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Characterization of Resovist® 
Nanoparticles for Magnetic Particle 
Imaging 

Takashi Yoshida1, Keiji Enpuku1, Frank Ludwig2, Jan Dieckhoff2,  
Thilo Wawrzik2, Aidin Lak2, and Meinhard Schilling2 

1 Department of Electrical Engineering, Kyushu University, 
  744 Motooka, Nishi-ku Fukuoka, 819-0395, Japan 
  t_yoshi@ees.kyushu-u.ac.jp 
2 Institut für Elektrische Messtechnik und Grundlagen der Elektrotechnik, 
  TU Braunschweig, Hans-Sommer-Str. 66, 38106 Braunschweig, Germany 
  f.ludwig@tu-bs.de 

Abstract. This study investigates the dynamic magnetic properties of Re-
sovist® for magnetic particle imaging (MPI) utilizing static M-H, ac suscep-
tibility (ACS) and magnetic particle spectroscopy (MPS) measurements on 
a Resovist® suspension and an immobilized sample. Investigating the 
magnetic moment and anisotropy energy barrier distributions in the sample 
as well as the relationship between them, we clarified that the MNPs with 
large magnetic moment (10-24~10-23 Wb·m) and small anisotropy energy 
barrier play an important role in MPI. 

1   Introduction 

Resovist® (Bayer Schering Pharma) is the mostly used magnetic nanopar-
ticles (MNP) in MPI since it produces numerous harmonics even for high 
frequencies of the drive field. It is well recognized that MNPs with large 
magnetic moment and short relaxation time are suitable for MPI. In pre-
vious studies, magnetic properties of Resovist® for MPI were studied, 
however, without taking account of the relaxation times [1]. Therefore, it is  
important to quantitatively clarify the dynamic properties of Resovist®. In 
this study, we first estimate the magnetic moment and anisotropy energy 
barrier distributions in Resovist® sample as well as the relationship be-
tween them. Next, performing a MPS measurement and a numerical simu-
lation on an immobilized sample, we show that MNPs with large magnetic 
moment and small anisotropy energy barrier in Resovist® particles play an 
important role in MPI. 
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2   Material and Method 

Resovist® is a hydrophilic colloidal solution of γ-Fe2O3 coated with carbox-
ydextran. Resovist® consists of clusters of single-domain particles as 
shown in Fig. 1. In this case, the magnetic properties of the MNPs are de-
termined by the magnetic moment, relaxation time, and the dipolar interac-
tions between the single-domain particles in the multi-core particle. Since it 
becomes, however, very complicated to characterize the magnetic proper-
ties taking account of the interactions, we introduce a simple model for 
multi-core particles as shown in Fig. 1. Briefly, we assume that a multi-core 
particle has an equivalent magnetic moment m and an equivalent aniso-
tropy energy barrier EB, which is related to the Néel relaxation time, and 
behaves like a single-domain particle. In order to estimate the m and EB 
distribution which exist in a real sample, we prepared a suspension and an 
immobilized sample. Both samples contained the same amount of MNPs 
(418 μg Fe) in the same volume (150 μl). Gypsum was used to immobilize 
the sample. 
 

 
Fig. 1. Analysis model for multi-core particle 

3   Estimation of the Anisotropy Energy Barrier  
and Magnetic Moment Distributions 

First, we estimated the EB distribution from ACS measurement on the im-
mobilized sample. As shown in Fig. 2, the real part of the susceptibility χ’N 
of the immobilized sample decreases linearly with ln(f), while its imaginary 
part χ’’N was almost constant independent of frequency. It can be shown 
that these dependences occur when the normalized anisotropy energy 
σ=EB/kBT of the particles uniformly distributes in the sample. In this case, 
the complex susceptibility χN is given by  

( ) ( ) ( )2 2

1 1

1 1 12
N N Ndc 2 1 N1 - 1g m j d j d

σ σ

σ σ σ
χ ωτ σ χ σ σ ωτ σ− − −= + = +∫ ∫ , (1) 

with a Néel relaxation time of  

( ) ( )9
N 0N exp 10 expτ τ σ σ−= = , (2) 
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where gσ and χNdc is the number density and dc susceptibility of the immo-
bilized sample, respectively. Analyzing χN under a constraint that χNdc 
agrees with the dc susceptibility of the suspension sample under small ex-
ternal field [2], the lower and upper values of σ as σ1=0.26 and σ2=27 as 
shown in Fig. 2(b) were obtained. 
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Fig. 2. (a) Frequency dependence of the real χ’N and imaginary χ’’N parts of the 
ACS measured on immobilized sample when excitation field amplitude of 95μT 
was applied. Symbols represent the experimental results, while solid lines 
represent the calculated ACS for immobilized sample using the obtained anisotropy  
energy barrier distribution shown in (b). 

Next, we estimated the m distribution from a M-H curve measurement 
on the suspension sample (Fig. 3(a)) using a SVD method [3] . In Fig. 3 
(b), the estimated magnetic moment distribution is shown. As can be seen, 
there are three peaks in gm·m2, where gm is the number density. The peak 
with the highest value of m corresponds to the magnetic moment of multi-
core particles, and the other two peaks with small values of m correspond 
to single-domain particles. 
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Fig. 3. (a) M-H Curve. Circles represent experimental results, while solid line shows 
calculated results using the estimated magnetic moment distribution depicted in (b). 
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Finally, combining the two estimated distributions, i.e., gσm
2-σ and 

gmm2-m, the relationship between σ and m was estimated. As shown in 
Fig. 4, there are three types of MNPs in Resovist®: Type-I MNPs with 
small m and small σ. Type-II MNPs with large m and small σ. Type-III 
MNPs with large m and large σ. The fraction of type-II MNPs with large m 
(10- 2 4~10- 2 3  Wb·m) and small σ (τN=10- 8~1 s) was 34% in terms of 
gmm. 
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Fig. 4. Relationship between magnetic moment and anisotropy energy barrier. 

4   Harmonics Spectrum 

When the MNPs are used to bind to a target of interest inside the body in 
MPI application, MNPs are physically immobilized. In this case, relaxation 
and magnetization occur via the Néel mechanism. Therefore, one of the 
important characteristics of MNPs in MPI is the harmonics spectrum on 
immobilized sample. In Fig. 5, the harmonics spectra of the immobilized 
Resovist® sample are shown, when a field amplitude of 20 mTrms with 1 
kHz or 10 kHz was applied. As can be seen, the harmonics spectrum has 
a frequency-dependence due to the Néel relaxation. 
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Fig. 5. Harmonics spectra of  immobilized Resovist® sample when field amplitude of 
20mTrms was applied. Circles and triangles represent the experimental results with 
drive frequency of 1 kHz and 10 kHz, respectively. Solid and dashed lines represent 
the simulation results with drive frequency of 1 kHz and 10 kHz, respectively. 
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In order to make a comparison between the experimental and theoreti-
cal harmonics spectra, we performed MPS simulations for the immobilized 
sample using the estimated distributions as shown in Fig. 2(b) and 3(b) as 
well as the relationship between m and σ as shown in Fig. 4. In this MPS 
simulation, we solved the following Fokker-Planck equation: 

 
1 1

2 sin sin
sinN

B

W E W W
W

t k T
τ θ θ

ϑ θ θ ϑ θ φ
⎧ ⎫⎛ ⎞ ⎛ ⎞∂ ∂ ∂ ∂ ∂ ∂⎪ ⎪= + +⎨ ⎬⎜ ⎟ ⎜ ⎟∂ ∂ ∂ ∂ ∂ ∂⎪ ⎪ ⎝ ⎠⎝ ⎠⎩ ⎭

, (3) 

with 

( )cos cosE mH tω θ= − . (4) 

This equation is applicable for Néel particles when σ is small [4]. In order to 
take into account of the σ-dependent Néel relaxation time, we used the σ-
dependent Néel relaxation time τN given by eq. (2). As shown in Fig. 5, the 
simulated harmonic spectrum reasonably agreed with the measured results 
for lower harmonics, though the simulated results became smaller than the 
experimental ones for higher harmonics. From the numerical simulation, we 
found that roughly 90% of the 3rd harmonic signal was generated from type-
II MNPs with large m (10-24~10-23 Wb·m) and small σ (τN=10-8~1 s). 

5   Conclusion 

Investigating the magnetic moment and anisotropy energy barrier distribu-
tions in Resovist® particles as well as the relationship between them, we 
clarified that the harmonics spectrum is mainly generated by the MNPs 
with large magnetic moment (10-24~10-23 Wb·m) and small anisotropy 
energy barrier (τN=10-8~1 s), whose relative portion is roughly 30% in 
terms of number times magnetic moment. 
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Abstract. Nonlinear Brownian relaxation of magnetic fluids for the case of 
large excitation field was studied in relation to its biomedical applications. 
The Fokker-Planck equation, which describes the nonlinear behavior of 
magnetic fluids, was solved by numerical simulation when ac field was ap-
plied. Frequency-dependences of the harmonics were investigated in 
terms of the effective Brownian relaxation time τeff, which was empirically 
obtained from the ac susceptibility of the fundamental component. It was 
shown that higher harmonics become small even at ωτeff=1 compared to 
each quasi-static harmonics amplitudes. 

1   Introduction 

Magnetic nanoparticles (MNPs) have been widely studied for biomedical 
applications. In many cases, MNPs are used in a suspension, i.e., magnet-
ic fluids. One important property of magnetic fluids is Brownian relaxation. 
It is well-known that this property can be represented by Debye model in 
linear regime, i.e., for small excitation field. On the other hand, nonlinear 
properties of the Brownian relaxation appear under large excitation field, 
such as the decrease in ac susceptibility and the occurrence of the higher 
harmonics [1]. Recently, these nonlinear properties have been used for 
magnetic particle imaging [2] and immunoassay [3]. Therefore, it is impor-
tant to quantitatively characterize the nonlinear Brownian properties for 
biomedical applications. 

2   Numerical Simulation 

We studied nonlinear behavior of the magnetic fluid in Brownian relaxation 
when ac field was applied. For the case of spherical single-domain particles, 
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the behavior of magnetic fluids can be described by the Fokker-Planck eq-
uation [1]: 

( ) ( ) ( ) ( )
B

, ,1
2 sin cos sin ,

sin

W t W t
t W t

t

θ θ
τ θ ξ ω θ θ

θ θ θ
⎧ ⎫∂ ⎡ ∂ ⎤∂ ⎪ ⎪= ⋅ +⎨ ⎬⎢ ⎥∂ ∂ ∂⎪ ⎪⎣ ⎦⎩ ⎭

, (1) 

where θ is the angle of the magnetic moment m with respect to the applied 
field of Hac=Hcos(ωt), W(θ,t) is the distribution function of m, ξ = mH/kBT is 
the ratio of external field energy to the thermal energy kBT. τB is the Brow-
nian relaxation time given by τB=3ηV/kBT, where η is the viscosity of the 
fluid, V is the volume of the particle. We obtain the distribution function 
W(θ,t) solving eq. (1) with numerical simulation. Then, we can calculate the 
mean magnetic moment <m> in the direction of the applied field by 

( )
0

/ , sin cosm m W t d
π

θ θ θ θ= ∫ . (2) 

3   Simulation Results and Discussion 

Harmonic signals from the magnetic fluids are detected to reconstruct the 
space distribution of the magnetic fluids in MPI application [2]. Harmonic 
spectrum in ac field is also used to characterize the magnetic properties 
[4]. Therefore, it is important to quantitatively clarify the frequency-
dependence of the harmonic spectrum. In Fig. 1, numerical simulation  
results of the harmonic amplitudes in quasi-static case, i.e., when the fre-
quency approaches zero, are shown. The values of mk(0) (k=1 - 11)  are 
shown for various field amplitudes of ξ=2, 5, and 20. Here k is the harmon-
ics number. As shown, harmonic spectrum has strong dependence on the 
field amplitude. 
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Fig. 1. Harmonic spectra for quasi-static case when various field amplitude of ξ = 
2, 5, and 20 are applied. Symbols represent the numerical simulation results, while 
dashed lines represent the theoretical spectra, which are obtained by the Fourier 
expansion of the Langevin function. 
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In Fig. 2, frequency dependences of the harmonic amplitudes norma-
lized by each quasi-static amplitude, i.e., |mk(ω)|/mk(0), are shown. As 
shown, frequency dependences of the normalized harmonic amplitudes 
are not the same, but strongly depend on the harmonic number k. 
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Fig. 2. Frequency-dependences of the harmonic amplitudes normalized by each 
quasi-static amplitude. 

Next, we study the ac susceptibility of the fundamental component in 
order to explore the field-dependence and frequency-dependence of the 
nonlinear properties of the magnetic fluids. In Fig. 3, the frequency depen-
dences of the real (χ’1) and imaginary (χ’’1) parts of the susceptibility are 
shown. As shown in Fig. 3(b), ac susceptibility becomes different from the 
Debye equation when the field becomes large, i.e., for the case of ξ=10. 
For example, the frequency fp at which χ’’1 has a peak value becomes 
higher when ξ =10. 
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Fig. 3. Frequency dependences of the real (χ’1) and imaginary (χ’’1) parts of the 
susceptibility of the fundamental component for ac excitation fields. (a) ξ=2 and (b) 
ξ=10. Symbols represent simulation results, while solid lines are obtained from 
eqs. (3) and (4). 
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In order to obtain empirical equations that can explain the simulation re-
sults, we modified the Debye equation as: 

( ) ( ) ( )2

1 1 eff' / 0 1/ 1χ ω χ ωτ⎡ ⎤= +⎣ ⎦ , (3) 

( ) ( ) ( ) ( )2

1 1 eff eff'' / 0 '' / 1kχ ω χ ξ ωτ ωτ⎡ ⎤= +⎣ ⎦ , (4) 

with 

( ) ( )3 2 3
1 00 / 1 / 10 9 3.81χ χ ξ ξ ξ ξ= − + + + , (5) 

2
p p eff B2 1/ 1 0.07 /fω π τ ξ τ= = = + , (6) 

( ) ( )2 2'' 1 0.024 / 1 0.18 0.033k ξ ξ ξ ξ= + + + . (7) 

Here, χ1(0) is the susceptibility in the quasi-static case, χ0 = μ0Ms
2V/(3kBT) is 

the dc susceptibility for small fields, Ms is the saturation magnetization. Si-
mulation results of χ1(0)/χ0 and the effective relaxation time τeff, given by 
τeff=1/ωp, are shown in Fig. 4. As shown in Fig. 4(a), χ1(0)/χ0 decreased with 
ξ, which indicates a decrease in the susceptibility at large fields. Effective re-
laxation time τeff also decreased with ξ as shown in Fig. 4(b). Dependences 
of χ1(0) and τeff on ξ can be well expressed with eqs. (5) and (6). 
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Fig. 4. (a) Dependence of χ1(0) on ξ. Circles are simulation results, while the solid 
line is obtained from eq. (5). (b) Effective Brownian relaxation time τeff for ac fields. 
τeff is determined from the frequency fp at which χ’’1 shown in Fig. 3 has a peak 
value. Circles are simulation results, while the solid line is obtained from eq. (6). 

Finally, we explore the frequency dependences of |mk(ω)|/mk(0) by tak-
ing into account the effective relaxation time τeff given by eq. (6). In Fig. 5, 
frequency dependences of |mk(ωτeff)|/mk(0) are shown when ξ=20. Note 
that the horizontal axis depicts the angular frequency normalize by 1/τeff, 
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i.e., ωτeff. As can be seen, frequency dependence becomes stronger for 
larger harmonic number k. For example, at the frequency of ωτeff=1, the 
value of |mk(ωτeff)|/mk(0) becomes 0.8, 0.27, 0.06, and 0.0094 for the har-
monic number of k=1, 3, 5 and 7, respectively. On the other hand, if we ob-
tain the same amplitude of |mk(ωτeff)|/mk(0)=0.8, the frequency should be 
ωτeff=1, 1/4.9, 1/12, and 1/21 for k=1, 3, 5 and 7, respectively. This result 
indicates the rapid decrease of the harmonic signals at high frequencies. 
Therefore, these frequency dependences of the higher harmonics should 
be taken into account when they are used. 
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Fig. 5. Comparison of the frequency-dependences of the harmonic amplitudes. 

4   Conclusion 

The nonlinear Brownian relaxation of magnetic fluids was studied by numer-
ically solving the Fokker-Planck equation. Nonlinear properties such as field-
dependent effective relaxation time τeff and susceptibilities were clarified 
quantitatively. It was shown that the frequency dependence of the harmonic 
signal became stronger for larger harmonic number, resulting in the signifi-
cant decrease in the signal even at ωτeff=1. These frequency dependences 
of the higher harmonics should be taken into account when they are used. 
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Abstract. Nanofluids, defined as fluids containing suspended solid nanopar-
ticles, are potential systems for utilization in biomedical applications. Mag-
netic Particle Imaging (MPI) uses superparamagnetic nanofluids, e.g. a col-
loidal suspension of iron oxide particles. In this work a new biocompatible 
nanofluid based on pure and stable ferromagnetic carbon is investigated. Al-
though this material has a relatively small value of coercive magnetic field, it 
does exhibit a true ferromagnetic behavior up to 300 K. We present results 
obtained from numerical investigations performed to calculate the impact of 
a ferromagnetic magnetization to the MPI signal chain. Moreover, by model-
ing ferromagnetic magnetization we prove here the general suitability of  
ferromagnetic materials for MPI. Due to the low saturation magnetization, 
however, MPI for ferromagnetic carbon will be possible only in the near fu-
ture when realistic concentrations of the nanofluid ferromagnetic carbon will 
be experimentally obtainable. 

1   Introduction 

The members of the class of materials called magnetic can be classified 
by their magnetization and/or their magnetic susceptibility to an applied 
magnetic field into diamagnetic, paramagnetic, and ferromagnetic mate-
rials. Superparamagnetism is a form of magnetism which appears in fer-
romagnetic nanoparticles, among other types of magnetic materials. If 
those nanoparticles are sufficiently small, the magnetization can randomly 
flip its direction under the influence of temperature. The magnetization 
curve of the assembly as a function of the applied magnetic field is a re-
versible S-shaped curve. 

Potential nano-systems for uses in biological and medical applications are 
the so-called nanofluids defined as fluids containing suspended solid nano-
particles with different sizes. A most recognizable class of magnetically  
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controllable nanofluid simultaneously exhibiting both fluid and magnetic 
properties is the ferrofluid, a suspended colloidal fluid of nanosized iron 
oxide (Fe3O4 or g-Fe2O3) particles frequently called SPIO. When used in 
MPI the nanoparticles are sufficiently small and the ferrofluid suspension 
became superparamagnetic [1]. 

Instead of ferrofluids, a new nanofluid based on pure ferromagnetic car-
bon is investigated as contrast material for MPI in this paper. Carbon ma-
terials, especially nanocarbons, constitute one of the most fascinating 
classes of structures, exhibiting a wide variety of forms and properties. The 
possibility of achieving striking properties in macroscopic carbon - such as 
room-temperature magnetic properties and even superconductivity – is at-
tracting the scientific community and open up a plethora of possible appli-
cations of this material in engineering, as well as in medicine and biology, 
as a biocompatible magnetic material. 

While the basic research of the ferromagnetic carbon is in progress, a 
model describing ferromagnetic magnetization is already available [5]. This 
allows studying the suitability of ferromagnetic materials, e.g. nanofluid fer-
romagnetic carbon, in MPI. 

2   Material and Methods 

2.1   Ferromagnetic Graphite and Nanofluid Magnetic 
Carbon 

Ferromagnetic carbon can be produced by a vapor phase redox reaction in 
closed nitrogen atmosphere with copper oxide (CuO) [2,3]. Recent theoret-
ical and experimental reports confirm that magnetic carbon is originated 
from defects [6-9]. In the present case, those defects are introduced into 
the carbon structure by the vapor phase redox reaction. Atomic and mag-
netic force microscopy (AFM/MFM) can be used to study the presence of 
magnetic regions which are approximately 1µm. 

The chemical route for synthesizing nanofluid magnetic carbon (NFMG) 
is described in [4]. The structural characterization can be performed by 
transmission electron microscopy (TEM) leading results shown in Fig. 1, 
revealing a flake-like morphology. Relating the size of the scale in Fig. 1 
(left) with the size of the particle in the nanofluid, the latter is estimated to 
be of the order of 10nm. 

Besides, according to Fig. 1 (right), which shows M-H curves at 2 and 
300K, the hysteresis does not disappear with increasing temperature and 
manifests itself in nonzero values of remnant magnetization and coercive 
magnetic field. Consequently, we can conclude that, even though the 
NFMG nanofluid has a relatively small value of coercive magnetic field 
(quasi-superparamagnetic state), it does exhibit a true ferromagnetic be-
havior up to 300K. 
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Fig. 1. Left: TEM image of NFMG sample showing a flake-like structure with an av-
erage size of the particle of the order of 10 nm. Right: The hysteresis curves for 
NFMG sample for two temperatures 2 and 300 K showing a ferromagnetic like be-
havior of the sample. Inset: low-field M-H curves. 

 
The stability of NFMG can be verified by Zeta potential measurements 

of the nanoparticles under suspension. The Zeta potential indicates the 
level of the repulsion between particles similarly charged in dispersion. 
This means that the higher the Zeta potential, the more the dispersion will 
resist to aggregation, resulting in a longer period of stability. The stability of 
the dispersed solution of NFMG associated to its magnetic features, con-
firms its potential to be used in biological and medical applications, like  
imaging specifically MPI. 

2.2   MPI Using Ferromagnetic Magnetization  

Numerical investigations of a MPI systems using superparamagnetic na-
nofluid demonstrated, among others, good resolution and high sensitivity 
[10], field free line feasibility for signal encoding [11] even for different tra-
jectories and trajectory densities [12]. To compare simulation results of a 
superparamagnetic versus a ferromagnetic nanofluid a two dimensional 
MPI setup similar to [12] is implemented. Two perpendicular Maxwell coil 
pairs, diameter of D=500mm, are generating the selection and driven field. 
The distance between the coil and its opponent is 1000mm. The size cen-
tral field of view is 30mm x 15mm. The Biot-Savart law is solved for the sen-
sitivity profile using elliptic integrals [13] and a current strength of I=1A. In 
turn, the sensitivity profile is used to calculate induced voltages. The gra-
dient strengths are dHz/dz=2.5T/µ0m and dHx/dx=1.25T/µ0m. 

Frequently the well-known Langevin function for the anhysteretic S-
shaped magnetization Man is used to model a superparamagnetic magneti-
zation [10]. In contrast, the ferromagnetic behavior can be expressed by 
the differential equation [5]: 

. 
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Here H is the magnetic field while He (occurring in the Langevin function) is 
the effective magnetic field given by He = H + α Mhyst, where α denotes a 
mean field parameter representing inter-domain coupling. The coefficient c 
describes the ratio of the initial differential susceptibilities of the normal 
and the anhysteretic magnetization curves, c = χ´0norm  / χ´0anhy which can be 
measured experimentally. The parameter k is called shape forming para-
meter; µ0 is the permeability in free space and δ takes the value +1 if H in-
creases, dH/dt > 0 and -1 if H decreases, dH/dt < 0. Implicit parameters of 
the magnetization Man are: Ms the saturation magnetization, a = (kBT)/(µ0m) 
with kB the Boltzmann constant, T the temperature in Kelvin, and m the 
magnetic moment of a particle. We solved the differential equation imple-
menting a standard 4th order Runge-Kutta method [14]. 

The image reconstruction, i.e. solution of the equation Ĝc = û, for c, 
where Ĝ is the one dimensional discrete Fourier transformed system ma-
trix, c the unknown concentration and û the Fourier transformed induced 
voltage, is obtained by a combination of singular value decomposition and 
Tikhonov regularization. The regularization parameter suggested in [10] is 
used. 

To compare MPI results for superparamagnetic versus ferromagnetic 
nanofluids, parameters from [12] are adopted: For the superparamagnetic 
nanofluid, the saturation magnetization is Ms=477x103A/m and a=505.06 
A/m. Those values are used for the ferromagnetic nanofluid too and, in ad-
dition, the following values to form an adequate hysteresis curve: 
k=1.6x103Vs/m2, α=1.6x10-3, c=0.01. 

 

 
 

Fig. 2. Comparison of MPI signals chain for three different offset fields using  
superparamagnetic (left) and ferromagnetic nanofluid (right). 

3   Results 

Figure 2 shows the MPI signal chain for superparamagnetic and ferromag-
netic particles for various values of the offset field: Magnetization, induced 
voltage, and frequency spectrum. In both magnetization classes, higher 
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modulation offset causes saturation of the oscillating magnetization which 
determines the local MPI resolution. Comparing the spectra for the same 
values of the offset field, differences of the amplitude of frequency peaks 
between the superparamagnetic and the ferromagnetic magnetization can 
be observed. 

Figure 3 presents reconstruction results for both particle models. The 
two dimensional object is reconstructed with a resolution of 64x64 pixel 
and 50 time points per sinus wave of the trajectory current. The trajectory 
density is κ=30, see [12]. In general, image quality will increase with higher 
concentrations while the smoothness of the reconstructed image increases 
with the regularization parameter. A comparison of MPI results from su-
perparamagnetic to those from ferromagnetic magnetization reveals the 
later to produce less blurred and more edged images. 

 

 
 
Fig. 3. Results of 2D reconstruction for different regularization parameters λk  (rows) 
increasing from left to right and different particle models (lines): ferromagnetic model, 
bottom, superparamagnetic model, top. The concentration is c = 74.4 µmol. 

4   Discussion and Conclusions 

In this study we investigated materials synthesized into a nanofluidic ferro-
magnetic solution as a new class of contrast agent in MPI. The class of  
ferromagnetic nanofluids - possessing a non-reversible magnetization curve - 
extends the originally used superparamagnetic ferrofluid suspensions.  

We proved the feasibility of using ferromagnetic materials in MPI. The re-
construction problem requires – as in the superparamagnetic class – a solu-
tion of an ill-posed linear system of equations. The image quality using the 
ferromagnetic nanofluid is comparable or better than for superparamagnetic 
nanofluids. In particular, it shows more edged and less blurred results. This 
may be attributed to the existence of a remanence magnetization of the fer-
romagnetic particles. Whereas by a decreasing magnetic field the Langevin 
function generates a decreasing magnetization, the ferromagnetic model  
includes a magnetization even if the magnetic field reaches zero.  
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Due to the currently low saturation magnetization of the nanofluid ferro-
magnetic carbon the generation of a strong MPI signal will only be possible 
in the future when high concentrations will be obtainable. 

References 

1. Gleich, B., Weizenecker, J.: Tomographic imaging using the nonlinear re-
sponse of magnetic particles. Nature 435, 1214–1217 (2005) 

2. Mombrú, A.W., Pardo, H., Faccio, R., de Lima, O.F., Leite, E.R., Zanelatto, G., 
Lanfredi, A.J.C., Cardoso, C.A., Araújo-Moreira, F.M.: Physical Review B 71, 
100404 (2005) 

3. Pardo, H., Faccio, R., Araújo-Moreira, F.M., de Lima, O.F., Mombrú, A.W.: 
Carbon 44, 565 (2006) 

4. Souza, N.S., Sergeenkov, S., Speglich, C., Rivera, V.A.G., Cardoso, C.A., 
Pardo, H., Mombrú, A.W., Rodrigues, A.D., de Lima, O.F., Araújo-Moreira, 
F.M.: Applied Physics Letters 95, 233120 (2009) 

5. Jiles, D.C., Atherton, D.L.: Theory of ferromagnetic hysteresis. Journal of Mag-
netism and Magnetic Materials 61, 48–60 (1986) 

6. Faccio, R., Pardo, H., Denis, P.A., Yoshikawa Oeiras, R., Araújo-Moreira, 
F.M., Veríssimo-Alves, M., Mombrú, A.W.: Physical Review B 77, 035416 
(2008) 

7. Cervenka, J., Katsnelson, M.I., Flipse, C.F.J.: Nature Physics 5, 840 (2009) 
8. Ugeda, M.M., Brihuega, I., Guinea, F., Gómez-Rodríguez, J.M.: Phys. Rev. 

Lett. 104, 096804 (2010) 
9. Chen, J.-H., Li, L., Cullen, W.G., Williams, E.D., Fuhrer, M.S.: Nature Phys-

ics 7, 535–538 (2011) 
10. Weizenecker, J., Borgert, J., Gleich, B.: Phys. Med. Biol. 52, 6363–6374 (2007) 
11. Weizenecker, J., Gleich, B., Borgert, J.: J. Phys. D 41, 105009 (2008) 
12. Knopp, T., Biederer, S., Sattel, T., Weizenecker, J., Gleich, B., Borgert, J., Bu-

zug, T.M.: Phys. Med. Biol. 54, 385–397 (2009) 
13. Bladel, J.V.: Electromagnetic Fields, vol. 2. IEEE (2007) 
14. Press, W.H., Teukolsky, S.A., Vetterling, W.T., Flannery, B.P.: Numerical Rec-

ipes in C, 2nd edn. Cambridge University Press (1992) 



T.M. Buzug and J. Borgert (Eds.): Magnetic Particle Imaging, SPPHY 140, pp. 21–25. 
springerlink.com                                           © Springer-Verlag Berlin Heidelberg 2012 

Magnetic Particle Imaging: Exploring 
Particle Mobility 

Thilo Wawrzik, Frank Ludwig, and Meinhard Schilling 

Institut für Elektrische Messtechnik und Grundlagen der Elektrotechnik, 
TU Braunschweig, Hans-Sommer-Str. 66, 38106 Braunschweig, Germany 
t.wawrzik@tu-braunschweig.de 

Abstract. Magnetic Particle Imaging (MPI) is a promising new imaging 
modality, providing 3-dimensional imaging of magnetic nanoparticle tracers 
with high spatial and temporal resolution. Some recently developed experi-
mental scanners have proven MPI to be feasible for small animal imaging. 
So far, one assumes that all particles contributing to the MPI signal share 
the same size distribution. An interesting extension of MPI would be to 
measure the mobility (or binding affinity) of the particles in the imaging vo-
lume. In this scenario, particles in certain regions may be partly immobilized 
by chemical binding, resulting in a transition from a Brownian to a Néel-
dominated magnetization behavior – which is generally assumed for MNP 
tracers in blood. We propose that using two distinct frequencies, one below 
and one above the Brownian-Néel transition frequency, the binding state of 
the particles can be determined and utilized in MPI imaging. In this paper, 
we describe our MPI system and present simulations of 2-dimensional 
“Mobility MPI”. 

1   Introduction 

Magnetic Particle Imaging (MPI) – since its invention in 2005 [1] – has 
been recognized as a promising modality for medical imaging with high 
spatial and temporal resolution. It was demonstrated that MPI is applicable 
for in-vivo imaging with a clinically approved dose of Resovist – a magnetic 
nanoparticle tracer [2]. Although the development of MPI scanners has just 
begun and, at this point, does not reveal the full potential of MPI for real-
world applications, it is already apparent that MPI might play a role in mo-
lecular imaging scenarios. 

The tracer nanoparticles used in MPI, although stable in water, are ex-
pected to aggregate in complex media or blood. For some use cases, such 
as lung ventilation imaging, or research applications aside from the medi-
cal aspects of MPI, one would like to measure the mobility of the particles 
in the volume of interest. Particle mobility goes along with Néel-dominated 
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magnetization behavior for immobile particles and Brownian rotational mo-
tion for free ones. 

2   Magnetic Particle Imaging 

Recently, we developed at our institution a 3-dimensional scanner for 
Magnetic Particle Imaging. The water-cooled coil assembly of the scanner 
setup is depicted in Fig. 1. 

 

  

Fig. 1. Photo of 3-dimensional Magnetic Particle Imaging Scanner. 

The scanner is constructed around a 30 mm bore – suitable to fit a 
mouse. The adjustable encoding gradient is created by a combination of 
NeFeB permanent magnets (3 T/m) and a pair of Maxwell coils (max. 4 
T/m) resulting in a maximum field gradient of about 7 T/m. For generating 
the three orthogonal drive fields, required for 3-dimensional spatial encod-
ing, coils in Helmholtz-type configuration are used on the y- and z- axes, 
while the x-axis is designed with a single solenoid. 

The entire coil system is enclosed in a PVC housing to enable water-
cooling of the coils. Along the main axis of the gradient field a maximum 
field of 60 mT can be generated. On the orthogonal axes 30 mT fields 
are possible. However, for normal operation of the system a lower drive 
field amplitude is used, and the maximum field can be composed of  
an ac field and a dc field offset. All ac signals are generated by a D/A  
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converter card (NI PCI-6733, 3x 16-bit @ 1 MS/s), amplified by three au-
dio power amplifiers (img StageLine STA-3000, 2x 1.5 kW @ 4 Ohms) 
and fed into a hybrid series-parallel resonating circuit, which acts as a 
band-pass filter for the drive field frequencies around 10 kHz. The current 
revision of the system achieves a spectral purity with THD < 0.002% (> 
94 dBC). Temperature drift of the analog power circuits are monitored 
with an A/D converter (NI PCIe-6320, 3x 16-bit @ 250 kS/s) correcting 
current amplitude and phase of each drive field axis separately by adjust-
ing the D/A generated signals appropriately. For detection, three pairs of 
detection coils close to the surface of the bore are used. The induction 
signals are passed through a passive, resonating band-stop filter, ampli-
fied by a custom build low noise amplifier (en ≈ 1.2 nV/√Hz, bandwidth  
1 MHz) and finally digitized by a high-speed A/D converter card  (NI  
PCI-6133, 3x 14-bit @ 2.5 MS/s). 

For imaging three orthogonal sinusoidal drive fields are superimposed, 
forming a Lissajous pattern in the 3-dimensional field of view. Drive field 
frequencies are selected to be fx = 10.4 kHz, fy = 10.0 kHz and fz = 9.6 
kHz. The resulting Lissajous trajectory repeats about every tr = 31.2 ms  
(fr ≈ 32 Hz). 

3   Simulation Study 

Besides imaging of 2-/3-dimensional distributions of magnetic nanopar-
ticles [1, 2], MPI also has the potential to distinguish between mobile and 
immobile particles. To investigate the effect of different excitation fre-
quencies on the resulting image, we created a simulation environment of 
an artificial 2-dimensional MPI system based on the effective field method 
[3]. We solved the differential equation inserting the Langevin function for 
equilibrium magnetization and using an effective time constant, composed 
of the field-dependent Brownian and the Néel relaxation times [4]. Mobile 
particles are assumed to have a hydrodynamic diameter of 40 nm, in-
creasing to about 90 nm when bound or immobilized. The simulation was 
performed twice with different drive field frequencies, 1 kHz and 10 kHz. 
For all simulations, the core diameter of the particles was fixed to dc = 25 
nm (without distribution). Figure 3 shows the magnitude of the detection 
signal dropping for large hydrodynamic diameters. The transition diame-
ter, where the particles switch from Brownian-dominated magnetization 
behavior (for small/free particles) to Néel relaxation (for large/immobile 
clusters), strongly depends on the drive field frequency. Driving the sys-
tem with a higher frequency concludes a shift of the curve towards lower 
particle sizes. 
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Fig. 3. Magnetization magnitude versus hydrodynamic diameter of the particles for 
excitation frequencies of 1 kHz (blue) and 10 kHz (green). Transition diameter 
marks transition from Brownian- to Néel-dominated relaxation. 

For high enough excitation frequencies, the particles always respond via 
Néel relaxation and the hydrodynamic diameter does not play any role. 
Performing a MPI scan at such frequencies results in an image which di-
rectly reflects the particle concentration (Fig. 4(a)). Ideally, the particles are 
not subject to any Brownian relaxation and the phase is constant over a 
large frequency range. However, in the phase image (Fig. 4(b)) a strong 
influence of the particle size is visible because – as can be seen from Fig. 
3 – Brownian relaxation is still observed for the smaller particles at 10 kHz. 

 
 

    
 

   

 
 

 

 

Fig. 4. Simulated images of mobile (40 nm) and immobile (90 nm) particles in a  
2-dimensional MPI system for mean drive field frequencies of 1 kHz and 10 kHz 
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At a second, lower excitation frequency the magnitude image is 
weighted by particle concentration and particle mobility at the same time 
(Fig. 4(c)), while the phase image (Fig. 4(d)) is sensitive to the hydrody-
namic diameter only. 

4   Conclusion 

We described the design of our 3-dimensional MPI scanner. The system is 
constructed to fit a mouse and operates at 10 kHz excitation frequency. To 
extend the applications of MPI beyond imaging of 2-/3-dimensional nano-
particle distributions, we proposed a 2-step imaging process, where a 
second drive field frequency is used to explore the mobility of particles in 
the imaging volume. The additional degree of freedom in the imaging 
process, introduced by a second imaging frequency, opens the potential 
for selective contrasts, similar to T1/T2 weighting in MRI. Since optimal 
contrast is directly connected to the particles time constants, ideally, at 
least one frequency should be tunable. The high required spectral purity of 
the excitation signal for imaging remains, however, challenging and the 
feasibility of this method in a real MPI system has to be investigated. 

This work was financially supported by the DFG via SFB 578. 
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Abstract. Magnetic particle imaging usually requires image reconstruction 
in order to obtain the distribution of the superparamagnetic iron oxide par-
ticle concentration from the measured signal. An integral part of the recon-
struction is the system function, which relates the superparamagnetic iron 
oxide distribution to the signal it generates in the MPI scanner. Tradition-
ally, the system function is obtained by measuring the signal generated by 
a known point-like concentration throughout the imaging volume. This 
however, requires a robot and is very time consuming. In this contribution 
we demonstrate a method for estimating the system function using focus 
fields, which avoids the need for a robot. 

1   Introduction 

Obtaining an image of the measured magnetic particle imaging (MPI) [2] 
signal generally requires image reconstruction. This is normally done us-
ing a so-called system function (e.g. [3]) that contains the expected signal 
for a point source for a set of positions within the imaging volume. The 
image signal can be reconstructed as a weighted linear combination of 
these system function signals [4]. The system function depends on the 
magnetic fields used to generate the signal, the properties of the SPIO 
particles, the characteristics of the receive coils and the receive chain 
used to process the signal before recording. The system function can be 
acquired using a small tracer voxel, which is moved with a robot to the 
positions of interest where the signal can then be measured. This is, how-
ever, very time consuming and suffers from low signal to noise ratio. 
Simulations on the other hand have difficulties to account for particle 
properties accurately [3]. 
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2   System Calibration Unit 

The idea of a system calibration unit (SCU) is to reproduce the fields seen 
by the SPIO sample at the positions used for the system function at one 
fixed position, much like a spectrometer [1]. In an SCU, homogeneous fo-
cus fields are used to emulate positional changes. Whereas in an MPI 
scanner the sample size is limited by the gradient field used to spatially 
encode the signal, an SCU will have no such limitation. Additionally, highly 
sensitive receive coils can be used to measure the signal from the station-
ary sample. The SPIO particle properties will be explicitly accounted for. 
Thus, an SCU combines the benefits of both a robot based system func-
tion and a simulated one. 

Alternatively to a dedicated SCU, any MPI scanner with focus fields can 
be used as an SCU. When using an SCU to estimate the system function 
for another MPI scanner, it is necessary to account for all aspects of the 
MPI scanner: all the magnetic fields, receive chain characteristics, etc. In 
this contribution we demonstrate the use of focus fields for the acquisition 
of a system function without robot, using the scanner itself as an SCU.  

3   Measurements 

We will use the preclinical demonstrator (PCD) at Philips Research Labo-
ratory in Hamburg to perform the measurements. The PCD has the disad-
vantage that the selection field is generated by permanent magnets, which 
limits the usable sample size and therefore the achievable signal to noise 
ratio. For this work the gradient field is of no consequence since we only 
want demonstrate the use of focus fields in the system function measure-
ment while keeping everything else constant for easier comparison. 

In the current configuration, the PCD has drive field amplitudes of 13 mT 
for each x-, y-, and z-axes. With magnetic field gradients of Gx=1.25 T/m/µ0, 
Gy=1.25 T/m/µ0, Gz=2.50 T/m/µ0, the volume covered by the field free point 
measures ±8.8 mm, ±8.8 mm, ±4.4 mm. The drive fields are driven at fre-
quencies 24038 Hz, 26041 Hz and 25252 Hz, respectively. This combination 
of frequencies defines a closed Lissajous path for the field free point with a 
period of 21.5424 ms. The SPIO sample is a cylinder 2 mm in length, with a 
diameter of 1 mm, filled with pure Resovist [5]. 

We first measure a reference system function using a robot. The robot is 
moved on a regular grid about the field free point between ±16.2 mm in the 
x- and y-directions in 14 steps and ±9.5 mm in the z-direction in 10 steps. 
The system function covers a larger volume than the Lissajous path in or-
der to include any signal from SPIO particles close to the Lissajous path 
that can contribute significantly to the lower harmonics. In order to later 
subtract the background signal from the measurements we also measure 
the signal without the sample after every 10 robot positions. Together with 
the background measurements we have a total of 2945 measurement  
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positions. At each position we measure the average signal from 20 Lissa-
jous periods. For the background positions we measure 100 periods. The 
total time of the measurement was 1 hour. 

For the focus field based system function we first measure the selection 
field within the bore of the PCD using a Hall sensor. This is necessary in 
order to know the selection field strengths at the positions of the robot-
based system function. The sample is placed at the centre of the scanner. 
Since the sample stays in the same place during the measurements, it is 
necessary to know the focus fields only there. The focus fields as functions 
of focus coil currents at the centre of the scanner are also measured using 
a Hall sensor. The system function measurement with the focus fields is 
performed analogously to the robot-based measurement with the excep-
tion that instead of moving the sample, we move the field free point by set-
ting the focus field currents appropriately. The measurement took less than 
40 minutes to complete. 

4   Results 

In Fig. 1 we show the norms of the spectra measured for the x channel for 
the robot-based (top) and focus field-based (bottom) system matrices. The 
spectra show the norm over all system function positions after background 
subtraction. 
 

 
Fig. 1. The signal spectra for robot (top) and focus field (bottom) based system ma-
trices for the x channel. The panels show the spectra after background subtraction. 

In order to compare the spatial similarities between the two system ma-
trices we show the real part of one spectral component of the system func-
tion in 3 slices in x-, y-, and z-planes in Fig. 2. The slight offset between 
the two system functions is due to an offset in the field free point position. 
Both system matrices show the same patterns. 

Fig. 3 shows the reconstruction of a phantom for the two system matri-
ces. The simple images show good resemblance. 
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Fig. 2. The spatial pattern of one spectral component for the robot (left) and focus 
field (right) based system matrices for the x channel. The axis units are positions 
with in the measurement volume. The grey scale levels used for all the panels are 
the same.  
 

     

Fig. 3. The reconstructed images for robot (left) and focus field (right) based sys-
tem matrices. The grey scale levels used for the two panels are the same.  

5   Discussion 

As Figs. 1, 2, and 3 show, the system function can be accurately estimated 
using a static sample while applying appropriate focus fields instead of 
moving the sample with a robot. The system function here is measured 
only within a relatively small volume at the centre of the bore where the 
magnetic fields are homogeneous. At the edges of the imaging volume 
where field inhomogeneities become significant the focus field based ap-
proach might not work as well. In the setup used in this contribution, the 
use of focus fields provides a factor of 1.5 timesaving over the robot-based 
system function. In a dedicated SCU with a larger sample and optimised 
receive coils we expect to gain at least an order of magnitude in signal to 
noise which will enable further time savings. 
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6   Conclusion 

We have shown that a focus field based system function can be success-
fully used for the image reconstruction of an MPI scanner signal. This is 
the first step in our effort to realise an SCU that can be used for a fast  
acquisition of a high signal to noise system function for any MPI scanner. 

Acknowledgement. The authors acknowledge funding by the German Federal 
Ministry of Education and Research (BMBF) under the grant numbers FKZ 
13N9079 and FKZ 13N11086. 
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Abstract. To investigate various magnetic nanoparticle samples for their 
suitability as markers for Magnetic Particle Imaging (MPI), various magnet-
ic techniques can be applied. Whereas Magnetic Particle Spectroscopy 
(MPS) directly provides the harmonic spectrum for a given excitation fre-
quency and ac field amplitude, for the design of optimal markers, it is im-
portant to relate the measured harmonic spectra to specific nanoparticle 
properties. We have applied fluxgate magnetorelaxometry (MRX), ac sus-
ceptibility (ACS) up to 1 MHz, multivariate MPS - varying the excitation 
field amplitude and frequency as well as the magnitude of a superimposed 
dc field - and static magnetization measurements for the comprehensive 
characterization of representative magnetic nanoparticle samples. To dis-
tinguish between core and hydrodynamic properties, aqueous suspensions 
as well as immobilized samples were investigated.  

1   Introduction 

The wide-spread application of magnetic particle imaging (MPI) is tightly 
connected with the availability of optimum magnetic markers. A direct me-
thod to study the harmonic response of magnetic nanoparticles (MNP) to a 
sinusoidal excitation field is magnetic particle spectroscopy (MPS). In the 
basic version of a MPS measurement, a sinusoidal magnetic field of suffi-
ciently large amplitude and frequency fexc is exposed to the MNP sample 
and the harmonic spectrum is measured reflecting the nonlinear properties 
of the magnetization curve [1]. Naively, one would thus expect that MNP 
with core diameters of > 25 nm are most suitable since not too high mag-
netic fields of the order of 20 mT are sufficient to drive them into  
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saturation and thus to produce harmonics. Figure 1 depicts MPS spectra 
of single-core MNP suspensions from Ocean Nanotech with 15 nm and 
25 nm core diameter. As expected, sample SHP-25 shows considerably 
more harmonics. Also displayed is the harmonic spectrum of Resovist.  
Although the individual iron oxide particles of Resovist are known to have 
diameters of the order of 5-6 nm, a rich harmonic spectrum is measured.  

 

 
Fig. 1. MPS spectra measured on Resovist as well as on suspensions of SHP-15 and 
SHP-25 from Ocean Nanotech. All spectra are normalized to their 3f magnitudes. 

Another important point that has to be taken into account for the realiza-
tion of MPI is the MNP dynamics. With regard to a high detection signal 
and a high spatial and temporal resolution, a high excitation frequency 
would be desirable. On the other hand, the MNP must be able to follow the 
excitation field. However, the larger the particle core, the higher is the cha-
racteristic time constant of the particles (the Brownian time constant τB is 
proportional to the hydrodynamic volume Vh and the Néel time constants 
τN scales with exp(K·Vc/(kB·T) where Vc is the core volume and K the ani-
sotropy constant). Consequently, the requirements of large magnetic 
cores/magnetic moments and small relaxation times apparently contradict 
each other. Thus, to understand why Resovist exhibits such a rich harmon-
ic spectrum despite the comparably small magnetic cores and to finally op-
timize MNP for MPI, various magnetic techniques have to be combined to 
get a self-consistent picture. 

Another important issue in this context is whether the MNP are mobile 
or immobilized (e.g, bound to cells). In the former case, the Brownian re-
laxation dynamics have to be considered whereas in the latter one the 
Néel relaxation must be accounted for. 
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2   Magnetic Methods 

Magnetic Particle Spectroscopy 

The most direct technique for the characterization of MNP for MPI is mag-
netic particle spectroscopy (MPS) [1,2]. The detection signal is preferably 
recorded using a gradiometric detection coil. Since the ac field amplitude is 
large enough to cover the nonlinear magnetization range of the MNP, the 
detection signal contains higher harmonics which are characteristic for the 
specific magnetization curve. Most MPS systems operate at a fixed excita-
tion frequency and amplitude. It is, however, important that the MNP dy-
namics are taken into account. To account for the particle dynamics of a 
MNP suspension, the Langevin function and the Debye model can simply 
be combined [3] using an effective, excitation field amplitude dependent 
Brownian time constant τBeff which was derived by Yoshida and Enpuku 
[4]. So far, no adequate solution has been proposed for the Néel mechan-
ism. This frequency dependence of the harmonics spectrum has, however, 
so far been experimentally studied only by Wawrzik et al. [2]. In addition to 
finding the optimum excitation frequency for a given MNP sample, the var-
iation of the excitation frequency in MPS allows one to determine both the 
core and the hydrodynamics size distributions of the MNP [2]. 

For MPI applications where the MNP are immobilized, MPS measure-
ments have to be performed on immobilized samples. MNPs which were 
optimized for liquid-phases MPI applications are not necessarily optimal for 
applications where they are immobilized [5]. 

For an absolute comparison of the MPI performance of various MNP 
samples it is not sufficient to just compare the number of harmonics but 
the harmonic spectra should be normalized to the same iron content. 

Static Magnetization Measurements 

A standard technique for the characterization of MNP is the measurement 
of static M-H curves, e.g., using a SQUID Magnetic Property Measurement 
System (MPMS). This system allows one to study the sample’s magnetic 
moment in fields up to a few Tesla. The magnetization of a suspension of 
magnetic nanoparticles is generally described by the Langevin function. If 
a distribution of magnetic moments (or core sizes) is present, one has to 
integrate over their distribution f(m) which is generally assumed to be log-
normal. Importantly, all MNP contribute to the signal proposed that the 
maximum magnetic field is sufficiently large. Consequently the analysis of 
static M-H curves measured on MNP suspensions allows one to determine 
the distribution of magnetic moments f(m). The M-H curve can be analyzed 
either by assuming a certain function for f(m) (e.g., a bimodal distribution 
[6]) or by applying the SVD technique [7,8]. 

Quite often, M-H measurements are also performed on reference sam-
ples with immobilized nanoparticles. In contrast to a suspension, immobi-
lized particles can only align with the external field by a rotation of the  
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internal magnetization vector. Thus, in addition to the magnetic m·B and 
the thermal energy kBT, the anisotropy energy K·Vc comes into play caus-
ing that the M-H curves of mobile and immobilized MNP samples generally 
differ. Although the anisotropy energy barrier is of importance when consi-
dering the relaxation time constants of immobile MNP, the analysis of M-H 
curves of immobilized MNP samples is quite complicated since it includes 
the saturation magnetization Ms, anisotropy constant K as well as the core 
size and shape of each individual nanoparticle. The situation considerably 
simplifies if fixed values for Ms and K as well as spherical particle core 
shape are assumed. 

AC Susceptibility 

Another widely used magnetic technique for the characterization of mag-
netic nanoparticles is the measurement of the complex (ac) susceptibility 
(ACS). In an ACS measurement, a sinusoidal field of constant amplitude is 
applied and the frequency is swept. In contrast to MPS, excitation ampli-
tudes are in the linear range. From the in-phase and out-of-phase signal of 
two antiserially connected detection coils – one being filled with the sample 
-, real and imaginary parts of the susceptibility can be determined. The ba-
sic model for the analysis is the Debye model [9] providing equations for 
real χ’ and imaginary part χ’’ of the susceptibility. For monodisperse nano-
particles samples, the imaginary part is maximum for ω·τeff = 1 where τeff is 
the effective time constant given by τeff = τBτN/(τB+τN). 

 

 

Fig. 2. ACS spectra measured on Resovist suspension and immobilized reference 
sample. 

If multidispersity is taken into account, the Debye model generalizes cor-
respondingly [10]. Figure 2 depicts the susceptibility spectra measured on a 
Resovist suspension and on an immobilized reference sample. As can be 
seen the imaginary part of the suspension exhibits a pronounced maximum 
at 1.6 kHz which is caused by the Brownian relaxation of particles having a 
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mean hydrodynamic diameter of 58 nm. In contrast, the imaginary part of 
the immobilized sample is close to zero and flat for frequencies up to 
1 MHz. At an excitation frequency of 25 kHz, the real part amounts to less 
than 50% compared to the dc value.  

For MPI applications where the MNP are immobilized e.g., or by  
binding to cells, only the Néel relaxation is of importance. As the blue 
curves in Fig. 2 show, real and imaginary parts of the immobilized Resovist 
sample are considerably lower than those of the suspension. Both the 
constant, but non-zero imaginary and the real part which decays propor-
tionally to ln(f) indicate a uniform distribution of Néel time constants and 
thus anisotropy energies ΔE = K·Vc [8]. The lower limit of the uniform dis-
tribution is given by the maximum excitation frequency (1 MHz in this case) 
whereas the upper limit can be estimated from an extrapolation to the χ0 
value of the suspension (all particle moments can follow the excitation 
field). 

Magnetorelaxometry 

In magnetorelaxometry (MRX) the magnetic moments of the MNP are 
aligned by an external magnetic field pulse with an amplitude of a few mT 
and a duration of 1-2 s. After abruptly switching off the magnetizing mag-
netic field, the decay of the magnetic signal is measured with highly sensi-
tive magnetic field sensors (either SQUIDs or fluxgates). The decay is de-
termined by the characteristic time constants τeff of the MNP analogously 
to ac susceptibility measurements. For the analysis of the MRX signal of 
multidisperse MNP, the so called moment superposition model can be ap-
plied [11,12]. For immobilized samples, the characteristic time constant is 
given by the Néel time constant, reflecting the anisotropy barrier. Whereas 
an ACS measurement on an immobilized sample can be used to recon-
struct the f(ΔE)·m2 distribution versus energy barriers ΔE (f is the number 
distribution) [8], from MRX the f(ΔE)·m distribution can be obtained. A  
main advantage of MRX is that MNP with rather long relaxation times  
are accessible whereas the ACS measurement is more suited in the  
high-frequency range. 

3   Discussion and Conclusion 

The various magnetic methods applied to either MNP suspensions or immo-
bilized MNP provide different information on MNP properties. Whereas the 
distribution of magnetic moments can be obtained from static M-H mea-
surements, information on the dynamic properties is provided by ACS or 
MRX measurements. Whereas measurements on immobilized samples al-
low the determination of the anisotropy barrier distribution which is of impor-
tance for applications where the markers are immobile, e.g., bound to cells, 
measurements on suspensions provide the distribution of hydrodynamic siz-
es. Since the harmonic spectra of mobile and immobilized MNP are deter-
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mined by the Néel and Brownian mechanism, respectively, optimum mark-
ers must not necessarily be the same for all MPI applications [5]. The main 
challenge that remains to be solved is to relate the obtained distribution of 
magnetic moments or particle sizes to the distribution of time constants and 
thus to identify optimum markers for MPI. The self-consistency of the ob-
tained picture can be proven by MPS measurements performed for different 
excitation frequencies and their theoretical modeling using the distributions 
obtained from other magnetic measurements.  

This work was financially supported by the DFG via SFB 578. 
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Abstract. Magnetic Particle Spectroscopy (MPS) has been used to esti-
mate the performance of magnetic nanoparticles for Magnetic Particle Im-
aging. It was demonstrated that one can reconstruct the particles core 
size distribution from the measured MPS spectrum. However, using MPS 
as an analytical instrument for the characterization of magnetic nanopar-
ticle samples includes systematic errors. First, previous reports on MPS-
based core size estimation only take the Néel process of the relaxation in-
to account. However, other methods, e.g. ac susceptometry, show that for 
excitation frequencies in the lower kilohertz regime the Brownian magne-
tization process also plays an important role. We developed an extended 
MPS setup that enables parameter measurements of the harmonics, de-
pending on the amplitude and frequency of the excitation signal and the 
amplitude of a static offset field. Based on a dynamic magnetization mod-
el, we utilize a multi-variate fitting routine to describe the sample's core 
size and hydrodynamic size distribution. Second, existing implementa-
tions assume mono-modal log-normal distributions of core sizes, which 
cannot be guaranteed to match the actual size distribution of  
the sample. For that reason, we also use a regularized singular value de-
composition (SVD) based method for reconstructing arbitrary core size 
distributions from the harmonic spectrum. 

1   Introduction 

Magnetic Particle Spectroscopy (MPS) has been developed as a support-
ing method for evaluating the properties of magnetic nanoparticle (MNP) 
tracers for Magnetic Particle Imaging (MPI) [1]. It was demonstrated that 
one can reconstruct the core size distribution of such tracers from the 
measured harmonic spectrum [2]. For that purpose, the sample is general-
ly exposed to an oscillating excitation field of sufficiently high field strength 
to drive the particles into saturation or at least into the non-linear range of 
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the magnetization curve. The magnetization response is then picked up by 
an induction coil and transformed into frequency space to get the harmonic 
spectrum. For estimating the core size distribution, a least-squares me-
thod, such as Levenberg-Marquardt, is used with a particle model based 
on the Langevin function of superparamagnetism and assuming a log-
normal distribution of core sizes. Such assumption creates a systematic 
error since neither the measurement accounts for deviations from the log-
normal distribution nor does it include the Brownian rotational motion of the 
MNP. For that reason, we extended our MPS measuring system and the 
algorithms for evaluation. 

2   Multivariate MPS 

Our extended Magnetic Particle Spectrometer enables parametric mea-
surement of the harmonic spectrum depending on the amplitude and fre-
quency of the excitation field and an additionally applied static offset 
field. In the current setup the excitation signal, generated by an arbitrary 
waveform generator (Tektronics AFG-310), is amplified with an standard 
audio power amplifier and fed into a resonating circuit which is tuned to 
the excitation frequency to reduce the harmonic distortion. The excitation 
coil is constructed as an elongated solenoid and the pair of gradiometric 
detection coils is aligned on its center line. Due to the anti-serial configu-
ration of the coils, it avoids the direct coupling of the excitation signal into 
the detection chain and therefore removes the need for a band-stop filter 
before the signal is amplified and digitized (NI PCI-6133). The excitation 
field can be varied from 0-25 mT in amplitude and the frequency can be 
selected from a discrete set of six different frequencies (496 Hz, 1.30 
kHz, 2.11 kHz, 3.85 kHz, 6.43 kHz, 9.96 kHz). A dc offset field can be 
applied serially or perpendicularly to the excitation field at a flux density 
between 0 and 30 mT. 

From a measured multi-dimensional dataset, which enfolds the depen-
dence of the harmonic spectrum on the three parameters (excitation field 
amplitude and frequency, dc field amplitude), a multi-variate fitting algo-
rithm based on standard least-squares approximation can be utilized for 
reconstructing the core and hydrodynamic size distribution of the magnetic 
nanoparticle sample. 

The forward model includes the Néel and Brownian magnetization re-
sponse as well as the field-dependence of the corresponding relaxation 
time constants. Figure 1 shows the first three odd harmonics from the 
spectra measured for four different excitation frequencies on a suspension 
of SHP-25 MNP from Ocean Nanotech. 
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Fig. 1. Spectral magnitude vs. harmonic number measured on SHP-25 suspension 
from Ocean Nanotech for four different excitation frequencies. 

Apparently, the slope of the harmonic decay differs for the different ap-
plied frequencies. This can be explained by the different “portion” of particles 
from the size distribution contributing to the signal. For small excitation fre-
quencies – below the characteristic frequency or inverse of the relaxation 
time constant – all particles in the sample contribute to the spectrum. For 
higher frequencies, only the smaller particles in the sample relax fast 
enough to follow the excitation signal, which leads to a phase shift in the 
spectrum and a faster decay of the harmonics, since small particles require 
a higher field to reach saturation. 

For the other parameters, i.e., the amplitude of the excitation signal and 
the field strength of the offset field, one can find similar dependencies. The 
dc field modulates the harmonic response – reflecting the most non-linear 
field range of the magnetization curve – and it allows one to simulate posi-
tions of the sample along the encoding gradient in a Magnetic Particle Imag-
ing system, resulting in a system matrix of a 1-dimensional MPI scanner [3]. 

3   SVD-Based Reconstruction 

One limitation of previously reported least-squares methods is the fact that 
they always assume a log-normal distribution of particle sizes. For making 
the transition from a pre-defined distribution function to an arbitrary shaped 
distribution, which also includes bi- or multi-model size distributions, we 
utilize a SVD-based algorithm for reconstruction. SVD (singular value de-
composition) allows us to estimate the contribution of N discrete particle 
sizes to the measured spectrum. For a good estimation, the number of 
size bins N to be extracted is limited by the number of harmonics M, which 
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are observed in the harmonic spectrum, and the variance and noise of the 
measurement. Typically, we observe more than 50 harmonics for a con-
centrated sample so that a discrete size distribution with about 40 sizes 
can be found. 

To proof the concept of a SVD-based reconstruction of the particle size 
distribution, Fig. 2 shows a comparison of standard Levenberg-Marquardt 
(LM) estimation – as described in the previous section – with a discrete 
distribution obtained from SVD. As can be seen, the bimodality of the orig-
inal size distribution is not visible from the LM fit, whereas it is most evi-
dent in the SVD reconstruction. However, for poor data, with less harmon-
ics visible or high data variance or noise, a LM fit gives more stable 
results. Here, the absolute deviation of the SVD fitted spectrum and the 
model-given harmonics is mostly determined by the bigger particles lead-
ing to a over-representation of the right peak in SVD reconstruction. 
 

 
Fig. 2. Comparison of modeled core size distribution (blue) fitted by standard Le-
venberg-Marquardt algorithm (red) and from SVD-based reconstruction (green). 

4   Conclusion 

In this paper, two major extensions to previous reports on Magnetic Par-
ticle Spectroscopy were presented. With a multi-variate dataset, obtained 
by measuring the harmonic spectrum in dependence of the excitation field 
amplitude and frequency and a dc offset field, it is possible to estimate not 
only the core size distribution but also the  hydrodynamic size distribution 
of the measured nanoparticle sample. For multi-modal size distributions, 
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as observed especially for multi-core particles, such as Resovist [4], it is 
also advantageous to use a SVD-based algorithm for reconstruction, since 
it does not require any prior-knowledge, i.e., assuming a log-normal distri-
bution of core sizes, to be inserted into the algorithms. 
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Abstract. The search for optimal nanoparticles for magnetic particle imag-
ing (MPI) has been receiving much attention. Currently, Resovist® an iron 
oxide nanoparticle-based MR contrast agent is considered as the gold 
standard for MPS and MPI measurements. In this paper, we evaluate the 
initial MPS response of iron oxide-based nanoparticle systems with varia-
tion in core size and coating. In this context, we synthesized iron oxide  
nanoparticles with different core sizes (5 and 10 nm) by employing co-
preciptiation method. Further, these iron cores were adsorptively coated 
with endogenous fluorophores (flavin analogues: FMN, FAD) to increase 
their stability and to enhance MR contrast. We have performed initial expe-
riments on these particles in a magnetic particle spectrometer. Their spec-
trum of higher harmonics was obtained and found to fall off more rapidly 
than Resovist®. No difference in magnetic behavior was seen between 
particles with different coatings. 

1   Introduction 

We have recently developed adsorptively coated fluorescent iron oxide 
nanoparticles (FLUSPIO) using endogenous flavin analogues (flavin mo-
nonucleotide - FMN) and have demonstrated their potential as versatile 
molecular MR probes for targeting the riboflavin carrier protein (RCP) [1]. 
These FMN decorated nanoparticles displayed high MR relaxivity (r2) con-
gruent to Resovist®. 

MPI was developed as a sensitive method for detecting superparamag-
netic iron oxide (SPIO) nanoparticles in vivo [2]. In comparison to MRI,  
the sensitivity for iron oxide nanoparticle detection in MPI is hoped to be 
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higher by a factor of 100 or more. In order to gain more insights about the 
behavior of FLUSPIO with different core size in MPI, we performed initial 
experiments with a magnetic particle spectrometer (MPS). Additionally, we 
evaluated flavin adenine dinucleotide (FAD) adsorptively coated fluores-
cent nanoparticles (FAD USPIO) with different core sizes in order to check 
the influence of size and coating molecules on the magnetic response of 
the particles in MPS. 

2   Material and Methods 

2.1   Synthesis of USPIO 

Ultrasmall Superparamagnetic Iron Oxide nanoparticles (USPIO) were 
synthesized by co-precipitation of ferrous (Fe2+) and ferric (Fe3+) salts in 
aqueous alkaline conditions. A modified one-pot synthesis protocol was 
followed [3]. We used a stoichiometric ratio of 2Fe3+:Fe2+, 16 mmol (2.66 g) 
of FeCl3 and 8 mmol (1.63 g) of FeCl2.4H2O which was dissolved in 190 
mL de-ionized water at room temperature by magnetic stirring. Further, 10 
mL of 25% NH3 was poured down the vortex of the iron solution to form a 
black precipitate. After stirring for 20 min, the particles were retrieved with 
a magnet and washed thrice with water and twice with 0.1 M HCl solution. 
Magnetic fluids were dispersed in 100 mL (0.1 M HCl). The USPIO were 
further sonicated and centrifuged in order to remove aggregates. The total 
iron concentration of USPIO (5 nm) determined by titrimetry [4] and colo-
rimetry (tiron method) [5] was 161 mM. USPIO (10 nm) were generated by 
short reaction time (10 min stirring) and by following analogous synthetic 
steps to that of 5 nm USPIO.  

2.2   Synthesis of Fluorescent Nanoparticles 

Fluorescent Ultrasmall Superparamagnetic Iron Oxide nanoparticles 
(FLUSPIO) were synthesized by coating iron oxide cores with simple or-
ganic molecules (non-polymeric coating) [6]. To achieve the coating, 35 
mM of flavin mononucleotide (FMN) was sonicated (Ultrasonic cleaner, 30 
W, VWR GmbH, Germany) with 143 mM USPIO for 1 h at ambient tem-
perature. Excess FMN was removed by high-gradient magnetophoresis. 
Further, FMN modified particles were further sonicated with 50 mM guano-
sine monophosphate (GMP) similar to the FMN coating. The particles were 
purified further by employing high gradient magnetophoresis to yield 
FLUSPIO. Flavin adenine dinucleotide (FAD)-coated USPIO were synthe-
sized analogous to FLUSPIO generation respectively.  

2.3   Characterization of Fluorescent Nanoparticles 

The core diameter and surface morphology of the FLUSPIO were evaluated 
using TEM techniques. The relaxivity and MR-contrast enhancement  
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properties of FLUSPIO were determined using MRI. The fluorescence  
intensity of FLUSPIO was studied using fluorescence spectroscopy.  

2.4   In Vitro Evaluation of Fluorescent Nanoparticles 

The biocompatibility of FLUSPIO was evaluated using different cell viability 
assays (Trypan blue staining and TUNEL assay). In vitro labeling of cancer 
cells (PC-3, DU-145, LnCap) and activated endothelial cells (HUVEC) by 
FLUSPIO was evaluated using MRI and fluorescence microscopy. The 
specific uptake of FLUSPIO mediated by RCP was investigated using MRI. 

2.5   Magnetic Particle Spectroscopy of Fluorescent 
Nanoparticles 

The suitability of the particles for magnetic particle imaging was investi-
gated using a magnetic particle spectrometer (MPS) [7]. The MPS was 
built at the Institute of Medical Engineering, University of Lübeck. The MPS 
consists of two equivalent coil systems. To generate an almost homogen-
ous magnetic field, two circular transmit coils are mounted in Helmholtz 
configuration with a distance of 9 mm. Their outer diameter is 58 mm, their 
inner diameter is 19 mm and their height is 6 mm. The signal is received 
by a solenoid coil; its self-resonance is above 2.5 MHz and its dimensions 
are specified by the inner diameter of 10 mm and its length of 7 mm. The 
generated field strengths oscillate with a frequency of 25 kHz and a maxi-
mum field strength of 40 mT / µ0. 

3   Results 

USPIO nanoparticles prepared by co-precipitation were coated with FMN, 
which strongly binds to the iron oxide cores via phosphate groups. The flu-
orescent coating was achieved in aqueous solutions of USPIO and FMN 
(at pH 4) under sonication at ambient temperature. The coating of USPIO 
with FMN alone did not lead to an efficient and stable coverage of the en-
tire nanoparticle surface, which might be due to steric hindrance caused by 
the isoalloxazine ring of FMN. Additionally, the nanoparticle surface should 
not be covered entirely with FMN due to the quenching of green fluores-
cence that occurs at high concentrations. GMP is less bulky and contains 
a phosphate group (similar to that of FMN), which strongly chemisorbs to 
the iron oxide surface during the non-polymeric coating. Both, FMN and 
GMP are negatively charged molecules and their binding to USPIO results 
in a negative surface charge of FLUSPIO at pH 7.0, thus providing colloid-
al stabilization.  

TEM indicated FLUSPIO`s spherical surface morphology with an aver-
age core diameter of 5 ± 1 nm. FLUSPIO showed high relaxivity with con-
trast equal to that of clinically used MR contrast agent (Resovist®). 
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FLUSPIO displayed intense fluorescence with moderate decrease in its in-
tensity after exposure to daylight for 3 days.  

The viability assays indicated that there is no decrease in cell viability at 
relevant FLUSPIO cell labeling concentration (0.3 µmol Fe/mL). High up-
take of FLUSPIO by prostate cancer and endothelial cells was confirmed 
by MRI and fluorescence microscopy. Further, the RCP-mediated uptake 
of FLUSPIO by PC-3 cells and HUVEC was proved (using MRI) by compe-
titively blocking its uptake with a 10- and 100-fold excess of free FMN. 

 

 

Fig. 1. FLUSPIO characateristics. a: Schematic diagram showing the mode of 
binding of FMN and GMP to the iron oxide cores in FLUSPIO. b-c: TEM images of 
USPIO (b) and FLUSPIO (c). Quantitative analysis of the images reveals that both 
types of nanoparticles have a core diameter of 5 ± 1 nm and a narrow size 
distribution. d: T2-weighted MR images of FLUSPIO (50 – 0.005 µg) in comparison 
to Resovist in water. e: Fluorescence emission spectrum of FLUSPIO at different 
concentration in water. f: FLUSPIO uptake analyzed by means of fluorescence 
microscopy (FLUSPIO plus DAPI). The images clearly show the vesicular 
localizaiton of the FLUSPIO respectively. 

In MPS, the higher harmonics of the measured particles of 5 nm and 10 
nm iron core size fall off more rapidly than the current standard Resovist®, 
see figure 1. No difference was seen in the response of the particles 
coated with FMN as compared to those coated with FAD. 
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Fig. 2. MPS measurements of USPIO, coated with FMN (5 nm core size, 10 nm 
core size) and FAD (5 nm core size, 10 nm core size) as compared to Resovist 
(grey curve). The iron concentration in each of the samples was 5 µmol/ml. 

4   Discussion 

All particles performed well in vitro and in vivo with respect to biotolerability 
and target specificity. As expected due to their comparatively small iron 
core sizes (5 and 10 nm) the higher harmonics in the MPI signal fall off 
more rapidly than in the current standard Resovist®. As no difference in 
the magnetic behavior of differently coated nanoparticles was seen, it can 
be assumed that it is mainly the magnetic core, which influences the MPI 
performance. The 5 nm and 10 nm USPIOs do not show a magnetic beha-
vior which is advantageous for MPI. However, now having particles with 
excellent surface properties at hand may allow us to tailor particle size and 
their physical and chemical properties to optimize their suitability for MPI. 

5   Conclusion 

The behavior of the tested particles with respect to MPI is not yet optimal. 
Having a potential as a versatile molecular probe for targeting the RCP, 
their small iron core sizes limits the signal strength in MPI. Further work is 
needed to optimize the particles’ magnetic properties. 
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Abstract. The Magnetic Particle Spectroscopy (MPS)-amplitudes were 
measured on 7 suspensions of magnetite based magnetic particles (MNP) 
differing in core size and magnetic anisotropy. The distributions of the ef-
fective domain sizes, estimated by means of quasistatic M(H) measure-
ments and Magnetorelaxometry (MRX), matches well the core size distri-
bution for the single core MNP-systems estimated by electron microscopy. 
Two systems, namely Resovist and M4E clearly exhibit a bimodal domain 
size distribution. It was shown, that the MPS amplitudes strongly increase 
with increasing domain size up to 21 nm, the mean value of the larger frac-
tion of Resovist. For M4E with a mean size of the larger fraction of 33 nm 
the measured MPS-amplitudes became much smaller than those of Reso-
vist, in particular for the higher harmonics. That behaviour was attributed to 
the mean anisotropy energy of these MNPs, estimated by MRX, exceeding 
that of Resovist by one order of magnitude. The effect of the MNP’s mag-
netic anisotropy is also supported by comparison of measured MPS-
amplitudes with those which were calculated on the base of M(H)-data. 

1   Introduction 

For a good MPI-performance magnetite/maghemite based MNP should 
have a narrow core size distribution with a mean diameter between 30 nm 
and 60 nm [1] and the magnetic anisotropy should be small ensuring that 
the moments can follow the ac-field easily. Modelling the spectra from 
MPS (magnetic particle spectroscopy) using M(H)-data, it was found that 
the reasonable good MPI-performance of Resovist is caused by the MNP 
aggregates (30% of magnetic volume) which have a mean effective  
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magnetic domain size of 22 nm whereas the single core (mean 5 nm) frac-
tion practically do not contribute to the signal [2].  

In present study, we investigated MNP suspensions with very different 
core size distribution in order to show, how also the measured MP-spectra 
support the previous finding. The influence of the particle magnetic anisot-
ropy will be enlightened comparing these spectra with those calculated 
from quasistatic magnetisation data M(H) and by Magnetorelaxometry 
(MRX) measurements. 

2   Materials and Methods 

Beside Resovist, we investigated (i) a set of commercial available magnet-
ite based single core MNP suspensions, SHP-10, SHP-15, SHP-20 
(Ocean NanoTech, USA), having mean cores sizes of about 10 nm, 
15 nm, and 20 nm, respectively, as documented in the corresponding data 
sheets and in the case of SHP-20 proved by TEM-measurements [3]. Fur-
thermore, we investigated (ii) two MNP-systems with small particles, MNP-
C-A and MNP-C-B (Institute for Radiology, Charité, Germany), coated with 
citrate. (iii) The system M4E with large magnetite cores were produced 
precipitating a 2.5·10-2 M iron (II) salt (FeSO4) in the presence of 
7.0·10−2

 M NaOH and a mild oxidant (0.1 M KNO3) at 90ºC in a mixture of 
solvents water/ethanol according to procedure described in [4,5]. 

For all size distributions, we assumed spherical particles with “magnetic” 
diameters dm here also termed domain sizes, obeying a lognormal function 
f(dm) which is parameterised by the diameter of the mean volume, dm,V, 

and the dispersion parameter σ. The size distributions for the magnetic 
part of the MNP, i.e. the effective domain diameters, were estimated fitting 
a model of lognormally distributed noninteracting MNP-moments [6] sup-
plemented with a quasiparamagnetic term [7] to the M(H)-curves, meas-
ured with a MPMS-XL (Quantum Design).  

By magnetorelaxometry (MRX) [8] we measured the relaxation of the 
magnetisation of immobilised MNPs after a polarising field was switched 
off. The fit of a Moment Superposition Model (MSM) to MRX-curves yields 
also f(dm) and the mean effective anisotropy constant Keff [9]. Note, that 

given MRX-setup samples the relaxation curves starting from t1=400 μs 
so that typical magnetite MNP with d<20 nm do not contribute to the sig-
nal, significantly. 

MPS-measurements were performed on fluid suspensions of the MNPs 
at H=10 mT/μ0 and 25 kHz by means of a Magnetic Particle Spectrome-
ter from Bruker BioSpin.  

In order to compare the data quantitatively, the iron concentration of the 
MNP suspensions were measured by Prussian Blue Staining after dissolu-
tion of MNP in hydrochloric acid. 
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3   Results 

Structure 

The distributions of core sizes, estimated from TEM-pictures (Figure 1), 
and of the domain sizes, estimated from M(H) and MRX-data, agree well 
for the single core MNP (Table 1). The magnetisation behaviour of M4E 
was successfully described introducing a bimodal size distribution, only, as 
it was previously found for Resovist, too [2], yielding dm,V=12(2) nm 
(57%) and dm,V=35(6) nm (43%).  

In contrast to Resovist, the MRX-result for M4E yields a dispersion pa-
rameter of about σ=0.7±0.1 exceeding the value of the larger size fraction 
of M(H)-analysis, being 0.1±0.03, significantly. This might be caused by 
the second size fraction which is obviously also MRX-active, probably due 
to a high anisotropy constant. In table 1 the mean Keff are listed. 

 

Fig. 1. TEM-pictures from MNP-C-B (a) and M4E (b). The inset of (b) shows the 
histogram of the largest length of the M4E particles (diagonals of the cubes). 

MPS 

The measure MPS amplitudes, e.g. A3, increase and the relative magni-
tude of higher harmonics, represented by A5/A3, decreases with increas-
ing MNP size (Table 1). The exception M4E with the largest mean domain 
size will be discussed below. As explained in [2], we calculated the MPS-
amplitudes Ak,s from quasistatic M(H) curves, i.e. they are not influenced 
by time dependent processes. Accordingly, the Ak,s of the systems with 
small MNP, SHP-10, SHP-15, MNP-C-A and MNP-C-B, agree well with the 
measured ones. On the other hand Ak<Ak,s. for the systems of larger 
MNP Resovsit, SHP-20 and M4E (Tab. 1) indicating, that the moments of 
the MNP can not follow the drive field instantaneously, also confirmed by 
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the occurrence of a phase lag between harmonics and drive field, e.g. 
approx 50° for Resovist. This effect is most pronounced for M4E present-
ing the largest domain size, where A3/A3,s=0.14, only. 

Table 1. Measured (A3) and from M(H) calculated (A3,s) MPS-Amplitudes (3rd har-
monic) together with the mean magnetic size dm,V (MRX) and mean magnetic ani-
sotropy. The uncertainties of d and A3,s are of order of 10%, that of measured A3 
less than 1%, respectively. 

 
1) Data from data sheet. 
2) Larger size fraction of the bimodal distribution model. 

On the base of the hydrodynamic diameters, estimated from MRX-data, 
we found ω τΒ=5.5, 2.5 and 2.3 (f=25 kHz) for Resovist, SHP-20 and M4E, 
respectively, indicating that the Brownian relaxation is considerably re-
stricted. Hence, the Néel mechanism plays a crucial role and we can  
attribute the difference between Ak and Ak,s to the magnetic anisotropy en-
ergy of the MNP, EA=KeffV, estimated by MRX, which attains the largest 
value for M4E, while Resovist and SHP-20 with a 10 times smaller EA 
show a much smaller gap between A3 and A3,s, i.e. A3/A3,s=0.63 and 0.56, re-
spectively (Tab. 1). 

4   Conclusion 

It is clearly shown that the measured MPS-amplitudes increase with increas-
ing core size and decrease with increasing effective anisotropy constant. In 
particular, because M4E exhibit a large effective magnetic anisotropy, it 
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shows a small MPS-signal although the core size of about 50% of the MNP 
is near the expected ideal size range of 30 nm…60 nm.  
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Abstract. In Magnetic Particle Imaging, a new medical imaging modali-
ty, the relation between measured signals and the spatial distribution of 
the tracer particles is described by the system function. In existing 
scanners the system function is measured by moving a delta probe 
through the field-of-view and the particle response is measured. This 
procedure is time consuming, caused by the mechanical movement, and 
makes great demands on the hardware, because of the huge data 
amount that is measured. To speed up the determination of the system 
functions other methods have to be considered. In this work the model 
based and the hybrid system function will be compared to the measured 
one.  

1   Introduction 

In Magnetic Particle Imaging (MPI), an imaging modality that was in-
vented in 2005, the nonlinear response of the magnetization of nanopar-
ticles is measured [1]. By using a combined field generating device, 
which superimposes a gradient field by a sinusoidal oscillating field (the 
drive field), the nanoparticles change their magnetization only in the field-
free point (FFP) of the gradient field. All other particles stay in saturation. 
If the field amplitude of the drive field is high enough, the movement of 
the FFP, caused by the drive field, cannot be neglected. In this case all 
particles in the FOV change magnetization and induce a voltage in the 
receive coil.  

Due to the fact that particles are exposed to different gradient fields  
in space, the signal differs according to their spatial position, as shown in 
fig. 1. 
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Fig. 1. Particle behaviour according to the superimposed gradient field and the 
voltage and spectrum induced in a receive coil. Hs = gradiend field amplitude,  
M = particle magnetisation, u = voltage induced in the receive coil, û = FFT of the 
received signal.  

The spectrum of the different positions is a fingerprint of particles posi-
tioned at this very point.  

In a real scanner device the signals  in the receive coil depend on the 
particle concentration )(rc  and the system function )(ˆ rks . 

rdcsu
FOV kk

3)()(ˆˆ rr∫=                             (1) 

The system function itself depends on the transfer function ka , the particle 

magnetization ),(ˆ tM r  and the coil sensitivity )(rp . 

dtep
c

tM

t
as T

ikt
T

kk

π2

0
0

)(
),(ˆ

ˆ
−

∫ ∂
∂= r

r
                         (2) 

Until now, three different techniques are known to acquire these quantities: 
the measurement based, the model based and the hybrid strategy to ob-
tain the system function.  
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2   Material and Methods 

The measurement based system function is acquired directly by recording 
the response of a delta probe. A delta probe, with the dimensions of one 
voxel is moved mechanically to every later voxel position in the FOV. The 
answer of the system to the drive field excitation induces a voltage in the 
receive coil. This voltage consists of the fundamental frequency and many 
harmonics that are caused by the nonlinear magnetization characteristic of 
the particles. This spectrum can be inserted as one column in the system 
matrix as it represents the answer of the whole system of the particles in 
this specific spatial position. The particle magnetization curve, the scanner 
gradient field distribution and the receive coil sensitivities are already in-
cluded in the received signal. Due to the desire of a high spatial resolution, 
many positions have to be measured. This leads to a long measurement 
time as well as to a large amount of data. In case of a FOV with 128 x 256 
x 256 voxels and 40 harmonics with 8 byte per harmonic a data amount of  

840256256128 ⋅⋅⋅⋅  byte 5.2= GB 

is generated. This causes great demands on the hardware. Another disad-
vantage is the high system noise caused by the distance of the probe to 
the receive coil.  

The model based system function uses mathematical calculations to si-
mulate the independent parts of the system function [2, 3]. For the magnet-
ic fields the Biot-Savart law is used (3).  
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These calculations are very precise. The measured fields have a NRMSD 
of less than 3 percent. This is within the measurement error of our mea-
surement instrumentation. The particle magnetization is calculated by the 
Langevin equation:   

)1(coth)( 0 ξξξ −= MM                              (4) 

with 

Tk

mH

B

0μξ =                                         (5) 

As a last step, some measurements are needed to obtain the transfer func-
tion of the system. This is done by moving the delta probe described above 
and acquiring the signal at specific points. By comparing the calculated data 
with the measured ones the transfer function ka  of (2) is determined. With 

this technique it is possible to speed up the determination process. Due to 
the fact that the system function can be calculated within the reconstruction 
process it is not necessary to store the whole system function in the memory 
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of the computer. Unfortunately, the reconstruction results show less resolu-
tion compared to the measurement based ones. The largest error is the im-
precise particle model that neglects the imperfections of the tracer material.  

As the modeled system function, the hybrid system function simulates 
the magnetic fields and coil sensitivities using the law of Biot-Savart (3), 
because the results of this simulation are satisfying. To measure the par-
ticle magnetization in (1) a magnetic particle spectroscope (MPS) is used 
[3]. Actually, an MPS is a zero-dimensional MPI scanner device. It has the 
complete signal chain of an MPI scanner without the gradient field. Thus, 
all particles within the testing chamber are responding to the oscillating 
field, which allows for a high signal to noise ratio. Because the receive coil 
is very close to the probe a very high sensitivity is achieved. In our MPS a 
homogenous offset field replaces the gradient field of a scanner device. 
This additional field allows for simulating the response of particles in every 
position of the scanner. By mapping the measured particle answers to the 
respective points in the scanner, a system function can be acquired. In ad-
dition, the transfer function has to be measured according to the modeled 
system function. This method also speeds up the measurement process. 
The advantage of the hybrid system function is that the particle errors are 
incorporated within the MPS measurements and therefore in the system 
function. In addition, a very low noise level is achieved.  

3   Results 

Fig. 2 shows a modeled system function of an ideal scanner meaning per-
fect gradient and drive fields and ideal coil sensitivities. For the same val-
ues of field amplitudes fig. 3 shows the respective hybrid system function. 
As it can be seen the system functions are very similar. In fig. 4 an error 
plot is shown. It is demonstrated that the errors are mostly in the area of 
higher harmonics and higher offset field values.    
 

 

Fig. 2. Modelled system function. Ampli-
tude of harmonics normalized to maxi-
mum of each column. Hac = 10 mT 
Hdc = 0-10 mT  

Fig. 3. Hybrid system function. Ampli-
tude of harmonics normalized to maxi-
mum of each column. Hac = 10 mT  
Hdc = 0-10 mT  
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Fig. 4. Difference plot of the modeled and hybrid system function. 

4   Discussion 

We demonstrated that the hybrid system functions could speed up the ac-
quisition of the system function. Compared to the model based system 
function a high similarity has been shown. The low noise level caused by 
the MPS should be one advantage of this method compared to measure-
ment based system functions. The hybrid method also solves the data-
handling problem, because less data has to be stored in the memory due 
to the fact that the system function can be calculated within the reconstruc-
tion process. For evaluation of the hybrid method a comparison not only to 
the modeled system function but also to the measured system function is 
necessary. 

5   Conclusion 

We compared different methods to acquire system functions of an MPI 
scanning device. The hybrid approach is promising from different points of 
view but has to be validated by reconstruction results. Also, a 3D MPS with 
additional drive fields is required to apply these methods for 3D MPI scan-
ning devices.  

Acknowledgements. We acknowledge the support of the Federal Ministry of Educa-
tion and Research, Germany (BMBF) (grant numbers 01EZ0912 and 13N11090), the 
European Union and the State Schleswig-Holstein (Programme for the Future – 
Economy: 122-10-004) (MGrä, MGrü, HW, GB) and Germany’s Excellence Initiative 
[DFG GSC 235/1] (WT). 

 



64 M. Graeser et al.
 

References 

1. Gleich, B., Weizenecker, J.: Tomographic imaging using the nonlinear response 
of magnetic particles. Nature 435, 1214–1217 (2005) 

2. Knopp, et al.: Model-Based Reconstruction for Magnetic Particle Imaging. IEEE 
Trans. Med. Imag. 29(1), 12–18 (2010) 

3. Knopp, et al.: 2D Model-based reconstruction for magnetic particle imaging. 
Medical Physics 37, 485–491 (2010) 

4. Biederer, S., Sattel, T., Knopp, T., Lüdtke-Buzug, K., Gleich, B., Weizenecker, 
J., Borgert, J., Buzug, T.M.: A Spectrometer for Magnetic Particle Imaging. In: 
Vander Sloten, J., Verdonck, P., Nyssen, M., Haueisen, J. (eds.) ECIFMBE 
2008. IFMBE, vol.  22, pp. 2313–2316. Springer, Heidelberg (2008) 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Magnetic Particle Separation  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



T.M. Buzug and J. Borgert (Eds.): Magnetic Particle Imaging, SPPHY 140, pp. 67–71. 
springerlink.com                                           © Springer-Verlag Berlin Heidelberg 2012 

Microfluidic System as a Tool for Magnetic 
Separation of Human Cells with Diagnostic 
Relevance 

J. Schemberg1, J. Bertram2, M. Hottenrott3, T. Legler4, S. Howitz5,  
K. Lemke1, G. Gastrock1, and J. Metze1 

1 Institute for Bioprocessing and Analytical Measurement Techniques, Rosenhof,  
   Heilbad-Heiligenstadt, Thuringia, 37308, Germany 
 joerg.schemberg@iba-heiligenstadt.de  
2 IBA GmbH, Rudolf-Wissell-Str. 28, 
   Göttingen, Lower Saxony, 37079, Germany 
 Bertram@iba-go.com 
3 Intros GmbH, Rudolf-Diesel Str.3, Heilbad-Heiligenstadt,  
   Thuringia, 37308, Germany 
 hottenrott@intros.de  
4 Abteilung Transfusionsmedizin, Universitätsmedizin Göttingen,  
   Stiftung Öffentlichen Rechts, Robert-Koch-Straße 40, Göttingen,  
   Lower Saxony, 37075, Germany 
 tlegler@med.uni-goettingen.de 
5 GeSiM mbH, Bautzner Landstrasse 45, Großerkmannsdorf, Saxony,  
   01454, Germany 
 howitz@gesim.de  

A new microfluidic system was realized by means of a specially designed 
chip from silicon and glass. Magnetic disks were located above and below 
this chip. The transportation, mixing, incubation and the chip based sepa-
ration procedure of the cell-magnetic bead suspension is caused by 
pumps and the rotation of permanent magnets arranged outside the chip.  

A high efficiency of attachment to the appropriate target cells from blood 
or other fluids is realized since the magnetic beads were functionalized 
with antibodies or a special Fab-Streptamer® technology. In comparison 
with monoclonal antibodies this technology allows the release of the beads 
from the target cells after separation by means of added D-Biotin to the 
target cell-magnetic bead suspension. The unlabelled target cells and the 
beads are ready for further use. 

In comparison with commercial separation systems, the benefit of the 
new microfluidic system in combination with the Fab-Streptamer-magnetic 
beads is the continuous fluid flows is the increased cost-effectiveness 
based on reduced incubation time, reduced magnetic bead concentration 
and re-usable target cells. Automized measurement of real blood samples 



68 J. Schemberg et al.
 

from cancer patients and the detection of the separated cells by means of 
a flow-cytometer (FACS) are ongoing. 

1   Introduction 

Magnetic cell separation is based on specific functionalized magnetic par-
ticles called magnetic beads. The structure and volume of magnetic beads 
varies depending on their usage. Due to their material properties and inter-
face shape magnetic beads have special magnetic characteristics. Differ-
ent issues like finite-size and surface effects especially in the condition of 
decreased particle size exhibits no remanence or coercivity. The energetic 
definition for such magnetic beads is well described [1]. A more deep theo-
retical understanding about superparamagnetism will be described else-
where [2, 3]. The processes of synthesis, protection and functionalization 
of magnetic beads were reviewed in several papers [4, 5]. This procedure 
should be aligned with the requirements of biocompatibility, biodegradabili-
ty, stability in different media combined with uniform size distribution and a 
correct shape. With the appropriate magnetic features of the magnetic 
beads basic manipulation in microfluidic systems are feasible. Non-
magnetic cells can be labeled with magnetic beads through antigen-
antibody interactions or by means of a Streptavidin-Streptamer binding. 
Magnetic forces applied perpendicular to the flow direction diverting la-
belled from non-labelled cells into different trajectories [6]. An alternative is 
based on the cyclic magnetic field-flow fractionation effect. A rotating per-
manent magnet is placed above a capillary coil to provide a cyclic magnet-
ic field across the capillary [7]. 

2   Material and Methods 

The work flow is divided into the following modules i) Mixing and incuba-
tion of the cell-magnetic bead suspension, ii) Chip-based microfluidic cell 
separation, iii) Sampling and purification of the cell-magnetic bead sus-
pension, iiii) Analysis by means of FACS or manual cell counting. To avoid 
non-specific cell separation the temperature during the separation was 
4oC.  

Cell Lines 

The system was tested using leukemia cells (Tab.1). They were sus-
pended in PBS buffer, and human whole blood from appropriate contribu-
tors. Their concentration respectively was 1.3E+05cells/mL. 
 
 
 
 
 



Microfluidic System as a Tool for Magnetic Separation of Human Cells  69
 

Table 1. Cell lines (DSMZ GmbH, Braunschweig, Germany) and their immunology 

cell line name immunology 

CMK Human acute megakaryocytic leukemia CD34+, CD71+, CD15- 

KG-1 Human acute myeloid leukemia CD34+, CD15+ 

K-562 Human chronic myeloid leukaemia in blast crisis CD71+, CD15+ 

Magnetic Beads 

The cells were separated using two types of magnetic beads commercial 
antibody functionalized and specially designed Fab-Streptamer coated 
magnetic beads (Tab.2). The magnetic bead concentration was between 
2E+08 and 1E+10beads/mL. The diameter of the magnetic beads varied 
between 0,5-3,5µm. 

Table 2. Magnetic beads with different functionalized interface 

magnetic beads manufacturer interface coating 

MagStrep Type2 IBA GmbH, Göttingen, Germany Anti-CD34+ IgG; Anti -

CD15+ IgG 

Strep-Tactin Microbeads IBA GmbH, Göttingen, Germany Fab-Strep Anti-CD34+ 

MACSi-Beads Miltenyi Biotech, GmbH Anti-CD15+ IgM 

Chip-Based Microfluidic Cell Separation 

After the mixing and incubation of 500µL cell-magnetic bead suspension 
(10min.) a silicon-glass chip was used for the cell separation. Rotating 
disks above and below the chip, contain up to 30 permanent magnets (ibs-
magnet GmbH, Berlin, Germany). The cell separation and subsequent 
washing process was automized by a special regime using syringe pumps 
(Cetoni GmbH, Korbußen, Germany. After sampling and purification of the 
sample, analysis by means of counting chambers (Neubauer, Malassez, 
Nageotte) and FACS (Beckton Dickinson Company) was realized. 

3   Results 

Separation of KG-1 Cells in Buffer 

After several preliminary microfluidic and computer simulated tests (Com-
sol GmbH, Göttingen, Germany) to optimize the fluidic stream, the maxi-
mum cell separation yield of KG-1 in buffer with CD34+ IgG-coated mag-
netic beads reached ~90% (Fig.1). Further investigations indicated a 
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dependency between bead concentration (cb) and the number of antibo-
dies coated on the interface of the magnetic beads (nm) with the cell sepa-
ration yield. If (cb) is halved, the cell separation yield was decreased by 
nearly the same percentages like the bead concentration. If (nm) was re-
duced by a factor ten, the cell separation yield was halved.  

 

1 

2 

3 

4 5 

6 

7 

  

Fig. 1. Left: Simulated ideal flow profile to separate the origin media (blood, plas-
ma) from the target cell-magnetic bead-suspension in specially designed silicon-
glass-chip. Number 1-7 are the inlet-outlet channels. Right: Separation of KG-1 
cells from buffer. Cells in exit means directly separated cells while cells in chip 
were the eluted cells only after removal of the permanent magnets. 

Separation of KG-1 Cells in Human Plasma and Blood 

In comparison with buffer as media, the cell separation yield with the same 
magnetic beads was explicitly less (~4%). However further investigations 
with MACSiBeads (Miltenyi Biotech GmbH) indicates the same cell sepa-
ration yield as with buffer (80-90%). The usage of the same antibody-
coated (CD15+ IgG) Typ 2 Beads (IBA GmbH) showed much less cell se-
paration yield (~50%). Cell separation from blood as medium was compa-
rable to separation from plasma. Further agglomeration effects between 
the MACSiBeads and blood plugged near the permanent magnets caused 
by a high cell loss. 

Separation of KG-1 Cells in Human Buffy Coat 

Agglomeration and interaction-effects between the cell-bead-complexes 
and the appropriate media (plasma and blood) was a big drawback for re-
liable cell separation results. To prevent this problems human blood was 
separated by means of centrifugation. The buffy coat showed better cell 
separation results with Fab-Streptamer and IgG-coated magnetic beads 
than in plasma or blood. Additionally, the Fab-Streptamer magnetic beads 
showed stronger magnetization effects than the IgG-coated beads.  

4   Discussion 

The results indicate that viscosity and agglomeration effects between the 
red blood cells (RBC) and the magnetic beads are especially problematic 
with human blood. Additionally components or effects in human plasma  
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inhibit the binding process between the target cells and the magnetic 
beads. Further tests with smaller sized magnetic beads (Ø~100nm) should 
show if these effects can be minimized. On the contrary cell separation 
from buffy-coat indicates nearly the same results as from buffer. The re-
lease process of Fab-Streptamer functionalized beads from the target cells 
after the separation procedure is inefficient.  

5   Conclusion 

By means of an optimized syringe pump work-flow the replacement of media 
(blood, plasma, buffy coat) to separate only the target cell-magnetic bead 
suspension was successful. In comparison with commercial cell separation 
protocols, the special modular assembly of the magnetic separator reduced 
the incubation time of the target cell sample with the appropriate magnetic 
beads from 30 to 10 minutes without a loss of cell separation effectiveness. 
Further investigations will focus on automatization and validation of the 
whole process to create a prototype and to optimize the efficiency of the 
used magnetic beads to enhance the cell separation yield. 
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Abstract. The present article reports on the experimental results of apply-
ing magnetic separation to DDM128, a magnetic fluid very similar to Re-
sovist®, with superior MPI performance. Larger particle diameters are as-
sumed to perform better in MPI signal generation. Thus particle size 
fractionation is expected to result in significant MPI signal enhancement. 
We separated DDM128 using magnetic separation at different field 
strengths. In the following we investigated the particle size distribution  
of the fractions by magnetization measurements and magnetic particle 
spectroscopy. 

1   Introduction 

Magnetic Particle Imaging (MPI) is a novel modality for imaging magnetic 
nanoparticles (MNP) [1]. The magnetic properties of the tracer material, 
i.e. the MNP, determine the spatial resolution of the method. 

Initial MPI experiments with the MRI liver contrast agent Resovist® have 
shown a high spatial resolution [2]. Regarding the bimodal distribution of 
Resovist®, the good performance was attributed to MNPs of the larger frac-
tion [1,3]. Hence, separation can be expected to improve the MPI signal [6]. 

We present experimental results of magnetic separation applied to 
DDM128 at different field strengths. To evaluate the potential of this me-
thod we estimated the resulting size distribution from magnetization mea-
surements and analyzed the particle performance with a Magnetic Particle 
Spectrometer (MPS). 

2   Materials and Methods 

2.1   Sample 

We investigated DDM128 (Meito Sangyo, Japan) which is a precursor of 
Resovist®. In Resovist, the magnetic cores of the iron oxide nanoparticles 
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are coated with carboxymethyl dextran. Before fractionation 1.5 ml of the 
diluted sample (cFe=11 mmol/l) was centrifugated at 1200 rpm for 1 min. In 
the following the removed supernatant will be denoted as feed sample.  

2.2   Fractionation 

Before performing magnetic fractionation using a commercially available 
separation column (MS column, Miltenyi Biotec, Germany), we devolati-
lized every solution. To generate magnetic fields up to 36 mT we used a 
10 layer copper coil (200 mm height, 125 windings/layer). Additionally, for 
the field strength of 500 mT a commercial separator (MiniMACS™, 
Miltenyi Biotec, Germany) was used.  

For one separation cycle the sample was poured onto the column while 
the magnetic field was applied. After collecting the discharge the column 
was washed with 200 μl of water. A second washing step with 200 μl car-
boxyl dextran solution (0.25 g/ml) was performed after the field was 
switched off. The rinsed eluate was collected as well. For fractionation the 
procedure was iterated using magnetic fields of 4 mT, 12 mT, 36 mT and 
500 mT starting with 1 ml feed sample volume and in the following using 
the discharge of the previous step.  

2.3   Measurements 

The discharges and eluates of each separation step were filled in polycar-
bonate caps of 75 μl sample volume. Using a commercial magnetometer 
(MPMS XL, Quantum Design, USA) the static magnetization of the sample 
at room temperature was measured as a function of the applied field 
strength. We used the moment superposition model (MSM) [3,5] assuming 
a bimodal distribution of particles magnetic core sizes, i.e. we described 
the magnetization curve M(H) by the superposition of the magnetization 
curves of two fractions 1-β2 and β2: 

M(H) = (1-β2) M1(H)+β2 M2(H).   (1) 

Assuming the diameter distribution to be log-normal we estimated two me-
dians μi and two dispersion parameters σi by fitting the MSM. We used di,V 
as the mean diameter corresponding to the volume of the effective mag-
netic domain of the particle. 

To evaluate the iron concentration we scaled the saturation magnetiza-
tion of the fraction to the feed sample of known concentration. 

MPI signal performance of the samples was analyzed using a magnetic 
particle spectrometer (MPS3, Bruker, Germany). For the measurement 30 
μl sample volume were filled in conventional PCR tubes and measured at 
25 mT drive field to generate the characteristic signal spectra. 
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3   Results and Discussion  

3.1   Magnetization Behaviour 

Magnetization curves of the feed sample, discharges and eluates at the 12 
mT, 36 mT and 500 mT separation steps are plotted in Fig. 1. Characteris-
tics of the obtained size distributions are given in Table 1.  

 

 
Fig. 1. M(H) curves of magnetic separated fractions of DDM128, analyzed by (1) 
assuming a bimodal size distribution. A mono-modal size distribution was assumed 
for the discharge separated with 500mT. 

 

We found good agreement of the bimodal model of the size distribution 
to the measurement data of the feed sample. In agreement with earlier 
measurements on Resovist® [3] we obtained a volume weigthed diameter 
d1,V=(4.8±1) nm magnetic core size representing the smaller fraction and a 
larger fraction with d1,V=(20.6±0.4) nm and β2=(31±1) %.  

Comparing β2 over the separation steps we found that the larger frac-
tion gradually decreased in the discharges with increasing separation field 
strengths. At 500 mT separation field no reasonable result using a bimod-
al distribution function according to eq. (1) could be found. The conven-
tional monomodal fit yielded a size distribution appropriate to the smaller 
fraction.  

In the eluates β2 was significantly increased for separation field 
strengths of 12mT and 36 mT and mounted to about 73 %. Note, that each 
separation step was performed with the discharge of the previous. 
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The variations in estimated mean diameters were in the range of the 
measurement uncertainty for the smaller fraction d1,V as well as for the 
second fraction d2,V.  

3.2   MPS Analysis 

Fig. 2 shows the MPI spectra of the different samples normalized to iron 
concentration (mmol). The amplitudes of 3rd and 11th harmonic norma-
lized to the corresponding amplitudes of the feed sample are listed in 
Table 1. 

 

 
Fig. 2. Odd harmonics of the MPS spectra normalized to iron concentration. The 
samples are excited by a drive field of 25 mT and f0 = 25.25 kHz. Odd harmonics 
are connected by a solid line to guide the eye. 

Whereas the sample containing no larger particles (discharge 500 mT) 
showed a considerably smaller signal than the feed sample, the MPS data 
of the 12 mT and 36 mT eluates yielded an increase about 1.8 times signal 
amplitude in the 3rd harmonic. Examination of higher harmonic amplitudes 
resulted in even two times signal enhancement, e.g. in A11. Note, that the 
iron concentration of the samples was roughly estimated by normalization 
of saturation magnetization to that of the feed sample.  
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Table 1. Size distribution parameters of DDM128 for three steps of magnetic sepa-
ration obtained by magnetization measurements listed with amplitude ratio of 3rd 
and 11th harmonic of the separation sample to feed sample. 

field sample size distribution MPI-amplitude 
changes 

  d1,V σ1 β2 d2,V σ2 
A3,n/ 

A3,feed 
A11,n/ 

A11,feed 
  (nm) (nm)  

- feed 4.8(1) 0.52(1) 0.31(1) 20.6(4) 0.23(1) 1 1 

12mT discharge 4.8(2) 0.52(1) 0.19(1) 20.6(8) 0.19(2) 0.67 0.70 

eluate 4.5(2) 0.55(1) 0.74(5) 21(1) 0.27(2) 1.79 2.08 

36mT discharge 4.9(2) 0.50(1) 0.09(1) 20(1) 0.15(4) 0.43 0.42 

eluate 5.1(8) 0.5(1) 0.72(3) 19.6(5) 0.23(1) 1.65 1.98 

500mT discharge 5.0(1) 0.52(1) - - - 0.03 0.01 

eluate 6(1) 0.5(1) 0.3(4) 15(6) 0.26(2) 0.43 0.42 

4   Conclusion 

We demonstrated the potential of improving MPI performance by magnetic 
separation of DDM128.  

As it was expected low signal amplitudes were obtained for the isolated 
smaller fraction of the discussed samples, since these particles do not 
meet ideal parameters for MPI. However, increasing the larger fraction up 
to 73 % by magnetic separation, improves MPI signal about a factor of 
two.  

Note that only a 3 % fraction of Resovist® is suggested to contribute to 
the overall signal [1]. Hence, further fractionations using this setup, with 
lower fields than 12mT, seems to be a promising path for further optimiza-
tion of MPI tracers.  
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Abstract. Aim of this study was the investigation of the suitability of mag-
netic multicore nanoparticles (MCNP) for magnetic particle imaging. For 
this, MCNP of different cluster sizes were investigated. To obtain a set of 
samples which differ in their cluster sizes the MCNP were classified into 
fractions of different mean sizes by centrifugation. By the fractionation par-
ticles with hydrodynamic diameters from 100 to 800 nm were obtained. 
Magnetic measurements confirmed a correlation of the hydrodynamic size 
with the effective magnetic volume of the particles in these fractions – e.g., 
with increasing particle size the coercivity of the particles varied from 3.5 to 
25.8 Oe. Magnetic particle spectrometry investigations showed a clear de-
pendence of the quality of MPS signal on the hydrodynamic diameter of 
the particles and thus the cluster size. In particular the amplitude ratio of 
the higher (15...40) harmonics to the 3rd harmonic span over one order of 
magnitude, where the smaller MCNP showed the highest values. 

1   Introduction 

The performance of magnetic particle imaging (MPI) strongly depends on 
the magnetic properties magnetic moment, coercivity, and initial suscepti-
bility of the magnetic nanoparticles acting as imaging agents. Ideal par-
ticles show a very steep slope of the magnetisation during magnetic rever-
sal combined with a high saturation magnetisation and a low coercivity. 
Usually, an increase in magnetic moment entails also in enhancement in 
magnetic anisotropy energy, i.e. the coercive force. Thus, beside the en-
hancement of the magnetic volume of the tracers one has to reduce the 
anisotropy constant. In previous investigations it was shown that MCNP 
are promising candidates for suitable MPI tracers [1]. Present MCNP con-
sist of single domain cores in the size range from 10 to 15 nm which form 
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larger clusters with diameters of 20 nm up to a few hundred nm. Aim of 
this study was the investigation of the suitability of MCNP for MPI in more 
detail. For this, MCNP of different cluster sizes were investigated. To ob-
tain a set of samples which differ in their cluster sizes the MCNP were 
classified into fractions of different mean sizes by means of a centrifuge 
[2]. In this contribution we describe the preparation and fractionation of the 
MCNP. We show the results of the samples characterisation and give an 
interpretation of the correlation between the different determined parame-
ters and the quality of the MPS signal. Finally, we discuss the design of 
promising future MCNP for MPI based on our findings in this study. 

2   Material and Methods 

2.1   Sample Preparation 

Two samples of MCNP of different mean size (by synthesis at different tem-
peratures) were prepared as described before [3]. In short: a 1 M NaHCO3 
solution was slowly added to a FeCl2/FeCl3 solution (total Fe-concentration: 
1.25 M; Fe2+/Fe3+ ratio = 1/1.3) with a rate of 1.2 ml/min under permanent 
stirring up to pH = 8, leading to the formation of a brownish precipitate. Af-
terwards, the solution was boiled for 5 minutes to form an almost black pre-
cipitate. The magnetic nanoparticles were then washed with water. To pro-
duce sedimentation stable suspensions, the particles were coated with a 
carboxymethyl dextran (CMD) shell. The magnetic particle concentration in 
the suspension was adjusted to a value of about 1 % by mass. 

From these suspensions fractions of MCNP of different cluster sizes were 
prepared by means of centrifugation fractionation. For this, the initial MCNP 
fluids were filled in a cylindrically shaped centrifugation vessel made of glass 
(sample height 70 mm and diameter 20 mm). The sample was centrifuged in 
a laboratory centrifuge at 500 g with a temperature of 20 °C. The sediment 
was stored and the supernatant was recovered. A portion of the supernatant 
was centrifuged again. This procedure was repeated 9 times with increasing 
centrifugal accelerations (up to 4000 g). In consequence, 10 sediments and 
10 supernatants were obtained representing 20 fractions of the MCNP for 
each sample. From these fractions samples of suitable size increments were 
chosen for further investigations. 

2.2   Sample Characterisation 

Differences in the cluster size for the obtained fractions were determined 
by means of photon correlation spectroscopy (PCS). For this, the z-ave 
value from cumulants fit method assuming spherically shaped clusters was 
used. Additionally to this the effective magnetic core size was measured 
by magneto relaxometry (MRX) by investigation of the relaxation behaviour 
of liquid samples [3]. The overall core size of selected samples was de-
termined by means of transmission electron microscopy (TEM). A measure 
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for the size of the single cores (assumed to be single crystalline) in the 
clusters were  obtained from X-ray diffractometry (XRD) analysing the size 
dependent broadening of the 440 Debye-Scherrer line using the Scherrer 
formula. Magnetic characterisation of the quasistatic properties of the 
clustes was done by vibrating sample magnetometry (VSM) as well as by 
SQUID-magnetometry. The behaviour of the particles regarding the suita-
bility as tracers for MPI was investigated via analysis of the ratio of the 
higher harmonics measured in a magnetic particle spectrometer (MPS). 

3   Results 

In the TEM images (Figure 1) clus-
ters in the size range from 20 to 80 
nm as well as a small proportion of 
single cores were found. These are 
good preconditions for a size de-
pendent fractionation of clusters of 
different size. The clusters in the 
starting fluids consist of cores of 
11.2 nm (sample A) and 12.7 nm 
(sample B), as measured by XRD. 
The success of the fractionation 
procedure was confirmed by PCS, 

MRX, and VSM (Table 1). By the fractionation clusters with hydrodynamic 
diameters (PCS, z-ave) from 100 to 800 nm were obtained. VSM meas-
urements confirmed a correlation of the hydrodynamic cluster size with the 
effective magnetic volume of the particles in these fractions – e.g., with in-
creasing particle size the coercivity (Hc) of the B-particles increased from 
3.5 to 25.8 Oe. 

Table 1. Particle size obtained from different methods and coercivity Hc of all  
samples. 

Sample D(PCS) D(MRX) D(XRD)
[nm] [nm] [nm]

liquid powder

A 268 288 11.2 3.1 6.4

A-1 267 287 11.3 2.6 6.1
A-2 209 252 10.9 1.0 4.1
A-3 151 188 10.5 0.2 3.0
A-4 102 119 10.5 0.1 1.9

B 801 433 12.7 20.1 25.8

B-1 791 457 13.2 20.1 24.0
B-2 701 504 12.8 19.5 22.4
B-3 496 400 13.1 18.5 21.0
B-4 363 350 12.9 16.6 21.0
B-5 205 174 12.4 10.2 15.6
B-6 124 123 12.3 7.8 3.5

Hc
[Oe]

  

Fig. 1. Typical TEM image of a MCNP
sample (sample B). 

50 nm
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In the frame of the measurement accuracy the size of the cores D(XRD) 
in each sample set is constant. This means that here only the influence of 
the cluster size on the MPS signal in each sample set was investigated. 
Partially, clusters of identical size from both sample sets were prepared 
(e.g. A-2 and B-5). For this case the influence of the core size is dominat-
ing  the magnetic dynamic behaviour: Analysing the SQUID M(H) data of 
the original fluids A and B by a method slightly modified with respect to 
Chantrell method [Eberbeck et al within this book], we found that about 
90% (by volume) of the MCNP have diameters DV corresponding to the 
mean volume of 10.5 nm and 12 nm for A and B, respectively, where the 
width of the distribution σ is significantly larger for A (σ=0.43) then for B 
(σ=0.29). On the other hand, the analysis of MRX data, probing the mag-
netisation dynamics in the range of f = 1 Hz...3 kHz in immobilised MCNP, 
reveals in the framework of the applied model of non-interacting magnetic 
moments a huge width of the effective anisotropy energy barrier distribu-
tion of σ=0.65 for B, whereas σ=0.33 for sample A. To explain this differ-
ence we propose two possible hypotheses: (i) The hydrodynamic diame-
ters are much larger and (ii) the sizes of single cores are slightly larger in B 
than in A. Both facts may lead to a broader distribution of the effective en-
ergy barriers due to (i) stronger dipole-dipole interaction and in case of hy-
pothesis (ii) due to a larger anisotropy energy of the single cores leading to 
a higher fraction of single crystal moments the Néel relaxation of which is 
blocked.  
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Fig. 3. a) Amplitudes of higher harmonics scaled to 3rd one for all fractions of sam-
ple A in comparison to Resovist® (asterisks).  b) Attenuation of the 19th harmonic, 
scaled to the 3rd one, in dependence on cluster size.  

Suitable tracers for MPI require a low degree of decrease of the ampli-
tudes of higher harmonic for increasing numbers of harmonics. Up to now  
Resovist® shows nearly the best signal. The MPS investigation of our  
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particles showed a clear dependence of the quality of MPS signal on the 
hydrodynamic diameter of the particles and thus the cluster size. In Figure 
3a it is clearly to see that the smallest particles show the best MPS signal. 
Figure 3b shows the ratio of the 19th to the 3rd harmonic in dependence on 
particle size. Fractions with smaller clusters from sample A and B show 
similar behaviour and the best ratio. The ratio decreases with increasing 
cluster size and found a really low value for the largest clusters from  
sample B. The reason for this behaviour is the increasing magnetic energy 
barrier in bigger particles (represented by an increasing coercivity) which 
inhibits a sufficient magnetic excitation of the large clusters. 

4   Conclusion 

In this work a clear correlation between primary particle size, cluster size, 
and MPS signal was found. For the investigated size range the smallest 
clusters show the best signal. For clusters of comparable size but different 
primary particle size the MCNP with the smallest primary particles show 
the best signal. Altogether the investigated samples are magnetically too 
hard to achieve the performance of Resovist regarding MPI suitability. That 
why, for further investigations we suggest to decrease cluster size and 
primary particle size – clusters in the range from 20 to 30 nm consisting of 
5 to 8 nm cores seem to be promising for further investigations. 
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Abstract. The use of magnetic nanoparticles as contrast agents in bio-
medical applications requires highly reproducible markers soluble in 
aqueous media. Here we present a modular approach for the formation of 
a magnetic contrast agent, which is composed of an inorganic core like 
iron oxide and a water solubility mediating polymer shell. The shell can al-
so be a carrier for specific affinity molecules like antibodies or peptides, 
which offer the possibility to selectively target surface receptors upon cells. 

1   Introduction 

The detection of chronic diseases like cancer and infectious diseases often 
the visualization of changes down to cellular level is required to monitor 
changes and progression of the malady.[1, 2] The most popular imaging 
method using magnetic phenomena for readout is the magnetic resonance 
imaging (MRI), detecting changes in nuclear spin arrangement of the sam-
ple. In 2004 Gleich and Weizenecker presented another imaging method 
using magnetism, the magnetic particle imaging (MPI). This method is us-
ing iron oxide nanoparticles as direct markers.[3]  

However the spatial resolution of magnetic imaging methods is limited 
by the quality of the contrast agent. For the use of iron oxide as magnetic 
material highly monodispers particles are needed due to size dependence 
of the magnetic behavior.[4, 5]  

2   Material and Methods 

Materials 
All chemicals were bought at Sigma-Aldrich with purities higher than 90% 
and were used without further purification. 
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The poly(isoprene-b-ethylene oxide) (PI-PEO) and the polyisoprene-
diethylenetriamine (PI-N3) were produced by anionic polymerization in the 
group of Prof. Weller. 

Synthesis of Iron Oxide Nanoparticles 

The 10 nm iron oxide particles were synthesized using standard inert gas 
techniques. 10.5 g (45.8 mmol) N,N-Dimethyldodecylamine N-oxide and 
14.5 mL (45.6 mmol) oleic acid were dissolved in 400 mL dioctyl ether at 
100 °C. 2.0 mL (15 mmol) Fe(CO)5 were quickly added to the solution and 
stirred for 2 h at 130 °C. Finally the reaction solution was slowly heated up 
to 295 °C and grown for 1 h at this temperature. At room temperature the 
particles were separated by the addition of ethanol and centrifugation. The 
particles were dissolved in an unpolar media e.g. hexane or toluene and 
purified by further precipitation and dissolving steps.  

For the synthesis of 15 nm iron oxide nanoparticles 172 mg (1.94 mmol) 
FeO(OH) were suspend in a mixture of 3.69 mL (11.6 mmol) oleic acid and 
6.4 mL 1-octadecene. The mixture was heated up to 315 °C within 15 min. 
After 30 min under reflux the mixture was cooled to room temperature, and 
the nanoparticles were precipitated using an excess of polar solvent like 
acetone or ethanol and separated by a centrifugation step. The particles 
were purified in the same way a described above. 

The 20 nm particles were synthesized using the reaction conditions de-
scribed for the 15 nm particles using FeO(OH) as a precursor. A FeO(OH) 
to oleic acid ratio of 1:7.5 was used and the reaction time was elongated to 
4 h.  

 
Continuous Flow Phase Transfer Approach 

The particles (10 nmol) were added to a solution of PI-N3 (6 µmol) in hex-
ane. The coated particles were precipitated using an excess of ethanol 
and separated by centrifugation. A solution of particles, diblock copolymer 
(500 nmol) and AIBN (41 µmol) in THF (3.3 mL) was formed. This solution 
was transferred into water using a microfluidic mixing chamber and a sy-
ringe pump. The resulting dispersion was heated to 75 °C for 2 h. Finally 
the concentration of the aqueous solution was adjusted by filtration. 

3   Results and Discussion 

Synthesis of Magnetic Cores 

The synthesis of the iron oxide nanoparticles were performed in high-
boiling solvents like 1-octadecene or dioctyl ether to achieve nucleation 
and growth temperatures around 300 °C. These temperatures were 
needed for the thermal decomposition of the in situ formed iron oleate 
complexes. To obtain cores with different magnetic behavior the sizes of 
the particles were tuned by varying the reaction parameters.[6, 7]  
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Using Fe(CO)5 and dioctyl ether in combination with N,N-
Dimethyldodecylamine N-oxide as an oxidizing agent it was possible to 
form iron oxide nanoparticles with a diameter around 10 nm. A TEM image 
is shown in figure 1. 

The use of FeO(OH) as an iron precursor and 1-octadecene led to a 
particle diameter of 15 nm and 20 nm respectively. The variation of iron 
source to ligand ratio as well as the reaction time allowed a differentiation 
between both diameters. The resulting particles are shown in figure 1. 

The yielded nanoparticles show a high degree of monodispersity and 
crystallinity. The oleic acid coating of the particles ensures solubility in non-
polar media like hexane without formation of agglomerates or sedimentation. 

 

   
 

Fig. 1. TEM images of iron oxide particles with different diameters: 10 nm (left), 15 
nm (middle) and 20 nm (right), scale bar: 100 nm 

 
Formation of Nanocapsules 

A phase transfer from non-polar to aqueous media is essential for the bio-
logical use of the described particles. This was achieved by the formation 
of nanosized capsules using tailor-made copolymers in a two-step 
process. First the inorganic cores were coated with PI-N3 via a ligand ex-
change in solution. This step is necessary to stabilize the particles during 
the final encapsulation to avoid uncontrolled aggregation of the particles. 
The coated particles were mixed with an amphiphilic PI-PEO copolymer. 
The resulting solution was injected into water. During this mixing step the 
amphiphilic copolymer forms micelles encapsulating the nanoparticles. Af-
ter the transfer into water, the capsules get crosslinked by radical polyme-
rization at 75 °C. This procedure is shown in figure 2. 

 

Fig. 2. Schematic overview of the encapsulation procedure 
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The most crucial step during the described process is the mixing of the 
organic and the aqueous phase. Here the dispersity and stability of the 
capsules are getting defined. To ensure a high degree of reproducibility, a 
continuous flow phase transfer approach for the encapsulation using mi-
crofluidic components was developed. These microfluidic components en-
hance the reproducibility of the capsule’s formation by the control of mixing 
conditions and offer the possibility of easy scale-up. Figure 3 shows the 
size distribution of the capsules in water for different batches and over 
time. 

 

 
 

Fig. 3. DLS measurements of the PI-PEO capsules containing iron oxide particles  

 
For the formation of a molecular contrast agent, functional groups on the 

outer sphere are needed for the attachment of specific antibodies or pep-
tides. The used PI-PEO can be modified so that the following groups are 
accessible on the surface of the capsule: OH, COOH and NH2. The syn-
thesis and modification of the polymers was done at Prof. Weller’s group. 
In figure 4 it can be seen that the functional group has only little influence 
on the capsule size.     

 

  

 
Fig. 4. DLS measurements of functionalized capsules (left) and capsule size de-
pendence of r2 (right) 
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Using nanoparticles like iron oxide it is possible to influence the number 
of particles per capsule by variation of the mixing speed. If a quick mixing 
step is used, uniform capsules with a small size and just one particle inside 
are formed. A less powerful mixing steps leads to the formation of bigger 
capsules with clustered iron oxide particles inside. This is very interesting 
especially for magnetic nanoparticles as the magnetic properties changes 
with the number of particles per capsule. Figure 4 shows the correlation of 
the hydrodynamic diameter and the transvers relaxivity r2. 

All different sizes of capsules were made using the continuous flow 
phase transfer approach but with different flow rates and mixing chambers. 
Figure 4 shows that single encapsulated particles exhibit a small r2. With 
increasing cluster size an increase of r2 from 50 up to 250 mM-1s-1 can be 
observed. Even larger clusters do not form stable dispersions in water  
anymore.   

4   Conclusion 

Using thermal decomposition methods it was possible to synthesis iron 
oxide particles with a small size distribution and different diameters. In 
combination with the developed continuous flow phase transfer approach a 
highly stable and reproducible magnetic contrast agent could be formed. 
The resulting capsules can be produced with different functional groups on 
the surface. The r2 can be tuned by controlled clustering of the iron oxide 
particles. 
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Abstract. Superparamagnetic single-core iron oxide nanoparticles coated 
with oleic acid have been synthesized via high temperature decomposition 
of iron-oleate precursor. The particle’s core and hydrodynamic size distri-
butions are characterized utilizing a variety of methods including Fluxgate 
Magnetorelaxometry (MRX) and Photon Cross-correlation Spectroscopy 
(PCCS). The harmonic spectra of mobile and immobile samples were 
measured using our homebuilt Magnetic Particle Spectrometer (MPS) 
whereby the suitability of the synthesized particles as a tracer for MPI is 
analyzed. Furthermore, the MPS spectra of the fabricated single-core na-
noparticles are compared with the harmonic spectra of Resovist® (Bayer 
Schering Pharma, Berlin) and Ocean NanoTech nanoparticles.  

1   Introduction 

The Magnetic Particle Imaging (MPI) technique has been attracting lots of 
attention since it has emerged due to its simplicity and low cost in compar-
ison with other imaging methods. Since the invention of MPI by Gleich and 
Weizenecker [1], the fabrication of magnetic nanoparticles (MNPs) as a 
suitable tracer for MPI has been an issue of several research studies [2]. 

Having reviewed the recent research studies about the fabrication of op-
timum MNP tracers for MPI, it was found that in most studies commercially 
available multi-core particles with an approximate hydrodynamic and core 
sizes of ~60 nm and ~6 nm, respectively, such as Resovist® (Bayer Scher-
ing Pharma, Berlin), have been used even though their mass sensitivity 
and spatial resolution are relatively low [1,2]. Considering that the particle’s 
harmonic spectra are related to the nonlinearity of the magnetization 
curve, minimum magnetic excitation field amplitudes are desirable for MPI 
contrast agents. On the other hand, it is known that the bigger the primary 
particles core size, the lower is the driving field frequency that has to be 
applied to observe the harmonic spectra. Bearing these criteria in mind, 
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single-core monodisperse MNPs with an approximate core size of ~20 nm 
are unquestionably candidates of interest for further investigations. Note-
worthy, both image spatial resolution and mass sensitivity, which depend 
on the particle size distribution, are not fully achieved when multi-core par-
ticles are used. In spite of what was mentioned above, few studies have 
been carried out to characterize the suitability of single-core MNPs for 
MPI. 

In this work, ~20 nm superparamagnetic single-core monodisperse iron 
oxide nanoparticles have been fabricated via high temperature decomposi-
tion of iron-oleate precursor. The suitability of the synthesized particles for 
MPI was studied by performing Magnetic Particle Spectroscopy (MPS) 
measurements. The comparison of the harmonic spectra of the self-
synthesized nanoparticles and the commercially available ferrofluids, such 
as Resovist®, will be presented and discussed.  

2   Material and Methods 

Chemicals 

FeCl3·6H2O (Sigma-Aldrich, 98%), docosane (Sigma-Aldrich, 99%), hex-
ane (95%), ethanol (99.8%), chloroform (HPLC grade, 99.9%), oleic acid 
(TCI, 99%), and sodium oleate (TCI, 97%) were utilized “as received” and 
without further purification. 

Synthesis 

For the synthesis of the iron-oleate precursor, initially 80 mmol of sodium 
oleate was poured into a round bottom flask connected to a Schlenk line 
and degassed three times using evacuation-filling with argon. Afterwards, 
24 mmol of FeCl3·6H2O dissolved in 36 mL distilled water, 48 mL of etha-
nol, and 84 mL of hexane were loaded into the flask using the Schlenk-line 
technique. The mixture was heated to reflux under flow of argon for 4 h. 
The obtained dark reddish top layer was intensively washed three times 
with 60 mL distilled water in a separatory funnel and next hexane was 
evaporated off using a rotary evaporator. The resultant reddish waxy prod-
uct was dried in a vacuum oven at 70ºC for 24 h.  

In a typical MNPs synthesis procedure, 2 mmol iron-oleate, 6 mmol oleic 
acid and 7.8 gr docosane (hydrocarbon C22H46, solid at room temperature) 
were loaded into a three-neck round bottom flask attached to a Schlenk-
line, and were degassed for 30 minutes at 100ºC, ending with filling with 
argon. After that, the solution was heated to 370 ºC at the rate of 3 ºC/min 
(using a temperature controller) to reflux under flow of argon for 30 mi-
nutes. The resulting black suspension was cooled down to 60ºC. After-
wards, MNPs were washed and separated by adding a 4:1 ace-
tone/hexane mixture and centrifuging the obtained solution. This process 
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was repeated two times. The obtained MNPs are readily dispersible in 
chloroform due to the presence of oleic acid molecules on their surfaces. 

Characterization 

To trace the particle’s Néel relaxation, the MNP’s Brownian motion was 
blocked by solidification of 100 μL suspension with 140 mg gypsum (so-
called immobile sample). The particle’s Néel relaxation was measured by 
performing fluxgate magnetorelaxometry (MRX) measurements at a magne-
tizing field of 2 mT on the immobile samples and the core size distribution 
was derived from the relaxation curves using the magnetic moment super-
position model (MSM). Details of the model can be found in [3]. The size and 
morphology of the particles were characterized by Field-emission Scanning 
Electron Microscopy (FE-SEM). The hydrodynamic diameter of the particles 
was determined by Photon Cross-correlation Spectroscopy (PCCS) (Nano-
phox, Sympatec GmbH). To study the capability of the particles as a tracer 
for MPI, MPS measurements were conducted using our homebuilt Magnetic 
Particle Spectrometer [4] with an excitation field amplitude of 20 mT and a 
frequency of 9.96 kHz. The iron molar mass of the synthesized particle’s 
suspension was estimated via the Prussian blue method. The results were 
used to correct the MPS spectra for different iron contents.  

3   Results 

Fig. 1(a) shows the particle core and hydrodynamic size distributions which 
were acquired from MRX and DLS measurements, respectively. As can be 
seen, the particle core and hydrodynamic sizes are around 20 and 30 nm, 
respectively. Apparently, the particles show a narrow distribution of core 
(σcore=0.14) and hydrodynamic (σhydro=0.17) diameters. By knowing that the 
particle’s shell (i.e., oleic acid) thickness is about 3 nm and comparing the 
core and hydrodynamic sizes, it is deduced that the particles are sparsely 
distributed in the medium. Moreover, no trace of clusters in the sample has 
been observed in DLS measurements. Besides, the fact that the MRX signal 
of the immobile sample decreased to zero after switching off the magnetiz-
ing field indicates that the particles are superparamagnetic. Fig. 1(b) depicts 
a typical FE-SEM micrograph of the synthesized iron oxide nanoparticles. A 
monolayer of the nearly spherical particles is formed on the substrate, 
representing the particle’s size and shape uniformity. 

The harmonic spectra of the fabricated 20 nm single-core particles in 
both mobile and immobile states are shown in Fig. 2. It can be seen that 
both spectra show harmonics up to 500 kHz and they are virtually identical 
which indicates that almost all of the particles are able to follow the driving 
field frequency (i.e. 9.96 kHz). For comparison, MPS spectra of Resovist® 
(hydrodynamic size of ~60 nm) and Ocean NanoTech iron oxide nanocrys-
tals (SHP-20, nominal core size of 20 nm) suspensions were plotted in the 
same graph.  
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Fig. 1. (a) The core and hydrodynamic size distributions of the single-core iron 
oxide nanoparticles obtained from MRX and DLS measurements, respectively. (b) 
A typical FE-SEM micrograph of the iron oxide nanoparticles.  

As can be seen, the spectral magnitude of harmonics of the synthesized 
20 nm single-core particles is slightly larger than Resovist® up to about 190 
kHz, where both reach the same level. This observation can be explained 
by the fact that in Resovist® (crystallite size of ~6 nm) only the large clus-
ters contribute to the MPS signal [5] whereas nearly all of the synthesized 
20 nm single-core particles are involved. Conversely, from 200 kHz to 500 
kHz, the spectral magnitude of harmonics of Resovist® exceeds the 20 nm 
single-core particles. The slower decay of the harmonic magnitudes is at-
tributed to the bigger effective magnetic moments of the clusters (~60 nm) 
of Resovist® than those of the self-synthesized particles.  

 

 
Fig. 2. Harmonic spectra of the synthesized 20 nm single-core nanoparticles (both 
mobile and immobile samples), Resovist® and Ocean NanoTech 20 nm iron oxide 
nanocrystals. All spectra were normalized to 70mM (Fe). 



Synthesis of Single-Core Iron Oxide Nanoparticles as a Tracer  97
 

In contrast, the harmonics of the SHP-20 drop dramatically fast and can 
be seen solely up to 150 kHz. This behavior can be related to a smaller 
magnetically active core size and a lower surface crystallinity of the  
SHP-20 compared to the self-synthesized particles.  

4   Conclusion 

To sum up, it has been demonstrated that the self-synthesized particles 
shows a sufficient number of harmonics with substantially large magni-
tudes, allowing one to reconstruct images with a reasonable quality. More-
over, these particles reveal narrow core and hydrodynamic size distribu-
tions, as can also be seen from the linearity of the harmonics decay, 
eventually leading to a better spatial resolution. By and large, the self-
synthesized particles with the large iron core and relatively narrow hydro-
dynamic size distribution have been found as an appropriate compromise 
between Resovist® consisting of clusters of small primary crystallites and 
the monodisperse SHP-20 MNPs from Ocean NanoTech.  
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Abstract. Since its invention, magnetic particle imaging (MPI) has gained 
increasing attention in academic as well as industrial research and 
development. It requires the application of an imaging agent, but the 
structure-efficacy relations are far from being fully understood and no ideal 
MPI tracer has been found so far. Here, we present a systematic 
investigation of the size dependence of the MPI spectra of identically 
composed, but differently sized iron oxide nanoparticles. We furthermore 
present a small angle X-ray scattering (SAXS) study as a route to assess 
the particle core structure. To that goal we used FeraSpinTM R and the 
FeraSpinTM Series (XS to XXL). We show that FeraSpin R offers an equal 
whereas FeraSpin L to XXL offer an improved MPI signal as compared to 
the hitherto “gold-standard” Resovist®. Moreover, the FeraSpin Series 
constitutes a versatile “toolbox” for MPI tracer research. 

1   Introduction 

Magnetic particle imaging (MPI) is a new imaging modality with a high 
potential impact on diagnostic imaging due to its unique properties such as its 
fast scanning speed and the highly sensitive and quantitative tracer detection 
[1-3]. Promising tracer materials are iron oxide nanoparticles which are 
already safely used as MRI contrast agents in humans. In particular, yet 
unmet clinical needs such as the rapid and reliable differentiation between 
stroke and cerebral hemorrhage or the non-invasive diagnostics of coronary 
heart diseases could highly benefit from MPI. So far, the currently known 
tracer materials do not provide sufficient MPI signal and are far from their 
theoretical limit. Even the hitherto “gold-standard” Resovist® [1,4,5] was 
estimated to contain only a 3% fraction of particles with the desired signal [1]. 
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Furthermore, Resovist is no longer available and, therefore, Resovist cannot 
be used for MPI tracer research. Thus, to bring MPI to clinical practice there 
is an urgent need to understand the structure-efficacy relation of the magnetic 
nanoparticles so as to subsequently generate MPI tracers with the desired 
performance - while still providing a material suitable for human application.  

2   Material and Methods  

FeraSpinTM R and the FeraSpinTM Series are manufactured by nanoPET 
Pharma GmbH (Berlin) and internationally distributed by Miltenyi Biotec 
(Bergisch-Gladbach). The FeraSpin Series comprises six products of 
different particle sizes (FeraSpin XS, S, M, L, XL and XXL) which have 
been extracted from FeraSpin R and therefore contain narrowly size 
distributed particles of identical composition. Their mean hydrodynamic 
diameters are 60 nm for FeraSpin R and 18, 25, 35, 45, 55 and 65 nm for 
FeraSpin XS, S, M, L, XL and XXL respectively. Resovist® was still 
stocked in the author’s labs. MPS measurements were performed with a 
homebuilt spectrometer [6]. The excitation field had an amplitude of 20 mT 
at a frequency of 9.96 kHz, no dc field was applied. Small angle X-ray 
scattering (SAXS) was measured using a SAXSess mc2 system  in line 
collimation, operated at 40 kV and 50 mA producing Cu Kα radiation of a 
wavelength of 0.154 nm. Initial data treatment, background subtraction and 
desmearing was done using the SAXSquant 3.5 software package. 

3   Results 

MPS measurements showed that FeraSpin R exhibits the same harmonic 
spectrum as Resovist. As expected, systematic differences were observed 
for the FeraSpin Series. Fig. 1 depicts the spectra measured at the highest 
iron concentration investigated here (roughly 70 mM) normalized to the 
same iron content. 
 

 

Fig. 1. Harmonic spectra of FeraSpin R and the FeraSpin Series (XS to XXL) in 
suspension. All spectra were normalized to 67 mM iron. 
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The slope of the harmonic spectra gradually decreases with hydrodynamic 
particle size, i.e., from FeraSpin XS to FeraSpin XXL, and the overall  
spectral magnitude of the harmonics increases. Thereby, the magnitude  
of FeraSpin XXL is almost identical to that of XL for frequencies up to  
500 kHz and a factor of 1.3 larger for higher frequencies. In comparison to 
FeraSpin R, a 2.5-fold increase of the magnitude is observed. The MPS 
spectra were also recorded after dilution by a factor of 10 and 100, and no 
differences are discernible after normalization to account for the different 
concentrations (data not shown). Fig. 2 depicts the harmonic spectra of the 
immobilized reference samples. For FeraSpin L, XL, XXL and R the 
harmonics decay much faster than those of the respective suspensions, 
however, for FeraSpin XS, S and M the spectra of the suspensions and 
immobilized samples are similar. 

 

 

Fig. 2. Harmonic spectra of the immobilized FeraSpin samples. All spectra were 
normalized to the same iron content. 

Fig. 3 shows the scattered X-ray intensity I(Q) as a function of the 
scattering vector Q in double-logarithmic representation for FeraSpin XS 
to XXL. The signal originates from the particle cores as a contribution 
from the outer coating can be neglected due to its low contrast with the 
solvent. The intensity at Q=0 increases from FeraSpin XS to XXL. The 
inset shows the measured data transformed into a Kratky type 
representation in the form I(Q)*Q2 as a function of Q. The bell-shaped 
curves show a maximum in the low Q range shifting towards lower Q from 
FeraSpin XS to XXL.  
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Fig. 3. SAXS spectra and Kratky plot of the FeraSpin Series (XS to XXL). 

4   Discussion 

FeraSpin R appears to be ideally suited as a new standard reference 
material for MPI research due to the equality of its MPS spectrum to that of 
Resovist. The identical particle composition of all FeraSpin products allows 
us to exclusively investigate the influence of particle size. Our findings 
show that the MPS signal can be improved by adjusting the particle size as 
can be concluded from the richer harmonic spectrum, i.e., the decreased 
slope and the higher spectral magnitude of the large particles FeraSpin L 
to XXL as compared to FeraSpin R (Fig.1). The stronger harmonics above 
500 kHz of FeraSpin XXL as compared to XL may be indicative of a 
remanence occurring only for FeraSpin XXL having the largest size 
studied here. Due to the exclusive influence of size it is feasible to 
evaluate these results quantitatively in more detail which is subject of 
ongoing work. A potential influence of interparticular interactions can be 
excluded from the comparison of the spectra of different dilutions. In 
contrast to that, the spectra of the immobilized reference samples (Fig. 2) 
of FeraSpin L to XXL are different from those of the respective 
suspensions (Fig. 1) which can be attributed to the fact that in the 
immobilized state only internal Néel relaxation can occur. However, the 
spectra of FeraSpin XS to M show no such significant differences between 
the dispersed and immobilized state which led us to the conclusion that for 
FeraSpin XS, S and M the internal Néel relaxation dominates also in the 
suspension [7]. This is in congruence with the smaller iron oxide core size 
(as well as overall particle size) of FeraSpin XS to M as compared to 
FeraSpin L to XXL. In this context it is important to point out that the iron 
oxide cores of the FeraSpin particles are differently sized “clusters” of the 
same elementary crystallites having a diameter of about 5 nm. As such 
crystallites should possess very short Néel time constants, all particles 
should follow the 9.95 kHz excitation field [7]. Consequently, the 
differences for FeraSpin L to XXL must be attributed to the formation of 
clusters, their size and the crystallites interaction inside the clusters. 
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Furthermore, it must be noted that now FeraSpin M exhibits the richest 
spectrum which is of particular interest for MPI applications where 
immobilized particles are involved, e.g. when bound to a certain target or 
accumulated in a certain tissue. In congruence with the MPS results, the 
SAXS data indicate an increasing size of the scattering objects, i.e. the 
particle cores, from FeraSpin XS to XXL. Moreover, the Kratky plot 
suggests a rigid, eventually globular structure with length scales of 5-7 nm 
for FeraSpin XS to 30-40 nm for FeraSpin XXL which is in agreement with 
the latter having the richest MPS spectrum. Further analysis by a mass 
fractal analysis will provide more insight into distinct structure and size 
distribution of the clusters comprising the particle cores. 

5   Conclusion 

The particle size dependence of the MPS spectra was investigated using 
FeraSpinTM nanoparticles. SAXS measurements were performed to study 
the particle cores. We show that FeraSpin R can serve as a new standard 
material, while the size-selected FeraSpin Series particles (XS to XXL) 
offer versatile opportunities for MPI tracer research and the optimization 
for both in vitro as well as in vivo applications. In a next step, a more 
detailed, quantitative evaluation of the results reported here will provide a 
deeper understanding of the nanoparticle parameters defining the MPS 
characteristics to allow for more focused MPI tracer optimization.  
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Abstract. Today, a variety of different nanoparticles are used in various 
applications. In particular, super-paramagnetic iron oxide nanoparticles (or 
SPIONs) are used in vitro for cell separation and in vivo for hyperthermia or 
as contrast agent for magnetic resonance imaging (MRI). However, in 
Magnetic Particle Imaging (MPI), SPIONs play a fundamental role as tracer 
material. In addition to the overall size of the particles and the particle coat-
ing, which are important for medical applications, it is the magnetic core di-
ameter that is relevant for the performance in MPI applications. In general, 
for in vivo applications, the stability of the particles is of key importance. 
Therefore, in this paper, the stability of the SPIONs have been analyzed in 
different particle suspension media. 

1   Introduction 

Due to their rather scientifically interesting and technically attractive prop-
erties nanoparticles have been in the focus of numerous research activities 
[1-3], which may have also great potential for use in medicine [4], magnetic 
resonance imaging [5] (MRI) or even in environmental sciences [6]. Nowa-
days, nanoparticles come more and more to the focus in medical research 
directions as, for instance, for innovative carrier agents that may transport 
therapeutic substances [7] or the particles act as tracer material for imag-
ing applications [8]. For example, magnetic nanoparticles play an essential 
role in MRI, where they are typically used as contrast media leading to an 
enhancement of structured of the acquired images [9] due to the decrease 
of the T2 relaxation time. 
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A well established and approved nanoparticle-based contrast agent in 
MRI is Resovist (Bayer Schering Pharma). This agent falls into the class of 
super-paramagnetic iron oxide nanoparticles (SPIONs). It consists of mag-
netite (Fe3O4) coated with carboxydextran, which prevents the particles from 
agglomeration. Due to the structure and size of these very particles, Resov-
ist is a reticuloendothelial system (RES) specific MRI contrast media, origi-
nally used for imaging of liver lesions. 

However, recently, Resovist has been used to show the feasibility of 
magnetic particle imaging (MPI). MPI is a novel imaging modality, which is 
directly based on the nonlinearity of the magnetization characteristics of 
the nanoparticles that can be described by the Langevin theory of super-
paramagnetism. Already in the first publication on MPI by Gleich and Wei-
zenecker [10] it has been mentioned that Resovist does not meet all the 
requirements for MPI and, unfortunately, it has been withdrawn by Bayer 
Schering Pharma in the end of 2008. Therefore, there is a high demand on 
the design of new MPI-optimized and stable magnetic nanoparticles. In 
this contribution, the results are reported of a stability study of self-
designed nanoparticle [11-13] in different suspension media. 

2   Material and Methods 

A simple strategy to design a suitable nanoparticle tracer for MPI based on 
precipitation has been described in [11-13]. The magnetic core size of 
these particles can be estimated by a novel magnetic particle spectrometer 
(MPS) [14]. However, to characterize the nanoparticle long-term stability in 
different suspension media, here, we used the photon cross correlation 
spectroscopy (PCCS). The fundamental principle of PCCS is a 3D cross-
correlation technique in a special scattering geometry. For small Reynolds 
numbers, the mean squared displacement of the particles is related to the 
diffusion coefficient D and the dynamic viscosity η of the liquid. From thes-
es parameters, the hydrodynamic diameter dh  can be estimated via 
dh = kBT / (3πηD).  

Indeed, under certain conditions, the particle coating may become insta-
ble and the particles start to agglomerate. Here, the variation of the hydro-
dynamic diameter dh is measured as a particle stability indicator. Different 
media have been selected - from simple buffer solutions used in cell biology 
to culture media - and monitored over periods of several weeks. Table 1 
gives an overview of the used media and the pH value. 
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Table 1. Media used for nanoparticle suspension 

Media pH 

CH3COOH/NaCH3COO  4,6 

MES 
(2-(N-Morpholino)ethansulfonsäure  5,8 

MES 6,8 

TRIS 
Tris(hydroxymethyl)-aminomehtan 

8,0 

NH3/NH4Cl 10,0 

DMEM, high Glucose 6,8-7,2 

Demin. H2O (Reference) 7,0 

3   Results and Discussion 

In a first measurement campaign the different nanoparticle suspensions 
given in table 1 have been analyzed with PCCS over 8 hours at equidistant 
time points in intervals of one hour. As a reference value, particle diame-
ters have been measured immediately after synthesis, indicated as 0 h in 
the following figures. Similarly, a dilution series of particle suspensions has 
been set up and evaluated every hour up to eight hours. In the next evalu-
ation step, the time interval was prolonged. In a second measurement 
campaign the solutions were measured with PCCS after one, two and 
three weeks.  
 

 

Fig. 1. First Campaign: Measurement of the hydrodynamic diameter during 8 hours.  
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Fig. 2. Second Campaign: Measurement of the hydrodynamic diameter during 21 
days. 

Figures 1 and 2 show the hydrodynamic particle diameter dh at different 
time points. Depending on the solvent and the particle concentration, the 
particles show slightly different behavior. However, even in culture media 
the hydrodynamic diameter of the particles remains stable within the first 
two weeks after synthesis. Table 2 summarizes the results. 

Table 2. Measured hydrodynamic diameters for different SPIO suspension media. 

 
NaAc-
Buffer 

MES 
(5,8) 

MES 
(6,8) TRIS Ammonia-

Buffer 
dem. 
H2O 

DMEM 

mean  
diameter  
in nm 

81,03 79,23 80,29 79,70 85,58 76,94 81,31 

standard 
deviation 
in nm  

± 3,34 ± 2,61 ± 2,75 ± 2,58 ± 2,80 ± 2,44 ± 2,27 

4   Conclusion 

In this project, the hydrodynamic diameter of our SPIONs has been used 
as indicator of the stability of the magnetic nanoparticles. A range of differ-
ent pH values from 4.6 to 10 and also a typical culture media (DMEM) has 
been chosen to monitor the hydrodynamic diameter over three weeks. The 
mean SPION diameter over all the different media is 80.58 nm with stan-
dard deviation of 2.44 nm. We also measured with three different concen-
trations, by doubling and tripling the initial concentration of the suspen-
sions of the SPIONs. No significant changes of the hydrodynamic diameter 
visible have been observed. 

For certain media the hydrodynamic diameter increases for a period of 
more than two weeks. This is interpreted as a consequence of agglomerate 
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processes. However, the stability interval of two weeks in different media is 
more than sufficient for the application as contrast media. 
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X-ray computed tomography is a widely used imaging technique nowadays. 
Especially in medicine it takes an important role for visualization and diag-
nostics. Micro-computed tomography (µCT) follows the same principle as 
conventional medical CT-Scanner. But the objects analyzed are smaller, 
thus an improvement in spatial resolution down to few micrometers is possi-
ble. In the work field of biomedical application of magnetic nanoparticles 
µCT has been used for the visualization of the nanoparticle accumulations 
within tumoral regions after magnetic drug targeting. Further on, a calibration 
procedure has been developed and applied with a µCT-apparatus. The cali-
bration procedure enables a semi-quantification of the nanoparticle content 
within the tissue samples. The next step stone in visualization process is the 
observation of the nanoparticle accumulation during the application of mag-
netic drug targeting in an animal. Thus, we have tested the calibration pro-
cedure on a commercial animal scanner. In this paper we compare the 
semi-quantitative results figured out in two different µCT-equipments. 

1   Introduction 

Since several years minimal-invasive cancer treatments are explored with  
the aim to treat a tumor locally. For these therapeutic approaches magnetic 
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nanoparticles gained an important role. In case of magnetic drug targeting 
nanoparticles are used as drug carriers. For this purpose a chemotherapeutic 
agent is connected to nanoparticles of a magnetic fluid and then injected into 
the tumor supplying artery. A strong magnetic field gradient, which is posi-
tioned over the target region, influences the magnetic fluid. Thus, the magnet-
ic nanoparticles carrying drugs can be directed to the tumor region and  
fixated there. Due to this magnetically supported cancer therapy a higher 
dose rate of the chemotherapeutic agent can be reached within the target  
region while the total amount of the drug within the body is reduced [1].  

The success of the local cancer treatment described above depends 
among other things of the nanoparticle distribution and also if they are 
available in an appropriate amount. X-ray micro-computed tomography 
enables the 3-dimensional examination of biological tissue samples with a 
spatial resolution in the micrometer range. Because of the polychromasy 
and the respective artifacts the tomographic data of biological tissue sam-
ples could be analyzed in a qualitative way, yet [2]. 

In this paper we present a calibration procedure which enables a semi-
quantitative evaluation of the tomographic data. Thereby the quantitative 
Magnetorelaxometry (MRX) data is used as reference for the semi-
quantification based on digital images. 

The developed calibration procedure has been applied to a self-made 
experimental µCT-equipment LeTo, which is placed at the chair of Magne-
tofluiddynamics at TU Dresden in Dresden/Germany [3] as well as to a 
commercial animal scanner [4], located at the Carl Gutstav Carus universi-
ty hospital Dresden. After the calibration two tumors have been measured 
with both µCT-equipments and the subsequent analysis reveals a very 
good agreement between the tomographic data and the reference data. 

2   Material and Methods 

2.1   Tumor Model 

For the magnetic drug targeting a tumor model has been used. VX2-
tumors were grown on rabbits and then treated with MDT. The chemothe-
rapeutic agent mitoxantrone was connected to the magnetite nanopar-
ticles. In the following the fluid was injected into the tumour supplying ar-
tery. A strong external magnetic field gradient of 72 T/m has been applied 
to direct the magnetic fluid to the tumor region. The magnetic fluid carrying 
drugs has been retained in the target region for 1.5 hours. After the local 
cancer treatment the rabbits were euthanized, the tumour was resected, 
fixated in formalin and embedded in paraffin [1]. In this paper 2 tumors 
measured with MRX and 2 different µCT-equipments are presented. 
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2.2   Reference Phantom 

The reference phantom is composed of polyurethane gel (PUR) and mag-
netic nanoparticles. Thereby the pure PUR-gel is used as a body material 
for biological tissue, while the PUR-gel with immobilized magnetic nano-
particles represents the biological tissue which is enriched with magnetic 
nanoparticles. For the calibration a batch of 6 cuboids with nanoparticle 
concentrations from 0 to 33.49 mg/ml have been produced [5].  

2.3   µCT-Apparatus LeTo (Low Energy Tomography)  
and Animal Scanner 

The phantoms and tumors were measured with the polychromatic tomo-
graphy apparatus named LeTo and with a commercial animal scanner. 
The main parameters of the scans are listed in Tab.1 

Table 1. Main parameters for the tomographic scans of the phantoms and tumors. 

µCT equipment LeTo animal scanner

acceleration voltage [kV] 50 40 

emission current [mA] 1 1 

spatial resolution [µm] 57 80 

X-ray source X-ray tube X-ray tube 

2.4   Magnetorelaxometry (MRX) 

Magnetorelaxometry (MRX) is known as a very sensitive method for mag-
netic nanoparticle detection with a mass resolution of several hundred na-
nograms but providing only a poor spatial resolution. This method is also 
non destructive and yields the absolute nanoparticle value for the valida-
tion of the calibration procedure. The MRX measurements are performed 
by our cooperation partners at PTB in Berlin [6].  

3   Results 

The digital image processing of the tomographic data sets has been per-
formed with the open source software ImageJ [7]. The obtained grey values 
and the magnetic nanoparticle concentrations provide calibration curves for  
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the two particular µCT-equipments. A linear fit of the experimental data pro-
vides calibration equations, which are shown together with the calibration 
curves in Fig.1. These calibration equations are then used for the conversion 
of grey values into nanoparticle concentrations. 

 
grey values as a function of nanoparticle concentration
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Fig. 1. Calibration curves for the different µCT-equipments. The density resolution 
of the animal sanner is limited to nanoparticle concentrations above 20 mg/ml. 

The nanoparticle content as quantified by MRX was (24.46 +-1) mg for 
tumor 1 and (25.0 +-1) mg for tumor 2. The semi-quantification of the to-
mographic data has been performed with self-written software [5]. This 
software allows a voxel wise conversion of grey values into concentration 
values. It has been figured out that the nanoparticle content obtained with 
the help of the calibration procedure can be detected in adequate approx-
imation with respect to the reference MRX values. The semi-quantitative 
nanoparticle content in tumor 1 amounts to 20.85 mg (LeTo) and to 
20.61 mg (animal scanner). The deviation of the semi-quantitative data to 
MRX-data is 14.76 % (LeTo) and 15.74 % (animal scanner). The semi-
quantification of tumor 2 reveals a nanoparticle content of 24.41 mg (LeTo) 
and 24.999 mg (animal scanner). The calculated deviation between the 
semi-quantitative tomographic results and quantitative MRX-results 
amounts to 2.36 % (LeTo) and 0.0045 % (animal scanner). The results of 
the semi-quantitatively evaluated 3-dimensional tomographic data and 
MRX data are summarized in Tab.2.  
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Table 2. Nanoparticle content in biological tissue samples detected with an absolute 
MRX measurement as well as by a calibrated µCT-examination. 

 quantitative nanoparticle content 

object measured with LeTo MRX [mg] XµCT [mg] deviation (%) 

tumor 1 24.46 +-1 20.85 14.76 

tumor 2 25 +-1 24.41 2.36 

object measured with animal scanner MRX [mg] XµCT [mg] deviation (%) 

 tumor 1 24.46 20.61 15.74 

tumor 2 25 25 0.0045 

4   Conclusion 

The developed calibration method allows a semi-quantitative evaluation of 
polychromatic tomographic data sets of biological tissue samples enriched 
with magnetic nanoparticles. This has been successfully shown with an ex-
perimental µCT-equipment as well as with a commercial animal scanner. 
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Abstract. Detrimental effects of nanoparticles on cell viability, cell growth 
and morphology have been an ongoing topic in the field of nanoparticle tis-
sue engineering, cell labeling, and drug delivery. Establishing biocompatible 
nanoparticles is particularly important for stem cell -based therapies and 
cell-tracking by magnetic particle imaging in regenerative medicine. Recent-
ly, magnetic particle imaging (MPI) has been presented as a new method 
for the measurement of the spatial distribution of superparamagnetic iron 
oxide nanoparticles (SPIOs). Spatial resolution and signal to noise ratio of 
MPI depend on the particle quality. Here we developed dextran-coated 
SPIOs for magnetic particle imaging and analyzed their stability and hydro-
dynamic diameter by photon cross correlation spectroscopy (PCCS). The 
uptake of SPIOs and the morphology of labeled human adult stem cells 
were examined by confocal laser scanning microscopy. Labeled stem cell 
growth was monitored by the xCELLigence system. We focused on com-
monly used in vitro assays for estimation of cell viability and cell death. The 
newly developed SPIOs revealed a low signal to noise ratio. Dextran-
coated SPIOs had no significant influence on cell growth and viability of 
human adult stem cells. Our data support dextran-coated magnetic nano-
particles as a well-tolerated and promising tool for further surface modifica-
tions and stem cell -based therapies. 

1   Introduction 

During the last few years nanoparticles have been advanced to one of the 
most interesting materials in several different areas of life [6]. Particular in 
medicine, these particles are in the focus of research for new active agents 
that may carry therapeutic substances or act as tracer material for imaging 
purposes [1,6]. Especially nano-sized superparamagnetic materials based 
on iron oxide, so called SPIOs (superparamagnetic iron oxide particles), be-
came more and more interesting due to an increasing variety of applications 
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from cancer therapy to contrast enhancement in magnetic resonance imag-
ing (MRI). In this study we analyzed the uptake and influence on cell growth 
and viability on human adult stem cells of newly developed SPIOs. 

2   Material and Methods 

2.1   Synthesis of Iron Oxide Nanoparticles 

All reagents were of analytical grade and used without further purification. 
Dextran T70 (M∼70.000 g/mol, Roth), Iron(II) chloride tetrahydrate (Merck), 
Iron(III) chloride hexahydrate (Roth) were dissolved in deionized water. A 
7.5% Ammonia solution (Roth) was used. To synthesize superparamag-
netic iron oxide nanoparticles here the classical co-precipitation of iron oxide 
in an alkaline solution in the presence of dextran was realized as described 
in [1].  
 
Steps of precipitation: 
 

at room3 2
2 3temperature

2 8 ( ) 2 ( )Fe Fe OH Fe OH Fe OH+ + −+ + ⎯⎯⎯⎯→ +
 

 
heating ( 70 °C)

2 3 3 4 2for 30-60 minutes
( ) 2 ( ) 4Fe OH Fe OH Fe O H O≈+ ⎯⎯⎯⎯⎯→ +

 

2.2   Photon Cross-Correlation Spectroscopy 

The hydrodynamic diameter, dh of dextran-coated SPIOs was measured by 
PCCS, (NANOPHOX, Sympathec GmbH) [2]. Therefor dextran-coated 
SPIOs were incubated for 8h in different media. The nanoparticles exhibited 
a hydrodynamic diameter in the range between dh 80 nm and dh 90 nm.  

2.3   Stem Cell Preparation and Cultivation 

Adult glandular stem cells were obtained from human glandula submandi-
bularis biopsies from healthy donors following Helsinki guidelines and eth-
ics committee approval and cultured as previously described in [3,4,5]. Cell 
viability before experiments was measured by trypan blue exclusion and 
was always greater than 97%.  

2.4   Analysis of Stem Cell Growth  

Human adult stem cells were cultured with different concentrations from 0 -
1 mg/ml of dextran-coated SPIOs in 5 ml cell culture flasks. To determine 
cell numbers cells were counted after 1 week of culturing with a cellometer 
(Nexcelom Bioscience). xCELLigence:1x104 human adult stem cells/well of 
a 96 well-E-Plate were incubated for 90 hours with concentrations as indi-
cated in figure 2 of dextran-coated SPIOs. As control stem cells grown 
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without SPIOs were used. The electrical impedance was measured conti-
nuously by the xCELLigence System (Roche).  

2.5   Cytochemistry 

2 x 104/well human adult glandular stem cells were cultivated in µ-dishes 
(Ibidi) with FITC-dextran-coated SPIOs for 4h at 37 °C and 5% CO2. Cells 
were fixed with 4% PFA/PBS and stained with 0,2 nmol/l Phalloidin Fluo-
Probes 547 (Interchim) and with 1 µg/ml DAPI (Roche). To determine the 
intracellular localization of the SPIOs, samples were analyzed by confocal 
microscopy (LSM7, Zeiss). 

2.6   MTT-Viability Assay  

The analysis of stem cell viability after incubation with SPIOs was performed 
using MTT-viability assay (Invitrogen) following manufacturer´s guidelines. 

3   Results 

3.1   Uptake of Nanoparticles by Human Adult Stem Cells 

Human adult stem cells were incubated for 4h with 10 µg/ml FITC-dextran-
coated SPIOs and stained for fluorescence microscopy. SPIOs were local-
ized in the cytoplasm without disruption of the cell membranes of adult 
stem cells. A nuclear localization was not observed. Displayed is one rep-
resentative of three independent experiments with cells of three different 
donors (figure 1). 
 

 
 

Fig. 1. Uptake of SPIOs into human adult stem cells: human adult stem cells 
were grown on cover slips and incubated for 4h with 10 µg/ml FITC-dextran-coated 
SPIOs (A). (B) control: stem cells incubated without SPIOs. Displayed in green: 
FITC-dextran-coated SPIONS, red F-actin filaments, blue: nuclei of the stem cells. 
White bars indicate 10 µm. 
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3.2   Influence of SPIONs on Stem Cell Growth  

The xCELLigence System measures electrical impedance across interdigi-
tated micro-electrodes integrated on the bottom of tissue culture E-Plates. 
The impedance measurement provides quantitative information about the 
biological status of the cells, including cell number and viability. Adult stem 
cells were incubated for 90 hours with dextran-coated SPIOs continuously 
measuring the impedance by xCELLigence. Adult stem cells grown without 
SPIOs served as control. Higher concentration (100-1000 µg/ml) of SPIOs 
slightly reduced cell growth of adult stem cells, but without significance. 
Displayed is one representative of three independent experiments with 
cells from three different donors (figure 2). 
 

 

Fig. 2. Influence of dextran-coated SPIOs on adult stem cell growth. Adult 
stem cells were grown on E-plates for 90 hours with dextran-coated SPIONs and 
the impedance was measured continuously by the xCELLigence system. Higher 
concentration of SPIONs slightly reduced cell growth, but not significantly. Control: 
stem cells grown without SPIOs (media, -SPIOs). 

For analysis of cell growth of human adult stem cells in the presence of 
SPIOs, cell numbers were determined with an automated cell counter after 
one week incubation time with up to 1 mg/ml dextran-coated SPIOs. 
SPIOs had no influence on cell numbers after one week incubation time. 
No significant differences between unlabeled and labeled stem cells were 
observed.  

3.3   No Significant Influence on Stem Cell Viability  

The MTT-assay revealed no significant influence of dextran-coated SPIOs 
on human adult stem cell viability (figure 3). Based on these observations  
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annexinV /propidium iodide stainings were performed to analyze cell death 
using flow cytometry with regard to apoptosis and necrosis. No significant 
increase of cell death was observed (data not shown). 

  
Fig. 3. No influence on cell viability by SPIONs. Human adult stem cells were 
cultured with 1 mg/ml dextran-coated SPIOs (+SPIOs) and without (-SPIOs; con-
trol) for the indicated time. The nanoparticles revealed no significant influence on 
cell viability of human adult stem cells up to 7 days of incubation time. Displayed 
are means + SD of three independent experiments performed with cells from three 
donors. 

Statistical analysis was performed using the non-parametric Mann  
Whitney U test. Differences were considered significant for P-values < 0,05. 

4   Discussion 

In this study we investigated the uptake and cytotoxicity of dextran-coated 
SPIOs on human adult stem cells. Due to their lack of cytotoxic effects, their 
intracellular localization in the cytoplasm of stem cells without nuclear locali-
zation we conclude high stability and biocompatibility of dextran-coated 
SPIOs. These findings were supported by measurable fluorescence of FITC-
dextran-SPIO labeled stem cells after 4 days. Brunner et al. postulated 2006 
that the toxic effects of nanoparticles may be attributed to two different ac-
tions: (i) a chemical toxicity based on the chemical composition, e.g., release 
of (toxic) ions and particle surface catalyzed reactions, e.g., formation of 
reactive oxygen species; or (ii) due to stress or stimuli caused by the sur-
face, size and/or shape of the particles [8]. The intralysosomal degradation 
of SPIOs and the ability of stem cells of self-renewal and repair possibly con-
tribute to the good tolerability of dextran-coated SPIOs. Untreated oxide na-
noparticle dispersions undergo rapid agglomeration in cell culture medium 
[7]. The results obtained from PCCS measurements of SPIOs in different 
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media corroborate these findings and led to size and surface optimized sta-
ble particles. In order to elucidate the molecular mechanisms underlying the 
complexity of nanoparticle-related cytotoxicity further investigation with dif-
ferent cell types and molecular biological tests is needed. Only early toxicity 
assessment leads to safe nanoparticle -based medical applications and 
tracer media for magnetic particle imaging. 

5   Conclusion  

Our data support that newly developed nanoparticles are well tolerated by 
human adult stem cells and have great potential for a variety of medical 
applications and for magnetic particle imaging.  
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Abstract. Magnetic particle imaging (MPI) allows quantitative evaluation 
of the spatial distribution of superparamagnetic iron oxide (SPIO) nano-
particles in the body. With a spatial resolution similar to magnetic reson-
ance imaging (MRI), but superior temporal resolution, MPI has potential 
for different diagnostic applications. In addition to technical requirements, 
preclinical and clinical applications of this novel imaging modality require 
SPIO tracers optimized for MPI. This article discusses the suitability of 
Resovist as an MPI tracer and challenges and future prospects of tracer 
development.  

1   Introduction  

Magnetic particle imaging (MPI) was first described as a new tomographic 
imaging modality by Gleich and Weizenecker in 2005. MPI visualizes the 
spatial distribution of superparamagnetic iron oxide (SPIO) nanoparticles by 
exploiting the nonlinear magnetization curve of SPIO nanoparticles in a 
rapidly oscillating magnetic field to inductively detect overtones in addition to 
the applied basic frequency [1]. Direct detection of the magnetization from 
SPIO using MPI potentially offers high spatial resolution, excellent contrast, 
and good signal-to-noise ratio (SNR) [2]. With a SPIO concentration of 20 
nmol Fe/l, resolution in the submillimeter range can be achieved in vivo [3]. 
When a small volume is imaged, up to 50 3D datasets can be acquired per 
second. Hence, MPI appears to have potential for real-time in vivo imaging of 
fast dynamic processes, for instance, in angiographic applications [3]. As MPI 
exclusively detects the magnetization from SPIO nanoparticles, information 
on the underlying anatomy is not available. Hence, MPI should ideally be 
combined with an imaging modality providing anatomic information such as 
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computed tomography (CT) or magnetic resonance imaging (MRI). On the 
other hand, the performance of MPI crucially depends on the physical 
properties of the tracers. In order to obtain a high resolution, the tracers 
should have a large magnetic moment so that significant nonlinearity of the 
magnetisation set on already at small fields. In case of magnetite core 
diameters of 30 nm...60 nm are envisaged by a narrow size distribution [4]. 
Furthermore, the intrinsic magnetic anisotropy sould be small, ensuring that 
the moments can follow the high frequency field. In the following, we outline 
the state of the art in the development of tracers for MPI and propose 
directions for future research in this field. 

2   Resovist   

Resovist (Schering, Berlin, Germany), a hepatocellular MRI contrast agent 
approved in 2001, was the first tracer successfully used in experimental in 
vivo studies of MPI. Resovist consists of SPIO nanoparticles with a 
carboxydextran coating and a hydrodynamic diameter of approx. 60 nm [5, 
6]. Resovist was used for the first phantom experiments of MPI [1] and the 
first in vivo studies in animals [3]. These initial experiments revealed MPI‘s 
potential as a clinical imaging modality. The Resovist doses used in these 
early experiments were equal to or higher than the clinically approved 
dose of 40 µmol Fe/kg body weight; hence, higher spatial resolution was 
not achievable with this contrast medium. Moreover, Resovist was taken 
off the market as an MRI contrast agent at the end of 2008. An analysis of 
the efficiency of Resovist as an MPI tracer showed that only 3% of the iron 
in Resovist accounts for its MPI performance [1]. The iron oxide cores in 
Resovist have a size range of approx. 3-5 nm (average, 4 nm) [6] and are 
partially clustered; it is to these clusters of iron oxide cores that the MPI 
properties of Resovist have been attributed [7].        

3   Prospects for Future Tracer Development  

3.1   Synthesis 

Recent physical investigations suggest that the good MPS signal of 
Resovist is provided by cluster-like MNP having an effective magnetic 
diameter of 22 nm [7]. It has been proposed that the magnetic moments of  
elementary cores within the clusters in zero field might cancel out each 
other, providing good colloidal stability due to attenuation of dipolar 
interaction of such clusters [7]. SPIOs used for MPI should ideally be 
monodisperse in order to optimize the yield of MPS signal per unit iron [8]. 
Based on reports in the literature, thermal decomposition yields nearly 
monodisperse SPIO preparations [9]. Known synthesis methods for 
magnetite/ maghemite systems lead to different particle properties in terms 
of anisotropy and magnetizability. Hence, available SPIOs synthesized 
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with different methods are likely to differ in their shape, exact composition, 
and crystal structure. As there are so many different approaches for 
synthesizing SPIO nanoparticles, one aim of future research should be to 
identify the approach that yields the best MPI tracers and to investigate 
how these can be stabilized for in vivo application. For particles intended 
for clinical use, attention must be paid to biocompatibility and biodegradability.   

3.2   Separation 

Suitable SPIO particle preparations can be separated on the basis of 
magnetic momonent (magnetic separation) or density (centrifugation), 
among others [10,11]. Both separation methods allow narrowing down the 
size range present within a sample, thereby improving the MPS signal. A 
disadvantage of magnetic separation is that large SPIOs (over approx. 30 
nm) may aggregate due to magnetization by the applied magnetic field. The 
forces occurring during centrifugation can also induce particle aggregation. 
Moreover, centrifugation prevents the accurate and reproducible size 
separation of particles, critical steps in nanoparticle synthesis. Other 
methods for size separation of nanoparticles reported in the literature [12,13] 
include so-called quadrupole magnetic flow sorting of magnetically labeled 
cells after loading [14]. 

4   Challenges and Outlook 

4.1   SPIO Synthesis 

The challenge confronting scientists working on SPIO synthesis is to 
produce tracers with optimal MPS performance. A narrow size distribution 
of the resulting particles might be achieved by controlled aggregation using 
solvent mixtures [15]. The SPIOs must form stable dispersions in saline 
solutions, and the nanoparticle sizes and magnetic properties must be well 
reproducible.  

4.2   Outlook 

The primary aim of work in this field must be to synthesize tracers for MPI 
that have properties in biological systems allowing their later preclinical 
and clinical development. It is also conceivable that SPIOs of different 
sizes might be developed for different applications. For instance, SPIO 
nanoparticles with a size of less than 30 nm have potentially longer 
circulation times, making them suitable for angiography and imaging of 
cardiovascular diseases in general. Larger SPIO particles are potentially 
suitable for passive targeting of cells and in vivo tracking [16,17]. Passive 
targeting might also be of interest for accomplishing selective uptake of 
larger SPIO particles up to 100 nm in size by tumors [18]. In a further step, 
SPIO could be specifically funcionalized for active targeting. The signal 
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produced by a tracer is pivotal. A high signal yield may allow administration 
of smaller amounts of MPI tracers, increasing the chance of good 
tolerability in human clinical applications.  
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Abstract. Magnetic particle imaging (MPI) is a novel real-time imaging 
technique visualizing magnetic nanoparticles. Due to its intrinsic features it 
is especially suited for functional cardiac diagnosis, including angiography, 
cardiac wall motion assessment and quantitative myocardial perfusion 
imaging. In addition it may be suitable for cardiac intervention. MPI may 
reduce the overall diagnostic procedure duration and the complexity of 
recommended diagnostic pathways, thereby providing medical benefits to 
patients and economical benefits to hospitals / cardiologists due to the 
expected increased patient throughput.  

1   Introduction 

Magnetic particle imaging (MPI) is a novel tomographic imaging method 
for visualizing nanoparticles with defined magnetic properties first 
published in 2005 [1]. It is a real-time imaging method which can acquire 
more than 25 volumes of interest per second. The magnetic nanoparticles 
used as imaging tracer are measured directly and quantitatively. Thus, 
MPI generates PET-like images without a tissue background. Due to the 
supposed size range of the tracer particles of 40 to 100 nm hydrodynamic 
diameter, those are strictly intravascular after intravenous injection. These 
facts, real-time imaging, lack of tissue background and the vascular tracer, 
renders MPI ideally suited for angiography and perfusion imaging in rapidly 
moving tissues. Therefore, MPI will be a perfect imaging modality for 
functional cardiac diagnostic and intervention. The cardiac diagnostic 
pathways as currently recommended by national organizations such as the 
“NICE clinical guideline 95” for the United Kingdom [2] contain a 
complicated decision tree involving multiple diagnostic tests including 
imaging by several modalities. MPI may offer significant reduction in 
complexity of functional cardiac diagnostic by combining favourable 
features from established imaging techniques. 
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2   Imaging in Current Functional Cardiac Diagnostics 

Invasive coronary angiography including percutaneous coronary 
intervention (PCI; vessel dilatation by insertion of a stent) are integral part 
of the diagnostics in chest pain patients who may suffer from coronary 
artery disease (CAD). The complication rate of these invasive methods is 
reported to be approximately 1% [3] which is low compared to surgical 
interventions but high compared to non-invasive diagnostic imaging 
procedures. As only approximately 35% of all catheter based coronary 
angiographies include an intervention [4], several diagnostic imaging 
methods have been introduced to support the functional assessment of the 
myocardium in order to reduce the number of invasive coronary 
angiographies. SPECT and PET are radioactive imaging methods which 
use 99mTc Sestamibi or 82Rb, respectively, for direct and quantitative 
assessment of tissue perfusion [5, 6]. FDG-PET in combination with tissue 
perfusion data can provide information on remaining viability, which can be 
important for the therapy decision  (i. e. to place a stent and re-perfuse the 
tissue or not). Dynamic CT angiographic examinations for tissue perfusion 
assessment are also possible; however, the radiation exposure is 
significantly higher compared to standard CT examinations including CTA 
[7]. In principle, contrast enhanced transthoracical ultrasound imaging can 
be used to determine myocardial perfusion, as well. However, it has some 
limitations due to sound wave attenuations by the sternum and ribs [8]; the 
image quality is also limited in overweight and obese patients. Cardiac 
MRI is a sophisticated radiation free imaging method for acquiring 
functional information of the myocardium, including tissue viability 
assessment. Like FDG-PET it thus offers additional data to support a 
therapy decision. However, visualization of coronary artery stenosis and 
quantitative assessment of myocardial perfusion are time consuming and 
remain challenging [9, 10].  

The involvement of the mentioned imaging modalities, SPECT, PET and 
CT as well as cardiac echo within the recommended diagnostic pathway for 
CAD is indicated in Fig. 1. Stable chest pain patients who may suffer from 
CAD including stable angina will enter this diagnostic pathway. Because 
these patients are usually free of pain at rest, they are not treated as 
emergency cases. A diagnostic workup begins with an assessment of the 
patient’s history and risk factors, such as age, gender, diabetes, smoking 
and hyperlipidaemia. The primary anamnesis either leads directly to a 
diagnosis of CAD or a clinical assessment including electrocardiography 
(ECG), risk factor analysis and cardiac echo will be conducted to reach firm 
diagnosis. Therapy for CAD / stable angina includes invasive coronary 
angiography and PCI [11]. As outlined in Fig. 1 the diagnostic pathway for 
stable chest pain patients splits into 4 major routes and contains several 
decision points. The overall diagnostic procedure is thus time consuming 
and may include the use of multiple different imaging modalities. 
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Fig. 1. CAD diagnostic pathway according to NICE clinical guidelines 95. Squares 
represent diagnostic or therapeutic options: orange indicates possible involvement 
of SPECT or PET; green indicates the need to treat as stable angina including 
invasive methods and PCI; grey indicates other causes of pain and “?” represents 
an uncertain diagnosis. Radioactivity symbols indicate involvement of X-ray or γ-
radiation. Adapted from [2] 

3   Expected Advantages of MPI in Functional Cardiac 
Diagnostics 

The complexity of cardiac diagnostic may be resolved by introduction of 
MPI into the CAD diagnostic procedure. MPI would replace imaging by 
SPECT. It could further replace myocardial perfusion imaging by PET or 
MRI in patients where viability information is not required. One bolus 
injection of an MPI tracer at rest and one injection at stress may be 
sufficient for stenosis detection, the assessment of cardiac wall motion 
alterations and the detection of cardiac perfusion deficits. Thus, MPI can 
provide immediate information on the functional relevance of a detected 
stenosis.  

MPI may therefore gain significant share of invasive coronary artery 
imaging, which may considerably lower the rate of invasive imaging 
procedures. It is reported, that MPI scanners can be constructed in a 
rather open configuration [12]. This could offer sufficient patient access to 
allow for MPI based PCI. Such an MPI device could thus enable the 
integration of MPI-driven functional cardiac diagnostics and cardiac 
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intervention. Invasive coronary diagnosis could be avoided while 
maintaining the option to continue from the diagnostic to intervention 
stages without the need for patient relocation. To minimize time from 
patient arrival to intervention, functional imaging tests are currently not 
performed for cardiac emergency patients. Stenosis detection occurs 
during PCI and functional relevance is not assessed at all. MPI can 
provide the addition of functional information without increasing the 
procedure time and may thus decrease the number of stents to be 
implanted. 

4   A Potential Scenario for the Use of MPI in the CAD 
Diagnostic Pathway 

In terms of diagnostic workflow this means that MPI may become the 
major imaging modality for CAD diagnosis and intervention, thereby 
significantly reducing the complexity of the diagnostic pathway. The four 
diagnostic routes may be reduced to a single approach that provides all of 
the required diagnostic information.  

 

 

Fig. 2. A Potential scenario for use of MPI in CAD diagnostic pathway. The red 
frame indicates that MPI is involved. The therapeutic options are indicated as 
follows: green indicates treat as stable angina including PCI; grey indicates other 
causes of pain; and “?” indicates uncertain diagnosis. No radioactive exposure for 
patient or examiner is involved. 
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A reduction in complexity may not only minimize the time necessary to 
obtain a conclusive diagnosis but also has the potential to reduce the overall 
expenses associated with CAD / stable angina diagnosis by an expected 
increase in patient throughput. A diagnostic scenario as proposed in Fig. 2 
may therefore not only provide medical benefits to patients but also 
economical benefits to hospitals / cardiologists. To become a preferred and 
reimbursed procedure for cardiac diagnosis MPI, of course, has to compete 
economically with the established diagnostic pathways while providing 
improved diagnostic quality. 

5   Conclusion 

The considerations presented here propose that MPI may become an 
important imaging method for the cardiac diagnostic processes due to 
possible reductions in complexity, time to conclusive diagnosis and 
diagnostic costs. To achieve economic success in medical imaging MPI 
should gain a share of the market from cardiac SPECT, PET and CTA. 
Ideally, as outlined above, MPI should also be used for coronary 
angiography and in support of PCI. The prerequisite for the successful 
implementation of MPI is, of course, the excellent technical performance 
of the MPI system including the instrumentation and the tracer. The 
spatial resolution and detection sensitivity are considered to be critical 
parameters. A human MPI scanner or a suitable MPI tracer is currently 
not available; however, ongoing research has shown promising initial 
preclinical results.  
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Abstract. Magnetic Particle Imaging (MPI) is a tomographic imaging tech-
nique, which relies on the nonlinearity of the magnetization curves of mag-
netic particles such as iron oxide nanoparticles and the fact that the par-
ticle magnetization saturates at some magnetic field strength (1). 
Sensitivity of MPI highly depends on the magnetic characteristics of used 
tracer. We have developed colloidal stable iron oxide nanoparticles with 
different sizes and coatings and optimized their magnetic properties using 
a variety of fractionation techniques to improve tracer sensitivity. MPI 
spectra were obtained on the various iron oxide nanoparticles to select the 
most sensitive tracer for plaque imaging in homozygous mice for the 
Apoetm1Unc mutation. We conclude that iron oxide nanoparticles with ap-
propriate magnetic properties are useful tracers for MPI. 

1   Introduction 

Imaging technologies such as computer tomography (CT), ultrasound imag-
ing, magnetic resonance imaging (MRI), and positron emission tomography 
(PET) are useful tools for the diagnosis and therapy control in routine clinical 
practice (4). MPI is a new imaging technology that relies on the nonlinearity 
of the magnetization curves of magnetic particles such as iron oxide nano-
particles and the fact that the particle magnetization saturates at some mag-
netic field strength (1, 7). Resolution and sensitivity of MPI depends on the 
appropriate tracer (6). Since the current tracer for MPI, Resovist® is not 
available anymore on the market we aimed to develop new tracer material 
for MPI and summarize our current data on this approach. 
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2   Material and Methods 

Iron oxide nanoparticles were synthesized by alkaline precipitation of iron(II) 
and iron(III) salts in the presence of dextran or carboxydextran (2, 5). The 
obtained material was further purified using alternating and permanent mag-
netic fields. Resovist® was obtained from Bayer-Schering-Pharma, Berlin, 
Germany. Iron concentration was measured using phenanthroline standard 
calorimetric assay. 

Size of nanoparticles was determined by dynamic light scattering (DLS) 
and ξ-potential was measured by electrophoretic mobility using a Nano-ZS 
Zetaziser (Malvern Instruments, Herrenberg, Germany) according to the 
manufacturer’s instructions. Colloidal stability was defined as the aggrega-
tion tendency of nanoparticles in various conditions including water, 
Hank’s balanced salt solution at pH 7.4 containing 1 mM MgCl2, 1 mM 
CaCl2 and 1 g/l glucose (HBSS) and HBSS supplemented with 4 % bovine 
serum albumine (BSA). Briefly, 1 mg nanoparticles were diluted in 1 mL 
indicated media, incubated for 30 minutes at room temperature and meas-
ured by DLS. The ξ-potential was determined in 1 mM NaCl. Atomic Force 
Microscopy (AFM) was performed using a NanoWizard AFM device (JPK 
Instruments AG, Berlin, Germany) equipped with a microscope (Axiovert 
200, Zeiss Jena, Germany). Diluted nanoparticles were briefly incubated 
on a fresh cleaved mica sheet, rinsed with aqua bidest and air dried for 5 
minutes. Images were taken using the intermitted contact mode using a 
cantilever tip with a force constant of 7.5 N/m (3). 

MPI spectra were obtained using a Magnetic Particle Spectrometer 
(Philips Hamburg, Germany). Transition electron microscopy (TEM) was 
performed on an EM 902 (Zeiss, Oberkochen, Germany). 

Animal experiments were performed according to the German Animal 
Welfare Act of 1998 and with approval from the responsible authorities. 
Plaque imaging was performed on the thoracic aorta of homozygous mice 
with mutation for the Apoetm1Unc. One day before the aorta was explanted 
for imaging Apoetm1Unc mice received purified macrophages (CD11b+-cells) 
that were obtained from spleen explants of BL/6 mice. These macrophag-
es were labeled with MM4 iron oxide nanoparticles in vitro prior use. 

3   Results and Discussion 

Iron oxide nanoparticles that were obtained by alkaline precipitation were 
further purified using alternating and permanent magnetic fields. We ob-
tained magnetic particle fractions termed MM1 to MM8. All fractions of par-
ticles were colloidal stable as depicted for MM4 in Fig. 1. Particles  
remained stable over at least 3 months. 

The polydispersity index as obtained with DLS was below 0.2 for all our 
particle preparations. For comparison, we measured a larger polydispersity 
index of about 0.25 and Dh = 37 nm for Resovist®, a carboxydextrane  
stabilized iron oxide nanoparticle, which is commercially available and 
used as contrast agent in magnetic resonance tomography. 
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Fig. 1. Colloidal stability of MM4 particles in H2O, HBSS and HBSS in the presence 
of 4 % BSA 

AFM and TEM displayed monodispersed particles as shown in Fig. 2. 
 

  

Fig. 2. AFM and TEM image of MM 8 particles. 

To select the most sensitive tracer for MPI we obtained MPI spectra for 
our iron oxide nanoparticles at an iron concentration of 50mM and com-
pared data with the data for Resovist® at the same iron concentration. We 
found that MM4 outperformed the magnetic behavior of Resovist® in terms 
of MPI sensitivity by an order of two.  

We selected MM4 to demonstrate feasibility of the new tracer material 
for in vivo applications. Macrophages (CD11b+-cells) from BL/6 mice were 
labeled with MM4 and the labeled cells were injected intravenously into 
Apoetm1Unc mice. After 24 hours the aorta was explanted and MPI spectra 
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of the explanted aorta obtained. We found positive MPI spectra indicating 
that the MM4 labeled macrophages migrated to the inflammatory sites of 
the vessel in this animal model of arteriosclerosis. 

 

 

Fig. 3. MPI spectra of MM1, MM2, MM3, MM4 and Resovist® at 50mM Fe. 

4   Conclusion 

MPI relies on available tracers that fulfill certain criteria depending on their 
intended use. For the in vivo use in clinical and preclinical imaging tracer 
material need to be colloidal stable and non-toxic. Resovist® has been 
used in the past due its availability, approval as contrast agent in clinical 
medicine and appropriate magnetic characteristics for MPI. Since Resov-
ist® is not available any more on the market we set out to develop a subs-
titute for clinical and preclinical use. Current data on MM4 to MM8, new 
iron oxide nanoparticles obtained through alternating and permanent mag-
netic field fractionation, demonstrate that colloidal stable particles with op-
timized magnetic properties could be synthesized with reproducible cha-
racteristics. These tracers will become available in the near future for 
preclinical applications, but further experiments are necessary before such 
new material could be used in a clinical setting. 
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Abstract. In a conventional magnetic particle imaging (MPI) method, a re-
constructed image is mainly calculated from odd harmonics of the magneti-
zation response. However, the image blurring and artifacts appear due to 
the interference of the magnetization response generated from magnetic 
nanoparticles (MNPs) around the field free point (FFP), so that the image 
resolution is degraded. Therefore, we proposed a new image reconstruction 
method that was focused on the difference between a waveform of electro-
motive force generated from inside and outside of an object region. Then, a 
numerical analysis and a phantom experiment were performed in order to 
confirm validity of the proposal method, and an experiment system was con-
structed. As results, it was indicated that image artifacts was reduced by the 
proposal method. However, since the image blurring was seen on the re-
constructed image, the image resolution needs to be improved. 

1   Introduction 

In a magnetic particle imaging (MPI), a local magnetic field distribution is 
scanned, and the magnetization signal generated from magnetic nanopar-
ticles (MNPs) within the field free point (FFP) is detected [1] ~ [3]. In a 
conventional (fundamental) method, a reconstructed image is mainly cal-
culated from odd harmonics of the magnetization response. However, the 
image blurring and artifacts appear due to the interference of magnetiza-
tion response.  

Therefore, we have proposed the image reconstruction methods to 
solve this problem. One of these methods could correct the image blurring 
and artifacts by adjusting frequency components of observed magnetiza-
tion response, and another could suppress the image artifacts by evaluat-
ing a saturation time of the magnetization response [4]. Although we have 
shown that an exact particle image of an isolated unit particle could be re-
constructed with this method, we were not able to obtain an exact particle 
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image when MNPs existed as a spatially continuous distribution since the 
edge parts of an object on the reconstructed image were emphasized  
excessively. 

In this study, we propose the new image reconstruction method that is 
focused on the difference between the waveform of electromotive force 
generated from inside and outside of an object region (FFP) [5][6]. A nu-
merical analysis and a phantom experiment are carried out in order to con-
firm validity of this proposal method. 

2   Material and Methods 

2.1   Concept of Proposal Method  

In order to improve the image blurring and artifacts for the MPI, we pro-
pose the method based on the correlation information between a system 
function and the waveform of an electromotive force detected with a re-
ceiver coil around a field of view (FOV). The outline of the proposal me-
thod is indicated in Fig.1. In this explanation, the FOV is treated as one-
dimensional matrix. When an MNP exists in a left end matrix, the FFP is 
scanned for every matrix and an observation signal is generated as Vx(t) 
at each FFP (Fig.1, left column). A calculated waveform generated from an 
MNP that is located at each scanning point (FFP) is defined as a system 
function (Fig 1, central column). This system function is expressed as Gx(t) 
in this paper. An image intensity of a reconstruction image is calculated 
from the correlation between the observation signal Vx(t) and the system 
function Gx(t) at each scanning point. Therefore, the two-dimensional im-
age intensity F(x,z) in the x-z plane is reconstructed by using Eq. (1) 

                                 (1) 

 

Fig. 1. One-dimensional image reconstruction by the proposal method 
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2.2   Condition of Numerical Analysis  

A numerical analysis was carried out on a condition corresponding to our 
prototype system. The Maxwell pair coil (diameter: 180mm, distance: 
50mm) was used. The FOV was set to 40 mm × 40 mm with a matrix size 
of 21 × 21, and an MNP were located at the center of FOV.  A gradient 
field of 1.45 T/m generated in the z-direction was applied into the MNP. In 
addition, an alternative magnetic field of 32 mT with a frequency of 39 Hz 
was applied.  

2.3   Condition of Experiment for One-Dimensional Image 
Reconstruction 

Bipolar current sources were controlled with a function generator, and then 
an alternating magnetic field and the FFP were generated by the Maxwell 
pair coil (diameter: 180 mm, coil turns: 250-turn, distance between coils: 
50 mm). A phantom that was enclosed magnetic fluid (ferucarbotran: 500 
mmol/l, 0.5 cc) was located at the center between coils, and magnetization 
responses were measured with a receiver coil (diameter: 19 mm, coil 
turns: 350-turn). In order to examine the validity of the proposal method, 
an electromotive force generated from an MNP at each FFP was detected. 
An alternative current of 6.0 A was applied to the Maxwell pair coil with 
frequency of 39 Hz in the same direction to generate an alternative mag-
netic field of 32mT. In addition, direct current of 12 A was also applied to it 
in the opposite direction to generate a gradient field of 1.45 T/m in z direc-
tion as the FFP. The current value required to move the FFP-interval (cor-
responds to the resolution of the image matrix) was evaluated by the pre-
liminary experiment, and the FFP was scanned by controlling the function 
generator. Measured image point was divided into 21 points in the range of 
±20 mm-FOV.   

3   Results 

 

Fig. 2. Reconstructed image by each method  

ｘ

10mm

ｘ

10mm 

(c) Conventional method         
    (Phantom experiment) 

(d) Proposal method          
     (Phantom experiment)  (a) Conventional method

(Numerical analysis) 

Z 
X 

Z 
X 

10mm

(b) Proposal  method              
     (Numerical analysis) 

10mm



146 T. Honma and Y. Ishihara
 

 

Fig. 3. Electromotive force and magnetization response at each FFP 

The reconstructed two-dimensional images by each method in the numeri-
cal analysis were shown in Fig.2 (a), (b), respectively. The image artifacts 
appeared upper and lower side of the region where the MNPs were actual-
ly located in the conventional method. On the other hand, image artifacts 
were not appeared in the proposal method. The image resolution was cal-
culated by using a full width at half maximum (FWHM). An evaluated im-
age resolution in z-direction for each method was 7.2 mm and 10.3 mm, 
respectively (Fig.2 (a), (b)). Image resolutions in the x-direction were, 
however, unmeasurable.  

The waveforms of electromotive forces, magnetization signals that were 
integrated electromotive forces, and Fourier decomposition of magnetiza-
tion signals in the experiments were described in Fig.3 (a), (b), and (c), re-
spectively. The results of numerical analysis obtained under the same 
condition were also shown in Fig.3 (d), (e), and (f). Figure 2 (c) and (d) 
showed the reconstructed images in one-dimension and theirs profiles. 
Ideally, the system functions of the proposal method need to be defined at 
each scanning point. In contract to this, since the system functions of our 
experimental condition were little difference between each scanning point, 
all system functions were defined as the same at each scanning point. In 
this experiment, therefore, the waveform observed when an MNP and the 
FFP were located at the center of FOV was made into the system function. 
As experimental results, the spatial resolution of each method was 8 mm 
and 10mm, respectively (Fig.2 (c), (d)). 

4   Discussion 

It was confirmed that the numerical analysis is effective owing to detecting 
the same electromotive forces between the numerical analysis and the 
phantom experiment. Furthermore, image artifacts reconstructed by using 
the conventional method were suppressed by using the proposal method 
although the image blurring was appeared around real particle location 
(Fig.2 (a), (b)). 

(a) Experimental electromotive Force      (b)Experimental magnetization response         (c) Fourier transform of (b)

(d) Simulated electromotive force            (e) Simulated magnetization response             (f) Fourier transform of (e)
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As the first cause, it is difficult to generate a sharp gradient field by a 
general Maxwell pair coil. Therefore, in particular, the image blurring was 
easy to appear in the x-direction. This solution is to average each recon-
structed image obtained by exchanging the direction of the gradient field. 
As the second cause, the correlation information cannot be calculated cor-
rectly by using the system function obtained from only the scanning point. 
Because of this reason is that the system function of the proposal method 
(Fig.1, central column) ignored interference signals generated from the 
MNPs that located the boundary regions of the FFP. A reconstruction algo-
rithm considered this interference signals has been attempted in our study. 

Furthermore, image artifacts may be able to appear depending on the 
conditions of MNP’s location and the value of gradient field in this proposal 
method. This is because the interference signal generated from the MNPs 
may be included in a response waveform as the odd harmonics at the 
scanning point (FFP), even when an FFP is located at the position sepa-
rated from the MNPs. Since these components are also included into a 
system function, it becomes impossible to calculate exact correlation in-
formation. We need further studies to determine the condition in cases  
image artifacts appear on the reconstructed images. 

5   Conclusion 

In this paper, we proposed new reconstruction method for suppressing 
image artifacts, and confirmed the validity of the proposal method by  
performing the numerical analysis and the phantom experiment. The al-
gorithm of proposal image reconstruction used correlation information 
between the observed signal and the system function. Although we ob-
tained the image resolution of about 12 mm and image artifacts were 
suppressed in experiment of one-dimensional reconstruction, the pro-
posal method needs to be improved since the image blurring was seen 
on the reconstructed image.  
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Abstract. Magnetic particle imaging (MPI) is an emerging medical imaging 
modality capable of high-sensitivity images with unprecedented contrast 
and without ionizing radiation [1].  Our laboratory previously developed the 
x-space theory for MPI, which describes MPI as a scanning process in the 
spatial domain [2,3]. X-space MPI is particularly critical as it permits real-
time image reconstruction, orders of magnitude faster than the traditional 
harmonic space system matrix reconstruction methods. The x-space 
theory was derived assuming adiabatic and instantaneous alignment of ul-
tra-small superparamagnetic iron oxide nanoparticles (USPIOs) with the 
applied magnetic field.  However, in reality the magnetization lags behind 
the applied field due to relaxation. Here, we include relaxation in the x-
space MPI theory and show that real-time reconstruction is still feasible 
even with relaxation effects. 

To validate our theoretical predictions, we built an x-space MPI relaxome-
ter, which measures the USPIO diameter, relaxation time constant, and 
point spread function (PSF) without an imaging gradient.  We show that the 
inclusion of these relaxation effects is essential for theoretical predications to 
agree with experimental MPI data, and we demonstrate experimentally and 
theoretically how relaxation adversely affects image quality. This knowledge 
will enable us to understand how to design MPI x-space scanning to mitigate 
the negative effects of relaxation and to achieve desirable image resolution, 
accuracy, and signal strength. 

1   Introduction 

Magnetic particle imaging is a new imaging modality with excellent contrast 
and sensitivity to the family of superparamagnetic iron oxide nanoparticles 
contrast agents (SPIOs and USPIOs). MPI also offers the safety benefits of 
no ionizing radiation [1]. The ferumoxide contrast agents employed in MPI 
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have been found safe even for Chronic Kidney Disease (CKD) patients, who 
cannot tolerate conventional contrast agents, iodine and gadolinium [4]. MPI 
senses only the contrast agent, and human tissue is completely transparent 
to the low-frequency magnetic fields used in MPI. Hence, the contrast to 
background ratio of MPI is unprecedented in the history of medical imaging. 

To create a MPI scan, we employ a linear magnetic gradient, which 
creates a so-called field-free point (FFP) at the origin of the gradient. We 
translate the FFP across the image field of view (FOV) in a sinusoidally va-
rying manner, causing USPIO magnetic moments to “flip” and induce a 
signal in an inductive receiver coil. 

The x-space theory for MPI provides an elegant description of MPI as a 
scanning process in the image domain [2,3]. The x-space theory also pro-
vides a real-time image reconstruction algorithm, orders of magnitude 
faster than traditional system matrix reconstruction methods. However, the 
original x-space theory neglected relaxation effects. Relaxation includes 
Brownian, Neel or any other effect that that causes a time delay between 
applied field and magnetization response. Here we amend the x-space 
theory to include relaxation and compare it to experimentally measured re-
sults in a x-space MPI relaxometer. We demonstrate experimentally how 
relaxation affects image resolution, and we also investigate methods to 
minimize these effects. 

2   Theory 

To update the one-dimensional x-space theory to include relaxation ef-
fects, we developed a phenomenological description of magnetization 
M(x,t) (measured in A/m) based on first-order Debye relaxation process, 
as previously described in [5,6]. 

M (x, t) = Madiab(x, t)∗ r(t) 

where Madiab(x,t) (A/m) is the adiabatic magnetization solved for in the orig-
inal x-space analysis [2], and r(t) represents a relaxation term. We as-
sumed that the relaxation blur could be well-modeled by the generic func-

tion r(t) = 1

τ
e

− t

τ u(t) where u(t) is the heavyside function and τ is the 

relaxation time constant, in seconds.  It follows that the x-space MPI image 
equation with relaxation is: 

ρ̂(xs (t)) = ρ̂adiab(xs (t))∗ r(t)  

where xs(t) is the instantaneous FFP position. Note that this equation as-
sumes that first-harmonic information, which must be rejected due to direct 
feedthrough, can be fully restored by methods experimentally validated in 
[3,7]. We also assumed that the sinusoidal FFP velocity is well approx-
imated as a constant-velocity waveform, which incurs errors smaller than 
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5% under our partial FOV scanning conditions [3,7]. Hence the ramp FFP 
velocity is modeled accurately as  

RG = Hamp 2π f  

where Hamp is the excitation field strength amplitude (T) and f is the excita-
tion frequency (Hz). We use this value of field ramp rate to characterize 
the scanning rate of the relaxometer.  

3   Material and Methods 

We performed theoretical calculations using MATLAB and compared these 
predicted signals to those acquired in the Berkeley x-space relaxometer 
(see Figure 1), which measures the 1D x-space point spread function 
(PSF) [2,8].  

The relaxometer has a resonant excitation coil, which scans the FFP us-
ing oscillating magnetic fields of 20-200 mT-pp strength at nine frequen-
cies ranging from 1.4 kHz to 22.25 kHz. Here we selected four frequencies 
of these frequencies (2.245, 4.4, 7.775, and 8.9125 kHz), since they are 
close enough in frequency to be capable of producing comparable field 
ramp rates. During excitation, the signal from the USPIO magnetization re-
sponse is received by an inductive receiver coil. The relaxometer also has 
a bias coil, which we vary up to ± 130 mT to simulate moving a point 
source sample in a gradient field.  

 

 
Fig. 1. (left) Schematic and (right) photo of the Berkeley x-space MPI relaxometer 

Using an unconstrained nonlinear optimization method and assuming a 
log-normal particle size distribution and a single relaxation time constant, 
we adapted the theoretical simulation to fit to experimental signals. Using 
this method we derived a measurement of the relaxation time of an expe-
rimentally measured USPIO sample.  
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4   Results 

Figure 2 (left) displays an experimentally measured PSF of Resovist as 
well as two theoretically calculated PSFs: the adiabatic x-space PSF and 
the x-space PSF with relaxation effects included. Clearly, the x-space 
theory matches experimentally-measured signals far better after including 
relaxation effects. Note also that relaxation causes blurring as well as a 
gross shift in the scanning direction. Both of these artifacts are significant 
and efforts must be made to mitigate their effects. 
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Fig. 2. (left) An experimentally measured PSF of Resovist acquired at 4.4 kHz and 
37.4 mT-pp in the positive scanning direction compared to the adiabatic x-space 
predicted PSF and the updated x-space predicted PSF. (right) Measured relaxation 
time constants decrease with field ramp rate.   

The measured relaxation time constants decreased with faster scanning 
rate as displayed in Figure 2 (right).  Peak signal also varied with field 
ramp rate; Figure 3 (right) depicts a linear increase in peak signal with in-
creasing field ramp rate. However, increasing field strength, which in-
creases scanning rate, widened resolution as measured by the full-width at 
half-maximum (see Figure 3 (left)). 
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Fig. 3. (left) Resolution measured as full-width at half-maximum (FWHM) worsens 
with increasing excitation strength. (right) Peak signal increases linearly with field 
ramp rate. 
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5   Discussion 

Incorporating relaxation effects into the x-space theory greatly improved 
our ability to model the shape of experimentally measured signals. We 
have found experimentally that relaxation effects will asymmetrically blur 
the MPI image and shift the image in the scanning direction. 

Relaxation time decreases with increasing scanning rate as the magnet-
ic torque acting on the USPIOs increases. However, we have found that 
overall image resolution improves with a smaller excitation field strength. 
We believe this resolution enhancement occurs because smaller excitation 
strengths require less rotation of the nanoparticle, and the particle is able 
to respond with less blurring. Fortunately, increasing scanning rate in-
creases the peak signal and overall image SNR. Selecting a scanning rate 
is clearly a tradeoff between image resolution and SNR.  We are currently 
working to better understand these tradeoffs.  

6   Conclusion 

Allowing for non-negligible relaxation improves the accuracy of the x-space 
theory. We have found that relaxation introduces a delay on scans as well 
as significant asymmetric blurring of the image, both effects acting in the 
scanning direction. We are testing scanning parameters to reduce these 
artifacts. 

References 

1. Gleich, B., Weizenecker, J.: Tomographic imaging using the nonlinear response 
of magnetic particles. Nature 435, 1214–1217 (2005) 

2. Goodwill, P., Conolly, S.: The x-space formulation of the magnetic particle imag-
ing process: 1-D signal, resolution, bandwidth, SNR, SAR, and magnetostimula-
tion. IEEE Transactions on Medical Imaging 29, 1851–1859 (2010) 

3. Goodwill, P., Conolly, S.: Multidimensional x-space magnetic particle imaging. 
IEEE Transactions on Medical Imaging 30, 1581–1590 (2011) 

4. Lu, M., et al.: FDA report: ferumoxytol for intravenous iron therapy in adult pa-
tients with chronic kidney disease. American Journal of Hematology 85, 315–
319 (2010) 

5. Debye, P.: Polar Molecules. The Chemical Catalog Company, New York (1929) 
6. Shliomis, M.: Magnetic fluids. Sov. Phys.-Usp. 17, 153–169 (1974) 
7. Lu, K., Goodwill, P., Zheng, B., Conolly, S.: The impact of filtering direct-

feedthrough on the x-space theory of magnetic particle imaging. In: Proceed-
ings of SPIE, vol. 7965, p. 79852I (2011) 

8. Goodwill, P., et al.: Ferrohydrodynamic relaxometry for magnetic particle imag-
ing. Applied Physics Letters 98, 262502–262502-3 (2011) 



T.M. Buzug and J. Borgert (Eds.): Magnetic Particle Imaging, SPPHY 140, pp. 155–160. 
springerlink.com                                                © Springer-Verlag Berlin Heidelberg 2012 

Linear and Shift Invariance of Magnetic 
Particle Imaging 

Kuan Lu1, Patrick Goodwill1, and Steve Conolly2 

1 Bioengineering, UC Berkeley, 340 HMMB 
   Berkeley, CA 94720-1762, United States 
   luckylukuan@berkeley.edu 
2 UC Berkeley, Department of Bioengineering and EECS 
   Berkeley Imaging System Laboratory, 340 HMMB 
   Berkeley, CA 94720, United States 
   sconolly@berkeley.edu 

Abstract. MPI is intrinsically a linear and shift-invariant (LSI) system as 
described in x-space theory [3,4] assuming perfect signal acquisition and 
that the imaging equation can be written as a convolution in real space. 
However, the received MPI signal is corrupted by a direct feedthrough sig-
nal from the excitation source at the drive frequency, which is 106 times 
larger than the nanoparticle signal.  Hardware filtering is required to sup-
press the feedthrough signal but also inevitably removes this frequency 
component from the particle signal. This signal loss in the received particle 
signal breaks the LSI properties of x-space MPI. This study will investigate 
the impact of losing the fundamental frequency component in the image 
domain and propose an algorithm to recover the lost information.  Finally, 
experimental results demonstrate that LSI properties can be restored after 
applying a simple and robust baseline recovery algorithm. 

1   Introduction 

Magnetic Particle Imaging [1] (MPI) is a new medical imaging modality that 
holds great promise.  There have been many efforts toward understanding 
MPI's imaging theory and image reconstruction, including harmonic do-
main system matrix theory [2] and x-space theory [3,4]. The harmonic do-
main theory is the first established method to analyze MPI signals in the 
frequency domain and to reconstruct MPI images. Unfortunately, the sys-
tem matrix methods require the inversion and multiplication of a very large 
matrix, which makes real-time MPI image reconstruction difficult.  X-space 
reconstruction has already been demonstrated to provide a real-time and 
well-conditioned image reconstruction; moreover, it is the first theory that 
indicates MPI is an LSI system.   
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Linearity and shift-invariance (LSI) are critical characteristics for quantit-
ative imaging.  X-space theory shows that MPI can be modeled as an LSI 
system [3] assuming perfect signal acquisition.  However, MPI does suffer 
from signal loss in data acquisition.  Unlike MRI, where the received signal 
and excitation are temporally decoupled, MPI drives the excitation coil and 
detects the particle signal simultaneously.  Thus the excitation field will  
undesirably “feed through” to the receiver and corrupt the particle signal. 
This contamination from the excitation signal is more than 106 times 
stronger; therefore, significant electronic filtering is needed to suppress the 
feedthrough contamination. However, the filtering operation also removes 
most of the particle signal around the fundamental drive frequency, and 
compromises the LSI properties of the MPI system (see Fig.1). 

 

Fig. 1. Direct feedthrough challenge. (a) Particle signal is corrupted by the direct 
feedthru signal from the source, which is 106 times stronger than the desired par-
ticle signal. (b) Significant filtering is needed to remove the direct feedthrough sig-
nal, but it also removes part of the particle spectrum, thus breaks LSI in MPI and 
introduces artifacts. 

 
In order to use MPI as a quantitative imaging technique, it is important 

to recover MPI’s LSI properties by recovering the lost signal.  In this study, 
we show that filtering out the fundamental frequency signal only leads to 
low spatial frequency loss in x-space and is recoverable with robust image 
processing methods [5]. Our preliminary imaging experiments show excel-
lent match to the theoretical simulations using LSI x-space theory. 

2   Material and Methods 

Theoretically, the ideal particle signal from a single scan in temporal do-
main can be decomposed into a sum of temporal harmonics.  Since we 
lose the fundamental frequency component of the particle signal, it is pru-
dent to isolate its contribution to the MPI. We have shown mathematically 
that the loss of fundamental frequency in the signal spectrum leads to  
a constant offset in the image domain  (see Fig.2a), with its amplitude  
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varying with the particle concentration distribution within each scan. It can 
be proven that the lost information can be recovered by enforcing positivity 
of the reconstructed image with the boundary condition that the image  
intensity goes to zero at the edge of the field of view (see Fig.2b). 

 

 

Fig. 2. (a) Langevin simulation of the MPI image of a point source before & after fil-
tering. It shows that fundamental frequency loss leads to an unknown constant off-
set in the filtered image. (b) The constant loss can be robustly recovered via en-
forcing positivity of the image across the scanning FOV. 

In a realistic MPI scanning scheme, the excitation field is limited due to 
safety concerns, which directly translates to a small scanning field of view 
(FOV).  Therefore, to cover the entire sample, multiple partial FOVs 
(pFOV) are acquired and the final image is formed by stitching all the 
pFOVs together.  As mentioned above, the constant offset of each pFOV 
scan correlates with the actual particle concentration within that pFOV and 
varies from scan to scan (see Fig.3c).  Similar to the single scan scheme, 
the constant loss from each pFOV scan can be easily estimated and com-
pensated by enforcing positivity and continuity of the overall image, and 
the stitching can be realized through constrained nonlinear optimization. 

3   Results 

Experiment on a point source phantom (Fig.3b) is carried out on the 
Berkeley MPI scanner (Fig.3a) to validate the baseline recovery method. 
Fig.3c,d,e shows the raw scans, scans after baseline recovery, and the fi-
nal reconstructed image. 

(a) (b) 
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Fig. 3. Experimental data of point source phantom. (a) Berkeley MPI scanner. (b) 
Point source concentration (undiluted Resovist, 0.5 mmol Fe/mL). (c) The raw 
scanning data, it can be seen that there is a DC offset lost for each scan. (d) The 
result after applying the DC recovery to each scan. (e) Reconstructed image  
indicates the experimental success of the baseline recovery and pFOV stitching 
algorithm. 

 
Furthermore, the linearity and shift-invariance of MPI system with base-

line recovery is experimentally tested on Berkeley Field Free Line (FFL) 
scanner (Fig.4a). The LSI phantom is constructed using four polyethylene 
tubings injected with Resovist of different concentration (Fig.4b).  The re-
sulting image is shown is Fig.4c, and it shows that MPI is indeed linear 
and shift-invariant with baseline recovery and stitching algorithm. 
 

(a) 

(b) 

(c) 

(d) 

(e) 
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Fig. 4. Experimental demonstration of linearity and shift-invariance (LSI) in MPI 
with baseline recovery and pFOV stitching. (a) Berkeley Field Free Line (FFL) 
scanner.  (b) Shift-invariant phantom w/ iron quantity (from left to right) of: 0.5, 
0.25, 0.167, and 0.125 mmol Fe in each acrylic tubing. (c) The recovered 1D image 
shows that the image response of the SPIO channel of the same width is linear 
with respect to the iron quantity and has the same shape at different locations, thus 
LSI properties of MPI are restored. 

4   Discussion 

In Fig.3, the raw experimental data shows serious discontinuities in be-
tween adjacent scans.  Without any recovery, the overall reconstructed 
image would suffer from significant artifacts, and the LSI properties break 
down due to the varying constant loss from each pFOV scan. Here we 
proposed and experimentally validated a fast and robust algorithm to re-
store the lost baseline information at fundamental frequency using a con-
strained nonlinear optimization method that enforces continuity and positiv-
ity across all the pFOVs.  We found our algorithm is robust and produces 
no SNR degradation in our experimental image reconstructions.  This new 
imaging algorithm restores linearity and shift-invariance for any MPI scan-
ner, which will be critical for future MPI biomedical applications. 

It is necessary to have the boundary condition for an accurate recovery, 
which is the particle signal should die off to zero at the edge of the field of 
view.  In a practical scan, it can be achieved by extending the imaging field 
of view slightly beyond the sample region to ensure the boundary condition. 

5   Conclusion 

Direct feedthrough filtering breaks the linear and shift-invariant property of 
MPI imaging process.  Here we demonstrated an image reconstruction al-
gorithm that restores LSI in MPI, which will greatly broaden MPI’s role as a 
quantitative molecular, cellular and vascular imaging modality. 

(a) 

Sig
nal 
[Vo
lts] 

8.2 cm 

(c) 
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Abstract. Magnetic particle imaging uses a field with a single field-free point 
for spatial encoding. Such a gradient field can be generated by a Maxwell coil 
pair consisting of two opposing coils driven by current flowing in converse 
directions. In order to sample the volume in-between the coils, the field-free 
point has to be moved through space. When keeping the gradient strength 
constant the electrical power loss of the Maxwell coil pair setup drastically 
increases when moving the field-free point off-center. In this paper a coil con-
figuration is proposed, which consists of four coils and considerably reduces 
the electrical power loss for off-center field-free point generation. 

1   Introduction 

Magnetic particle imaging (MPI) is a quantitative method for determining spa-
tial distributions of magnetic nanoparticles [1]. The method is based on the 
nonlinear magnetization behavior of the particles, which saturate even for low 
field strengths of few mTμ0

-1. By applying a magnetic gradient field featuring a 
field-free point (FFP) at one specific position, the majority of particles in space 
are saturated such that only particles in the close vicinity of the FFP respond 
when the applied magnetic field changes. By moving the FFP in space along 
a sufficiently dense trajectory, the region of interest is scanned. 

Conventionally, the FFP gradient field is generated by a Maxwell coil 
pair consisting of two opposing coils driven by current flowing in converse 
directions (see figure 1). In this way, the field components at the center 
cancel out such that an FFP is established. 

An alternative topology was proposed in [2], which consists of two coils 
as well. However, they differ in diameter and are arranged concentrically in 
the same plane (see figure 1). Due to different coil sensitivities, an FFP 
field is generated in front of the assembly when both coils are fed with op-
posite currents.  

                                                           
* Now with Bruker Biospin MRI, Ettlingen, Germany. 
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Fig. 1. Different coil topologies for generating a gradient field featuring an FFP. 

When the currents in both coils of the conventional two-coil setup have 
the same absolute value, the FFP is generated at the center. To generate 
the FFP at another position on the axial coil axis, a current is superim-
posed on one or both coils. For a given gradient strength, the conventional 
coil design has the property that the least power is necessary to establish 
an FFP at the center, while moving the FFP off-center considerably in-
creases the power loss. In contrast, the single-sided coil topology needs 
less power for generating an FFP in the vicinity of the coils than for gene-
rating an FFP in larger distance to the coils. 

In this work, a coil topology is proposed that combines the advantages 
of the single-sided and the conventional concept for FFP generation lead-
ing to a drastically reduced power loss for off-center FFP generation. 

2   Material and Methods 

We propose a coil arrangement as shown on the right in figure 1. It con-
sists of two sets of axial coils, where each set can be interpreted as gra-
dient field generator of a single-sided 1D MPI scanner. These coils are 
mounted symmetrically on a common axis. The basic idea is to use the 
scanner in a conventional mode for generating an FFP at the center and 
use the scanner in a single-sided mode for generating the FFP near the 
coils. In between, a combination of both concepts is used. In the conven-
tional mode, the currents in the interleaved coils flow in the same direction 
to maximize the gradient strength at the center. Instead, in the single-sided 
mode, mainly the two coils closer to the FFP are used for field generation. 
In these coils, the currents flow in converse directions like in the coils of a 
single-sided scanner. 

Instead of switching between two defined modes, we optimize the cur-
rents to generate the FFP at a specific position with a given gradient 
strength. Here, we minimize the total electrical power loss of all coils. 
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3   Results 

The proposed four-coil topology is compared in a simulation study to the 
conventional two-coil pair arrangement used in MPI to date. For a fair 
comparison, both setups are chosen to have the same total volume 
(weight).  
 

 

Fig. 2. Total power loss of the conventional two-coil setup and the proposed four-
coil setup as a function of the FFP location. 

The free space in-between the coils is chosen to be 40 cm, which 
should suffice to fit a normal sized human adult. The gradient strength is 
adjusted to be 2 Tm-1μ0

-1. The coils of the conventional two-coil setup have 
an outer diameter of 70 cm, a length of 15 cm, and a radial width of 33 cm. 

To achieve a four-coil setup with similar dimensions, each of the coils is 
split up in two separate coils of equal radial width of 16.5 cm. In this way, 
the four-coil setup is actually a generalization of the two-coil setup and can 
emulate the latter by choosing equal currents in both of the coils. Hence, 
the four-coil setup is at least as efficient as the two-coil setup. 

The total power loss of both setups is plotted in figure 2. As can be 
seen, with the FFP at the center, both setups have nearly the same power 
loss. When moving the FFP off-center, the power loss of the conventional 
setup drastically increases, since it scales quadratically with the current. 
Therefore, an increase in the power loss cannot be compensated for by 
the decrease of the current amplitude in the other coil. 

The four coil setup is characterized by a slight increase of the power 
loss, which reaches its maximum at x = ±5.9 cm. From this point on, the 
power loss decreases, as the currents in the FFP afar coils are reduced. 
For a linear FFP movement along the complete field-of-view, the two-coil 
setup needs 155 kW on average, while the four-coil setup needs 55 kW on 
average. 
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Fig. 3. Absolute value of the magnetic fields generated by the conventional two-coil 
setup and the proposed four-coil setup for two different FFP locations. 

 
In figure 3, the generated magnetic fields are shown for several FFP po-

sitions. If the FFP is at the center, both setups generate a similar magnetic 
field, which is nearly linear at the center and has a higher gradient near the 
coils. When moving the FFP close to the coils, the field has a typical sin-
gle-sided behavior, i.e. the strong increase of the field at the FFP flattens 
with distance to the FFP. However, for imaging with MPI this is not a 
drawback as it is sufficient to reach certain field strength to saturate the 
particles. The strong increase of the field even in farther distance to the 
FFP, which can be identified for the conventional two-coil setup, is thus 
associated with an unnecessary dissipation of energy. 

4   Conclusion and Discussion 

In this paper, a new coil topology for the generation of a magnetic gradient 
field featuring a field-free point for the application in magnetic particle im-
aging was proposed. The currents were optimized to generate an FFP with 
minimal total power loss. As it was shown, the proposed coil topology is 
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considerably more efficient than the two coil setup used in previously pub-
lished work. 

As the currents determined using the optimization approach are non-
sinusoidal when moving the FFP through the FOV, the movement has to 
be controlled by slowly varying currents. Hence, the sinusoidal drive field 
still has to be realized by a dedicated coil pair (see [3]). 

The coil topologies considered in this paper were only capable of mov-
ing the FFP in one dimension. A major question that is worth investigating 
is how the principles developed in this paper can be extended to move the 
FFP efficiently in 2D and 3D. 

Acknowledgement. We acknowledge the support of the Federal Ministry of Educa-
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Abstract. Due to its ability for quantitative 3D real time imaging with high 
sensitivity and spatial resolution but without ionizing radiation and iodine-
based contrast agents, Magnetic Particle Imaging shows great promise for 
the application to the image guidance of cardiovascular interventions. For 
this purpose, the blood in the vessels and the instruments would have  
to be visualized, e.g. using a SPIO-based contrast agent and a SPIO  
labeling, respectively (SPIO: superparamagnetic iron oxide). In a simula-
tion study of this situation, simple models of a guide wire and a catheter 
with a coated tip as well as a filled balloon catheter have been examined 
under a variety of conditions. The appearance of the instruments in the  
reconstructed images has been shown to be strongly dependent on the 
imaging parameters (gradient strength), the difference of the SPIO con-
centrations in adjacent structures as well as the geometric extensions of 
the instrument and its position inside the vessel (partial volume effect). It 
has been demonstrated that the visualization of instruments in a vessel 
may be possible with positive or negative contrast, depending on the  
individual circumstances. 

1   Introduction 

Magnetic Particle Imaging (MPI) can determine SPIO concentrations quan-
titatively in 3D with high temporal and spatial resolution and high sensitivity 
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[1,2]. Unlike Computed Tomography (CT) and Digital Subtraction Angio-
graphy (DSA), which only yields 2D projections, it does not require the  
use of ionizing radiation and iodine-based contrast agents. Therefore,  
MPI shows great promise for the application to the image guidance of  
cardiovascular interventions. For this purpose, the blood in the vessels and 
the instruments would have to be visualized, e.g. using a SPIO-based  
contrast agent and a SPIO labeling, respectively. A simulation study of  
this situation has been performed, examining three models of labeled  
instruments under a variety of conditions. 

2   Material and Methods 

2D software phantoms of a guide wire and a catheter with a coated tip as 
well as a filled balloon catheter inside a vessel have been created using 
Matlab (see fig. 1a, 2a and 3a). The SPIO labeling of the instruments and 
the vessel filled with SPIO-based contrast agent were modeled as static 
compartments containing the same sort of solution of mono-sized nano-
particles (diameter 30 nm), only in different concentrations (500 mmol(Fe)/l 
for the labeling, varying concentrations for the contrast agent in the blood). 
The size of the software phantoms was 200x400 pixels, corresponding to a 
field of view of 2x4 cm2 with a pixel width of 100 μm. The vessel compart-
ment was chosen to have a diameter of 9 mm, representing the aorta ab-
dominalis in adult female Göttingen minipigs [3]. The catheter had a di-
ameter of 2 mm and a coating of 1.5 cm length and 300 μm thickness, 
while the guide wire had a diameter of 600 μm and a coating of 1.5 cm 
length and 200 μm thickness. The balloon catheter had a shaft diameter of 
2 mm, a balloon diameter of 4.8 mm, a balloon length of 1.5 cm and a wall 
thickness of 200 μm. The devices were located in the center of the vessel. 
Additionally, the guide wire was examined in a position 0.3 mm above the 
center. In-house written software was employed to perform the simulation 
of the 2D imaging process using ideal fields and neglecting any noise. 
Unless stated otherwise, the gradient strength was set to 2 T/m perpen-
dicular to the vessel and 1 T/m along the vessel. The drive fields had an 
amplitude of 20 mT and frequencies around 25 kHz. In addition, the guide 
wire was studied using a gradient strength of 5 T/m perpendicular to the 
vessel and 2.5 T/m along the vessel. In this case the drive fields had an 
amplitude of 50 mT (this value, which is higher than the amplitudes applied 
in experiments so far, was chosen to reach the same field of view as with 
the lower gradient strength). Using the iterative Kaczmarz method, the im-
ages were reconstructed as a matrix of 40x80 pixels, corresponding to a 
pixel width of 0.5 mm. 
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3   Results 

The results of the simulations are shown in fig. 1-3. It can be seen that the 
appearance of the instruments in the reconstructed images strongly de-
pends on the imaging parameters (gradient strength), the difference of the 
SPIO concentrations in adjacent structures as well as the geometric ex-
tensions of the instrument and its position inside the vessel (partial volume 
effect). Depending on the situation there may be positive contrast (see e.g. 
fig. 1c-d, 2d,f,h,j and 3b-c), negative contrast (e.g. due to a signal void 
caused by a displacement of the bolus by the device, see fig. 1b and 2b-
c,e,g,i) or a blurring with the background (see esp. fig. 2c,e). In the study 
of the guide wire, the influence of increasing the gradient strength from 
2 T/m to 5 T/m, which improves the inherent spatial resolution from 
1.2 mm to 0.5 mm according to [4], is visible: the difference between the 
positions in the center and 0.3 mm off-center becomes more prominent as 
the partial volume effects leading to blurring are less pronounced (see. fig. 
1g,i compared to fig. 1c,e). 

 

 

Fig. 1. Original (a) and reconstructed (b-d) images (2x4 cm2) of the catheter inside 
the vessel. Depicted is the SPIO concentration in mol(Fe)/l. a-b: bolus concentra-
tion 250 mmol(Fe)/l; c: bolus concentration 50 mmol(Fe)/l; d: without contrast agent 
in the blood. 

 

a b 

c d 
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Fig. 2. Original (a) and reconstructed (b-j) images (2x4 cm2) of the guide wire in-
side the vessel. Depicted is the SPIO concentration in mol(Fe)/l. a-b: bolus concen-
tration 250 mmol(Fe)/l; c: bolus concentration 200 mmol(Fe)/l; d: bolus concentra-
tion 50 mmol(Fe)/l; e-f : like c-d, but with the guide wire 0.3 mm above the center; 
g-j: like c-f, but with the higher gradient strength. 
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Fig. 3. Original (a) and reconstructed (b-d) images (2x4 cm2) of the balloon cathe-
ter inside the vessel. Depicted is the SPIO concentration in mol(Fe)/l. a-b: bolus 
concentration 250 mmol(Fe)/l; c: bolus concentration 100 mmol(Fe)/l; d: bolus con-
centration 500 mmol(Fe)/l. 

4   Discussion 

Taking into account the assumptions of this study (ideal fields, no noise), 
the findings are directly transferable to instruments that can be labeled  
using a solution of SPIOs, e.g. double lumen catheters and balloon cathe-
ters. Recently, the visualization of a balloon catheter in vitro was accom-
plished in this way [5]. A precondition for this approach is that the device 
itself does not disturb the imaging process. As for the SPIOs inside a coat-
ing, it remains to be seen whether they will be represented sufficiently well 
by the same system function as SPIOs in solution. Using magnetic spec-
troscopy of Brownian motion (MSB), multiple types of magnetic nanoparti-
cles or multiple nanoparticle bound states can be quantified concurrently 
[6,7]. In general, techniques for the simultaneous detection of different 
SPIOs or SPIOs in different surroundings would be desirable for MPI as 
well. Furthermore, the influence of other magnetizable and/or electrically 
conductive materials on the imaging process in MPI is an interesting area 
of research. This concerns both the instruments themselves and dedicated 
labelings or visualization approaches that may be conceivable. For exam-
ple, it seems worth investigating whether at all and, if so, under which con-
ditions, image reconstruction will be possible in the presence of relevant 
eddy currents induced during the process of MPI, and whether their effects 
might even be exploited for device tracking. 

5   Conclusion 

A simulation study on using SPIO labelings for the visualization of instru-
ments inside a vessel containing a SPIO-based contrast agent has been 

a b 
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performed. It has been demonstrated that the visualization of devices may 
be possible with positive or negative contrast, depending on the individual 
circumstances. 
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Magnetic Particle Imaging (MPI), a method that takes advantage of the 
non-linear magnetization curve of superparamagnetic iron oxide (SPIO) 
nanoparticles, promises to deliver high spatial and temporal resolution with 
a sensitivity exceeding that of magnetic resonance imaging (MRI). Howev-
er, SPIO nanoparticles have a short blood retention time which limits the 
applicability of such compounds for MPI. We propose the use of red blood 
cells (RBCs) as carriers of SPIO nanoparticles to realize a blood pool trac-
er with longer blood retention time. Previously, we described a method of 
SPIO nanoparticle encapsulation into RBCs. The loading procedure con-
sists of a hypotonic dialysis of cells in the presence of magnetic nanopar-
ticles and successive resealing and reannealing of cells using isotonic so-
lutions. Here, we report for the first time Magnetic Particle Spectroscopy 
(MPS) and MPI results obtained after intravenous administration of murine 
Resovist-loaded RBCs in an in vivo MPI experiment.  

1   Introduction  

Magnetic Particle Imaging (MPI) uses the response of superparamagnetic 
iron oxide (SPIO) nanoparticles as tracer material to determine their local 
concentration (1). Because the tracer material is formulated for intravenous 
injection, the obvious MPI applications are those that can capitalize on ma-
terial staying in the blood stream for a certain time. One widespread appli-
cation that meets this criterion is the diagnosis and assessment of cardi-
ovascular disease (CVD), caused by partial closure (stenosis) or a 
complete obstruction (occlusion) of one or more coronary arteries that lead 
to the condition known as myocardial infarction. However, SPIO-contrast 
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agents, such as Resovist®, have a short blood half-life due to rapid uptake 
by the reticuloendothelial system (RES), which limits the applicability of 
such compounds for MPI. Previously, we have proposed a method of 
SPIO nanoparticle encapsulation into red blood cells (RBCs) in order to 
overcome the fast clearance of these particles by the RES, and thus, in-
crease their blood retention time (2). The encapsulation of magnetic na-
nomaterials into erythrocytes was performed by a loading procedure con-
sisting of a dialysis of red blood cells in the presence of nanomaterials 
against a hypotonic solution, in order to open pores of the red cell mem-
brane such that nanoparticles can be taken up, and successive resealing 
and reannealing of dialysed cells using isotonic buffer. In this manner, 
SPIO loaded RBCs can be successfully utilized as biomimetic constructs 
that escape RES clearance, preserving the main properties of the native 
cells as well as the properties of the nanoparticles. It is known that RBCs 
have a longer lifespan in circulation compared to synthetic carriers that are 
currently available (soluble macromolecules as synthetic polymers or 
complex particulate structures such as microparticles and liposomes) and 
their use as potential biocompatible carriers for different bioactive sub-
stances including proteins, nucleotide analogues, and cancer chemothera-
peutics has been reported (3). Recently, Markov et al. have reported on 
the characterization of SPIO-loaded RBCs for use as new MPI tracer ma-
terial with a long blood retention time for imaging of the circulatory system 
(4). These analyses have revealed a high iron oxide concentration in 
loaded erythrocytes and despite the fact that SPIO-loaded erythrocytes 
have shown a reduced performance in MPS compared to their respective 
bulk materials, the data obtained from nuclear magnetic resonance (NMR) 
and vibrating sample magnetometry (VSM) characterization confirm the at-
tractiveness of RBCs in MPI using a suitable nanoparticle-based contrast 
material. Here, we present data obtained from an in vivo experiment, 
where mice were imaged 3 and 24 hours after intravenous injection of Re-
sovist-loaded RBCs using a prototype MPI scanner as described in (5). 

2   Material and Methods 

The loading of magnetic nanomaterial into murine red blood cells was at-
tempted by a procedure that has been reported in Antonelli et al. (2). Es-
sentially, 1 ml of RBCs at 70% was dialysed in the presence of 5.6 mg Fe 
of Resovist contrast agent (0.5 mmol Fe/ml or 28 mg/ml, from Bayer 
Healthcare) for 75 min using a tube with a 12–14 kDa cut-off in 50 vol of a 
dialysis buffer (10 mM NaHCO3, 10 mM NaH2PO4, 20 mM glucose, 4 mM 
MgCl2 pH 7.4), containing 2 mM ATP and 3 mM reduced glutathione. Re-
sealing of RBCs was obtained by adding 0.1 vol of PIGPA (5 mM adenine, 
100 mM inosine, 2 mM ATP, 100 mM glucose, 100 mM sodium pyruvate, 4 
mM MgCl2, 194 mM NaCl, 1.606 M KCl, 35 mM NaH2PO4, pH 7.4) per vol 
of dialysed RBCs and by incubating at 37 °C for 45 min. The resealed cells 
were recovered by centrifugation at 400 g and washed four times with 
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Hepes buffer to remove unentrapped magnetic particles. All these proce-
dures were performed a 4°C under sterile conditions. The loading of RBCs 
was controlled by measuring the T1 and T2 relaxation times in erythro-
cytes in an NMR experiment to determine the Resovist concentration. The 
loaded erythrocyte suspensions with a hematocrit of 44% were measured 
at 9.4 Tesla at 37°C using a 400 MHz NMR spectrometer (Bruker BioS-
pin). In the in vivo experiment, a bolus of 0.5 ml Resovist-loaded RBCs 
was injected into the tail vein of a 29 g ICR (CD-1) mouse. The presence 
of Resovist-loaded RBCs in the mouse circulation was evaluated by MPS 
measurements of blood withdrawals at 3 and 24 hours after injection. At 
the same points in time, dynamic volumetric images were acquired using 
the MPI scanner with a FOV of about 20x17x12 mm3 (5). The animal expe-
riments were performed in accordance with local laws and regulations and 
were approved by the local authorities. 

3   Results 

 

Fig. 1. (a) MPS spectra of loaded RBC samples before injection (green crosses), 
withdrawn from the mouse after 3 h (blue stars) and 24 h (blue squares), in com-
parison with Resovist 1:10 (red crosses). (b) MPI images of Resovist 1:1000 in a 
vial (top) and the Resovist-loaded blood sample (bottom). (c) Surface rendering of 
3D MPI data of the heart region of the mouse acquired 3 hours after RBC injection. 

The concentration of Resovist encapsulated in murine RBCs was found to 
be around 2 mM Fe evaluated by T1 and T2 from NMR measurements. 
This concentration was later confirmed by the MPS measurements of Re-
sovist-loaded RBCs, the harmonic spectrum of which was compared to di-
luted Resovist as shown in Fig. 1a. A steeper drop in higher harmonics is 
found for the loaded RBCs compared to the aqueous solution of Resovist. 
This indicates a size selection during the loading process of the RBCs (4). 
Figure 1b shows images of 0.5 mM Resovist (top) and a loaded blood 
sample with 2 mM (bottom). Despite this concentration difference, the im-
age signal level of the loaded RBCs is only about 15 % above that for  
the Resovist sample. The reason is that imaging relies on the (rapidly 
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dropping) higher harmonics, whereas the concentration has been deter-
mined using the lower harmonics in the MPS spectra. 

After i.v. injection of 0.5 ml blood containing Resovist-loaded RBCs (or 1 
µmole Fe) into the mouse tail vein, the presence of Resovist-loaded RBCs 
in the circulation was evaluated by MPS measurements of blood with-
drawals performed 3 and 24 hours later as shown in Fig. 1a. At these 
times, the Fe concentrations in the mouse blood stream was 250 µM and 
150 µM, respectively, corresponding to 0.5 and 0.3 µmoles total Fe (that is 
17.45 µmoles Fe/kg and 10.3 µmoles Fe/kg). 

3D MPI images of the living mouse acquired 3 hours after Resovist-
loaded RBCs injection show signal from various anatomical regions. In Fig. 
1c, the FOV is positioned over the heart region. We assume to see the 
heart in the upper part of the volume and a large vessel, possibly the vena 
cava, in the lower part of the volume. To gain additional information, the 
temporal signal behavior of a voxel in the upper structure and a voxel in 
the lower structure was determined. In the upper region, a signal variation 
of 210 bpm was found, which can be assigned to the heart rate of the se-
dated mouse. In the lower region, a signal variation of 126 bpm was found, 
which is a frequency found at other locations in the abdomen as well and 
which might be attributed to breathing motion. 

4   Discussion 

Ex-vivo MPI of blood containing loaded RBCs (Fig. 1b) demonstrates the 
basic feasibility of imaging of particles encapsulated in RBCs. Due to the 
steeper drop in the spectrum of higher harmonics compared to particles in 
aqueous solution, the imaging performance is reduced. The MPS results 
from withdrawn blood show that the loaded RBCs stay in the blood for many 
hours. MPS measurements of blood withdrawals from mice treated with Re-
sovist-loaded RBCs show that 50% and 30% of administered dose are still 
visible at 3h and 24h after intravenous injection, respectively. The remaining 
iron concentrations in the blood are close to the detection limit of the scan-
ner prototype. Thus, only in the scan 3h after injection, a clear signature of 
the beating heart and thus of signal generated from loaded RBCs still flow-
ing in the blood is found. After 24h, the signal of particles accumulated in or-
gans like the liver dominated the images. The drop in loaded RBCs between 
3 and 24 hours is larger than expected, but it is assumed that during the 
loading process, SPIO-loaded murine RBCs could be partially damaged and 
are taken up by liver and spleen macrophages more rapidly than healthy 
RBCs. Therefore, we have developed a new procedure to perform future in 
vivo experiments that involves first the treatment of mice or rats with bis-
phosphonate clodronate that can be effective in macrophage depletion and 
secondly the injection of SPIO-loaded human erythrocytes containing higher 
nanomaterial concentrations. In the future, the availability of a new preclini-
cal MPI scanner with a larger bore allowing rapid imaging with enlarged 
FOVs will provide full mouse coverage. 
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5   Conclusion 

The MPS data obtained after the administration of Resovist-loaded RBCs 
to mice suggest the potential of RBCs as nanoparticle tracer carriers in 
MPI. We expect that more detailed results can be obtained with future ex-
periments using commercially available MPI systems and new procedures 
of SPIO-loading and administration with the aim to investigate the circula-
tion survival of RBC-encapsulated MPI tracers. 
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Abstract. A new method for selecting sentinel lymph nodes (SNs) in colo-
rectal cancer tissue was investigated in 12 patients. A tracer consisting of 
superparamagnetic ironoxide (SPIO) nanoparticles was injected in the re-
sected tissue. A handheld magnetic probe was used to select SNs to 
which the SPIO was drained. Vibrating sample magnetometry was per-
formed on the lymph nodes to quantify the amount of SPIO in the nodes. 
High-field MRI allowed to depict the distribution of SPIO in the node, and 
revealed small anatomical structures. One or more SPIO containing nodes 
were successfully selected with the magnetic probe in all 12 patients.  

1   Introduction 

Colorectal cancer is the third most common cancer in men and the second 
in women, with a total of approximately 1.2 million new cases annually 
worldwide.[1] In treatment of patients suffering from colorectal cancer and 
other solid cancers it is very important to determine whether metastatic 
cells from the primary tumor have migrated to the lymph nodes (LNs). The 
presence or absence of metastasis in the LNs determines if the patient is 
treated with chemotherapy or not. 

Nodal metastasis can be diagnosed by analyzing a section of surgically 
resected LNs by light microscopy. Sentinel Lymph Node Mapping (SLNM) 
is a technique used to select the most relevant LNs. A tracer is injected 
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near the tumor, after which it is drained to the LNs via the lymph vessels 
that drain the tumor area. The LNs to first receive drainage from the tumor 
area, are also the nodes first reached by the tracer. Since metastatic cells 
are drained via the same lymphatic route, these nodes are also most likely 
to be the first nodes to contain metastasis.[2] The current most commonly 
used tracer for SLNM in colorectal cancer is a blue dye, which can be 
visually detected.[3] Recent studies propose to introduce SLNM in colorec-
tal cancer to identify very small metastasis in the SNs which are missed 
during regular light microscopic analysis.[4, 5]  

We have used a SPIO tracer and a commercially available handheld 
magnetic detection device (SentiMag®, Endomagnetics LTD., London, 
UK) to select the Sentinel Nodes (SNs) in colorectal cancer tissue. The 
SentiMag® is originally developed to intraoperatively detect SNs in breast 
cancer.[6] 

2   Material and Methods 

In surgical treatment of colorectal cancer the tumor and complete adjacent 
draining lymphatic tissue is resected in one piece. This allows to perform 
SLNM after resection, ex vivo. When the tracer is injected after resection 
the patient is not exposed to the substance, and there is no chance of ad-
verse events. Because the patient is not exposed, also newly developed 
substances not (yet) approved for use in humans can be tested. Ex vivo 
SLNM can be performed as effective as in vivo in colorectal cancer.[7] 

We analysed the distribution of a SPIO tracer consisting of nanoparti-
cles, approved for use in humans (Endorem®, Guerbet Nederland BV, 
Gorinchem, The Netherlands; diameter: 80-150 nm, 11.2 mg Fe mL-1), to 
the LNs in colorectal tissue. We aimed to select the SNs with the SPIO 
tracer and SentiMag® handheld probe. 

12 patients undergoing surgical resection for colorectal cancer in the 
MST Enschede hospital gave informed consent. Immediately following re-
section of the colorectal segment, approximately 2 mL of Endorem was in-
jected submucosally near the tumor. A gentle massage of the injection site 
was performed to promote lymphatic transport of the tracer. A blue dye 
(Patent Blue V, Guerbet Nederland BV, Gorinchem, The Netherlands) was 
administered as a reference, in a similar fashion, because this is currently 
the most used method in colorectal SLNM studies. 

After resection of all the LNs from the tissue by the pathologist, the Sen-
tiMag® was used to select the lymph nodes containing SPIO. The nodes 
were placed on the probe, and the measured signal intensity was recorded 
for each node (Fig. 1). 
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Fig. 1. SentiMag® control unit and handheld probe (covered by surgical glove to 
prevent contamination) with LN placed on the probe to asses the presence of SPIO 
in the node. 

Blue discoloration of the LNs due to the presence of Patent Blue V was 
visually detected and noted.  

In a subset of the patients, all SPIO containing LNs were subjected to a 
Vibrating Sample Magnetometry (VSM) measurement to accurately quan-
tify the amount of iron present. 

High-field (14.1 T, Bruker Avance II NMR spectrometer) T1- and T2-
weighted MR imaging was carried out in order to assess the distribution of 
SPIO inside the individual LNs.  

As a final step, the LNs were subjected to histopathological examination 
to determine whether metastasis was present, and iron specific staining 
with Perls Prussian Blue to microscopically investigate the iron distribution 
in the nodes. 

3   Results 

The SPIO tracer was successfully transported through the lymphatic sys-
tem into the SNs in all patients. One or more SPIO containing LNs were 
selected in each of the 12 patients using the SentiMag®. The amount of 
iron in the LNs measured by VSM ranged between 2-142 μg. The meas-
ured amount of iron by VSM was linearly related to the signal intensity dis-
played by the SentiMag®, which indicates that the SentiMag® can be used 
as an indication of the amount of iron present in the lymph nodes. 
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High-field MR images of some of the nodes showed hypointense areas 
due to the presence of SPIO. Small anatomical structures were also re-
vealed on these images. An example in which both the hypointense areas 
and the small anatomical structures (follicles) can be distinguished can be 
seen in Fig. 2. 

 

 
 

Fig. 2. T1-weighted image of a SN, surrounded by fat tissue. The image was ac-
quired using a multi-slice-multi-echo (MSME) sequence. 

4   Discussion and Conclusion 

These initial experiment showed that it is possible to select SNs in colorec-
tal tissue with the SentiMag® after ex vivo administration of a SPIO tracer. 
To validate the clinical applicability of this method in colorectal cancer, it is 
necessary to correlate the presence of metastasis in the LNs to the pres-
ence and/or amount of iron found in nodes. We are currently performing 
this analysis on the cohort of 12 patients, and including a larger number of 
patients to be able to draw firm conclusions. 
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Abstract. Breast cancer diagnostic and treatment consists of surgical tu-
mor removal and axillary lymph node resection. Radical axillary lymph 
node removemend is associated with high morbidity and significant loss of 
quality of life. The concept of sentinel lymph node biopsy (SNLB) by the 
use of dye and radio nuclides strongly reduced those side effects. To fur-
ther reduce the side effects when axillary lymph nodes are removed, super 
paramagnetic iron oxide nano particles (SPIOs) could replace these mark-
er substances. The magnetic particle imaging (MPI)-procedure will be 
used to visualize these SPIOs. Intraoperative three-dimensional MPI imag-
ing and distinct localization probably by the use of a MPI hand probe will 
facilitate the axillary SNL detection and moreover makes it more precise. A 
mouse model was applied to prove the mentioned principle of SNLB by 
MPI. We are presenting first results of this approach and, additionally the 
qualitative and semi-quantitative distribution of SPIOs in lymph-fat tissue is 
shown for the first time. SPIOs are moving from the injection site through 
the lymph-fat tissue to the axillary region and finally into the axillary lymph 
nodes. This was approved by histology and prussian blue iron staining of 
the slides, electron transmission microscopy and in vivo magnetic reson-
ance imaging. The concept of SNLB by MPI can be applied in principle in 
all solid tumors. 
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1   Introduction 

The most frequent malignant tumor of the female population worldwide in 
western industrialized countries is the cancer of the breast. Tumors of the 
mammary gland are draining to the axillary lymph nodes. Therefore, axil-
lary lymph nodes were primarily radically dissected from the ipsilateral axil-
la (ALND) as part of the staging [2]. A decrease of the prognosis occurs, 
when tumor cells are detected in lymph nodes. But, the ALND is asso-
ciated with high morbidity and loss of quality of life because of surgery re-
lated side effects. Therefore, a new standard was developed to reduce 
those side effects by introducing the concept of sentinel lymphonodectomy 
(SNLB). It was based on the theory of mammary lymphatic draining to axil-
lary lymph nodes in a hierarchic manner, whereas one or few lymph nodes 
are draining lymphatic fluids from the breast tissue. Within this method dye 
and radio nuclides are injected into the breast. The sentinel lymph nodes 
(SNLs) are identified by visualization of blue dye traces and use of a 
gamma camera for a targeted extraction. To further reduce the side effects 
when axillary lymph nodes are removed, super paramagnetic iron oxide 
nano particles (SPIOs) could replace these marker substances under the 
use of real-time intraoperative three-dimensional imaging and localization 
by magnetic particle imaging (MPI), probably by the use of a MPI hand 
probe. This eliminates the exposure of patient and medical staff to ionizing 
radiation. Qualitative and quantitative enrichment of SPIOs in the axillary 
lymphatic tissue is unexplored until now. Moreover, the MPI procedure 
was not applied in vivo within this setting so far. 

2   Material and Methods 

We applied a healthy mouse model to prove the mentioned principle of 
SNLB by MPI [4]. SPIOs (Resovist®, Bayer Shering Pharma AG, Germany) 
were injected into the mammary gland next to the axillary region of healthy 
female C57B6 mice. After sacrifice, we examined the mammary glands, 
the axillary lymph nodes and environmental tissues for SPIO accumulation 
and distribution by histological examination at formalin fixed and paraffin 
embedded tissue, stained with hematoxilin-eosin, nuclear fast red and iron 
sensitive Prussian blue stain correlated by electron microscopy and MRI (3 
Tesla microscopy coil) [7]. 

2.1   Ethics 

This animal study protocol was approved by the ministry of agriculture,  
environment and rural areas of Schleswig-Holstein, Germany under the 
registry number V 312-72241.122-10 (35-3/09). 
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3   Results 

Movement of SPIOs from the injection site at the mammary gland through 
the lymph-fat tissue to the axillary region and lymph nodes was shown and 
approved through MRI by in vivo visualizing (pictures not shown). The 
SPIOs are following the traces of lymphatic vessels, respecting the bor-
ders and spaces between different tissues e.g. muscle fibers, they were 
found in the neighborhood of collagen fibers (Figure 1). 

 

 
 

Fig. 1. Tissue section with lymph vessel between mammary gland and axillary re-
gion. SPIOs are not located within cells, but between tissues e.g. muscle fibers and 
near collagen fibers. They are forming a kind of trace to the axillary region. 

 

The SPIOs accumulates in the lymph nodes cortex region (Figure 2). 
They could not be located within cells by light microscopy, but they  
were found in the neighborhood of collagen fibers and around fat cells 
(Figure 3). These findings were demonstrated under the use of electron 
transmission microscopy. Also using electron transmission microscopy, 
SPIOs were not detectable within other cells except macrophages. 
SPIOs are incorporated by endocytosis by these monocytotic cells (pic-
tures not shown). 

We present first results of the approach of SNLB by MPI. Qualitative 
and semi-quantitative distribution of SPIOs in lymph-fat tissue is shown 
here for the first time. SPIOs are moving from the injection site through the 
lymph-fat tissue to the axillary region and finally into the axillary lymph 
nodes. 
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Fig. 2. Complete axillary lymph node, formalin fixed and paraffin embedded. The 
slide was stained with nuclear fast red aluminium sulphate solution and iron sensi-
tive Prussian blue. SPIOs are clearly located in the cortex region. 

 

 
 

Fig. 3. Magnification of an axillary lymph node 3 hours after SPIO (Resovist®) in-
jection into the mammary gland. The SPIOs are distributes between the fat cells 
and around a lymph vessel. 

4   Discussion 

We aim to show that SPIOs and the MPI technique are effective to be 
used as SNLB tracer and finder. Therewith the sentinel lymph node detec-
tion can be easily performed after intra operative tracer application. A new 
MPI hand probe with unilateral solenoid arrangement designed for use in 
the operating theater is under construction [5]. This project is part of a 
comprehensive test program to develop the new SNLB technique. This will 
be less complex and incriminating for the patient and the staff [1]. Com-
pared with the standard SNLB this method will be less expensive and a 



Distribution of Superparamagnetic Nanoparticles in Lymphatic Tissue  191
 

less burdensome diagnostic process. At that time, experiments with mag-
netic particle spectroscopy (MPS) are ongoing. 

5   Conclusion 

For conventional SNLB the axilla has to be widely explored to identify the 
SNL. The presented results show the feasibility of the use of SPIOs for 
SNLB under the use of MPI. Further investigation will show the quantitative 
distribution of SPIOs in the lymph-fat tissue and lymph nodes and we will 
proof the SNL concept within a tumor bearing and metastatic mouse model 
[3,6]. Intra operative three-dimensional imaging with the MPI hand probe 
facilitates the axillary SNL detection and moreover makes it more precise. 
Through the avoidance of intensive surgical exploration of the axilla the 
morbidity is dramatically reduced. The tracer for MPI is easy to obtain. This 
makes the method accessible to all patients. The concept of SNLB by MPI 
can be applied in principle in all solid tumors [1]. 
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Abstract. In order to improve the specificity of chemotherapeutic drugs 
towards pathological tissue, we investigated minimally invasive delivery 
methods by simulation of a magnetic targeting system. This system aims 
at the concentration of superparamagnetic nanoparticles at a tumor site in 
the body under the influence of external magnetic forces after injection of 
the particles into the circulatory system. Therefore, the properties of diffe-
rently synthesized superparamagnetic iron oxides (SPIOs) were analyzed 
and implemented in a simulation model. FEM simulations were performed 
using the Navier-Stokes equation of fluid motion, which describes the hy-
drodynamic forces that act on the SPIOs in blood flow, with an additional 
magnetic term caused by the interaction between the SPIOs and the ex-
ternal magnetic field. As a result, we could show the feasibility of magnetic 
targeting by combining the optimization of both the magnetic fields and the 
SPIOs’ properties. 

1   Introduction 

A very important objective of therapeutic drug delivery is the ability to pre-
cisely target any tissue or region in the body with high specificity in order to 
allow a controlled drug release, e. g. in a tumor. A promising current ap-
proach is magnetic drug targeting which describes the selective targeting 
of therapeutics by external magnetic field guided delivery. The concept is 
based on binding a drug of choice to colloidal superparamagnetic nanopar-
ticles, injection of the composite into the circulatory system and direction to 
a specific body region using an external magnetic field. The field exerts an 
attractive force on the particles and concentrates them in vivo at a target 
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site where the strongest magnetic force and the highest magnetic field 
gradient dominate. Finally, by the application of a high-frequency magnetic 
field the medical drugs can be released. This enhances the efficiency of 
the therapy by reducing the initial required dose of the drug and minimizes 
its side effects. The generated heat can also be used for hyperthermia 
treatment [1]. 

In this work, we develop a targeting model using FEM simulations of 
magnetic nanoparticles in blood flow under the influence of a magnetic 
field considering the characteristics of the nanoparticles. Therefore, we 
synthesized and investigated the physical and chemical properties of two 
types of superparamagnetic iron oxides (SPIOs) nanoparticles with 
different sizes, morphologies, relaxivities and magnetization values. The 
inductive heating characteristics of the SPIOs were also measured in order 
to determine their therapeutic features for hyperthermia applications.  

2   Materials and Methods 

We synthesized two kinds of SPIOs (Fe3O4) using the thermal decomposi-
tion approach by applying the method of Sun [2] with different tenside to 
precursor ratios of 20:1 for sample S1 and of 3:1 for sample S2. In both 
cases, the particles were synthesized in an organic phase, stabilized with 
dodecanoic acid and then transferred to water phase by mixing Pluronic F-
127 [3]. We analyzed the SPIOs using four different modalities: supercon-
ducting quantum interference, magnetic resonance imaging, transmission 
electron microscopy and laser diffraction spectrometry. In this way, we de-
termined the susceptibility value, the relaxivity, the core and shell sizes 
and the morphology of the nanoparticles. The heating characteristics were 
determined using an induction heating generator TIG 5/300 (Hüttinger 
GmbH, Germany) operated at 20 A and 188 kHz. 

The FEM simulations were performed with the software COMSOL Multi-
physics (COMSOL Group, Sweden). A model that describes the interaction 
of an external magnetic field with blood flow containing homogeneous 
suspended SPIOs with a mass fraction of particles in the blood (SPIOs 
concentration) between 0.033 and 0.1 was developed. The description of 
the motion of the fluid composed of blood and particles is based on the 
Navier-Stokes equation of anisotropic fluid motion (1) which describes the 
velocity u  of the fluid.  
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where ρ  is the density of the fluid, ptot is the total pressure acting on the flu-

id, I is the unit matrix and T)( u∇  the Jacobian matrix of the velocity u  [4]. 



Behavior of Superparamagnetic Iron Oxides in Magnetic Targeting Models 195
 

This equation has an additional term, the magnetic force density f  that 
acts on the SPIOs in blood flow (2), which is derived from the Maxwell’s 
equations: 

)(0 HMf ∇= μ        (2) 

where H is the magnitude of the magnetic field, M is the magnitude of the 
magnetization and µ0 is the vacuum permeability [4].  

The non-Newtonian dependency of the viscosity η  from the shear rate 

γ  is described by the Generalised Power Law [5]:  
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where a = 50 s-1, b = 3 s-1, ∆η = 450 mPa·s, η∞ = 3.5 mPa·s, c = 50 s-1,  
d = 4 s-1, ∆n = 0.45 and n∞ = 1. 

The model was applied for a simulation of the carotid artery using the 
following description for the pulsatile blood flow: 

⎟
⎠
⎞⎜

⎝
⎛ +−= )(sin)sin()1(2)( 2

0 ttssutu ωω   (7) 

where t is the time, ω the pulse frequency and u0 = 70 cm/s the peak blood 
velocity. Furthermore, a quadratic velocity profile is implemented by the 
term s(1-s) where the parameter s linearly increases from 0 to 1 from one 
side of the vessel wall to the other side.  

3   Results 

The characteristics of the SPIOs samples S1 and S2 are listed in table 1. Both 
samples show a superparamagnetic behavior and a narrow size distribution.  

Table 1. Core size (DTEM), hydrodynamic radius (RDLS), saturation magnetization 
(MS), susceptibility (χ), relaxivities R1 and R2 as well as specific absorption rate 
(SAR) of samples S1 and S2 with an iron concentration of 0.274 mg ml-1. 

Sam-
ple 

DTEM 
[nm] 

RDLS 
[nm] 

MS 
[emu/g] 

χ R1 
[s-1 mM-1] 

R2 
[s-1 mM-1] 

SAR 
[W g-1] 

S1 6.3  
± 0.6 

27.8  
± 1.8 

29.4 
 ± 0.5 

1.19  
± 0.06 

4.1  
± 0.3  

54.9  
± 5.4 

0.400 
± 0.001 

S2 4.5 
± 1.1 

28.2  
± 1.4 

61.7  
± 0.4 

1.14  
± 0.06 

1.4  
± 0.2 

33.5  
± 5.6 

0.534  
± 0.002 
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In the simulations of the targeting model, the velocity change of the 
fluid in the carotid artery caused by the magnetic interaction of the SPIOs 
with the permanent magnet, which is placed at an angle α to the normal 
component of the chosen geometry and at a fixed distance of 0.35 mm to 
the vessel, is obtained (figure 1). The remanence of the magnet is set to 
1.19 T. The simulations were performed with four different SPIOs con-
centrations and nine different angular settings of the magnet. The results 
show the largest velocity change of 10 % at α = 0° and for a SPIOs  
concentration of 0.1. 

 

 
 

Fig. 1. Velocity magnitude of the fluid for a permanent magnet (1) near the carotid 
artery (2). Here: α = 60°, SPIOs concentration 0.1. 

4   Discussion 

The small size of the particles influences their properties tremendously, 
showing SAR values 100 times lower in comparison to particles with ap-
prox. 10 times bigger volume [6]. From their relaxivity values, it can be de-
duced that the particles can be used as contrast agents only for T1 
weighted images. However, both samples show good magnetization  
values which are even higher for smaller particles (S2). 

From the simulation results it can be concluded that for the same con-
centration of nanoparticles different settings of the magnet lead to different 
velocity changes in the magnitude in the range from 2 to 10 % of the max-
imal velocity. This indicates the importance of the geometry of the applied 
magnetic fields. Furthermore, a minimum SPIOs concentration of 0.033 
could be identified below which no targeting efficiency was observed. 
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5   Conclusion 

The simulations proved to be suitable for further investigation of magnetic 
targeting systems. The system thus can be advanced to a tumor model 
with capillary vessels, optimized geometries of the magnetic field and na-
noparticles with stronger therapeutic (e. g. hyperthermia) and magnetic re-
sonance imaging features. 
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The unfavorable application-to-tumor-dose-ratio is a drawback of conven-
tional systemic chemotherapy, implying an often insufficient drug dose in the 
tumor being associated with severe side effects for the patient. The use of 
chemotherapeutics bound to magnetic nanoparticles offers several advan-
tages. On the one hand it is possible to concentrate the chemotherapeutics 
in the tumor region by the use of magnetic fields, like it is done in Magnetic 
Drug Targeting (MDT). On the other hand magnetic particles can serve as 
contrast agent for magnetic resonance imaging (MRI) that is bound to the 
therapeutics. Hence, the particles possibly are opening an insight into drug 
distribution in the tumor region directly after administration.  

Another important factor for a successful MDT-application is detailed 
knowledge about tumor vascularization. 

In this pilot study we investigated vascularization and size of an tumor  
in an experimental in vivo tumor model via flat-panel angiography and 
DYNA-CT before MDT and the particle distribution with MRI after MDT. 

We could show that the tumor could be displayed by MRI and DYNA-CT 
before and after MDT. Flat panel angiography revealed clearly the patho-
logical tumor vascularization before MDT, while MRI imaging afterwards 
displayed the tumor as well as the particle distribution in the tumor. 
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1   Introduction 

Personalized and individualized medicine [1, 2] are keywords describing 
the ambition of medical and medicine orientated basic science and an ac-
tual need for an improvement in treating especially threatening disorders 
like malignant tumors [3, 4], but also cardiovascular [5], pulmonary [6], and 
other diseases [7, 8]. Theranostics is another keyword promising an im-
provement in treatment and diagnostic of such disorders often by combin-
ing personalized approaches with nanotechnological tools [9, 10].  

Different imaging techniques are crucial for these up-to-date approaches 
to a better medicine. Especially in Magnetic Drug Targeting biocompatible 
iron-oxide based nanoparticles offer these opportunities. On the one hand 
these particles can serve as shuttles for chemotherapeutics and other drugs 
to the desired region, where they can be concentrated by external magnetic 
fields [11-14]. On the other hand, magnetic particles can be used as contrast 
agents for MRI by causing a signal-extinction. For successfully completing 
the personalized nanomedical theranostics-approach of MDT, a diagnostic 
angiography displaying the tumor supplying vessels is necessary. 

In this pilot study, we investigated the combination of MRI, DYNA-CT 
and flat panel angiography before MDT and the correlation of the particle 
distribution in the tumor by MRI afterwards.  

2   Material and Methods 

A VX-2 tumor was implanted at the left hind limb of rabbits. Mitoxantrone 
was bound to superparamagnetic Fe3O4-nanoparticles in an aqueous solu-
tion. This drug loaded ferrofluid was applied in a 1:500 dilution through the 
femoral artery close to the tumor. The magnetic nanoparticles were at-
tracted to the tumor by a focused external magnetic field (field gradient 
max. 72 T/m) during the application. Imaging of the tumor vascular system 
and size before MDT was done using a biplane angiographic system with 
rotational flat-panel CT (DYNA-CT, Siemens Axiom Artis dBA) with a stan-
dard contrast agent. Tumor imaging was realized with an experimental 
MRI (BRUKER BIOSPEC) before and after MDT, additionally. 

3   Results 

MRI and DYNA-CT revealed a tumor, situated lateral at the rabbits’ leg. 
Using both imaging methods, in transversal slices the tumor could be dis-
tinguished clearly from the muscle tissue (Fig.1).  
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Fig. 1. 2D-Imaging before MDT. A) Transversal DYNA-CT imaging and B) trans-
versal magnetic resonance tomography shows a big VX2-tumor situated lateral at 
the left shank of the rabbit. White and red arrows depict bone and muscle of the left 
hind limb, purple arrows depict the tumor. 

The tumor and the supplying vessels could be displayed clearly by flat 
panel on day one (Fig.2A). The angiography showed the pathological vas-
cularization of the tumor branching from the Arteria femoralis. Three main 
artery branches with heterogeneous and irregular vessels supported the 
tumor from ventral at its’ proximal and distal part, respectively (Fig.2A.).  

 

 

Fig. 2. A) 2D-angiography before MDT. Yellow arrows: irregular vessel supporting 
the tumor; purple arrows: tumor. B) Transversal MRI image of the tumor region 3 
days after MDT. The tumor (purple arrows) can be distinguished clearly from the 
muscle tissue (red arrow). Signal extinction caused by the magnetic nanoparticles 
occurs throughout the whole tumor (green arrows). 
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On day two a 1:500 dilution of a regularly used dose was applied during 
MDT. During the treatment no complications occurred and the wound heal-
ing proceeded normally. Three days after MDT (day 6) MRI imaging of the 
treated region was done (Fig.2B). The tumor could be displayed lateral at 
the left shank, again. It could be distinguished very clearly from the normal 
muscle tissue. Additionally, MRI showed signal extinction caused by the 
magnetic particles. Compared to the image received one day before MDT 
(Fig.1B) throughout the treated tumor big parts without signal displayed the 
areas of particle accumulation. The analysis of all transversal slices 
showed, that this signal extinction occurred correspondingly to the vascu-
larization pattern revealed by CT-angiography. 

4   Conclusion 

In medicine oriented science a personalized treatment of each patient is 
pushed forward by a growing knowledge about the networks and molecular 
relationships that are keeping us alive. It is the ambition of scientists as well 
as clinicians to treat patients better, more cost effective and with lower side 
effects, especially in cancer treatment. One example of a promising attempt 
to fulfill these ambitions is Magnetic Drug Targeting [11, 14]. A critical part of 
local tumor treatment with MDT is a sufficient drug load in the tumor region. 
Since MDT is using the tumor supporting vessels directly, a detailed know-
ledge of the tumor vascularization is necessary. This can be achieved by 
flat-panel CT based angiography, like we could show in this study. But mag-
netic nanoparticles as drug carriers also offer the possibility of a drug depo-
sition control directly after the application and even some days afterwards. 
By using MRI we were able to visualize qualitatively the particle distribution 
of the used 1:500 dilution in the tumor region with a 4.7 Tesla machine three 
days after MDT. Taken into account the progress in the field of MRX-
measurement, the combination with imaging methods even could lead to a 
quantitative measurement of the iron content and indirectly of the drug con-
tent in the tumor region. As shown, flat-panel angiography combined with 
DYNA-CT before and MRI after Magnetic Drug Targeting with magnetic iron 
oxide nanoparticles offer excellent tools to realize the Theranostic approach 
of this new and innovative cancer treatment. 
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Abstract. Cancers of the gastrointestinal tract are one of the leading 
causes of death in affluent countries. Although they are usually curable if 
detected at an early enough stage, the compliance to undergo routine 
screenings for gastrointestinal cancers in a presymptomatic stage is low, 
mostly due to the discomfort which current diagnostic measures, such as 
gastroscopy, colonoscopy, digital rectal exams or feces examinations pose 
to the patient. Magnetic particle imaging (MPI) has the potential to over-
come this hurdle as the procedure is noninvasive, radiation-free and as-
sumed to be more sensitive than most other imaging modalities used to-
day. Yet, MPI bears a catch as it requires special magnetizable contrast 
agents in the nanoscale range. These contrast agents have to meet a 
number of requirements. They must be detectable in the magnetic field, be 
manufacturable in a cost-effective manner, display a certain shelf life, be 
administrable in a compliant way, be stable in vivo, be specific and sensi-
tive in labeling the neoplastic tissue and must not be harmful to the indi-
vidual who incorporates them. Due to this complex requirement profile MPI 
contrast agent engineering lags behind imaging hardware development. In 
order to close in on this field it is important to identify, rate and define the 
relevant players which ingested MPI contrast agents have to deal with en 
route to their destination in the body. Potential players are the anatomy 
and microanatomy of the gastrointestinal tract, the chemical and biological 
composition of the luminal constituents as well as potential degradation 
and scavenger mechanisms. Once the possible impact of these factors 
has been established contrast agents can be designed to master these 
challenges. Yet, reaching the destination without causing harm is a neces-
sary but not sufficient requirement. In order to fully exploit the potential of 
MPI and to qualify it for mass screening the method must be highly sensi-
tive and specific. This may be achieved by targeting systems that direct 
the contrast agent exclusively and efficiently to the neoplastic tissue in 
question. In this paper we provide an overview on our current knowledge 
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of the fate of magnetizable contrast agents in the gut, the players which 
determine this fate, measures to properly endow contrast agents for this 
task and means to equip them with the necessary specifity and sensitivity. 

Malignancies of the digestive system account for about 30% of new 
cancer cases and 40% of cancer-related deaths in the world’s population 
every year. Which organ is affected largely depends on diet and life style. 
In developing countries stomach and liver cancer claim most of the victims 
whereas in developed countries most casualties are caused by colorectal 
tumors. Whether or not a person is likely to survive such a disease de-
pends on the stage at which the malignancy is diagnosed. For colorectal 
cancer the five-year survival rate is 90% when the tumor is detected at a 
local stage but less than 10% when the disease is diagnosed after distant 
metastases have already formed. As the odds to develop a gut tumor in-
crease with age, it is recommended in most affluent countries for everyone 
beyond age 50 to undergo screening for colorectal neoplasia. 

Currently, three screening procedures are in use: the fecal occult blood 
test (FOBT), endoscopy (sigmoidoscopy or colonoscopy) and X-ray inves-
tigation after barium enema. The FOBT is rapid, cheap and noninvasive 
but with a sensitivity of 24-87% and a specificity of 88-98% the least de-
pendable test. X-ray examination is more reliable with sensitivities of 62-
100%, while endoscopy reaches a sensitivity of 70-100% for sigmoidosco-
py/colonoscopy, and a specificity of 84% for sigmoidoscopy. Accordingly, it 
was shown that already a single flexible sigmoidoscopy screening on pro-
bands between 55 and 64 years of age reduces colon cancer incidence by 
33% and mortality by 43% among these individuals [1,2]. Yet, compliance 
to enroll in such screenings is low, mostly due to the discomfort of an inva-
sive rectal examination. To overcome this reluctancy and to gain broad ac-
ceptance for colorectal cancer screening there is an urgent need for new, 
noninvasive screening procedures of high sensitivity and specificity. 

Magnetic particle imaging (MPI) is a novel imaging modality that holds 
the potential to fill this gap. MPI is a radiation-free technology that operates 
on the recording of the nonlinear response of magnetic particles in an os-
zillating magnetic field [3]. To prevent thermal injury with such particles, 
the oszillating magnetization must not undergo a hysteresis cycle. Thus, 
only anhysteretic superparamagnetic particles in the nanoscale range are 
suitable for MPI. 

The need for nanoparticles has pros and cons. An upside should be the 
particles’ ability to rapidly disseminate to and to homogeneously decorate 
the target. Problems may arise on the manufacturing and safety side. Es-
pecially the latter is of particular importance in light of the ongoing con-
cerns about nanotechnology in the public. The few biological studies with 
MPI [e.g. 4,5] do not provide an answer for this, nor do the some 1700 
studies conducted on small or ultrasmall superparamagnetic iron oxide  
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particles (SPIOs or USPIOs) in the neighbouring field of magnetic reson-
ance imaging (MRI). Two (U)SPIO-MRI-formulations, Endorem®/Feridex® 
and Resovist® have already been abandoned although they had a good 
safety profile [6,7]. A third one, GastroMARK®/Lumirem®, which consists 
of siloxane-coated USPIOs [8], is still on the market despite some con-
cerns about its safety and usefulness. A tentative conclusion from this may 
be: performance, safety, shelf life and ease of manufacturing of anhyste-
retic superparamagnetic contrast agents primarily depend on the size, 
shape, homogeneity and surface properties of the particles and the in-
tended site of use and delivery. 

In this respect the gastrointestinal (GI) tract is a very special case. In bi-
ological terms the lumen of the GI tract is outside of the body, and the mu-
cosal lining is an outer surface, much like the skin. But unlike the skin the 
mucosa does not represent a strong mechanical barrier nor does the ga-
strointestinal surface comprise multilayers of dead cells that prevent up-
take of foreign matter. The epithelia of the mucosa consist of a single layer 
of live cells. Uptake of luminal content is prevented by tight junctions which 
sustain close contact between the cells, by a mesh of glycoproteins, 
termed glycocalyx, that allows trespassing of solutes only, and by a mucus 
gel coat that lubricates the mucosal surface and traps pathogens, solid 
food constituents and the like (Fig. 1). 

 

Fig. 1. Ultrastructure of the surface of the human large intestinal epithelium. 
The transmission electron micrograph depicts the brush border (BB) of the tight 
junction-sealed (T) colonic epithelium that is covered by a continuous glycocalyx 
(G) which in turn is coated by a mucus (M) gel. Preparation, fixation and staining of 
the tissue was performed as described by Frey et al. [9]. The biopsy was obtained 
with written informed consent of the donor and used according to a study protocol 
that was approved by the research ethics committee of the University of Luebeck. 
Scale bar: 500 nm 
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The apical cell membrane of the intestinal epithelium is organized as 
brush border to increase the surface for rapid transport of water, salts and 
nutrients. Particles do not belong to the standard cargo but there are  
certain sites and cell types for the sampling of microorganisms where par-
ticles may occasionally be misclassified as microbes and be taken up [10]. 
Yet, the amount of translocated particles will be low compared to that con-
tained in systemically administered (U)SPIO-based contrast agents. More-
over, the recurring epithelial renewal will eliminate particles accidentally 
endocytosed at non-sampling sites. Thus, it is likely that the majority of in-
gested particulate contrast agents leave the body via the natural route 
without need for breakdown and detoxification. The small fraction of par-
ticles that is taken up may still present a problem. They must be broken 
down or excreted via liver or kidney. 

Particles usually do not display a certain tissue- or cell-tropism which a 
contrast agent must have in order to specifically highlight a small neoplas-
tic lesion. Hence, the (U)SPIO-based contrast agents mentioned above 
cannot be used for early colon cancer detection. Endorem®/Feridex® and 
Resovist® rely on phagocytosis of particulate matter by the reticuloendo-
thelial system in the healthy liver. GastroMARK®/Lumirem® fills the lumen 
of the gut and/or decorates the mucosal surface thereby revealing large 
lesions and indentations. Although some polyps may be visible this way, 
the lack of target specificity must be overcome if MPI is to become a rou-
tine screening procedure for colorectal cancer. To meet this goal suitable 
particles must be surface customized such that they bind specifically to 
cancerous tissue. Several preclinical studies on (U)SPIO-targeting to colon 
cancer (cells) have been performed [e.g. 11,12] but the results are scarce-
ly clinically useful. For systemic administration the safety issue persists 
which may negatively affect the compliance with MPI-based screening of 
asymptomatic individuals. For oral delivery compliance should be higher 
since clearance is not a major problem and with GastroMARK®/Lumirem® 
an approved formulation is already at hand. However, orally administered 
particles face other challenges. They must not be trapped in mucus, food 
or by the intestinal flora and the surface modification that guides the par-
ticles to the cancerous lesions must withstand the digestive environment of 
the alimentary canal. Antibodies and other protein ligands often used for 
systemic targeting will not survive this environment. Besides that, they are 
expensive and difficult to couple to a particle surface in a defined manner. 
In contrast, peptide ligands are cheaper to manufacture and can be 
coupled to particle surfaces in a reproducible manner. Unfortunately, they 
are not very stable in the gastrointestinal tract either (Fig. 2). Unlike protein 
ligands, however, they may be designed as peptidomimetics with critical 
amino acids replaced by nonnatural moieties. 
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Fig. 2. Different stabilities of peptides in 
intestinal fluid and serum. Peptides con-
taining the integrin-binding-motif RGD and/ 
or described as “tumor-specific” [13,14] were 
chosen as model targeting ligands, an ala-
nine 5mer served as control. Murine intestin-
al fluid was harvested by aqueous lavage 
and the dilution factor determined via its IgA 
content [15]. Peptide half-lifes in serum and 
intestinal fluid were measured as described 
[16]. Data represent geometric mean ± SD of 
three experiments and demonstrate the dra-
matic differences of peptide stability in serum 
and intestinal fluid. 

 
An unsolved problem with site-specific delivery remains the identification 

of suitable targets - no general surface marker for colorectal tumor tissue 
has been described as yet - and of the matching ligand. We address both 
problems. Novel surface markers are identified that can be targeted by li-
gand-coated (U)SPIOs, and a plattform is under development with which 
peptide and peptidomimetic ligands for such targets can be identified [17]. 

References 

1. Jemal, A., et al.: Global cancer statistics. CA Cancer J. Clin. 61, 69–90 (2011) 
2. Helfmann, J., et al.: Early Diagnosis of cancer. In: Popp, J., Strehle, M. (eds.) 

Biophotonics: Visions for Better Health Care, pp. 231–300. Wiley-VCH, Wein-
heim (2006) 

3. Gleich, B., Weizenecker, J.: Tomographic imaging using the nonlinear re-
sponse of magnetic particles. Nature 435, 1214–1217 (2005) 

4. Weizenecker, J., et al.: Three-dimensional real-time in vivo magnetic particle 
imaging. Phys. Med. Biol. 54, L1–L10 (2009) 

5. Markov, D.E., et al.: Human erythrocytes as nanoparticle carriers for magnetic 
particle imaging. Phys. Med. Biol. 55, 6461–6473 (2010) 

6. Bluemke, D.A., et al.: Hepatic MR imaging with ferumoxides: multicenter study 
of safety and effectiveness of direct injection protocol. Radiology 228, 457–464 
(2003) 

7. Reimer, P., Balzer, T.: Ferucarbotran (Resovist): a new clinically approved 
RES-specific contrast agent for contrast-enhanced MRI of the liver: properties, 
clinical development and applications. Eur. Radiol. 13, 1266–1276 (2003) 

8. Hahn, P.F., et al.: First clinical trial of a new superparamagnetic iron oxide for 
use as an oral gastrointestinal contrast agent in MRI imaging. Radiology 175, 
695–700 (1990) 

9. Frey, A., et al.: Role of the glycocalyx in regulating access of microparticles to 
apical plasma membranes of intestinal epithelial cells: implications for microbi-
al attachment and oral vaccine targeting. J. Exp. Med. 184, 1045–1059 (1996) 

 



210 K. Ramaker, N. Röckendorf, and A. Frey
 

10. Shepherd, N.A., et al.: Exogenous pigment in Peyer’s patches. Hum. Pathol. 18, 
50–54 (1987) 

11. Toma, A., et al.: Monoclonal antibody A7-superparamagnetic iron oxide as con-
trast agent of MR imaging of rectal carcinoma. Brit. J. Cancer 93, 131–136 (2005) 

12. Creixell, M., et al.: Preparation of epidermal growth factor (EGF) conjugated 
iron oxide nanoparticles and their internalization into colon cancer cells. J. 
Magnetism Magnet. Mater. 322, 2244–2250 (2010) 

13. de Groot, F.M.H., et al.: Design, synthesis, and biological evaluation of a dual 
tumor-specific motive containing integrin-targeted plasmin-cleavable doxorubin 
prodrug 1. Mol. Cancer Ther. 1, 901–911 (2002) 

14. Zhang, Y., et al.: Panning and identification of a colon tumor binding peptide 
from a phage display peptide library. J. Biomol. Screen. 12, 429–435 (2007) 

15. Bade, S., et al.: Quantitation of major protein constituents of murine intestinal 
fluid. Anal. Biochem. 406, 157–165 (2010) 

16. Gorris, H.H., et al.: Rapid profiling of peptide stability in proteolytic environ-
ments. Anal. Chem. 81, 1580–1586 (2009) 

17. Röckendorf, N., et al.: Peptide-based optical contrast agents for targeting of in-
testinal malignancies. In: Proc. SPIE, vol. 6633, pp. 66332A1–66332A9 (2007) 



T.M. Buzug and J. Borgert (Eds.): Magnetic Particle Imaging, SPPHY 140, pp. 211–215. 
springerlink.com                                               © Springer-Verlag Berlin Heidelberg 2012 

Visualization of Instruments  
for Cardiovascular Intervention Using MPI 

Julian Haegele1, Jürgen Rahmer2, Bernhard Gleich2, Claas Bontus2,  
Jörn Borgert2, Hanne Wojtczyk3, Thorsten M. Buzug3, Jörg Barkhausen1,  
and Florian M. Vogt1 

1 Clinic for Radiology and Nuclear Medicine, University Hospital Schleswig Holstein 
   Campus Lübeck, Ratzeburger Allee 160, 23538 Lübeck 
 haegele@radiologie.uni-luebeck.de 
2 Philips Technologie GmbH Innovative Technologies, Research Laboratories,  
   Röntgenstraße 24-26, 22335 Hamburg, Germany 
3 Institute of Medical Engineering, University of Lübeck,  
   Ratzeburger Allee 160, 23562  

Abstract. Due to the possibility of high temporal and spatial resolution, 
high sensitivity and three-dimensional imaging, Magnetic Particle Imaging 
is a promising new imaging approach for interventional cardiovascular pro-
cedures. In this contribution we present first MPI-images of a specifically 
labeled, though commercially available device for cardiovascular interven-
tion. Furthermore, different approaches to label those instruments are  
discussed.  

1   Introduction 

Magnetic Particle Imaging (MPI) determines the spatial distribution of su-
perparamagnetic iron oxide particles (SPIOs) using oscillating and static 
magnetic fields. It is a tomographic imaging method capable of high tem-
poral and spatial resolution and high sensitivity [1]. Thus, high resolution, 
three-dimensional real-time imaging is feasible. These conditions and the 
absence of ionizing radiation render MPI very interesting for application in 
cardiovascular intervention as there is no other single method providing all 
of those characteristics. As MPI in principle displays only the concentration 
of SPIOs, visualization of interventional devices is a challenge, but also a 
precondition. We labeled a commercially available balloon catheter for per-
cutaneous intraluminal angioplasty (PTA) by filling the balloon afferent lu-
men and the balloon itself with a Resovist dilution. Imaging was performed 
on an experimental MPI-scanner. 
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2   Material and Methods 

We used an experimental MPI-scanner setup (“pre-clinical demonstrator”) 
described by Rahmer et al. [2] providing a gradient field strength of 2.5 Tm-1 
in z-direction and 1,25 Tm-1 in x- and y-direction. The drive field amplitude 
was set to 13 mT while the excitation frequency was around 25 kHz. The 
sample rate was 46 volumes per second, corresponding to an acquisition 
time of 21.54 ms per image. The resulting field of view FOV was 3.4x3.4x2.0 
cm3. For reconstruction, a system function was acquired prior using a 1.6 µl 
probe of undiluted Resovist. 

A balloon catheter for PTA of larger arteries originally designed for intra-
arterial digital subtraction angiography (i.a. DSA) (Abbot Vascular, Fox 
plus PTA-catheter, shaft diameter 1.72 mm, balloon diameter 10 mm and 
balloon length 30 mm) was used.  The afferent lumen to the balloon was 
filled with diluted Resovist (1:20, 25mmol (Fe)/l, Bayer Schering Pharma). 
The catheter was inserted in a basic vascular phantom (tube-shaped, inner 
diameter 16 mm) containing sodium chloride solution (0.9 %). During im-
age acquisition, the catheter was moved forward and backward through 
the FOV to image the shaft and the deflated balloon, respectively. Subse-
quently, the balloon was inflated using the diluted Resovist. 

The system function based reconstruction was done using three different 
regularization parameters (λ = 0.1, 1, 10) as described by Weizenecker et al. 
in [3]. In general, with higher regularization parameter λ, the signal to noise 
ratio (SNR) increases up to a certain point, but spatial resolution decreases.  

3   Results 

Both, the shaft and the balloon of the catheter could be visualized. Despite 
the small Resovist-containing lumen (approximately 0.3 mm3) of the cathe-
ter the shaft could be visualized with all regularization schemes (see Fig 
1.). The inflation and the deflation as well as the inflated balloon itself 
could be monitored very well. Contrast and sensitivity were best using the 
regularization parameter λ=1. The higher SNR especially improved not on-
ly the visualization of the shaft, but also the delineation of the balloon 
compared to the lower regularization (λ=0.1). The theoretical decrease of 
spatial resolution was not comprehensible in this regularization scheme. 
With higher regularization (λ=10) the image blurred out as both, the resolu-
tion and the SNR, decreased. The stainless steel radiopaque markers of 
the balloon did not interfere with image acquisition.  

4   Discussion 

Commercially available catheters can be visualized relatively easily using ap-
propriate SPIOs like Resovist. Especially catheters with two lumina can be 
labeled by filling one with a dilution of SPIOs. This refers mainly to therapeu-
tic balloon- and balloon-expandable stent-catheters. We could demonstrate 
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even the visualization of the deflated balloon and the very small afferent  
lumen to the balloon within the shaft. However, before those therapeutic in-
struments can be used to e.g. dilate an arterial stenosis, instruments to navi-
gate to the site of interest and to guide the therapeutic catheters are crucial 
and indispensable. These are mostly diagnostic catheters and guide wires. 
As diagnostic catheters have only one lumen and the guide wire has no lu-
men at all, other strategies for labeling are necessary. Coating these instru-
ments with SPIO-based enamel may be the easiest alternative. As guide 
wires are commonly between 0.5 and 0.9 mm thin, the coating needs to be 
very thin, too. Consequently, for a good signal of the coating, the concentra-
tion of SPIOs has to be very high and the SPIOs inherently need to generate 
a strong signal as well. Furthermore, the coating must neither change  
the mechanical properties of the instrument nor splinter even under  
 

 
 

Fig. 1. Visualization of the Resovist-filled shaft (left to right: axial, sagittal and coronal 
view) using different regularization schemes (top λ=0,1, middle λ=1, bottom λ=10): 
The shaft is clearly delineable in all three planes and regularization schemes. With 
λ=1 (middle) the balance between spatial resolution and SNR seems best. By lower-
ing regularization the SNR decreases too much while using higher regularization the 
gained resolution is too low and the SNR decreased again. 



214 J. Haegele et al.
 

strong mechanical burden. Another alternative is the integration of SPIOs 
in the polymeric structure of the instrument. Working with a system func-
tion based reconstruction, which to date is necessary for rapid 3D imaging, 
two issues have to be taken into account: 

First, it is only possible to reconstruct images using one system function 
until now. Thus, the intravascular tracer has to be the same as the one 
labeling the instruments and the delineation of instrument and intravascu-
lar tracer has to be achieved using different concentrations thereof. Alter-
natively, the instrument could have a pattern that is easily discerned. 

 

 

Fig. 2. Inflated Ballon filled with Resovist dilution (left to right: axial, sagittal and co-
ronal view). The difference between the three regularization schemes (λ=0.1, 1, 10, 
top to bottom) is comparable to differences evaluation the shaft part of the catheter. 
Again regularization with λ=1 reveals the most satisfying image quality.  
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Second, a tradeoff exists between resolution and SNR [3]. In this study, 
the application of a moderate regularization scheme showed the best re-
sults. High SNR and sensitivity are important for imaging very small struc-
tures, but regularization could increase the SNR only up to a certain point. 
In accordance with Weizenecker et al., a higher regularization led to a de-
crease of SNR combined with an even lower resolution resulting in a 
blurred image. However, this problem may be solved by the development 
of dedicated SPIOs for MPI with a higher inherent magnetic moment lead-
ing to higher sensitivity and spatial resolution. 

Another crucial point for guidance of a cardiovascular intervention via 
MPI is real-time device tracking. Currently the image reconstruction is too 
slow for real-time visualization, but expected improvements in data 
processing and computer performance will solve this problem.  

5   Conclusion 

We were able to visualize a commercially available instrument for cardi-
ovascular intervention in an MPI setting using luminal loading with Resov-
ist. This is a first step towards cardiovascular intervention using MPI. For 
an encompassing intervention procedure using MPI, visualization of sev-
eral other instruments is mandatory. Furthermore, instruments have to be 
delineable from the intravascular tracer. Real-time reconstruction of the 
images is another crucial point that needs to be realized as well.  
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Abstract. Screening for early ovarian cancer is critical because it would 
increase survival dramatically.  Ovarian cancer is cured at very high rates 
when found early but is almost never found until it has metastasized and 
the survival rate is very low.  Ovarian cancer screening might be possible 
using immunologically targeted magnetic nanoparticles (mNP).  mNP in-
jected into the peritoneum are delivered to the cancer by phagocytic cells 
using the bodies own immune system.  Magnetic detection of the mNP 
does not require ionizing radiation and can be made at low mNP concen-
trations. Screening only requires the number of nanoparticles in each 
ovary so minimal localization is required: only two pixels.  We present si-
mulation results showing that spatial encoding for two pixels can be 
achieved using many sets of harmonics ranging from only two harmonics 
to essentially all the harmonics.  However, the highest SNR measurements 
are achieved using only two harmonics that approximate a wavelet basis.   

1   Introduction 

Magnetic detection of immunologically targeted magnetic nanoparticles 
(mNP) has demonstrated promise for early detection of ovarian cancer in a 
mouse model [1-3].  Early detection of ovarian is critical because it would 
increase survival dramatically.  When found early, ovarian cancer is cured 
at very high rates.  However, ovarian cancer is rarely found until it has me-
tastasized and the survival rate at that time is very low.  Immunologically 
targeting has two elements: 1) the immune system gathers the mNP and 
2) immune signaling collects the mNPs in the cancer.  The mNPs were in-
jected into the peritoneum where they were delivered to the cancer by the 
immune system.  The phagocytes avidly collect all objects in the 10nm to 
200nm size range including mNPs because objects of that size include vi-
ruses and cellular debris.  Cytokine and chemokine signaling then draws 
the phagocytes with their mNP payload to the cancer.   



218 J.B. Weaver
 

Magnetic detection of the mNP is a very sensitive method that does not 
require ionizing radiation.  In the context of ovarian cancer screening, 
magnetic detection only requires the number of nanoparticles in each 
ovary so minimal localization of only two pixels is required.   

The combination of immunological targeting and magnetic detection al-
lowed us to detect lesions in a mouse model while they were still micro-
scopic and effectively treated [1-3].   

The previous results on mice used a small pickup coil to limit the signal 
detected to one ovary or the other. Pickup coil localization is sufficient for 
mouse work and probably for screening smaller patients where the coil can 
be placed relatively close to the ovaries.  However, for the general popula-
tion screened alternatives might be required.   

This paper presents simulation results demonstrating that localization to 
the ovary is possible with a relatively small magnetic field gradient and a 
single measurement of multiple harmonics.   

2   Material and Methods 

We used a Langevin function to estimate the magnetization assuming rela-
tively low frequency steady state magnetization resulting from relatively 
fast relaxation.  We assumed the combination of a static gradient field and 
a spatially uniform field that is sinusoidal in time.  The maximum amplitude 
of both fields was varied between 1mT and 50mT in all integer combina-
tions.  Single measurements of multiple harmonics were used to estimate 
the number of nanoparticles at both pixels; i.e. at both values of the gra-
dient field.  The physical constants appropriate for 80nm iron oxide nano-
particles were used.  The response matrix was the signal from each pixel 
at each harmonic used.  The condition number of the response matrix was 
used to estimate the stability of the reconstruction.  The signal was esti-
mated at each harmonic and the noise was assumed to be proportional to 
the number of harmonics included.  The SNR was the product of the signal 
and the inverse condition number divided by the number of harmonics em-
ployed.  The energy norm was used.   

3   Results 

The signal to noise ratio (SNR) achieved by different combinations of har-
monics is provided in Table 1.  The magnitudes of the gradient and the si-
nusoidal fields where the maximum SNR was achieved are also provided.  
The maximum sinusoidal field, or nearly the maximum, always achieves 
the best SNR.  However, the gradient required is higher for fewer harmon-
ics than for many harmonics.   
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Table 1. The maximum SNR acheived using each set of harmonics (last column).  
The amplitude of the gradient field and sinusoidal fields where the maximum SNR 
was achieved are columns two and three.   

       Harmonics,        Grad Amp,       Sinusoidal Amp,      Max SNR 
 1 - 63    10.3   60.0   0.0752  
 1 -  7    23.0   60.0   0.1318  
 1 -  2    30.5   60.0   0.1825  
 2 - 63      4.2   60.0   0.0720  
 2 -  7    55.3   58.6   0.1415  
 2 -  3    47.3   58.1   0.2097  
 3 - 63      4.2   60.0   0.0733  
 3 -  7    56.7   60.0   0.1219  
 3 -  4    54.4   60.0   0.2050  
 4 - 63    26.7   59.5   0.0708  
 4 -  7    57.7   60.0   0.1527  
 4 -  5    56.7   60.0   0.1887 

 

The underlined combinations are examples of wavelet-like bases with one even and 
one odd harmonic. The wavelet-like bases consistently achieved the highest SNRs.   

 
Fig. 1. The top figures are the Haar wavelet basis: the wavelet and the scaling func-
tion.  The bottom figures show the second and third harmonics as a function of static 
field (the axis spans -50mT to 50mT for 80nm iron oxide nanoparticles).  The similari-
ty between the even harmonic (2nd) and the wavelet is clear.  There is also clear simi-
larity between the odd harmonic (3rd) and the scaling function.  A wavelet like recon-
struction can be achieved by scaling and translating these basic functions [4,5].   
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4   Discussion 

The use of just two harmonics is reasonable:  The reconstruction mimics a 
lower order wavelet transform as described previously [4,5] and, therefore, 
produces stable solutions.  The even harmonics are analogous to the 
wavelet function and the odd harmonics are analogous to the scaling func-
tion.  For only two pixels the Haar transform is achieved by measuring the 
sum of the signal from the two pixels and the difference in signal between 
the two pixels.  That is nearly achieved using adjacent harmonics.  The 
signal is high for lower harmonics and the noise is minimized by minimiz-
ing the bandwidth sampled.  This framework does not attempt to include 
the sequential measurements with different applied field gradient fields.  
The highest sensitivity was always achieved using the largest amplitude 
sinusoidal field but not the largest gradient field.   

NPs off the two positions for which the transform is defined will alias the 
solution because the basis will become very different from the wavelet ba-
sis used to reconstruct mNPs at the proper position.  This phenomenon 
might not be a significant problem for ovarian screening because the ova-
ries positions are relatively discrete.  However, for more general applica-
tions, this phenomenon might suggest multiple measurements with differ-
ent gradient fields to minimize or eliminate this aliasing.   

5   Conclusion 

The simulations of the magnetization are valid for low frequencies and fast 
relaxation and they show that two-pixel localization can be achieved from a 
single measurement of the magnetization at multiple harmonic frequen-
cies.  Sensitivity is critical so the SNR achieved is the critical metric of any 
localization scheme.  However, lower magnetic field gradients are also im-
portant to minimize cost so the method can be used in a screening envi-
ronment.  Wavelet-like imaging is superior for two-point localization in 
terms of a) optimal SNR achieved, and b) minimizing the gradient field re-
quired.  The wavelet-like encoding methods allow significantly lower gra-
dient amplitudes with the same SNR.   
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Abstract. The use of a field free line in magnetic particle imaging promises 
a considerable increase in sensitivity of this new imaging technique. Fur-
thermore, efficient reconstruction algorithms emerge for line acquisition in 
MPI, since it is possible to transform the data into Radon space. This al-
lows for the use of well-known and powerful reconstruction algorithms like 
for instance the filtered backprojection, which will substantially speed up 
reconstruction time. In this work, a simulation study is presented, which 
analyzes the influence of magnetic field optimization on the image quality 
achieved for efficient Radon-based reconstruction. 

1   Introduction 

By means of the novel tomographic imaging method magnetic particle 
imaging (MPI) [1] real-time three dimensional highly resolved imaging of 
the artery of a patient will be possible without harmful radiation. Conven-
tionally, MPI is a sensitive spot method. The field of view (FOV) is 
scanned with a field free point (FFP), at which iron-oxide nanoparticles, 
used as tracer, produce a measurable signal and can therefore be  
spatially resolved. 

The concept of MPI data acquisition along a field free line (FFL) has re-
cently been introduced [2] and promises an increase in sensitivity by one 
order of magnitude. Since that first introduction substantial achievements 
in optimizing the scanner geometry used to generate the required fields 
have been made [3, 4]. With respect to that, a FFL field demonstrator was 
implemented and tested [5]. Furthermore, it was shown that efficient Ra-
don-based reconstruction algorithms may be used to considerably speed 
up reconstruction time [6]. This is of special importance for applications  
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requiring online reconstruction. However, this was only shown for a very 
small FOV compared to the bore of the scanner. It was not yet analyzed 
how the image quality is influenced by the use of efficient Radon-based 
reconstruction for larger FOVs. Furthermore, an optimized FFL scanning 
device, which provides a considerable enhancement in FFL homogeneity 
as well as very low electrical power consumption has been introduced [7]. 
It was not yet examined, however, how the increase in FFL homogeneity 
influences the image quality achieved using efficient Radon-based recon-
struction algorithms. Therefore, a simulation study is presented in this 
work, which shows results for a phantom covering a large region of the 
scanner bore diameter where at the same time the optimized design is 
compared to the conventional design used in [6].  
 

 

Fig. 1. Scanner geometries used for the simulation study. (a) shows the conven-
tional MPI scanner consisting of a ring of 4 coil pairs. In (b) an optimized scanning 
device of curved rectangular coils is illustrated.    

2   Material and Methods 

A simulation study is performed covering the whole MPI process for two 
different scanner geometries, which are illustrated in Fig. 1. The scanner 
design shown in (a) was used for the first simulation study on efficient re-
construction in FFL imaging in MPI [6] and was therefore chosen as 
ground truth. The design illustrated in (b) has recently been introduced and 
promises a decrease in electrical power loss up to a factor of 4 while con-
currently increasing the FFL field homogeneity by a factor of almost 5 [7].  
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Here, curved rectangular coils are used for the generation of the selection 
field. Both geometries have a bore diameter of 40 mm and will therefore 
accommodate a mouse even if receive coils including mountings are 
placed inside of the bore. The gradient of the selection field perpendicular 
to the FFL is chosen to be 2.5 Tm-1µ0

-1. The trajectory of the FFL is rea-
lized at 80 discrete FFL angles by a drive field with an amplitude of 20 mT. 
The phantom is illustrated in Fig. 2 and covers a region of 10.4 x 10.4 
mm2. The reconstruction is performed on a field of view of 14 x 14 mm2. As 
a comparison, in [6] a phantom of the same size was used for reconstruc-
tion with a scanner of a bore diameter of 30 cm. Hence, the current results 
represent reconstruction on a much larger FOV compared to the bore  
diameter of the scanner. 

 
Fig. 2. Phantom used for the simulation study. All specifications are given in mm. 

3   Results 

The resulting images illustrated in Fig. 3 show a resolution of about 
0.5 mm for both tested scanner geometries. The smallest dots of the phan-
tom with a size of 0.2 mm are nearly not visible. Since dots of the same 
size were slightly better resolved in [6] this is an effect arising due to the 
larger ratio of FOV size and bore diameter of the scanner. Still, the results 
show that efficient Radon-based reconstruction can be used even for large 
FOV sizes. 
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Fig. 3. Reconstructed images for the two different scanner geometries and a FOV 
size of 14 x 14 mm2. (a) shows the result for the conventional design of a ring of 
coils, whereas (b) illustrates the result for the optimized design of curved rectangu-
lar coils. It is clearly visible that for the conventional design the outer points are 
egg-shaped, while for the optimized design they stay almost circle-shaped due to 
the enhanced magnetic field quality.  

The comparison of the two images, resulting from the two different 
scanner designs introduced in Fig. 1, only shows significant differences for 
the 1.6 mm dots as well as for the 0.5 mm dots, which have the largest dis-
tance to the center of the FOV. In Fig. 3 (a) the result for the conventional 
design is pictured. The outer dots are clearly egg-shaped, which results 
from a decreasing homogeneity of the field along the FFL as well as paral-
lel to its alignment when approaching the scanner setup. The results from 
the design, where curved rectangular coils were used for selection field 
generation, show only very little deformation of the outer coils. Hence, the 
enhancement of magnetic field quality is visible in the achieved image 
quality using efficient Radon-based reconstruction. 

4   Discussion 

The presented results constitute a first step on the way towards optimized 
FFL imaging for large FOV sizes and short reconstruction times due to the 
use of efficient reconstruction algorithms. However, a more detailed simu-
lation study including different phantom sizes and shapes as well as an op-
timized drive field generator design is needed to further analyze the possi-
bilities arising from this alternative data acquisition scheme. The origin and 
nature of the artifacts occurring for the conventional design and in a less 
intensive manner also for the optimized design need to be analyzed in 
more detail to further optimize the imaging process. 
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Furthermore, implementation of the curved rectangular coils is of crucial 
importance, since it needs to be shown that the simulated image quality 
can be achieved in an implemented FFL scanning device. First implemen-
tation results have shown, however, that no large field deviations occur for 
the use of curved rectangular coils due to an optimized implementation 
process. A FFL scanner of this optimized design is currently implemented.  

5   Conclusion 

It has been shown that the use of efficient Radon-based reconstruction is 
possible for FFL imaging in MPI even for FOV sizes, which cover a large 
area of the bore diameter of the scanner. Enlarging the FOV size while si-
multaneously decreasing reconstruction time is of great importance for 
many applications addressed by MPI. Furthermore, the influence of mag-
netic field quality optimization on image quality achieved for FFL imaging 
and efficient Radon-based reconstruction in MPI was analyzed. The opti-
mized design of curved rectangular coils does not only lead to a consider-
ably reduced electrical power loss but does moreover outperform the  
conventional design in achieved image quality. 
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Abstract. Magnetic Particle Imaging is based on the nonlinear response of 
ferro- and superparamagnetic particles to magnetic fields [1]. For imaging, 
a field free point (FFP) within a string magnetic gradient on the order of  
1–5 T/m is moved through the sample. A new gradient system design al-
lows performing dynamic imaging in a linear sampling scheme by using a 
traveling wave approach [2]. We present an extension for doing 3D imag-
ing using a traveling wave in combination with frequency mixing [3] and a 
sliced field of view (FoV). This approach provides the possibility of an arbi-
trarily large FoV in one direction without increasing the specific absorption 
rate (SAR) and allows the spatial encoding in the additional 2 dimensions. 

1   Introduction 

Magnetic Particle Imaging is a tomographic method for the quantitative de-
termination of spatial distributions of superparamagnetic iron-oxide nano-
particles (SPIO). Recently high resolution real time imaging of a beating 
mouse heart was presented [1][4]. Since the introduction of the method in 
2005 by B. Gleich and J. Weizenecker several different types of scanners 
have been developed [4][5][6]. But a significant issue of these approaches 
is the usage of permanent magnets for creating the required strong gra-
dient strength of about 3–5 T/m. Because of the static generation of the 
magnetic field, it is difficult to scan a large field of view (FoV). The problem 
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is the required high magnetic field (drive-field) to move the field free point 
(FFP) away from the center of scanner. For a ten times higher FoV the ne-
cessary receiver bandwidth increases ten times and the energy increase 
even hundred times for a given acquisition time. Thus the specific absorp-
tion rate (SAR) rises with the increasing FoV enormously [6]. Respecting 
the maximum allowed SAR for in-vivo measurement [7] the FoV for a static 
permanent scanner type is limited to approximately 16x32x32 mm3 for hu-
mans [6]. For mice a factor of about 5 is possible but the required energy 
increases dramatically [7]. In 2011 we presented a new approach to gen-
erate the strong magnetic field gradient in a more effective way, the dy-
namic linear gradient array (dLGA) [2]. With the traveling wave concept the 
FFP can move fast in a linear way over the sample. The FoV of the dLGA 
can be arbitrarily increased in one dimension without increasing the SAR. 
Based on this 1D concept an extension was presented to perform 2D ac-
quisitions with a slice size of about 20x60 mm2 and a thickness of about  
2–3 mm with an orthogonal frequency mixing technique [8]. For 3D acqui-
sitions the whole 2D slice is being moved step by step linear through the 
volume of interest. This results in a sliced 3D image with a FoV of about 
60x20x20 mm³ without the complexity of 3D reconstruction. 

2   Material and Methods 

Hardware: 
The dLGA requires no permanent magnets and also replaces the drive 
coils for one direction. It is a modular array of 16 consecutive coils for ge-
nerating two FFPs dynamically, one with a positive and one with a nega-
tive gradient slew (gradient strength: z-axis: 3.5 T/m, x and y-axis: 
1.75 T/m, 1.6 kW) [2]. The FFPs travel in the z-direction by applying a si-
nusoidal current at a frequency of f1=1 kHz with an increasing phase shift 
to adjacent coils, this concept was named “traveling wave” (see fig. 1A). 
The full length of the dLGA is 144 mm. The effective FoV is 80 mm and the 
used FoV is 60 mm (the used FoV should be smaller than the half of the 
dLGA, because only one FFP should stay in the FoV at the same time) [2]. 
The coil pair for the second encoding direction (x-axis) is oriented orthogo-
nally to the dLGA. It is designed in a saddle-coil configuration to use the 
space within the receiving coil array more efficiently. The saddle coil is dri-
ven at a higher frequency of f2=16,5 kHz. Therefore the FFPs travel now 
not only along the z-axis but on a sinusoidal way on a x-z-plane (see 
fig. 1B). The field strength of 10-15 mT at 200 W is sufficient to move the 
traveling FFPs about 6 mm out of the symmetry axis. The higher frequency 
mixes the MPI signal to the sidebands of the higher harmonics of f2 (fre-
quency mixing [3]). The result is a higher induction in receiver coils but al-
so a wider bandwidth [7]. 
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Fig. 1. A: Sketch of the dynamic Linear Gradient Array (dLGA). The 16 elements 
were driven by a sinusoidal current with an increasing phase shift for consecutive 
coils (traveling wave concept). B: 2D-scanner design: blue (1): dLGA for generat-
ing the two traveling FFPs (1D), cyan (2): receiving coils array parallel to the 
dLGA, red (3): saddle coil for 2D encoding. The two generated FFPs (dark regions) 
travel along blue dashed path. C: Profile section of the 3D-MPI-scanner. An addi-
tional saddle coil (green), orthogonal to the first, moves the 2D plane linear along 
the y-axis and cuts the 3D volume in slices. D: left: simulated PSF, right: a 3D Re-
sovist© test sample shows a different signal in all slices. 

A second coil pair oriented orthogonally to the first pair and to the dLGA 
allows the encoding of the third dimension by shifting the 2D FoV slices 
step by step. The field strength of the second coil pair is 10–15 mT 
(200 W) and can move the 2D imaging plane along the y-axis (see fig. 1C). 
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All coils are driven using common audio amplifiers (TSA4-700 and 
TA2400 MK-X, t.amp). 

The receiving array consists of six separated coils, 140 windings of HF-
litz wire (24x0,04 mm) each. The resistance of one coil is about 8 Ω. The 
resonance frequency of each coil segment is about f=460 kHz. For the first 
tests all receiving coils were connected in parallel mode. Thereby the ei-
gen resonance frequency of the paralleled receiving array doesn’t change. 
To suppress the excitation frequencies f1 and f2 a signal filter (Chebychev 
high-pass) were used. 

Signal processing and image reconstruction: 
Prior to reconstruction the signal should be preprocessed. In the first step 
the characteristics of each receiving channel must be corrected (amplitude 
and phase correction). In a second step the spectrum is filtered. To obtain 
a 2D image, the 1D signal is arranged point per point on a two dimensional 
plane, f1 in z-axis and f2 in x-axis each from 0 to 2π. The result is an image 
with a fourfold signal. The orthogonal frequency mixing provides one type 
of 2D-PSF [9] (see fig. 1 D). Because of the linearity of the system it is 
possible to do a 2D deconvolution of the corrected dataset to reconstruct 
the images. 

3   Results 

In preliminary tests the simulation results of the 2D point spread function 
(PSF) were confirmed (see fig. 1D). The measured PSFs were required for 
the reconstruction of complex samples by a 2D deconvolution. For one 
slice the acquisition time is 2 ms for the two frequencies f1=1 kHz and 
f2=16,5 kHz (least common multiple is 2xf2). That means the FFP travels 
two times over the sample with a different phase. For a 3D volume there 
were take 13 slices (see fig. 1D), each with spatial distance of about 1 mm. 
Thus a whole 3D volume can be imaged in 26 ms. In addition, the spatial 
resolution for Resovist© was determined to be less than 2 mm in z-
direction and less than 3 mm in x- and y-direction. 

4   Discussion 

The dLGA is a novel type of MPI scanner. With the linear approach the 
complexity of the MPI signal can be simplified. Instead of the complex 
2D/3D lissajous trajectory here exists only a 2D sinusoidal trajectory in one 
direction. The result is a nearly linear way of the FFPs over the 2D plane. 
A linear sampling scheme could allow to probe for anisotropic effects and 
relaxivity effects of the sample and the tracers. 
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5   Conclusion 

The traveling wave approach provides the possibility to increase the FoV 
along the symmetry axis (z-axis) without increasing the acquisition time 
while keeping the specific absorption rate constant. The frequency mixing 
technique for the 2D encoding increases the SNR by reducing the frac-
tional bandwidth and shifting the signal to higher frequencies. The acquisi-
tion time for one slice depends on the least common multiple of the two 
used frequencies (in this case 2 ms per slice). Hence it is possible to ac-
quire a full 3D volume of 13 slices in only 26 ms. The resulting FoV is 
about 60x20x20 mm3. 
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Abstract. Magnetic Particle Imaging (MPI) is a very recent medical imag-
ing technique providing tomographic data avoiding use of ionizing radia-
tion. The first MPI scanner presented by Gleich and Weizenecker has a 
closed geometry which has to fit the object of interest [1]. In order to be 
able to examine larger objects, Sattel et al. developed a new coil configu-
ration, the single-sided MPI scanner geometry [2]. The detection of axillary 
sentinel lymph nodes is one medical application scenario. MPI improves 
the surgical procedure by real-time 3D image guidance and may contribute 
towards reducing cost and the time needs per patient. This contribution 
presents improvements of various coil topologies. Furthermore, the cooling 
system is optimized and the send and receive chain will be improved. 

1   Introduction 

The first MPI scanner had a symmetric assembly and was presented by 
Gleich and Weizenecker [1] in 2005. The coil arrangement has the draw-
back that the object of interest has to be small enough to fit inside the as-
sembly. The single-sided MPI scanner presented by Sattel et al. [2] over-
comes this limitation. This scanner is composed of two circular coils, which 
are arranged concentrically. MPI in general is based on super-paramagnetic 
iron oxide nanoparticles (SPIONs) as tracer material exploiting their nonli-
near magnetization behavior in the imaging process. 

The sentinel lymph node biopsy (SLNB) is a medical application  
scenario of MPI. It is a method to find out if the cancer has accumulated 
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metastases in lymph nodes. For this it is necessary to dissect the tracer 
enriched sentinel lymph node for histologic examination. Today, surgical 
guidance strategies are commonly used based on scintigraphy or blue dye 
injection. Scintigraphy, which employs a radioactive tracer, achieves a bet-
ter localization of sentinel lymph nodes than blue dye injection. However, 
the great disadvantage in the use of radioactive material is that it results in 
costly disposal and places surgical staff at risk. MPI achieves good locali-
zation without the use of radioactivity. MPI provides in situ real-time im-
ages that are visible through the position changes. The scintigraphy is a ri-
gid and only two dimensional image of axillary region. The tracer is 
injected into the breast tumor region and via the lymphatic system the 
tracer first reaches the sentinel lymph node. A radioactive tracer can be lo-
cated by using a Geiger-Müller counter. In the MPI scenario the SPIONs, 
which accumulate in the sentinel lymph node, will be detected and accu-
rately located by the MPI scanner. 

The first single-sided MPI scanner has been built at the Institute of Med-
ical Engineering at the University of Lübeck [2]. The following is a presen-
tation of improvements made to coil topologies. It will be outlined how the 
send and receive chain have been improved and how the cooling system 
had been optimized. 

2   Material and Methods 

The geometry of the original 1D single-sided scanner is shown in figure 1a. 
The two coils are supplied with direct current in opposite direction. In addi-
tion, the inner coil is supplied with alternating current to drive the FFP. 

a)     b)     

Fig. 1. 1D single-sided scanner (a) and the magnetic fields (b) [2]. 

The dotted line in figure 1b shows the shape of the magnetic field which is 
generated by the inner coil and the dashed line shows the magnetic field 
generated by the outer coil. The gray background illustrates the position of 
the scanner assembly. The magnetic fields cancel each other out in two 
points, one in front of the scanner and one in the back. In these field free 
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points (FFP), the static magnetic field is zero. An FFP is important for the 
imaging process and can be moved by the alternating current on the inner 
coil. The nonlinear magnetization curve of the SPIONs causes a responding 
signal that contains not only the excitation frequency but also its harmonics 
(figure 2a). The signal is picked up by the receive coil in front of the inner coil 
and is required for the imaging process. The important point is that only the 
SPIONs in direct neighborhood to the FFP contribute to the receive signal. 
The reason is that saturation effects occur even at low field strength. If the 
SPIONs are in saturation almost no signal is induced (figure 2b). 

 

a)   b)   

Fig. 2. Particle response to an external magnetic field [1]. 

For multidimensional imaging, the Lissajous trajectory is applied to scan 
the field of view (FOV). The trajectory describes the path )(tψ , which the 
FFP follows. This trajectory is generated from overlaid sinusoidal excita-
tions fields and is defined by 

,0)),(( =ttH ψ  ).0[ Tt ∈       

By changing the excitation frequency, it is possible to determine the period 
length and the trajectory density. It is necessary to suppress all higher 
harmonics in the transmit signals to avoid the overlap of the particle re-
sponse by the sending signal. For this purpose, a third order analog filter is 
used. For 3D imaging, for every spatial direction a separate excitation fre-
quency is essential and for this reason it is necessary to used three differ-
ent filters, one for each channel. 

3   Results 

In figure 3, the simulation results of the trajectories with different coil geo-
metries are shown. In order to achieve a 2D trajectory, the original flat two-
coil geometry for 1D imaging is extended by additional coils. In the first 
case, two circular coils are tilted by 45 degrees from the main scanner 
axis. The resulting FOV is diamond-shaped. In the next simulation the 1D 
scanner is extended by one rectangular coil, which in part is located in  
the inner coil. The diamond-shaped FOV is wider than the first. The third  
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assembly is extended by one D-shaped coil which is orientated perpendi-
cularly to the gradient coils. The simulation shows a rectangular FOV.  
Similar results are achieved by the fourth setup. Here, two D-shaped coils 
are added directly under the circular coils preserving the flat coil design. 

 

 

Fig. 3. Simulation results of different coil geometries for a 2D single-sided scanner [3]. 

To obtain a pure excitation signal, it will be first filtered with a band-pass 
filter (BPF). In figure 4, the transfer functions of the different BPFs are 
shown. They differ by the center frequency, which is chosen to be the 
transmit frequency of the corresponding transmit channel. They are de-
signed to pass the signal at the base frequency but to suppress higher or-
der harmonics. Since the third harmonic distortion is most prominent, it is 
desirable to achieve a high damping at this particular frequency. Accor-
dingly, BPF 25.252 kHz achieves a damping of 86 dB at a frequency of 
74.8 kHz. At 76.5 kHz, BPF 26.042 kHz results in a damping of 86 dB, and 
the damping of BPF 26.882 kHz at 79.8 kHz is 89 dB. All three filters have 
the minimal damping of 0.5 dB around 25 kHz. 

 

Fig. 4. Transfer function (gain and phase) of the different BPFs. 
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4   Discussion 

The best scanner geometry for 2D and 3D MPI is archived by positioning 
two pairs of D-shaped coils under the circular coils, which are rotated by 90 
degrees. The FOV resembles a rectangle. A further advantage is that the 
power losses are low [3]. The application scenario puts higher demands on 
the cooling system as compared to the experimental setup in [2].  

The BPF have been refined, so the excitation signal contains only the 
main frequency. At the excitation frequency - around 25 kHz - the damping 
is very subtle and especially at the frequency of the third harmonic, near 
75 kHz, the signal will be attenuated by 87 dB. The result of these filters is 
that the harmonics caused by the transmit chain are small and do not over-
lay the particle response. 

5   Outlook 

After improving the cooling system and the frequency tuning, functional 
tests may soon be accomplished. The next steps are the acquisition of a 
system matrix required for image reconstruction and the performance of 
phantom measurements.  
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Abstract. Tomographic imaging using a shifted and rotated field free line 
(FFL) with filtered backprojection image reconstruction can approach an 
order of magnitude SNR improvement over a field free point (FFP) given 
equal scan time. In this paper, we demonstrate a projection reconstruction 
x-space imager. The imager consists of a 2.4 T/m permanent magnet FFL 
gradient, a Helmholtz pair of off-the-shelf electromagnets, a solenoidal 
transmit coil and a gradiometer receive coil. A motor driven rotary table ro-
tates the sample and the system acquires multiple projection images at 
evenly spaced angles between zero degrees and 180 degrees. Filtered 
back-projection is used to reconstruct a three-dimensional tomographic 
image stack. Sample rotation, which is sometimes employed in commer-
cial mouse CT scanners, has been used to test this method. Later systems 
may rotate the gradient similar to a human-sized CT gantry or may gener-
ate an electronically rotated FFL gradient. In previous work, we have 
shown an MPI capable FFL scanner. Here, we show 3D experimental re-
sults of our PR-MPI scanner using acrylic USPIO imaging phantoms and 
post-mortem mice. 

1   Introduction 

Three-dimensional tomographic imaging via projection reconstruction will 
theoretically improve SNR by an order of magnitude over MPI using a field 
free point (FFP). This increase is due to signal averaging since many pro-
jection rotation angles are acquired to reconstruct a 3D volume. Simulation 
studies using an electronically rotated field free line (FFL) have demon-
strated an approximately four-fold to ten-fold SNR gain [1]. Simulation stu-
dies have also shown that reconstruction is possible using multiple receive 
coils with transmit and receive in the radial direction in the x-y plane [2]. 
Here, we experimentally demonstrate three-dimensional tomographic MPI 
via projection reconstruction. 
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2   Material and Methods 

 

Fig. 1. Left: Image of our Field Free Line scanner. Right: Diagram of the permanent 
magnets that generate the Field Free Line and associated electromagnets neces-
sary for projection imaging. Current imaging speed is 4 s per image. 

Figure 1 shows an image and a diagram of our Field Free Line (FFL) pro-
jection MPI scanner [3]. Two NdFeB magnet sections with opposing mag-
netization create a 2.4 T/m gradient for the FFL. Each of the two magnet 
sections is composed of six NdFeB permanent magnets assembled with 
matching magnetization direction. The two sections are then assembled 
with opposing magnetization to produce the FFL along the y axis. Two 
GMW Associates electromagnets oriented as a Helmholtz pair are driven 
by an AE Techron industrial linear amplifier to translate the FFL for a total 
x axis field of view of 6 cm. Another AE Techron linear amplifier drives a 
solenoidal transmit coil with a sinusoidal excitation at 20 kHz to produce a 
z axis partial field of view of 2 cm. The transmit chain includes a 20kHz 
band-pass filter. A gradiometer receive coil concentric and internal to the 
transmit coil receives the signal resulting from a tracer excitation while re-
jecting transmit feed-through. A receive high-pass filter removes most of 
the remaining transmit feed-through. Custom Matlab software communi-
cates to a NI Daq for signal receive and transmit. 

A linear stage is used to translate the sample within the imaging bore. 
As the sample is translated, multiple partial fields of view are acquired and 
stitched together to produce a projection image with a maximum z axis 
field of view of 20 cm. 

Figure 2 illustrates the process to obtain a 3D image volume from a 2D 
projection format MPI scanner. A motor driven rotary stage rotates a sample 
within the imaging bore at equally spaced angles between zero degrees and 
180 degrees. Figure 2 shows an acrylic phantom with a Resovist distribution 
in the shape of the letters UC at three of the 60 rotation angles. Projection 
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images are taken at each rotation angle. Row by row in every projection  
image, a single slice is selected and filtered backprojection is used to recon-
struct a 3D imaging volume. The resulting image is shown in Figure 2. 

3   Results 

Figure 3 illustrates the capability of our projection reconstruction MPI 
process to produce a 3D imaging volume from 2D projection images. Two 
acrylic imaging phantoms with distinct distributions of Resovist tracer are 
shown. The acrylic phantoms were stacked and imaged using the process 
described in Figure 2 with 60 rotations separated by three degrees. Of the 
60 acquired images, one example, shown in Figure 3, illustrates the pro-
jection through both phantoms. After filtered backprojection, a 3D image 
volume is produced. Two slices of this image volume are shown, which  
resolve the two layers of the 3D volume containing each phantom. 
 

 

Fig. 2. Diagram of the projection reconstruction imaging process using real data 
acquired from our Field Free Line Scanner. (top row) Acrylic phantom at three rota-
tion angles. (second row) Projection images at each rotation. (third row) Single 
slice selected from each projection image. (fourth and fifth rows) Filtered backpro-
jection and a resulting image.  
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Figure 4 shows a volume rendering of a mouse injected with resovist. 
The mouse was sacrificed 30 s after the 20 uL injection. Sixty projection 
images were taken and filtered backprojection was used to reconstruct the 
image volume. Osirix was then used to volume render the image. 

4   Discussion 

We have chosen to simplify our hardware configuration by rotating the 
sample instead of rotating the FFL. In a human sized scanner, patient rota-
tion would not be feasible. Instead, an electronically or mechanically ro-
tated FFL could be used. 

Note that the endpoints in the C in Figure 3 are about half the distance 
of the endpoints in Figure 2 due to overall phantom size and Resovist fill-
ing. The distance between the end-points of the C in Figure 3 are less than 
the resolution of the scanner; thus the C appears as an O.  

 

 
Fig. 3. Imaging results of two overlapping phantoms resolved via projection recon-
struction. a) and b) Two acrylic imaging phantoms. c) Stacked acrylic phantoms.  
d) One of 60 rotation images. e) and f) Two image slices of the 3D image stack  
acquired via filtered backprojection. 
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Fig. 4. Volume rendering of a mouse. The mouse was sacrificed 30 s after a 20 uL 
injection of Resovist. 60 projection images were taken and a volume image was re-
constructed via filtered backprojection.  

5   Conclusion 

We have experimentally demonstrated the world’s first 3D tomographic 
images using a FFL MPI scanner. Filtered backprojection was used to re-
construct the imaging volume from a set of projection images. The images 
created via this method theoretically have an order of magnitude higher 
SNR than images created using a FFP. This increase in SNR would be 
very beneficial in detecting smaller concentrations of a USPIO tracer.  
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Abstract. Magnetic Particle Imaging evolves rapidly and human scanners 
are conceivable, already. However, the growing scanner size and there-
fore the increasing data within the field of view give rise to several un-
solved problems. The reconstruction process, solving an inverse problem 
with the measured signal and the system function, is a storage consuming 
procedure for high resolution 3D imaging. Additionally, the size of the field 
of view strongly depends on the used gradient field and field amplitudes. 
Due to technical as well as medical limitations, such as specific absorption 
rates and peripheral nerve stimulation, the conventional procedures will 
not be sufficient to image large regions of interest. This paper compares 
and discusses approaches enlarging the field of view that might be used to 
reduce the reconstruction process and/or enlarge the field of view despite 
limited technical properties. 

1   Introduction 

Since the introduction of Magnetic Particle Imaging (MPI) in 2005 [1] several 
generations of scanner topologies have been developed. Recently, a de-
monstrator with 12 cm bore size was introduced [2]. The conventional imag-
ing process allows only for small field of views (FOV) when high spatial and 
temporal resolution is required. This is already a challenge for the demon-
strator and will be an issue for larger scanners in particular. On the one 
hand, system functions as well as measured data become larger and there-
fore the reconstruction process demands more storage. On the other hand, 
currents, excitation frequencies and the gradient strength are limited by 
technical properties and patient safety issues, such as specific absorption 
rates (SAR) and peripheral nerve stimulation (PNS). 

In order to overcome the limitations of a small FOV two techniques to 
enlarge the FOV [3, 4, 5] were introduced. The first idea is to cover the re-
gion of interest (ROI) using multiple FOV patches, the second idea uses 
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an additional excitation frequency that slowly moves the FOV through  
the ROI. 

This paper compares the two approaches with the conventional proce-
dure of the FOV and discusses advantages and drawbacks concerning 
image reconstruction and technical prospects. Choosing the power in a 
technical possible range and limiting the field amplitudes to fulfill medical 
safety protocols are the main goals of this work. Nonetheless, we will not 
discuss these values in detail, but only show a proof of concept, i. e. SAR 
and PNS thresholds are not fully evaluated for MPI yet. 

2   Material and Methods 

Usually, imaging in MPI is performed by drive fields with slightly different 
excitation frequencies in each dimension (fx, fy, fz) and a selection field for 
spatial encoding. The superposition of oscillating fields with these frequen-
cies form a Lissajous pattern, which is up to now the best known trajectory 
[6]. The size of the FOV is given by 
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As proposed in [3] the ROI can be subdivided into multiple FOV patches 

to be measured and reconstructed separately. The possibly overlapping 
patches may be combined using a fade in/out weighting. The individual 
FOV size can be described by (1).  In our experiments, 10 % of each FOV 
overlapped with others. 

A third approach, already mentioned in [1], is based on a special field 
called focus field, which additional to the drive fields moves the field-free 
point with low frequencies (fx
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amplitudes. Same holds for the other two dimensions. 
To achieve an appropriate comparison, the temporal resolution of the 

independent imaging procedures is chosen similar. Aiming for 3D real-time 
imaging (i. e. 25 frames per second) the repetition time Trep covering the  
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complete ROI has to be less than 40 ms. Additionally, the frequencies 
should be close to 25 kHz. Considering these parameters the frequencies 
and corresponding repetition times can be calculated as shown in table 1.  

Table 1. Specific values for 3 different approaches to cover the ROI. The repetition 
time Trep is related to 3D imaging. Only the frequencies necessary for 2D imaging 
are stated. 

 
Trep in ms (for 3D 

imaging) 
fx in Hz fy in Hz fx

moving in 
Hz 

fy
moving in 

Hz 

large FOV 39.28 26041.67 25252.53 - - 

4 static 
FOVs 4*9.79 = 39.16 28409.09 27173.91 - - 

moving 
FOV 39.28 26041.67 25252.53 30.55 76.37 

 
The frequencies to move the FOV are chosen preferably small and addi-

tionally form a trajectory as dense as possible without increasing the li-
mited repetition time. 

The size of the ROI has been chosen to 50 x 50 mm². The static FOV 
patches therefore have a size of 30 x 30 mm² and the moving FOV is 25 x 
25 mm² (when considered as static). The simulation was done with a 
phantom including dots of size 5 mm, 3 mm, 2 mm and 1 mm assuming 
undiluted Resovist as tracer material. To solve the system of equations the 
iterative Kaczmarz’s method has been used. 

3   Results 

The resulting reconstructions, visualized in figure 1, show that both me-
thods, multiple static FOV patches and one moving FOV, are possible pro-
cedures to enlarge the field of view. The resolution of all three reconstruc-
tions is similar. The resulting reconstruction of the moving FOV has some 
smeared parts, which might be due to an unsuitable frequency ratio that 
needs to be investigated in more detail. The images of the static approach 
show artifacts at the borders and the overlapping regions cause stripes at 
their edges. Corresponding to the size of the FOV patches the amplitude 
of each sine wave could be decreased by a factor of nearly two. This, of 
course, affects the amplitudes of the DC currents, but could be neglected 
concerning patient safety. 
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Fig. 1. From left to right: phantom and reconstruction of one large FOV, four static 
FOVs and one moving FOV (movement in both directions). The applied frequen-
cies correspond to the stated frequencies in table 1. No scaling of intensities has 
been carried out. 

4   Discussion  

We showed that both methods enlarging the FOV in MPI are suitable and 
promising.  

Regarding reconstruction the static FOV approach is highly interesting, 
because due to the increasing number of FOVs the storage needed for an 
individual reconstruction process decreases. However, this simulation study 
did not consider the time necessary to switch the gradient for the different 
FOVs, which is important for temporal resolution. This problem has to be de-
termined more detailed and efficient techniques have to be developed. 

The moving FOV is advantageous from a technical point of view. The 
drive-field coils can be supplemented by additional focus-field coils or by an 
efficient movement of the gradient field to enlarge the FOV. Unfortunately, 
the reconstruction effort cannot be reduced by this approach. Furthermore, 
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an additional filtering will be necessary and analysis concerning the there-
fore missing signal for reconstruction will be of fundamental importance. 

5   Conclusion  

In this MPI simulation study two methods have been compared enlarging 
the conventional FOV. It has been shown that both are suitable regarding 
image reconstruction. Nonetheless, the approaches strongly depend on 
scanner properties and technical limitations. From the reconstruction point 
of view the static approach is highly interesting to decrease the size of the 
linear system. Experiments including noise and inhomogeneous fields are 
important to validate the relevance of the presented procedures.  
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Abstract. The imaging volume that is rapidly encoded by drive fields in 3D 
magnetic particle imaging is limited by power dissipation and nerve stimu-
lation thresholds. Additional coils have been implemented to generate so-
called focus fields that operate at lower frequencies and extend the ac-
cessible imaging range. This contribution presents the possibility of sweep-
ing the rapidly encoded imaging volume along an arbitrary 3D path using 
continuous focus field variations. This technique can be useful for following 
a tracer bolus, for tracking devices, or for dynamically moving the image 
focus to different regions of interest.  

1   Introduction 

The imaging range or accessible imaging volume in magnetic particle im-
aging (MPI) is mainly determined by the volume that can be covered by 
the field free point (FFP) trajectory [1]. The FFP is generated by a selec-
tion field, whose gradient strength is inversely related to the achievable 
spatial resolution [2]. With currently available tracer materials, a field gra-
dient of at least G = 1 T/m/µ0 is necessary to reach a resolution of about 
2 mm. Assuming a constant selection field gradient, a homogeneous drive 
field of strength HD can displace the FFP by Δx = HD / G. However, the 
drive field is typically applied at frequencies above the audio range, e.g. at 
25 kHz, so that its amplitude is limited by power dissipation in the coils and 
by potential nerve stimulation in the subject to be imaged. The upper limit 
of achievable drive field amplitudes is expected to be on the order of 
HD = 20 mT/µ0, so that in a selection field gradient of 1 T/m/µ0, a linear  
imaging range of FOVx = 2 Δx = 40 mm can be accessed. To circumvent 
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this limitation, homogeneous offset fields have been introduced that allow 
moving the focus of the small imaging volume accessed by the drive fields 
[3]. These focus fields operate at low frequencies up to 100 Hz and thus 
are less subject to power dissipation or nerve stimulation issues. Step-wise 
variation of focus field strengths can be used to enlarge the field of view 
(FOV) by combining overlapping sub-volumes into one large volume, how-
ever at the cost of temporal resolution. An increased imaging volume cov-
ering the heart and liver region of a rat has been demonstrated using this 
multi-station approach with 12 sub-volumes [4]. Here, an alternative ap-
proach is presented in which sub-volumes are not combined, but acquired 
sequentially during a smooth focus field sweep over a region of interest. 

2   Material and Methods 

Scans have been performed using the pre-clinical demonstrator system 
sketched in Fig. 1a. The selection field permanent magnets generate gra-
dients of strength Gx = Gy = 1.25 T/m/µ0 and Gz = 2.5 T/m/µ0. The drive 
field amplitude was HD = 13 mT/µ0 on all three orthogonal drive coils, 
which were driven at frequencies fx = 24.5 kHz, fy = 26.0 kHz, and 
fz = 25.3 kHz to generate a dense 3D FFP trajectory that repeats after 
21.5 ms. The volume covered by the FFP trajectory is thus about 
2 x 2 x 1 cm³. Since signal is also generated in the vicinity of the FFP, im-
age information can be reconstructed to a slightly larger volume called im-
aging volume in the following. The system function necessary for recon-
struction was determined by measuring a calibration sample containing 
1.6 µl of pure Resovist [5] at the 28 x 28 x 20 positions of a 3D grid, which 
covered a volume of 3.4 x 3.4 x 2.0 cm³. For improved SNR, a set of dedi-
cated receive coils mounted on a hollow cylinder with inner diameter 
6.5 cm and length 8.0 cm was inserted into the scanner bore.  

 
Fig. 1. Sketch of MPI field generating unit and phantom. (a) The scanner bore has 
a diameter of 12.5 cm and holds a receive coil insert (not shown). Permanent mag-
nets (red) generate the selection field, the three orthogonal sets of coils close to 
the bore generate the drive fields (blue), and the three outer sets of coils generate 
the focus fields (green). (b) The phantom consisted of three compartments with 
several channels filled with diluted Resovist (brown). Starting, center, and end posi-
tion of the imaging volume during the diagonal focus field sweep are indicated by 
transparent boxes (blue). 
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The phantom consisted of three compartments with several channels that 
were filled with diluted Resovist at a concentration of 25 mM(Fe)/l (cf. 
Fig. 1b). The two outer compartments each had 7 channels of length 20 mm 
with a channel diameter and separation of 2 mm. The center compartment 
had a single channel of length 8 mm and diameter 6 mm. The phantom was 
placed at the center of the bore, while over a period of 5 s, the focus fields 
were driven using a linear ramp in x and y direction, thus moving the imag-
ing volume diagonally over the phantom. Towards the end of the field 
sweep, the phantom was slightly rotated manually and shifted along x. The 
maximum focus displacements were chosen to be ± 46.4 mm in x direction 
and ± 5.8 mm in y direction. During one field sweep, 5 s / 21.5 ms = 232 vo-
lumes were acquired, all of which have been reconstructed using the same 
system function. The reconstruction scheme described in [6] has been ap-
plied. It uses regularization to improve image SNR at the cost of resolution. 

3   Results 

Figure 2 shows orthogonal slices extracted from the reconstructed 3D vo-
lumes (“frames”) at equally spaced points in time. In x direction, the slices 
were arranged to show the shift of the imaging volume over the static  

 

 
 

Fig. 2. Selected time frames from a 4D data set acquired during a focus field 
sweep in x and y direction. The total sweep duration was 5 s, corresponding to 232 
time frames. The diagonal motion of the imaging volume over the phantom can be 
observed. The anisotropic resolution in the yz slices is due to the higher gradient in 
z direction. The cross hairs in the first two columns indicate the respective slice po-
sitions in the volume. As the imaging volume sweeps over the phantom, the planes 
also glide through the object. In the last three columns shown, the phantom has 
been rotated and moved manually in addition to the focus field sweep. 
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phantom. In y direction, one can observe that the phantom slightly “moves” 
to the right. The sweep range was large enough to cover the whole phan-
tom, which was 48 mm long.  

4   Discussion 

Although the focus field changes during acquisition of the drive field se-
quence, the image quality is comparable to the quality obtained in static 
imaging. This is due to the slow focus field variation corresponding to shifts 
of only Δx = 0.40 mm and Δy = 0.05 mm per acquired volume. Thus, the 
shift is clearly below the spatial resolution and no blurring can be ob-
served. The total sweep was about 9.3 cm in x and 1.2 cm in y direction 
and the sweep velocities were vx = 18.6 mm/s and vy = 2.4 mm/s. In view 
of a desired resolution of 1 to 2 mm, one can expect that these velocities 
can be increased further without inducing relevant blurring. From the data 
published in [7], the bolus velocity in the vena cava of a mouse was found 
to be about 6 mm/s after tracer injection into the tail vein. The demonstrat-
ed focus field sweep is therefore fast enough to follow a bolus in the blood 
vessels. While here the field sweep was executed along a line, arbitrary 
sweep trajectories can be implemented. The approach can also be useful 
for tracking devices, e.g. by following the tip of a catheter that has been 
marked with MPI active material. Either automated or manual steering of 
the focus of the imaging volume can be conceived. This would, however, 
require real-time image reconstruction and data visualization, which is not 
available on our experimental system. In view of the fact that multi-station 
imaging of large volumes using many sub-volumes slows down the imag-
ing rate [4], approaches using only one or few sub-volumes that are moved 
to the region of interest are very attractive. Furthermore, the combination 
with a variable selection field gradient, which can be expected from future 
systems, promises high flexibility in shaping the imaging volume to  
find a good compromise between imaging speed, spatial coverage, and 
resolution. 

In Fig. 2, one can observe that the phantom image becomes distorted 
towards the edges of the imaging volumes. This is due to the fact that im-
age resolution drops outside the volume directly covered by the FFP tra-
jectory. However, it seems sensible to include this region in reconstruction 
in order to properly assign signal coming from these regions. Probably, the 
best approach would be to remove the edge regions after reconstruction.  

Furthermore, Fig. 2 shows that the image quality towards the beginning 
and the end of the sweep, i.e. close to maximum focus field strengths, is 
similar to the quality at the center. Since the system function used for recon-
struction has been determined only at the center of the setup, field distor-
tions and the drop in receive coil sensitivity towards the end points of the 
sweep could have had adverse effects on image quality. A more detailed 
analysis is necessary to estimate the magnitude of this expected effect. 
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5   Conclusion 

The introduction of focus fields to 3D MPI systems offers high versatility in 
shaping the imaging volume. Previously, stepped focus fields were used to 
achieve large spatial coverage in multi-station imaging with several sub-
volumes. As an alternative, the results presented here demonstrate the 
possibility of moving the rapidly encoded imaging volume smoothly along 
an arbitrary 3D trajectory in space. 
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Abstract. Here we describe the construction of our third generation x-space 
MPI scanner, the fifth MPI scanner built at UC Berkeley.  The scanner has 
two goals, (1) High-resolution native MPI resolution using x-space recon-
struction, and (2) extended FOV suitable for mice and rats. In this paper we 
describe our design criteria, and we show the initial characterizations of the 
7 T/m gradient field.  

1   Introduction 

Following theoretical work on x-space MPI [2,3,4] we have constructed 
three generations of x-space MPI scanners. Here, we describe the con-
struction of our third generation x-space imager, the fifth MPI scanner built 
at UC Berkeley. The third generation x-space scanner has two primary de-
sign goals:  

1. High resolution native MPI resolution using x-space  
2. Extended FOV suitable for mice and rats 

The new MPI scanner is optimized more for resolution and sensitivity than 
for imaging speed. Still, full mouse and rat FOV images (up to 12 cm x 5 
cm x 5 cm) will require only approximately 3 seconds per image. The 
speed limitation is not fundamental to the technique, but is due rather to 
power supply limitations.  

The resolution of the system can be predicted by x-space theory.  To 
achieve a 1.2 mm x 2.4 mm x 2.4 mm resolution, we require an 8 T/m x 4 
T/m x 4 T/m gradient [3]. Consequently, we set our design goal for a per-
manent magnet with an 8 T/m gradient and a linear FOV of 12 cm.  We al-
so needed to construct integrated homogeneous FFP shifting magnets to 
achieve this scanning range. 
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2   Material and Methods 

The main magnetic field gradient is constructed using two large NdFeB 
magnet cylinders (16.5 cm OD, 15 cm thickness, 35 kg) wrapped in water-
cooled homogeneous electromagnets (40 cm OD, 13 cm thickness, 76 kg, 
4 kW). As designed, the NdFeB gradient would generate an 8 T/m static 
field gradient. The electromagnets are independently driven and enable 
shifting the FFP in the x-axis as well as boosting the gradient strength if 
driven in opposition. The FFP is shifted in the y and z-axes using matched 
pairs of water-cooled electromagnets wound using hollow core magnet 
wire. The system is driven using high power switch-mode amplifiers that 
deliver up to 300 Arms. 

The magnet has a free bore of 12 cm before addition of transmit and re-
ceive coils, and up to a 7 cm imaging free bore following insertion of the 
coils. The bore is constructed using a seamless piece of high conductivity 
copper. The transmit and receive coils in the x and z-axes are bolted into 
the bore and can be readily changed depending on the type of animal  
being imaged.  

3   Results 

Shown in Fig. 1, we see one of the halves of the main magnet assembly.  
The sub-assembly is constructed using a NdFeB magnet epoxied to an 
electromagnet.  In Fig. 2, we see the completed main magnet assembly. In 
Fig. 3, we see the transmit and receive coils, which are placed inside the 
main magnet assembly.  

 

 

Fig. 1. Half of main field gradient containing NdFeB slug and water cooled electro-
magnet.  The NdFeB magnet is potted in epoxy to accommodate the forces between 
the permanent magnet gradient and high power electromagnet.  
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Fig. 2. Assembled main magnet gradient with screwdrivers for scale. The super-
structure is constructed using G10 fiberglass composite, which is non-conductive, 
non-magnetic, and strong. The shown apparatus weighs over 300 kg.  

 

Fig. 3. Mouse transmit and receive coils. [LEFT] High power transmit coil wound 
with hollow core magnet wire. [RIGHT] receive coil wound with insulated wire.  
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Shown in Fig. 4, we see the characterization of the main magnet using 
hall effect probes (Model 475, LakeShore Cryotronics, Westerville, Ohio, 
USA).  We calculate the total field gradient as the maximal field gradient at 
a given position in the magnet. The field gradients experienced by a 
mouse and a rat are similar: 

 
Table 1. Mean field gradients in the x, y, and z axes across mouse and rat FOVs. 

 
Animal FOV Gx [T/m] Gy [T/m] Gz [T/m] 

Mouse 3 cm x 8 cm 6.7 +/- 0.2 3.4 +/- 0.1 3.3 +/- 0.2 

Rat 5 cm x 12 cm 6.4 +/- 0.6 3.3 +/- 0.2 3.1 +/- 0.4 

 

 

Fig. 4. Main magnet characterization of the completed magnet.  [LEFT] The field 
magnitude approaches 400 mT next to the permanent magnet pole pieces.  
[RIGHT] Maximal field gradient.  The field gradient is approximately 7 T/m in the 
center of the field of view, and increases to near 11 T/m at the pole pieces.   

4   Discussion 

The main magnet produces a field gradient of 7 T/m in the isocenter of the 
magnet, and 6.7 T/m on average across the scan area for a mouse. This is 
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12.5% weaker gradient strength than the design goal of 8 T/m, most likely 
due to incomplete saturation of the magnet pole pieces.  

We are currently building the supporting systems for the magnet which 
include high power control systems, the transmit and receive chains, as 
well as the y and z slow FFP movement magnets. Together, this will ena-
ble this third-generation x-space MPI system to image in real-time. 

5   Conclusion 

We have described the construction of a third generation x-space MPI 
scanner suitable for mice and rat imaging, the fifth MPI scanner built at UC 
Berkeley.  The scanner has two goals, (1) High resolution native MPI reso-
lution using x-space, and (2) extended FOV suitable for mice and rats. The 
magnet had a design goal of 8 T/m, and an achieved gradient strength of  
7 T/m.  
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Abstract. Here we describe the construction and images of the first pro-
jection x-space MPI scanner. The scanner is a side-access quadrupole 
design, and generates a 2.35 T/m main field gradient.  The system ex-
cites the sample and receives signal in one axis, and reconstructs full-
body images using x-space reconstruction. The resulting images are of 
high quality, and we demonstrate linear and shift invariance of the imag-
ing system by imaging a resolution phantom and mice injected with  
Resovist.   

1   Introduction 

Projection Magnetic Particle Imaging (MPI) can improve imaging speed by 
over 100-fold over traditional 3D MPI. In this paper, we describe the 
design, construction, and imaging results of a 2D projection x-space MPI 
scanner for real-time mouse imaging.  To date, all experimental MPI 
scans have been performed with a field free point (FFP) [1], which 
requires a 2D raster scan of a 3D volume to create an image. Current 
state-of-the-art MPI is intrinsically three-dimensional due to the design of 
the main magnet. These scanners form a single point in three-dimensions 
termed the Field Free Point (FFP), where the magnetic field magnitude is 
weaker than the saturation magnetization of a magnetic nanoparticle 
tracer. Stretching the point along one axis converts the FFP into a line, 
termed a Field Free Line (FFL) by the first publication in this area [2]. 
Other work has described possible techniques to rotating the FFL 
electronically [3]. 

2   Material and Methods 

Our FFL gradient design concept was to construct a side-access quadru-
pole magnet. To achieve the magnetic field gradients necessary for MPI, 
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we used NdFeB permanent magnets with no field return. The main magnet 
generates a 2.35 T/m field gradient, which corresponds to a native resolu-
tion of 3.8 mm using Resovist. The magnet free bore is 10 cm, and we 
have sized the receive coil for mouse imaging (4 cm ID). Transmit and re-
ceive coils can be easily changed for imaging larger (or smaller) FOVs. 
The system images 2.5 cm x 5.0 cm partial FOV images at 10 frames per 
second.  Acquisition of the partial FOVS can be sped up through the use of 
a larger amplifier or a redesigned shift coil. Full FOVs of 10 cm x 5.0 cm 
are acquired in 4 seconds and can be sped up through the addition of an 
additional electromagnet to move the FFP in the z axis rather than the cur-
rent mechanical translation. 

Images are reconstructed using x-space MPI reconstruction theory.  X-
space MPI is a new theoretical approach to MPI signal processing and re-
construction that enables acquisition of a native MPI image, and does not 
require a system function, harmonics, or pre-characterization of the nano-
particles or imager. We described the x-space technique in detail in our 
first two x-space papers [4,5]. All MPI image reconstructions require the 
recovery of the lost low frequency information filtered out to avoid direct 
feedthrough [8]. We have experimentally shown that MPI with x-space re-
construction can produce Linear and Shift Invariant images, a property 
crucial to the reliability and efficacy of MPI in medical imaging. 

3   Results 

Shown in Fig. 1, is the UC Berkeley FFL scanner.  The scanner was con-
structed in-house, including machining of the G10 fiberglass composite 
structural plates as well as assembly of the magnets.  The magnet configu-
ration is similar to a quadrupole magnet used in a linear acclerator, with 
two sides removed for access. In Fig. 2, we used the FFL scanner to im-
age a complex resolution phantom constructed using laser-cut acrylic. The 
resolution phantom enables measurement of the system’s native resolu-
tion when imaging Resovist tracer. Fig. 3 shows two mice imaged using 
the system. The mice images show that the x-space MPI image is not af-
fected by tissue, as well as the high contrast that is inherent to the MPI 
technique.  
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Fig. 1. UC Berkeley Projection X-space MPI Scanner. [LEFT] The 12 rectangular 
NdFeB magnets that produce the main field gradient are configured as two large 
magnets in opposition.  [RIGHT] The main field gradient produces a 2.35 T/m field 
gradient. Excitation and signal reception occur in one axis (down the bore in the z 
axis). 

 

Fig. 2. Mouse Images of two different mice injected to 20 micro-liters undiluted Re-
sovist. The mice were identically prepared, but one was sacrificed 30 seconds after 
injection, and the other after 5 minutes.  The mice were imaged post-sacrifice.  To-
tal imaging time: 15 seconds. 
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Fig. 3. Resolution Phantom. The phantom is constructed using acrylic and filled 
with diluted resovist (1 part Resovist, 9 parts water). Total imaging time: 4 seconds. 

4   Discussion 

The measured native resolution of the system is 3.8 mm, which is consis-
tent with our models and measurements that show that Resovist acts simi-
lar to a nanoparticle with a 17 nm magnetic core diameter [5,6]. It is of 
great importance that we develop tracers that are better optimized for MPI 
resolution and SNR [7]. This measured resolution is apparent in Fig. 2, as 
the samples separated by 2 mm are not discernable, 4 mm are just  
discernable, and 6 mm are easily discernable.  

For the proper operation of MPI in a projection format, the field accuracy 
of the FFL scanner is crucial.  The inhomogeneity of the field free line 
demonstrated here leads to minor signal fading and a depth dependent 
point spread function; and we have experimentally demonstrated less than 
2% fading and widening of the point spread function at the far ends of the 
FFL scanner (not shown in this paper).  

The images of the mice in the scanner shows the high contrast that 
would provide allow MPI to acquire ideal angiography images. The tech-
nique does not see tissue whatsoever, and sees only the nanoparticle 
tracer. This ideal contrast would enable acquisition of a full projection 
across the patient and produce an image similar to an x-ray angiogram, 
but without the dangers of iodine tracer or radiation. 

5   Conclusion 

We have designed and constructed the first projection MPI scanner, and 
used the system to image complex phantoms and mice.  The projection 
format could enable imaging up to 100 times faster than a 3D MPI scanner 
because images are acquired in 2D instead of 3D. The UC Berkeley scan-
ner reconstructs images using x-space reconstruction, which enables the 
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acquisition of native MPI images with no pre-characterization of the trac-
er/scanner.  The projection scanner produces a 2.35 T/m main field gra-
dient, and has an experimentally measured 3.8 mm resolution down the 
bore. The system was also used to image whole mice, and the resulting 
images show the high contrast inherent to MPI.  
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A new measurement principle based on the frequency mixing technique for 
investigating the shape of the magnetization curve of soft non-hysteretic 
magnetic materials is introduced. Based on Taylor expansion of the mag-
netization curve and spectral investigation of an inductively detected sig-
nal, a mathematical model for the reconstruction of M(H) is proposed, [7]. 
Here, the model is experimentally verified using a nanocrystalline soft 
magnetic material with defined properties. It is shown that the magnetiza-
tion curve can be reconstructed very accurately and the influence of an 
additional parameter, i.e. strain, can be investigated in detail as well.  

1   Introduction 

Measurement of full magnetization curve is an important prerequisite to 
achieve a complete characterization of sample’s magnetic properties. Up to 
date several systems have been developed for this purpose, [1, 2]. Standard 
techniques are vibrating sample/coil magnetometers where mechanical vi-
bration of the sample/coil is required. Measurement of magnetization curve 
in complex geometries such as inline in production or estimation of local 
properties are difficult to be realized using these conventional methods. 
They require huge and robust systems which are difficult to manipulate. 
More flexible are optical methods such as magneto-optical Kerr measure-
ments [3, 4], but they can measure only the surface properties in nanoscale 
range. 

In this paper, a new sensor technique based on the frequency mixing 
method is proposed to measure the magnetization curve of soft magnetic 
materials. The performance of the technique is tested on a magnetic 
sample with defined properties. Additionally, the sample’s strain level is 
investigated. 
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2   Material and Methods 

In the frequency mixing method, the magnetic material is exposed to a 
magnetic field consisting of two components: H1(f1) and H2(f2) with f1 >> f2 
(blue line in Fig. 1a). The amplitude of the low frequency component of the 
field is chosen to be high enough (H2 >> H1) to ensure that the magnetic 
material is periodically driven in saturation. As a result, additional harmon-
ics and new mixing components can be detected in spectra of the re-
sponse signal of the material (blue line in Fig. 1d). The appearance of 
these components is highly specific to the nonlinear magnetization curve 
of the material (Fig. 1b). With this technique, a very good selectivity can be 
achieved. Other materials in the interaction volume such as ceramics, 
metals, etc., will not produce any frequency mixing signals if their magnetic 
behaviour is linear, i.e., paramagnetic or diamagnetic in the considered 
range of the magnetic field. Therefore, by measuring the mixing compo-
nents, information about ferromagnetic material content can be obtained. A 
detailed description of this principle has been published in [5, 6]. 

The presence only of the even mixing terms, i.e. f1+2nf2 in the spectra is 
a consequence of the symmetry of the magnetization curve. Any distur-
bance of the symmetry will give rise to odd terms, too. If a DC field offset 
H0 is applied to the material (red line in Fig. 1a), both AC fields, H1 and H2, 
are shifted towards the saturated regime of the magnetization curve. As a 
result the magnetization answer becomes asymmetric (red line in fig. 1c). 
The induced asymmetry in the transfer function, M(H), will introduce odd 
mixing components in the spectra (red line in Fig. 1d), too. Based on this 
effect and using Taylor expansion of magnetization curve, a mathematical 
relationship between magnetization M of a material and the amplitude of 
the induced mixing components in the frequency spectra of M(t) was for-
mulated [7], and can be expressed as: 
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It should be noted that this model is valid only for magnetic material with-
out hysteresis. If a material is magnetically hysteretic, minor loops that are 
caused by the application of the AC fields will deviate from the major loop 
of the magnetization curve. Thus, a misleading smoothing of the hysteresis 
curve will be observed. 

Both Eqs.(1) and (2) depend either on even or odd mixing components 
and also on the magnitude of applied AC fields. Reducing the AC fields re-
sults in an increase of the measurement method’s resolution but also in a 
lower signal amplitude. Therefore, the amplitude of both fields H1 and H2 
has to be chosen carefully in order to obtain an adequate signal-to-noise 
ratio (SNR). In order to minimize the influence of field amplitudes and  
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Fig. 1. Frequency mixing principle: a) the applied two-frequency field; blue without, 
red with an offset field H0; b) sample’s magnetization characteristics; c) resulting 
magnetization M(t) of the material and d) corresponding frequency spectra at the 
upper sideband of f1.  

 

 
noise amplification by integration, only equation (1) is used for magnetiza-
tion curve reconstruction. 

Numerical simulation of the frequency mixing technique [7] has shown 
that the magnetization curve can be reconstructed well by numerical inte-
gration of Eq.(1).  

The sensor system developed for measurement of magnetization curve 
using the above described frequency mixing technique is described in de-
tail in our previous publications [5-7]. 

3   Results 

To investigate the sensor performance and to prove the above described 
M(H) reconstruction principle, a ribbon (18μm thickness) of a nanocrystal-
line soft magnetic material was tested. This alloy consisting of Fe, Cu, Nb 
and Si (Vitroperm 800) was provided by Vacuumschmelze. In the as 
quenched state this material has a magnetostriction constant of about 
20ppm. Therefore the application of stress induces a magnetically easy 
axis parallel to the stress direction. With this approach, magnetization 
curves with different shape are obtained. In addition, the sample’s strain 
level can be investigated. 

The data obtained from the frequency mixing sensor are compared  
to measurements using a standard technique (VSM, Lake-Shore 7300  
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Series). For VSM investigations, a sample holder was designed that al-
lowed to apply stress to the sample during the measurement. Due to the 
fact that both space and weight were limited in the VSM, the exact quantity 
of stress and strain cannot be monitored. In the sensor system, the space 
in between the pick-up coils can be accessed more easily. Furthermore, 
the sample is not mechanically vibrated. This allows to implement a more 
sophisticated tensile testing system. Here, strain is applied via a 
micrometer screw and stress is monitored using a high sensibility force 
gauge (Inelta KMM62). 

The magnetic properties of the sample under mechanical stress, inves-
tigated using VSM are shown in Fig.2(a, b). All measurements were in-
plane perpendicular to the stress direction. It can be seen that increasing 
the strain is followed by a reduction of the slope of the magnetization curve 
at zero field. This monotonous decrease of µr with strain has also been 
demonstrated by MOKE measurements in previous works [6]. However, as 
motivated above, the monitoring of the applied strain level is difficult to be 
realized both in VSM and MOKE, the latter one also being restricted to sur-
face magnetization analysis only. 

 

 
 

Fig. 2. Magnetic properties of the FeCuBSi foil at different strain levels. (a) Magne-
tization curve measured using VSM, perpendicular to the applied strain direction. 
(b) Relative permeability obtained by differentiation of (a). (c, d) Reconstructed 
magnetization curves using frequency mixing technique. 
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The magnetization curves and the relative permeability reconstructed 
using the frequency mixing technique and Eq. (1) for different strain levels 
are shown in Fig. 2(c, d). Due to different amplification factors within the 
electronic components and the nescience of the exact sample interaction 
volume v, only qualitative information, such as the shape of the magnetiza-
tion curve can be gained by this method. For this reason, all magnetization 
curves were normalized in Fig. 2(c). However, the influence of strain on 
the magnetic properties is accurately observable. Furthermore, using ap-
propriate amplification factors for specific materials and specific sample 
geometries, the reconstructed properties are in the same range, e.g. 

(30 200)rμ ∈ − , compared to the data obtained by conventional tech-

niques, Fig. 2(b) vs. Fig. 2(d). 

4   Summary and Conclusions 

In this paper, a non-contact measurement principle to measure the magneti-
zation curve shape of soft magnetic materials has been introduced. For this 
purpose, an inductive detection sensor based on frequency mixing tech-
nique has been used. The performance of the designed sensor and M(H) 
reconstruction principle has been shown experimentally using a ferrous, na-
nocrystalline ribbon with positive magnetostictive properties. After recon-
struction, the influence of stress on the shape of the magnetization curves is 
in good agreement with VSM data and previous investigations [6]. Further-
more, using proper calibration factors and approximations for the interaction 
volume, the reconstructed magnetic properties are also quantitatively the 
same as measured by standard techniques. Based on the high adaptability 
of the measurement setup, such sensors can be designed to suit difficult 
geometries or to perform locally restricted measurements. The frequency 
mixing technique is highly selective, making such a sensor also applicable to 
systems where the magnetic phase is embedded in complex matrix, e.g. 
multilayer  coatings. Otherwise, this technique provides a reliable low cost 
alternative for M(H) investigations of soft magnetic materials. 
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Abstract. Using microscopically models and Green's function techniques 
we demonstrate how one can get information of ferroelectric nanoparticles. 
The approach can be extended to multiferroic systems which are defined 
as materials possessing two or more ferroic orders in a single phase.  In 
detail we show that the unexpected ferromagnetic properties of BaTiO3 
(BTO) observed recently at room temperatures are due to oxygen vacan-
cies at the surface of the nanocrystalline materials. Such vacancies lead to 
the appearance of Ti3+ or Ti2+ ions with nonzero net spin. The resulting dif-
ferent valence offers a nonzero magnetization which decreases with in-
creasing particle size. The system shows a multiferroic behavior below a 
critical size of the nanoparticles and the related polarization tends to a  
saturation value when the particle size is enhanced.  

1   Introduction 

Since ferromagnetism and ferroelectricity in lower dimensions promise a 
drastic increase of the storage density of RAM, nanoscale materials have 
attracted extensive attention. The anticipated benefit depends on whether 
the phase transition and the polarized low temperature state still exist when 
the system is scaled down up to less than 100 nm. The challenge in low 
dimensional finite structures concerns the synthesis, the experimental cha-
racterization of their size-dependent properties as well as the theoretical 
description. Nanostructures are observed in a wide variety of realizations 
such as nanoparticles, nanorods, nanowires, nanocubes and nanotubes. 
Generally, the size of nanoscale material is assumed to be less than 100 
nm, for a recent review on ferroelectric and ferromagnetic nanoparticles see 
[1, 2].  Another interesting aspect is the recent observation, reported from 
both experiments and first-principles calculations, that typical ferroelectric 
material such as BaTiO3 (BTO) and PbTiO3 (PTO) become multiferroic 
when they are prepared at the nanoscale [3]. Nanocrystalline BTO offers at 
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room-temperature magnetic hysteresis as well as temperature-dependent 
dielectric constant and a polarization. Multiferroics that exhibit magnetoe-
lectric coupling are widely discussed from quite different context [4]. How-
ever, apart from a density functional calculation as vacancy-induced mag-
netism in BTO(001) thin films [5] a well accepted theoretical description of 
the ferroic properties of nancrystalline BTO is still missing. In a previous 
paper [6] we have proposed a model for BTO which allows finding out the 
multiferroic properties.   

2   Material and Methods 

We are interested in a theoretical description of the unexpected magnetic be-
havior of BTO. To that aim we use the Ising model in a transverse field is an 
appropriate tool to describe the properties of ferroelectric nanoparticles [1]:  

                                        H = - Ω Σi Si
x - Σ Jij Si

z Si
z. 

Since the ferroelectricity in BTO is originated from the off-centering of the 
Ti ions with respect to the cubic perovskite crystal we assume as the sim-
plest model that there are two positions of the Ti atoms in a double-well 
potential. These two states are mapped on the Sz- component of a pseudo 
spin-1/2 operator whereas the Sx-component characterizes the tunneling 
between the wells with the frequency Ω.  We define a nanoparticle by fix-
ing the origin at a certain spin in the center of the particle and including all 
spins within the particles into shells, see Fig. 1. Surface effects or defects 
are included by different coupling parameters within the surface shell.  

 
Fig. 1. Ferroelectric nanoparticles of different size composed of shells. Each 
sphere represents an operator according to the Hamiltonian (a) one central spin 
plus N=1 shell, (b) N=2 (c) N=3 and (d) N=4. Second part: Surface and defect 
shells of nanoparticles. 

The magnetic properties of BTO are analyzed using the Heisenberg 
model for the resulting different valence states on the surface composed of 
Ti3+ or Ti2+.The Hamiltonian reads  

                                                       H = - Σ Aij Bi Bi . 

Here Bi is the Heisenberg spin operator at the site i and Aij is the exchange 
integral between the nearest neighbors of the Ti3+-ions. Different to many 
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oxides the exchange coupling is positive. In a similar manner like for the 
ferroelectric system we calculate the magnetization M.  The nanoparticles 
are composed of distinct shells indicating the size, see Fig. 1. Different to 
the ferroelectric case the surface exchange interaction As is assumed to be 
larger as the related bulk coupling Ab. Therefore only the surface spins 
yield a significant contribution to M, which is again found by the finite  
temperature Green's function approach. 

3   Results 

The thermodynamic Green's function method enables us to calculate the 
size dependence of the polarization P in BTO-nanoparticles for Js < Jb [1]. 
The results confirm that the polarization shrinks with the particle size N is 
decreasing and is vanishing at a critical value Nc =3. The result for the po-
larization is shown as curve 1 in Fig. 2.  The polarization is enhanced with 
increasing shell number N and becomes saturated for large size of the na-
noparticles. 

 

Fig. 2. Size dependence of the polarization (1) and magnetization (2). 

To analyze the magnetic properties let us coming back to the structure 
of conventional perovskite-based ferroelectrics like BTO more specifically. 
As mentioned before the ferroelectricity arises in that material as the result 
of the displacement of the so-called B-site cation (Ti4+) with respect to the 
oxygen octahedral cage. Consequently the transition metal ion (Ti4+ in 
BTO) needs an empty d-shell since the ferroelectric displacement occurs 
due to the hopping of electrons between the d-state Ti and p-state O 
atoms. Usually this process excludes the occurrence of any net magnetic 
moment because magnetism requires partially filled d-shells of the transi-
tion metal. Practically, all ferroelectric perovskites contain transition metal 
ions with an empty d-shell, such as Ti4+, Ta5+, W6+. The ferroelectricity in 
these systems is caused by the off-center shifts of the transition metal ion, 
which forms strong covalent bonds with one or three oxygen atoms using 
their empty d-states. And somehow, the presence of real d electrons in the 
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dn configurations of magnetic transition metals is able to suppress this 
process, preventing ferroelectricity in magnetic perovskites. This effect is 
well known as the so-called d0 versus dn problem. In [7] one finds magnetic 
measurements of BTO samples with 60 nm, 100 nm and 2 μm. While the 
sample on the nanometer scale reveals clearly ferromagnetism at room 
temperature the sample of μm scale shows a diamagnetic behavior as it is 
also expected for the bulk BTO material. The smaller the particle size is 
the higher is the saturation magnetization. The effect that larger particles 
lead to a lower magnetization is consistent with the suggestion that surface 
defects decrease with increasing particle size.  

4   Discussion 

As argued in [7] the observed ferromagnetism in such BTO-NP can be cor-
related with the presence of oxygen vacancies at the surface of the NP. So 
positron annihilation studies in BTO-NP reveals a lower annihilation rate of 
positrons with the 2p electrons of oxygen in the sample of 100 nm and 60 
nm in comparison to the bulk system. This observation indicates the pres-
ence of oxygen vacancies [7]. Each oxygen vacancy is expected to donate 
two electrons to the empty d-state of a single Ti4+ (d0) ion in order to pro-
duce a Ti2+  (d2) ion with spin S = 1. An alternative mechanism is that each 
oxygen electron goes to different Ti4+ ions and generate two Ti3+ ions in 
state d1 with spin S = ½  [7].  With decreasing particle size the number of 
oxygen vacancies increases and hence the number of Ti2+ or Ti3+ ions is al-
so enlarged. This enhancement of Ti ions with nonzero spin gives rise to a 
weak ferromagnetism. Probably there is also the creation of a mixed va-
lence state composed of a superposition of both states d2 and d1. The 
presence of the mixed valence state of the Ti-ions due to point defects 
could be also the origin for the observed room-temperature ferromagnetism 
in TiO2 nanoparticles.  

5   Conclusion 

In conclusion, we have shown that the observed ferromagnetic properties 
in BTO- or PTO nanoparticles at room temperatures could be originated 
due to the oxygen vacancies at the surface and to the appearance of a dif-
ferent valence state composed of Ti3+ or Ti2+. As the result one observes 
multiferroic properties of the nanoparticles.  Whereas the polarization de-
creases with decreasing particle size, the magnetization increases below a 
critical particle size Nc which is of the order of 4-8 Ǻ. The critical size 
should be enhanced by an increasing external magnetic field.  BTO is mul-
tiferroic in a small size interval below a critical one of the BTO-particle. Let 
us remark that our approach can be also used to analyze BTO-NP doped 
with transition metal ions like FE, Mn, Co or Ni.  
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Abstract. Starting from the basic principles of a Magnetic Particle Spec-
trometer (MPS), this paper explains the benefits and limitations of conven-
tional spectral representation of the magnetization behavior of magnetic 
particles. After motivating the advantages of direct m(H) representation 
for particle analysis, it is shown how this curve, or at least its derivative, 
which is related to the point spread function, can be derived from the 
measured data. To illustrate, MPS results for Resovist® are presented, 
that show experimental evidence of hysteresis in dynamically acquired 
m(H) curves. 

1   Introduction 

Dynamic large-signal magnetization analysis of magnetic particles consists 
of subjecting them to an externally applied sinusoidal magnetic excitation 
field H(t) [in A/m] and of detecting their change of magnetic moment m [in 
Am2] in response to it. The derivative of m manifests itself in the form of a 
voltage u induced in the receive coil  

                                (1) 

with µ0 = 4π 10-7 Vs/Am and S [in 1/m] being the coil sensitivity. 
A magnetic particle spectrometer (“MPS”) is the instrument of choice to 

assess the suitability of magnetic particles for imaging. Different from a 
3D-scanner, it excites the particles by a single frequency oscillating field 
H(t) = Hpk sin(ωt)  that points in a fixed spatial direction. Since localization 
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is not required, a MPS neither has a selection field; it can thus be consi-
dered a “0-dimensional” scanner. The MPS-results are hitherto typically 
provided in the frequency domain. To this end, eqn. (1) is Fourier-
transformed  

                                  (2) 

and solved for m(ω). Several spectra m(ω) are typically acquired for dif-
ferent peak excitation amplitudes Hpk. Fig.1 shows such a spectrum for 
Resovist®, today’s “gold standard”. 

 

Fig. 1. Spectrum of 10µl undiluted Resovist® (500mM(Fe)) excited with Hpk = 
25mT/µ0 at 25kHz, as acquired using Bruker’s commercial MPS [1]. The interesting 
information is within the odd harmonics; even harmonics are about 2 orders of 
magnitude lower and due to residual external offset fields. The noise floor is at fre-
quencies which are not harmonics of the excitation frequency. Altogether, 100 
harmonics are detected. 

2   Motivation 

The benefit of a spectral representation is that the suitability of particles 
can easily be assessed: the stronger the higher order harmonics, the bet-
ter for imaging. However, in order to understand particle dynamics better, it 
is more rewarding to look at the dependency m(H), or at least its derivative 
dm(H)/dH, which are both characteristic for the particles. Fig. 2 shows the 
Langevin-based m(H) curve, together with a hysteresis-affected magneti-
zation curve.  
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Fig. 2. Sketch of the response of a magnetic particle in terms of magnetic moment 
m(t) as a function of the external magnetic field H(t). The blue dotted curve shows 
a particle following Langevin-theory. The red solid curve deviates from such ideality 
by introducing hysteresis. The red arrows indicate the direction of the transition. 

To study hysteresis, as predicted in [2] for particles affected by aniso-
tropy (shape, crystal etc), looking at the magnitude spectrum alone, how-
ever, is insufficient. The information is contained within the (typically ig-
nored) phase spectrum.. 

3   Method  

Due to “jamming” from the far stronger externally applied field H(t), tradi-
tional spectrometers are unable to provide the response at the excitation 
frequency. Hence, it is impossible to recover m(t) and in consequence 
m(H). Whilst this limitation can only be solved by gradiometer based in-
struments [4], it is possible to solve for dm(H)/dt. To this end, the initial in-
duction equation (1) is reformulated as 

                 (3) 

such that the derivation is separated into two independent factors: the first 
dm(H)/dH solely describes the magnetic particle, the second dH(t)/dt sole-
ly describes the externally applied magnetic field. Since H(t) = Hpk sin(ωt), 
it follows dH(t)/dt = ω Hpk cos(ωt), so we solve equation (3) for dm(H)/dH: 

                            (4) 

The result can be visualized as a parametric plot {H; dm(H)/dH}, with time 
t being the independent parameter, as suggested in [3]. Fig. 3 shows this 
for the particles from Fig. 2. The hysteresis now manifests itself in the form 
of split peaks.         



290 I. Schmale et al.
 

 

Fig. 3. Sketch of the derivate of the curves shown in fig.1, as a parametric plot. The 
hysteresis leads to the appearance of two peaks in the red curve, one for either  
direction. 

Since the measured u(t) lacks an unknown fundamental frequency term 
uin_phase*cos(ωt) + uin_quadrature*sin(ωt), the division (eqn. 4) by cos(ωt) 
leads to two error terms: a constant ein_phase and a time-dependent 
ein_quadrature*tan(ωt). Whilst the first is just a harmless horizontal offset in 
the scatter plot of dm(H)/dH, as pointed out in [3], the second is a singular-
ity at the field reversal points, which can be expressed as a function of 
H(t): 

        (5) 

Fig. 4 shows the qualitative nature of the difference between true and 
measured dm(H)/dH; quantitatively no values are available. 

 

 

Fig. 4. Sketch of the error between the calculated PSF and the true dm/dH curve. 
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Since the fundamental frequency component is also “jammed” within 
imaging, the calculated dm(H)/dH this way shall be termed (1-dimensional) 
“point-spread function” (PSF) within MPI. By definition, we algorithmically 
suppress any discontinuities of the PSF at the field reversal points, and set 
the offset such that max(PSF) = 0. We plot PSF with respect to the excita-
tion field strength H, which is useful in spectrometry. Alternatively, for a 
given scanner hardware, PSF can be plotted versus spatial position x of 
the field-free point [3], which is horizontally scaled by the gradient of the 
selection field 

                              (6) 

4   Results and Discussion 

From the PSF of Resovist in Fig. 5, clear evidence of hysteresis can be 
seen. The two peaks in are set apart by approximately 4mT/µ0. 

 

 

Fig. 5. Measured PSF of diluted Resovist® (1:10, 50mM(Fe)) excited at 5 different 
magnetic field strengths Hpk = 5; 10; 15; 20; 25 mT/µ0, at 25kHz, a) without or with 
static magnetic offset fields in b) axial or c) orthonal direction. 
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To the knowledge of the authors, this is the first direct quantification of 
hysteresis, a phenomenon not only useful for hyperthermia [5], but also for 
the simultaneous imaging of distinct particles [6]. In addition to the simple 
model used for figs. 2 and 3, asymmetry can be observed in the edges. As 
the rising edge is steeper than the falling one, it seems intuitive to apply re-
laxation [7], despite leaving the small-signal regime [5]. Detailed particle 
simulations including anisotropy [2], on the other hand, predict the falling 
edge to be the steeper one. The observed shape of asymmetry is never-
theless explicable by a distribution of particle diameters and anisotropies.  

5   Conclusion 

The point-spread function can be derived with little effort from the spectral 
magnetization response as provided by a magnetic particle spectrometer. 
It allows investigating hitherto concealed properties of magnetic particles 
such as hysteresis and asymmetry. 
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Abstract. For small excitation fields in the microtesla (μT) range, the de-
pendency of the magnetic moment of magnetic iron oxide nanoparticles 
(MNP) on the external field can be regarded as linear. Sensitive supercon-
ducting quantum interference devices (SQUIDs) enable the detection of 
the response of MNP in biological tissue in the pT range. The co-
registration of the excitation field is reduced by appropriate geometrical 
configuration of excitation coil and sensor coil. MNPs in a wide range of 
mean diameter and distribution parameters can be used for signal genera-
tion. The spatial distribution of MNP is reconstructed using data from a pa-
rallel multi-sensor and sequential multi-coil arrangement and applying li-
near estimation techniques. The time delayed response of MNP due to 
Brownian and Néel relaxation processes represents a specific signal not 
being influenced by the diamagnetic contribution of water in the tissue. We 
present the theoretical background and measurement data from different 
setups that will exemplify the concept.  

1   Introduction 

The application of magnetic nanoparticles both for diagnostic and thera-
peutic purposes is an area of intensive research in biomedical science. 
These developments require a quantitative measurement technique for the 
noninvasive determination of magnetic nanoparticle distributions in biologi-
cal tissue. The general approach to solve this problem is to modify estab-
lished magnetic measurement techniques that have been developed for 
lab specimens, so that they will also work noninvasively on biological  
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objects of larger physical extent. In this paper we investigate the applicabil-
ity of well-known linear magnetic susceptibility and magnetic relaxation 
measurements for spatially resolved quantification of magnetic nanopar-
ticles in tissue. The theoretical background is summarized and some initial 
experimental results are presented. 

2   Material and Methods 

We assume that nanoparticles of known magnetic susceptibility χ are in-
jected into a biological system and we are interested in the spatial distribu-
tion of the concentration c[m-3] of the nanoparticles over the biological ob-
ject. The volume of interest is partitioned into K voxel volumes Vk with 
homogeneous particle concentration ck.  For a noninvasive measurement 
the magnetizing field Hk in voxel Vk is induced by coils outside the biologi-
cal object constructed of piecewise linear segments i carrying an electrical 
current I [1].  

∑
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⋅

⋅+⋅
×

⋅
⋅
+

=
i

i
iiii

ii

ii

ii
k I

ssss

ss

,2,1,2,1

,1,2

,2,1

,2,1

π4

1

ss

ss
H                           (1) 

The terms s1 and s2 denote the distance vectors from voxel k to the end 
points of the current filament i. The magnetic moment of the k-th voxel is 
given by:  
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since the Langevin function describing the magnetic behavior of the nano-
particles can be linearized for | mμ0H / kBT | << 1. Here, m is the magnetic 
moment of a single nanoparticle in units of the Bohr magneton μB, kB is the 
Boltzmann constant and T the temperature. A magnetic field sensor in-
stalled outside the biological object will measure the directional magnetic 
induction Bk from the k-th voxel: 
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with μ0 being the magnetic vacuum permeability, r  the distance between 
voxel and sensor, n the sensitive direction of the sensor. The contributions 
from all voxels have to be summed up to get the total signal sensor in  
sensor s [2]:                
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where the vector L contains the sensitivities of the setup for the voxels and 
c contains the local nanoparticle concentrations. By using AC-
susceptometry (ACS) or magnetorelaxometry (MRX), we exploit the time 
delayed response of the magnetic nanoparticles to external field changes 
in order to distinguish their signal from the diamagnetic background of the 
water in the tissue. The characteristic equation of the MNP temporal re-
sponse in small excitation fields is  

( ) ( ) ( )tHtmttmτ kkeff χ=+d/d .                                                               (5) 

Equ. (5) can be solved in principle for any special excitation function leading 
to a further amplitude factor ξ. For the sinusoidal excitation function in ACS 

we get ( ) ( ) 11i, −+= effeff ωττωξ and for the step function in MRX we get   

( ) ( )effeff tt ττξ /exp, −= [3].  Variation of coil position or sensor position 

relative to the biological object by using parallel multi-sensor and sequential 
multi-coil arrangements results in linearly independent realizations of Equ. 
(4) [4]. The distribution of nanoparticles is reconstructed by linear estimation 
techniques applying the Moore-Penrose pseudoinverse of L [5,6]:  

( ) BLLLc T1T1ˆ
−−= ξ .                                                                             (6) 

3   Experiments and Results 

 

Fig. 1. A) Experimental setup for ACS .The sample is shifted through the coil (d = 
25 mm, h = 125 mm, N = 250). B) The measured AC-amplitude is clearly mod-
ulated by the MNP according to the y-position of the sample. 

In a first experiment, we placed a small MNP sample (450 μl suspension, 
Berlin Heart) inside a long coil (d=25 mm, h=125 mm, N=250) according to 
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Fig. 1A). An AC excitation current (I=50 μA, f=28.6 Hz) produced an inner 
field of about 125 nT at the coil centre and a residual field in the pick-up 
coil of the SQUID of about 1 nT. The sample was shifted for 110 mm along 
the y-axis in steps of 5 mm. The AC amplitude was measured by the 
SQUID at each sample position and the residual field was subtracted. The 
result is depicted in Fig. 1B). In a second experiment a shorter coil (d=37.5 
mm, h=28 mm, N=50) was placed close to a multi-SQUID system and the 
sample was moved over 48 mm through the opening of the coil and at 
each position magnetized with an MRX step function (Figs. 2A), 2B)). Fig. 
2C shows the source distribution reconstructed on a 20 x 50 mm2 source 
grid using Equ. (6). In a third experiment, three samples containing differ-
ent amounts of MNP (3.9 to 39 μgFe absolute iron mass) were distributed 
over a distance of 80 mm (Fig. 3A). The samples were magnetized (4 A/m 
- 60 A/m) using three sequentially driven field coils (d = 25 mm, h = 10 
mm, N = 25). The distance of the SQUID to the closest sample was about 
50 mm. The magnetic moments and the iron mass of the three samples in 
three different configurations could be reconstructed in the microgram 
range using Equ. (6) (Fig. 3B). The mean difference between measured 
and estimated iron mass amounted to 3 μg(Fe). 
 

magnetizing coil

sample

Δy = 48 mm

Multi-SQUID System

BA

x
y

z

28 mm

 

 
 

Fig. 2. A) Setup for MRX experiment in an inhomogeneous excitation field. B) Ex-
perimental realization. On top the multi-SQUID system is visible. C) Reconstruction 
of the iron concentration on a 20 x 50 mm2 source grid in the x-y plane for different 
real sample positions y0.  
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Fig. 3. A) MRX for simultaneous measurement of 3 samples by sequential activa-
tion of 3 coils with inhomogeneous excitation field. B) Reconstruction of the MNP 
amount for 3 different configurations according to Equ. (6). 

4   Conclusion 

It is possible to reconstruct the spatial distribution of magnetic nanopar-
ticles non-invasively from measurements of their magnetic response to 
time-varying inhomogeneous external magnetization fields below 1 mT. In 
principle, arbitrary signal shapes can be used for the excitation function. A 
step function and a sinus function have been experimentally demonstrat-
ed. The inverse problem can be solved after a detailed modeling of geo-
metry and environmental parameters of the forward problem. The experi-
mental sensitivity amounted to a few μg Fe over a source extent of several 
cm. Further research is needed to explore the spatial resolution, the tem-
poral particle response and the practical applicability of the method.  
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Abstract. Multi-channel magnetorelaxometry (MRX) is demonstrated to 
locate and quantify several foci of a magnetic nanoparticle (MNP) distribu-
tion after magnetic drug targeting (MDT) in an in-vivo rabbit carcinoma 
model. By this non-invasively technique MNP accumulations of lateral ex-
tensions up to 20 x 30 cm2 can easily be accessed in biological tissue. The 
total measurement duration of about 20 min including preparation of the 
rabbit and measurement of two regions of interests (ROI), tumor and tho-
rax (liver, lung and spleen), enables a high throughput of animals. Model-
ling the MNP distribution either by magnetic point dipoles (ROI tumor) or 
by an extended, homogenously magnetized body (ROI thorax) of simple 
geometry, e.g. cuboid, the total magnetic moment and location of each fo-
cus is determined by minimum norm estimation. Simultaneously, vital func-
tions like respiration and heart activity can be monitored directly and non-
invasively during the MRX measurements. Thus, our MRX procedure 
gains valuable information for monitoring of MDT procedures in large scale 
animal models.  

1   Introduction 

In Magnetic Drug Targeting (MDT) magnetic nanoparticles (MNP) are used 
as carriers for chemotherapeutic agents [1]. They are administered into a 
supplying artery or vein and then accumulated at the tumor region by an 
external magnetic field gradient. The investigation of the complex interplay 
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between physical and physiological parameters during MDT requires a  
detailed quantitative knowledge about the resulting MNP distribution and is 
studied in in-vivo carcinoma animal models. Apart from the amount of 
MNP that can be enriched in the tumor by the force of the targeting mag-
net, the uptake of MNP by other organs like liver, lung and spleen is of vital 
importance.  

Magnetorelaxometry (MRX) is a non-invasive technique that provides 
such quantitative and spatially resolved information [2]. The usability  
of this technique has been proven previously for the in-vitro quantification 
of MNP accumulations after MDT in an artery model [3] and after MDT of 
magnetic aerosol in a pig lung model [4]. Here, we present the applica-
tion of in-vivo MRX on tumor bearing rabbits (VX-2 squamous cell carci-
noma) after MDT to quantify the amount and distribution of MNP after 
intraarterial application. 

2   Material and Methods 

Magnetic drug targeting application (MDT): The VX2 squamous cell 
carcinoma were implanted at the hind leg of New Zealand White rabbits 
and grown for 2-3 weeks. For the MDT application the rabbit was placed 
with its tumor underneath the pole tip of an electromagnet (Siemens, mag-
netic field gradient: 72 T/m) and 1-2.5 ml MNP suspension (iron oxide na-
noparticles coated by phosphated starch polymers and bound to mitoxan-
trone as chemotherapeutic agent, c(Fe): 6.3 mg·ml−1, hydrodynamic 
diameter: 100(40) nm) were injected into the supplying femoral artery 
close to the tumor. The field gradient at the tumor site was maintained for 
up to 90 min to restrain the drug locally. As a reference we prepared 200 µl 
of the administered MNP in varying dilution steps (100,101,102) immobilized 
in plaster and determined their MRX moment amplitude. 

All experiments were approved by the regional animal care committee 
(District Government Mittelfranken 54-2531.31-27/06) and were in accor-
dance with international guidelines on the ethical use of animals. 

Magnetorelaxometry (MRX): MRX measurements consist of two parts 
[2]: First the MNP are exposed to a moderate homogeneous magnetizing 
field of about 1 mT generated by a Helmholtz coil (d=84 cm) to (gradually) 
align their magnetic moments. Then, the field is rapidly switched off and 
the magnetic relaxation of the MNP moments is recorded by a magnetic 
field sensor for some time interval. For spatially resolved MRX we utilized 
the PTB 304-SQUID system (a multi-channel system detecting the mag-
netic field vector B=Bx,By,Bz within an area of about 20 cm diameter at dif-
ferent horizontal layers) operated in a magnetically shielded room. For the 
measurement the anesthetized rabbit is fastened in lateral position on a 
Perspex support. To determine the body location with respect to the  
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sensor system two small copper coils are fixed at the tumor (5 turns, mac/I 
=26(3) cm2) and thorax (7 turns, mac/I =83(4) cm2) region, additionally. Af-
ter 60 s magnetizing (field orientation parallel to sensor Bz-direction) out-
side the shielded room the rabbit is rapidly (within 7 s) transferred and  
positioned below the sensor system. The relaxation of the magnetic field 
from an MNP distribution is then recorded for at least 75 s at a sampling 
rate of 250 Hz. Each MRX measurement is followed by subsequent mea-
surements of the two marker coils driven by an AC current (I: 5-100 mA, 
f=29 Hz) without changing the position of the rabbit. The coil locations (and 
moments as a control) are determined by fitting the data to a magnetic 
point dipole model using a Levenberg-Marquardt algorithm. 

To account for the large animal extension of about 50 cm compared to 
the sensor array diameter of about 20 cm two MRX measurements are 
performed for each rabbit, one with the sensor array focussed at the tumor 
position (ROI tumor) near the rabbit’s hind leg and another measurement 
with the sensor array above the thoracic region of the animal (ROI thorax, 
with MNP accumulated in liver, lung, spleen).  

Each MRX measurement is followed by an automated data preprocess-
ing. First by constructing a software planar gradiometer using a peripheral 
sensor within each layer as reference the SNR of the data is enhanced. 
Then timing parameters of the MRX interval are determined (tstart=15 s af-
ter magnetic field is switched off, tend=tstart+60 s), from which the measured 
relaxation field pattern B(r,tstart)-B(r,tend) is formed. 

These patterns are displayed together with the two marker coil locations 
enabling a first assessment of the data. 

3   Results and Discussion 

As an example Fig. 1 shows typical MRX magnetic field patterns. Already 
by mere visual examination of these maps, two foci, a stronger at ROI tu-
mor and a smaller at ROI thorax can be distinguished. Since the magneti-
zation direction is determined to be parallel Bz, the lateral centre of gravity 
is at the (local) extreme value of the magnetic field. 

Assuming an extended homogenous MNP distribution (cuboid with edge 
lengths 2 x 6.5 x 6.5 cm3) for ROI thorax and a point-like accumulation for 
ROI tumor we determined the locations and magnetic moments of both 
ROIs by an iterative minimum norm estimation scheme. Normalizing to the 
reference sample moment measured under identical conditions an amount 
of 1.5(2) mg Fe in ROI thorax and 3.4(3) mg Fe in ROI tumor was esti-
mated. The centres of gravity of both ROIs are found within 1 cm from the 
corresponding marker coil locations.  
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Fig. 1. Combined magnetic field pattern (isocontour plot, field step width 2 pT) of 
the ROI thorax and the ROI tumor MRX measurement overlayed a photograph of 
the rabbit. The grey dots mark the lateral (center) positions of the ROIs with regard 
to the sensor system in the MRX measurements as determined from the two mark-
er coil field patterns. 

Within 2 hours six rabbits could be measured by in-vivo MRX including 
anesthetizing of the rabbit, fixating and wiring of the marker coils. Addi-
tionally to the MRX relaxation, magnetic signal traces of the rabbit’s heart 
activity and breathing are included in the measurement data as shown in 
Fig. 2. 

 

 
 
Fig. 2. Monitoring of vital functions during MRX measurements. Left: magnetocar-
diogram reflecting heart activity measured by a bottom Bz-sensor above the rabbit’s 
heart. Right: Breathing as seen by a Bz-sensor above the abdominal region of the 
rabbit. 
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4   Conclusion 

The multi-channel MRX allows one to non-invasively locate and quantify 
several foci of an MNP distribution in-vivo. The total extent of the investi-
gated region amounts up to 20 x 30 cm2 and may easily be increased by 
performing additional MRX measurements. Together with a detection limit 
of 100 µg Fe absolute for this type of MNP and the present MRX setup, 
valuable information for monitoring of MDT procedures in large scale ani-
mal models can be generated. A total measurement duration of about 20 
min including preparation enables a high throughput of our method. Simul-
taneously, vital functions like respirative and heart activity can be moni-
tored directly and non-invasively during the MRX measurements. 
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Abstract. Magnetic Particle Imaging (MPI) is a quite new imaging tech-
nique, based on the non-linear magnetization behavior of superparamag-
netic iron oxide nanoparticles (SPIOs). These SPIOs are applied to a pa-
tient as tracer material. An important key aspect for successful and reliable 
imaging is tracer development and characterization. Hence, a Magnetic 
Particle Spectrometer (MPS) is needed to perform extensive studies about 
the SPIOs dynamic magnetization behavior. The MPS hardware build-up 
consists mainly of a drive coil, a receive coil, a cooling circuit, amplifiers 
and a control unit. This paper proposes a new self-contained control unit 
hardware system based on a System-On-Chip (SoC) Field-Programmable-
Gate-Array (FPGA). The control unit controls, collects, and maintains data 
acquisition, coil excitations and the behavior of the cooling circuit in real-
time. The SoC is also able to pre-process measurement data (i.e. filtering, 
averaging, up- and down-sampling etc.). The generation of the magnetic 
field in the drive coil is controlled by a 14 bit Digital/Analog Converter 
(DAC) coupled with an external amplifier. The receive coil signal is ampli-
fied and digitalized via a 14 bit Analog/Digital Converter (ADC). To prevent 
system overheating, also temperature is supervised and kept under certain 
limits. For that purpose four Resistive Thermal Devices (RTDs) in combi-
nation with a cooling unit are utilized. The transmission of measurement 
data is realized via USB 2.0 with up to 40 MByte/s. The USB link can  
also be used to setup the control unit and as power supply for the  
self-containing SoC. 
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1   Introduction 

Magnetic Particle Imaging (MPI) is a relatively new tomographic real-time 
imaging technique, based on measurement and reconstruction of the spatial 
distribution of a magnetic tracer material. The used tracer consists of super-
paramagnetic iron oxide nanoparticles (SPIOs). For the measurements, os-
cillating magnetic fields are applied and the SPIO response is measured. 
This magnetic particle moment is about eight times larger than the proton 
magnetic moment used in Magnetic Resonance Imaging (MRI), which gives 
higher sensitivity compared to other medical imaging techniques [1] [5]. 

To obtain accurate measurements, a reliable characterization of the 
used tracer material is needed. This characterization can be done with a 
Magnetic Particle Spectrometer (MPS) [2] [3] [4]. The MPS hardware set-
up consists of five main parts: a drive coil, a receive coil, a cooling circuit, 
an amplification stage and a control unit [6]. The present work presents a 
cost-sensitive self containing embedded Field Programmable Gate Array 
(FPGA) based System on Chip (SoC) control unit for an MPS system. 

2   Material and Methods 

The proposed self-contained control unit hardware system is in charge for 
data acquisition and signal excitation. Moreover, it also provides the com-
munication to a remote PC and commands the behavior of the cooling cir-
cuit in real-time. The control unit is also able to preprocess the acquired 
data directly (i.e. filtering, averaging, up- and down-sampling etc.). The 
SoC firmware can be easily adapted for changing requirements or re-
search purposes. A block diagram of the control unit is shown in Figure 1. 

 
Fig. 1. Control unit block diagram 
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The central part of the control unit is a Lattice XP2-5E FPGA. The FPGA 
offers a JTAG interface and persistent on-chip flash to ensure reliable op-
eration and fast boot times. An 80 MHz external low jitter clock is used to 
ensure reliable measurements. To facilitate easy software development 
and usage status LEDs, as well as user interface push buttons are  
attached. 

The excitation of the drive coil is controlled by a 14 bit Digital/Analog 
Converter (DAC) in combination with an external amplification stage. The 
signal input from the receive coil is externally amplified before arriving to a 
14 bit Analog/Digital Converter (ADC), which allows for sampling rates up 
to 25 MSPS. For accurately acquiring the current in the drive coil a second 
ADC is used. 

The cooling circuit relies on four Remote Temperature Sensors (RTS) 
equipped with four PT100, allowing for accurate temperature measure-
ments. In case of the detection of overheating, the FPGA activates the 
cooling ventilator, maintaining a constant cooling of heated parts. The data 
transmission from the system to a remote computer for the reconstruction 
of the measurement data is realized via an USB 2.0 interface, which pro-
vides up to 40 MByte/s. A FTDI FT2232H chip handles the USB communi-
cation by acting as synchronous FIFO interface in USB slave mode. 

Once the design was done, a Printed Circuit Board (PCB) has been de-
veloped, by following strict development constrains. With these constrains 
good manufacturability and signal integrity are ensured [7] [8]. The final PCB 
has only four layers and a board size of approximately 12.5 cm × 7.0 cm. 

3   Discussion and Conclusion 

This contribution presents a cost-sensitive self containing embedded con-
trol unit for an MPS. The proposed design compiles all needs on an MPS 
and enables great flexibility through a well established FPGA hardware ar-
chitecture. The system promises very good results, by keeping noise le-
vels low and making data prepossessing directly on the embedded system 
possible. Once the design is manufactured the performance of the system 
will be evaluated and reported in details. 
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Abstract. Magnetic Particle Imaging in general applies two different types of 
magnetic field geometries in order to obtain information about the spatial dis-
tribution of magnetic nanoparticles. First, a static gradient field called selec-
tion field is used for spatial encoding. It either provides a field free point or a 
field free line. Second, additional uniform drive fields are superimposed to 
steer the field free region through the field of view. Most efficiently, the latter 
fields are orientated perpendicularly to each other. For field generation, cur-
rent carrying coils are used, while the static field generation may be  
supported by strong permanent magnets. In this contribution, discs carrying 
circular current distributions are investigated for generating both types of 
field geometries. These distributions are optimized with respect to the 
achieved field quality as well as to the total power loss. 

1   Introduction 

Up to now, most of the presented magnetic particle imaging (MPI) devices 
apply symmetric sets of circular coils carrying direct or alternating currents 
for magnetic field generation [1, 2, 3]. In theory, these geometries are well 
known as Helmholtz coil configuration carrying identical currents on each 
coil and as Maxwell coil configuration carrying currents in opposite  
directions. 

According to the theory, the generated fields are either homogenous or 
have a linear gradient at the center point. The drawbacks of these coil 
geometries, however, are that they assume infinitely or at least sufficiently 
thin wires, a given ratio of coil radius to the distance to the center plane 
and the restriction to the center point concerning the declaration about field 
geometry. In other words, these coil geometries are not suited for MPI 
since acceptable power losses are an issue and the constraints about field 
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quality have to be fulfilled within a given field of view (FOV). It is expected 
that the demands on field quality will further increase to apply new, fast re-
construction methods [4, 5]. 

In some MPI scanner setups, the same coil pair is used for generation 
of uniform as well as gradient fields by applying appropriate current direc-
tions. This may be efficient in terms of space usage and total power loss 
but may not lead to optimal field geometries. 

2   Material and Methods 

The problem of appropriate field generation will be formulated as minimiza-
tion problem, which results in current values, which yield good field quality 
within a given FOV and low total power losses at the same time. This me-
thod is then applied to both considered field geometries. 

 
Fig. 1. Setup of two conducting discs (dark gray) with a cylindrical FOV (light gray) 
in-between. The ݖ/ݔ-plane is illustrated as semi-transparent rectangle. 

First, the geometry of the current paths is defined. As shown in Fig. 1, 
two circular discs of conducting material are positioned at opposite sides of 
the FOV. In consonance with the Maxwell and the Helmholtz coil geome-
tries, the current paths are defined to be circular and concentrically within 
the conducting material. In this way, only the current density distribution 
has to be determined. To perform numerical evaluations, the conducting 
material is discretized into single rings with rectangular cross-section, in 
which the current density is constant. The field profiles ܐ௜ are obtained by 
evaluation of the Biot-Savart law, such that ۶௜ ൌ  ௜ is the magnetic fieldܐ௜ܫ
generated by the current ܫ௜ on the conducting ring ݅. 
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Second, a measure is needed, which evaluates the quality of the gener-
ated magnetic field ۶. It is the root-mean-square deviation 

 

߳ு ൌ ԡ۶ െ ۶୧ୢୣୟ୪ԡଶ ൌ ඩ∑ ∑ ቀܪ௞൫ݎ௝൯ െ ௝൯ቁଶ௞ୀ௫,௬,௭ேFOV௝ୀଵݎideal,௞൫ܪ FܰOV  

 
to the ideal field ۶ideal, which here is either the uniform field ۶uni or the 
gradient field ۶grad with 
 

 ۶uni ൌ ݄uni ൭001൱ ,  ۶grad ൌ ݄grad ൭െ0.5െ0.51 ൱. 

 
In this way, each component (ݔ, ,ݕ   of the field vector is taken into (ݖ
account in each considered point in space ݎ௝ within the FOV. 

As measure of the power loss, which in general limits the achievable 
field strengths, the resistive losses within each conducting ring are eva-
luated by ௜ܲ ൌ  ௜ଶܴ௜ considering the resistances ܴ௜. They contribute equallyܫ
to the total power loss ୲ܲ୭୲ ൌ ∑ ௜ܲ௜ . 

Finally, the inverse problem can be formulated as follows: 
 arg min ۷ ߳ுଶ ൅ ߣ ୲ܲ୭୲ଶ ൌ arg min ۷ ԡ۶ െ ۶୧ୢୣୟ୪ԡଶଶ ൅  ۷ฮଶଶ܀√ฮߣ

 
Both measures are weighted against each other by the regularization pa-
rameter ߣ. This gives the possibility to obtain low power systems by allow-
ing higher field deviations. In contrast, high precision fields can be gener-
ated at the cost of higher power losses. The solution of the inverse 
problem can be calculated with standard methods. 

3   Results 

Here, an example case is considered for generation of both types of mag-
netic field geometries. The considered FOV is cylindrical with a radius of 
40 mm and a length of 80 mm. The conducting discs are 400 mm in di-
ameter and have a length of 50 mm. They are separated by a gap of 
200 mm. The discretization is 6 by 24 rings. 
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a)  b)  

c)  d)  

Fig. 2. Uniform field generation: resulting current density distribution and correspond-
ing field deviation as ݖ/ݔ-plane cross section plot. Current color coding is black for 
negative values and white for positive values. Field deviation color coding is white  
for high value and black for zero. a) ߳ு ൌ 2.20 mT/ߤ଴, ୲ܲ୭୲ ൌ 1.44 kW  b) ߳ு ൌ0.48 mT/ߤ଴, ୲ܲ୭୲ ൌ  2.7 kW c) ߳ு ൌ  0.11 mT/ߤ଴, ୲ܲ୭୲ ൌ 4.0 kW  d) ߳ு ൌ 0.03 mT/ߤ଴,୲ܲ୭୲ ൌ 5.7 kW 

Since the FOV is chosen to be circular and the setup is symmetric, it is 
sufficient to consider only the center 2D plane and applying weights de-
pending on the radial distance to the center axis. 

In the first case, it is aimed for generating a uniform magnetic field with ݄୳୬୧ ൌ 50 ୫Tఓబ . Different regularization parameters are investigated. Fig. 2 

shows the according current distributions as well as the deviation to the 
ideal field. Numbers on ߳ு and ୲ܲ୭୲ are given below the figures. 

In the second case, the generation of a gradient field is considered. The 
gradient strength is ݄୥୰ୟୢ ൌ 2 T୫ఓబ. The results are illustrated in Fig. 3. 
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a)  b)  

c)  d)  

Fig. 3. Gradient field generation: resulting current density distribution and corres-
ponding field deviation as ݖ/ݔ-plane cross section plot. Current color coding is black 
for negative values and white for positive values. Field deviation color coding is white 
for high value and black for zero. a) ߳ு ൌ 4.6 mT, ୲ܲ୭୲ ൌ 11.9 kW b) ߳ு ൌ 1.1 mT,୲ܲ୭୲ ൌ 20.4 kW c) ߳ு ൌ 0.28 mT, ୲ܲ୭୲ ൌ 27.4 kWd) ߳ு ൌ 0.05 mT, ୲ܲ୭୲ ൌ 37.9 kW 

4   Discussion 

By choosing the regularization parameter ߣ, different current density distri-
butions are obtained. Allowing for higher power losses, more current sec-
tions with alternating current directions occur. This results in partly cancel-
lation of the generated field contributions but in lower resulting field 
deviations. 

When realizing a simulated coil setup in hardware, often only discrete 
current density distributions can be achieved. Thus, each conducting ring 
needs its own controlled current source. Another possibility is using wire 
material with different cross sections. Different current densities can be ob-
tained by connecting those in series and feeding the system with a single 
current source.  

5   Conclusion 

In general, determining current density distributions from a given magnetic 
field geometry is a non-trivial task. This problem could be reduced by 
choosing appropriate current paths and discretization of the conducting 
material. This led to a system of linear equations, which can be solved with 
standard methods. The trade-off between power loss and field quality is 
accounted for by a single regularization parameter. When comparing the 
resulting current density distributions of the considered cases, one may 
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conclude that different coil setups should be applied for selection field and 
for drive field generation when high precision in field geometry is required. 
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Abstract. The signal-to-noise ratio in magnetic particle imaging can be 
limited by distortion interference arising in the imaging system.  In this 
work, we investigate the contribution of resonant transmit capacitors to 
system interference.  Feedthrough interference spectra obtained using 
four capacitors with varying voltage ratings in a custom MPI interference 
testbed show a 20dB reduction in distortion interference with higher-
rated capacitors. Finally, we discuss the applicability of the interference 
testbed to treat other interference mechanisms in magnetic particle  
imaging. 

1   Introduction 

Magnetic Particle Imaging (MPI) is an emerging modality that images su-
perparamagnetic iron oxide (SPIO) tracers [1]. In MPI, a parallel resonant 
LC circuit is typically employed to reduce the current requirements of the 
transmit power supply.  The transmit coil creates a sinusoidal magnetic 
field, which induces a rich spectrum of signals in any SPIO particles that 
are located within the field free region of the transmit coil (Fig. 1). A detec-
tor (or receive) coil simultaneously detects the particle signal as well as 
an undesired direct feedthrough signal. In real MPI systems, this feedth-
rough signal comprises of signals at both f0, the excitation frequency, and 
distorted interfering signals at harmonics of f0. Unfortunately, this direct 
feedthrough interference remains significant and therefore limits the  
signal-noise ratio (SNR) of the MPI scanner (Fig. 2).  Measurements on 
the latest Berkeley MPI imager show higher-order distortion interference 
to be 40-fold above our noise floor.  Removal of this distortion interfe-
rence would dramatically improve SNR and enable more accurate  
disease diagnosis.   
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Fig. 1. MPI system diagram.  Here we are focusing on nonlinearities in the parallel 
resonant capacitor, which can induce significant interference in any MPI scanner. 

Previously, efforts to address the distortion interference problem have 
focused on filtering distortion at the output of the power amplifier (Fig. 1) 
[2-3].  However, significant filtering [4] did not decrease the total amount of 
distortion interference present in the received signal spectrum, suggesting 
that distortion interference may arise elsewhere in the system.  
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Fig. 2. Broadband distortion interference from the transmitted signal can feed 
through to the detected signal and limit the SNR of the MPI detector. 

 
To investigate possible distortion mechanisms in MPI, we have con-

structed a non-imaging testbed with a complete transmit/receive system 
(Fig. 3). Here, we investigate the contribution of the resonant transmit  
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capacitor (Fig. 1) as a distortion mechanism in MPI.  Several models for 
capacitor nonlinear distortion have been proposed in audio literature, in-
cluding dielectric memory [5] and capacitance changes from applied  
voltage [6]. Here, we measure system interference using resonant capaci-
tors with four operating voltage ratings to investigate the contribution of 
capacitor distortion in MPI. 

2   Materials and Methods 

Transmit 
Capacitor 

Transmit/Receive 
Subsystem 

Transmit/Receive 
Coils 

 
 
Fig. 3. Berkeley MPI interference testbed.  In the transmit/receive subsystem, the 
receive coil is concentrically inside the transmit coil.  Not shown: Audio analyzer, 
transmit filter, receive filter, preamplifier, RF enclosure. 

 
A non-imaging system for interference testing was constructed (Fig. 3). A 
low-distortion sinusoidal signal was generated using a SR1 Audio Analyzer 
(Stanford Research Systems, Sunnyvale, CA), amplified with a LVC5050 
Linear Amplifier (AE Techron, Elkhart, IN), bandpass filtered at f0, and 
transmitted in a resonant coil to create  a time-varying magnetic field.  
Feedthrough and particle signals are detected with a pickup coil, notch fil-
tered at f0, preamplified (SR560, Stanford Research Systems, Sunnyvale, 
CA), and digitized using a SR1 Audio Analyzer.  For suppression of envi-
ronmental noise, the transmit/receive subsystem was enclosed in a RF 
shielded chamber (ETS-Lindgren, St. Louis, MO). 

Four high-power polypropylene film capacitors (Fig. 4) were tested as 
resonant transmit capacitors with AC operating voltage ratings of 75 Vrms  
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(CDE940C, Cornell Dubilier, Liberty, SC), 500 Vrms (CDE942C, Cornell 
Dubilier), 700 Vrms (Celem, Jerusalem, Israel), and 1050 Vrms (105FPA, 
Illinois Capacitor, Chicago, IL).  Feedthrough interference spectra from DC 
to the 4th harmonic were obtained on the SR1 Audio Analyzer with a fixed 
capacitor voltage at 200 Vrms. 

1050V Capacitor 75 V Capacitor 

700 V Capacitor 500 V Capacitor  
 

Fig. 4. Capacitors tested for contributions to feedthrough interference, all with iden-
tical capacitance. The 500 V and 1050 V-rated capacitors were custom assembled 
for voltage/current derating.   

3   Results 

The amount of total feedthrough interference in the system is plotted in 
Fig. 5 (left). The fundamental feedthrough signal at f0 remains constant for 
all capacitors tested and suggests that the same AC excitation magnetic 
field was created in all cases, as we hoped.  However, distortion interfe-
rence drops significantly with increasing capacitor voltage rating.  The 
1050 Vrms-rated capacitors generated 15x less interference at 3f0 than 75 
Vrms-rated capacitors.  Fig. 5 (right) shows that interference at 3f0 in dB 
decreases linearly (R2 = 0.95) for varying capacitor voltage ratings. 
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Fig. 5. (Left) Feedthrough distortion interference spectra for the four capacitors un-
der test from DC to 52 kHz, with f0 at 12 kHz.  Noise spikes at 40, 50, and 58 kHz 
are from the audio analyzer power supply and environmental interference.  (Right) 
Feedthrough distortion interference amplitude (plotted in normalized dB) at 3f0 for 
various capacitor ratings. 

4   Discussion 

Here we demonstrated experimentally that transmit capacitor distortion 
can be dramatically reduced by simply using over-rated capacitors. This is 
an important finding as it may translate to more than a 20 dB improvement 
in SNR in MPI.  

Our data is consistent with a nonlinear capacitor model where the capa-
citance value changes instantaneously with applied voltage [6].  Here, we 
may model changes in capacitance using dielectric strain from capacitor 
plate forces and predict the effectiveness of further increasing capacitor 
ratings to reduce feedthrough interference.  

We have also established the usefulness of a feedthrough interference 
testbed to achieving coil-noise dominance in MPI.  Using this system, addi-
tional distortion interference mechanisms in MPI may be investigated, in-
cluding interactions between the generated AC magnetic field in the 
transmit coil and the magnetic gradient, nonlinear power amplifiers, and  
filter component nonlinearities.   

5   Conclusion 

In this work, we show that resonant capacitors can be a significant source 
of system interference in Magnetic Particle Imaging.  Using a customized 
non-imaging feedthrough testbed, we tested four capacitor types with vary-
ing voltage ratings and found distortion interference to decrease with high-
er capacitor rating.  We conclude that an analytical investigation into the 
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capacitor distortion mechanism and further exploration on other system 
distortion mechanisms is necessary to achieving coil-noise dominance in 
MPI. 
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Abstract. Current small-animal-sized MPI scanners operate at 1-25 kHz 
frequency range with 0.1-20 mT peak amplitude, neither of which is opti-
mized. SAR and especially dB/dt safety limits will determine the optimum 
excitation field, and will impact the optimum scanning speed, field-of-view 
(FOV) and signal-to-noise ratio (SNR). In this work, we describe the first 
human-subject safety limit experiments for MPI. Our results indicate that 
the magnetostimulation threshold monotonically decreases with increasing 
frequency and is inversely correlated to the body-part size.  

1   Introduction 

In order to scan across the image field-of-view (FOV) in magnetic particle 
imaging (MPI), we must shift the origin (called the field-free point or FFP) 
of a strong (6 T/m) gradient or move the animal. The most common me-
thod is to apply a time-varying but spatially homogeneous magnetic field in 
addition to a static gradient field. The addition of the two fields effectively 
shifts the origin of the gradient field in space. The homogeneous magnet is 
driven with a sinusoidal magnetic field in the very low frequency (VLF) 
range (i.e., below 30 kHz) [1]. Understanding potential safety hazards of 
this field will be critical for translating MPI to human subjects. The safety 
limits will impact the optimum scanning speed, field-of-view (FOV) and 
SNR [2-3].  

Time-varying magnetic fields have two known health effects on the hu-
man body: peripheral nerve stimulation (PNS) [4-5], and tissue heating, 
known as specific absorption rate (SAR) [6]. Previous studies have focused 
on reducing the SAR in MPI [7], but the magnetostimulation effect has not 
been investigated. Prior studies in VLF electromagnetic safety indicate that 
the dominant safety constraint for MPI will actually be PNS [4-5].  
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Numerous safety limit studies have been conducted for the 1 kHz-range 
magnetic field gradients and MHz range radiofrequency (RF) magnetic 
fields of magnetic resonance imaging (MRI) [4-6,8-10]. However, human 
safety limits in the VLF regime remain relatively under-investigated. When 
compared to the gradient field in MRI, the excitation field in MPI operates 
at a wider range of frequencies and is homogeneous in space. In conduc-
tive tissue, this homogeneous field can generate dramatically different 
electric field patterns than an MRI field gradient does. Furthermore, as op-
posed to MRI, MPI does not require the whole body to be exposed to the 
magnetic field. However, body-part-specific safety limits have not yet been 
investigated in the literature. The knowledge of these limits may dramati-
cally improve the performance of MPI scans. In this work, we describe the 
first human-subject magnetostimulation threshold experiments for MPI. 

2   Material and Methods 

To determine the magnetostimulation thresholds in the human arm and 
leg, we built two solenoidal resonant coils (shown in Fig. 1) with the follow-
ing specifications:  
 
• The arm solenoid (Fig. 1a) had a free bore of 11 cm in diameter and 17 

cm in length, with two layers of 36 turns wound using a Litz-wire of 4.6 
mm diameter. The resulting inductance was 376 μH, with a DC resis-
tance of 0.08 Ω. The magnetic field amplitude was 410 μT/A at the cen-
ter, with a measured homogeneity of 5% in a 7 cm–long region down the 
bore of the coil.  

• The leg solenoid (Fig. 1b) had a free bore of 19 cm in diameter and 24 
cm in length, with a single layer of 54 turns. The resulting inductance 
was 380 μH, with a DC resistance of 0.12 Ω. The magnetic field ampli-
tude was 214 μT/A at the center, with a measured homogeneity of 8% in 
an 11 cm–long region down the bore of the coil.  
 

Because static magnetic fields do not induce stimulation or heating, the 
static gradient field of the MPI scanner was not incorporated [11]. The so-
lenoids were made resonant at 10 different frequencies with a multiple-
switch mechanism, and the resonant circuit at every frequency was im-
pedance-matched to the 0.5 Ω output impedance of AE Techron 7782 
power amplifier. At the maximum power limit of the amplifier, the resulting 
peak-to-peak magnetic fields at the center of the coils were 320 mT and 
160 mT for the arm solenoid and the leg solenoid, respectively. 
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Fig. 1. The solenoidal resonant coils for testing the magnetostimulation thresholds 
in the human arm and leg. (a) Arm coil has a diameter of 11 cm and magnetic field 
amplitude of 410 μT/A at the center, with a measured homogeneity of 5% in a 7 
cm–long region down the bore of the coil. (b) Leg coil has a diameter of 19 cm and 
magnetic field amplitude of 214 μT/A at the center, with 8% homogeneity in an 11 
cm–long region.  

The human subjects experiments were approved by the Committee for 
Protection of Human Subjects at University of California, Berkeley. A total 
of 20 subjects were recruited from healthy adult volunteers, screened for 
safety considerations. Excluding criteria were any subjects with metal in 
their body (e.g., pacemakers, aneurysm clips, metallic implants, etc.), or 
pregnancy.  

The magnetostimulation thresholds were tested at 10 different fre-
quencies from 1-25 kHz. At each frequency, the magnetic field amplitude 
was increased until the subject reported a twitching/tingling sensation 
(i.e., PNS). During the experiment, the current running through the sole-
noids were measured in real-time using a Rogowski AC current probe 
(PEM Ltd., Nottingham, UK). For each subject, the data points were fitted 
to a hyperbolic peak-to-peak amplitude vs. frequency curve, which can 
be written as: 

 Bpp = ΔBmin 1+ 1

2τ c f

⎛
⎝⎜

⎞
⎠⎟

  (1) 

This relation is called the fundamental law of magnetostimulation [10], 
where ΔBmin is the horizontal asymptote for Bpp, and τc is the chronaxie 
time as defined in [4]. Any field greater than Bpp will induce a PNS sensa-
tion. According to this theory, no stimulation occurs if the change in B-field 
is less than ΔBmin, no matter what the frequency is. 
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Fig. 2. Magnetostimulation experiments in the arm. The threshold magnetic field 
amplitudes (peak-to-peak) as a function of frequency along with the fitted hyperbol-
ic threshold curves. (a) Median stimulation threshold of all 20 subjects and the 25th-
75th percentile. τc = 277 μs and ΔBmin = 70 mT. (b) Data points for one of the sub-
jects and the fitted threshold curve. τc = 282 μs and ΔBmin = 58 mT. Note that there 
is excellent agreement between subjects. It is also apparent that the data trends 
are well-modeled by the hyperbolic fundamental law of magnetostimulation given in 
Eq. 1. 

3   Results and Discussion 

The results of the human subject experiments in the arm and leg are given 
in Figs. 2 and 3, respectively. The median magnetostimulation threshold in 
the arm had a chronaxie time of τc = 277 μs and an asymptote of ΔBmin = 
70 mT. In the leg, median τc = 296 μs with median ΔBmin = 44 mT. Also 
shown in these figures are data points for a single subject, which closely fit 
the theoretical hyperbolic threshold relation given in Eq. 1.  

Our results indicate that the magnetostimulation threshold monotonically 
decreases with increasing frequency and is inversely correlated to the 
body-part size. As seen in Figs. 2-3, the variation in threshold magnetic 
fields decreases with increasing frequency. Furthermore, perhaps because 
there was a bigger variation in the thickness of our subjects’ arms when 
compared to their legs, the arm stimulation thresholds demonstrated a 
bigger variation as well.  
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Fig. 3. Magnetostimulation experiments in the leg. The threshold magnetic field 
amplitudes (peak-to-peak) as a function of frequency along with the fitted hyperbol-
ic threshold curves. (a) Median stimulation threshold of all 20 subjects and the 25th-
75th percentile. τc = 296 μs and ΔBmin = 44 mT. (b) Data points for one of the sub-
jects and the fitted threshold curve. τc = 271 μs and ΔBmin = 42 mT. Again, note 
how uniform the PNS parameters were across our 20 volunteers and how well the 
trend is modeled by the hyperbolic fundamental law of magnetostimulation. 

4   Conclusion 

We have successfully implemented the first safety limit experiment for 
MPI. The results of this experiment closely match the theoretically calcu-
lated threshold vs. frequency curve. These findings will have a great im-
pact on the optimization of MPI parameters, especially in determining the 
number of partial FOVs required to cover a region of interest. 
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Abstract. Magnetic particle imaging (MPI) is a new imaging modality, 
which allows for the determination of the distribution of super paramagnet-
ic nanoparticles in vivo with excellent contrast, penetration and high tem-
poral resolution. So far, real-time imaging in a mouse has been realized 
using a scanning-system with a field free point (FFP). Recently, an alterna-
tive encoding scheme has been developed promising faster scanning 
times and a higher sensitivity. This can be handled by extending the FFP 
to a field free line (FFL). Preliminary scans of phantoms showed the feasi-
bility of the FFL in practice, based on projection x-space MPI. To ensure 
the safety of imaging switching from phantom to in vivo scans, a specific 
protocol has to be provided for scanning live animals. This paper describes 
the construction and testing of a mouse bed for heating as well as delivery 
and recovery of anesthesia gases. The mouse bed is constructed with 
non-magnetic materials and sized to the specific scanner. The size of the 
bed is limited by the diameter of the bore, and a larger bed (and bore) 
would be required for larger animals.  

We designed a mouse bed fulfilling all mentioned requirements by engi-
neering a specialized water warming system and a modified connection for 
the anesthesia system. The whole bed is moveable and rotatable in and 
around the longitudinal axis of the bore by jointing it to a robot. Rotation is 
critical for performing volumetric 3D MPI with projection reconstruction (or 
Radon) computerized tomography.  

1   Introduction 

Magnetic Particle Imaging (MPI) is a new imaging modality that determines 
the spatial distribution of super-paramagnetic nanoparticles [1]. This me-
thod uses a specific configuration of magnetic coils to implement spatial 
encoding with a field free point (FFP). In 2009, the first three-dimensional 
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and real-time images of a mouse were presented using a FFP [2]. A pro-
jection format for MPI was first proposed by Philips using a field free line 
(FFL) magnet concept. The first FFL imaging scanner was recently con-
structed by the Berkeley Imaging Systems Laboratory. Images are recon-
structed with an x-space image reconstruction algorithm in real-time [3]. 
Preliminary scans of phantoms showed the feasibility of the FFL in prac-
tice. To ensure the safety of imaging switching from phantom to in vivo 
scans, a specific protocol has to be provided for scanning live animals. To 
avoid artifacts as a result of movement, the animal should be sedated. In 
addition, anesthesia reduces the body temperature and requires further 
patient heating. Finally, to allow for 3D projection-reconstruction tomo-
graphic imaging, the bed must allow for rotation. This paper describes the 
engineering of a customized mouse bed for the FFL system that maintains 
mouse temperature homeostasis and stable anesthesia. 

2   Material and Methods 

To engineer a customized mouse bed for MPI and, in this case, the men-
tioned FFL-scanner, certain requirements have to be determined. Figure 1 
shows an overview of the relations between the mouse bed and the anes-
thesia system, water warming device and FFL scanner.  

The mouse bed was designed with a CAD program (Solidworks, Das-
sault Systèmes SolidWorks Corp.) and printed using a three-dimensional 
printer (ZPrinter 150, Z Corporation). In the last step of procedure, the final 
structured rigidity was assured by applying an epoxy composite (Z-Max 90, 
Z Corporation) to the model. All materials are MPI compatible and non-
magnetic (i.e. not ferromagnetic/paramagnetic).  

Functional capability was tested with a warming pump (T/Pump Classic - 
TP650, Gaymar) and an anesthesia system (Table Top Laboratory Animal 
Anesthesia System, VetEquip).  

Routing of the water warming system was implemented with two differ-
ent approaches: internal and external water routing (Figure 2). When using 
internal routing, the water has direct contact with the model. Here, a struc-
ture has to be designed that is able to resist the water pressure and fea-
ture a compact design. Hence, a specific honeycomb structure [4] was im-
plemented. On the other side the external routing uses external water 
pipes that are integrated in the model. Consequently, this removes the wa-
ter pressure on the mouse bed. 

In addition to the water warming system, a customized anesthesia mask 
was designed in the mouse bed (Figure 3). Here, a non-rebreathing-system 
served as the template (CX-SP Non-Rebreathing System, VetEquip). 

Overall, the bore size of the system (44 mm ≈ 1.73 in) limited the size of 
the mouse bed. Hence, a diameter of 42 mm (≈ 1.65 in) was chosen to en-
sure a required clearance between mouse bed/bore and to compensate 
possible imprecisions. 
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Fig. 1. Requirements (solid line) and Connections (dashed line) for designing the 
mouse bed. 

         
Fig. 2. Two approaches for the water warming (section through the models). Left: 
Implementation with internal routing using a honeycomb structure. Right: Imple-
mentation with external pipe routing. The arrows illustrate the water flow. 

3   Results 

Figure 3 shows the final mouse bed design with a customized anesthesia 
mask at the front including the required connections to the anesthesia sys-
tem. For mouse heating the water warming was implemented at the bot-
tom. Water warming and anesthesia system could be tested with live mice 
within an imaging cycle. During this time period (~ 10 minutes) the mouse 
bed could guarantee water warming and animal sedation.  
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Though, after a couple of days the internal routing exhibited slight bend-
ing and expanding. The external routing showed especially more stability 
and easier manufacturing. 

4   Discussion 

It has been shown that a working mouse bed for MPI could be engineered 
that features a specific external water warming routing as well as an anes-
thesia supply. A fully operational internal routing could be partially realized 
using the mentioned materials and size limitations, since direct contact be-
tween water/material and high water pressure lowers stability after multiple 
use. Hence, a permanent application needs further improvements. 

 

 
 

Fig. 3. Final design of the mouse bed: an external pipe routing is used to warm the 
patient. The anesthesia mask is implemented at the front. The whole mouse bed 
can be connected to a robot using the extension.  

 
A non-water-interacting epoxy and a water warming pump with lower 

pressure might improve stability. Despite this, when implementing a mouse 
bed for a smaller bore, the internal routing could offer a more compact de-
sign. However, when scaling this mouse bed to different dimensions, ex-
ternal routing should always be the first choice based on easier design and 
engineering.  
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5   Conclusion 

In this paper the engineering of a fully operable mouse bed for MPI was 
carried out. MPI requires non-magnetic materials and no mice movement 
during scans. Hence, anesthesia supply and mice warming was imple-
mented. The final design fulfills all these properties and requirements.  

Further work could be done especially, when scaling the bed to smaller 
bore sizes. 
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Due to forthcoming use of MPI on humans there is an urgent need for a 
thorough research on possible adverse effects of this technique on pa-
tients' health. However, the health impact of exposure to time-varying 
magnetic fields in a frequency range between 10 kHz and 100 MHz, such 
as the MPI drive field, are still poorly investigated.  

The current paper intends to give an overview on an in-silico approach 
to investigation of stimulating effects that could be caused by the MPI drive 
field. For this purpose, cell models of myocardiocyte, myocyte and neuro-
cyte, as well as a suitable setup for the simulation of the exposure to time-
varying magnetic fields have been developed. The evaluation of performed 
simulations was carried out on the basis of transmembrane voltage eleva-
tion and induced current densities. 

1   Introduction 

During an MPI examination, the patient will be exposed to a time-varying 
magnetic field with a frequency of about 25 kHz and a magnetic flux densi-
ty of 20 mT [1]. The drive field generates an electric field according to Fa-
raday's Law: 

 

 
(1) 

In an excitable cell, the induced electric field is able to trigger an action po-
tential, if the resting transmembrane voltage of about –90 mV is raised by 
approximately 25 mV. The effect of an induced action potential can range 
from unpleasant sensations to life endangering ventricular fibrillation, de-
pending on the location where the action potential is initiated and the  
number of excited cells. 
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2   Material and Methods 

In our simulations cells are modeled as bricks, consisting of the intracellular 
fluid (ICF) and a shell representing the cell membrane. Assembled to a cell 
patch model, those cells are surrounded by the extracellular fluid (ECF). The 
dimensions of the myocardiocyte model are 50 μm ×10 μm ×10 μm. The 
myocyte model and the neurocyte model are of identical cross section, but 
differ in length: the myocyte is twice as long as the myocardiocyte, whereas 
the neurocyte fills out the entire length of the cell patch. The spacing be-
tween the cells as well as the thickness of the cell membrane are set to 
1 μm. This increase of the real cell membrane size by a factor of about 100 
was necessary to enable numerical calculation with sufficient precision with-
in a reasonable calculation time.  

Table 1. Dielectric properties of the cell compartments used for the cell models. 

 ECF ICF Membrane 

 σ in S/m εr σ in S/m εr σ in S/m εr 

Myocardiocyte 0.129 74.3 0.612 74.3 1.08 10-10 2260 

Myocyte 0.643 74.3 0.612 74.3 1.08 10-10 2260 

Neurocyte – 74.3 0.245 74.3 1.08 10-10 2260 

 
The ICF and the ECF as well as the cell membrane are dielectric media, 

each having a distinct set of dielectric properties, such as electric conduc-
tivity σ and relative permittivity εr. The values of the above parameters 
were adjusted for all three cell compartments, as shown in Table 1, so that 
the electrical behavior of the cell patch model matched that of biological 
excitable tissues, described by Gabriel et al [2]. 

The cell patches used for the simulations consisted of 5 ×25 ×3 and 
3 ×25 ×3 single cells with a total volume of 273 ×284 ×42 μm3 and 
318 ×284 ×42 μm3 for the myocardial tissue and the muscle tissue, re-
spectively.  The cells in the myocardial cell patch were connected with 
each other by some randomly placed gap junctions. For the simulation of 
the nervous tissue, a row of myocytes in the muscle tissue cell patch was 
replaced by a single neurocyte. 
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For the generation of a widely homogeneous time-varying magnetic 
field, a Helmholtz coil pair with a radius of 70 μm was used. With a current 
flow of 1.56 A through each loop, a magnetic flux density in the center of 
the arrangement reached 20 mT.  

Fig. 1 shows an example of a cell patch model used for the simulations 
and the position of the upper coil relative to the cell patch. 

 
Fig. 1. Cell patch model of myocardial tissue and the position of the coil relative to 
the cell patch 

All simulations were performed using SEMCAD X (SPEAG, Switzer-
land), which is a software package for computational electrodynamics [3]. 
For the particular experimental setup, a magneto quasi-static solving algo-
rithm, based on the finite element method, was chosen. The calculations 
are of sufficient accuracy as long as the wavelength of the simulated elec-
tromagnetic fields is large compared to the size of the cell patch model. 

3   Results 

The distribution of the electric field inside the myocardial cell patch is 
shown in Fig.2. 
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Fig. 2. Root mean square value of the electric field vector inside the myocardial cell 
patch 

The transmembrane voltage (TMV) is defined here as the line integral of 
the electric field through the cell membrane. The following investigation 
applies only to induced transmembrane voltages. The resting potential is 
not taken into account. 

 

 
(2) 

 

It can be assumed that there is only insignificant variation in the electric 
field inside the cell membrane along the direct path between the ICF and 
ECF. Hence the electric field inside the cell membrane was calculated only 
at a single location half way through the membrane. The integral in (2) can 
be approximated by the product of the membrane thickness and the com-
ponent of computed electric field vector that is oriented perpendicular to 
the membrane. 
 

 (3) 
 

The following results refer to the area of the cell patch enclosed by the 
coils where the magnetic field can be assumed to be homogeneous. The 
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strength of the electric field in this area increases from the center of the  
arrangement towards its edge. Hence the largest values of the TMV, 
summarized in the middle column of Table 2, were generated nearby the  
current loops. 

Table 2. Maximum values of the TMV generated in the simulation with a 70 μm coil 
and anticipated maximum TMV values inside a human MPI scanner with a likely 
coil radius of 30 cm. 

 TMV (R=70 μm)  TMV (R=30 cm) 

Myocardial tissue 3.32 μV 14.2 mV 

Muscle tissue 3.92 μV 16.8 mV 

Nervous tissue 3.83 μV 16.4 mV 

 
Since the strength of the electric field increases with the radius of the 

coil, the anticipated TMV in a human size MPI scanner can be estimated 
by multiplication of the simulated TMV value with the ratio between the 
likely radius of the coil in the MPI scanner and the radius of the coil used 
for the simulations. The expected maximum values of the TMV are sum-
marized in the right column of Table 2.  

4   Discussion 

If the magnetic flux density and the frequency of the magnetic field remain 
fixed, the threshold for initiating an action potential is not likely to be ex-
ceeded inside Helmholtz coils with radii less then 30 cm. Thereby the max-
imum amplitude of the electric field within the coil could reach values 
around 300 V/m, which is a transgression of the reference level for occu-
pational exposure to time-varying electric field in a frequency range be-
tween 3 kHz and 1 MHz, proposed in [4], by over 50 times. The ICNIRP1 
guidelines are based on the assumption that electric fields of 30 V/m al-
ready lead to nerve stimulation, whereas the present study suggests thre-
shold electric fields of about 300 V/m. 

5   Conclusion 

All performed simulations show realistic results despite the simplicity of the 
cell models. It could be proven that the stimulation of excitable tissues by 
the MPI drive field is conceivable yet very unlikely, unless the parameters 
of the drive field such as frequency and/or magnetic flux density are going 
                                                           
1 International Commission on Non-Ionizing Radiation Protection. 
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to be increased. Furthermore the stimulation is expected mainly on the  
periphery of the human body, whereas the tissues of the heart will  
experience smaller excitation. 
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Abstract. This paper studies the performance of a modular class-D 
switching amplifier to supply the drive field coils of a magnetic particle im-
aging scanner with a high quality sinusoidal voltage. While a class-A or 
class-AB amplifier is capable of delivering such a sinusoidal voltage, its 
low efficiency does not qualify for an economic solution. Therefore, a 
class-D amplifier has been used. The modular amplifier consists of com-
mercially available class-D amplifier chips, which are connected in parallel, 
to achieve the required output power. This paper describes the simulation 
model and a hardware setup of the modular amplifier which consists of 10 
chips connected in parallel. 

1   Introduction 

Magnetic particle imaging (MPI) is a new method to acquire images of the 
interior of living bodies after administration of magnetic nano-particles. The 
particles are driven by an external magnetic field (drive field) to bring the 
particles in and out of saturation and the change of the particles’ magneti-
zation is recorded by extremely sensitive receive coils. This magnetic field 
is produced by an exciting coil, which can be treated electrically as an in-
ductance with low parasitic resistance. The coil is connected with a capa-
citance as a parallel resonator and tuned to a resonance frequency. Thus 
in resonance, the amplifier is loaded by a purely resistive behavior of the 
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resonator and only needs to generate a low output power. If the operating 
frequency is changed to a lower or higher frequency, the amplifier will be 
also loaded by a reactive load, which requires a higher output power. Be-
cause of that, the required output power depends on the frequency band-
width requirements of the MPI-System.  

The basic idea was a scalable (modular) amplifier concept to obtain high 
flexibility and redundancy. Such an amplifier concept may consist of many 
individual modules made of commercial class-D amplifier chips connected 
in parallel. Theoretically one may connect as many chips/modules in paral-
lel as practically feasible. This paper describes the simulation and a hard-
ware setup of one module of the amplifier which consists of 10 chips con-
nected in parallel and produces an output power of approximately 4kW 
with efficiency slightly above 90%.   

2   Class-D Amplifier Chip (TDA8954) 

The selected commercial chip is the TDA8954 [1] from NXP. This chip is a 
stereo high efficient audio chip with two class-D amplifier stages and deliv-
ers an output power of 2x210W@4Ω. The two channels can also be tied 
together to run in a bridge tied load (BTL) mode with an output power of 
420W@8Ω. A symmetrical DC voltage of ±41V is needed to supply the 
amplifier chip. In addition, only few external parts are needed to get the 
amplifier to work.  

An important feature of the chip is that it has a separate Pin for an ex-
ternal clock. This pin allows the user to set the PWM frequency of the chip, 
an essential part for this parallel concept. Because of this, a setup of many 
chips connected in parallel can be operated in an interleaved switching 
mode to reduce the input ripple current. 

3   Simulation Model of the Class-D Amplifier 

A simulation model of the modular class-D amplifier was built in Mat-
lab/Simulink/Plecs. Fig. 1 shows a simplified schematic of the simulation 
model of the class-D amplifier. Due to space constraints just two class-D 
amplifier chips (full bridge inverter) are shown in Fig. 1. The actual simula-
tion model contains ten class-D amplifier chips. 
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Fig. 1. A simplified schematic of the class-D amplifier with two chips connected in 
parallel. Chip 1 is represented by FETD1 – FETD4 and Chip 2 is represented by 
FETD5 – FETD8     

 
An interleaved PWM algorithm has been build in Simulink to drive the 

entire modular amplifier. The simulation model also contains basic models 
of the output filter and the load. Furthermore it was made for designing and 
testing the laboratory setup.  

4   Hardware Setup of the Class-D Amplifier 

Based on the simulation model of 10 TDA8954 connected in parallel, a 
hardware setup were developed to confirm the simulation. The hardware 
setup consists of: 
 

• 10 x  TDA8954TH (SMD-Package) 
• Special build, high quality coils for the output filter 
• A fairly large quantity of DC-Link capacitors 
• A water cooling concept to cool the amplifier module 

 
Fig. 2 presents the developed hardware setup in top and bottom view.  
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Fig. 2. Two pictures of the hardware setup. Top view (left) with the water cooling 
and DC-Link capacitors and bottom view (right) with the output filter coils. 

 
The needed interleaved switching is externally generated by a controller 

for the amplifier module. This controller also deliverers the input signal to 
the amplifier and recognizes errors generated by the amplifier chips. If an 
error occurs, the controller will deactivate the complete amplifier module. 
Fig. 3 shows the controller card which is able to monitor up to six of these 
amplifier modules. 

 

 
 
Fig. 3. Controller for up to six class-D amplifier modules 

5   Results and Conclusion 

The measured output voltage, output current and output power of the am-
plifier module is shown in Fig. 4. Thereby the DC input voltage was V = 
±40V, input current was I ≈ 48A and the load had a value of Z = 
0.8Ω@25kHz.  
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Fig. 4. Output parameters of the amplifier module; output voltage (brown), output 
current (blue) and output power (yellow)  

Given by Fig. 4 the amplifier module generated a measured output 
power of P ≈ 3.5kW with a calculated efficiency of round about 91%. A low 
THD value is also achieved by the amplifier module at this output power. It 
is possible to increase the output power of the amplifier module to meas-
ured 4kW, with respect to a higher THD value. 

Moreover, the collected data of the measurements and the achieved 
experiences result in an improvement of the simulation model. The devel-
oped hardware setup of the amplifier module shows the success of the 
proposed parallel concept. Testing of two or more amplifier modules con-
nected in parallel is the next step. If this test is successful it will be possible 
to build the needed scalable class-D amplifier for an MPI-System.    
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Abstract. In this paper a hybrid filter topology for the reduction of the total 
harmonic distortion in AC sources is introduced. The hybrid filter contains 
active and passive components. The structure of the digital filter influen-
cing the signals gain and phase will be explained. Furthermore an analyti-
cal consideration of optimal filter coefficients is shown. For the validation of 
the concept a matlab/plecs simulation is presented.     

1   Introduction 

In medical applications it is often necessary to produce voltages or signals 
with low total harmonic distortions (THD). There are different opportunities 
for achieving this. Passive filter networks are a simple approach and are 
used in a wide range of power applications [1], [2]. On the one hand they 
are easy to design but on the other hand passive filters, containing induc-
tors, can be very expensive and large in size. More and more active con-
cepts are used in high power applications [3]. Researchers have studied 
different control and coupling strategies [4-6]. This paper presents a new 
analytical based FIR filter concept eliminating harmonics in high frequency 
applications.     
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2   Operation Principle 

 
 

Fig. 1. Operation Principle 

 
Fig. 1 shows the operation principle of an AC source with harmonic com-
pensation. Furthermore it displays an AC source with a fundamental os-
cillation frequency f0 and harmonic components. To achieve very low total 
harmonic distortions in ZLoad, bandpass filters BP1 and BP2 are introduced. 
In addition to that normal build up, a parallel leg containing coupling filter 
networks and a digital chain is added. The coupling network1 is designed 
as a bandstop filter for f0 and is supposed to decouple the harmonics and 
transfer them to the digital chain. The digital chain changes the phase an-
gle and the gain of each harmonic. The phase angle will be changed in 
that way, that after coupling network2 the harmonics of the source and the 
changed harmonics from the digital chain interfere with each other to zero. 
The main challenge is to design a digital chain that alters the gain and 
phase of the harmonic signal in a way, which leads to destructive interfe-
rence after combining the signals of both legs. One topology, which fulfills 
these requirements, is a FIR filter.    

3   FIR-Filter 

Digital filters can be classified into finite impulse- (FIR) and infinite impulse 
response filters (IIR). One advantage of FIR filters is, that they are always 
stable, because they do not have feedbacks in there structure. The general 
structure of a digital FIR filter is shown in Fig. 2. 
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Fig. 2. FIR Filter 

 
A FIR filter consists of an array of delay elements T, adders and multip-

liers h(0)-h(N-1).  The characteristic of the filter belongs to the filter coeffi-
cients h(0)-h(P-1). There are three design methods for calculating the filter 
coefficients [7]. 

 
• Windowing Method 
• Optimal Filter Design Method 
• Frequency Sampling Method 

 
The exact knowledge of the gain and phase values are very important in 
this application. The disadvantage of the windowing method is a lack of 
precise control of the critical frequencies. 

The basic idea of the optimal filter design method is to design the filter 
coefficients by a recursive function until a particular error is minimized.  

The only way for a total control of exact parameters is the frequency 
sampling method. Certainly all these techniques are used for the design of 
prototype lowpass, highpass or bandpass filters. 

In this paper an analytical design method based on the frequency sam-
pling method for irregular shape of the frequency response is introduced. 

Equation 1 shows the difference equation of an FIR-filter. 
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x[n] are the input and y[n] are the output samples in the time domain. N is 
the order of the filter. The frequency response H(Ω) of such a system is 
given by: 

∑
−

=

Ω−=Ω
1

0

)(
N

k

kj
kebH   with   

samplef

fπ2=Ω        (2) 

fsample is the sampling frequency of the digital system. With the introduction 
of desired gains GM and phase angles ΦM by a single frequency f equation 
2 can be modified to:  
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For multiple frequency points (e.g. N = 4) equation 3 can be expanded to 
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Formula 4 is a system of linear complex equations, which can easily be 
solved. Now it is possible to calculate exactly an arbitrary frequency re-
sponse with a nonlinear phase. The calculated filter coefficients b0-b3 are 
real numbers. 

In fig. 3 a set of calculated filter parameters for a FIR filter with a nonli-
near phase response is shown.  
 

 
Fig. 3. Bode Chart of the calculated filter 

 
The Bode Chart is plotted with a sample frequency fsample = 500 kHz. The 

order N of the filter is 16. 
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4   Simulation Results 

As a proof of concept a Matlab/Plecs model has been built up. The circuit 
is stimulated by an AC source with a voltage UIN = 282.5 V and a frequen-
cy f = 25 kHz. The source voltage has only odd values of harmonics. In 
this simulation the source signal contains mainly three harmonics. The fre-
quency response of the used FIR filter is shown in fig. 3. The load Zload is 
purely ohmic. Fig. 4 shows the simulated spectrum of the system already 
presented in fig.1. 
 

 
 

Fig. 4. Simulated spectrum of ZLOAD 

 
The spectrum values below -200 dB can be assumed as system noise. 

With the introduction of the active compensator an additional damping by 
40 dB of each harmonic can be realized. The additional frequency 
components above 300 kHz are image frequencies of the FIR filter. They 
can be reduced by increasing the order of the reconstruction lowpass. A 
simple way to get rid of the image frequencies is to push them to higher 
frequencies by increasing the sampling frequency. This will increase the 
order of the filter. Another way to reduce them is the increase of the 
passive reconstruction filter. 

5   Conclusion 

In this paper an active compensator for the reduction of the total harmonic 
distortion in AC sources is introduced. Furthermore an analytical consider-
ation of optimal filter coefficients is shown. Based on the difference equa-
tion of linear time discrete systems, a linear system of complex equations 
is calculated. Using this formula arbitrary FIR filters can be designed. For a 
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proof of concept a matlab/plecs simulation is presented showing good 
agreement with the analytical FIR filter calculation. The active compensa-
tor can introduce an additional damping of 40 dB per harmonic component 
compared to normal passive filter networks.   
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Abstract. Magnetic Particle Imaging is a promising new imaging technique 
using magnetic fields to image magnetic tracer material in the body. As 
with MRI systems, time varying magnetic fields raise some safety issues. 
The stimulation of peripheral nerves and tissues is one of them. In the 
paper, the stimulation thresholds are explained and an evaluation of the 
stimulation generated by a pre-clinical scanner is calculated. It appears 
clearly that, even if driving fields of high amplitude are used, cardiac 
arrhythmias are unlikely to be induced. However, it is yet unclear whether 
some peripheral nerve stimulation may be induced. 

1   Introduction 

Imaging devices using non-ionizing energy offer safer imaging acquisition 
procedures for patients and medical staff. Although Magnetic Particle 
Imaging (MPI) belongs to this category, some safety criteria are still to be 
evaluated to ensure a safe routine use of such technologies, similar to 
what has been done for MRI [1]. 

A conventional 3D MPI device is based on two different magnetic fields 
[2]: one static gradient field, which aims to saturate the tracer magnetization 
everywhere in the imaging volume, except for one point, the field free point 
(FFP); and three different time varying fields, which are applied in order to 
move the FFP through the space. By varying in time, those three magnetic 
fields will induce currents in the object, i.e. the patient, which may be 
sufficiently high to trigger tissue stimulation. Two different levels of 
stimulation are commonly defined [3, 4], based on the tissues which are 
stimulated. The first level is the stimulation of the peripheral nerves (called 
the Peripheral Nerve Stimulation - PNS - threshold), going from the onset of 
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sensation to intolerable or painful stimulation [1] for the patient, and the 
second level comes from the stimulation of myocardial muscles, which leads 
to cardiac stimulation. As in MRI, it may be possible to operate the scanner 
beyond the painful PNS threshold, but this has only to be done in very rare 
cases and requires a specific ethical approval. For normal daily use, the 
scanner has to be operated below the painful PNS threshold, and thus, 
below the cardiac stimulation threshold. 

Unfortunately, those thresholds are not well defined, and may 
considerably vary from one patient to another [1, 3, 4]. Moreover, the 
relation between the field output of a scanner in the imaging volume and 
the PNS threshold greatly vary according to patient size and coil design. 
The Maxwell-Faraday law defines the relationship between the patient 
geometry and the magnetic and electrical field properties through the 
equation:  ׯ ࡿడ࢒݀ࡱ ൌ ׬ డడ௧ ࡿ.࡭݀࡮                             (1) 

With B being the magnetic field over the surface S bounded by the closed 
contour ߲ࡿ and E being the electrical field on the contour of that area. The 
Biot-Savart law can be used to calculate the magnetic field according to 
the coil geometry with the following equation: ࡮ ൌ  ఓబସగ ׬  ூ ௗ࢒ൈ࢘௥య . 

With ߤ଴ being the permeability of free space, I the current in the coil, dl a 
vector element with a length equal to that of the wire carrying the current 
and r is the displacement vector between the wire and the point at which 
the field is calculated. From those two equations, we can say that the 
induced current in the tissue will depend on the surface perpendicular to 
the vector of the absolute magnetic field, and that the magnitude of the 
magnetic field decreases according to the distance to the current-carrying 
wire.  

Thus, we can conclude that for two scanners with the same driving field 
amplitude, if the PNS threshold is exceeded for a human sized system with 
a human patient, it may not be exceeded for a small animal sized system 
with a small animal inside. In other words, the safety aspect regarding 
PNS is not solely related to the driving field amplitude, but it depends also 
of the scanner geometry. 

2   Material and Methods 

The scanner we want to evaluate is an open scanner for interventional 
Magnetic Particle Imaging. Driving fields in the x, y and z direction are 
designed to have a center value of around 40, 17 and 23 mT, respectively. 
The maximum magnetic field values are reported on table 1 for each coil 
and field direction. 
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Table 1. Maximum field values of the driving coils in the mid plane of the scanner. 

 Bx / mT By / mT Bz / mT Babs / mT 

x driving coil 40 0 0  
y driving coil 0 17 7  
z driving coil 0 10 23  
Sum of fields 40 27 30 57 

 
Each coil is fed with sinusoidal current at a slightly different frequency: 

24.51 kHz, 25.25 kHz and 26.04 kHz [5]. The maximum value, the time 
and the perpendicular surface of the peak dB/dt value will thus depend on 
the frequency applied to the different coils. In order to simplify the 
calculation, the animal will be approximated as a sphere with a radius ݎ of 
10 cm. The maximum dB/dt value is then numerically calculated assuming 
a uniform magnetic field distribution, and the induced electrical field ܧ௜ (in 
V/m) is calculated according to equation (1) as ܧ௜ ൌ ௥ଶ  max ቀௗ|࡮|ௗ௧ ቁ. 

As threshold for PNS, two standards will be considered. The first one is the 
ICNIRP guideline [6], which considers the safety of general exposure to 
electro-magnetic fields from 1 Hz to 100 kHz, the second one is the PNS 
and cardiac stimulation thresholds from J.P. Reilly [4], which are also used 
as reference for MRI safety criteria [1]. 

The ICNIRP takes, for field frequencies between 3 kHz and 10 MHz, a 
limit of 170 V/m whereas Reilly proposes the following equation for our 
frequency range: ܧ௧ ൌ ଴ܧ  ቀ ௙௙೐ቁ଴.ଽ

. 

Where ܧ௧ is the electric field threshold (in V/m), ܧ଴ is the minimum 
threshold at the optimum frequency (in V/m), which is equal to 7.2 V/m in 
our case [4], ݂ is the considered frequency (in Hz) and ௘݂ is an empirically 
determined frequency. There are two values for the ௘݂ frequency regarding 
PNS, namely 500 Hz and 5400 Hz. The first one has been determined 
based on a literature review done by Reilly [4], and the other one stems 
from simulations carried out by Reilly [4]. For cardiac stimulation, a third 
value, ௘݂ = 120 Hz, has been determined by Reilly [4], based on a literature 
review. For our calculations, we will consider the heart of the animal as a 
sphere of 4 cm in radius. 

3   Results 

The maximum value for ܧ௜ has been calculated for different frequency 
configurations. When the x, y and z drive fields are used with frequencies 
of 24.51 kHz, 26.04 kHz and 25.25 kHz respectively, we induce a 
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maximum electrical field of 447 V/m for the whole body, and 179 V/m for 
the heart. When we use other configurations, we may induce a field up to 
2% higher. Those induced fields are above the two Reilly PNS and the 
ICNIRP thresholds, but still below the Reilly threshold for cardiac 
stimulation. Those data are summarized in table 2. 

Table 2. ܧ values calculated for the different thresholds and for the configuration 
which produces the smaller ܧ௜ value 

 Reilly 
5400 Hz 
(body) 

ICNIRP
 

 (body) 

Reilly 
500 Hz 
(body) 

This 
scanner 
(body) 

This 
scanner 
(heart) 

Reilly 
120 Hz 
(heart) 

E / V/m 29 170 247 447 179 2230 

4   Discussion 

To consider the magnetic field to be constant over the whole volume with 
an amplitude equal to the maximum value of the magnetic field in the mid 
plane seems to be conservative, but we have to keep in mind that the 
higher field value will be generated near the coils, i.e. near the animal skin, 
and thus, a higher electrical field may be induced. However, considering 
the electrical field induction as a sinusoidal signal with a constant 
amplitude equivalent to the peak value of the field induction is conservative 
[7]. Moreover, PNS thresholds seem to be higher for inductive excitation 
than for direct electrical excitation [8]. As Reilly’s thresholds are based on 
direct electrical excitations, the use of those thresholds for inductive 
excitation is also a conservative assumption. Moreover, ICNIRP thresholds 
are calculated using high a factor to compensate for dosimetric 
uncertainties [9]. Nevertheless, those preliminary numbers show that the 
induced electrical field with our scanner is below the threshold of cardiac 
stimulation, thus allowing us to perform animal experiments in good 
condition. We still have to perform calculations with more precise models, 
in terms of magnetic field representation and animal model geometries. 
Finally, heating of the animal tissue still has to be examined according to 
Specific Absorption Rate (SAR) standards and actual work on MPI related 
application [10]. 

5   Conclusion 

Through this paper, we showed that our animal scanner should not cause 
any cardiac arrhythmias on the animal, even if we use high driving field 
amplitudes. But the threshold for PNS is still too vague to conclude on 
peripheral nerve stimulation, and further experiments have to be carried on. 
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Motivation: Systemic transplantation of human mesenchymal stem- and 
progenitor cells (MSC) is a promising approach in regenerative medicine. 
Magnetic resonance imaging (MRI) of transplanted MSC labeled with 
superparamagnetic iron oxide nanoparticles (SPION) is an excellent tool for 
in vivo cell tracking because it offers a high spatio-temporal, sensitive and 
non-invasive cell detection. However, cell labeling with commercial SPION is 
still inefficient and requires the use of potentially toxic transfection agents. 
New results are reported here about magnetite@citrate ferrofluids that allow 
highly efficient magnetic MSC labeling without transfection agents. 

Methods: Magnetic labeling of human MSC was performed dose-
dependently with experimental Citrate SPION and commercially available 
dextran-coated Endorem and carboxydextran-coated Resovist SPION 
without using transfection agents. Cell labeling was investigated by 
intracellular iron quantification with inductively coupled plasma optical 
emission spectrometry, Prussian Blue staining and in vitro MRI of cell 
phantoms. Standard proliferation, differentiation and chemotaxis assays 
were performed to analyze the impact of intracellular SPION on MSC 
function. Furthermore, FACS analysis was conducted to determine 
alterations in the exposition of typical cell surface markers. SPION-labeled 
MSC were transplanted into rat muscle and in vivo visualization was 
conducted using 7T MRI. Transplanted cells were detected ex vivo by 
Prussian Blue and immunohistochemical stainings with anti-CD44 and 
anti-mitochondria MCT02. 

Results: Efficient magnetic labeling of human MSC was only achieved with 
Citrate SPION that was more than one order of magnitude increased 
compared to labeling with commercial SPION as shown by high intracellular 
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iron content and decrease in MR signal intensity. Magnetic labeling of human 
MSC did not affect cell proliferation, cell surface marker antigen presentation 
and differentiation into the adipogenic and osteogenic lineages. However, 
chondrogenic differentiation and chemotaxis were significantly impaired with 
increasing SPION uptake, potentially hampered by internalized SPION that 
interfere with the cytoskeleton. The detection limit of Citrate SPION-labeled 
MSC amounted to 31.3 cells/mm3 to be significantly retrieved by 7T MRI. 
Transplanted SPION-labeled MSC were visualized in vivo after intramuscular 
injection in rats by MRI and were retrieved ex vivo by Prussian Blue staining 
and were confirmed by specific immunohistochemical stainings. 

Conclusion: Magnetite@citrate SPION are attractive candidates as 
efficient intracellular magnetic labels for in vivo stem cell tracking by MRI. 
However, a careful titration of SPION incorporation, cellular function and 
MRI visualization is essential. 

This study was supported by the Berlin-Brandenburg Center for Regenerative 
Therapies (BMBF-Grant No: 0313911). 
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Superparamagnetic iron oxide nanoparticles (NPs) with appropriate 
surface coating are widely used for numerous in vivo applications and in 
particular for MRI contrast enhancement. To improve the contrast 
enhancement and targeting properties as well as the biodistribution of 
functionalized iron oxide NPs, challenges have to be overcome such as: (i) 
the design of an organic coating favouring ideal biodistribution, ensuring 
multifunctionalization (targeting, optical imaging…) and preserving a small 
size distribution of coated NPs in physiological media (<50 nm), (ii) the 
synthesis of iron oxide NPs with good magnetic properties and (iii) the 
development of strong anchors at the NPs surface avoiding desorption of 
molecules in blood. Indeed, the coating design as well as the interaction 
nature between the organic shell and the nanocrystal surface are more 
and more key points to address.  

We thus propose a concept based on dendritic and phosphonate 
approaches. Indeed, phosphonate groups ensure a strong anchoring at 
the NPs surface while preserving their magnetic properties[1], and 
dendritic architectures, in addition to their small size, are very promising as 
the diversity of functionalization brought by the arborescent structure 
simultaneously may solve the problems of biocompatibility, low toxicity, 
large in vivo stability and specificity.  

Iron oxide NPs synthesized by co-precipitation and thermal decomposition 
were coated with functional oligoethyleneglycol (OEG) dendrons (bearing 
only PEG chains or with, among PEG chains, a PEG chain bearing either a 
carboxylate or an ammonium group) to improve colloidal stability, graft 
fluorescent molecules and investigate cell interactions.[2, 3, 4] Different 
grafting strategies were optimized as a function of the NPs synthesis  
and dendron nature. The size distribution, colloidal stability in isoosmolar 
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media, nature of surface complex, biodistribution and contrast enhancement 
properties evaluated through in vitro and in vivo MRI experiments were 
compared as a function of the nature of both dendrons and nanoparticles. All 
functionalized nanoparticles (whatever the synthesis method) display good 
colloidal stability in water but, in isoosmolar media, best results were 
observed with functional dendronized NPs bearing carboxylates at their 
periphery. The grafting rates are similar whatever the NPs synthesis method 
but depend on the nature of dendrons. Furthermore the surface complex was 
found to vary according to the method what should affect the magnetic 
properties. The contrast enhancement properties of all dendronized 
nanoparticles were found higher than the one of commercial products 
(polymer-decorated) and the best values were recorded for the nanoparticles 
synthesized by coprecipitation due to their higher saturation magnetization. 
Cell viability tests, relaxivity measurements, biodistribution studies through 
optical imaging and in vivo MRI experiments demonstrated the low toxicity of 
these dendronized nanoparticles and their interest as multimodal contrast 
agent.[4, 5]  
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Head and neck cancer includes the squamous cell carcinomas of the oral 
cavity, pharynx and larynx and is one of the most common solid 
neoplasms worldwide. The malignancy is an important public health 
problem worldwide with more than 500000 new cases diagnosed each 
year. The change in survival over the last 20 years remains minimal and 
despite recent attention, the mortality rates are still high due to local tumor 
invasion and to a high predilection for the development of relapses and 
metastases. The cellular and molecular mechanisms responsible for tumor 
aggressiveness and its response to chemo- and radiation therapies remain 
mostly unknown.  

Fur5hermore, it has been shown in recent studies that tumor 
progression and metastasis are assumed to be stem cell driven processes 
and that these ‘tumor initiating cells’ provide a future outlook for innovative 
cancer therapy and diagnostic approaches. To monitor and characterize 
these tumor stem cell populations in head and neck squamous cell 
carcinoma (HNSCC) we focus on the visualization of their migration 
activity and tumor initiating potential. Therefore, HNSCC cells were 
labelled with newly developed superparamagnetic dextran coated iron 
oxide nanoparticles (SPIO) in order to make them detectable via magnetic 
particle imaging (MPI). Nanoparticle uptake and cytotoxicity of SPIOs were 
determined and no influence on cell death or proliferation of the HNSCC 
cells was examined. 

The aim of this study is to identify and characterize tumor subpopulations 
in head and neck squamous cell carcinoma (HNSCC) and to analyze and 
visualize their migration activity and their tumor inducing potential. Therefore, 
cells were labelled with superparamagnetic dextran coated iron oxide 
nanoparticles (SPIO) in order to make them detectable via ‘magnetic particle 
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imaging’ (MPI), which is a new quantitative imaging technique capable of 
determining the spatial distribution of superparamagnetic nanoparticles at 
high temporal and spatial resolution. Tumor cells’ nanoparticel uptake was 
corroborated and to ensure the nanoparticle applicability the cytotoxicity of 
the SPIOs was determined. In addition, initial experiments with the MPI 
Spectrometer showed that the dextran coated iron oxide nanoparticles 
uptaken by HNSCC cells are detectable with MPI.  

The newly developed dextran-coated magnetic nanoparticles are very 
promising for the MPI and a future cancer therapy application and further 
modifications for instance the surface could specify the uptake or binding. 
Based on these results further investigation will in deatail analyze the 
behavior, migration and tumor initiating potential of SPIO coated HNSCC 
tumor cells. 
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The detection of neuronal currents (NC) may foster the understanding of 
the flow of information in the brain. Existing methods of NC detection like 
electro- and magnetoencephalography (EEG/MEG) are limited by the 
ambiguity of the inverse problem, while imaging methods like fMRI monitor 
secondary effects (e.g., blood oxygenation changes). On the other hand, 
attempts to directly detect NC in high field NMR techniques by a local shift 
of the 1H resonance frequency have yielded controversial results. In 
magnetic fields around 1 microTesla, the relative contribution of the 
biomagnetic field generated by neuronal currents is orders of magnitude 
higher than in conventional high fields.  This may make the situation much 
more favourable. 

We propose two different approaches to detect NC at low magnetic fields. 
The resonant mechanism aims at observing the influence of the locally 
induced neuronal field on the spin dynamics. In this case, the neuronal field 
can be viewed as a tipping pulse in resonance with the Larmor frequency of 
the surrounding protons, leading to a detectable deflection of the nuclear 
magnetisation in brain matter. This mechanism is exclusively accessible to 
low field NMR, where the Larmor frequency of the cerebral 1H protons 
matches the spectral content of local cerebral electrical activities. The DC 
mechanism is based on local neuromagnetic fields generated by long-lasting 
neurocurrents that superimpose the applied field. Such fields may induce 
local frequency and line-width changes during the complete NMR cycle. 
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Their spatio-temporal pattern strongly depends on the structure of the 
underlying NC and leads to different local effects on the T2* of the NMR 
signal. A neuronal field that may be suitable for the demonstration of the two 
mechanisms is the brain activity generated by repetitive electrostimulation of 
the nervus medianus. This evokes both fast activity and, depending on the 
stimulation procedure, sustained activity. We characterised both neuronal 
activations with MEG measurements showing that such activities can be 
modelled by an equivalent current dipole with a typical strength of around 
15 nAm. 

In order to prove the principal feasibility of NC detection by low field 
NMR, we simulated the two mechanisms by emulating neuronal activity 
using a single dipolar source in a physical phantom. The phantom setup 
consists of a hollow sphere made of PVC, which is filled with a conducting 
aqueous saline solution. Inside the sphere we mounted an electric current 
dipole, which was made from two insulated twisted copper wires with non-
insulated platinum endings. We investigated the influence of the dipole 
moment in the phantom on the NMR signal. We found that, to make the 
two mechanisms observable, we need dipole strengths by two orders of 
magnitude higher than those we had observed in our MEG study of 
evoked fields. Alternatively, an increase of the polarizing field and a 
reduction of system noise should also improve the signal-to-noise-ratio 
sufficiently to make the observation of NC by low field NMR possible under 
real physiologic conditions. We will demonstrate that this can be done by 
realistic improvements of the experimental set-up. 
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In the endeavor to perform in vivo magnetic resonance imaging in very low 
fields, we developed a dedicated SQUID based NMR/MRI measurement 
system. The low noise performance of < 30 fT/√Hz above 1 Hz enables the 
measurement of nuclear magnetic precession at magnetic fields well 
below 50 µT down to 100 nT. The system is operated inside a heavily 
magnetically shielding - the Berlin Magnetically Shielded Room BMSR-2.  

Each measurement starts with a prepolarization of the sample in a field 
of up to 5 mT. After this preparation, the free precession decay in the 
much weaker detection field is measured by the SQUID. 

Because 1H of water is the most important nucleus for MRI, we first 
investigated the nuclear magnetic relaxation of water at very low magnetic 
fields. We observed a decrease of the relaxation time constant by about 
25% at Larmor frequencies below 1 kHz, which is known from earlier 
studies. Surprisingly, we also found a strong variation of both longitudinal 
and transversal relaxation time around Larmor frequencies of 100 Hz that 
has not been observed before, and that is not in line with the standard 
NMR relaxation theory. 

With the knowledge of waters behavior and systems spectral resolution 
we recorded the 1H line of the human brain tissue. Here we found line 
widths of about 3 Hz corresponding to T1 relaxation times of 100 mT. The 
aim behind these investigations is the measurement of the influence of 
neuronal currents to this NMR lines. This might open the possibility of a 
direct recording of neuronal currents by low field NMR. To this end we 
proposed two possible mechanisms: a DC-mechanism and a resonant 
mechanism. To localize the source of such neuronal currents one has to 
combine neuronal current detection with low field magnetic resonance 
imaging. In this spirit we actually develop low-field MRI below 1 kHz as the 
prerequisite to fulfill the requirements of the resonant mechanism for 
neuronal current detection. 
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Magnetic particle imaging (MPI) is an emerging magnetic nanoparticle 
detection technique that has great potential as a novel biomedical imaging 
procedure. Particularly, MPI offers a safer real-time option over conventional 
x-ray angiography procedures since it uses safe magnetic fields (no ionizing 
radiation) and biocompatible superparamagnetic magnetite (Fe3O4) 
nanoparticle tracers, which are the source of the signal and play a significant 
role in spatial resolution. Current tracer formulations such as Resovist® offer 
poor spatial resolution, and thus, inadequate performance for high-quality 
angiographies. Alternatively, our superparamagnetic magnetite (SuperMag) 
tracers show 30% improvement in spatial resolution compared to Resovist®. 
However, an ideal MPI tracer consists of a balance between an optimized 
magnetic core and a biocompatible shell that enhances circulation times 
combined with appropriate functionalization necessary to enhance the tracer’s 
bioavailability. For angiographies, tracer availability in the vasculature is of 
utmost importance to determine the most effective method of administration 
and ensure sufficient time for the imaging procedure. In this preliminary study 
we report pharmacokinetics and biodistribution characteristics of SuperMag 
tracers in an animal model. SuperMag tracers were formulated with variations 
in the polymeric shell and subsequently tested in CD-1 mice. Dose-dependent 
biodistribution was studied using MR-imaging and post-mortem histology 
analysis. Implications of in vivo circulation characteristics on MPI angiography 
procedures are discussed. 



T.M. Buzug and J. Borgert (Eds.): Magnetic Particle Imaging, SPPHY 140, p. 375. 
springerlink.com                                     © Springer-Verlag Berlin Heidelberg 2012 

Imaging with Optimized Magnetite MPI 
Tracers 

R. Matthew Ferguson1, Amit P. Khandhar2, Patrick W. Goodwill3,  
Steven M. Conolly3, and Kannan M. Krishnan1 

1 Materials Science & Engineering, University of Washington, Box 352120 
   Seattle, WA 98195-2120, USA 
 mferg47@uw.edu, kannanmk@uw.edu 
2 LodeSpin Labs LLC, PO Box 95632  
   Seattle, WA 98145-2632, USA 
 amit.khandhar@gmail.com 
3 Bioengineering, University of California, Berkeley 
   Berkeley, CA 94720-1762 
 goodwill@berkeley.edu, sconolly@berkeley.edu 

Magnetite nanoparticle (MNP) tracers can be optimized for Magnetic 
Particle Imaging (MPI) by tuning their magnetic core size and size 
distribution.  In previous work, our group showed that ~15 nm MNPs were 
optimal at 250 khz by synthesizing a series of tracers with tuned size and 
narrow size distributions.  This optimization approach is general, and here 
we present experimental results that demonstrate that the same principles 
apply at 25 khz excitation.  The key result of this work is that MPI spatial 
resolution can be improved by the appropriate selection of MNPs. 

We synthesized MNP tracers in our labs with median diameters of 20-25 
nm and narrow size distributions.  Each tracer consisted of magnetite 
cores that were synthesized in organic solvents to ensure uniform size and 
subsequently coated with an amphiphilic polymer and dispersed in water.  
Tracer performance was characterized using a home-built MPI 
magnetometer that excites tracer magnetization with a field of up to 36 
mTμ0

-1 (peak to peak) and measures the signal induced in a receive coil by 
the derivative of tracer magnetization, M’(H(t)).  In preliminary results, our 
tuned tracers showed 30% better spatial resolution compared to Resovist, 
determined from the point-spread function: the full-width-half-maximum of 
M’(H(t)).  The tuned tracers also yield harmonic spectra with greater 
intensity than Resovist, when normalized by iron concentration, for all of 
the 40 harmonics measured by our device.  

In addition to measurements of the point spread function we present 
preliminary results of phantom imaging experiments using the tuned 
tracers.  These results highlight the improved performance of our tracers 
compared with Resovist, the current standard tracer for MPI. 
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For several medical applications of magnetic nanoparticles (MNP) it is 
desired to know the quantity and characteristics of the particles in the 
tissue of interest. That can either be necessary to determine how 
successful a procedure was of how it will be. Therefore a system is built, 
that is suitable to analyze small intact biological samples at room 
temperature. The magnetometer is used for the analysis and selection of 
sentinel lymph nodes in colorectal cancer. In this clinical procedure MNPs 
are administered in the resected part of the colon to determine the sentinel 
lymph node. The magnetometer is based on copper wound coils and 
comprises of two detection coils in series opposition, enclosed by two 
separately driven excitation coils. The detection coils are wound on a 
vacuum insulated sample tube with 11 mm inner diameter. To increase 
sensitivity and both mechanical and electrical stability of the system, the 
excitation and detection coils are cooled in liquid nitrogen at 77 K. By 
stabilization of the thermal expansion in the coil set, drift and offset 
components in the detection signal are reduced [1]. The systems output 
drift over a few hours of operation was less than 20 µV h-1. Furthermore, 
thermal noise in the passive detection coils is reduced, theoretically with a 
factor 5.4, which improves the detection limit of MNPs. To keep the sample 
at room temperature, the sample tube is built as an anti-cryostat using an 
internal heater and vacuum insulation. The magnetometer provides both 
simple AC-magnetometry with frequency sweeps, as well as frequency 
mixing detection using excitation fields with two different frequencies. 
Earlier experiments with sentinel lymph nodes in a vibrating sample 
magnetometer (VSM) revealed that iron content in the order of 1-100 µg 
can be significantly dominated by linear diamagnetic contributions from 
(fat) tissue. The frequency mixing approach enables specific quantification 
of the MNP content in a sample, since the linear magnetic contributions of 
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tissue and sample holder are not contributing to the mixing component in 
the detection signal [2]. As a specific frequency mixing detection algorithm, 
one of the excitation fields is applied as a DC-field (B ~ 17 mT) that is 
switched on and off. Caused by the non-linear response of MNPs to the 
excitation field, the detected response to the AC-field is different for both 
situations. This sample response modulation with the switch of the DC-
field is used as a measure of the content of MNPs. To conclude, this 
magnetometer provides accurate measurement of MNPs in intact 
biological samples with a high stability and specificity. Because additional 
sample processing is not required, the measurements do not interfere with 
possible other (clinical) analyses. Furthermore the measurement time of 
less than 1 minute per sample makes the system already suitable for 
clinical selection of the sentinel lymph node from a series of harvested 
lymph nodes. 
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Here we present an aqueous route for the synthesis of uniform magnetite 
nanoparticles with sizes around the monodomain diameter (20-100 nm). The 
method is based on the precipitation of an Fe(II) salt in a mild oxidant in hy-
droalcoholic solutions, and leads to highly uniform and crystalline magnetic 
nanoparticles in a single step. Colloidal suspensions of these particles were 
directly obtained by simple ultrasonic treatment of the powders thanks to the 
presence of sulphate anions at the particle surface. All magnetisation curves 
saturate at much lower magnetic fields and show larger saturation magneti-
zation than samples prepared by coprecipitation. Saturation magnetisation 
values vary between 83 and 92 emu g−1, close to the theoretical values re-
ported for bulk magnetite at room temperature. Those magnetic particles 
have shown the maximum heat efficiency for magnetic hyperthermia and 
they could show great potential in MPI imaging.  
 

 
TEM image of magnetite nanoparticles of 35 nm.  
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