles are a novel class of magnetic materials, 
often represented by a superlattice of particles. In such materials, inter-particle exchange interactions 
may be negligible, while dipolar interactions dominate. As a result, magnetic superstructures behave 
differently from conventional magnets and their properties may be controlled and tuned by selecting the 
spacing and compositions of the constituents. We have studied dipolar interactions in self-assembled 
Cobalt nanoparticle elongated superstructures using off-axis electron holography in the transmission 
electron microscope. The technique enables the orientation and magnitude of the magnetic moment 
of each nanoparticle in an array to be determined and correlated with the structural properties of the 
superlattice, including the degree of structural order and their size distribution. Our study reveals that 
dipolar interactions are sufficiently strong to support long-range ferromagnetic order, even when the 
superlattice of nanoparticles is highly disordered. This observation supports the possibility of creating 
amorphous dipolar magnets, in contrast to the expectation that a disordered dipolar system is likely 
to lead to spin-glass behavior. Chain-like assemblies of 15 nm e-Co particles were prepared with an 
oleic acid coating on a carbon substrate (with no external magnetic field applied). For chains that are 
wider than 1 particle across, the particles are typically assembled into triangular (close-packed) lattices, 
although square lattice arrangements are also occasionally seen. We used off-axis electron holography 
to map the projected magnetic fields of several elongated nanoparticle assemblies non-invasively with 
a nominal spatial resolution of 6.3 nm. The data set was acquired at remanence after applying an off-
plane field of 2 T to the specimen, and reveals the magnetic moment topography of each chain directly. 
In order to quantify dipolar ferromagnetic order, we estimated the magnitude and orientation of the 
magnetic moment of each individual particle from electron holography data, in particular by measuring 
the two components of the shape-corrected phase gradient, a quantity that turns out to be proportional 
to the local density of magnetic moments (magnetization). The measurements were correlated with the 
geometrical arrangements of the particles. For each pair of particles, we measured the spatial separation 
between their centers and the angular difference between their moments, from which magnetic and 
lattice order parameters were determined. Our results show that short-range magnetic order with small 
domains dominates the initial states, with the local magnetic order (ferromagnetic or antiferromagnetic) 
often depending on the particle lattice (triangular or square, respectively). In contrast, at remanence 
after saturation, overall dipolar ferromagnetic order persists even in case of a non-triangular lattice. 
We interpret our results as supporting the existence of amorphous dipolar ferromagnets: i.e., dipolar 
ferromagnetism in elongated nanoparticle assemblies even in the absence of underlying crystallinity. 
Our results also demonstrate that electron holography is a technique capable of capturing the nanoscale 
magnetic fields generated by magnetized particles, and of providing quantitative information on their 
magnetic moment as well as on their response to an applied external field.
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Surgical breast cancer related staging with radical axillary lymph node extraction was mandatory in 
past times. High morbidity and significant loss of QoL was inevitable. By introduction of the concept of 
sentinel lymph node biopsy (SNLB), these adverse effects decreased. Detection of SNLs is realized 
by the use of dyes and radio nuclides as tracer substances. These tracers can be replaced by super 
paramagnetic iron oxide nano particles (SPIOs) in the near future. Magnetic particle imaging (MPI) 
guided 3D-real time-imaging and a distinct localization of SPIOs can be achieved in SNLB by the use of 
magnetic particle imaging (MPI). However, qualitative and quantitative enrichment of SPIOs in biologic 
tissue particularly the axillary lymphatic tissue is unexplored until now. We aim to prove the principle of 
SNLB with MPI within a healthy and than in a tumor bearing mouse model with metastatic axillary lymph 
nodes in breast cancer. Axillary tissue, surrounding tissues and tissue from the whole body are analyzed 
with the following techniques: histology, Prussian blue staining, electron microscopy, atomic absorption 
spectrometry and MPI spectrometry. We found that the SPIOs moves from the injection site through 
the lymph-fat tissue to the axillary region and finally into the axillary lymph nodes. SPIOs follow traces 
of lymphatic vessels, respecting borders and spaces between different tissues. They accumulates 
near collagen fibers and distinct regions. We present our results of the approach of SNLB with MPI. 
Application of SPIOs and tracer detection in SNLs with MPI as a new SNLB technology are less complex 
and incriminating for patient and staff and makes SNLB more accurate. To realize this approach, a MPI 
hand probe for intra operative use is under construction. This simplifies SNL detection and helps to 
reduce axillary exploration morbidity by avoidance of intensive surgical quest. The tracer for MPI is easy 
to obtain and this makes the method accessible to all patients. The concept of SNLB by MPI can be 
applied in principle in all solid tumors.
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In regenerative medicine until now mostly tissue-engineered skin is on focus for replacement of damaged 
tissue in patients. If it comes down to more complex organs or endothelialized vessel grafts, however, 
there still exist several unsolved problems. Therefore it still remains a challenge to produce organs 
that consist of more than one cell type in different layers, since it is not yet possible to direct cells to 
their dedicated position on or in a matrix. On the other hand it is difficult to view the positioning of the 
cells in complex matrices. These problems could possibly be solved by loading cells with magnetic 
nanoparticles and the use of magnetic fields to maneuver those cells to their dedicated position. The 
successful positioning can then be monitored by techniques that are able to image magnetic or quantify 
nanoparticles (e.g. magnetic resonance imaging or magnetic particle imaging).
As a first proof of principle we chose to seed endothelial cells three-dimensionally onto the inner wall of 
a cell culture tube as first model for an endothelialized vessel graft. 
Therefore we cultivated Huvec cells under standard conditions and added different concentrations of 
Resovist as standard magnetic nanoparticles and magnetic nanoparticles developed in our own lab 
(SEON-TE). After 24h the cells were harvested and transferred into a cell culture tube. A radial symmetric 
magnetic field was used to pull the cells to the wall of the tube. Medium was removed 24 hours, 72 hours 
or 96 hours after the cells adhered to the tube and the cells were fixed. To visualize iron within the cells 
we used Prussian blue staining and 3T MRI (TRIO, Siemens, Germany) equipped with an 11cm loop 
coil (Siemens, Germany) using T1-, T2- and SWI sequences. To quantify the iron amount within the cells 
we employed Magnetic Particle Spectroscopy. We obtained a construct that consisted of one or more 
cell layers and could visualize iron in all samples using Prussian blue staining and MRI, which was also 
capable of imaging the loaded cells.
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In the field of nanotechnology, superparamagnetic iron oxide (SPIO) and ultra small superparamagnetic 
iron oxide (USPIO) nanoparticles have been developed as magnetic resonance imaging (MRI) contrast 
agents. To date, there are clinically approved contrast agents for MRI that would also be suitable for 
Magnetic Particle Imaging (MPI). It has further been found that the MPI signal is mainly generated by 
particles with a 30 nm magnetic core diameter [1]. The MPI applications can be realized by imaging a 
bolus of iron-oxide nanoparticles injected into the blood stream. Resovist®, a commercial SPIO-based 
MRI liver contrast agent, has been successfully used as an in vivo MPI tracer for real-time visualization 
of the bolus passage through the heart of a mouse [2]. However, these SPIO nanoparticles are 
most quickly removed from the blood stream by the mononuclear phagocyte system which limits the 
applicability of such compounds in MPI. The use of longer blood half-time tracer materials would make 
MPI highly suitable for e.g. perfusion imaging and/or continuous monitoring. In this contest, we have 
proposed a method of SPIO nanoparticles encapsulation into red blood cells (RBCs) that avoids their 
fast uptake by the reticuloendothelial system, increasing the blood circulation half-life of nanoparticles 
[3]. The magnetic characterization of SPIO-loaded RBCs and their potential as tracer material for MPI 
has been demonstrated [4]. Resovist® has been chosen for its good MPI performance and the fact that 
its suitability for RBCs entrapment has already been established. Despite the reduced sensitivity and 
resolution resulting from the size selection effect, and despite the difficulties related to the application of 
the loading procedure to mice instead of humans, the sensitivity of the experimental MPI instrumentation 
allows dynamic imaging up to several hours after Resovist®-loaded RBC injection. By loading RBCs with 
Resovist®, MPI of the blood pool of living mice is feasible several hours after injection with current MPI 
equipment. This has been demonstrated by visualization of cardiac motion in MPI and by determination 
of the concentration of iron loaded RBCs in the blood using MPS. These results prove the efficacy of 
the RBCs loading method for increasing the blood retention time of iron oxide nanoparticles. Current 
and future improvements in particle performance, loading procedure, MPI hardware and calibration 
as well as the transfer to human anatomy are expected to increase the signal levels and thus improve 
image quality strongly. Therefore, one of the challenges is to find new synthesis protocols and optimize 
next generation nanoparticle tracer materials. Recently, we performed studies on the encapsulation into 
human and murine RBCs of a new contrast agent, the P904 provided by Guerbet, an USPIO nanoparticle 
suspension. The results have shown an efficient entrapment into RBCs and an high stability of P904-
loaded RBCs in the mice vascular system respect to free P904 suspension. 
New MPI-optimized particles may be used for the RBC loading procedure. The circulation survival of 
new optimal RBC-encapsulated MPI tracers will be evaluated with the aim to use these new biomimetic 
contructs in biomedical applications such as angiography and perfusion imaging. 

[1] Weizenecker J, Borgert J, Gleich B. A simulation study on the resolution and sensitivity of magnetic 
particle imaging. Phys Med Biol. 2007; 52(21): 6363-74.

[2] Weizenecker J, Gleich B, Rahmer J, Dahnke H & Borgert J. Three-dimensional real-time in vivo 
magnetic particle imaging. Phys Med Biol. 2009; 54(5): L1-L10.
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The interaction of magnetic fields with single suspended superparamagnetic iron oxides (SPIO) in 
blood flow is described in a new magnetic targeting simulation model. Based on FEM simulations this 
model traces the SPIO in a vessel and counts the number of SPIO that are adsorbed at the vessel 
wall facilitating a quantification of the efficiency of the targeting system. It has been constructed for 
endoluminal tumors (e. g. pancreatic ductal adenocarcinoma, esophagus adenocarcinoma or bile duct 
Klatskin tumors) which permit the minimally invasive endoscopic insertion of permanent magnets very 
close to the tumor site where a strong magnetic field and a high magnetic field gradient are achieved. 
The simulation model was applied to the respective physical and chemical properties of SPIO, the 
blood flow properties and different magnetic field configurations generated by permanent magnets. 
For instance, an iron adsorption of 5.5 × 10-4 mg to the vessel wall within one hour was calculated for 
a permanent magnet with a magnetic field strength of 0.3 T and a gradient of 400 T/m, a blood flow 
velocity of 0.03 cm/s and a SPIO mass fraction of 3.125 × 10-4.
The simulation model was tested in a simple experimental set-up of an acrylic glass flow chamber 
modeling a vessel (see Figure 1). The experiments were performed with water (instead of blood) and 
0.15 ml ferrofluid (colloidal SPIO), which was injected into the flow chamber and collected at the target 
site where a magnetic field was generated by a permanent magnet. The flow type was laminar and its 
velocity in the order of 1 cm/s. The time evolution of the ferrofluid accumulation was measured. 
For this matter, an optical method of 
observation using a video camera was 
developed and showed that the accumulation 
of the ferrofluid takes place in four different 
phases. The first phase is a passage phase, 
in which the ferrofluid passes the target 
site without significantly being collected, 
followed by an accumulation phase which is 
characterized by an increase of the ferrofluid 
quantity at the chamber wall. 
In the third phase, parts of the ferrofluid are ashed away, and finally a stable accumulation is reached 
in phase four.Comparing the simulation and experimental results, it can be deduced that the calculated 
behavior corresponds well to the accumulation and saturation phases (second and fourth phases). The 
retarded start of accumulation (first phase) and the partial wash-away (third phase) could not yet be 
reproduced in the simulation model.

Figure 1: Side view of the flow chamber experiment. This       
screenshot was taken during the accumulation phase, see 
text.

International Workshop on Magnetic Particle Imaging 2014170



Corresponding Author: J. B. Weaver, john.b.weaver@dartmouth.edu     

P59 TOWARD LOCALIZED IN VIVO BIOMARKER CONCENTRATION  
MEASuREMENTS

John B. Weaver1, Daniel Reeves2, Yipeng Shi2, Alexander Hartov3, Barjor Gimi1,  
Krishnamurthy V. Nemani1

1Department of Radiology, Dartmouth-Hitchcock Medical Center and Dartmouth College, One Medical 
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2Department of Physics, Dartmouth College, Hanover, US 
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Magnetic spectroscopy of magnetic nanoparticles has been used to quantify the concentration of 
biomarker molecules in vitro. Spectroscopic methods were used to estimate the number of nanoparticles 
that are bound together by the targeted biomarker or signaling molecule [1]. The spectroscopic method 
has been termed magnetic spectroscopy of Brownian motion or MSB. To translate the technology to in 
vivo use: 1) The nanoparticles must be enclosed in porous shells [2] to keep the immune system from 
absorbing the nanoparticles and to maintain their physical location.  2) The chemistry must function in 
“dirty” environments where there are a wide variety of other molecules present. 3) The sensitivity must 
be improved to measure signaling molecules that are present in tissue in very low concentrations. We 
encapsulated targeted nanoparticles in porous alginate shells. The encapsulated nanoparticles were 
used to measure the concentration of single strand DNA in blood [1] demonstrating the ability to use 
the system in “dirty” environments using chemistry very similar to that used in ELISA [3]. The sensitivity 
was only a factor of four less than that in pure water. Finally, we demonstrate preliminary results from 
our efforts to increase the sensitivity of the spectroscopic system.  We reduced the vibrational noise by 
gluing the windings of both the drive and pickup coils.  We have explored two methods of reducing the 
feed-through signal induced in the pickup coils by the drive field:  using a bridge to null the voltage from 
the pickup coil before the sample is placed and perpendicular field pickup coil actuated by a small static 
field. The resulting sensitivity for both methods was improved by three orders of magnitude.  Further 
gains in sensitivity can be made by using lower noise electronics, magnetic shielding, increasing the 
affinity of the targeting and increasing the number of targeting molecules on each nanoparticle.  The 
methods used to improve the sensitivity can be used on an existing mouse coil. The key elements of an 
in vivo system have been successfully demonstrated.  
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Figure 1:  A prototype mouse coil for spectroscopic MSB measurements.  The plastic parts were fabricated using 
3D printing technology.  

[1] X. Zhang, D.B. Reeves, I.M. Perreard, W.C. Kett, K.E. Griswold, B. Gimi, J.B. Weaver, Molecular 
sensing with magnetic nanoparticles using magnetic spectroscopy of nanoparticle Brownian 
motion, Biosensors and Bioelectronics, 50 (2013) 441-446.

[2] B. Gimi, J. Kwon, L. Liu, Y. Su, K. Nemani, K. Trivedi, Y. Cui, B. Vachha, R. Mason, W. Hu, J.B. Lee, 
Cell encapsulation and oxygenation in nanoporous microcontainers, Biomedical microdevices, 11 
(2009) 1205-1212.

[3] E. Engvall;, P. Perlmann, Enzyme-Linked Immunosorbent Assay, Elisa, Journal of Immunology, 109 
(1972) 129-135.
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In the report, we study the computational modeling of electromagnetically induced heating in Magnetic 
Fluid Hyperthermia. Due to the Brownian rotation and Neel relaxation of induced magnetic moments, 
ferrofluid can generate heat when exposed to an AC magnetic field. In order to destroy all tumors cells 
while prevent deleterious physiological responses, the input parameters such as the frequency and 
intensity of magnetic fields and complex susceptibility of ferrofluid should be determined precisely above 
all. In this study, the solution of Maxwell equation in a model of tumor and its neighboring tissues is coupled 
as input to the Penne’s bio-heat equation. Both sets of equations are solved using the Finite Difference 
Time Domain (FDTD) method with Perfectly Matched Layers for absorbing boundary conditions. In this 
paper, we use a bilayered spherical model with blood perfusion and metabolism to simulate both the 
SAR patterns and temperature distribution in tumor region during hyperthermia therapy. And then a 
2.0kW radio-frequency generator with 100 kHz-2MHz frequency range is developed to drive a custom-
made multi-turns water-cooled coil, which generates a sufficient magnetic field inside it. Derived from 
the electromagnetic field simulation, the power density serves as input to the bio-heat transfer equation 
and therefore the heating generated by the ferrofluid is determined. The obtained results indicate that 
tumor region is heated without adversely affecting too much of the healthy region. Different boundary 
conditions and different blood perfusion rates have been taken into consideration in this paper.

[1] Lv, Y.-G., Z.-S. Deng, and J. Liu, “3-D numerical study on induced heating effects of embedded 
micro/nanoparticles on human body subject to external medical electromagnetic field,” IEEE 
Transactions on Nanobioscience, Vol. 14, No.4, 284-292, 2005.

[2] Ch. Zhang, D.T. Johnson, Ch. S. Brazel, “Numerical study of the multiregion bio-heat equation 
to model magnetic fluid hyperthermia (MFH) using low Curie temperature nanoparticles,” IEEE 
Transactions on Nanobioscience, Vol. 7, No.4, 267-275, 2008.

[3] J. Carrey, B. Mehdaoui and  M. Respaud, “Simple models for dynamic hysteresis loop calculations 
of magnetic single-domain nanoparticles: Application to magnetic hyperthermia optimization”, J. 
Appl. Phys., Vol. 109, 083921-1 -083921-17, 2011

[4] D. Dołȩga, and J. Barglik, “Computer modeling and simulation of radiofrequency thermal ablation,” 
Proceedings of International Conference on Electromagnetic Field, Health and Environment, 
Coimbra, Portugal, May 2011. 
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Although some progress has been achieved in cancer treatment during the past decades this illness is still 
one of the leading causes of death, worldwide. The aim of new approaches nowadays is a personalized 
and target directed treatment of tumours, which should lead to more efficient therapies with an elongation 
of life accompanied by better quality of life. Here, the use of magnetic nanoparticles (SPIONs) is promising 
different options for cancer treatment as well as in situ treatment monitoring during therapy.  
SPIONs can be used for drug delivery, like it is done in Magnetic Drug Targeting (MDT). It could 
be shown recently, that this approach can lead efficiently to complete tumour remissions after 
only one intaarterial application of Mitoxantrone loaded SPIONs. On the other hand SPIONS 
can be used for magnetically induced Hyperthermia of tumour tissue with alternating magnetic 
fields. Here intratumoural application of nanoparticles is the usual mode of application.  
It is known already, that SPIONs can be used as imaging agents for MPI and MRI. In conventional MRI-
scanners magnetic nanoparticles are causing either positive signals or signal extinction, dependent on 
their magnetic properties. 
The aim of this initial study was to investigate in vivo the different distribution patterns of iron oxide 
nanoparticles in the region of a tumour after intraarterial or intratumoural application using a conventional 
clinical MRI-Scanner (Magneton TIM Trio, Siemens Healthcare, Erlangen, Germany). Therefore four 
New Zealand White Rabbits were implanted with kryokonserved VX2 tumour tissue at the left hind limb, 
subcutaneously. After the tumours had grown, MR-imaging was done before SPION-application, serving 
as control at day 0. Here, T1-, T2- and contrast enhanced T1-sequenzes were used. On the next day 
the nanoparticles were applied either intraarterial through the arteria femoralis at the medial thigh with 
Magnetic Drug Targeting or by intratumoural injection. On day three, 24h after treatment, MR-imaging 
was done again using the same sequences. The images showed clearly different distribution patterns 
between the different application modes. Intraarterial administration right next to the tumour bulk under 
X-ray control lead to more “scattered” distributions and particles in the surrounding tissue of the tumours. 
The pattern of SPIONS injected directly showed very high and dense signals directly surrounding the 
area of injection, while no particles could be detected in the surrounding tissue.
In this preliminary study we could show, that it is possible to visualize in vivo the different biodistribution 
of SPION in a tumour after i.a. or i.t. administration. The most obvious differences were higher 
concentrations of nanoparticles after direct injection. On the other hand after i.a. MDT the nanoparticles 
could be found mostly in the vital area of the tumours and the surrounding tissue.) 
In further studies MRI-sequences more susceptible for iron oxide signals or the use of Magnetic 
Particle Imaging could give even better results and more insight into the in vivo distribution of iron 
oxide nanoparticles for cancer treatment. In consequence this will lead to an efficient monitoring of the 
treatment of tumours by the use of magnetic iron oxide nanoparticles.
The authors would like to thank the Else Kroener-Fresenius Stiftung, the DFG (PAK 151, AL552/3-3) and 
the German Federal Ministery of Education and Research (BMBF) (FKZ 13EX1012B).
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Systemic application of oncolytic viruses for cancer therapy is greatly limited by the relative inefficiency 
of viral vectors to reach and infect their tumor targets, due to inactivation by blood components and 
sequestration by liver and spleen [1]. One approach to overcome this hurdle is to couple the virus with 
iron nanoparticles, which can then be targeted to the tumor using a magnet [2, 3]; however, the resulting 
complexes have a short plasma half-life and are susceptible to aggregation and emboli formation in vivo, 
which poses a major safety concern.  Aim: Assembling of vesicular stomatitis virus (VSV) - Magnetic 
nanoparticle (MNP) complexes in combination with different shielding polymers for improvement of 
plasma half-life and a reduction of aggregation. Methods: Complexation of VSV and core-shell-type 
iron oxide MNPs, followed by shielding with different polymers (hyaluronic acid, poly-alpha-glutamic 
acid, poly-galacturonic acid, P6YE5C) using layer-by-layer self-assembling technique. Examination 
of hydrodynamic diameter, zeta-potential, magnetophoretic mobility and infectivity. Examination of 
blood-half-life in buffalo rats. Results: Complexation of VSV led to charge neutralization at a MNP-to-
virus ratio of 19,5 fgFe/pfu. Complexes formulated at a ratio of 300fgFe/pfu showed a hydrodynamic 
diameter of 2016,67 (SD 399,85) and a zeta potential of 15,10 mV (SD 0,50). They were most effective 
in binding VSV with > 99% of the originally added virus bound as determined by magnetic sedimentation 
assay. Decoration with shielding polymers led to no relevant change of complex size, but to charge 
reversal; e.g. hyaluronic acid effectively changed the zeta potential from 14,2 mV (SD 0,33) to -20,18 
mV (SD 0,61) at a polymer-to-iron (w/w) ratio of 10. In vitro infectivity and replication were not impaired. 
Preliminary in vivo experiments demonstrated a longer blood-half-life time of the shielded complexes and 
reduced toxicity. Conclusion: The use of shielding polymers leads to charge optimization of the VSV-
MNP complexes without loss of oncolytic activity, indicating that this is a viable approach for improving 
the delivery and safety of magnetic-targeted oncolytic VSV therapy for cancer. Future studies aim at 
further characterization and the in vivo application of optimized complexes. Keywords: HCC, iron-oxide 
magnetic nanoparticle, Vesicular Stomatitis Virus, magnetic targeting

[1] Russell, S.J., K.W. Peng, and J.C. Bell, Oncolytic virotherapy. Nat Biotechnol, 2012. 30(7): p. 658-
70.

[2] Zhang, Y., et al., Targeted delivery of human VEGF gene via complexes of magnetic nanoparticle-
adenoviral vectors enhanced cardiac regeneration. PLoS One, 2012. 7(7): p. e39490.

[3] Anton, M., et al., Optimizing adenoviral transduction of endothelial cells under flow conditions. 
Pharm Res, 2012. 29(5): p. 1219-31.
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Figure: a) Schematic view of VSV-MNP complexes before (VSV-PEIMag2) and after shielding with hyaluronic acid 
(VSV-PEIMag2-Hya) b) Full-blood VSV titer in Buffalo rats after injection of 10^7pfu of VSV, VSV-PEIMag2 or VSV-
PEIMag2-Hya, measured at 1,2,3,5 and 10 minutes after injection. The dotted lines show the exponential decay 
fitting curves. n=4 for the VSV and VSV-PEIMag2-Hya and n=3 for the VSV-PEIMag2 group. The error bars show 
the results range.
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Purpose: The purpose of this study is to evaluate the labeling efficacy, migration behavior and in vivo distribution 
of the enteric parasite protozoan Entamoeba histolytica (E.h.) within the liver in MRI after injection in a mouse 
model. Non-invasive studies of migration and distribution of E.h. in the liver under different immunological 
constellations can help to understand the underlying mechanisms of amebic liver abscess formation. 
Materials and Methods: In vitro magnetic labeling of E.h. was performed with commercially available 
superparamagnetic iron oxide nanoparticles (SPIO) with polyethylene glycol (PEG) coating (nano-
screenMAG-PEG/P, Chemicell, Germany, hydrodynamic diameter 200 nm) by incubation for 48h in 
culture medium. Labeling efficiency and migration behavior of SPIO-E.h. was proven in MRI in vitro 
in culture medium in the static magnetic field of a preclinical 7T MRI system (ClinScan, Bruker) using 
T2w and T2*w dynamic susceptibility contrast MR sequences (DSC-MRI) for 88 hours (temporal 
resolution 4 min./image, effective voxel size 80x80x600 µm3). Movement patterns were analyzed using 
ImageJ (NIH, USA). For in vivo experiments 105 SPIO-E.h. were injected in the left liver lobe of mice 
followed by serial respiration triggered T2*w and T2w MRI up to 3 days after injection. Furthermore ex 
vivo high resolution MRI was performed on removed liver specimens for in/ex-vivo comparison. MR 
images were matched with histology (PAS and Prussian Blue stains) as well as immunohistochemistry. 
Results: Efficient magnetic labeling of E.h. could be performed by incubation with PEG-coated SPIO 
keeping the pathogenity and viability of E.h. In vitro dynamic MRI showed an undirected migration of 
single SPIO-E.h. in culture medium with pathogen movement in macroscopic dimensions with typical 
speeds of up to 4 mm/h. In vivo and ex vivo MRI of SPIO-E.h. showed strong E.h. presence at the site 
of amebic liver abscess formation and broad distribution within the left liver lobe, whereas no SPIO-E.h. 
could be detected in liver lobes different from lobe of injection. All MR findings were confirmed by histology. 
Conclusion: Efficient magnetic labeling and non-invasive in vivo migration monitoring of pathogenic 
E.h. within the murine liver tissue is feasible in MRI.
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and e-proceedings: 

Magnetic Particle Imaging: A Novel SPIO Nanoparticle Imaging Technique
Series: Springer Proceedings in Physics, Vol. 140 (SPPHY 140)
Buzug, Thorsten M.; Borgert, Jörn (Eds.)

ISBN: 978-3-642-24132-1

Magnetic Nanoparticles: Particle Science, Imaging Technologie and Clinical 
Applications
World Scientific Publishing Company; 1 edition (August 2, 2010)
Buzug, Thorsten M. et al.

ISBN: 978-9-814-32467-0
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