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FOREWORD AND ACKNOWLEDGEMENTS

This volume comprises the accepted contributions of the First International
Workshop on Magnetic Particle Imaging (IWMPI). The workshop has been
organized by the Institute of Medical Engineering at the University of Liibeck,
Germany, in March 2010. It gives an overview on recent results of a novel imaging
modality based on magnetic nanoparticles.

The magnetic particle imaging (MPI) concept falls into the category of
functional imaging and, hence, the magnetic nanoparticles may serve as tracers of
metabolic processes. Since the particles of choice consist of super-paramagnetic
iron oxide (SPIO) cores coated with biopolymers, imaging of the metabolism may
be possible without any radioactive agents. These particles are subjected to an
oscillating magnetic field and, subsequently, react with a nonlinear re-
magnetization. This behavior can be detected with appropriate receive coils. Due to
the nonlinearity, the induced signal in the receive coils contains harmonics of the
fundamental frequency of the drive field. These harmonics can be used to determine
the nanoparticle concentration. For spatial encoding an additional magnetic gradient
field, is superimposed onto the drive field such that a field-free point is established
within the volume of interest. Only particles located at the field-free point
contribute to the desired signal in the receive coils. Particles outside are saturated
and do not further show any re-magnetization dynamics upon the excitation by the
drive field.

Today, there are quite interesting challenges within the practical set-up of a
scanning device and also in the design of new MPI nanoparticles. Scientists from
chemical engineering, biology, electrical engineering, physics, computer sciences
and medicine (see Fig. 1) discussed the promises and challenges of magnetic
particle imaging during the workshop in spring 2010.

As chair of the workshop I would like the thank my co-chair, J. Borgert, Philips
Research Hamburg, and the members of the program committee for the selection of
works included in this book: C. Alexiou, University Erlangen; J. Barkhausen,
University Clinics Schleswig-Holstein, Campus Liibeck; J. Borgert, Philips
Research Hamburg; J. Bulte, Johns Hopkins University, School of Medicine,
Baltimore; T. M. Buzug, University of Liibeck; S. Conolly, UC Berkeley; O.
Dossel, University of Karlsruhe; S. Dutz, IPHT Jena; Z. A. Fayad, Mount Sinai
School of Medicine, NY; D. Finas, University Clinics Schleswig-Holstein, Campus
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Liibeck; V. Fuster, Mount Sinai School of Medicine, NY; B. Gleich, Philips
Research Hamburg; J. Haueisen, Technical University Ilmenau; K. Krishnan,
University of Washington; M. Kuhn, Philips Healthcare Hamburg; M. Magnani,
Universita degli Studi di Urbino; M. Port, Guerbet Roissy CDG; M. Schilling, TU
Braunschweig; G. Schiitz, Bayer Schering Pharma Berlin; M. Taupitz, Charité
Berlin; L. Trahms, PTB Berlin; J. B. Weaver, Dartmouth Medical School; J.
Weizenecker, University of Applied Sciences Karlsruhe.

Fig. 1. Participants of the First International Workshop on Magnetic Particle Imaging, University of
Liibeck, March 2010.

For supporting the workshop I have to thank the German Society of Biomedical
Engineering (DGBMT) and the Arbeitsgemeinschaft Medizintechnik Schleswig-
Holstein (AGMT). For financial support I would like to thank Philips Health Care,
Bruker BioSpin, Bayer-Schering, Lanxess and Olympus.

Last but not least warm thanks go to the members of the local organization
team at the Institute of Medical Engineering, University of Liibeck.

Thorsten M. Buzug Institute of Medical Engineering
Workshop Chair University of Liibeck
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PARTICLE DYNAMICS OF MONO-DOMAIN PARTICLES IN
MAGNETIC PARTICLE IMAGING

JURGEN WEIZENECKER
Department of Electrical Engineering, University of Applied Science,
Moltkestrasse 30, 76133 Karlsruhe, Germany
Email: juergen.weizenecker@hs-karlsruhe.de

BERNHARD GLEICH, JURGEN RAHMER, JORN BORGERT
Philips Research Europe — Hamburg,

Réntgenstrafse 24-26, 22335 Hamburg, Germany
Email: bernhard.gleich@philips.com

In this report we present a detailed model of Brownian, Néel and combined rotation of
magnetic mono domain particles in Magnetic Particle Imaging (MPI)’. The magnetization and
rotational movement is predicted using a set of Langevin equations. The stochastic differential
equations were solved numerically and applied to MPI for a simple sequence. At 25 kHz and
with moderate anisotropies, the Néel rotation dominates the signal. Nevertheless, the
Brownian motion modulates the signal in a model of combined motion.

1. INTRODUCTION

Magnetic Particle Imaging (MPI) does not provide any natural contrast and thus
needs a tracer to perform imaging, the performance of which is of crucial
importance. In order to understand the behaviour of the tracer in the various applied
magnetic fields a suitable model has to be provided. It has been shown, that the
simple Langevin Theory of magnetism is capable of describing the important
features of the imaging process”'. In a real experiment, of course, the tracer will
always contain different types of particles (in terms of size and anisotropy).
Nevertheless, the above-mentioned theory can still be used as an approximation in
which distributions of parameters are modelled by effective values, like mean
diameter and magnetization®.

However, in order to evaluate ways to increase the performance of the particles
and to understand experimental data, a more detailed model has to be provided. The
model should contain relevant input parameters like particle diameter, arbitrary time
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varying magnetic fields, magnetic particle anisotropy, magnetization relaxation, and
thermodynamic equilibrium.

There are two relevant mechanisms to change the magnetization of magnetic
particles in an external field (figure 1). The first one is based on the reorientation of
the magnetic particles and is named Brownian rotation. The second one is based on
the change of magnetization in the fixed particle and is named Néel rotation. This
report will present a detailed theory, which describes both effects separately, as well
as in combination.

Néel-Rotation
AM ~ MxEB | BMx(MxB)

precession mh,,‘;hm
magnede barue

=

magneliclorque & viscous lorque
> Afi ~ (M x B)x1i
Fig. 1. Magnetization change of a single particle. In case of Néel rotation, the magnetization changes

inside the particle. The magnetization can also change due to particle reorientation, referred to as
Brownian rotation.

3
Brown-Rotation

2. THEORY

2.1. Brownian Rotation

The behaviour of a spherical magnetic particle for the case of Brownian rotation in

an external field B can be described® by

an _ VowM, (G B 4+ Noyxii
dt 677 VHydro

Here the unit vector 7 represents a fixed direction of the particle; its direction
is the same as the direction of the magnetization of the particle, as within the
particle, the magnetization is assumed to be fixed. The parameter 1 is the viscosity,

I/core (VH

ydm) is the core (hydrodynamic) volume of the particle, and M is the

saturation magnetization of the particle. The term N (¢) is proportional to a

random torque describing the thermal impact on the microscopic particles. The
above equation is quite similar to the differential description of Brownian motion of
particles. For the components of the random vector field the following conditions
are valid.
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Such an equation is named Langevin equation and describes the particle direction
by a stochastic differential equation. It can be interpreted in the Ito or Stratonovitch
calculus™. The numerical solution will in general differ depending on the
interpretation. For physical reasons’ we chose the Stratonovitch interpretation and
transform the above equation according to the transformation rules between
Stratonovitch and Ito calculus’. This adds an additional diffusion term and the final
equation becomes

dii =| Yoo (e i = 2K i \gy v | 2T gy
677 VHydru 677 VHydro 677 VHyer . ( 1 )

For a numerical solution, dri, dt, dW are replaced by n(t, + At)—n(t,),

At and WAt , respectively. The random numbers W, ;=123 have zero mean

value and unit standard deviation. The three coupled stochastic differential
equations are solved using a Heun'' scheme. To derive a mean value, the
differential equations have to be solved multiple times and the results averaged.

As in this case the single particle magnetization is assumed to always face in
particle direction7i, the mean (single particle) magnetization for P solutions of
equation (1) is

The mean (single particle) magnetic moment is obtained by multiplication with

the particle core volume V. The first part of equation (1) describes the change of

core®
magnetization due to the external magnetic field. Within a certain time constant, it
drives the direction of the magnetic moment into the field direction. The term
containing the random torques describes the relaxation into equilibrium. Figure 2
shows a numerical solution of equation (1) with respect to the mean magnetic
moment for the two limiting cases. For the parameters chosen, the field-induced
rotation dominates the thermal relaxation.
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Fig. 2. Calculated single particle mean magnetic moment for 10* particles of 30nm diameter, with n=1
mPa s, M=0.6T/y, at T=300K. At t=0s all particles are aligned in z direction. On the left side a constant
field of B=10mT is applied in y direction at t=0 s. On the right side, no magnetic field is present. The
theoretical time constants t are taken from'”.

If an oscillating magnetic field is applied, both time constants will be
noticeable. Relaxation will take place for small field values and rotation towards the
field direction will dominate for large fields. If the change of the external magnetic
field is faster than the internal time constants, a delay of magnetization alignment
with respect to the field will occur. This fact is illustrated in figure 3, where 1000
solutions of equation (1) are visualized. Each dot represents the tip of a single

particle magnetization vector M Sﬁ , projected to the xy-plane for T=300 K. At the

very beginning, all particles are aligned in vertical direction (y-direction). The
orange line is the mean value of the magnetization. Some dephasing due to thermal
relaxation can already be seen after a few microseconds in the upper left image. An
oscillating magnetic field in horizontal direction (x-direction) with frequency
f=1/T=25 kHz*" is switched on, as indicated by the green line. With increasing
field, the particles are forced to rotate in the direction of the field (see first row,
second image). After t=T/4, the magnetic field amplitude decreases, but due to the
time constants 1, the magnetization remains aligned, even if the magnetic field
passes zero (see second row, second image). Finally, the magnetic field increases in
the negative direction forcing the particles to rotate back in field direction. At some
point in time, the total magnetization will therefore be zero, indicating that a
hysteresis loop is passed by the magnetization (second row, last image and third
row). This process of relaxation and delayed magnetization alignment will occur
periodically and after some cycles an equilibrium state will be reached. The width
of the hysteresis loop will depend on the time constant t, the frequency @=2=f and
the temperature T.



t=T/2

Fig. 3. Brownian rotation of the magnetization for 1000 particles at
different points in time during application of an oscillating field
(green line) in x-direction (1/T=25 kHz). Each single spot
represents the magnetization projection of a single particle in the
xy- plane. All particles are aligned in y-direction at t=0. The orange
line indicates the total magnetization, i.e. the sum over all particles.
The time t,, indicates the time of zero magnetization. The other
parameters used for computation are the same as in figure 2.

t=3/4T

For sufficiently low frequencies, the hysteresis loop will collapse into the
Langevin-Theory, as the thermodynamic equilibrium is maintained at each point in
time. Figure 4 shows the hysteresis loops for different cases. Obviously, the
magnetization behaviour depends sensitively on the particle diameter and the ratio
of frequency and viscosity. As the steepness of the magnetization curve determines
the spatial resolution for MPI, the hysteresis loop is of particular interest.
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Fig. 4. Mean magnetic moment in field direction as function of the external magnetic field (x-direction).
At t=0, all particles are aligned in y-direction. On the left side, the frequency and on the right side the
core and hydrodynamic diameter of the particles are varied (for the red and blue line hydrodynamic and
core diameter are the same). Ten periods are shown in order to see the convergence to the equilibrium
state. The other parameters are the same as in figure 2. The data for 40 nm particles (right side) are scaled
to those of the 30 nm particles for comparability.

Obviously, the steepness decreases for higher frequencies and for particles with
coating (figure 4). At 25 kHz, the contribution to the MPI signal due to Brownian
rotation is restricted to the low frequency regime, as can be seen by comparing the
steepness of the corresponding hysteresis loop with Langevin-Theory, as expected
for Néel rotation. Therefore, the theoretical treatment of the magnetization change
due to Néel rotation will be briefly sketched.

2.2. Néel Rotation

As already mentioned in the context of figure 1, the magnetic moment may change
its direction due to an external magnetic field or due to relaxation to the equilibrium
state. If thermal noise is included, like in equation 1, the deterministic equation
translates to a Langevin equation. This equation is well known in micro-magnetics

and called Landau-Lifschitz-equation. The time evolution of the magnetization M
for a single particle is given by?.
am y

= {M % (B () + B(0))

am _ _ _*
dt (1+a?)

o x4 (8., 0) +f/§(t))]}

Here, B,,, is the deterministic magnetic field the particle is exposed to, v is

the gyromagnetic ratio of the particle, a is a damping constant, and My is the
saturation magnetization of the particle. Thermal noise is taken into account via a
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fluctuating magnetic field #B . The properties of this stochastic field are according to
the dissipation-fluctuation theorem

(B,(1))=0 <B,.(t)B/(t')>=M§(t—t')é]j ij=123

s’ core

As already mentioned, the numerical solution of these types of equation
depends on the calculus used. Again, the Stratonovitch interpretation is chosen and
a Heun'' scheme for the numerical solution of the above equation is used. In this
case, however, the additional diffusion term after transformation can be omitted'”’.

Ing

total >
crystal field or demagnetization field, are included. In this paper, only an external
magnetic field and axial field anisotropy due to the shape of the particle are taken
into account. Already a small change of the large magnetic core diameter preferred
in MPI in one direction induces an anisotropy comparable to the drive fields, as will
be seen shortly. Hence, the total magnetic field can be written as

all contributions to the magnetic field, like external magnetic field,

Etotal(t) = é (t) -D M

ext.

The Matrix D represents the demagnetization tensor and contains the
demagnetizations factors Ny, Ny, N, on its diagonal if written in the principal axis
system'’. If the total magnetic field is substituted into equation (2), its numerical
solution is comparable to the case of Brownian rotation. The respective analysis of
the magnetization of 1000 single ellipsoidal particles with aspect ratio 31/30 is
shown in figure 5.
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ks

| L Mg gl
t=3T/8 t=T/2 t=t,0.0

Fig. 5. Neel rotation of the magnetization for 1000 anisotropic
particles at different points in time during application of an
oscillating field (green line) in y-direction (1/T=25 kHz). Each
single spot represents the magnetization projection of a single
particle in the xy- plane. All particles are aligned in y-direction at
t=0. The orange line indicates the total magnetization, i.e. the sum
over all particles. The time t,, indicates the time of zero
magnetization. Parameter for computation are: D,=D,=30nm,

W s Dy=31nm, 0=0.1, T=300K, B=10mT/y,
t=3T/4

After a short decay, the magnetization is pinned in the direction of the
anisotropy axis (vertical). At zero external magnetic field, the total magnetization
remains aligned in that direction. After t=T/2, the magnetic field is reversed and the
amount of particles overcoming the energy barrier with thermal assistance
increases. The height of the energy barrier depends on the anisotropy of the
particles. At a certain field the magnetization passes zero and the particles are
equally distributed in both directions. Finally, the magnetization is again aligned
vertically, but now in the opposite direction. Figure 6 shows the same process as in
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figure 5 for a single particle and different field directions. The thermal noise was
suppressed by choosing T=1 K for better illustration. On the left side, the situation
is similar to figure 5. For comparison, the single particle mean value at 300 K is also
plotted. For a single particle, the magnetization reverses at the anisotropy field
Baniso, 1.€. at about 7.8 mT/p,, which is for axial symmetry MS(Ny—Nx)I 4.Obviously,
the mean magnetization at elevated temperatures flips at lower fields (~1.4mT/py)
due to thermally assisted barrier hopping (see also figure 5). If the field is aligned in
horizontal direction (central graph, figure 6), the magnetic moment rotates from the
axial (vertical) direction into the horizontal field direction. At the anisotropy field,
the magnetization is aligned and rests in horizontal direction. If the field is lowered,
both states, magnetization up or down, are equally likely (see non-periodically flips
in blue line), so the magnetization will show no hysteresis effects in that direction.
The right graph in figure 6 shows the magnetization dynamics if the field is aligned
at 50° with respect to the vertical (axial) direction. So, again, the magnetization
rotates in field direction. There remains, however, a certain angle between field and
magnetization direction (see orange line).

M N
VRN

AR
[

AR ALY

Fig. 6. Single particle dynamics for ellipsoidal particles with aspect ratio of 31nm to 30nm at low
temperatures (1 K). On the left side, the field is directed into the vertical (axial) direction. The red line
represents the mean value for 10* particles at 300 K. In the central graph, the field is perpendicular to the
anisotropy (axial) axis. On the right side, the field is applied at an angle of 50° to the axial direction. The
orange line represents the cosine of the angle between magnetization and magnetic field.

For the resolution in MPI the steepness of the magnetization curve is important,
so the mean particle magnetization can also be plotted as a function of the magnetic
field. This is shown for 10* particles for vertical (axial) and horizontal field
directions in figure 7, beginning at t=0.
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Fig. 7. Mean magnetic moment in field direction as function of external magnetic field for parallel (left)
and perpendicular field direction with respect to the axial direction. At t=0 the magnetization is aligned
in axial direction The calculated anisotropy fields are 7.8 mT/py and 15.3 mT/p, for aspect ratios of
31/30 and 32/30, respectively. For 300 K, the width of the loops is lower than the anisotropy fields ( 2.8
mT/p, and 10.8mT /py, respectively) .

As anticipated, for field variations in the direction of the anisotropy, a
hysteresis loop is present, whereas for the direction perpendicular to this axis, the
magnetization crosses the origin. In addition, the steepness in the left graph is much
higher compared to the right one, which can be validated by comparison to a 30 nm
particle according to Langevin-Theory. So, in an MPI experiment, only a low signal
from the direction perpendicular to the axial direction would be expected from these
results. A larger anisotropy leads to larger hysteresis loops, e.g. a change of +2 nm
for a 30 nm particle leads to a hysteresis width on the order of the applied field.
Clearly, particles with a mean anisotropy field larger than the drive field amplitude
will not contribute to an MPI signal. Finally, comparing figure 7 and figure 4
indicates, that for axial alignment only the Néel process contributes to the MPI
signal.

2.3. Combined Rotation

The combination of both causes of magnetization change is described by solving
equation (1) and (2) simultaneously. The coupling between both equations is due to
the magnetic torque in the first equation and the non-diagonal demagnetization
tensor in the second equation. In the following the vector 7 points always in the
direction of the easy axis (axial direction), which will in general be different from
the direction of the magnetization. Therefore, a substitution according to

(M iix B)xii — (M x B)xii and D — D(ii)
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is performed and a numerical solution is obtained as already described.

Figure 8 illustrates the dynamics of a single particle at T=1 K. The left graph
shows the magnetization vector and the vector 7 (axial direction) as a function of
time, after an oscillating magnetic field in horizontal direction has been applied.

normalized magnetic moment and magnetic field
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Fig. 8. Magnetization and rotational dynamics of a single particle at T=1 K (left side). On the right side,
the mean value over 10* particles at 300 K is plotted. The axial anisotropy is represented by a diameter
deviation of +2 nm for a 30 nm particle. The viscosity is 5 mPa s, the amplitude of the oscillating
magnetic field is 10 mT/p, at 25 kHz .The green ellipses and red arrows above the left graph indicate the
direction of rotation of the particle and the magnetization. The black arrows indicate the direction and
field strength.

The magnetization as well as the axial direction at t=0 was directed in positive
y-direction (vertical). The green ellipses (particle) and the red arrows
(magnetization) above the graph illustrate the dynamics of the rotation at different
points in time, indicated by the dashed lines. At the very beginning, the
magnetization as well as the particle rotates into the field direction, until a minimum
vertical magnetization is reached. At that point, the external field is too low to
further rotate the particle, so it starts rotating back into axial direction. At B.,=0, the

magnetization is aligned in axial direction (7 || M), which is the state of lowest

energy and, thus, ny reaches its minimum value. Afterwards, the field amplitude
increases in negative x-direction, so the single particle magnetization further rotates
in positive y-direction, as does n,. If, finally, the magnetization exhibits a negative
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x-direction component due to the external magnetic field, the vectorz will again
change direction, to align itself in magnetization direction. This process will
continue until all particles are aligned horizontally. This can be seen from the right
side of figure 8. Again, 10* particles at 300K have been averaged. As expected, the
magnetization does not flip at zero field, and again, a hysteresis loop is expected.
This is confirmed in figure 9, right side. The mean particle magnetization is plotted
after ten periods versus the external magnetic field and compared to exclusive Néel
rotation (see also figure 7) and the case of an additional hydrodynamic diameter.
After the equilibrium state (particles aligned horizontally) is reached, there is almost
no difference between coated and uncoated particles. However, the magnetization
curve differs significantly from the case of exclusive Néel rotation. As a
consequence, a lower signal for the combined rotation would be expected. This can
also be seen on the left side (of figure 9), where the magnetization as function of
time is plotted. The reason is the dephasing of the particles due to Brownian rotation
at low magnetic field values. It was furthermore checked, that for large viscosities
the Néel limit is reproduced.

Core diameter:
(30,3032 nm

0.5¢
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time fus Magnetic field f mTi

Fig. 9. The mean magnetic moment of 10* particles at T=300 K for the combined rotation. Left side: time
evolution compared to exclusive Néel rotation; right side: the subsequent hysteresis loop. Additionally,
the case for coated particles is also shown. In equilibrium there is only little difference, whereas the
transient response (not shown) clearly differs due to different Brownian rotational time constants

3. CONCLUSION

In this paper, a detailed theory of Brownian, Néel and combined rotation of
magnetic monodomain particles in the context of MPI was presented. A Langevin
equation for the Brownian and Néel rotation was numerically solved. The relevant
parameters like frequency, viscosity, particle diameter and anisotropy were chosen
to apply to Magnetic Particle Imaging. It turned out, that the Néel process provides
the main contribution to the MPI signal. The Brownian rotation, however,
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significantly influences the signal strength, even for magnetic fields directed
permanently in axial direction. A small but defined anisotropy is acceptable, as the
magnetization can be flipped with the external field. However, small diameter
deviations induce substantial anisotropy fields.
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Molecular binding effects the signal used in magnetic spectroscopy of nanoparticle Brownian
motion (MSB). MSB uses the harmonics induced in magnetic nanoparticles by a sinusoidal
applied magnetic field to estimate the Brownian motion of the nanoparticles. The harmonics
reflect the balance between Lorentz forces and thermal effects on the alignment of the
nanoparticles. Changes in the size of the harmonics caused by binding cannot be
distinguished from changes in nanoparticle concentrations. We demonstrate that chemical
binding also changes the phases of the harmonics. The change in phase observed for bound
and free nanoparticles are different functions of frequency so sweeping the frequency should
provide an internal control for other effects. The relative phase of the harmonics provides a
concentration independent measure of chemical binding. The harmonics from very low
nanoparticle concentrations can be measured in vivo so it should be possible to monitor
chemical binding in vivo as well.

1. APPLICATIONS AND MEASUREMENT OF CHEMICAL
BINDING

Chemical binding is important in a wide variety of biomedical applications. The
most obvious example is antibody binding of targeted diagnostic and therapeutic
agents'”. Another important application is chemical binding of drugs to cell surface
molecules, which is of central importance to pharmaceutical development.

* This work supported by the Norris Cotton Cancer Center, the Department of Radiology DHMC and the
Innovation Program at Thayer School of Engineering.
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Methods of measuring chemical binding in vitro have been very important.
They include x-ray crystallography and NMR® and Raman scattering’. As
important as those methods are, the applications are so pervasive that alternative
methods are being actively explored. Recent work with colloid phase transitions’
has shown promise in drug development. Simple residence times can be used to
estimate binding if the proper models are used. Radioactive and optical tags are
able to provide residence times for agents in vivo. But even the correct model
cannot be used to distinguish binding energy from the number of binding sites’. A
more sophisticated method, Fluorescence recovery after photobleaching (FRAP),
can measure how fast molecular exchange between bound and unbound states
repopulates fluorescent tags following bleaching’ but again models are required and
like all optical methods it can only function on tissue or cells near the surface. AC
susceptibility, is being developed to measure binding of molecules tagged with a
magnetic nanoparticles® but it requires long measurement times and a low noise
background that are not feasible in in vivo applications. No current methods are
capable of in vivo application.

2. SPECTROSCOPY OF NANOPARTICLE BROWNIAN
MOTION (MSB)

A new technique capable of in vivo application measures the rotational Brownian
motion of magnetic nanoparticles (NPs), magnetic spectroscopy of nanoparticle
Brownian motion, MSB’. With appropriate controls and experimental design, MSB
is capable of measuring any phenomenon that affects the rotational Brownian
motion. For example, MSB has been used to measure temperature'®'
viscosity'”>. MSB employs the shape of the NP magnetization to characterize
rotational Brownian motion. The magnetization induced by magnetic NPs in a pure
sinusoidal magnetic field is a slightly distorted sinusoid. The magnetization
produced by the NPs is limited by thermal effects and reflects a balance between the
Lorentz forces tending to align the NPs and Brownian motion tending to randomize
their directions. The distortion in the magnetization results in harmonics that can be
detected independently and can be used to estimate Brownian motion. The ratio of
the fifth over the third harmonics as a concentration independent measure of
rotational Brownian motion. Because there are no other signals at the frequencies
of the harmonics, they can be measured with very high sensitivity. It has been
shown in imaging venues'*'® that the harmonics can be measured in vivo at
nanogram NP concentrations so MSB could function in vivo as well.

and
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2.1. The Effects of Chemical Binding on MSB

Chemical binding also impacts the Brownian motion of NPs. Indeed monitoring
viscosity'? is monitoring hydrogen bonding. But MSB has also been used to
monitor antibody binding as well'®. Modeling binding is more difficult. There are
probably both static effects and dynamic effects. Static effects modeling bond
bending can be described using Hookes Law. For low frequencies where the NPs
are in equilibrium, the Hookes Law force simply adds to the potential in the
Boltzmann distribution of the NP magnetic alignment. The potential energy, E, = -
U H cos@, is a function of the angle the particle makes with the applied field ¢, the
moment of the particle, 1, and applied field, H. The magnetization integrated over
@ provides the macroscopic magnetization in equilibrium:

nu " .
M=—— """ €¥0%% singcospd 1
Jo exosdsingdg Jo deospdp M
where 7 is the number of particles and a=uH/kT, k is the Boltzmann constant and 7'
is the temperature. The first term is the partition function. Evaluating the integrals
results in the Langevin function solution for the equilibrium magnetization’:

M = ny (coth () + a™h)

For bound particles, the potential energy becomes a function of both a) the
angle between the magnetization and the applied field, @, and b) the angle between
the magnetization and the bond, ¢s: E, = -y H cos¢- ks@s’, where kg is the spring
constant for the bond. Assuming the bonds are uniformly distributed and are not a
function of ¢, the energy for each ¢ can be obtained by integrating over ¢
producing a term that is constant with respect to ¢: E, = -u H cos@- /2 ks(7-4). The
extra term generates a multiplicative exponential term that appears in both integrals
in the expression above for the magnetization so it has no effect on the harmonics.
Although the static effects do not impact the shape of the harmonics, the dynamic
effects will affect the harmonics through the exchange rate between the free and
bound states. Dynamic effects of binding characterizing exchange limited rotational
motion of the NPs can be modeled by an increased Debye relaxation time 7 which is
related to the magnetization by an ordinary differential equation'”:

au M)

— ==2/7 | M(t) —

o o 0) (&ocoswt + B3CM(t)) (2)

Where &,coswt is the applied field, C is the interaction between the nanoparticles
and ¢, is related to the magnetization by the inverse Langevin function:
M(t) = np (coth (anr) + o) . Numerical solutions provided below show that as the
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relaxation time increases, the phase lag between the magnetization and the applied
field increases. The phenomenon can be observed as a wider hysteresis curve as
shown below.

When comparing the phase of harmonics it is important to normalize the angle
with the frequency. So the phase difference between the fifth and third harmonics
is: 65- 6; = 6"/5 - 6"/3, where 65" is the measured phase of the fifth harmonic
and 6; is the corrected phase at the frequency of the first harmonic.

3. SIMULATION RESULTS

Simulations of the phase angle difference between the fifth and third harmonics are
shown below in Fig. 1. The simulations used Equation 2 and assumed iron oxide
magnetization. A forward Euler method was used to numerically integrate the
differential equation providing the magnetization and its time derivative which is
proportional to the signal detected. The normalized phase difference between the
fifth and third harmonics is shown for several values of the relaxation time. Over
this range of parameters the phase difference drops to a minima before increasing to
a broad peak. The width of the minima widens for larger NPs. More tightly bound
nanoparticles have longer relaxation times. The simulation has limitations
including ignoring the effects of frequency and field amplitude on the relaxation
time, size distribution and variations in anisotropy.
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Fig. 1. The results of a simulation calculating the normalized phase angle difference between the fifth
and third harmonics for different values of relaxation time, 7. The frequency is 1 kHz. The change in the
normalized difference increases with frequency till they converge to the asymptotic value. This data
implies the selection of frequency has a large impact on the contrast.
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4. EXPERIMENTAL RESULTS

The normalized phase difference between the 5™ and 3™ harmonics for bound and
free NPs was measured using an apparatus previously described’''. The NPs were
30 nm streptavidin functionalized iron oxide NPs. Some were allowed to bind to 2-
micron polystyrene spheres. The free NPs were mixed with the same 2-micron
polystyrene spheres that were previously coated with BSA to prevent binding as a
control. The control NPs are labeled “Free” in Fig. 2. There is very little change in
the phase difference with changes in frequency in the simulations which is
congruent with the free NPs but not as closely with the bound NPs.

Phase Difference Between Harmonics
-2 ‘ ‘
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Fig. 2. The measured normalized phase angle difference between the fifth and third harmonics for bound
and free NPs. The change in the normalized difference with frequency is much larger for bound NPs than
for free NPs.

5. DISCUSSION

The experimental data fits the simulated data in general shape. The data fits into the
ranges of simulated data curve well. The range of phase differences shown in Fig. 2
for free NPs is probably from the zrange from 2 to 4 on the SOnm curve. The phase
difference is slightly decreasing over this range and is around -11°; only slightly
higher than the measured values. The bound NPs are from farther to the right on the
50nm curve; in the 7 range from 6 to 10 where the phase difference is increasing.
The simulated data is -6° at 7 of 8. The comparison of the simulation with
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experimental data is imperfect for several reasons including no size distribution.
Estimates of the relaxation time for 30nm iron oxide nanoparticles are around 75 [s
but there is strong dependence on anisotropy which is not well known for these
NPs. In general, the shape of the simulated curve for 50nm NPs is very close to the
shape of the measured data.

The data shows that the bound state to be monitored using the phase of the
MSB signal. The binding energy can be identified if a calibration curve providing
the MSB signal as a function of bound state is obtained independently.
Alternatively, the bound fraction can be monitored in near real time if the MSB
signal is known for each specific binding state present. Temperature can be
separated from other effects by sweeping the amplitude of the applied field'’ and
similar methods should be applicable to measure binding by sweeping the
frequency. The resulting calibration curve should allow binding effects to be
separated from confounding phenomenon. The data presented suggests that a
frequency calibration curve is possible but will probably require correction factors
not yet included to be sufficiently accurate. The harmonics can be measured in vivo
so the methods described should be amenable to in vivo use as well. The
phenomenon provides a potential contrast mechanism for imaging methods similar
to MPL.

6. CONCLUSIONS

Chemical binding is extremely important for monitoring antibody binding and drug
function. Magnetic nanoparticles can be used to monitor binding of conjugated
agents using the relative phase difference between the fifth and third harmonics.
The phase of the harmonics is a concentration independent measure of the mobility
of the NPs. The relative phase of the harmonics generated using a sinusoidal
applied field provides a mechanism to monitor the binding of those agents. Because
the harmonics can be measured in vivo, it should be possible to monitor chemical
binding in vivo.
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We report the first magnetic characterization of superparamagnetic iron oxide (SPIO)
nanoparticles loaded red blood cell (RBC) constructs to serve as potential blood tracer agent
in imaging of the circulatory system by Magnetic Particle Imaging (MPI). MPI is an
emerging, quantitative medical imaging modality, which holds promise in terms of sensitivity
in combination with spatial and temporal resolution. The results that have been obtained
suggest that, while SPIO show a short in vivo half-life that limits MPI, the RBCs loaded with
SPIO overcome this problem. Furthermore we show that the encapsulation of the tracer
materials is affected by its size and by the size of pores on the RBC membrane generated
during the encapsulation procedure.

INTRODUCTION

Erythrocyte (red blood cells, RBCs) constitute potential biocompatible carriers for
different bioactive substances including therapeutic proteins (enzymes and
vaccines), nucleotide analogues, cancer chemotherapeutics, nucleic acids, to be
applied for several clinical purposes. They feature unique properties such as
biodegradability, biocompatibility and large carrier volumes (the mean corpuscular
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volume, MCV, of RBC is 87 + 5 fl) and thus are well suited to be used for drug
encapsulation. Once inside the RBC the molecules can be protected from
inactivation by endogenous factors and, at the same time, the encapsulation of drugs
into autologous RBCs results in a protection of the organism against the toxic
effects of the drug itself, thus avoiding immunological reactions. RBCs have a
longer lifespan in circulation as compared to synthetic carriers that are currently
available (soluble macromolecules as synthetic polymers or complex particulate
structures such as microparticles and liposomes) and could act as bioreactors due to
the presence of several enzymatic activities that can directly affect the loaded
molecules and, in the case of loaded prodrugs, give rise to the active drug itself.
Thus, erythrocyte-based drug delivery represents an attractive and versatile carrier
system suitable for several clinical purposes, depending on the drug to be
transported or on the cells to be targeted.

Recently, we have proposed a method of SPIO (Superparamagnetic Iron Oxide)
nanoparticles encapsulation into RBCs that avoids fast uptake by the
reticuloendothelial system (RES), thus prolonging blood half-life of these contrast
agents enabling medical application in Magnetic Resonance Imaging (MRI), and
more specifically in MRI imaging of the circulatory system. In fact, the advantage
of these SPIO loaded erythrocytes is that they are stable constructs that are able to
survive for a number of days without being eliminated, and often have a lifespan
comparable to that of untreated erythrocytes [1]. Moreover, up to 25% of the total
mouse blood was replaced by nanoparticles-loaded erythrocytes without any toxic
effect. Here we report on the potential of RBCs loaded with iron oxide nanoparticles
as tracer material for Magnetic Particle Imaging (MPI), a novel imaging modality
introduced by Philips that hold great promise to comply with the requirements of a
next generation imaging concept [2]. The MPI principle is based on the nonlinear
magnetization response at low magnetic field which is typical for iron oxide based
magnetic nanoparticles. The MPI concept is different from MRI. When subjected to
an oscillating magnetic field with a frequency f; the nanomaterial generates an
output signal at odd multiple harmonics n:f; of this base frequency. Analysis of the
spectral intensity of these higher harmonics results in highly sensitive method for
detection of magnetic material. Spatial encoding is realized by using a coil
arrangement that allows for a field-free point motion across the otherwise
magnetically saturated field-of-view. This method results in images with high
spatial and temporal resolution as well as the high contrast that scales linearly with
the tracer concentration. Initial MPI experiments with the MRI-contrast agent
Resovist from Bayer Schering Pharma, a water-based polydisperse colloid of
carboxydextran coated iron oxide particles, have shown a high spatial resolution of
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0.3 mm in tomographic imaging. It has further been found that the MPI signal is
mainly generated by particles with 30 nm magnetic core diameter [3]. Coated with
dextran derivatives for stabilization, these iron oxide particles have an average
hydrodynamic size of 50 to 60 nm. This results in a short blood half-life of several
minutes due to rapid excretion via the RES which limits the applicability of such
compound in MPI. The use of longer blood half-time tracer materials would make
MPI highly suitable for e.g. perfusion imaging, image guided drug delivery or
interventional applications that require repeated imaging. In this way, the use of
RBCs as SPIOs carriers can be an advantage because of the long in vivo survival of
RBCs and a cell volume that theoretically could contain up to 100.000 particles per
cell.

2. ENCAPSULATION OF MAGNETIC NANOPARTICLES
INTO RBCS

The loading procedure has been essentially reported in Antonelli A. et al. [1].
Briefly, the encapsulation of magnetic nanomaterials into erythrocytes was
attempted by a loading procedure consisting 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 membrane, and successive resealing and reannealing of dialysed cells using
isotonic buffer. Erythrocytes were loaded using two different amounts of Resovist
(540 mg/ml of ferucarbotran, corresponding to 28 mg Fe/ml or 0.5 mmol/ml, by
Bayer Schering Pharma) or Sinerem (20 mg Fe/ml or 0.357 mmol/ml, by Guerbet)
contrast agents. 1 ml of RBC70% was dialysed both in presence of 5.6 mg Fe
(corresponding to 200ul of Resovist or 280ul of Sinerem contrast agents) (L1g-
RBCs, L1s-RBCs) and 22.4 mg Fe (corresponding to 800ul of Resovist or 1120 ul
of Sinerem contrast agents) (L2z-RBCs, L25-RBCs). Following the same procedure
unloaded erythrocytes (UL-RBCs) were prepared using the same dialysis protocol
in the absence of magnetic material. The total preparation procedure typically
resulted in a cell recovery of loaded erythrocytes ranging from 60% to 70%, similar
to that for unloaded cells. The loaded erythrocytes were slightly smaller on average
than the untreated cells, with less haemoglobin per cell but with a near normal mean
cellular haemoglobin concentration. It should be noted that the reduced mean cell
volume (MCV) reported above is due to the dilution of RBCs applied in these
loading procedure and not to the use of contrast agents, as similar values were
observed when unloaded erythrocytes were prepared using identical conditions.

The electron microscope analyses of L1- and L2-RBCs confirm the cell
integrity. Scanning Electron Microscopy (SEM) shows that loaded erythrocytes
have normal cell morphology and no significant differences with respect to control
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cells (data not shown). Moreover, TEM analyses of Resovist and Sinerem loaded
RBCs demonstrates a uniform non-aggregated distribution of the tracer material
throughout the cell with no significant clustering or accumulation at the erythrocyte
membrane (data not shown).

3. TRACER CHARACTERIZATION

The iron concentration of SPIOs loaded into erythrocytes was determined by NMR,
VSM and ICP-OES analyses (Table 1). NMR measurements of the longitudinal (T1)
and transverse (T2) relaxation times of the loaded samples were performed using an
AC-200 NMR-Bruker spectrometer and Fe concentration content was calculated
using rl and r2 values obtained from a dose-response curve generated by adding
known amounts of Resovist or Sinerem contrast agents to human blood samples. T1
and T2 relaxation times of Sinerem or Resovist L1-RBCs and L2-RBCs samples are
significantly lower than values of control cells (data not shown). This decrease is
attributed to the presence of magnetic nanomaterials in loaded RBCs. Tl1
measurements were used to derive the nanoparticle concentrations due to a higher
signal-to-noise ratio of T1 compared to T2.

Table 1. Fe concentrations of loaded RBCs resulting from NMR, VSM, ICP analyses.

Tracer Fe Tracer Fe Tracer Fe

Sample (NMR) (VSM) (ICP)
[mM] [mM] [mM]
Control RBCs - - -
Resovist-L1-RBCs  6.33 8 6.036
Resovist-L2-RBCs  13.9 21 19.554
Sinerem-L1-RBCs 5 6.66 6.857
Sinerem-L2-RBCs 10 15 16.071
Bulk Resovist - 500
Bulk Sinerem - 357

To provide additional control values, the VSM was employed as a direct method to
detect the magnetic content in the samples. A rather poor correlation between the
NMR- and VSM- based tracer iron concentrations has been found, which can be
attributed to the limited quantification potential of NMR. To further validate agent
contents in the samples, ICP-OES was utilized providing an independent measure
for iron concentrations, and corrected by control (unloaded RBCs) samples. The Fe
concentrations of the Resovist and Sinerem-Loaded RBCs samples were derived



30

from ICP analysis and corrected with a control sample (RBC with no tracer). VSM
and ICP based values agreed in all loaded samples while NMR measurements
generally underestimate the iron content (Table 1). This is particularly evident in
erythrocyte samples loaded with a higher amount of contrast agents (L2-RBCs).

Due to the good match between the VSM and ICP-OES measurements, agent
iron concentrations derived from DC magnetization measurements were further
used in this study.

4. MPS ANALYSIS

All samples were characterized with Magnetic Particle Spectroscopy (MPS): bulk
tracer materials and SPIO-loaded RBC samples have generated significant MPS
signal in the high frequency range while the tracer-free RBC sample did not result in
any considerable MPS spectral output (at the noise level). Sample magnetic
moments normalized by tracer Fe content (as derived from VSM) are shown in Fig.1
as a function of output frequency. The MPS signal generated by Resovist reduces by
about a factor 8 and by a factor 4 in the case of Sinerem upon RBC encapsulation.

The discrepancies in the MPS signals between bulk tracer materials and tracer
loaded RBCs can be attributed to size-selection during the RBC loading protocol,
which would result in encapsulated particles with a different size distribution
compared to bulk and therefore generates a modified MPI spectral response.
Although the different distribution of magnetic core diameters, the peak is around 5
to 7 nm for bulk and tracer-loaded RBCs samples corresponding to a mean
hydrodynamic particles size of 50-60 nm (data not shown).
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Fig. 1. MPS experimental data (symbols), lines are guides to the eye. Magnetic moment normalized by
Fe content vs. frequency
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5. CONCLUSIONS

The results reported in this paper have demonstrated the potential of RBCs as
nanoparticle carriers in MPI and have further refined some of the requirements for
optimal signal generation using RBCs. Despite the fact that Resovist or Sinerem-
loaded erythrocytes have shown a reduced performance in MPI compared to their
respective bulk materials, the data obtained from NMR and VSM characterization
confirms the attractiveness of RBCs in MPI using an optimal nanoparticle-based
contrast material, i.e. starting from monodisperse colloids with a core diameter of
about 30 nm and a hydrodynamic size of 50-60 nm. Moreover, preliminary in vivo
experiments have shown that MPI using nanoparticles-loaded erythrocytes is
possible at least in the mouse. It is to be noted that the loading protocol of magnetic
nanoparticles into human RBCs has now been shown to be optimal for a
hydrodynamic diameter of about 60 nm. Therefore one of the challenges will be to
find new synthesis protocols and optimize next generation nanoparticle tracer
materials.
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Resovist was first launched as MRI contrast agent for early liver diagnosis in 2001.
It contains a suspension of carboxydextran coated superparamagnetic iron oxide
(SPIO) nanoparticles. In their initial experiments to establish the magnetic particle
imaging (MPI) technology B. Gleich and J. Weizenecker used Resovist as magnetic
particle formulation to acquire first phantom images'. In a prototype MPI scanner
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Magnetic particle imaging (MPI) is a novel tomographic imaging technique visualizing
colloidal magnetic material. Experimental data of several research groups indicate that
Resovist, a clinically approved MRI contrast agent consisting of superparamagnetic iron
oxide (SPIO) nanoparticles, is superior to a number of other experimental as well as clinically
approved SPIO in its performance as MPI tracer. Nevertheless, the dose of Resovist needed to
achieve a good spatial and temporal resolution in simulation studies and initial animal
experiments is rather high. Therefore, novel tracer materials are needed in order to foster
further improvement of this new imaging modality. This contribution summarizes data for
Resovist in MPI and ideas for tracer optimization.
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use of undiluted Resovist containing 0.5 M iron resulted in a sub-millimeter spatial
resolution at 1 minute data acquisition time. In 2007 Philips Research Hamburg
together with Bayer Schering Pharma performed initial animal experiments
indicating that a Resovist dose of 4,5 mg Fe/kg bodyweight (7 times of the
recommended human dose) is sufficient to visualize the imaging agent bolus by
MPI in mice in a time-resolved fashion (unpublished results).

In early 2009 Weizenecker and co-workers published an animal study nicely
exploiting the high temporal resolution of MPI 2. They injected Resovist at a dose of
2,5 mg Fe/kg (3,8 fold max. recommended human dose) and could acquire signal in
3 dimensions from heart and large vessels. Left and right ventricle as well as the
vena cava could be differentiated albeit at a voxel size greater than the actual object
of interest. The temporal resolution, however, is good enough to resolve the heart
beat frequency of the mouse. As the method is quantitative, iron concentration is
given at any time point after Resovist injection. The bolus is nicely time resolved at
a concentration of about 3.8 mM and passage of the tracer can be tracked through
vena cava, right atrium and right ventricle followed by left atrium and left ventricle.
At equal distribution of the tracer in blood which is almost reached after 20 seconds
post injection iron concentration has declined to 250 uM and will be further reduced
at a half life of approximately 15 minutes. According to a simulation study
published by Weizenecker et al. in 2007° spatial resolution drops with decline of
tracer concentration. It thus remains to be elucidated, whether feasible imaging
results can just be obtained during bolus passage within a couple of seconds or
whether tracer concentrations at later time points will also allow acquisition of
diagnostically useful images.

At the world molecular imaging congress 2009 in Montreal, Canada, Rahmer and
colleagues presented results on an in vivo organ perfusion study in mice’. A 3D
real-time mouse brain perfusion study using Resovist was shown at a spatial
resolution of 1.5x3x3 mm. The Resovist dose in this study was reported to be
between 1,5 and 5,8 mg Fe/kg bodyweight. As the max. dose for Resovist tested as
safe in clinical studies is 2.2 mg Fe/kg. Some application doses used by Rahmer et
al. and others would thus exceed the clinically acceptable range.

At the 2008 ISMRM in Toronto J. Bulte and collegues reported cell labelling
studies indicating that Resovist has a 4-fold higher imaging efficacy per unit of iron
than Ferridex has’. They found that MPI has in fact a potential for non-invasive
quantitative cell tracking.

The articles cited above describe Resovist as an imaging tracer suitable for
magnetic particle imaging, although the doses used to acquire sufficiently well
resolved images are close to or even exceed the maximum tolerable dose for
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humans. By increasing magnetic properties of the tracer material and by separating
the optimal particle fraction of a synthesis approach signal and therefore spatial
resolution might be increased substantially.

2. OPTIONS FOR TRACER OPTIMIZATION

In the literature some options to generate a tracer performing better than Resovist
are discussed. B. Gleich suggests that only a 3 % fraction of Resovist contributes to
its overall signal in MPI' implicating that separation of this particular colloidal
fraction would lead to significant signal enhancement. Resovist contains
superparamagnetic iron oxide particles in a rather broad size distribution as shown
in figure 1. Magnetic separation of this suspension into 7 fractions ranging from
20nm to 80 nm mean hydrodynamic diameter with narrow size distributions
(corresponding iron oxide core sizes range from approx. Snm to 25nm as
determined by SAXS) did, however, not result in a marked signal increase in
magnetic particle spectroscopy (our unpublished observations). These results
suggest that neither mean diameter nor particle size distribution are the main
parameters accounting for signal determination. It though has to be mentioned that
Resovist cores consist of aggregates of approx. 5nm iron oxide crystallites.
Whereas the smallest separated fraction contains single crystallite cores the larger
fractions contain multiple such crystallites as core. This may result in magnetic
properties differing from those calculated for “solid” magnetite core structures.

Ferguson and colleagues published some mathematical considerations on
optimizing size and size distribution of magnetite nanoparticles in order to improve
their harmonic response in MPI ’. The authors simulate magnetite particles ranging
from 10 to 16 nm coated by a 23 nm surfactant layer. They conclude that signal
increases with particle size before decreasing steeply due to increased relaxation
time. A particle core diameter of 14 nm results in the highest magnetization and
third harmonic amplitude at the conditions chosen. According to their calculations
the partical size distribution influences harmonic response significantly. The
broader the size distribution the lower the signal amplitude will be. This contrasts to
our findings for Resovist fractions, may, however, be explained by the Resovist
core structure as mentioned above.
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Fig. 1 Fractogram of the asymmetrical flow—field—flow—fractionation (A4F) of the particle size
distribution of Resovist (Lot# 43042T). Two detections methods were used to account for signal
weighting differences of different particle sizes in the same sample; black curve: 90° static light
scattering (SLS) detecting primarily larger particles, grey curve UV detector (wavelength: 254 nm)
detecting predominantly smaller particles. The signal amplitude therefore is not a measure of relative
content of a particular particle size in the sample. The A4F characterization method and the equipment
used were described before®. Here the channel thickness was 500um, the detector flow rate was
0.5 ml/min and the cross—flow rate decreased linearly with time, starting with a cross—flow rate of
2.5 ml/min.

The same was principally found by S. Biederer and his colleagues when
describing the construction of a magnetic particle spectrometer and its use in
characterizing Resovist®. Simulated particles of identical size do result in higher
harmonic response compared to a simulated size distribution. The presented
magnetic particle spectrometer will have impact on future particle synthesis
approaches as it allows quick and precise analysis of harmonic response and thus
provides an important tool for particle lead structure optimization.

In contrast to particle size and size distribution little if any data is available
addressing additional particle parameters like material variations and particle shape.
In practice synthesized particles might not consist of pure magnetite but may also
contain to some extent maghemite or iron hydroxide. The introduction of other
metals in addition to iron may also influence the magnetization and therefore
harmonic response. The shape of magnetic particles is mostly considered as sphere.
It remains to be elucidated, however, whether other shapes like egg-shape, cubes or
octahedrons will offer improved performance in MPI.
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In the last years of research in magnetic particle imaging it was posited that the best spatial
resolution will be achieved by use of iron oxide single domain nanoparticles in the size range
from 20 to 30 nm. The present article gives a short review about the experiences of our group
concerning the preparation and the characterisation of particles in this size range. A further
increase of the spatial resolution of magnetic particle imaging can be expected for the use of
mono sized particles. For this reason two fractionation methods for the narrowing of the size
distribution width are mentioned.

1. INTRODUCTION

Magnetic nanoparticles (MNP) are very interesting for a lot of biomedical
applications. The magnetic particle imaging (MP]) is a relatively new approach of
imaging which utilize the fact that magnetically saturated particles do not show a
change in their magnetic behavior when exposed to an additional alternating
magnetic field, whereas the unsaturated particles show a strong change in their
magnetization'. Therefore it is possible to detect very small amounts of magnetic
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material serving as magnetic marker by moving a zero field of very small
dimensions through the body and measuring the magnetic response of MNP bound
to the tissue in the zero field to the additional alternating field. Biederer et al. stated
that magnetic particles with a diameter in the range between 20 and 30 nm and a
narrow size distribution have the largest contribution to the MPI signal®.

To meet the requirements of the particles for MPI in the present article different
routes to prepare larger single domain particles (LSDP) in the interesting size range
are described. The resulting particles are characterized and the most interesting
properties for MPI are compared. For the narrowing of the size distribution width
magnetic fractionation methods seems to be interesting. Here are two methods
mentioned which achieved good results during our studies concerning the increase
of the specific heating power of MNP for magnetic particle hyperthermia.

2. PARTICLE PREPARATION

The most popular methods for the preparation of iron oxide nanoparticles are wet
precipitation procedures as described by Khallafalla®. In principle, to an aqueous
solution of mixed Fe*'- und Fe*"-salts an alkaline medium is added which leads to
the precipitation of iron oxide nanoparticles. Typically the resulting particles show a
mean size of about 10 nm and a broad particle size distribution. By changing the
synthesis conditions (e.g. drop time, temperature, concentrations) the particle
diameter can be increased up to 100 nm*.

Another variation of this method is the so called cyclic precipitation’. During
the first cycle a standard wet precipitation is carried out. Following this, the mixed
iron salts are added again and a second precipitation takes place after addition of the
alkaline medium. By controlling the reaction kinetics it can be reached that the
second precipitate grows on the particles from the first step without any further
formation of new particles. Up to now 4 consecutive cycles were successfully
carried out which lead to particles up to 26 nm and a narrower size distribution in
comparison to the larger particles from Dutz et al.”.

For comparison another type of MNP will be described here — the so called
magnetic multi-core nanoparticles. These particles are prepared by a similar method
to the method of Khallafalla but the processing of the synthesis is changed in a way
that the resulting particles are clusters in the size of 50 to 80 nm consisting of single
domain cores of 13 nm®’. By coating these particles with carboxymethyldextrane,
sedimentation stable suspensions of larger particles can be prepared.

Beside the classical wet precipitation of MNP there are some other ways to
prepare LSDP. A very simple method is the milling of larger particles. But due to
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the strong forces during the grinding process of the particles the crystal lattice is
damaged which leads to a higher coercivity of the particles which is not so
advantageous for the application in MPT**,

A more suitable method is the controlled growth of particles in a glass matrix —
the so called glass crystallization method’. For this method hematite is dissolved in
a borate glass and heated above the melting point. Then the melt is cooled down
rapidly between two water cooled rollers. The resulting flakes show an amorphous
structure. The first annealing step of the flakes leads to the nucleation of magnetite
cores and during the second step the particles grow without further nucleation. After
dissolution of the glass matrix by means of acetic acid the obtained particles can be
coated and transferred to a suspension. The resulting particles show a diameter of
about 14 nm and a much narrower size distribution than the precipitated MNP.

A completely different method for the preparation of large single domain MNP
is the laser evaporation method. For this a coarse hematite powder (um size) is
evaporated by means of a CO, laser. Due to the relatively steep temperature
gradient outside of the evaporation zone a very fast condensation of particles from
the gas phase takes place. The resulting particles are in the mean size range from 20
to 70 nm and show a relative small size distribution. Unfortunately, up to now only
the preparation of dry powders is possible but by an in situ coating it could be
possible to form a shell around the particles which enables the suspension of the
MNPs. This preparation route is being carried out in collaboration with the group of
Dr. Kurland from the University of Jena'’.

3. PARTICLE CHARACTERISATION

Typically the particles were characterized by X-ray diffraction (XRD). This
investigation gives information about the phase composition of the particles as well
as the mean crystallite size of the particles. Additionally TEM imaging is carried
out to verify the results of XRD and to get information about the agglomeration
behaviour of the MNP as well as the shape of the particles (Figure 1).
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Fig. 1. Typical TEM images of particles prepared by glass crystallisation (A) and laser evaporation (B)
as well as multi-core particles (C).

The magnetic properties are determined by vibrating sample magnetometry
(VSM) measurements. For the application of the particles in MPI the most
interesting properties are the saturation magnetization (M), the coercivity (H.), and
also especially the initial susceptibility (y). All these parameters can be derived
from the saturation loop of the particles.

In table 1 typical values of the above mentioned MNP properties for particles
prepared by the described methods are shown. It is clearly seen that the standard
wet precipitated particles show a very small coercivity but also a relatively small
initial susceptibility which should result in weak signals in MPI.

An increase of the single domain core size leads to an unavoidable increase of
the coercivity as established before’. But the particles with a larger coercivity than
the standard particles do not show a higher y, automatically. In general the Y, for
superparamagnetic MNP is obtained from

%= oM, */3kT

with the permeability g, the Boltzmann constant &, and the Temperature 7. The
particles in table 1 show an M varying from 60 to 80 Am?/kg which does not
explain the differences in the y,. For particles showing a hysteresis y, is not defined
exactly. In the case of this article the coercivity was neglected and yj is given by the
slope of the initial magnetization curve.
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Table 1: Typical values for the mean diameter (d), saturation magnetisation (M), coercivity (H.), and
the initial susceptibility (yy) of the prepared particles.

preparation method d (XRD) Mg Hc %o
[nm] [Am?/kg] [kA/m] [10° m%/kg]

precipitated, standard 12 66.7 1.0 1.44
precipitated, larger 28 80.1 7.5 1.58
cyclic 26 60.0 7.2 1.10
multi-core 60 (TEM) 69.3 1.8 2.46
milled 28 74.9 12.9 1.09
glass crystallization 14 63.0 1.0 1.15
laser evaporation 28 69.2 10.6 2.06

The MNP with the highest y, of 2.06 and 2.46 10~ m’/kg show a comparable
M; and a coercivity of 10.6 and 1.8 kA/m, respectively. Because a strong coercivity
requires a high gradient from the zero field to the saturation field as well as high
amplitude of the alternating field the particles from the laser evaporation seems to
be not so suitable for MPI. The most promising of our prepared particles are the
multi-core MNP — they combine a high y, with a relatively low coercivity.

4. PARTICLE FRACTIONATION

Because the task to prepare monosized particles was not satisfactorily solved till
now we are working on another method to obtain particles with a narrow size
distribution which is the size dependent fractionation of the existing particle
ensembles.

An easy method based on centrifugal forces acting upon the MNP. In a few
consecutive centrifugal runs the unwanted particles which are too large or too small
can be removed by applying different acceleration forces to the particles. By using
this method good results concerning the increase of the specific heating power of
particles for magnetic hyperthermia were obtained’.

More complicated is the fractionation of the particles in a magnetic quadrupol
separator. A glass column is placed between permanent magnets in a manner that in
the centre of the column there is a zero field which shows an increase of the field in
direction to the column wall with a high magnetic field gradient. The magnetic
force to the smaller particles is very weak and they move very slowly to the wall
when passing the column. In contrast the force to the lager particles is much
stronger and they move to the wall of the column. By this way size dependent
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separation can be achieved''.

Up to now none of both methods was used to prepare fractions of different
particle sizes from a broad size distributed ferrofluid for the investigation of the
initial susceptibility. An influence of the particle size in the different fractions on its
coercivity was shown before’.

5. SUMMARY / DISCUSSION

In this article we show different ways to prepare large single domain nanoparticles.
For our particles no direct correlation between mean particle size and initial
susceptibility was found. This means, that the initial susceptibility is affected by a
lot of different parameters beside the particle size, e.g. particle size distribution in
the ensemble, the quality of the crystal lattice, or changes in the magnetic
interactions between the single particles caused by the coating.

The saturation magnetization of the prepared particles varies from 60 to 80
Am?/kg. The first reason for this is the different phase composition of the resulting
particles depending on the preparation method. In general, the particles consist of a
mix of magnetite and maghemite or a solid solution of both phases®. Additionally,
the saturation magnetization is affected by the particle size due to the surface-to-
volume ratio. The stronger oxidation of smaller particles to maghemite because of
the relatively large surface leads to a lower saturation magnetisation®.

Up to now none of our particles was tested for the suitability for MPL. As a
result of this comparison the multi-core MNP seems to be interesting for MPI.
Although or even because these particles are not single domain they show a high
initial susceptibility but only a relatively small coercivity.
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1.

During the last years, nanoparticles have been advanced to one of the most versatile
materials.'” Hence, nanoparticles are in the focus of many research activities due to
their rather attractive properties, which may have potential use in fields like
, MRI° or even in environmental rehabilitation.® Especially in
medicine, these particles are in the center stage of research for novel carrier agents
that may transport therapeutic substances’. In this paper, nanoparticles are described
that may act as tracer material for imaging purposes.” Particularly, magnetic
nanoparticles play a key role in MRI, where they are used as contrast media leading
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In the last few years, nanomaterials have emerged with interesting properties for new
applications in nearly all areas of life. Particularly, SPIONS, i.e. nanosized superparamagnetic
particles based on iron oxide, became more and more interesting in medicine. For instance,
SPIONs have successfully been used in cancer therapy and for contrast enhancement in
magnetic resonance imaging (MRI). Recently, SPIONs have shown viability as tracer in
magnetic particle imaging (MPI), a method for visualization of the spatial distribution of iron
oxide nanoparticles. In this paper, a simple synthesis strategy for SPIONs is presented. It has
been shown that the image quality of MPI is highly dependent on the particle core diameter.
Therefore, the particles must be optimized to improve imaging quality. It is explained how the
raw synthesized particles are subjected to a separation and purification chain. Finally, the
results of the separation efforts are validated by spectral analysis.

INTRODUCTION
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to improved diagnostics in a broad spectrum of applications ranging from liver
diagnostics (e.g. detection of malignant liver lesions’) to bone marrow imaging
(differentiating metastasis and osteomyelitis'®).

A well established nanoparticle-based contrast agent in MRI is Resovist™
(Bayer Schering Pharma)."" This agent falls into the category of SPIONS, i.e.
superparamagnetic iron oxide nanoparticles. It consists of a magnetite (Fe;O4) core
coated with carboxydextran, which prevents the particles from agglomeration. Due
to structure and size of these particles, Resovist'™ is a reticuloendothelial system
(RES) specific MRI contrast media, originally used for imaging of liver lesions
since the early 1990s.'?

Recently, Resovist™ has been used to demonstrate the feasibility of magnetic
particle imaging (MPI)."*'> MPI is a new imaging modality, which is directly based
on the nonlinearity of the magnetization curve of the respective nanoparticles.
However, Resovist™ does not meet all expectations for MPI and, unfortunately, it
has been withdrawn by Bayer Schering Pharma in the end of 2008. In this paper, a
simple synthesis and separation process design is presented for producing suitable
tracer particles for MPI. The particles are characterized by their diameter
distribution.

2. DEXTRAN-COATED IRON OXIDE NANOPARTICLES

2.1. Synthesis

For synthesis of iron oxide nanoparticles, different methods can be used. Very
common procedures of SPION preparation work with micro-emulsions, sol-gels,
thermal decomposition, or gas deposition.'®'” The strategy proposed here consists of
the classical co-precipitation of iron oxide in an alkaline solution

2Fe™ + Fe*" +80H —2" 5 Fe(OH), +2Fe(OH ),

temperature

Fe(OH), +2Fe(OH ), —=2tC2 05 Fe 0 ,+4H,0
in presence of dextran under accurately defined conditions. The molecular weight of
dextran used for the particles analyzed here is 70 kDa. However, even under defined
conditions'®, a narrow mono-modal particle size distribution requires a consecutive
chain of separation and purification steps. Mono-dispersed particles are a crucial
prerequisite to improve the sensitivity for MPL"
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2.2. Coating

Dextran, a polysaccharide based on glucose molecules, can be composed of chains
of varying lengths (from 10 to 150 kDa). The main chain consists of o-1,6
glycosidic linkages between glucose molecules, while branches begin from o-1,4
linkages and, in some cases, 0-1,2 and a-1,3 linkages as well (see Fig. 1).

dextrancoating

A
B
~—

particle core’

Fig. 1. Structure of dextran, build on a-1,6 glycosidic linked glucose molecules and a-1,3 linkages.

Dextran can be synthesized from sucrose by lactic-acid bacteria. Over the past
decades, the clinical use of dextran shows evidence of quality and safety. The key
advantages of dextran as coating material are that it is water soluble, biocompatible
and biodegradable. In addition to these positive biochemical characteristics, dextran
has proven stability for a period of several years. Most of the safety studies have
been carried out with parenterally administered dextran solutions. However, dextran
may be administered orally as well. It is well tolerated and shows a reductive effect
on blood viscosity or acts as a volume expander in anemia.'”* In general, after
many years of observation, it can be concluded that dextran shows excellent
biocompatibility.

2.3. Separation

In simulations, it has been shown that SPIONs of 30 nm in iron-core diameter are
expected to perform optimal in MPL'" Unfortunately, the dark-brown magnetic
fluid, obtained from the synthesis described above, consists of a poly-disperse
particle size distribution. Therefore, efforts are necessary to separate the undesired
particles of larger and smaller diameter.

After cooling the fluid to room temperature, the solution is treated with a
permanent magnet over night to remove large particles. Then, to isolate the medium
sized particles, the solution is centrifuged. The next step is to dialyze the solution of
the particles. To get an acceptable concentration of iron, in a final step, the fluid has
to be centrifuged in tubes with a special filter system. The resultant particles exhibit
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a hydrodynamic diameter in the range between 80 nm and 90 nm as measured with
a photon cross-correlation spectrometer.”!

3. PARTICLE CHARACTERIZATION

Today, different methods are used to obtain an estimate of the mean particle core
diameter. Typically, transmission electron microscope (TEM) images are analyzed
or relaxation experiments are carried out. However, image analysis of TEM leads to
poor statistics and relaxation is a rather indirect method to obtain an estimate of the
paramagnetic core diameter, d...

To characterize the nanoparticle size distribution, in this paper, two spectral
methods are compared. The first spectrometer is based on photon-correlation
spectroscopy (PCS) and photon cross-correlation spectroscopy (PCCS). PCCS
allows the determination of the hydrodynamic particle size and the stability of the
suspension.”’ Both parameters are of particular interest for medical imaging. The
second particle spectrometer, a magnetic particle spectrometer (MPS), is directly
based on the MPI principle.”” The decay of the harmonics in the nonlinear
magnetization response mentioned above can be used to identify the iron-core size.

3.1. Photon Cross-Correlation Spectroscopy (PCCS)

Dynamic light scattering can be used for spectroscopy of a particle size distribution.
Spectrometers that are commercially available (Nanophox, Sympatec, Clausthal-
Zellerfeld, Germany) are either based on photon-correlation spectroscopy (PCS) or
photon cross-correlation spectroscopy (PCCS).

For the results presented here, PCCS is used. PCCS allows for simultaneous
measurement of particle size distribution and stability in the range of d, = 1 nm to
some micrometers in suspensions, where dj, is the hydrodynamic diameter.

3.2. Magnetic Particle Spectroscopy (MPS)

Magnetic particle spectroscopy (MPS) can be understood as measurement of the
magnetization response, M(#), when applying a sinusoidally oscillating magnetic
field, H(#). The dynamics can be modeled by Langevin’s theory of paramagnetism,

H(t k,T
M(t)=mc| coth MO |\ kg
k,T m i, H(t)
where uo is the permeability of vacuum, kz the Boltzmann constant, T the
temperature in Kelvin and, ¢ the particle concentration. The magnetic moment at
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saturation, my, of the particles is given by m,= 1/6Ttd§MS, with M, being the
saturation magnetization, i.e. 0.6 T/u, for magnetite. Biederer et al.”> have shown
that an estimate of the iron-core diameter d., named apparent core diameter, can be
obtained by solving an inverse problem based on the measured decay of the
harmonics.

4. RESULTS AND DISCUSSION

The tracer material synthesized with the method described in this paper shows
excellent results in PCCS and MPS. Actually, it is competitive to Resovist, a
carboxy-dextran coated SPION, with respect to particle size and magnetization
response.

With the proposed technique to separate dextran-coated iron-oxide
nanoparticles, an improvement in standard deviation of the particles can be
obtained. The mean and the variation of the particle’s hydrodynamic diameter is
concluded from measurements of independent water-based suspensions. The
particles show sufficient uniformity.

In PCCS measurements, a variation of the mean hydrodynamic diameter was
found from d), = 83 nm to 86 nm. Recently, it has been published that different —
arbitrarily chosen — lots of Resovist™, show a variation of the mean hydrodynamic
diameter from 56 nm to 86 nm.'** For the dextran-coated particles, the estimated
apparent mean core diameter was d. = 21.13 nm with a standard deviation of 1.93
nm. The standard deviation depends highly on the parameters of the separation and
purification strategy. For different lots of Resovist™, the estimated particle core
diameter was d. = 13.57 nm with a standard deviation of 3.69 nm.

As a general conclusion, it can be stated that the synthesized dextran-coated
SPIONs do not meet the ideal parameters for MPI. However, with respect to the
apparent iron-core diameter, the SPIONs synthesized here are superior to the
commercially available carboxy-dextran nanoparticles.
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1.

For MPI to successfully move beyond proof-of-principle experiments into the clinic
or research laboratory, it is critical to develop efficient tracer materials. This is
especially true for potential applications that depend on active targeting, where for
the highest sensitivity, each unit of tracer must generate the maximum achievable
MPI signal voltage. For the pioneering MPI scheme developed by Gleich et al.,'
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We present experimental results to demonstrate that there is an optimum size for magnetite
nanoparticles that are used to generate MPI signal, where the signal is detected as the third
harmonic of nanoparticle magnetization, M, for any driving field frequency, v. Our
experimental results, for an arbitrarily chosen v = 250 kHz, agree with predictions for a
nanoparticle magnetization model based on the Langevin theory of superparamagnetism.
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signal is generated by harmonics in superparamagnetic nanoparticle magnetization,
and the critical metric is harmonic amplitude per unit mass of magnetic material.

After many recent advances in chemical synthesis techniques, it is possible to
produce highly uniform magnetic nanocrystals with fine control of particle size and
shape.” By carefully controlling size, we show that it is possible to engineer
biocompatible magnetite nanoparticles with optimum physical dimensions that
maximize MPI’s mass sensitivity. This result is explained using the Langevin
theory, is demonstrated experimentally, and provides a basis for synthesizing
optimal materials with dramatically increased performance relative to commercial
options.

2. METHODS

2.1. Magnetite Nanoparticle Synthesis

For this work, magnetite nanoparticles were synthesized by the pyrolysis of Iron
(III) oleate in 1-Octadecene (technical grade, 90%, Aldrich). Iron (III) oleate
synthesis was based on the method described by Jana, et al.> In a typical reaction to
produce 15 nm magnetite nanoparticles, 12 mmol of oleic acid (technical grade,
90% Aldrich) was added to 0.5 mmol of the iron (IIT) oleate complex dissolved in
2.5 g of 1-Octadecene. After purging under argon for 30 minutes, the mixture was
heated, also under argon atmosphere, and refluxed for 24 hours. Finally, the
reaction mixture was cooled to room temperature and the nanoparticles were
collected and washed in a 1:1 mixture of chloroform and methanol.

To prepare for MPI signal testing, each sample was transferred from the
organic to water phase for biocompatibility using the amphiphyllic polymer
poly(maleic anhydride-alt-1-octadecene) — poly(ethelene glycol) (PMAO-PEG), and
dissolved in 1x Phosphate Buffered Saline (PBS) solution. General guidelines for
determining iron oxide nanoparticle toxicity are well established,” and we have
previously studied the toxicity of iron oxide nanoparticles made in our laboratory.’
Following phase transfer, iron concentration was measured using an Inductively
Coupled Plasma — Atomic Emission Spectrophotometer (Jarrel Ash 955). The iron
concentration in synthesized samples generally ranged from 0.5 to 3.6 mgFe/mL.
The median diameter and size distribution of each was measured by fitting
magnetization vs. field data according to the Chantrell method.®

2.2. MPI Signal Testing

MPI signal performance was measured using a custom-built transceiver that was
specially designed for detecting the 3™ harmonic of nanoparticle magnetization.
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During its operation sample harmonics are excited using an air-cooled solenoid that
is driven at 250 kHz using a commercial radio-frequency (RF) amplifier (Hotek
Technologies, Model AG1017L). Harmonics are then detected using a smaller
receiver coil and counter-windings that both reside coaxially inside. To narrow
receiver bandwidth and provide optimal power transfer for harmonic detection, the
receiver coil is tuned and matched to 50 Q at 750 kHz. Induced harmonics are also
amplified using ~ 24 dB of gain before detection with a commercial spectrum
analyzer (Rohde & Schwarz, Model FSL303).

During testing, the transceiver transmitter coil was driven with 10 Watts of RF
power to produce an excitation field of 10 mTu,'. To assess measurement
variability, MPI signal testing was performed in triplicate. For each triplicate, 3
small cuvettes were filled with 100 ul of sample at the measured concentration
listed in Table 1. Sample cuvettes were then inserted into the transceiver coils.

2.3. Langevin Model of Nanoparticle Magnetization

In previous work, we developed a Langevin model of superparamagnetism to
predict how efficiently a system of nanoparticles will respond to an ac field,
generate harmonics, and therefore a MPI signal.” For a sample of nanoparticles, we
model the time dependent magnetization M, as a function of median nanoparticle
diameter d, and standard deviation &:®

M(dO,O',l): 1 i (1)’ ZICOth[ad3H(a)’t)]_
M s U+ (w0 1+ (wr)

s

1
S » (D)
ol Hw. t)jg(do,ad)dd

where H(wy) is the RF driving field, which varies sinusoidally with amplitude H

and angular frequency @; QZM, where M; is the saturation magnetization of
6k, T

the nanoparticles (446 kA/m for magnetite), 1, is 47x10"Hm™, k, is the

Boltzmann constant, 1.38x10JK™', and T is the temperature in Kelvin; zis the

effective relaxation time for the particle moment to reverse in an alternating

magnetic field, T=1,T, /(T3 + Ty), Where 7yis the Neel relaxation,

;N7 explKp], @)
N 0 1/2
2 Kp

3

where K is the magnetocrystalline anisotropy constant, o= and 7, is taken to
6k, T

be 10" s, and 7y is the Brownian relaxation, 7, =ﬁ, where V is the
k,T

hydrodynamic volume of the particle, and 7 is the viscosity of the suspending fluid
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(0.89 mPa s for water). Finally, g(dy, 6;d) represents the distribution of diameters in
the sample, and can be well-approximated® using a log-normal distribution function:

2
I —(in(d/d,) 3
d d)= 5 ( )
&(d,0.d) od\27 P

where o is the standard deviation of the distribution, and d, is the median diameter.

3. RESULTS & DISCUSSION

By carefully controlling the size of our particles, we were able to demonstrate that
MPI signal varies dramatically with their diameter, d. This is illustrated in Figure 1
where measured signal per mg iron is seen to vary over nearly three orders of
magnitude, with some particles exhibiting a 30 fold sensitivity increase over
commercial counterparts with comparable iron concentration.
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Figure 1: MPI signal testing results. Symbols represent nanoparticle samples (particle details are listed in
table 1). The error bars in x are not uncertainty, but rather delineate the first standard deviation of the
sample diameter distribution. The grey curves are simulated data for particles with the listed anisotropy
constant (eq. 2), and a log-normal distribution with standard deviation 0.1.

Most striking is the observed peak in the harmonic signal vs diameter,
indicating that there is an optimum nanoparticle size for MPI at 250 kHz. Strictly
speaking, this optimal size depends on the drive frequency and the anisotropy
constant K (eq. 2), and can be predicted for other frequencies using the Langevin
model discussed in section 2.3. For 250 kHz MPI, the optimum particle diameter is
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~15 nm. Detailed information about the nanoparticle samples shown in Figure 1 is
provided in Table 1. Also included in Fig. 1, are three simulated curves, for
Magnetite samples of increasing diameter, having anisotropy constants K of 15, 20,
and 25 kJ/m"3, respectively, each with a log-normal size distribution with standard
deviation, 6=0.1.

Table 1. Details of Magnetite nanoparticle samples used in MPI
signal testing.

Sample MPI signal mgFe/ DO (nm) c
(mV/mgFe) ml
Feridex IV 10 221 6.9 0.40
(Bayer)
mf090401 4 0.24 5.6 0.42
ak090309 <1 1.68 7.5 0.28
mf090806 72 0.68 12.4 0.18
mf090810p 136 1.56 14.0 0.12
mf090903p 168 2.72 14.3 0.17
mf090910p 310 1.10 15.0 0.22
mf090917p 221 3.64 15.8 0.09
mf090924p 204 3.12 16.3 0.07
mf091001p” 88 1.73 17.0 n/a

Maximum signal was produced by sample mf090910p in Table 1. The height
and location of the peak in measured signal vs diameter (Fig 1) quantitatively match
the predicted values for magnetite nanoparticles with an anisotropy constant K of~
20 kJ/m"3. Measured values of K for magnetite typically range between 23-41
kJ/m*3,” while theory predicts 11 kJ/m”3."" The decrease in MPI signal for larger
particles implies that, though the 10 mTp, " excitation field is sufficiently large to
generate harmonics, it is not large enough to shorten the effective relaxation time 7,
and instead relaxation is determined by particle size as discussed in section 2.3. In
fact, shortening should only occur at higher applied fields, H,, such that H, >> Hy,
where H, =2K /M is the anisotropy field."" The signal voltage per mg iron curve
has a 9% average uncertainty, due to errors in the iron concentration and MPI signal
voltage measurements. Some deviation from simulated data beyond this uncertainty

" Size for sample MF091001p, which had an open loop at room temperature, was determined by TEM
(FEI Tecnai G2 F20), and by the ratio of precursors relative to the other samples
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is visible, but this is to be expected considering the size distribution for each sample
differed from the value used for the simulated data (o= 0.1 was chosen from within
the range of measured values, and represents our assumption of what constitutes an
achievable “narrow dispersion”). For the measured range of size distributions, we
expect deviation of plus or minus a factor of 2 from the simulated data, based on
theoretical projections using the described equations. Therefore, while our best
sample (mf090910p) gives substantial improvement over commercial agents, its
efficiency for MPI imaging at 250 kHz can be even further improved by narrowing
its size distribution. We expect at least a factor of two improvement in efficiency
by reducing ¢ from 0.22 to our targeted value of 0.1.
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1.

Magnetic Particle Imaging (MPI) is a new tomographic imaging technique for
determining the spatial distribution of superparamagnetic iron oxide nanoparticles
(SPIOs) '. MPI is capable of measuring 3D volumes in real-time*. The achievable
image resolution and quality is strongly dependent on the iron core diameter of the
SPIOs”. For the currently used SPIOs, only a fraction of about 3% contributes to the
particle signal. By increasing this fraction, it is expected that the sensitivity of MPI
can be increased up to a factor of 30. Thus, new nanoparticle synthesis processes for

A SPECTROMETER TO MEASURE THE USABILITY OF
NANOPARTICLES FOR MAGNETIC PARTICLE IMAGING

SVEN BIEDERER, TIMO F. SATTEL, TOBIAS KNOPP,
MARLITT ERBE, KERSTIN LUDTKE-BUZUG
Institute of Medical Engineering, University of Liibeck,
Ratzeburger Allee 160, Liibeck, Schleswig-Holstein, 23538, Germany
Email: biederer@imt.uni-luebeck.de

FLORIAN M. VOGT, JORG BARKHAUSEN

Clinic for Radiology and Nuclearmedicine, University Hospital Schleswig Holstein,
Ratzeburger Allee 160, Liibeck, Schleswig-Holstein, 23538, Germany
Email: florian.vogt@uk-sh.de

THORSTEN M. BUZUG

Institute of Medical Engineering, University of Liibeck,
Ratzeburger Allee 160, Liibeck, Schleswig-Holstein, 23538, Germany
Email: buzug@imt.uni-luebeck.de

Magnetic Particle Imaging is an imaging modality for measuring the spatial distribution of
superparamagnetic nanoparticles. Here, the imaging quality and resolution depends on the
raised harmonics caused by the nanoparticles, when exposed to alternating magnetic fields.
The more harmonics are measureable the better the imaging quality. In this contribution, a
magnetic particle spectrometer is presented for measuring the originated harmonics. Based on
these measurements, two different performance indicators are introduced to classify different
nanoparticles for magnetic particle imaging.
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MPI are of major interest™®. During these processes, a tool for measuring the MPI
performance of SPIOs is indispensable. Therefore, a Magnetic Particle Spectro-
meter (MPS) is presented for measuring the particle performance.

2. MATERIAL AND METHODS

The MPS is based on the same physical effect as exploited in MPI. It excites the
SPIOs with a pure sinusoidal magnetic excitation field and simultaneously measures
the particle magnetization. The frequency of the excitation field is set to 25 kHz,
which is currently used in most MPI devices'™’. The sinusoidal waveform is
generated with a standard digital-to-analog converter card (SMT8036, Sundance
Multiprocessor Technology Ltd.). After amplifying the signal with a power
amplifier (DCU2250-28, MT MedTech Engineering GmbH), it is band-pass filtered
to suppress harmonics potentially contained in the signal. The solenoid transmit coil
is matched by a capacity voltage divider to the impedance of the power amplifier. A
feedback loop controls the current in the transmit coil. The nanoparticle
magnetization is measured with a solenoid receive coil. The voltage in the receive
coil is directly proportional to the time derivation of the particle magnetization.
However, the transmit signal, which is several magnitudes higher than the particle
signal, directly couples into the receive coil. To suppress this signal, a band-stop
filter is added before the signal is amplified by a low noise amplifier. Finally, the
signal is digitized at a sampling rate of 12.5 MHz by the same data acquisition card
as used for generating the transmit signal. A schematic overview of the signal chain
is given in Figure 1. The coil setup is sketched in Figure 2. After integration and
Fourier transformation of the measured signal, the nanoparticle magnetization
spectrum is obtained.

Rx
gRE % amplifier ESE
PC with | Feedback
DAQ Card J_
Tx N
amplifier ’
DAC ———P» fi BPF —_— [] i []

Fig. 1. Signal chain of the MPS.
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Tx coil

Rx coil

sample chamber

Fig. 2. Coil setup of the MPS.

In an MPI system, the sensitivity and, thus, the image quality depend on the
magnitude of the received frequency components. Thus, a first measure of the SPIO
performance is the total harmonic distortion (THD)

N
THD=20~1ogw{L = n%(fk)zj, (1)
NG n=2

where m(f,) is the spectral magnetic moment of the k™ harmonic, N is the number
of harmonics above noise level, and mac is the magnetic moment of the applied
magnetic field.

The image resolution in MPI mainly depends on the number of detectable
harmonics. A linear regression can be carried out with the spectral magnetization
m(f)in a semi-logarithmic scale by solving the minimization problem

min |20-log,, (7, -10™ 7 ) = 20-log,, (1i(f,))

iy g

L 2
where i, is the theoretical intersection of the spectral magnetic moment with the
ordinate and s, is the slope of the fitting line. For a known noise level, the number
of detectable harmonics can be calculated with these two parameters. Hence, they
are a second indicator of the SPIO performance for MPI.

With the described MPS setup, measurements are carried out to evaluate the
performance of the commercially available contrast agents Resovist® (Bayer
Schering Pharma AG), Endorem™ (Guerbert S.A.), Sinerem® (Guerbet S.A.), and

Lumirem® (Guerbert S.A.).
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Fig. 3. Measured magnetization (solid) of the different SPIOs and the line of best fits (dashed).

3. RESULTS AND DISCUSSION

Measurements are performed with a magnetic excitation field strength amplitude of
20 mT/py. The measured spectral magnetic moments are shown in Figure 3. For
comparison, the magnetization of the four different contrast agents are normalized
to an iron content of 1 mol (Fe)/l. Due to the symmetry of the excitation field, the
even harmonics are negligible and only the odd harmonics are shown. In Figure 3,
the calculated lines of best fit are illustrated as well.

In Table 1, the THD as well as m_ and rm_are given. Resovist® has the highest
THD and rm_, while it has the lowest slope . Thus, it is the SPIO with the best
performance for MPIL. Sinerem® and Endorem™ perform almost the same.
Lumirem® has the steepest slope m_ and, therefore, the weakest performance.
However, Lumirem® is an oral contrast agent, and, thus, it is provided in a
concentration, which is about 100 times smaller than that of the other three SPIOs.
Thus, for MPI experiments it is necessary to concentrate the nanoparticles.
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Table 1. Performance values of the measured SPIOs.

THD / dB m, / pAm’ i /dB, ., .
Resovist® -76,5 1.89 -0.081
Sinerem® -94.4 0.60 -0.119
Endorem™ -96.6 0.75 -0.126
Lumirem® -95.3 1.46 -0.167

4. CONCLUSION

In this contribution, a magnetic particle spectrometer is presented, which is capable
of measuring the magnetization of superparamagnetic nanoparticles. The MPS
exploits the same physical effects as used in MPI. Thus, a prediction of the
performance of different SPIOs for MPI is feasible.

To quantify the performance of the SPIOs for MPI, two different performance
measures are introduced and determined for four different commercially available
contrast agents. In this comparison, Resovist® is the contrast agent with the highest
performance.
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Magnetization measurements on Resovist® MNP, the agent presently used for magnetic
particle imaging (MPI), reveal that there are small single core MNP as well as clusters of
MNP within the size range of 20-50 nm, in good agreement with electron microscopic data
and light scattering results. The data of the integral measurement method of
magnetorelaxometry also support the existence of (magnetic) aggregates. From the
calculatated relative MPI signal strength we conclude that mainly these aggregates contribute
to the MPI signal.

1. INTRODUCTION

Magnetic nanoparticles (MNP) find wide biomedical application, for example as a
contrast agent for MRI', like Resovist”. Recently, Magnetic Particle Imaging (MPI)
was introduced as a new quantitative method of imaging the spatial distribution of
MNP?. In order to achieve a high sensitivity the magnetite particle cores should be
monodispersed with core diameters around 40 nm and the cores should have a
magnetic anisotropy as small as possible’.

In the present study we demonstrate, how the particle size parameters and the
magnetic anisotropy can be assessed using an integral quasistatic magnetic
measurement method (magnetization measurement) and a fast dynamic method,
magnetorelaxometry (MRX). The results will be compared with data obtained by
Small Angle X-ray Scattering (SAXS) and Transmission Electron Microscopy
(TEM). On the base of measurement magnetization curve we modeled the MPI
signal strength.
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2. MATERIALS AND METHODS

2.1. Sample

We investigated the MNP-suspension Resovist® (Bayer Health Care, Berlin.
Germany). Resovist® comprise magnetite cores, where predominantly single cores
are coated with carboxy methyl dextran.

2.2. Measurement methods

The device and the method for the measurement of the magnetic relaxation (MRX)
were described in detail in®. In short, a sample of 140 pl volume (within a PE micro
vial) is placed in the 10 mm bore of the magnetizing coil. A magnetic field of
1.5 kA/m is applied for 1 s to align the magnetic moments in the sample. After
switching off the field within about 500 ps, the decay of the magnetization is
measured by a low-Tc SQUID at a distance of 10 mm above the sample.

The relaxation curves of total magnetic moment of a fluid suspensions can be
described by the cluster moment superposition model (CMSM)*, where mainly the
Brownian relaxation time 7ge<)} determines the relaxation of the magnetization.
The relaxation curve is described by the superposition of the contribution of the
differently sized objects, MNP and optionally of clusters of MNPs with the
hydrodynamic volume V.. In order to get an integral information about the core size
distribution and the magnetic anisotropy constant, we describe the relaxation of the
magnetic moment of a suspension of immobilised MNP by the Moment
Superposition Model’, getting a distribution of effective energy barriers Ex=K.gV.

The magnetization of the samples was measured by a commercial
susceptometer MPMS (Quantum Design) as a function of applied magnetic field,
M(H), at room temperature. We describe the M(H) curves of the fluid suspensions
by a superposition of the Langevin functions, optionally with a bimodal distribution
function

M(H)= ¢Ms(l_ﬁz)'|.fc,1(,uc.1’O-c,lsdc)L(dcsMs’T’H) ddc +

(1

+ By [ feo(WessOcande) L(de, M, T, H) dd
de

where ¢ is the volume fraction of the cores (magnetite) and /3, is the fraction of
particles belonging to f;. As mean values for the size we use in the following the
diameter which is associated with the mean volume, denoted by index V, e.g. dcy.
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3. RESULTS AND DISCUSSION

3.1. Magnetization behaviour

First, we measured fluid suspensions of Resovist with various MNP concentrations
(Fig. 1). Above about 100 mmol/l iron the relaxation curves do no longer scale with
the concentration. This is also oberserved for the M(H) data.

14 -
] fluid suspension
12 0 ¢, =417mmol/l
— O ¢ =273mmol/l
) 10 1 A& ¢, =183mmol/l
L v ¢, =18mmoll
° 1 immobilised MNP
£ 84 < ¢ =18 mmol/l
-~ -
—
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Q 44
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1E-4 1E-3 0.01 0.1 1

t/s

Figure 1. MRX curves for fluid suspensions of Resovist at different concentrations and for a diluted
freeze dried sample (immobilised MNP). The best fit curves of the moment superposition model (1) and
cluster moment superposition model, applied to the diluted samples with cr.=18 mmol/l, are added

Analysing the M(H) data using eq. (1) with a monomodal distribution function
(dotted line in figure 3a), i.e. £=0, leads to a broad size distribution with 0-=0.82
(mean size is dcy=3.7 nm) which did not fit to the value of 0.32 estimated from
TEM pictures’. However, if we used the model with a bimodal distribution function
according to eq. (1), the fit yielded one mean diameter of d,,v,1=(4.9+£0.1) nm and a
second one of dnyv,=(23.240.3)nm as well as more reasonable distribution
parameters (Table). The smaller deviation of the fit curve from the data (Fig. 2,
bottom part) indicate that the bimodal model is better suited to explain the data than
the monomodal distribution.

Next, we extracted information from measurements on freeze dried samples
about the behaviour of magnetic moments within the particles, i.e. about the
effective Néel relaxation. Figure 1 clearly shows that the freezing of the Brownian
mobility leads to a strong slowing of the relaxation rate, i.e. to increasing relaxation
times. Analyzing the MRX curve of the freeze dried sample with eq. (1) yields a
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mean volume corresponding to dy=(16+£2)nm, a size dispersion of 28% (Table 1)
and an anisotropy constant of 5000 J/m”.
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Figure 2. M(H) curves of Resopvist suspension, cg.=18 mmol/l, analysed by (1) applying a monomodal
size distribution (/=0) and a bimodal size distribution (see text).

3.2. Comparison of Size Distributions

The mean size of single particles, obtained from a TEM picture® and confirmed by
Wang et al.”, is about 5nm (Table 1). SAXS being sensitive to scattering cross
section inhomogeneities reveals the existence of larger units with a bimodal size
distribution having its maxima at 10 nm and 20 nm, respectively. Obviously both
peaks represent aggregates of the single core particles in agreement with earlier
findings on similar MNP suspensions®. Note, that the scattering intensity of scatters
scale with 2, where V is the volume of the scatter, so that the small single MNP
give only a relative small contribution to the signal. Within the M(H) signal (e<V),
on the other hand, we found contributions of small magnetic moments associated
with 5 nm single core MNP. The second fraction of 23 nm magnetic entities is
obviously associated with clusters of MNPs. This value is near the value obtained
from MRX data measured on immobilized MNP. Note, that the calculation of both
effective diameters is based on a saturation magnetization of 358 kA/m and
330 kA/m, respectively which is an overestimate of the real magnetization of
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aggregates because its MNP core volume fraction is less than 1 and because the
magnetic moments of the individual cores are not completely parallel oriented.
Therefore, the magnetic aggregate size is rather a lower estimate for the particle
cluster size. Hence, it is at present not possible to say to which kind of aggregates
(Table 1) these magnetic structure elements are associated.

Table 1. Compilation of the size distribution parameters obtained by different measurement methods.

Method Quantity  Size Reference

‘?1 14 éd' JZ,V édz 33 v

A A

(nm) (nm) (nm) (nm) (nm)
TEM d 5 7
TEM d 4733)  0.3003) this study
PCS dy 60 !
PCS dy 61 ?
PCS+A4F dy 30 62 10
SAXS+A4F d, 10 0.24 20 0.16 10
MRX de 53(3) this study
MRX de 54 7
M(H) dn 49(1)  0.53(1)  232(3)  021(1) this study
MRX dn 16(2) 0.28(2) this study

d — single core diameter, dj, - hydrodynamic diameter, d; — diameter of scatter
elements (single core particles and clusters), d,, — effective diameter of magnetic
domain, dc - (hydrodynamic) diameter of clusters, A4F - flow field-flow
fractionation.

The size of the largest aggregates observed by MRX on fluid suspensions
(Brownian rotation) of 53 nm is in good agreement with the data of earlier PCS
(photon correlation spectroscopy) measurements on other Resovist samples revealed
mean hydrodynamic diameter of about 60 nm *7*'°
with the mean cluster size dc.y 49,

Finally, based on our M(H) data we calculated the harmonic MPI response
spectrum for a sinoidal excitation of 10 mT, normalized to the response spectrum of
ideal MNP, producing a step like magnetisation curve with the same saturation
value. We obtained a value of about 7%. On the other hand, for 10 nm MNP (which

which was in good agreement
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is a favorable estimate for the mean core size in Resovist), Gleich and Weizenecker”
calculated a value of about 1%. In the light of our findings in this study we may
attribute this discrepancy and, thus, the improved MPI-performance of Resovist to
the presence of clusters.

In conclusion, we believe it is important to know the degree of aggregation in
an MNP system, to better understand its magnetic behavior, and, in particular, its
response to MPIL.
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Evaluation of the Magnetic Particle Imaging (MPI) signal in terms of LANGEVIN’s single
particle model of paramagnetism (SPM) is well-established. The SPM does not consider
interparticle interactions and therefore is only valid for very low ferrofluid concentrations c,
yielding a linear relation between single harmonics' amplitudes A and c¢. Motivated by MPI
applications that potentially bear local particle densities significantly exceeding the SPM's
scope of validity, the impact of increasing ferrofluid concentration on the MPI signal was
investigated experimentally. The results exhibit a significant nonlinear relation between ¢ and
A and therefore show a strong deviation from the SPM, even for relatively small
concentrations. Considering this fact can be crucial for image reconstruction in MPI.
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1. INTRODUCTION

Magnetic Particle Imaging (MPI) is a new method to acquire the spatial
concentration distribution c(r) of superparamagnetic particles in biological systems
at high spatial and temporal resolution”.

Superparamagnetic particles are homogeneously magnetized (single-domain)
ferromagnetic particles with diameters on the order of 10 nm. For medical
applications, they are stabilized by a biocompatible coating (e.g. Dextran) and come
as colloidal suspensions, so-called ferrofluids. The particle core material commonly
is an iron oxide (such particles are called SPIOs), e.g. Magnetite (Fe;O,).

In MPI, the detection of SPIOs is based on a nonlinear effect: a fluid containing
particles at concentration c is exposed to a harmonically oscillating magnetic field
H. Due to the nonlinearity of the ferrofluid's magnetization curve M(H,c), the
response field is distorted. Its FOURIER spectrum shows higher harmonics of the
fundamental frequency, which prove the existence of SPIOs. The magnetic
moments in biological systems are several orders of magnitude lower than the SPIO
ones. Hence, regarding excitation field strengths used in MPI (which are on the
order of 10 mT), such biological systems respond linearly, ideally leading to no
false-positive MPI background signal in medical applications.

M(H,c) is the transfer function between input (irradiated field) and output
(fluid magnetization). Therefore, it is the key quantity to calculate the MPI signal
for a known configuration. For tomography, c¢(r) has to be reconstructed from the
MPI signal. Thus, the contact with reality of the theory describing the concentration
dependency of the magnetization curve is essential for image reconstruction.

Until now, LANGEVIN’s single particle model of paramagnetism is considered
to understand the MPI signal generation and used for linear image reconstruction’.
Particle interactions are neglected, which is valid only in the limit ¢ — 0.

In this work the impact of particle concentration on the spectroscopical MPI
signal is investigated. It is shown that concentration effects introduce significant
deviations from the single particle model, which is important to consider when
particles e.g. agglomerate in cell vesicles, as is the case for SPIO labeled cells.

2. SINGLE PARTICLE MODEL

In this part the theoretical ferrofluid magnetization curve is discussed in terms of
LANGEVIN’s single particle model (SPM), which is well-established in MPI
literature”.

Assuming spherically shaped particles, the magnetic dipole moment m of a
particle in dependence of its magnetic-core diameter x is given by
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I
6
where M; is the bulk saturation magnetization of the core material.

Polydispersity of particle diameters is neglected in this discussion. This does
not change the scaling behavior of the magnetization with respect to particle
concentration. For a ferrofluid containing monodisperse particles of diameter x at
normed density p(c) € [0,1]?, the SPM yields the magnetization curve
pom(x)H

kgT )
T is the temperature, kg is the BOLTZMANN constant. The LANGEVIN function

m(x) = —Mgx?, (M

Mgpy (H, p) = pM L ( (2)

L(a) = coth(a) —2 3)

is the classical limit of the BRIOULLIN function®. It describes a single paramagnetic
particle’s relative magnetization in an external field. Hence, the model does not
include interparticle interactions. Within the SPM, the relative ferrofluid
magnetization is independent of particle concentration, while the absolute
magnetization is linear in p, as given by equation (2).

Describing highly concentrated magnetic fluids with the SPM dramatically
underestimates the initial susceptibility and results in considerably decreased
magnetization values for field strengths below saturation®. Thus, concentration
effects most noticeably appear in the regime of weak fields, which is the regime of
MPI drive fields. Here, the SPM predicts a too small curvature (second derivative)
of M(H, p), which is a gauge for nonlinearity of the magnetization curve and - with
that - a gauge for the creation of higher harmonics in MPI.

As a result of this discussion, for measuring the amplitude A of single
harmonics in the MPI signal with changing ferrofluid concentration c, a deviation
from the SPM, manifesting itself in a nonlinear relation between the two quantities
¢ and A, is expected. For increasing concentration, the real signal amplitudes must
be higher than the ones predicted by the SPM, due to particle coupling effects.

a

p = 1 (maximum density) is corresponding to the bulk core material.

® While the BRIOULLIN function depends on the total angular momentum quantum number J, the
LANGEVIN function describes the classical limit /] — oo, which is valid for systems consisting of a
huge number of atoms with parallel spin-alignment, as is the case for superparamagnetic particles.



76

3. EXPERIMENT

The harmonics’ amplitude A was analyzed for one ferrofluid at five different
concentrations c, using a self-built MPI spectrometer.

The apparatus’ harmonic drive circuit is based on a signal generator, two
integrated audio-amplifier chips in parallel (LM3886T, National Semiconductor)
and a solenoid as transmission coil (field homogeneity = 99 %; 340 windings;
length 7 cm, inner diameter 3 cm, central field efficiency 6 mT/A). During all
experiments, the transmission coil’s current was held constant (0.95 A RMS at
15.65 kHz). For signal detection, a coil made of litz wire (field homogeneity
= 96 %; 800 windings; length 4 cm, inner diameter 5.5 mm) is used. An 11-pole
Type I CHEBYSHEV high-pass filter effectively damps detected harmonics up to the
cutoff frequency at 99.4 kHz. Filter characteristic and excitation frequency optimize
the setup for detecting the 7™ harmonic. Low-noise amplified (AD604, Analog
Devices) time signal detection was done with a digital storage oscilloscope
(TDS1001, Tektronix).

To obtain FOURIER spectra with high signal to noise ratio (SNR), all recorded
time signals were averaged 128 times before evaluation. During measurement, the
appropriate ferrofluid sample was centered within the receive coil, which itself was
centered within the excitation coil. Systematic errors were minimized by evaluating
the difference between the signal with and without a sample within the receive coil.

The samples used in the experiments were customized ferrofluids', consisting
of Dextran coated Magnetite cores (mean diameter: 8.5 nm) with water as solvent.
Their iron concentration ¢ [mol/1] is known from production and measurement
(ultraviolet-visible spectrophotometry). The error in ¢, which is estimated to
+0.02 mol/], is the dominating error in the experiments.

4. RESULTS

The experimental result for the 7 harmonic of the MPI signal is presented in Fig 1.
Additionally, the linear relation given by the first two data points is shown.

Systematic deviations of the data points from the linearity shown imply that the
measured signal amplitudes are nonlinear dependent on c. Since the SPM is only
correct in the limit ¢ — 0, the straight line extrapolated from the first two points
overestimates the slope we would get from the SPM. Hence, the real deviation of
the measured values from the SPM is larger than the difference visualized here.

Additionally, in results not shown, a strong nonlinear c-A-dependency was also
verified for experimentally observable harmonics higher than the 7"
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Fig. 1. Measured 7" harmonic amplitude A in arbitrary units (a.u.) of the MPI signal in dependence on
iron concentration c. The straight line, which is the linearity given by the first two data points, has an
overestimated slope in comparison with the slope of the linearity the SPM would predict. Due to high
SNR and minimized systematic errors, the error in A is negligible compared to the error in c.

5. DISCUSSION AND CONCLUSION

It was shown that LANGEVIN’s single particle model of paramagnetism is
insufficient to describe the MPI signal of concentrated ferrofluids. It strongly
underestimates the amplitudes of higher harmonics for increasing concentration. In
biological applications of MPI local particle densities significantly exceeding
SPM’s scope of validity won’t be uncommon. A prime example - leading to iron
concentrations of 0.2 — 5 mol/l - is the agglomeration of SPIOs in cells®.

Regarding quantitative tomography, a problem for image reconstruction is
identified: the spatial concentration distribution is the searched-for quantity and it is
related to the MPI signal in a nonlinear way, while current image reconstruction
schemes base on the SPM using linear methods”.

In the future, other ferrofluid magnetization models, which are valid for wide
concentration ranges, have to be considered to predict the MPI signal correctly. It
has to be discussed, to what extent image reconstruction methods need to be
adjusted to the nonlinear relation between MPI signal and ferrofluid concentration.
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Magnetic nanoparticles have shown much promise in the clinical and pharmaceutical fields.
Their non-linear magnetization has been exploited to produce in vivo spatial images of
particle distribution, but the particle environment can also affect this magnetization. Here we
show that endocytosis of the particles causes pronounced changes to the magnetization’s
harmonic spectrum. Various concentration-independent metrics can be used to monitor these
effects and gain insight into the mechanisms responsible. Incorporation of this technology into
a magnetic particle imaging system should allow for monitoring of molecular level events in
vivo.

1. INTRODUCTION

Magnetic nanoparticles (MNP) offer much potential for medical imaging, therapy,
targeted drug delivery, monitoring binding kinetics, and a myriad of other
pharmaceutical and clinical applications'?. Many of these applications are impacted
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by cellular interactions with the MNPs whether through surface binding or uptake.
The impact of MNP size and shape on cellular response has been studied with TEM
and fluoroscopy techniques™. Following endocytosis of the MNPs into the cells,
clusters of MNPs are seen within vesicles®. This clustering or aggregation of the
MNPs causes significant changes to their dynamic magnetization, as has been
demonstrated with magnetic relaxometry and AC susceptibility™®. The dynamic
magnetization of MNPs has been exploited for a number of other applications.
McNaughton et al used the nonlinear magnetization of MNPs to monitor changes in
viscosity or binding dynamics’. Binding of the MNPs to a larger substrate
significantly influences the magnetization of the MNPs allowing for binding
kinetics to be monitored®. These effects have been monitored in vivo using spatially
resolved relaxometry but with limited resolution’.

Magnetic particle imaging (MPI) offers a means of high resolution, high
sensitivity mapping of the spatial location of MNPs in vivo'®'". Much of the work in
the field of MPI to date has used MNP concentration as the primary source of image
contrast. We have shown previously that concentration-independent MNP
measurements can be acquired by using a ratio of the 5" and 3™ harmonic
amplitudes. A theory-driven relationship between the effects of temperature and
magnetic field amplitude on this ratio has been presented as a means of
quantitatively mapping MNP temperature'>'*. Dynamic effects like viscosity have
also been shown to impact this ratio'*. The magnetic moment of a MNP can align
itself with an applied field via two methods, Neel and Brownian relaxation. Both of
these relaxation methods are governed by time constants that impact the MNP’s
relaxation. The dynamic magnetization of MNPs has been approximated using the
Debye theory'*'"> and more robust equations can be borrowed from the field of
magnetohydrodynamics'®'’.

Multifunctional nanoparticles capable of incorporating guidance, imaging, and
therapy components have been produced using a number of approaches'®'’. Here
we show how MPI should be capable of utilizing the motion of the MNPs
themselves to monitor biological processes. Incorporation of such technology into
MPI systems should significantly broaden the scope of its applications. Using a
cancer cell line, we monitor endocytosis of MNPs in vitro using harmonic phase and
a ratio of harmonic magnitudes. We compare endocytosis’s impact on these various
metrics to the effects of viscosity and aggregation.

2. METHODS AND MATERIALS

Iron oxide MNPs (MicroMod GmbH, Germany) with a biocompatible dextran
coating were used in all experiments. The hydrodynamic size distribution of the



81

MNPs was measured with a Malvern ZetaSizer Nano ZS. The mean hydrodynamic
diameter was found to be 122 nm with a polydispersity index of 0.125. The
magnetic core of these particles consists of multiple crystals in the 15-20 nm range.
The lectin Concanavalin-A (Sigma Aldrich, L7647), which crosslinks dextran, was
used to cause aggregation of the MNPs. Glycerol was added according the formulas
of Cheng to produce solutions of different viscosities™.

MTG-B murine breast adenocarcinoma cells were grown in Eagle’s Minimum
Essential Medium. Cells were removed from the growth medium by scraping as
these cells were found to uptake MNPs more efficiently than cells that had been
trypsinized. Cells were resuspended in media using an approximate concentration of
1 million cells/mL and MNPs were added.

Nanoparticle magnetization measurements were performed using a MNP
spectrometer described previously’'. The harmonic signals were analyzed using a
Stanford Research SR830 Lock-In Amplifier. Measurements for this study focused
on the magnitude and phase of the 3™ and 5™ harmonics.

3. RESULTS AND DISCUSSION

Our experimental study of endocytosis’s impact on MNPs’ harmonic spectrum
analyzed concentration-dependent measures, 3™ and 5™ harmonic amplitude, and
concentration-independent measures, the ratio of the 5™ over 3™ harmonic
amplitudes and angles of the 3™ and 5™ harmonics. All data was acquired with drive
field amplitude of 26 mT/uy using frequencies of 270 and 790 Hz. The drive
amplitude is comparable to those currently used in MPI while the frequencies are
substantially lower. The signal changes due to viscosity and aggregation presented
here rely on changes in the MNPs’ Brownian motion. For this reason small core
particles which relax predominantly through the Neel mechanism should be
avoided. We previously showed that the effect of viscosity on the 5"/3™ ratio can be
changed by varying the frequency, which could allow for contrast selection'*.

We used MTG-B cells that have shown pronounced uptake of dextran-coated
MNPs in previous magnetic fluid hyperthermia work. Cells were prepared as
described above, and the 1mL solution was placed in a 2mL microcentrifuge tube
which fit securely in our spectrometer’s receive coil. MNPs (0.125 mg Fe) were
added to this solution at time 0. The amplitude and phase of the 3™ and 5"
harmonics were recorded every 1.5 minutes using a drive field frequency of 270 Hz,
see Figure 1. After approximately 15 hours, the amplitudes of the 3™ and 5"
harmonics had dropped to 16% and 40%, respectively, of their values at time 0. The
concentration-independent metrics all changed by over 100 standard deviations in
that same time period. The standard deviations of repeat measurements were 0.16°
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and 0.44° for the 3" and 5™ angles, respectively, and 5.32E-4 for the ratio. At the
end of the experiment, visual inspection of the cell suspension revealed a cell pellet
with a region of white cells, which had not taken up MNPs, covered by darker MNP
laden cells. The supernatant liquid, though lighter than at time 0, still appeared to
contain MNPs in solution.
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Fig. 1. Harmonic spectrum changes versus time for dextran-coated particles and MTG-B cells using an
applied field of 270 Hz and 26 mT/p,. The ratio is unitless and is multiplied by 50 to match the scale of
the harmonic angles.

To improve cellular uptake of the MNPs, a similar MNP and cell solution was
incubated in a rotating stage at 37°C. At the end of this 24 hour incubation, visual
inspection of the vial showed a supernatant liquid very close in color to the cell
media and a completely dark cell pellet. Further experiments with different particle
concentrations showed a mixture model like result corresponding to different
quantities of cell associated and cell unassociated particles. This vial of endocysed
MNPs was measured in the spectrometer, and the signal compared to that of a
control sample of MNPs in cell media but without cells, see Figure 2. In an attempt
to ascertain what physical changes to the MNPs were responsible for the observed
changes in our MNP measurements, we aggregated the control with Concanavalin-
A. We also dispersed the MNPs in various glycerol/water mixtures of known
viscosities. At both 270 and 790 Hz the effect of aggregation closely resembled the
effect of endocytosis of the MNPs for all three of our concentration-independent
metrics. Though a sample of increased viscosity could cause a change in one metric
comparable to aggregation or endocytosis, the other two metrics were far different.
Further, the viscosity which resulted in a 3™ harmonic angle comparable to
aggregation at 270 Hz was far different from the viscosity needed at 790 Hz.
Addition of Concanavalin-A to the endocysed MNPs’ vial resulted in minimal
change in the signals, which would suggest a lack of free MNPs in the solution.
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To confirm that the MNPs were truly being taken into the cells and forming
aggregates within vesicles, a sample of the cel/MNP solution was fixed with
glutaraldehyde and TEM images taken, see Figure 2c. The gray body of a cell can
be seen throughout most of the image. On the left side of the image, MNPs are seen
associated with the cell wall, while in the gray cell mass they are seen as clusters
within vesicles. Extensive TEM imaging of these particles and cells for related
magnetic fluid hyperthermia work has consistently confirmed the endocytosis and
aggregation of the particles in vesicles.
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Fig. 2. a,b) Comparison of the effects of MNP endocytosis with the effects of viscosity and aggregation.
a) 790 Hz - 26mT, b) 270 Hz - 26mT. ¢) TEM image confirming endocytosis of the MNPs by the cells.

Though the cellular endocytosis results of Figure 2 closely resemble the effects
of aggregation, the various influences on the MNPs’ dynamic magnetization need to
be examined more thoroughly across numerous amplitudes and frequencies.
Interestingly the method of aggregation for Concanavalin and endocytosis are likely
different though they gave similar results. Concanavalin forms a chemical cross-link
between particles while endocytosis likely involves a packing of particles. The
impact of a singular influence such as binding®, viscosity'*, or aggregation can be
shown, but in vivo several of these effects are likely to be present at one time. Data
from harmonics beyond the 5™, or from even harmonics in the presence of static
fields, though not included here are likely to add additional information about the
physical state of the MNPs. Numerous other concentration-independent metrics that
incorporate information from multiple harmonics can also be explored. The
harmonic spectrum can be analyzed against known changes in frequency and
AC/DC amplitude giving extensive data about the MNPs. The full extent to which
this data can be interpreted remains to be seen.
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The use of MPI for monitoring changes in a MNP’s state will likely require
unique image acquisition sequences. MRI generally relies on fixed magnetic coils,
but through the creative use of pulse sequences new applications are still being
envisioned and implemented. In a similar fashion, changes to the “pulse sequence”
of an MPI system should allow for various biological processes to be used as
contrast in the images. Incorporation of the techniques presented here, as well as
others yet to be explored, should make MPI a more robust imaging modality.

4. CONCLUSION

The magnetic properties of MNPs have been exploited for numerous clinical and
pharmaceutical applications. Interactions between the MNPs and their environment
have been monitored using the dynamic magnetization of the MNPs. The existing
magnetic techniques have limited in vivo potential due to lack of resolution or strict
limitations on sample preparation. MPI can be used to record the magnetic
properties of MNPs remotely with superb sensitivity and resolution. The harmonic
spectrum of the MNPs contains information on MNP concentration, but as shown
here it can also contain valuable information about the physical state of the MNPs.
The full extent to which information can be extracted from the harmonic spectrum
needs to be more fully explored, but initial data shows much promise.
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MAGNETIC PARTICLE SPECTROMETRY
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A modified setup of a Magnetic Particle Spectrometer is described. It allows the spectrum to
be evaluated at different static field levels. The additional degree of freedom enables a
parameter-based verification of the magnetic particle model derived for the sample.

1. INTRODUCTION

Magnetic Particle Imaging (MPI) is a new imaging method capable of measuring
the spatial distribution of magnetic nanoparticles [1]. The encoding scheme for two-
or three-dimensional MPI heavily depends on the structure of the harmonic
spectrum varying with a static offset field. In a MPI system the offset field is
provided by a gradient field consisting of a field-free point (FFP) at its center.

The Magnetic Particle Spectrometer (MPS) helps to understand the dynamics of
the tracer material and its applicability for MPI [2]. The extended MPS setup
described here also enables the investigation of the MPI encoding scheme
properties.

In combination with other magnetic methods, such as AC susceptibility (ACS)
and magnetorelaxometry (MRX) MPS qualifies as a standard method for magnetic
nanoparticle characterization [3].

2. METHODS

Figure 1 shows a schematic view of the spectrometer setup consisting of four coils.
The excitation signal generated by a D/A converter card (NI PCI-6733) is amplified
with an audio power amplifier driving a single elongated solenoid. On the center
line of the excitation coil a pair of detection coils is located. These coils are wired in
anti-serial configuration forming a gradiometer setup.
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Fig. 1. Schematic view of the MPS system.

The gradiometer cancels the excitation frequency from the detection signal and
effectively picks up the stray-field generated by the magnetic sample placed in the
upper coil of the gradiometer (first detection coil). The resulting signal is digitized
with a 24bit D/A converter card (NI PCI-4462) at a sampling rate of 204.8 kS/s. In
addition, two larger coils in Helmholtz-type configuration are orientated
orthogonally to the excitation and detection coils. They are capable of generating a
static offset field of up to 15 mT.

With the described setup one can now measure the generation of higher
harmonics in dependence on the excitation signal amplitude H, and the field
strength He,, of the static offset field.

Measurements were performed on an aqueous suspension of MagPrep 25 silica
magnetite nanoparticles (from Merck KGaA) with a mean core diameter of 25 nm
covered with a silica shell.

3. RESULTS AND DISCUSSION

The number of higher harmonics which can be measured and used for spatial
encoding depends on the signal-to-noise ratio (SNR) of the system, as well as on the
provided magnetic nanoparticle sample. For generation of higher harmonics the
magnetic sample has to be driven into saturation, where the slope of the
magnetization curve scales with the particle core diameter. For particles with a
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magnetization curve described by the Langevin function, the amplitude of higher
harmonic frequencies decays with increasing harmonic index.

At a static field level of poHex = 0 mT there are no even harmonics present in
the spectrum. With increasing field offset even harmonics arise and the harmonics
spectrum features a spectral fingerprint which is characteristic of a given offset field
(figure 2). The dashed line represents the harmonics profile generated from the
simulation model at a H.,/H, ratio of 2/3 and magnetic nanoparticles with a core
diameter of 25 nm.
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Fig. 2. Measured and simulated magnitude of odd higher harmonics for poHey > 0 mT.

Figure 3 shows the dependence on the magnitude of odd harmonic frequencies
on an applied offset field. It is apparent that higher harmonics decay faster
corresponding to a narrow region around the FFP movement in imaging. The decay
of the amplitude to higher harmonics is noticeable from the plot as well.

Due to the orthogonal orientation of the static field to the direction of the
excitation field, the abscissa in figure 3 has to be rescaled to match a uni-axial
system or single-directional simulation. For this reason, the absolute scale of static
field axis can differ when comparing the results from MPS with other setups, such
as a 1-dimensional MPI system or simulations.
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Fig. 3. Measured magnitudes of odd harmonics in dependence on the offset field level.

In principle, measuring a series of spectra at different offset levels allows the
determination of the system matrix for 1-dimensional spatial encoding of an ideal
MPI system [4].

4. CONCLUSION

The described system can be used to evaluate the generation of higher harmonics of
the excitation frequency. In advance to previous MPS configurations the system
allows the parametric measurement of the harmonic spectrum in dependence on
excitation field amplitude and static offset field.

With the experimental backup it is possible to derive and verify a method-
independent model for magnetic nanoparticles, describing the dynamic behavior of
the tracers in ACS, MRX and MPS/MPI.
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The Magnetic Particle Imaging (MPI) method directly images the magnetization of Super-
Paramagnetic Iron Oxide (SPIO) nanoparticles, which are contrast agents commonly used in
MRI. MPI, as originally envisioned, requires a high-bandwidth receiver coil and preamplifier,
which are difficult to optimally noise match. This paper demonstrates how we have scaled
Narrowband MPI, which dramatically reduces bandwidth requirements and increases the
signal-to-noise ratio for a fixed specific absorption rate, to a system that fits a mouse.

1. INTRODUCTION

Magnetic Particle Imaging (MPI) is a new' imaging modality that promises
detection of nanomolar concentrations of super-paramagnetic iron oxide (SPIO)
nanoparticles without depth limitations. The MPI method directly detects the bulk
magnetization from a SPIO nanoparticle whose saturation magnetization
approaches 0.67u-1.0. The MPI method has extraordinary promise for sensitivity
and contrast because this bulk SPIO magnetization is 10 million times more intense
than the nuclear paramagnetism of water detected with a 7 Tesla MRI scanner.

2. MAGNETIC PARTICLE IMAGING OVERVIEW

MPI detects the unique signature of ferromagnetic nanoparticles in a confluence of
static and dynamic magnetic fields. The static magnetic field is a very strong
gradient (4000 mT/m) with a field-free-point (FFP) at the midpoint between the

T Work partially supported by the California Institute for Regenerative Medicine.
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magnets. The gradient field effectively saturates all nanoparticles outside of the
FFP.

In recent literature, Weizenecker ef. al. have recently demonstrated a wide-
bandwidth MPI system capable of imaging a beating mouse heart in real-time'’.
MPI is not restricted to small animals, and Sattel ez. al. have recently demonstrated
MPI using a single-sided device that holds great promise for human use®. Much
progress has been made on theoretically understanding the received signal as we
search to better ways to reconstruct the signals received by MPI **!",

3. NARROWBAND MPI THEORY

3.1. Intermodulation

With Intermodulation

Signal Level [dB]

Without Intermodulation

Signal Level |[dB]

fo 2y My 4, SE O 6fy 76, 86, 9%
Figure 1: Simulation showing signal received by an untuned pickup coil with intermodulation (top) and
without intermodulation (bottom). The fundamental (f)) is not useful because it is contaminated by direct
feedthrough from the excitation field. Intermodulation generates useful intermodulation tones around the
main harmonics. The amplitude and phase of the IM tones vary as a function of position.

Intermodulation in MPI is discussed in more detail by Goodwill et. al.> At DC field
strengths used in MPI of B <1 Tesla, tissue is largely unaffected by the
magnetic field, but a SPIO particle undergoes a nonlinear change in magnetization

described by the Langevin theory of paramagnetism®.

M =m0 "L | cotn| M| KT
kT k,T ) mH
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where L is the Langevin function, m is the magnetic moment of the particle, H is the
applied field, and T is the absolute temperature. This relation only holds strictly true
at DC.

In the original MPI protocol, a single sinusoidal magnetic field is applied to the
magnetic nanoparticle. Here we analyze the magnetization response to two
simultaneously applied sinusoidal magnetic fields with a large frequency separation:

H(t)=H,sin(2xft)+ H, cos2rft)

where we assume f, >> f,.

The nonlinear Langevin function acts as a non-linear mixer when subjected to
these two fields simultaneously, producing a rich output spectrum that reveals the
quantity of magnetic nanoparticles at the FFP. Specifically, the SPIO nanoparticle’s
time varying magnetization will contain a rich spectrum with tones at the sum and
difference products of the two input frequencies:

M=), Y A,,exp(i2p(mfy,+ nf;)t)

m=1 n=-N

where M and N occur because only a finite number of harmonics are detectable.
Note that m=1 is not detected in this paper as it is overwhelmed by fundamental

feed-through from the source directly to the detector.
Intermodulation enables us to choose £, Ho’ f1 and H independently. SAR is

dominated by fo and H 0 since f0>>f1, and SAR grows as Hzf2 . Imaging speed and
detection bandwidth are limited by f1 since imaging data will show up as sidebands
surrounding m;fo. Thus, to prevent aliasing between the sidebands, we must restrict

the scanning speed so that the sidebands do not overlap. There is a limit to
increasing f1 to increase imaging speed because the received signal bandwidth must

be less than the bandwidth of the receiver coil. Last, SNR and the size of the Point-
Spread-Function (PSF) are strongly linked to the magnitude of me l:H 0+H E

Increasing lea increases the total signal received at the expense of widening the

!
PSF. Increasing Hl increases the received signal while affecting SAR negligibly.

This allows trading increased signal for reduced resolution.

3.2. MPI System Construction

We constructed a narrowband MPI imaging system (Fig. 2) using NdFeB
permanent magnets. The permanent magnet gradient is built using two ring magnets
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(OD=15.24 cm, ID=7.62 cm, THK=1.9 cm) mounted on G10. The magnetic field
down the bore has a gradient field strength measured at dB/dz=6.5 T/m. Coronal
gradients are simulated to be smaller at dB/dx=dB/dy=3.25 T/m.

The interfacing electronics (Fig. are designed to prevent intermodulation in the
RF and LF amplifier output stages and in the preamplifier through the use of high-
pass, low pass, and notch filters. The battery-powered preamplifier uses low-noise
op-amps (Texas Instruments OPA211) with noise power e,= 1.1 nV/(Hz)"”,
i,= 1.7 pA/(Hz)"? matched to a high-Q coil’. The receiver is a home-built phase
coherent control console and detector’. The coherent detector directly samples at 65
MSPS (Analog Devices AD6644) and digitally down converts the RF signal to

baseband (Analog Devices AD6620). The down-sampled signal has a bandwidth of
31.25 kSPS centered at 2f0:30() kHz. Samples are translated through the bore using

a 3D stage controlled by the console. The digitized signal is quadrature
demodulated at multiples of the intermodulation frequency (1fi,£2f,,...,£Nf;) and
brick-wall filtered at 20 Hz.

RF is generated by a signal-generator (Tektronix Inc AFG3102) phase locked
to the coherent detector. The RF amplifier (Tomco Technologies BT00400-AlphaA-
CW) drives a matched, water cooled resonant transmit coil to generate a B, =10

mTpp sinusoidal magnetic field at f, =250 kHz.

Figure 2: Photo of the MPI mouse imaging system. The system is water cooled with a 30 psi
pressurized water system.
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Water cooled intermodulation coils, driven by MRI gradient amplifiers (Copley
Controls model 234) can move the FFP up to 3cm in any direction. Phantoms are
constructed of milled acrylic and filled with undiluted 50 nm SPIO nanoparticles
(Chemicell GmbH fluidMAG-D) or injected into preserved mouse (Carolina
Biological Supply).

4. RESULTS AND DISCUSSION

4.1. Imaging

The PSF from a single point of 50 nm SPIO nanoparticles shows the complex
interplay between the magnetic particle and the field-free point. In Fig. 3 we see the
measured two-dimensional PSF for the first eight sidebands when acquired using
the intermodulation method. The measured PSF is of higher SNR in the lower
sidebands (2f, 2foifl), but contains more high frequency spectral content in the

upper sidebands (Zﬁ)iZf], 2j;)i3f s een):
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Figure 3: (TOP) Measured point spread functions from a point source containin
B,=10 mTpp at 150 kHz, and B;=10 mTpp at 128 Hz. FOV: 2.5x3cm.

pi

To demonstrate 3D imaging and our ability to acquire signal in an animal, we
have acquired a full three-dimensional image in a mouse (Fig. 4). As expected,
there is no endogenous signal from the animal. The method is quantitative, and we
have tested that the signal increases linearly with the quantity present.
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Figure 4: Full 3D Maximum Intensity Projection of preserved mouse phantom injected in the small
intestine with 100 pgrams Fe. FOV: 3x3x2 cm, 7 minute acquisition time. The MIP is rendered in
OsiriX’.

5. CONCLUSION

We have successfully simulated and implemented a new imaging method,
narrowband MPI, capable of three-dimensional tomographic imaging of SPIO
nanoparticles without depth limitations in a mouse. In Narrowband MPI, SPIO
nanoparticles act as nonlinear mixers in a confluence of static and dynamic fields.
Our method images the mixing products, which have well behaved point spread
functions and are clustered across a manageable bandwidth. This narrowband signal
is detected using a high-Q receive coil noise matched to a low-noise receiver. The

high frequency excitation field f0 can be chosen so that the receive frequency

enables body noise dominance, a desirable result. Narrowband MPI improves SNR
for a fixed SAR compared to wideband MPI. SAR and received signal strength are

dominated by fo and H 0 since f0>>f1, and SAR grows as Hzf2 .
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TWO-DIMENSIONAL MAGNETIC PARTICLE IMAGING
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A setup for two-dimensional magnetic particle imaging (MPI) is described. The system uses
two orthogonal drive fields creating a Lissajous trajectory in the imaging area. A single pair
of detection coils picks up the resulting signal and allows the reconstruction of a 2-
dimensional image from the signal spectrum.

1. INTRODUCTION

A simple MPI experiment can be performed by moving the sample mechanically
through the coil assembly. It has been shown that for faster image acquisition the
field free point (FFP) can be moved through the sample area by a drive field [1].
Our first practical realization of such a system was able to acquire line scans of
magnetic samples in a quasi-static fashion [2]. The method has been enhanced by 1-
dimensional spatial encoding which allows the image reconstruction from the
harmonic spectrum. Here we are taking the next step towards dynamic 2-
dimensional imaging. A setup similar to the original setup [1] is described using two
orthogonal drive fields but one detection coil only.

2. METHODS

2.1. Physical Setup

The physical setup of the two-dimensional MPI scanner, as shown in figure 1,
consists of four pairs of coils. The gradient field is generated by coils in Maxwell-
type configuration. A gradient of about 3.5 T/m is achievable. The drive field coils
in z-direction, parallel to the field gradient, and the orthogonal drive field coils in x-
direction are constructed as Helmholtz-type pairs [1, 2].
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Fig. 1. Schematic drawing of the imaging system

The drive field signal is generated by a custom-built audio power amplifier with
a current feedback loop to minimize total harmonic distortion (THD). No additional
filtering is applied in the transmit chain. The phase of the resulting current is shifted
against the excitation signal generated by the D/A converter. Therefore, the voltage
drop across a shunt resistor in series with the drive field coils is used to verify and
stabilize the phase as well as the frequency and amplitude of the drive field.

The Helmholtz-type detection coils are positioned in parallel to the z-coils.
Since for two-dimensional imaging two field components have to be registered, a
special cross winding technique is used to form the detection coils. With this
configuration a small signal component from x-direction can be measured in
addition to the aligned z-direction. The detection coils are placed close to the
sample to pick up as much signal as possible. The detection signal is directly fed
into a differential amplifier with prefixed phase-shift circuit subtracting the drive
field signal electronically and suppressing the drive frequencies from the signal.

The sample used for the imaging experiments is based on a plastic cuboid with
dimensions of 10x10x7 mm?® (figure 2a). A hole (diameter 1 mm) in the solid is
stuffed with a small stripe of Vitrovac, an isotropic amorphous metal with soft
magnetic properties. Since the foil is kept perpendicular to the imaging plane, its
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cross section resembles a point-like sample. Vitrovac consists of a non-linear
magnetization curve and requires a low field strength of about 25-50 pT for
saturation [3]. It is well suited for an MPI experiment because its steep
magnetization curve is close to an ideal (step-like) one.

(2) (b)

-

10 mm

Fig. 2. Photo (a) of a sample and (b) reconstructed image

2.2. Image formation

For image acquisition, the drive field coils are driven by two sinusoidal signals
derived from a base frequency of 20 kHz with a frequency ratio of 10/11, giving f|
= 2 kHz and f, = 1.81 kHz, respectively. With this configuration the resulting
Lissajous pattern has a repetition time of t. = 5.5 ms (181.81 Hz). For each image
the acquired spectrum is averaged over 250 periods, entailing a total acquisition
time of about 1.3 seconds. Because image quality is currently limited by the THD of
the power amplifier and the signal-to-noise ratio (SNR) of the detection path, up to
20 image data sets are stacked to form the final image.

The frequency spectrum of the detection signal contains both drive field
frequencies and their harmonics as well as mixing components originating from the
nonlinear magnetization curve of the magnetic sample (figure 3). The harmonics of
the drive frequency carry spatial information about the respective drive field
direction whereas the mixing components enclose both spatial directions. However,
in this setup only multiples of the drive frequencies are used for reconstruction.

The encoding scheme for MPI is based on the characteristic spectral pattern of
each spatial point [4]. For reconstruction, the reference response of the magnetic
sample in the image plane has to be determined. This can be done by means of
performing reference scans on a point-like sample.
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Fig. 3. Spectrum of a measured detection signal containing both drive frequencies

The system matrix for constructing a 1-dimensional image contains the spectral
signature (harmonics of the drive frequency) for each point on a line (figure 4). To
extend I-dimensional encoding to the second dimension, an additional drive
frequency is introduced. As this second drive field is orientated orthogonally to the
first one, it allows spatial encoding in the second dimension. If frequency
components for both drive frequencies are registered simultaneously, the system
matrix can also be extended to represent 2-dimensional images. The reconstruction
algorithm takes all spatial dimensions at once, collapsing the spatial indices into one
sequential index.

i\

L T A i

Relative PSD

# Harmonic o + Position

Fig. 4. Graphical representation of the simulated 1-dimensional system matrix (power spectral density
(PSD) over harmonic number and position)
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The experiments are performed using a Tikhonov regularization method [1, 5]. Here
the image g is described by the system matrix K and the concentration vector c:

Kec=g (D

Taking a least square approach and applying the regularization scheme with
regularization parameter 4, the concentration vector c is revealed by

c=(K"K+E)'K"g. @)

In case of “zero order” regularization the result can be reformulated based on the
singular value decomposition (SVD) of the system matrix K

SVD(K)=UzV", (3)

consisting of two unitary matrices U and ¥ (or the conjugate transpose V") and the
diagonal matrix ) containing the singular values ¢, We arrive at a simpler
expression to reconstruct the concentration vector c:

c=VDU'g 4)
The elements D;; of the diagonal matrix D given by

D, S Q)

o’ + A

correspond to weighting factors of a Wiener filter in signal conditioning, promising
the best noise reduction of the input data.

3. RESULTS AND DISCUSSION

Figure 5 shows images of three magnetic samples measured with the system. In
each of these images the Vitrovac-filled hole is located at a different position. The
position of the magnetic material in the imaging area can be reconstructed from the
detection signal using the described algorithm. The images consist of 6x6 pixels, but
the expected resolution is lower in the x-direction because of the weaker signal
picked up by the detection coils and the lower gradient strength in this direction. It
is also apparent that the contrast of the image depends on the position of the sample.
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The contrast by visual inspection is better in the right image compared to the left

one.

Fig.

4,

5. Three images (10x10 mm?) of Vitrovac samples acquired with the system

CONCLUSION

The first images of Vitrovac samples acquired with the described MPI system show
that spatially resolved 2-dimensional imaging is feasible. However, improvements
to the hardware and optimization of the reconstruction algorithms have to be
completed in order to take higher resolved images.
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In most coil geometries used for magnetic particle imaging (MPI), the specimen has to be
positioned in-between the coil sets for investigation. This poses a size limitation, which is
overcome when using a single-sided coil configuration. First measurements documenting the
feasibility of this concept have been published. In this contribution, properties of the magnetic
field generated by a symmetrical and a single-sided MPI scanner are compared. The spatially
dependent resolution distribution of single-sided MPI is investigated and related to the
simulated magnetic field properties.

1. INTRODUCTION

Magnetic particle imaging (MPI) is an imaging method capable of determining the
spatial distribution of super-paramagnetic iron oxide nanoparticles (SPIOs).' The
first coil configuration used for MPI is a symmetric assembly, where the object of
interest has to fit in-between the coils (Fig. 1). So far, only small scanner devices
have been realized, where small animals such as mice can be imaged. To overcome
this limitation, one can apply a single-sided coil configuration (Fig. 2), where all
transmit and receive coils are situated on one side of the specimen. As a proof of
concept, a basic experimental setup has been implemented for 1D imaging.’

In both setups, the physical principle utilized for imaging is the same. To obtain
information about the spatial nanoparticle distribution, a field-free point (FFP) is
generated and steered through the volume of interest on a defined trajectory. This
trajectory approximately defines the field of view (FOV). The applied alternating
magnetic fields cause the nanoparticle magnetization to change in the direct vicinity
of the FFP, while other nanoparticles are barely affected. In this way, signals are
induced in receive coils, which allow for image reconstruction of the spatial particle
distribution.
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Fig. 1. Symmetrical coil setup for 3D-imaging.1 The Fig. 2. Single-sided coil setup for 1D-imaging.?
FOV is situated in the center of the coil assembly. The FOV is situated in front of the coil assembly.

Weizenecker et al. simulated and discussed the achievable resolution of MPI in
general, but did not investigate inhomogeneous resolution distributions in MPI.?

The introduced setups differ not only in coil geometry and thus in generated
magnetic field geometry, but also in potential imaging quality. The reason is a
pronounced inhomogeneity of the gradient distribution of the selection field
generated by the single-sided setup. In this contribution, the gradient distribution of
both coil setups is investigated for 1D-imaging in a simulation study. Finally, the
image quality of single-sided measurements is investigated by means of full width
half maximum (FWHM) and related to theory.

2. THEORY

The achievable image resolution in MPI depends on different parameters.
According to Rahmer et al., the spatial resolution Ax in x-direction is given by

A=l ine=4.16 W

/rlOme
assuming a sufficiently high signal-to-noise ratio and a sufficiently dense FFP-
trajectory.® The parameters hence are the particle magnetic moment m, the absolute
temperature 7, and the seclection field gradient strength G, in x-direction. The
particle moment m in turn comprises of the saturation magnetization Mg (0.6 T/u,
for magnetite) and the particle core diameter d:

m =%Msd3. )
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Fig. 3. Selection field and gradient field. a) ideal case, b) symmetrical setup, c) single-sided setup.
Arrows indicate the strength and direction of the magnetic flux density B. The absolute value [B] is
coded in gray values in the background (dark: low value, bright: high value) individually for each plot.

For improved image resolution, it is the aim to provide both, nanoparticles with
high magnetic moments, and a high selection field gradient. Optimizing magnetic
nanoparticles for MPI is an actual field of research.”® To understand and to compare
the gradient distribution of the magnetic field, the following paragraphs first
introduce ideal magnetic field geometries, the magnetic field geometries generated
by the symmetrical setup, and the ones generated by the single-sided setup. For
simplicity, the 1D-imaging case is considered here. That means that only one drive
field is applied and the FFP moves on a line.

In simulation, one can apply a homogeneous magnetic field gradient
distribution. That means that G is constant in the entire area. This field provides an
FFP with linearly increasing field strength in all directions. To move the FFP, a
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Fig. 4. Generated magnetic flux density [B(x)| of the static selection field and normalized G(Xgp).
a) symmetrical setup, b) single-sided setup. [B(x)) is plotted for each coil separately as dashed line and its
sum as solid line.

homogeneous drive field can be applied (Fig. 3a) with the same magnetic field
vector at each position.

Using the symmetric setup, one aims to generate homogeneous magnetic fields.
With this intent, the coil pairs are applied in Maxwell configuration and Helmholtz
configuration respectively. The magnetic fields generated by the Maxwell coil pair
cancel out each other in the center of the setup. To move the FFP, the drive field is
generated by superimposing a current on these coils such that they operate in
Helmbholtz configuration (Fig. 3b). Due to the coil geometry itself, complete field
homogeneity cannot be achieved. The field geometry is derogated, which is more
pronounced when leaving the center of the setup.

To generate a selection field using a single-sided setup, static currents are
applied in opposite directions to two concentrically mounted coils. The resulting
magnetic field and its spatial gradient are strongly inhomogeneous. The FFP can
simply be moved by superimposing an alternating current on at least one of both
coils. Here, the inner coil is used for this drive field generation (Fig. 3c).

When dealing with inhomogeneous fields in MPI, it is required not only to
consider the geometry of the selection and the drive field separately but rather their
combination. During one excitation period, the FFP moves to positions xppp(¢) in
space. To investigate the achievable resolution at each position xggp, it is required to
measure or simulate the field gradient G(xgrp), which is the gradient of the resulting
field at this very position and time.
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3. RESULTS

Fig. 4 shows simulation results of the selection field B(x) and G(xggp) for the two
named coil geometries along the coil axes. For the symmetrical setup, G(xgrp) varies
barely, whereas it drops to about 0.75 of the mean value at 14 mm in front of the
single-sided coil setup.

According to Eq. 2, this directly translates to the achievable resolution in each

position xppp. For this reason, the resolution distribution is almost homogeneous for
the symmetrical setup and strongly inhomogeneous for the single-sided setup.
To prove the latter case, measurement data is evaluated by means of the FWHM,
which is a measure of the image resolution’. A dot phantom is scanned at different
distances to the scanner front (Fig. 5). The FWHM is applied to the left dot in the
image series (Fig. 6). As expected from the simulation results in Fig. 4 and Eq. 2,
the resolution is best directly in front of the scanner device and decreases with
larger distances.
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Fig. 6. FWHM depending on the position, evaluated at the left dot of the reconstructed 1D-images in
Fig. 5.

4. DISCUSSION

As stated in Rahmer et al. and proven in the previous chapter, the achievable
resolution in MPI is constrained by field gradient strength.* We investigated the
spatial dependency of the magnetic field gradient when steering the FFP to different
positions. For symmetrical setups, an almost position-independent image resolution
can be achieved within a certain FOV. One aspect of magnetic field geometry
optimization for MPI in general is to provide a homogeneous resolution all over the
FOV. However, using single-sided coil setups, this is a challenging task. Using the
basic coil setup, this can hardly be fulfilled. Here, only the inner coil was used to
apply the drive field. Image resolution homogeneity might be improved by
generating the drive field using both coils and adjusting the amplitude and relative
phase of the applied currents. To obtain most information from the measured data
with nominal inhomogeneous resolution, it is necessary to apply position-dependent
regularization during the reconstruction process.
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In Magnetic Particle Imaging, resolution and SNR are highly dependent on, and grow with, the
particles’ size. In this paper, we study the fact that the magnetization relaxation time, also
depends sensitively on particle diameter. Analytical derivations and simulations of the

effects of response time are carried out and a trade-off between sensitivity and resolution is
discussed.

1. INTRODUCTION

Magnetic particle imaging (MPI) is a new tomographic method [1] based on the
nonlinear response of superparamagnetic iron oxide (SPIO) nanoparticles. It has
promise for fast imaging with certain advantages in resolution, sensitivity, contrast,
and cost. A static but spatially inhomogeneous field (selection field) and
homogeneous oscillating field (drive field) are applied for spatial encoding. The
selection field has a very strong gradient in order to saturate the nanoparticle domains
outside the field-free-point (FFP). The oscillating drive fields can move the FFP
around the whole field of view by using different driving frequencies in different
directions. Only the FFP region yields a detectable signal. The average magnetization
has been assumed to respond immediately to changes in the applied field [1-8].
However, delays due to magnetization relaxation lead to limitations on the response
time and it is the purpose of the present paper to augment previous simulations [2, 3]
by taking into account relaxation time effects.

2. THEORY

2.1. The MPI Signal from SPIO Nanoparticles

The voltage signal induced in a receive coil with uniform and normalized
sensitivity can be written as
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V() =y, | s(@0dr, (1)

FOV
where s(7,t) =—dM(%,t)/dt with M(F,t), the magnetization. The higher
harmonics S (n>2) are obtained by the Fourier transform of s(T,t) .
The magnetized particle equilibrium (temperature T) distribution is given
by the Langevin equation [9] M (§)=M (coth(§)—1/&) where M, is the

saturation magnetization and & =p mH /k T with particle magnetic moment
0 B

m and external fieldH .
d
M S L

— “j11 t
LI,

Fig. 1. Illustration of MPI signal. M(H) is the Langevin magnetization, s(t) = dM(H(t))/dt, Sy is the
Fourier transform of s(t). ® is the drive-field frequency.
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With a harmonic external field, the typical shape of M (&), the signal s(T,t),
and the corresponding S are plotted in Fig. 1. Sufficiently large amplitudes

for the higher-order harmonics, such as the example shown in the figure,
facilitate our ability to find the inverse Fourier transform of (1).

2.2. Relaxation Time of SPIO Ferrofluids

In much of the early MPI modeling the time dependence of the magnetization
response to the changes in the external magnetic fields has been ignored.
Therefore, the time dependence of this response is the principal focus of this
paper. Generally speaking, there are two major relaxation mechanisms in
magnetic fluids when no interaction between the particles is considered [10].
The first one assumes the particles are magnetically hard, which means the
direction of the magnetic moment is fixed compared to the particles’ crystal
structure. In this case, the viscous rotation, or Brownian relaxation, of the

whole particle determines the relaxation time t =3Vn/k T whereV is the

volume of the particle and m is the dynamic viscosity of the liquid. The other
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kind of relaxation stems from the change of the magnetic moment inside the
particles. It takes place if the thermal energy is large enough to climb an
energy barrier between two different states. The additional state arises from
the anisotropic nature of the particle crystal structure. This response is called

magnetically weak with Neel relaxation time, t =1 exp(KV/k T).Here, K

is an anisotropy constant and T, is a time constant on the order of 10”s for
usual SPIO ferrofluids. The effective relaxation time T is the combination of
the Neel and Brownian relaxation times, T =71, +71 .

Comparing these, we can see that the Neel relaxation time is much more
sensitive to the volume of the particles than the Brownian relaxation time. The
Neel relaxation time is very large and on the order of hundreds of seconds when

the diameter of the particles is about 30nm, or larger, at room temperature. If the
nanoparticles of principal interest in MPI have a diameter in the neighborhood

of 20 nm, then the Brownian response dominates and it is assumed thatt >~ 1.
That is, the critical diameter for transition from Neel to Brownian relaxation is

about 13 nm [10]. The field dependent dynamics equation for
Brownian-dominated relaxation has the Bloch form

dM /dt=SxM/I-(M~-M, (§)/1, )

where S (I) is the angular momentum (inertia) volume density. The
precession term in (2) can be ignored for the range of particle sizes considered.

2.3. 1D Ildeal Particles

The derivative of the Langevin magnetization to the magnetic field shown
in Fig. 1 is nearly a delta function, which is the “ideal” case. For 1D ideal
particles without relaxation, J. Rahmer et al. [8] show that the mathematical
form of the signal S under a harmonic driving field is

S, =—4M iU _(Gx/AWI1-(Gx/A) /T, . ©)
Here, T is the period of the driving field, U s the second-kind
Chebyshev polynomial, G is the gradient of the selection field and A is the
amplitude of the driving field.

Solving (2) for the case where the relaxation time is smaller than the

duration time of the measurement (usually of the order of ms), we find the
steady state shown in Fig. 2. Generalizing the analysis of 1D ideal particles, we

have derived (in the Appendix) the mathematical form of S
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(=1+exp(2 in arccos(Gx / A))M ®
3 X X 0 ' (4)

n

n(l+int )

As a comparison, the first few harmonics at x =0 are plotted in Fig. 3. In a
comparison with the uniform amplitudes of the harmonics without relaxation,
the signal vanishes rather faster when relaxation is taken into account. The
decrease of signal will reduce the SNR and thus blur the image and lower the
resolution. For the more realistic Langevin equilibrium magnetization, the
numerical results are simulated with, and without, relaxation; see Fig. 3.
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Fig. 2. Steady state of ideal particles. The upper figure is the harmonic field where x = 0, the dashed line in
the lower figure is the magnetization curve of ideal particles. The solid line is the simulated magnetization
curve of ideal particles, but now including relaxation. The relaxation time is chosen to be 2.5 times the
period of the harmonic field, for comparison with the other simulations of this paper.
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Fig. 3. Magnetization response M(t) and signal strength S, for (a) ideal particles without relaxation, (b)
ideal particles with relaxation, (c) realistic particles without relaxation, and (d) realistic particles with
relaxation. (a) and (b) are calculated using (7) and (8), (c¢) and (d) are numerical solutions. The relaxation
times for (b) and (d) are all set to be 10™ s. The signal S, is normalized by S,.
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3. SIMULATION

A slice with 3D dimensions of Imm % 32mm % 16mm is used as the phantom.
The 2D are divided into a 64 x 32 matrix so each pixel is Imm x 0.5mm X
0.5mm. A sufficiently large Maxwell coil pair is assumed along the y-axis,

which provides two selection fields with gradients of 1.25 mT/mm u;' in the
y-direction and 2.5 mT/mm u;' in the z-direction, respectively. The two

corresponding drive fields have the same amplitude of 20 mT u: and different

frequencies of 25.51 kHz and 25.25 kHz separately, as in [2]. The total
duration of the scan is 3.88 ms and the sample frequency is 2.5 MHz. Two
receiving coils with uniform sensitivities are oriented with y-direction and
z-direction axes, respectively, and lead to a sum-of-squares signal. In the
original simulation [2], the sensitivity, and hence the resolution, was seen to be
significantly improved by considering larger diameters in the 30-50 nm range.
We turn now to the change due to relaxation.

4. RESULTS AND DISCUSSION

With the increase in the total relaxation time, which is dominated byt , the

SNR and spatial resolution drop dramatically. And the relaxation time varies
from 10 s to 10™ s, as the diameter of the particles is changed from 10 to 50
nm. The 50-nm particles, which by simulation have the best spatial resolution
with no relaxation, actually give a significantly poorer quality image when
relaxation modeling is included. Fig. 4 shows the pattern used in [1], which
could also stand for Physics, for different relaxation times corresponding to
different diameters, as indicated in the caption. It is seen that larger particles
lead to relaxation blurring; smaller particles lead to poorer resolution with some
optimal size between. The underlying physical principle is when the FFP is
moved to a previously saturated point, the particles at the original or final FFP
do not respond quickly enough to the change at the frequency of the driving

field fy if 1/7,is much smaller than f;. The signal from the final point will be

reduced by the factor of 1/1,and the signal surviving from the original point

will blur the image. From our simulation results, we find that images from large
particles provide high spatial resolution but are badly blurred by the relaxation
time. While a growing number of interesting experimental results and
theoretical studies already have been found for MPI [1-8], we conclude that
relaxation should be taken into account in modeling, especially for a reliable
interpretation of which particle size is dominating the imaging signal. Note
added in proof: see [11] and a corresponding contribution to this workshop.
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(@) (b) (c)
Fig. 4. MPI results of (a) 50 nm particles with relaxation time of 10 s, (b) 25 nm particles with relaxation
time, 1.25 - 1075, and (c) 10 nm particles with relaxation time, 0.8 - 10 s.

Appendix: Relaxation Theory of 1D Ideal Particles

As shown in Fig. 2, the magnetization reaches a steady state after several
periods, and its analytic form is our immediate goal. As illustrated in Fig. 5,

we assume the magnetization just before the period t ~and t is M (t ),
while the magnetization at the end of this period is M (t ). With saturation
magnetization M =~ for ideal particles, we find

M sgn (H (t))+ I:M’ (t.,,l )— M, sgn (H (t)) g () t <t<t +t'
M) M, sgn(H(0)+[M (¢ +t')-M, sen (1 (t))]e’("‘"*""%‘g t +t'<t<t
where M(t  + t’) is the magnetization after the external field changes its sign.
Since the steady state conditionisM (t _)=M (t )= M’ , we obtain
M(t,, +t') =M, +(M'=M, )e "™
M (t,)=-M, +[M(t, , +t)+M,]e )
B e ™ 1)/ (1-e ™). Here, T, is the period of the

and M'=M,(2¢ "

driving field. For t <t<t  +t', the corresponding signal is

1

aH ( 1\ —(t— T BH “(=t )t
s(t):ZMDS(H)E+[M'— M, sgn (H(t))JL_EJe (tar) B —ZMOB(H)Ee (-t ) s
and, for t _ +t'<t<t ,itis

s(t)=2M 3(H )aa—lj +[M(t,, +t')-M, sgn(H (t))](— ] ¢ ) _ 2M,5 (H)aa—iI ¢ ()

1
Ty
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Fig. 5. The steady-state magnetization and its seminal field. The time span between t,and t,., is the period
of the steady state; t,+ t’ is the time when the magnetic field changes sign during this period. The origin of
the time axis is chosen to be the lowest point of the external field during the period t,.; and t,, so the two
zero points of the field during the integration region —Ty/2 and Ty/2 will be symmetric.

If we reset the time origin and switch the integration region in the transform, as
shown in Fig. 5, in order to ensure the symmetry of the integration region, the
four terms with 8(H) dH / dt inside will cancel each other. The integration of

the remaining two terms gives us the explicit and simple result (4).
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Signal encoding in magnetic particle imaging is accomplished by moving a field-free point
(FFP) through the region of interest. Due to saturation effects, only the particles in a certain
region around the FFP contribute to the measurement signals induced in receive coils. The
sensitivity of MPI depends on the gradient strength of the FFP field. Recently, a new signal
encoding scheme was proposed, which has the potential to significantly increase the
sensitivity of the method by taking advantage of a field-free line (FFL). However, the
proposed coil assembly used to generate the FFL was unfeasible in practice due to high
electrical power losses. In this work, we show that the efficiency of the setup can be
considerably improved by reducing the number of coils.

1. INTRODUCTION

The quantitative imaging method magnetic particle imaging (MPI) is capable of
determining the spatial distribution of superparamagnetic nanoparticles (SPIO) at
high temporal and spatial resolution.' The method takes advantage of a magnetic
gradient field featuring a field-free point (FFP). The gradient field is superimposed
by a dynamic drive field, which is responsible for moving the FFP in space. As the
particle magnetization reaches saturation even for low field strength, only a small
number of particles in the close vicinity of the FFP contributes to the measurement
signal.

Recently, it has been shown that the sensitivity of MPI could be considerably
increased using a simultaneous acquisition scheme in the form of a field-free line
(FFL).> In Fig. 1, both the FFP and the FFL field are shown for comparison. For
imaging the distribution of the nanoparticles, the FFL is rapidly moved back and
forth while rotating slowly.” This acquisition scheme essentially samples the
particle distribution in Radon space,” which allows for reconstruction by efficient
algorithms, like for instance the filtered back projection. In order to realize the
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Fig. 1: Comparison of the FFP field (left) and the FFL field (right). Shown is a slice through the origin.

Black indicates zero field strength whereas white indicates high field strength.

FFL encoding scheme, the coil assembly used to generate the magnetic field must
be capable of rotating and translating the FFL.

Although it was shown in Ref. 2 that FFL imaging is significantly more
sensitive than FFP imaging, Weizenecker et al. questioned the practicability of the
method.” Their skepticism originated from the fact that the used coil assembly had
a considerably higher electrical power loss than an FFP scanner of comparable size
and gradient strength. In this work, it is shown, that practical implementations of
the FFL become feasible by reducing the number of coils.

2. COIL ASSEMBLY

The initially proposed coil assembly capable of rotating a magnetic FFL consists of
32 small coils, which are positioned at equidistant angles on a circle.” A sketch of
the setup is shown in Fig. 2. The clear space of the scanner is determined by the
circle diameter d . To generate an FFL, the currents are chosen in such a way
that two opposing coils have the same current flowing in converse direction. Thus,
both coils form a Maxwell coil pair such that the complete setup consists of L = 16
Maxwell coil pairs. The currents consist of a static and a dynamic part. The latter
depends on the desired FFL direction and is varied to perform an FFL rotation. To
establish an FFL along direction

i =(cos(ex), sin(ex), O)T, (D
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the current in the /th coil pair has to be chosen as
(@)= A2 - cos(2, —202), 2)

where ¢, is the angle of the /th coil pair and 4 is the current amplitude determining
the gradient strength of the field orthogonal to the FFL.

For translating the FFL, two large orthogonal Helmholtz coil pairs are used, as
is illustrated in Fig. 2. Each of the coil pairs generates a homogeneous magnetic
field along the symmetry axis of the coil pair. The superposition of both fields
allows for generating a homogeneous field pointing in any direction within the
imaging plane.” To this end, the currents in the respective coils have to be

Fig. 2: Coil setup for generation and translation of a magnetic FFL. 32 small coils are positioned at
equidistant angles on a circle enclosing the clear space of the setup. Each pair of opposing coils is
arranged in Maxwell configuration with current flowing in converse direction. Using appropriate
currents (2), these coils generate a rotating FFL. Two large Helmholtz coil pairs are responsible for
FFL translation.
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Table 1. Relative power loss of the FFL coil setup compared to that of the FFP setup for different
Maxwell coil pair numbers L.

L 3 4 8 16

PL /Pr. 31 65 707 10268

appropriately chosen. To translate the FFL, the direction of the translation field is
adjusted to point in the direction orthogonal to the FFL. Then, by applying a
sinusoidal current, the FFL moves back and forth.

Using 32 small coils for generation and rotation of the FFL leads to high
currents and in turn high electrical power losses. Therefore, in this work, it is
proposed to reduce the number of coils used to generate the FFL. Obviously, this
leads to lower electrical power consumption. However, the question remains,
whether the field quality degrades by using a fewer number of coils. In this work,
this question is investigated in a simulation study.

3. SIMULATION

The electrical power loss of FFL coil assemblies for different coil pair numbers
L=3,4,8, 16 is determined using magnetic field simulations.” For simplicity, the
translation field is neglected in this work. The coils have a diameter such that they
can be placed on a circle of diameter d 1 without intersection, i.e.

d; =d e tan%. (3)

The circle diameter is chosen as d e = 0.5 m. The current parameter 4 is adapted
such that the gradient strength orthogonal to the FFL is 1.0 Tm™p,™".

The electrical power loss of the setup is compared to that of an FFP scanner of
equal size and gradient strength. In Tab. 1 the relative electrical power loss is listed
for different L. As can be seen, the electrical power loss considerably increases with
the number of coils. For L = 3, the electrical power loss of the FFL setup is only
three times higher than that of an FFP scanner.

Next, the quality of the generated field is assessed for different coil pair
numbers L. In Fig. 3, the generated field along the FFL is shown. The angle « is
chosen such that the worst field quality for a certain L is obtained. We have found



124

.05 T T T T T T 7
—_— =3
0.04 | .
-- L =4
o003 .- L =8
= T
~ 0.02 L =16
= — |deal
0.01F
0.00
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16

xz/m
Fig. 3: Simulated magnetic field of the FFL coil setup for different coil pair numbers L. Shown is the
field along the FFL.

that this is the case when the FFL is located in-between the symmetry axes of two
subsequent coils, i.e.

ar =%. (4)

As can be seen in Fig. 2, the field along the FFL is significantly better when using
less than 16 Maxwell coil pairs. Overall, the best field is obtained for L = 4.

4. CONCLUSION

In the present work, the efficiency of the FFL coil geometry initially proposed by
Weizenecker et al. was investigated for different numbers of Maxwell coil pairs. In
conclusion, the efficiency of the FFL coil geometry is considerably improved when
using fewer than L = 16 coil pairs, which were proposed in Ref. 2. Regarding the
minimum electrical power loss, L = 3 Maxwell coil pairs were found to be optimal.
However, regarding the field quality, L = 4 Maxwell coil pairs generated the FFL
with the lowest deviation to an ideal FFL.
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3D real-time magnetic particle imaging (MPI) requires rapid encoding and parallel acquisition
of a large amount of information. This paper describes the signal response generated in
recently published real-time in vivo MPI measurements, the signal processing steps, and
solution of the inverse reconstruction problem. It is shown that the acquired MPI signal
contains enough information for rapid encoding of 3D volumes.

1. INTRODUCTION

Any imaging technique has to collect sufficient information for reliable image
reconstruction. In MPI, different approaches can be taken to generate and acquire
this information'. One approach is to acquire information mainly in the spatial
domain by measuring the MPI response of an object at many spatial positions
covering the field of view. Knowing the response of a delta probe, an image can be
obtained from a single frequency component by deconvolution of the delta kernel
from the object measurement. In practice, several frequency components will be
combined to improve SNR and resolution'”. While this approach can lead to
excellent image SNR and resolution, it is rather slow due to the need to measure at
many spatial positions, which have to be reached either by moving the object or by
applying offset fields.

Another approach is to collect object information only in frequency space. In
this case, the range of the field-free point (FFP) motion has to be large enough to
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generate signal in the total volume of interest. A large number of signal-containing
frequency components has to be generated and acquired. This approach is realized
in our current scanner. Signal generation is achieved by applying three orthogonal
drive fields at slightly different frequencies, from which the nanoparticles generate a
wealth of harmonics and mix products. Most of these frequency components encode
different spatial information. Combined with broad-band detection to enable fully
parallel acquisition of this information, this approach allows very rapid imaging. It
is comparable to frequency encoding in MRI, where a single readout allows full 1D
encoding. The MPI approach, however, encodes in 3D.

2. SETUP AND IMAGING SEQUENCE

Fig. 1. Scanner setup and images. (a) Scanner setup showing selection field permanent magnets
(red/green), drive field coils (green) and receive coils (blue). The blue box is an enlarged view of the
region covered by the trajectory of the FFP. (b) Sagittal slice of a 3D volume extracted from a video
sequence of a mouse brain. (¢) Overlay of MPI data (orange) on reference MRI measurement.

Fig. la shows the scanner setup used in real-time in vivo measurements®. Fig. 1b,c
shows images of a mouse brain measurement acquired after tail vein injection of
Resovist at a dosage of 56 umol(Fe)/kg. Three sets of drive field coils are driven at
frequencies fj, = 25.25 kHz, f), = 26.04 kHz, and f. = 24.51 kHz to move the FFP in
a dense 3D Lissajous-type trajectory (cf. Fig. 1a). The employed frequency ratios
lead to a repetition time of the applied field sequence of 21.5 ms, corresponding to
an imaging rate of 46.4 volumes per second. With a selection field gradient of 5.5
T/m/p, in the vertical direction and half of this value in the orthogonal directions as
well as drive field amplitudes of 18 mT/p,, the FFP motion covers a region of 13.1
x 6.5 x 13.1 mm’. Since signal is also generated at a certain distance to the FFP’,
data was reconstructed to a larger grid with extension 20.4 x 12 x 16.8 mm’ and
isotropic voxel size (0.6 mm)°.
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3. SIGNAL SPECTRUM AND SPECTRAL SELECTION

Signal from three sets of receive coils was sampled at 20 MS/s and Fourier
transformed. Due to limited sensitivity, signal only occurs in the frequency range up
to 1 MHz, so that higher frequencies are discarded. Spectral resolution is 46.4 Hz,
corresponding to the repetition time of the sequence.

The spectrum contains signal only at frequencies which are direct multiples of
the drive frequencies or mix terms thereof. To select these relevant frequencies, the
possible signal content at each frequency can be determined. This information is
contained in the system function matrix G, which describes, how a spatial particle
distribution vector ¢ is mapped to a frequency response vector v in the measurement
process:

Gc=v (D

G can either be modelled* or measured by acquiring the frequency response of
a small d-like probe at each voxel position in the 3D imaging grid. A column of G
corresponds to the frequency response of the & probe at a certain spatial position. A
row corresponds to the spatial response pattern at a certain frequency.

frequency component I
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Fig. 2. SNR measure plotted versus frequency showing the information content at a certain frequency.
Regions around the 9" and 32™ harmonic of the drive frequency are enlarged to reveal the sub-structure.

Signal-containing frequency components of the system function exhibit a
spatial variation that can be quantified by calculating a variance measure. If this
measure is determined for calibration scans with and without & probe, their ratio
gives an indication of the SNR encountered at a specific frequency. Fig. 2 shows a
logarithmic plot of this SNR measure for the x channel of a system function
acquired from a & probe containing 200 nl of pure Resovist. Averaging time per
scan position was 0.5 s. The broad peaks are centered at multiples of the x drive
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frequency fo.. Peaks at 9 fy, and 32 fj have been enlarged to reveal their
substructure, which consists of smaller peaks with a spacing of about 740 Hz. This
indicates that the corresponding frequencies relate to mix terms, e.g. with frequency
10 fox - fo.. The SNR measure can be used to select frequencies for reconstruction by
applying a threshold, e.g. V10 as indicated by the dashed horizontal line in Fig. 2.
Furthermore, due to a high noise level at low frequencies and close to the excitation
band around 25 kHz, the lowest 1,900 frequencies are discarded, indicated by the
dashed vertical line. For the x channel, this selection procedure yields 3,833
frequencies from a total of 1 MHz / 46.42 Hz = 21,542. A similar number can be
selected from the y and z channel, so that about 10,000 frequencies are used for
reconstructing 19,040 voxels. However, in a real-time in vivo measurement, the
number of signal-containing frequencies in the object measurement vector v may be
much smaller, since it depends on available SNR and object shape.

4. INFORMATION CONTENT OF SELECTED FREQUENCIES

Different frequency components encode different spatial information. This is
indicated in Fig. 3a, where slices from the 3D patterns found at frequencies around
9 for and 32 fy, are shown, respectively. Obviously, the higher frequencies around 32
fox relate to finer spatial patterns. It can be shown that these patterns are related to
tensor products of Chebyshev functions of the 2™ kind®. These functions form a
basis set that satisfies an orthogonality relation. To reveal the relation between the
spatial patterns encoded at different frequencies, their orthogonality has been
calculated as the inner product of the normalized system function columns. The
magnitude of the product of the first 600 selected frequencies is plotted as gray
values in Fig. 3b. If all components were linearly independent, only the diagonal
would be non zero. Obviously, there are linearly dependent components and thus
some redundancy in the spatial information encoded at different frequencies, but the
vast majority of scalar products is close to zero. On the one hand, redundancy
requires acquisition of more frequency components than voxels, if full voxel
resolution is to be encoded. On the other hand, it has the benefit that information
from missing frequencies is not lost, but is still encoded at other frequencies.
Therefore, one can expect that removal of the first 1,900 frequencies for excitation
band suppression does not lead to a significant loss of image information.

From these considerations it follows, that after selection of frequencies, the
inversion of Eqn. 1 is an underdetermined problem. This information mismatch can
be handled using regularization. Since the current physical MPI resolution is lower
than the voxel resolution anyway’, regularization basically interpolates a low-
resolution image to a high-resolution grid.
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f

Fig. 3. System function components and orthogonality plot. (a) xz slices from 3D spatial pattern of
frequency component with indicated number. The two columns correspond to components in the single
peaks indicated by arrows in the SNR subspectra in Fig. 2. (b) Orthogonality plot between the first 600
selected frequencies. Aside from the main diagonal, only few non-zero components appear, showing
good orthogonality of the basis function set.

5. RECONSTRUCTION

After selecting relevant signal components in the system function G and the object
measurement vector v, Eqn. 1 can be solved as the regularized least squares problem
using the reduced quantities G and ¥:

minimize |w (Gec - 17)”2 + Allcll? @)

The regularization parameter A allows balancing image SNR versus resolution.
The matrix W has been introduced to allow weighting of frequency components,
e.g. to increase resolution by putting more weight on components with fine spatial
structure. To solve equation (2), a row-based iterative algorithm is applied® that
allows the inclusion of a non-negativity constraint for the particle concentration
image, i.e. ¢; > 0. The MPI image shown in Fig. 1b was reconstructed using a
weighting matrix W that applied the inverse of the SNR measure plotted in Fig. 2 to
the respective frequency components.

6. CONCLUSION

Broadband detection with high sensitivity allows the parallel acquisition of
sufficient information for 3D real-time magnetic particle imaging. One specific data
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processing approach used for reconstruction of in vivo data has been described here.
However, systematic investigation of the effects of frequency component selection
and weighting as well as their interplay with regularization and non-negativity
constraints applied in reconstruction is necessary in the future and promises
improved image quality in real-time MPI.
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The purpose of this paper is to study the performance of a digital amplifier to supply the drive
field coils of a magnetic particle image scanner with a high quality sinusoidal voltage.
Available linear class A or AB amplifiers appear suitable for this application, but suffer from
very high losses. Alternatively a digitally switched amplifier is proposed, which exhibits
much lower losses. The characteristics of the analogue amplifier are compared to a PWM-
controlled single-stage digital switching amplifier and to a solution with a multi-level inverter
based topology. The characteristics of this concept are described in detail.

1. INTRODUCTION

Magnetic particle imaging (MPI) is a new method to acquire images of the interior
of living bodies. It takes advantage of the magnetic non-linearity of nano-particles,
incorporated in the subject. A variable external magnetic field (drive field) drives
these particles in and out of saturation at defined spots in the examination volume.
The change of the particles magnetization due to the external magnetic field is
recorded by extremely sensitive receivers, typically on a harmonic frequency of the
drive field. This requires a very high spectral purity of the drive field in order not to
mask the response of the particles. The drive field is produced by exciting a coil,
which can be treated electrically as an inductance with low parasitic resistance.

" This work is supported by grant 13N9079 of the German Federal Ministry of Education and Research.
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2. ANALOGUE AMPLIFIERS

In a straight forward approach the supply unit is realized by means of a linear
amplifier. In Fig. 1 a typical schematic of a linear class AB amplifier is given.

0 4 2z

Fig. 1 : Schematic outline of a linear amplifier and typical amplifier output voltage and —current.

The amplifier consists of two transistors in a bridge configuration, which can be
either bipolar or MOSFET-type transistors. The bridge output is connected via a
filter to the drive field coil to reduce remaining harmonics. The transistors are
controlled linearly, i.e. in a way, that the voltage drop across the transistors accounts
exactly for the difference between desired output voltage and the supply voltage.
Assuming sinusoidal waveform voltage and current, the maximum efficiency of an
AB-type linear amplifier yields n=r/4 ~ 78%, when the load power factor equals 1.
As the load in this particular case is by nature a reactive load, this definition does
not reflect the system characteristics in a realistic way, as there is typically very
little real output power. Instead, the main output power component is reactive
power.

Therefore it is more meaningful to define the required input power for a given
output current. This quantity is constant for an ideal AB-class amplifier and yields
P, =UgyT,.2/m for sinusoidal output current. In case of almost pure reactive power,
this is converted entirely into losses in the amplifier.

In a narrow-band system a filter or a match-box can be used to eliminate the
reactive currents for a particular frequency, leaving only the active current
component, which is required to compensate for losses in the drive coil and the
filter. If the desired output frequency varies from the filter center frequency, again a
relevant reactive current flow occurs which causes an increase of input power and
thus, higher losses in the analogue amplifier. The amount of reactive current
attenuation depends on the desired bandwidth and steepness of the filter. Practically,
an attenuation of 10:1 cannot be exceeded with reasonable effort. This means, that
even with an optimum filter or match-box, losses of up to 15% of the reactive power
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at the drive coil or 130% of the reactive power at the amplifier output have to be
considered.

Due to the high demand of reactive power and the associated losses, especially
under extended operating frequency range requirements, a linear amplifier is not a
feasible option.

3. SWITCHED AMPLIFIERS

In contrast, switched mode amplifiers do not suffer from this effect and are able to
cope with the high reactive power demand at low losses. Contrary to the analogue
amplifier, digital amplifiers normally exhibit only two switching states: either the
switching device is turned on or off. The output voltage is switched either to +Uyg. or
to -Ug.. In either case, losses do not occur at the switching device. Though being
lossless by principle, in reality current conduction losses occur at the power
components, and, even more relevant, switching losses occur during change of
switching states.

TUde Ua +U4c

Uge -Uyq
0 y3 2z

C

0 V3 2z

Fig. 2 Reference and output waveform of switched amplifiers, left : PWM-controlled, right : stepwise
approximation, using 6 discrete voltage steps in each polarity.

3.1. Pulse-Width-Modulated Amplifier

A very common method to realize a digital amplifier is by the use of Pulse-Width-
Modulation (PWM). The amplifier output is continuously switched between the two
states (£Ug.). The duration of each state defines the average output voltage during
one cycle of the switching frequency. The switching frequency of the digital
amplifier has to be much higher than the desired output frequency and a sub-
harmonic modulation scheme in combination with a low-pass filter is used to
produce the desired base-band waveform. Preferably the switching frequency is an
integer multiple of the output frequency in order to avoid beat frequencies. E.g., if
output frequencies of 25kHz are desired the switching frequencies should be at least
one decade higher to achieve a good output voltage quality. This will result in high
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switching frequencies and thus, high switching losses in the digital amplifier, as the
full current is subject to the high switching frequency (Fig. 2, left).

3.2. Multilevel-Inverter Based Amplifier

High-power converters frequently use multilevel-technologies to handle the
problem of high quality waveforms and limitations of switching frequency. Though
normally being applied in the low frequency domain at hundreds of kilowatts up to
megawatts, and switching frequency of several hundred Hertz, application of this
technology can be adopted to this problem. In multilevel technology the waveform
is composed by a number of discrete voltage levels. This way the sinusoidal output
voltage is quantized with a certain step size. Obviously, the output quality depends
on the size, and thus on the number of discrete steps. As more discrete voltage steps
can be addressed, the more precisely the sinusoidal voltage reference can be
approximated. A stepwise approximated sinusoidal voltage is shown in Fig. 2
(right) using 6 discrete voltage steps for each polarity, plus zero.

Table 1 : Switching frequencies and discrete voltage steps.

Stages
1 2 3 4
Linear voltage 1/4 1/4 1/4 1/4 total : 9 Output voltage level, ref. Uy,
Stepping 1 1 1 1 Fs switching frequency, ref. f;
Binary voltage 172 1/4 1/8 1/16  total : 17 Output voltage level, ref. Ug.
Stepping 1 2 4 8 fs switching frequency, ref. f;
Ternary voltage 2/3 2/9 2/27 2/81  total : 81 Output voltage level, ref. Ug,
stepping 1 3 9 27 fs switching frequency, ref. f;
1:5-Voltage 4/5 4/25 4/125 4/625  total:625 Output voltage level, ref. Uy,
stepping 1 5 25 125 fs switching frequency, ref. f;

3/5-level hybrid 2/5 2/5 2/25 2/25 total: 25 Output voltage level, ref. Uy,

stepping 1 1 5 5 fs switching frequency, ref. f|

While in high power systems the different levels are usually obtained by just
adding equal-weighted stages, leading to a rather limited number of discrete steps
and high redundancy, this is not the optimum for a power signal amplifier. Here
differently weighted stages are preferred, which lead to a much higher number of
different levels with a limited number of stages. It is best explained by constituting
a numbering system with a given radix. In Tab. 1 the number of output voltage
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levels and the required switching frequencies are listed for different radici and
configurations, including the high power case with equally distributed stages. As
stated above, switched amplifiers can only address two voltage levels (zUy.) by
nature. So-called full-bridge circuits can also produce 0 as a third level, which
allows creating ternary systems. The hybrid 3/5-level system is obtained by
combination of two full-bridge circuits (3-level) of equal level. Two of these
combinations can be combined into a hybrid two-stage 3/5-level system.

It must be noted, that despite the advantage of high resolution, high number of
steps will always result into high switching frequency, which may not be feasible
beyond 150 kHz and high power with currently available transistors. Indeed a good
compromise appears to be the 3/5 level hybrid approach. This achieves almost the
same resolution (25) as a three-stage ternary system (27), but at switching frequency
factor of only 5, compared to 9 in the three-stage ternary system.

4. AMPLIFIER ARCHITECTURE

Fig. 3 and 4 show two possible implementations of hybrid 3/5-level two-stage
systems. Topology I uses galvanically isolated intermediate DC-voltages. The
inverter outputs are connected in series. Thus, the output voltage of the stacked
inverters is determined by the sum of all inverter output voltages. The summarised
output voltage is connected to the drive coil by means of a HF-filter, which reduces
the remaining frequency components above eg. 50 kHz. In this topology all inverter
switches carry identical load current. Two of the intermediate voltages have 2/5 of
the desired output voltage, the other two 2/25 of the desired output voltage. From
this, 25 different output voltage levels can be addressed using appropriate
combinations of switching states at the inverters. The different voltage sources have
to be kept exactly at their predefined set-points. Otherwise the step-sizes do not
match each other and extra non-linear distortion will occur. Another disadvantage is
the higher component count and cost.

Topology IT overcomes these problems. In this topology a common DC-voltage
source for all inverter modules is used. The output terminals of the inverters are
connected by individual output transformers with turn ratios of 2/5 and 2/25. This
means that the step sizes always fulfil a predefined ratio, given by the transformers.
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Fig. 3 Stacked inverter topology 1. Fig. 4 Stacked inverter topology I1.

5. RESULTS AND CONCLUSION

Fig. 5 shows the harmonic content of the two digital amplifiers referring to the
fundamental sinusoidal waveform, scaled in dBc. The harmonic content of a multi-
level inverter based solution is substantially lower than the harmonic content of a
PWM-controlled digital amplifier. As the frequency range for magnetic particle
imaging acquisition starts at the second harmonic of the drive field signal,
disturbances start to become critical at 50 kHz, when the fundamental frequency of
the drive field signal is 25 kHz.
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Fig. 5 Harmonic content of a PWM-controlled digital amplifier (circle, switching frequency 225 kHz)
and a multi-level inverter based approach (dot, hybrid 3/5 with 25 levels).

The results suggest, that the drive coil supply for a magnetic particle imaging
scanner can be efficiently realized by a multi-level inverter based digital amplifier.
This concept does not suffer from the intrinsic losses of linear analogue amplifiers.
Power requirements are reduced by at least one order of magnitude. Harmonic
distortion can be reduced in particular in the critical range from 50 kHz to 1 MHz
by a sufficient number of discrete voltage levels. Switching frequency is kept
moderately low.
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A novel coil system as a replacement for Helmholtz coil systems will be presented. It consists
of three pairs of coils with one pair having opposite polarity. In comparison to Helmholtz-
coils the novel coil system has the following advantages: (a) The magnetic field amplitude on
the coil axis (z-axis) outside the coil system declines with H ~ z° significantly faster than in a
Helmholtz coil (H ~ ). (b) It provides an homogeneity up to the sixth order of the magnetic
field along the coil axis. Hence a larger homogeneous volume in comparison to a Helmholtz
coil system with equipollent dimensions could be achieved. The novel coil system can be
applied for the stray field insensitive measurement of magnetic moments and for the
generation of magnetic fields especially inside of magnetic shielding chambers whose walls
should not be magnetized in any circumstance. An excellent agreement between calculated
field profiles and field measurements of prototypes has been found. The homogeneity of the
field profile of a prototype could be further improved by connecting a resistor in parallel to
three of the six coils. This way precision measurements by nuclear magnetic resonance could
be accomplished.

The most common technique to measure the magnetic dipole moment of permanent
magnet samples is to integrate the induced voltage in a coil when the sample is
moved. For this it is necessary to use a coil where the sensitivity in the volume of
the sample is homogeneous enough. To obtain a sufficient homogeneous sensitivity
for the detection coil bulky Helmholtz coils are usually used. But these Helmholtz
coils — besides their dimensions — have a second significant drawback: They are not
only sensitive for the sample inside but as well for other moving magnetic moments
far away from the center of the coil. In order to limit influence of these magnetic
disturbances a novel compensated coil was designed at the PTB' consisting of three
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pairs of coils with one pair having opposite polarity. The design of this compensated
coil is shown in Fig.1.

Fig. 1. Design of the compensated coil set. Winding numbers (n;, n,, and ns) for the coils 1, 2, and 3 are
all identical. The current directions flowing in the individual coils are indicated by arrays.

As well this concept of a compensated coil is feasible for the generation of
homogeneous magnetic fields with only small stray fields outside the coil. Because
of the good homogeneity obtained when field is generated with this coil design and
the rapid decay of the field amplitude on the symmetry axis outside the coil, the
compensated coil is excellently applicable in situations where magnetic fields have
to be generated close to or in magnetic shieldings which should be prevented from
being magnetized. Therefore it has recently been applied as a polarization coil for
fluxgate-magnetorelaxometry of magnetic nanoparticles™*.

In this paper we will present experimental results of the field distribution of
prototypes of compensated coils which were assembled by Magnet-Physik Dr.
Steingroever, Cologne, according to fabrication data calculated by PTB-Braun-
schweig. These fabrication data are based on calculations where — in contrast to the
calculations of Ref. 1, which were done for a model of infinitesimal thin coil
filaments — realistic coil and wire dimensions were used.

In Fig. 2 the picture of an early prototype of the compensated coil design
MNPQ-01 is presented. It has bore diameter of 140mm and at height of 286.5mm.
Data of the field profile u,H./I measured with a high precision fluxgate sensor in
coil axis direction (z-direction) and perpendicular to the z-direction (r-direction) are
shown in Fig.3(a) and Fig.3(b), respectively.
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Fig. 2. Picture of the prototype MNPQ-01 of the compensated coil with 1170 windings for each
individual coil. (Alternating 33, 32, 33 ... windings in 36 layers; wires with 0.8mm diameter — including

insulating varnish).
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Fig. 3(a). Field profile u,H./I(z) measured over a wide range on the coil axis (gray dots) and data of the
analytical calculation (solid line) of the prototype MNPQ-01. The decay of u,H./I(z) for large z-positions
with z° is indicated by the straight dashed line. The end position of the coil is denoted by the gray
vertical line, separating the regions inside and outside of the compensated coil .
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The field amplitude calculations discussed here were all performed by
summarizing the contributions of all windings according to Equ. (4.2) of Ref. 2.
Note the good agreement of the experimental data and the calculated field profile.
Fig. 4 shows a prototype of the compensated coil design with dimensions similar to
the prototype NMPQ-01 but with an improved winding scheme: Here 36 layers of

32 windings were separated by plastic stripes of 0.2 thickness for all individual
coils.
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Fig. 3(b). Field profile u,H./I(r) measured over a wide range perpendicular to the coil axis (gray dots)
and data of the analytical calculation (solid line) of the prototype MNPQ-01. Note the good agreement of
the experimental and calculated data. (This is not a fit.) The two gray vertical lines separate the region of
the bore from the region with windings and the region outside the coil, respectively.

Experimental field profile data and results of analytical calculations of the
prototype MNPQ-03c are presented in Fig. 5(a) and Fig. 5(b). Again in Fig.5(a) we
find at a first glance a good agreement between the experiments and analytical
calculations. In Fig. 5(b) the data of Fig. 5(a) are plotted with an higher resolution.
Here we observe a deviation from homogeneity of the order of 0.1% between left
and right side of the compensated coil.
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Fig. 4. Picture of the prototype MNPQ-03c of the compensated coil with 1152 windings for each
individual coil (32 windings in 36 layers separated with 0.2mm thick plastic stripes; wires with 0.8mm
diameter — including insulating varnish). All the six individual coils are accessible by the terminal in the
middle of the coil.
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Fig. 5(a). Field profile data u,H./I(z) (gray dots) and data of the analytical calculation (dashed line) of
the prototype MNPQ-03c. Note the good agreement of the experimental and calculated data.
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This lack of homogeneity of the field profile makes it impossible to measure
the coil constant of this prototype by Nuclear Magnet Resonance (NMR) using a
water sample, since this technique requires a field homogeneity of the order of at
least 10” over the dimension of the sample with 40 mm in diameter.
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Fig. 5(b). Field profile data u,H./[(z) (gray dots) and data of the analytical calculation (dashed line) of
the prototype MNPQ-03c drawn with a high resolution. There is an aberration from homogeneity for the
experimental data points of the order of 0.1%.

In order to correct the field profile of the coil MNPQ-03c and to make it
accessible to NMR-measurements, we measured the dc-resistance of all the
individual coils of the prototype and calculated the value of a resistor, which was
connected in parallel to the three coils on the left side of Fig. 5(b) reducing the
current through the individual coils on this side of MNPQ-03c. The resulting field
profile is shown in Fig. 6. We obtained a NMR-signal suitable to determine the coil
constant.
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Fig. 6. Field profile data u,H./I(z) (gray dots) after correction of the left side of the prototype MNPQ-03c
by a resistor of 56859Q. (Resistance values of the individual coils are of the order of 37.79Q up to
60.53Q) As a consequence of this correction NMR-measurements were made possible. The profile

measured with the high precision fluxgate was rescaled with the value of the coil constant measured by
NMR (as indicated by the black cross in the plot at z = 0)
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Within MPI, very weak signals need to be detected in the frequency range of 50kHz-1MHz.
In order to do so, a low-noise receiver based on low-noise transistors is required. In this paper,
after motivation the choice of junction field-effect transistors, the modelling of their noise
behaviour is presented. Various forms of models are contrasted and a new form is proposed.
The noise model is essential for the development of an optimized receiver circuit for MPIL.

1. TRANSISTOR TECHNOLOGY COMPARISON

The choice of a suitable transistor technology for a low-noise MPI receive amplifier
has to be based primarily upon its noise performance. The two basic types of
transistors, unipolar field-effect transistors (FET) vs. bipolar junction transistors
(BJT), have minimum noise figures F,,;,, which can be achieved in case of optimal

noise matching. For the FET, F,;, is given by':

FET: me=1+ﬁi (1)

3 fr
The minimum noise figure is a function of frequency f. As the frequencies of
interest within MPI are low, typically less than 1MHz, very low noise figures could
be obtained according to the above formula, especially for fast devices with high
transit frequencies fr. However, the planar FET technologies such as Si-MOSFETs,
GaAs-MESFETs as well as InP-HEMTs, with fr beyond 100GHz, suffer from high
flicker noise which is not included in the above formula. This type of noise is
subject to a 1/f-law. Technologically, it is related to impurities at semiconductor
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surfaces. The junction-field effect transistor (JFET), made e.g. from silicon, is a

device where the drain current flows through the bulk of the semiconductor, where

it is less affected by surface effects. The frequency, at which the flicker noise has

the same noise power density as the device’s noise floor, is called the 1/f-knee. For

JFETs, it is very low, in the kHz range, making JFETs suitable for MPI receivers.
For BJTs, the minimum noise figure is described by':

R L o)

Ry B

Here, F.;, is not frequency dependent. In order to minimize it, a low base
resistance Ry, is desired, whilst the generator resistance R, needs to be high. But
even if Ry, were zero, there remains the term with the current amplification factor f.
So even for the best transistors with B approaching 400, F ., is

BJT: Fo.=1+

BIT: F, > l+—— =1+ =105=1+ 2K

JB 400 290K
As stated above, an optimal JFET, therefore, needs to have a very high fr and a
low 1/f-knee. As an example of a representative JFET, the BF862 from NXP has

1 g, 1 40mS

BF862: Jfr =2 C. arl0pF

A3)

= 640MHz @)

with the values for trans-conductance g, and the input capacitance C; taken from
the transistor’s datasheet. Therefore, for MPI frequencies f < IMHz, one obtains

4 1MHz 045K

BF862:  F, < 1+ =1.0016=1+
290K

"3 640MH:z

As this value is much lower than the BJT-value from eqn. 3, even at the highest

receive frequency of 1MHz, JFETs offer the best noise performance for an MPI

low-noise amplifier. Expressed as equivalent noise temperatures, there is an
improvement by a factor of approximately 30 between 14.5K and 0.45K.

(6))

2. JFET NOISE MODELLING

The modeling of FET noise can be done in various ways. Some are more physics-
based, and look into the details of noise generation and to what element it is
attributed to in a small-signal equivalent circuit. Others just regard the JFET as a
two-port, with noise sources attached to the outside. Fig 1 shows a general small-
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signal equivalent circuit for the intrinsic part of the JFET (i.e. ignoring access
resistances and inductances as well as parasitic capacitances).

Vlnl V'an (l:gd
0O o | .
Cgs \
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gC| 'gu R ds
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Vgate
Fig. 1. Equivalent small-signal circuit of a single JFET with various

noise source locations.

Various noise sources, either voltage noise sources or current noise sources, are
included in the circuit, but not all of them are employed in each model. One
standard way of representing the noise of a two-port is in the form of admittances,
where two currents iy, and ig.i, are added at the input (port 1, gate, left) and the
output (port 2, drain, right), respectively. Table 1 shows the equations for the
current noise densities of these sources in the column “Y-form’. They are valid for
bias points with insignificant gate leakage. The correlation of the two currents i,
and igin is imaginary; its value j0.4 is typically neglected”.

For the purpose of calculating the noise figure, it is convenient to relate all
noise sources to the input. This is called a chain-form. In order to have a situation
identical to the Y-form, a voltage source vi,; and a current source i, become
effective at the input in order to replace iy, at the output. When omitting the gate-
drain capacitance Cgyq, which, typically, is much less than the gate-source
capacitance Cg, the noise terms become quite simple, as shown in the column
‘chain form 1°. The current iy is directly correlated to the voltage noise vi, and
cannot be identically included in the uncorrelated gate noise current source ig,.
Nevertheless, some authors add up these terms and come to a combined gate noise
current of gm(f/fT)z.
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Table 1. Noise terms in various alternative models.

Y- Chain- Chain- Posp.- Mixed
form form 1 form 2 form form
T, 1 2
= En = &n
3 1 T, R, 3
38 21
38y
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. ) - B B @y ];_ l L
Vo | T A T R, g,

A better way is to abandon the idea of having noise sources only at the outside
terminals of an otherwise noise-free two-port. This is what happens if the
correlation admittance jowCy is integrated as a component into the equivalent circuit.
It effectively shifts the input voltage noise vj,; to a new position v;,,, which is inside
the two-port. The correlated current noise i, then disappears. For a junction
temperature T;{=300K, and Boltzman’s constant k=1.38*10" J/K, the input voltage
noise density for a single JFET equates to

e - 4k, ,L

Jar 7 ©)

The minimum noise figure is the noise figure achieved when the source
impedance has the value Z.,, which is a function of the transistor. The theory
behind is well laid out by Fukui’. Ignoring for a while the input capacitance, the
resistive part of the source impedance can be calculated as follows:

: 8 fr ™
38 £

2
Vm
Re(Z,,) = 2 :

gu
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For the BF862 at a frequency f = 1MHz, the optimal source resistance is around
20kQ, and is still higher for lower frequencies. Compared to the very low source
resistance of the coil, which is in the order of 10-100mQ (frequency dependent!), it
becomes clear that either some matching network is required or a very high number
of parallel transistors has to be employed. On the other hand, the matching of the
input capacitance to the coil’s inductance limits the maximum number of parallel
devices, and hence, the minimum noise figure. Fortunately, there is ample room for
mismatch, as the noise temperature does not need to be as cold as 0.45K. In
established imaging modalities such as MRI, 40K is a widely accepted value,
corresponding to a noise figure of 10*log;o(1+40K/290K)=0.55dB.

The drawback of the models presented so far is that they all have one
frequency-dependent noise current at the gate. Opposed to the other noise sources,
which have a flat ‘white’ spectrum, this current would go to infinity for very high
frequencies. From RF MESFET modeling, a number of noise models are known
which have intrinsic noise sources that are fitted to experimental noise data. There
are various models, with 1 to 3 fitting parameters/temperatures, but, according to a
comprehensive comparison®, the model from Pospiezalski’ is best. It has two
uncorrelated noise sources: one drain current igmin, and one gate voltage Vg in
series with the gate capacitance. As listed in table 1, the drain noise current is
related to the output resistance Ry, which requires introducing the drain temperature
Tq as a fitting variable. On the gate side, the voltage noise is attributed to R,,, which
has a gate temperature T, as a fitting variable.

Within Pospiezalski’s model, however, Ty is unphysically high (~10000K),
whilst T, is somewhat arbitrary due to the difficulty of precisely knowing the value
of the gate-source resistance Ry,. So, in order to obtain a model which is both simple
and physically sound, it is suggested here to take the best parts of two models. The
result is shown in the last column in table 1, the ‘mixed form’. The model for the
drain current noise is taken from the Y-form, whilst the gate noise is modeled in
form of a voltage source in series with C,. Instead of struggling with the
determination of R, which is not typically provided in data sheets, this resistance is
postulated to have the value R,:=1/(3gy) and to generate noise at the junction
temperature T;. This is effectively identical to iy, from the Y- and Chain-models, as
long as f<fr.

3. CONCLUSION

JFETs were shown to be the best transistor technology for MPI receivers, since they
have a very low minimum noise figure and no 1/f-noise in the MPI frequency range.
In order to achieve the lowest noise figure, a JFET with a high transit frequency
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needs to be chosen. This is equivalent to saying that the input capacitance needs to
be low, so more devices can be operated in parallel. Various noise models have
been presented and compared, and a new ‘mixed form’, which is notably simple,
has been derived. This model will be taken as the base of more complete MPI noise
analyses.
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This paper identifies and quantifies the noise sources in the receive chain of an MPI scanner.
A small-signal equivalent circuit model is derived that includes all noise sources. From this,
for the first time, precise calculations of the system noise factor referenced to patient body
noise are presented, including frequency dependency, both of the receive coil resistance and
of the patient induced noise. Conclusions are drawn with respect to the optimal count and type
of JFETs. Finally, the path towards body noise limitation in human size scanners is outlined.

1. INTRODUCTION

In magnetic particle imaging (MPI), the non-linear response of magnetic nano-
particles to a sinusoidal excitation is measured and, via reconstruction algorithms,
expressed as a concentration map of these particles. The fundamental set-up,
therefore, consists of a drive chain, where an extremely pure sinusoidal magnetic
field is applied, and a receive chain that captures the very weak response at the
harmonic and mixing frequencies'. The receive chain (fig. 1) has a high-Q receive
coil followed by a band-stop filter to suppress the very dominant excitation
frequency. Thereafter, either a narrowband-LNA is applied, which can give very
good noise performance at and near the design frequency”.

Alternatively, a broadband LNA is used, which permits reception in a wide
frequency band (50kHz-1MHz). Such a broadband approach permits to acquire
much more data in parallel and therefore enables real-time MPI, outweighing by far
the slightly increased noise factor. Such broadband topology, based on many ()
JFET-type transistors in parallel, has been adopted for our current pre-clinical MPI
demonstrator and will be the focus of this paper.

154



155

O O O S
. s u er
Receive Bandstop nJFETs in o
N . Amplifier
Coil Filter parallel
stages
O O O

Fig. 1. Block diagram of the MPI receive chain.

Both approaches are subject to the general limitations of broadband matching of
lossy reactive elements as described by Fano®. They basically state that a perfect
broadband matching of a single receiver to a high-Q coil can never be realized, no
matter how complex a network might be conceived.

For our pre-clinical demonstrator, three orthogonal receive coils surround the
12cm bore, which is intended for research on small animals. Whilst the coil
geometries are very different (pairs of saddle coils for the transversal axis and a
solenoid for the longitudinal axis), the electrical parameters are comparable. Fig. 2
shows coil reactance X, and resistance R.,; as a function of frequency. The drive-
field frequencies are around 25 kHz, whilst the detectable mixing and harmonic
frequencies extend from 50 kHz to approximately 1 MHz, which is represented as
an inset on the bottom right of fig 2. The reactance of the coil is dominant over its
resistance, with a frequency-dependent Q factor of between 50 and 200.
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Fig. 2. Reactances and resistances (in Ohm) as a function of frequency f (in Hz). Towards higher
frequencies, the gap between coil resistance and patient induced resistance approaches a constant.

The resistance of the Litz-wires used in the receive coil is frequency dependent
due to skin and proximity effects’. Experimental data is approximated here as the
sum of its DC resistance plus a term proportional to the square of the frequency. An
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additional resistance is induced by the loading of the coil with an animal or
phantom. Opposed to the Litz wires, this induced resistance, termed body or patient
resistance, has no DC component. In slight modification to Réschmann’, we
postulate a dependency on frequency with a power of 2 instead of 2.1. The
resistance values at MPI receive frequencies ( < IMHz) are very small and, for the
current coil technology, always lower than the coil resistance. Therefore, body noise
limitation is not achieved yet in the current pre-clinical demonstrator. Neither can
the body resistance reliably be measured with the existing apparatus. Therefore, the
body-induced losses were characterized in a separate experiment with a coil made
resonant at 20MHz. The values from this network analyzer based measurement,
with the coil having about 10cm diameter and a 2.5cm distance to a volunteer, were
scaled according to the inductance ratio and extrapolated down to the MPI
frequency range®.

The scaling with frequency of patient and coil resistance (fig. 2) is ‘parallel’ at
high frequencies, whilst diverging towards low frequencies. So, if the coil is
improved (better Litz wire having strands with smaller diameter, altogether larger
amount of copper, cooling) such that body noise limitation is achieved at one
frequency, then body noise limitation will also be achieved at all frequencies above
that frequency.

2. NOISE MODELLING

The equivalent circuit for the receiver, encompassing the whole receive chain from
patient via coil to the n parallel JFETs, is given in fig. 3. Altogether, there are five
noise sources: the patient noise Vpatiens, the coil noise veoii, two JFET noise sources
Vgate and igrain’» and the load noise ijoe. As the gain g,,*Ryq.q is sufficiently high, the
noise contribution from further amplification stages (fig. 1) is negligible. The noise
sources are quantified by:
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Fig. 3. Simplified equivalent small-signal model of the MPI receive chain. containing
the signal source L together with its corresponding resistances R oy and R0 as
well as n parallel JFETs including their load resistance R,y Cyy and Ry, are
neglected. The JFET s noise is represented in a newly proposed mixed form’.

The response of the nano-particles to the drive-field excitation is induced
within the coil and cannot be separated from the patient noise Vyagen. In order to
calculate the noise factor, all voltage noise sources are transferred to the output,

where they become effective as parallel noise current sources. Fig. 4 shows the
equivalent topology.
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Fig. 4. Simplified equivalent small-circuit circuit of the MPI receive chain.
identical to fig. 3. All noise sources are referred the output.

The governing equations are:
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Fig. 5. Output referred current noise (in A%, Af=1Hz) as a function of frequency f (in Hz). The coil
noise dominates at all frequencies over patient noise. The resonance at ~900kHzis from L_; withnC,,.

Fig. 5 quantitatively shows the contributions of the five noise sources (topology
from fig. 4) as a function of frequency. A resonance becomes visible, which is due
to the input circuit. The receiver from the pre-clinical demonstrator is based on a
modular approach with up to 32 LNAs in parallel, each hosting 12 NXP BF862
JFETS. Given the maximum number n = 32%12 = 384 parallel JFETs, the resonance
frequency becomes 1/(2mV(LeoiinCys)) ~ 900 kHz. It can be shifted by modifying the
count of parallel LNA boards. As already explained in fig. 2, the coil noise currently
dominates over patient noise at all frequencies. Therefore, the noise factor F,
calculated as the ratio of the sum of all noise powers to the patient noise

2 2 2 2
lcoil (a)) + lgate (w) + ldrain + llaud

2

lpatient(a))
is not yet optimal. For frequencies from about 500kHz upwards, when drain noise
becomes insignificant compared to body noise, the noise factor is mainly governed

by the ratio of coil resistance to patient resistance, and their temperatures, and
becomes

Flo)=1+

F(w) ~1+ iczoil (w) =1+ Tcoil Rcoil (w) =1+ 290K 13mQ ~
i;atient (a)) Tpatient Rpatient (a)) 3 IOK 13mQ



159

As already discussed above, the frequency dependency of Roii and Rpaient is
assumed to be identical, and hence, cancels. Therefore, the noise factor becomes
frequency independent for frequencies above 500 kHz. The improvement of the Q-
factor of the coil, therefore, is essential on the way towards body noise limitation.
For a future human size scanner, this will be feasible, as more copper cross section
will be available in the wider bore.

3. AMPLIFIER IMPROVEMENTS

In addition to the receive coil, the LNA will need to be optimized. Aside from
cooling, which is promising, but not further discussed here, two parameters directly
influence the noise factor: the number n of parallel JFETs and the JFET’s transit
frequency fr. Figure 6 shows how much can be gained, even for the existing coil,
starting from the current standard situation (red top curve) of 384 parallel BF862
JFET, which have a transit frequency of 640MHz'.

lxlUl o=
- Standard situation
(384 IFETs, f,;=0.64GHz, f,,,=900kHz)
100—2—
- _Faster JEET
~ (f=1.5GHz)
F(f) 1o} L S TR e
.. More transistors
More & faster =] (F...=300kH2) [
transistors with T =i

T

f

Fig. 6. Noise factor F as a function of frequency f (in Hz), with both axes having logarithmic scaling.

The standard situation (from fig. 5), a situation with more (3500) transistors hence a lower resonance

frequency, a situation with a faster transistor (f;=1.5GHz), and the combination of an optimal receiver
and an ideal noise-free receive coil.

By placing more transistors in parallel, the frequency of minimum noise can be
shifted to lower frequencies, improving thus the noise factor at the center of the
MPI receive band (50kHz-1MHz, see inset). Fig. 6 shows such a situation with the
minimum shifted to 300 kHz, for which n» = 3500 transistors need to be operated in
parallel. However, with the current coil, this approach is impractical, as the power
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consumption of the receiver rises strongly. Each JFET has about 3V*15mA=45mW
power consumption, and together with DC power consumption in R,y and in the
following amplification stages, this amounts to 0.1W per JFET. This would lead to
undesirable power consumption requirements in the order of several 100W per
receive channel. In order to reduce transistor count, the resonance frequency shall,
therefore, rather be lowered by increasing the coil inductance (whilst keeping its Q-
factor constant). As this approach finds its limit with the coil’s intrinsic resonance
frequency, special low-C winding techniques will have to be employed.

The situation with a faster transistor (fr = 1.5GHz) as shown in fig. 6 basically
means that there is less gate-source capacitance Cg57. In such case, more transistors
can be deployed in parallel, whilst the resonance frequency remains unchanged. The
benefit is a reduction of noise factor at all frequencies. But also in this case, more
current flows in order to take advantage of the increase of effective trans-
conductance n*g,.

Due to the limitations restricting the increase of the coil inductance as described
above, one is tempted to think of a transformer. However, applying such device
does not provide the intended advantage, as it is not noiseless itself, limits
bandwidth, and as it suffers from the same self-resonance challenge.

To give an outlook on the potential of JFET receivers, a hypothetical situation
is also included in fig. 6. It shows the noise factor of the combination of an optimal
receiver (having 1.5GHz JFETs and a resonance frequency at 300 kHz) together
with an optimal 0 Q receive coil. As can be seen, at resonance the noise factor can
be pushed very near towards the theoretical limit of 1. But also for the wide-band
reception required for real-time MPI, very good noise factors below 2
(corresponding to noise figures of 3dB) are achievable in the band from 125 to 650
kHz.

4. CONCLUSION

A thorough analysis of the noise sources within the MPI receive chain revealed that
the coil resistance is the dominant noise source in the current pre-clinical scanner.
Body noise limitation is expected to be reached in a future human size scanner,
where more copper cross section can be provided. Further improvements in the coil
winding technique will permit to reduce the count of parallel high-f; JFETSs in order
to limit power consumption and to allow for miniaturization.
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In Magnetic Particle Imaging (MPI) the human body is exposed to magnetic fields of the
lower kHz-range. The effects of those fields to biological tissue are yet to be determined.
According to Faraday’s Law, time-varying magnetic fields induce rotating electric fields. In
body tissues, the induced electric field may cause an electric current, the formation of electric
dipoles or the reorientation of present dipoles, depending on the strength of the magnetic
field, the frequency and the properties of the body tissue, i.e. electrical conductivity and
permittivity. Both electrical conductivity and permittivity vary with the frequency of the
applied field. In case of a circular loop, the induced current density is proportional to the
radius, the rate of change of the magnetic flux density and the conductivity of the tissue. Low
frequency electric currents are able to stimulate skeletal muscles. Because of the capacitive
characteristic of the cell membrane, the stimulating effect decreases with rising frequency.
Furthermore, very short impulses (t << 1 ms) cannot open the Na-ion channels involved in
nerve stimulation as effectively as longer ones. At higher frequencies, energy absorption
becomes an issue. Exposure to electro-magnetic fields can lead to local temperature increase.
The amount of absorbed energy per tissue weight is expressed by the specific absorption rate
(SAR). The aim of this work is to calculate and evaluate the effects of the magnetic fields
applied in MPI and propose ways to minimize them. At the same time, the risk of painful
muscle stimulation should be minimized, even if MPI satisfies the requirements related to
patient safety. In order to fulfill this task, simulation studies as well as experiments are being
carried out. The following sections give an overview about the projects that are running or
will be started in the near future.

" This work is supported by grant 13N9079 of the German Federal Ministry of Education and Research.
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1. SIMULATION STUDIES

1.1. Numerical Simulations

In the numerical simulations the torso of the ‘Visible Man’ data set® is exposed to
magnetic fields induced by current coil pairs. The data set contains 17 different
body tissues, all of which were assigned the electrophysiological properties
published by Gabriel et al'. The simulation software’ solves the quasi-static Biot-
Savart equation using the Finite-Elements-Method. In initial simulations the torso
was exposed to a magnetic flux density of 10 mT (25 — 100 kHz), which is a
reasonable MPI field strength, pointing in x-, y- and z-direction, produced by three
respective ‘drive field’ coil pairs of 600 mm diameter and distance (fig. 1). The
overall voxel model added up to 7.8-10° grid elements. The results’ have shown that
the induced current densities exceed current restrictions of the International
Commission of Non-lonizing Radiation Protection (ICNIRP)', while specific
absorption rates (SAR) fulfill the respective limits for MRI, especially when taking
into account that MPI examination times will be much shorter than those for MRI.
Table 1 summarizes the relevant ICNIRP figures.

200
-©-J frontal
=7-J sagittal
=8~ longitudinal
-6~ SAR avg front.
[~ SAR avg sagitt. 1150
—8-SAR avg long.
—ICNIRP: J ={/100 —_
——ICNIRP: SAR =10 Wikg 2
B 10Z
[
<
w
150
&=
25 75 100

f[ksﬂzl
Fig. 1: Results of the initial simulations. (left:) Simulation model and qualitative current density and
SAR distributions at 25.25 kHz, which is the current MPI frequency of the Philips MPI system®. As
expected, peak values appear at the body’s periphery. (right:) Values of current densities and SAR for all
three drive field configurations at 10 mT central B-field and various frequencies

*Visible Human Project, National Library of Medicine, Bethesda, Maryland, USA
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Table 1: Extraction of ICNIRP recommendations and simulated values.

Quantity Value
f [kHz])/1
J (effective) (1 — 100 kHz) A /mz[ zy100
S:"(‘)lsplf‘rt;?“al SAR (whole body) (100 kHz) 0.4 Wike
P SAR local (10g) (head, trunk) | o
(100 kHz) g
SAR (whole body) 1 Wikg for 1 h
MRI SAR x time 120 W min/kg
restrictions’ SAR instantaneous (trunk) 8 W/kg
SAR local (10 g) 10 W/kg
Simulation J (effective) 89-110 A/m?
results SAR local (10 g) 8-16 W/kg
(Bamp = 10 mT,
F-2525ktz)  SAR (unk) 0.7-1.1 Wke

1.2. Coil Optimization

Although the simulations show that MPI can be run with parameters that ensure
operation within the ICNIRP restrictions for MRI, it is useful to look for alternative
drive field coil configurations in order to reduce both, the risk of nerve stimulation
effects and body warming. Three coil setups have been simulated until now as
shown in fig. 2. Since both current density and SAR originate in the electric field
strength, the latter has been used for solving the optimization problem. The
optimization algorithm takes the E-field vectors as input and provides the respective
coil currents for every coil in the setup, under the condition that the center B-field
amplitude is 10 mT.
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Fig. 2: Three different drive field coil configurations and resulting field values (25.25 kHz).

While decreasing coil diameters leads to higher field values, an increasing
number of coils reduces field values. This becomes clear when considering that
higher coil currents are needed in smaller coils in order to reach 10 mT magnetic
flux density in the center of the body. Future work will be needed to find the
optimum coil setup.

1.3. Cell Model Simulations

In the past many mathematical models have been designed which reproduce the
electric activity of single cells by a complex set of differential equations. These
models are based on mammalian myocardial cells. These cell models can be
stimulated by current pulse trains of various amplitudes, frequencies and lengths.
The model computes the states of every ion channel of the cell membrane and
subsequently the ion concentrations which are responsible for the actual membrane
potential. If the membrane potential reaches a threshold, an action potential is
generated. For ongoing and future work towards determinging stimulation
thresholds for impulses of frequencies from 1 kHz up to 1 MHz, the cell model of
Luo and Rudy’ is favored..
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2. EXPERIMENTAL WORK

2.1. Heart Muscle Stimulations

Stimulation thresholds for low frequency contact currents are well known. As stated
earlier, stimulation thresholds rise with increasing frequency. Reports on
measurements of stimulation thresholds above 1 kHz are rare and theoretical
findings like those of Reilly® have not been proved yet regarding the 10 kHz — 100
kHz range. In order to measure stimulation thresholds for muscle tissue, a system
has been set up which allows the stimulation of muscle cells up to 100 kHz and the
measurement of the muscle contraction. Because of their anatomy, which allows
comparably easy preparation, papillary and trabecula muscles of rat hearts have
been chosen for the stimulation trials. Being kept in nutrient solution they stay vital
for several hours. The difficult task is to determine the current which is actually
injected into the muscle, since most of the current is carried by the highly
conductive solution. In the first trials muscle contractions were achieved up to
5 kHz stimulation frequency. Meanwhile the system has been improved in order to
enable stimulation by currents of higher frequencies.

2.2. Temperature Measurements

Besides the calculation of the absorbed power, which leads to local thermal heating
in the body, temperature measurements have been carried out in a real MPI system,
using a Plexiglas cylinder filled with highly concentrated saline solution.
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A fiber optic temperature probe was placed at the cylinder‘s periphery. The
vertically oriented coils of the MPI system were driven up to a magnetic flux
density of 30 mT being switched on and off for defined periods of time. The results
are shown in fig. 4. In future work, these findings will be reproduced through
simulations in order to derive predictions for a system scaled up to a human-size
MPI scanner.

5 ; |.n|s;nvs:.|=idndlssnslia;|.n 1s;||ss
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Fig. 4: Temperature variation in the saline solution (180 g/l) while switching the drive field on and off.
The initial drop in temperature is caused by introducing the saline solution from room temperature into a
well cooled system

2.3. Coil System Design for Inductive Muscle Stimulation

The aim of another stimulation experiment is to find out the thresholds of inductive
muscle stimulation. Therefore, a figure-8, or butterfly-shaped coil is being built that
induces well-localized current densities in peripheral muscles. Simulations in order
to approximate necessary coil currents on the one hand and to optimize circuit
element properties to reach stimulating field strengths on the other hand have been
carried out already. The system is designed as a resonating circuit, with all its
elements matching 25 kHz stimulation frequency, ensuring high electrical stability
and safety.
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3. CONCLUSION AND OUTLOOK

Magnetic Particle Imaging is a promising technique that enables fast imaging of
nanoparticle concentrations at high resolution. Since MPI can be associated with
peripheral nerve stimulation and/or local tissue warming, these effects have to be
carefully evaluated. This paper summarizes our current approaches in order to
tackle this task. Based on a careful design and control of the setup, i.e. coil
configuration, field strength and frequency, MPI can be expected to meet ICNIRP
regulations regarding SAR as formulated for MRI. Concerning current densities,
new restrictions specific for MPI may be required.
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Magnetic Particle Imaging (MPI) is a new tomographic imaging technique. The idea of MPI
is to exploit the nonlinear magnetization curve of superparamagnetic nanoparticles for
imaging their spatial distribution. To achieve this, a complex hardware setup is necessary.
This paper introduces a surveillance unit to monitor and secure the operation of high power
MPI systems, to ensure system safety and accuracy.

1. INTRODUCTION

Magnetic Particle Imaging (MPI) is a new tomographic imaging technique
introduced in 2005'. The idea of MPI is to exploit the nonlinear magnetization curve
of superparamagnetic nanoparticles for imaging their spatial distribution. In various
works®*, the imaging performance has been proven. An MPI system is comprised of
various technical components. Each of these components has to be monitored to
ensure proper and safe operation. Potential risks are overheating of transmitting
coils, voltage breakdowns, or exceeding of maximum field strengths.

To ensure automated monitoring, a surveillance unit (SU) is needed, which can
detect failures and react to these failures. An SU may also ensure an improvement
of imaging quality through better system estimation, in addition to safety issues.
The imaging improvement may be achieved by a permanent monitoring of the MPI
system. For example, temperature drifts can be monitored and changes in system
function, which can lead to artifacts and lower the imaging quality, may be
corrected.

This paper describes an SU, which enables monitoring of system parameters to
ensure safe operation and to compensate for parameter drifts. The SU is build up as
an independent dedicated hardware with real-time behavior. In case of a crash of the

169



170

MPI control system the SU can shut down the system safely. A system logbook
provides a possibility for subsequent failure analysis.

2. MPI SCANNER

The principle of MPI scanners in general is described along the simplified block
diagram in figure 1 (a detailed description is given by Schmale et al.’).

PC DC Power Source Selection Field Coils
DC
Source s pe
Control ource

Power Amplifier Band Pass Filter Drive Field Coils

Transmit Signal Generation
n

Magnetic Nanoparticles

Receive Signal Analysis

Low Noise Amplifier Band Stop Filter Receive Coils

Fig. 1. Block diagram of an MPI Scanner

A PC controls the signal generation and reception. A high power DC source
supplies the current for the selection field generation. Digital-to-analog converters
generate the signals for the drive field. The generated signals are amplified by
power amplifiers, filtered by band pass filters (BPF) and then applied to the transmit
coils (TxC) to generate the drive field. The transmitted signals are non-linearly
transformed by the nanoparticles. These signals induce voltages in the receive coils
(RxC). A subsequent filtering of the base transmit signal by band stop filters (BSF)
ensures a clipping free amplification by low noise amplifiers (LNA). The output
signals of the LNA are digitalized and processed in the PC. It is obvious that the
power-path parts are exposed to the highest stress level in the system and, therefore,
surveillance is necessary.
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3. METHODS

To detect possible system error cases, a common way is to carry out a fault tree
analysis (FTA) combined with a failure mode and effect analysis (FMEA)®. The
outcomes of these analysis lead to the parameters, which should be monitored, i.e.

temperature of the transmit coil,

temperature and pressure of the cooling circuit,

voltages and currents of the DC power supplies and

voltages and currents of the AC power amplifiers (amplitude and phase).

b=

The currents and voltages can be acquired using different methods given by the
demands. Possible values which can be acquired are the rectified, peak or effective
value. All these values have in common that the unnecessary wave form
information is lost. Data acquisition is done through high speed low noise analog-
to-digital converters. Temperatures are acquired through standardized temperature
sensors (PT100).

The magnetic field generated by the TxC is controlled by the current in the
TxC. It is important to ensure that the field strength does not exceed 20 mT/p,, for
not harming the patient through heating caused by tissue absorption of the electric
field’.

The data acquisition rates depend on the measures itself e.g. a temperature rise
is maybe much slower than a voltage or current rise. This means that it is likely that
measurements of the cooling circuit temperature have to be done less often than the
measurement of the TxC voltage.

In addition to the acquisition of data, an appropriate method to detect system
failures and react to system failures is needed. This evaluation is done by judging
the acquired data with respect to their time-changing characteristics against given
limits. Given limits could be static values as well as gradients or a combination of
both. A subsequently build running-mean reduces the impact of outliers during the
measurement process.

Failures are classified into two groups: severe failures which are compromising
the system or patient safety and warnings. Therefore, two different reaction
alternatives are implemented: A hard reaction and a soft reaction. A hard reaction
causes the system or a part of the system to shut down immediately. The soft
reaction implies a warning will be generated or a message to the system control can
be send to terminate or adapt the actual measurement.
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Fig. 2. Pictures of the surveillance unit and the sensor PCB

Figure 2 shows the hardware setup of the SU. As it is shown, the unit is
separated into two parts: a main PCB and an expansion PCB. The main PCB
contains a microcontroller, which handles the whole surveillance logic. The
expansion PCB contains the data acquisition components and is cascadable for
further extensions. This approach enables an easy adaption and scalability to new
system demands.

4. EVALUATION AND RESULTS

To show the basic functionality of the SU, an example test case is performed. Figure
3 shows a resistor heated up by a DC source, whereby a warning is generated after
exceeding the soft limit and a system shutdown is executed after reaching the hard
limit. Thereby, the measurement was performed without running-mean; the impact
of a positive outlier caused in this case a undesired shutdown of the system.
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Fig. 3. Basic test case: a heated resistor

5. DISCUSSIONS

It could be shown that the SU is able to detect and react in cases of system failures
to ensure the system safety. It is also shown that the SU can be used to record
measurements. It is likely that the acquired measurements are helpful for further
development and improvement of the imaging quality of an MPI scanner.

A future application of the SU is use as control and discriminating element in
the closed loop of the TxC current regulation. A temperature rise in the TxC leads to
a decrease of current und therefore to a drop of the magnetic field. This can lead to
imaging artifacts, caused by a changed trajectory. Due to the fact that the SU
already controls the DC source the adaption seems to be uncomplicated. Another
possible improvement is the measurement of the complex impedance of the TxC.
The current-voltage phase contains useful information about the system status.

6. CONCLUSIONS

In this paper, an SU for MPI systems was presented. The SU will be a helpful tool
during the development of new scanner designs and within the improvement of
current setups. The SU ensures system safety and the SU logbook provides a helpful
tool for bug tracking. In future, the SU will be used to improve the reproducibility
of the measurement trajectories and for subsequent data corrections.
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VISUALIZED WITH MRI, X-RAY-TOMOGRAPHY,
MAGNETORELAXOMETRY AND HISTOLOGY

STEFAN LYER,
RAINER TIETZE

Section for Experimental Oncology and Nanomedicine (Else Kroner-Fresenius-Foundation-
Professorship) at the ENT-Department of the University Erlangen-Niirnberg, Waldstr. 1,
91054 Erlangen, Germany

LUTZ TRAHMS
PTB, Abbestr. 2-12, Berlin, Germany, Email:lutz.trahms@ptb.de

HELENE RAHN,
STEFAN ODENBACH

Institute of Fluid Mechanics, Technische Universitdit Dresden, 01062, Dresden, Germany
Email: stefan.odenbach@tu-dresden.de

CHRISTOPH ALEXIOU*

Section for Experimental Oncology and Nanomedicine (Else Kroner-Fresenius-Foundation-
Professorship) at the ENT-Department of the University Erlangen-Niirnberg, Waldstr. 1,
91054 Erlangen, Germany
Email*: c.alexiou@web.de

Magnetic Drug Targeting (MDT) is a new approach for chemotherapy heading for a higher
drug amount in the tumor and simultaneously a reduced overall dose. The aim of the present
study was to investigate the distribution of the particles with common imaging techniques.
Tumor bearing rabbits were examined with a 4.7 Tesla MRI before and after MDT. The
biodistribution of magnetic nanoparticles after MDT was investigated with a high resolution
3-dimensional x-ray-tomography (CCD Camera, 1024x1024 pixels) of the extracted tumor
with corresponding histological cross sections. Moreover quantitative analysis was performed
with a multichannel SQUID system based on magnetrelaxometry. All methods show a
significant enrichment of magnetic nanoparticles in the tumor region.
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1. INTRODUCTION

The development of biocompatible nano sized drug delivery systems for specific
targeting of therapeutics is imminent in medical research, especially for treating
cancer and vascular diseases. Magnetically targeted drug delivery is a promising
approach in medicine to apply a more site specific effect of administered drugs and
to reduce the overall distribution in the body and subsequently drug associated
negative side effects.” > Magnetic nanoparticles can be bound to therapeutic agents
and targeted to the region of interest by an external magnetic field after
intravascular administration.>> Frequently used in medical research are
superparamagnetic iron oxide nanoparticles (Fe;O4). These particles are
biodegradable® 7 and they are still in use as contrast agent in magnetic resonance
imaging (MRI) for lymphography.® Crucial for the effectiveness of Magnetic Drug
Targeting (MDT) is the achieved enrichment in the targeted area. In pilot studies
with radioactive labeled nanoparticles we could quantitatively analyze the
distribution and the considerable nanoparticle enrichment in the targeted region
Furthermore these results were confirmed by quantitative determination of the
chemotherapeutic agent which was bound to the magnetic nanoparticles.”'? This
article is to show different possibilities for imaging the magnetic iron oxide
nanoparticles by different techniques in vitro and in vivo.

2. MATERIALS AND METHODS

2.1. Nanoparticles

The nanoparticles consist of iron oxides covered by phosphated starch polymers for
colloidal stabilization in deionised water. Dynamic laser scattering (DLS, Nicomp
380 ZLS, Santa Barbara, CA, USA) measurements show the hydrodynamic
diameter of the particles (magnetite cores embedded in the polymer coating) with an
average size of about 100-200 nm.

2.2. Chemotherapeutic Agent

In our experiments drug loading was realized with Mitoxantrone (Novantron®;
Wyeth-Pharma, Germany), an anthracendion derivative which inhibits the DNA and
RNA synthesis and causes DNA-strand breaks by intercalation.

2.3. Invivo experiments

For the in-vivo experiments we implanted VX2-squamous cell carcinomas at the left
hind limb of New Zealand White Rabbits to ensure that it is in the supplying area of
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the femoral artery. After development of solid tumors (2-3 weeks) the nanoparticles
were injected into the femoral artery close to the tumor which was placed under the
tip of the pole shoe of an electromagnet. The animals were investigated for
magnetic iron oxide enrichment in vivo and sacrificed for further investigation
afterwards. The animal experiments were used in accordance by the responsible
authority (District Government of Mittelfranken, Germany, request: 54-2531.31-
27/06).

2.4. Magnetic field

For the experiments we used a powerful electromagnet (Siemens AG) with a
maximum magnetic field strength of 1.0 Tesla and a maximum magnetic field
gradient of 70 T/m.

2.5. Magnetic Resonance Imaging

Tumor bearing animals were examined before and after MDT with a 4.7 Tesla MRI.
A 4.7 T Bruker Biospec scanner with a free bore of 40 cm, equipped with an
actively RF-decoupled coil system was used for these measurements.

2.6. X-Ray-Tomography

X-ray tomography experiments have been carried out with a laboratory setup based
on a commercial cone beam x-ray source (Apogee 5000) with 40 um focus size and
a maximal acceleration voltage of 50 kV. The x-ray beam passes the sample, which
is mounted on a high-precision rotation stage and produces an absorption image of
the sample on a phosphor screen with a sensitive area of 10x10 cm”. By means of a
macrolens system as used in this case, the images are transmitted to a low-noise
1024x1024 pixel (Marconi 47-10) CCD detector. Paraffin imbedded tumor samples
were measured to show the distribution of nanoparticles after MDT.

2.7. Histology

For corresponding histological cross sections, slices of 5 um thickness were used.
The slices were stained with Prussian Blue. Trivalent iron is visible as blue pigment
while the remaining structures appear in red color, due to nuclear fast red
counterstaining.
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2.8. Magnetorelaxometry

The relaxation signal of the nanoparticles was measured using a single-channel
superconducting quantum interference device (SQUID) gradiometer at a detection
limit of Ing iron. The magnetic field application leads to an aligning of the
magnetic moments. Helium cooled low Tc-SQUID sensors detect the time-
dependent alteration of the magnetic induction generated by the relaxing
magnetization of iron oxide after the magnetic field is switched of. The measured
signal amplitudes are in direct ratio to the iron oxide amount. Measurements of
reference samples with a defined iron-oxide-content allow the quantitative analysis
of the magnetic nanoparticles. The animals were examined by SQUID before and
after MDT.

3. RESULTS

Tumor bearing rabbits were examined with MRI before and after MDT. The
morphology and position of the tumor is clearly visible (fig. 1 a). Unfortunately,
after MDT (fig. 1 b) nanoparticles lead to signal deletion due to their high
concentration in the tumor. The appropriate image could be achieved in dependence
of the particle concentration, which showed an optimum in a dilution of 1:500.

A Heag BTl FAU Estngen & Hess, FPTax, FALErangen

Fig. 1 a.: MRI of the VX2 tumor (white circle) at the rabbits hind limp before MDT. b.: Signal deletion
after MDT.

Tumor tissue was removed from the animals and examined via X-ray tomography.
The x-ray images of the VX2-tumor tissue samples embedded in paraffin after
Magnetic Drug Targeting (MDT) showed the iron oxide nanoparticles in the
vascular system of the tumor (fig. 2a). The corresponding histological cross sections
displayed the nanoparticles in the vascular system of the tumor (fig. 2b,c). Sections
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were stained with Prussian blue for visualization of the iron oxide nanoparticles.
The nanoparticles are visible as dark pigment in the vessels of the tumor."

Fig. 2 .: paraffin embedded tumor. a: x-ray images of nanoparticles inside the tumor vessels. b:
Histological overview of Prussian blue stained cross section of VX2 tumor tissue ¢: magnification 400 x

SQUID measurements after MDT proved non-invasively that a high amount of
magnetic nanoparticles (~85%) was accumulated in the tumor region, together with
a much smaller accumulation in the liver region'* '>. The centre of the circular-
shaped field distribution corresponds to the tumor position (Fig. 3).
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Fig. 3: a: Magnetic field distribution of magnetic nanoparticles relaxation after magnetization. The center
of the circular shaped field distribution corresponds to the tumor position. b: Single channel relaxation

signal of the magnetic nanoparticles.
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4. CONCLUSION

Imaging techniques (x-ray, MRI) offer the opportunity to achieve information about
the biodistribution of magnetic nanoparticles after Magnetic Drug Targeting and
this could be very important to control non-invasively cancer therapy.
Magnetorelaxometry is a sensitive technique to quantify the enrichment of magnetic
nanoparticles in specific body compartments.
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For thermal ablation application the quantity of magnetic nanoparticles (MNP) needs to be
thoroughly controlled to govern adequate heat production in the carcinoma region. Here, we
demonstrate the capability of magnetorelaxometry (MRX) for the non-invasive monitoring of
total MNP amount in mice after intratumoral injection of MNP prior to thermal ablation.
Modelling a MNP accumulation by a single magnetic point dipole, the dipole parameters
corresponding to location and total amount of the accumulation are obtained by non-linear
least square fitting of the magnetic field pattern caused by the MNP and measured by
multichannel MRX. Normalizing to the moment of a reference sample of known MNP
content enables a robust and reliable quantification of the amount of MNP in the defined
region of the mouse.

1. INTRODUCTION

Localized magnetic heating treatments (hyperthermia'®'®, thermal ablation®®) using

superparamagnetic iron oxide nanoparticles (MNP) continue to be an active area of
cancer research and therapy’, where cancer cells are inactivated by high
temperatures with minimal side effects in healthy tissues. One of the critical
parameters is the accumulation of adequate amounts of MNP in cancer cells or in
the tumor region that generate lethal doses of 55 to 60 °C’. In vitro, magnetic
heating treatment studies® already indicate the advantage of an effective MNP
labelling over 24 hours before magnetic heating. But little is known about the
efficiency of intratumoral MNP accumulation in vivo. Here we suggest MRX™!*%?
as a proper tool for the contactless, quantitative monitoring of the MNP bio-
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distribution. Our proof of principle presents the localization and quantification of
the total amount of MNP in two carcinoma mice with intratumoral MNP injection at
the actual point of time where thermal ablation would be applied.

2. MATERIALS AND METHODS

2.1. Invivo carcinoma models

Two female SCID (Severe Combined Immune-Deficient) mice were obtained from
the Institute of Animal Research of the Clinics of Friedrich Schiller University,
Jena. The animals were adequately housed (controlled bedding, room temperature,
dark cycle) and feed (adequate diet and water). Experimental tumors were grown
after an injection of 200 ul of BD Matrigel™ Basement Membrane Matrix (Becton
Dickinson GmbH, Heidelberg) subcutaneously between the shoulder blades
containing 10 9L/lacZ cells (mouse 1) or 10’ MDA-MB-435S cells (mouse 2),
respectively. All experiments were approved by the regional animal care committee
and were in accordance with international guidelines on the ethical use of animals.
Experiments were started approximately 6 weeks after tumor implantation. Prior to
the experiments, the animals received an anesthetic gas then 200 pl (= 40 mg total
iron amount) of an MNP suspension (fluidlMAG-D of chemicell GmbH, Berlin,
with solids content § = 200 mg/ml, hydrodynamic diameter dny, = 200 nm) was
injected into the tumor. After 24 hours, the mice were sacrificed by CO, in order to
keep the condition of the onset of thermal ablation treatments. Subsequently, the
mice were fixed in 96 % ethanol.

2.2. Multichannel Magnetorelaxometry

In our multichannel MRX measurements, the magnetic relaxation of the MNP was
measured by a biomagnetic 304-channel SQUID-system'® (Superconductive
Quantum Interference Device) operating in the magnetically shielded room BMSR-
2, which enables the detection of magnetic fields down to a few fT''. During the
measurement, the mouse was fixed in a plastic foil, attached in an abdominal
position on a non-magnetic table with a slide-in tray. An external static magnetic
field generated by a Helmholtz coil (d = 2r = 85 cm) with homogenous magnetic
flux density B = 1 mT was applied in z-direction to the sample for about 60 s
outside the magnetically shielded room. Due to the superparamagnetic behaviour of
the particles, the magnetic moments of the MNP in the sample align along the
applied magnetic field direction. After switching off the magnetic field, the sample
was rapidly transferred underneath the measurement device (delay of about 6 s) and
the decaying magnetic induction Bz(f) was measured for 70 s at a sampling rate of
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250 Hz. During the measurement the door of the magnetically shielded room was
kept open.

By multichannel MRX we obtained a magnetic field pattern at each time point
of the MNP relaxation with slowly decreasing amplitude. By non-linear least square
fitting (Levenberg-Marquardt algorithm) of the magnetic field data, using a single
magnetic point dipole model, the center 7 =(x,y,z) and the magnetic moment m of
the MNP accumulation were determined as a function of time. Strictly speaking this
fit is valid for a point-like dipole. However, in our case the extension of the MNP
accumulation in the tumor was small compared to the distance of the source to the
sensor (~ 7 cm), hence the dipole fit is yet a valid approximation. The reconstructed
dipole position (center of gravity of MNP accumulation) was then related to a
reference point, which was obtained by measuring a cylindrical calibration coil with
a known magnetic moment of 17 nAm?. For the accuracy in spatial resolution we
obtained Ax = Ay = 0.5 mm, dependent on the reproducibility of the measurement
position.

For quantification, reference samples were prepared from originally
administered MNP, immobilizing 200 pl of the original suspension in plaster
(commercially available). Additionally, corresponding quality checks were
performed of the reference solution and the immobilized reference samples in
different dilution steps. We found good scaling for the fluid and immobilized
samples. For quantification the reconstructed magnetic moment dipole of the mouse
was related to the reference sample, which was measured under the same
experimental setup and reconstructed utilizing magnetic dipole fitting. Note, that a
MNP-specific quantification is practicable because any remanent magnetization
solely contributes to the offset in MRX-signals and hence the amplitude of the
relaxation curve scales with the MNP amount in the sample. Curve shapes of the
reference and mouse sample were thoroughly checked to be the same.

3. RESULTS AND DISCUSSION

Figure 1 illustrates the results for mouse 1 and 2, respectively, in a schematic plot of
the mouse in prone position. The tumor region is indicated by a orange circle and
the determined location is therein marked as a black dot. As can be seen, in both
measured carcinoma mice, the localization of the center of mass of the MNP
accumulation was explicitly obtained in the tumor region by MRX. Table 1 lists the
details of the obtained lateral dipole positions from the magnetic dipole fit and the
central tumor positions in the x-y-plane in relation to the reference point, as well as
the tumor. The z-position of the dipole was determined to be well above the base of
the sample tray for both mice, i.e. 1.3(1) cm for mouse 1 and 1.7(1) cm for mouse 2.
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The MNP quantification in the localized regions of the two mice was obtained
using the immobilized reference sample, measured under the same conditions. We
yield 39.8(4) mg total iron amount in the tumor region of mouse 1, i.e., the full
amount of applied magnetic nanoparticles. For mouse 2, however, we obtained
30.2(4) mg total iron amount, 25% less than applied.

L
&

(a) (b)

Fig. 1. Sketch of mouse 1 (a) and mouse 2 (b) with tumor region marked as orange circle. Localization
result of the MNP accumulations are denoted by a black dot.

Table 1. Localization result in comparison to central tumor position

Sample | x,y dipole position Central tumor position | Tumor diameter
/mm /mm /mm

mousel 13.4(5), -13.3(5) 12.0(5), -18.0(5) 16.0(5)

mouse2 -14.5(5),-5.7 (5) -14.0(5), -5.0(5) 9.0(5)

Additional x-ray images (Mobilett II, Siemens AG, Erlangen) taken of the native
mouse 1, right after intratumoral injection of the MNP and after 24 hours (the latter
see Fig. 2) indicate, that a small fraction of the MNP suspension may also be lost
into the surrounding tissue (dashed orange oval).

Fig. 2. X-ray image of mouse 2, 24 hours after intratumoral MNP injection. Tumor region (solid blue
oval) and MNP leakage into surrounding tissue (dashed orange oval) are indicated.
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However, the apparent loss of MNP in mouse 2 cannot be explained by a possible
leakage of MNPs from the tumor to the surrounding tissue, because this would not
change the net magnetic moment of the particles in the whole animal, which MRX
as an integral method measures. Also a degradation of the particles that destroys
their magnetic moment can be ruled out, because it is very unlikely that this process
leaves the shape of the relaxation curve of the remaining particles unchanged. This
means, that either a smaller amount of MNP was injected (leavings in the injection
needle or reflux through the injection channel) or part of the particle load was
excreted from the mouse body during the 24 hours of incubation time. Currently in-
depth studies on a larger number of laboratory animals are carried out to tackle the
question of MNP behavior in the tumor after 24 hours.

4. CONCLUSION

Using multichannel MRX with magnetic dipole fitting employing a Levenberg-
Marquardt algorithm, we were able to localize and moreover quantify MNP
accumulation in the tumor region of mice. Complementary to x-ray imaging, MRX
offers an integral and quantitative method to detect the total MNP amount being
present in the mouse, so all MNP accumulations in the animals contribute to the
signal. In all measurements, the shape of the relaxation curve did not differ from the
reference measurement. This is a clear indication that the magnetic properties of the
individual MNP as well as of their composition did not change due to the
biomedical application. The center of mass of MNP accumulations was clearly
determined in the tumor regions of both mice. The quantification results show that
24 hours after intratumoral MNP injection all applied MNP were found in the tumor
type 9L/lacZ (mouse 1) while only three quarters of the administered MNP were
retrieved by MRX in the tumor type MD-AMB-435S (mouse 2). This finding
emphasizes the need of a quantitative control of the magnetic ablation therapy, even
though we do not fully understand the mechanism of this loss at present.

The first findings of our methodical study demonstrate that quantitative
monitoring of MNP biodistribution via MRX is a useful tool for monitoring the
particle distribution for magnetic thermoablation therapy. We employed
multichannel MRX for the contactless localization and quantification of magnetic
nanoparticle accumulations post mortem, and there is no reason why this should not
be possible in vivo. With the background of our experience with the magnetic
marker monitoring'* and quantification of MNP for magnetic drug targeting"'>® we
envision that MRX monitoring of MNP accumulations in tumors can be measured
even without anesthesia.
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A novel approach to the quantitative imaging of magnetic nanoparticles is presented. The
distributions are reconstructed by minimum norm estimations of multiple dipoles from
multichannel magnetorelaxometry measurements. In computer simulations and experimental
studies the feasibility of this approach is investigated. The results demonstrate that the
approach is promising, though the spatial resolution has yet to be improved.

1. INTRODUCTION

For nearly all medical applications of magnetic nanoparticles, a quantitative
knowledge about the distribution of the nanoparticles is essential. Today, MRI is
widely used for the imaging of magnetic nanoparticle distributions. A novel
technique to determine these distributions is Magnetic Particle Imaging which is
based on the nonlinear magnetization of the particles in an oscillating field'.
However, these approaches have the drawbacks of limited quantification ability
(MRI) and high demands on the involved nanoparticles (MPI).

We propose a complementary approach for the quantitative imaging of
magnetic nanoparticles. Essentially, the particle distribution is reconstructed by
minimum norm estimation from multichannel magnetorelaxometry measurements,
determining the magnitudes of multiple magnetic dipoles in the region of interest”.
In this paper, both measurement and source reconstruction aspects of the approach
are illuminated. Reconstruction results from simulated and measured data are
presented that demonstrate the feasibility of the approach.
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2. METHODS

2.1. Magnetorelaxometry

The proposed imaging approach is based on magnetorelaxometry (MRX). In an
MRX experiment’, an ensemble of magnetic nanoparticles is magnetized by an
externally applied magnetic field. During this excitation, the moments of the
particles orientate towards the direction of the external field. After switching off the
excitation field, the particles relaxate to their original state following two different
relaxation processes, depending on their binding state and resulting in different
relaxation times. The magnetization of unbound particles decays by Brownian
motion of the particles themselves (Brown relaxation). Particles that are bound, e. g.
to a target substance, show Néel relaxation. In this process, only the magnetic
moments flip within the particles. If the relaxation behavior or magnetic remanence,
respectively, is measured in multiple locations, the distribution of the particles can
be reconstructed by means of inverse methods.

2.2. Minimum Norm Based Imaging Techniques

2.2.1. Forward model

The source space for the minimum-norm estimation is formed by a regular grid in
the plane or volume of interest. At each grid point, a dipole is defined as source.
Considering only the relaxation amplitude or remanence, respectively, these sources
can be modeled by a magneto-static dipole. The magnetic field 5 at position 7 that

is produced by a magnetic dipole at position 7 with moment m is computed
according to (, is the permeability of free space):

— 3m-(r =7 o ~”

b(7)= | 2 G Sr)(r—r')— " (1
x| F -7 |7 =7

For a more sophisticated forward model, the temporal characteristic of the particles’

relaxation that is known from calculations or reference measurements can be

incorporated. A simple and widely used approximation for this relaxation is the

logarithmic decay®, with the amplitude B, and the relaxation time constant z:

f.()=B, ln(l + j) ©)
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2.2.2. Minimum norm estimation

The information of the source locations and the sensor positions is represented in
the lead field matrix L . With respect to the relaxation amplitude, the magnetic field
b in the sensor positions can be calculated by multiplying the lead field matrix with
the dipole magnitudes m :

b=L-in 3)
Minimizing the least squares difference between measured and calculated field, the
dipole magnitudes can be estimated using the pseudoinverse lead field matrix L":
i =L b )
Different regularization methods are applied to ensure numerical stability and
improve the robustness of the solution. One approach uses the truncated singular
value decomposition (TSVD) of the lead field matrix, neglecting singular values of
L that are smaller than the parameter o,:

R T A ©
i=0 i

Employing Tichonow regularization®, the dipole parameters are estimated as:

i, =(L'L+AW'W) L b (6)
For the integration the temporal relaxation behavior f the static forward model is
expanded’. The spatio-temporal lead field matrix L, is computed as the Kronecker
product of £ =(f (1), f(t,)....f(t;)) and L:

L, =f®L (7)
The relaxation amplitudes of the dipoles are estimated by replacing L by 1, and b
by b, = (b(t,),b(t,).....b(t;))" in (3) and applying the same regularization methods.

3. COMPUTER SIMULATIONS

3.1. Remanence Data

In first computer simulations, the fields of two-dimensionally distributed static
sources were computed involving realistic sensor positions from the setups
described in the experimental data section below. The sources were reconstructed
employing the static imaging approaches with the reconstruction grid positioned in
the plane of interest. Prior to the computation, the depth of this plane below the
sensor system is determined by non-linear dipole localization. As can be seen from
Fig. 1 (left), the reconstruction quality increases with larger signal-to-noise ratios
(SNRs). Our simulations reveal that also the sensor source distance and the source
grid spacing influence the reconstruction quality.
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Fig. 1. Influence of noise on the reconstruction quality: Goodness-of-fit (based on normalized mean
squared errors) between field of the simulated source, not superimposed by noise, and field computed
from the reconstructed distribution for the remanence data (1) and spatio-temporal relaxation data (r).

3.2. Relaxation Data

To evaluate the effects of integrating the temporal characteristic in the
reconstruction, computer simulations of spatio-temporal sources were performed
utilizing the sensor positions of the 16 channel system (see below). With respect to
the low spatial resolution of the sensor setup, the simulated source was formed by a
single dipole with its magnitude decaying as described by (2). The sources were
reconstructed employing both the static and the spatio-temporal approach.

Fig. 1 (right) illustrates the considerably improved robustness against noise of
the spatio-temporal approach as compared to the static method. Additionally, our
simulations show that even with small deviations between the relaxation constants
of the model function and the data, the spatio-temporal approach shows better
results. Moreover, the novel spatio-temporal approach proved to be less sensitive
towards the choice of the regularization parameter  in the applied TSVD method.

4. EXPERIMENTAL RESULTS

4.1. Sensor Setups

For the experimental investigations described in the following paragraphs, different
multichannel SQUID systems have been employed. In the Biomagnetic Centre Jena
a 195 channel Vector-Biomagnetometer ATB Argos 200° with its sensors arranged
in triplets in four planes as well as a micro SQUID system’ with 16 first order
gradiometer sensors positioned within a rectangular plane were used. Both systems
are installed in a magnetically shielded room. Besides, a 304 channel Vector-
Magnetometer® in the strongly magnetically shielded room BMSR-2 was used at the
Physikalisch-Technische Bundesanstalt Berlin (PTB). Here, the SQUIDs are
grouped in 19 modules, each module containing four planes.
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4.2. Phantom Measurements

Polyethylene filter columns served as probes for the phantom measurements (Fig. 2
left). Magnetic nanoparticles bound to the filters by biotin-streptavidin binding
reactions known from immunofiltration assays to detect Streptococcus sobrinus
antigen. Similar measurements were performed with the Argos and PTB system,
respectively: After magnetizing the columns in a static field, their magnetic
remanence after the relaxation process was measured. From those data, the
nanoparticle distributions were reconstructed using the static approach (Fig. 2 r.).
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Fig. 2. Column phantoms (left) and reconstructed distribution of the 35 mm phantom (right)

4.3. In-Vitro Measurements

For the in-vitro validation of our imaging approach, rat organ samples were
prepared by injecting a defined amount of magnetic nanoparticles into the tail vein
of rats. After one hour, the organs were extracted. A reference sample was prepared
by fixing sample nanoparticle solution in Agarose gel. The prepared samples were
magnetized in a homogenous excitation field emitted by a Helmholtz coil outside
the magnetically shielded room. Subsequently, the samples were positioned below
the 16 channel system and their relaxation behavior was measured’. Fig. 3 shows the

signals measured by the different channels (left) as well as the reconstructed
nanoparticle distribution (right), both for the liver sample. The position and the
dimension of the sample could be reconstructed properly, while the shape
reconstruction and therewith the spatial resolution lacks from the low number of
channels of the measurement system. To evaluate our approach’s ability to quantify
magnetic nanoparticle distributions, the total magnetic moments of the
reconstructions were compared to the strongest signal amplitudes in the relaxation
measurements. Table 1 shows this comparison together with the ratio of the
amplitudes. The relaxation-reconstruction ratio is comparable for all three samples.
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Fig. 3. Magnetic relaxation behavior (a) and reconstructed magnetic nanoparticle distribution (b) for the
liver sample magnetized in vertical direction.

However, slight differences between the values for the liver measurements and
reconstructions arise from the different excitation directions.

To estimate the nanoparticle content in the organs, we compared the total
magnetic moment of the reconstructions to the amplitude of the reference sample
with a known amount of nanoparticle fluid (0.05 ml). Table 2 lists the results of this
estimation. Obviously, the estimated amount of nanoparticles is significantly larger
in the liver than in the milt which is in congruence with a-priori expectations.

Table 1: Comparison of relaxation signal amplitude and total magnetic moment of the reconstruction
for different samples with different magnetization directions.

Measured relaxation ~ Total magnetic moment  Ratio

Sample amplitude of the reconstruction  (T/Am?)
Liver, vertical magnetization 6.57 nT 116.00 nAm* 0.056
Liver, horizontal magnetization 5.59nT 90.48 nAm’ 0.062
Milt, vertical magnetization 0.72 nT 13.43 nAm® 0.053

5. CONCLUSION

Our results show that the proposed approach provides a promising technique for the
non-invasive, quantitative and specific determination of biodistributions of
magnetic nanoparticles. However, the spatial resolution of the technique, limited
both by the spatial resolution of the measurement system and the inverse method
itself, is not competitive to qualitative imaging methods such as MRI.

Table 2: Estimation of nanoparticle content in the different organs (all vertical magnetization).

Sample Total magnetic moment Estimated nanoparticle content
Reference sample 55.50 nAm’ 0.050 ml
Liver 116.00 nAm’ 0.105 ml

Milt 13.43 nAm? 0.012 ml
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The promising results of our approach strongly suggest the application of the
method to MRX measurement data in further studies. Improvements in spatial
distribution and reconstruction quality are expected from involving inhomogeneous
excitation fields and the combination of the multiple dipole forward model with the
multipole expansion approach.
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DEVELOPING CELLULAR MPI: INITIAL EXPERIENCE
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Using clinical formulations of SPIO particles used as MRI contrast agents, we investigated
the potential of magnetic particle imaging (MPI) for quantitative stem cell tracking. We
observed a linear correlation between MPI signal and iron content, representative for the total
cell number over a wide range of concentrations, independent of the particle state as free or
intracellular entity. Unlike in MRI, Resovist had a 4—fold higher efficacy per unit Fe than
Feridex for two different stem cell types tested. MPI has potential for non-invasive
quantitative cell tracking and deserves further exploration with or without the use of MRI in
parallel.

1. INTRODUCTION

MRI cell tracking using superparamagnetic iron oxide particles (SPIO) has found
many applications in understanding cell biology and developing cell therapy.
However, due to its indirect detection of cells through the SPIO effect on proton
relaxation, there are several limitations that prevent its full exploitation. These
include 1) the difficulty to absolutely quantify cell concentration and iron content -
part of the difficulty relies in the existence of different relaxation regimes
(dependent on the agglomeration state and size of SPIO cluster); 2) the difficulty of
discriminating SPIO-labeled cells in areas of hemorrhage and traumatic injury
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(which are often present in targets of cell therapy), as caused by the proton
dephasing effects of methemoglobin, ferritin, and hemosiderin (especially at higher
fields); 3) the occasional misinterpretation of isolated “black spots” due to
differences in magnetic susceptibility effects around blood vessels and air-tissue
interfaces (i.e. stomach and GI tract); and 4) the inability to track cells in areas
devoid of proton signal (i.e., the lungs). '°’F MRI cell tracking can overcome several
of these limitations' but suffers from inherent lack of sensitivity. In the present
study, we have determined the feasibility of developing cellular magnetic particle
imaging (MPI). MPI relies on the non-linear response of magnetic material as a
direct manner for detecting the presence of an iron oxide nanoparticle agent in an
oscillating magnetic field>. Spatial encoding can be realized by a static,
inhomogeneous magnetic field, saturating the magnetic material almost everywhere
except in the vicinity of a special point, the field free point.

2. METHODS

C17.2 neural stem cells (NSCs) and rat mesenchymal stem cells (MSCs) were
labeled with the clinical SPIO formulations Resovist (R) or Feridex (F) combined
with poly-L-lysine (48 hr incubation at 62.5 - 25 pug Fe/ml culture medium). These
two cell types were chosen in order to assess the MPI dependence on cell size and
cytoplasmic iron content for smaller cells (NSCs, ~10 um) and larger cells (MSCs,
~25 um). Cells were washed, counted, and 50 ul gelatin samples were prepared
containing between 2.5x10° and 1x10° cells. The mean cellular iron content was
determined using a Ferrozin-based spectrophotometric assay. For MPI analysis, the
non-linear magnetic response of labeled and reference (free iron oxide particles in
solution) samples was measured in a spectrometer using an oscillating magnetic
field (10 mT amplitude, 25 kHz frequency, 30 sec sampling time). After Fourier
transformation the intensity of the harmonic signals, i.e. 3" and 11", was monitored.

3. RESULTS

The mean iron content was determined as 13.67 pg Fe/cell for MSCs+R, 4.21 pg
Fe/cell for MSCs+F, 1.97 pg Fe/cell for NSCs+R, and 0.84 pg Fe/cell for NSCs+F.
Figure 1 shows the MPI signal plots as function of iron content (A,B) and
corresponding cell number (C,D). Reference gelatin samples are included for
reference (A,B). Except for the lowest amount of the smaller NSCs, which had <
Ipg Fe/cell, there was a linear relation between the MPI signal and iron content.
Slope values for the 3™ harmonic were 1.2x10° Am?/g Fe for MSCs+R, which is
equivalent to 1.7x10™* Am® per cell; 2.8x10* Am*/g Fe for MSCs+F, or 1.2x10™"
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Am’® per cell; 8.6x10* Am*/g Fe for NSCs+R; and 1.7x10™* Am?/g Fe for NSCs+F.
Note that for both R and F, the reference samples have the same MPI value vs. unit
of iron as for the cell samples. For all samples, as compared to Feridex, Resovist
had a 4-fold higher MPI efficacy (on 3™ harmonic) per unit of iron. This large
difference was observed for both NSCs and MSCs. With the current equipment the
efficiency for Fe oxide with infinite susceptibility is 3x10% Am*/g Fe so that, for
MSCs+R, the detection limit for imaging is below 100 cells.
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Fig. 1. MPI signal measurements of magnetically labeled stem cells. Shown are the signal amplitudes as
a function of Fe content (A,B) and the corresponding number of cells (C,D) obtained for the 3™
harmonic. Data are shown for MSCs (A,C) labeled with Resovist (MR) and Feridex (MF), and NSCs
(B,D) labeled with Resovist (CR) and Feridex (CF). Reference (free, non-cell bound particles) gelatin
samples are included in A,B (open symbols).

4. CONCLUSIONS

Stem cells can be readily detected with MPI at biologically relevant concentrations.
MPI enables a linear quantification of both cell number and iron content over a wide
range of concentrations, regardless of the state of SPIO as free or intracellular
entity. Unlike its use as MRI contrast agent, we found a large difference (4-fold) in
MPI efficacy between Feridex and Resovist. While the underlying mechanism is not
fully understood, it opens up a new rationale for synthesis and testing of novel
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magnetic nanoparticles. There appear to be no physical constraints towards
developing a whole body human scanner’, which should encourage further
development of cellular MPI given that SPIO formulations can be used that are
already in use as clinical MRI cell tracking agents.
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Radical axillary lymphonodectomie (ALN) in breast cancer patients is associated with high
morbidity and significant loss of quality of life. These effects can be strongly reduced by
introducing the concept of sentinel lymphonodectomy (SNLB). Within this method dye and
radio nuclides are injected into the breast. Super paramagnetic iron oxide nano particles
(SPIOs) could replace these marker substances. By using the magnetic particle imaging
(MPI)-procedure, a three-dimensional imaging and distinct localization of SPIOs (Resovist®)
can be achieved. To prove the mentioned principle of SNLB by MPI a mouse model is
applied. This project is part of a comprehensive test program to develop the new SNLB
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technique. A new MPI hand probe with unilateral solenoid arrangement designed for use in
the operating theater is under construction. Intraoperative three-dimensional MPI imaging
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.
Additionally the concept of SNLB by MPI can be applied in principle in all solid tumors.

1. INTROUDUCTION

Breast cancer is the most frequent cancer of the female population worldwide in
western industrialized countries.' Breast tumors are draining to the axillary lymph
nodes. Therefore the axillary exploration is part of the surgical staging in breast
cancer.” The individual prognosis decreases dramatically if tumor cells are present
in lymph nodes. But, the radical axillary lymphonodectomy (ALN) is associated
with high morbidity and significant loss of quality of life. These effects can be
strongly reduced by introducing the concept of sentinel lymphonodectomy (SNLB).
Within this method dye and radio nuclides are injected into the breast (Figure 1).’

SNL

Tumor

Figure 1 Lymphoscintigraphy after peritumoral injection of radio nuclides to detect the SNL.

Super paramagnetic iron oxide nano particles (SPIOs) could replace these
marker substances. Through the recently developed magnetic particle imaging
(MPI)-procedure, a three-dimensional imaging and distinct localization of SPIOs
(Resovist”) can be achieved. Therefore detection of sentinel lymph nodes will be
done by using MPI. This eliminates the exposure of patient and participating
medical staff to ionizing radiation within in the SNLB process. 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. We will generate results in the mentioned issues within a mouse model.
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2. MATERIALS AND METHODS

A mouse model is applied to prove the mentioned principle of SNLB by MPI. To
develop the methodology we use healthy mice.* After that we will proof if this
works in a tumor bearing mouse model with metastasis in the axillary lymph
nodes.™® A previously defined amount of SPIOs will be injected into the mammary
gland next to the axillary region of a healthy female Balb/c mouse. As first step we
will explore how long the SPIOs take to reach the axillary lymph nodes. Therefore
the mice will be treated with constant amounts of SPIOs and sacrificed after
lengthened time intervals. The second step will show us if the lymph nodes who
accumulates the SPIOs are sentinel lymphnodes. Therefore we will inject the same
SPIO dose and a dye at the same time. After waiting the optimal delay we do the
sacrifice. Our third step will explore the optimal SPIO dose we need for optimal
enrichment in the axillary lymph nodes. Therefore the mice will be treated with
increasing amounts of SPIOs. After the previously defined optimal time interval
mice will be sacrificed. The fourth step is to try out our findings in a tumor model.
Immunosuppressed SCID mice will be inoculated with breast cancer cell lines as
previously published.™® Taking under consideration our findings of optimal time
interval and optimal axillary SPIO enrichment mice will be sacrificed.

\

/

Figure 2 Axillary and environmental tissue — Resection area A-C.
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We will analyze the axillary and the environmental tissue for the presence and
concentration of SPIOs with different techniques (Figure 2).

Iron particles will be detected by histological examination at formalin fixed and
paraffin embedded tissue, stained with iron sensitive Prussian blue stain correlated
by electron microscopy.” For the determination of iron concentration within tissue
homogenisates we will use the atomic absorption spectrometry. To define the SPIO
concentration within the tissue and to prove if we can find them with MPI we will
use MPI spectrometry. With the atomic absorption spectrometry we create a
quantitative calibration curve to correlate the values we get by MPI spectrometry.

Nanoparticles are widely discussed as environmental toxins. To make the
method sure, we will extract the inoculated SPIOs from all organs. After
explantation and homogenization of brain, liver, lung, uterus, ovaries, intestines,
kidneys and spleen we will explore them with the atomic absorption spectrometry
whether there is any SPIO.

3. RESULTS

We aim to show that SPIOs and the MPI technique are effective to be used as SNLB
tracer and finder in an in vivo mouse model. This project is part of a comprehensive
test program to develop a new SNLB technique. This will be less complex and
incriminating for the patient and the staff. A new MPI hand probe (Figure 3) with
unilateral solenoid arrangement designed for use in the operating theater is under
construction.

Axillary lymphnodes

Figure 3 Intra operative peri tumoral tracer injection and axillary sentinel lymph node (SNL) detection
with MPI hand probe.
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Therewith the sentinel lymph node detection can be easily performed after intra
operative tracer application. Furthermore the precise detection and localization of
the sentinel lymph nodes with a real time three-dimensional imaging will be
possible. The ultimate proof will be the use in the human model. Compared with the
standard SNLB this method will be much less expensive and a less burdensome
diagnostic process.

4. CONCLUSION

For conventional SNLB the axilla has to be widely explored to identify the SNL.
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.
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Sensitive detection methods on magnetic nanoparticles in cells, tissue, and body liquids have
a huge potential for new analysis methods both in medicine and biotechnology. Dedicated
magnetic nanoparticles have been developed and approved for various medical procedures,
such as angiography and liver imaging in the case of MRI technique. The combination of
nanotechnology and advanced magnetic sensing routes opens a realistic perspective of
magnetic methods replacing nuclear and optical detection techniques in medicine and
biotechnology. Within these prospects, we focus both on sensor development and on the
detection and activation of new biocompatible magnetic nanoparticles in selected clinical
applications.

1. INTRODUCTION

Magnetic particles in clinical context are detectable because of the small and linear
magnetic response of the human body. This is analogue to the radioactive materials
applied in nuclear imaging by positron emission tomography (PET), gamma
cameras and gamma probes. In both cases the “contrast” material has a unique
signature and the body is transparent for the detected signal. Whole-body imaging is
reserved for large and expensive scanner systems as MRI and PET. During a
surgical intervention a handheld device is routinely used to localise specifically
marked tissue, e.g. the sentinel lymph node (fig. 1). In the nuclear variant this

T Work partially supported by the European CARBIO Network (MRTN-CT-2006-035616).
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requires a handheld gamma probe and a radioactive marker. A magnetic equivalent
for this is the handheld device developed by Endomagnetics, which is basically a
very advanced metal detector. In our group we are working on methods for sensing
and activation of existing and new magnetic nanoparticles.

Fig. 1. Two examples of handheld probes for medical use. Left the prototype magnetic probe from
Endomagnetics and two commercially available Gamma probes from Crystal Probe System at right.

2. EXPERIMENTAL METHODS

Since a few years an interesting group magnetic materials is approved for medical
use. Super-Paramagnetic Iron Oxide (SPIO) nanoparticles have a large magnetic
moment and a small volume. These particles can be injected in the bloodstream to
enable MRI-angiography.' After injection these particles are transported to the liver
and excreted from the body. This excretion path enables using SPIO particles for
liver imaging.”> SPIO particles are also successfully applied to treat cranial
carcinoma by a novel hyperthermia technique.’ In a different approach SPIO
particles are used to localize sentinel lymph nodes in patients with a handheld
device during surgery*® and with MRL®

In our group we started clinical experiments testing the approach for sentinel
node detection in ex-vivo breast and colon tissue after tumor resection. Sentinel
lymph node detection is based on the drainage pattern from the tumor area via the
lymphatic system.” SPIO particles injected in or around the tumor pass through the
lymph vessels to the first lymph node that drains the tumor area. In addition to the
solution with SPIO particles, a blue dye was injected which enables visual
localization of the lymph node. Lymph mapping using blue dye is one of the current
methods that can be regarded as the gold standard in clinical practice. Sentinel
nodes, either blue or black, were resected from the specimen and separately
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analyzed for the presence of SPIO with magnetometry, high field MRI (14 T) and
conventional optical microscopy.

A novel class of magnetic materials which is also part of our research, are
Carbon NanoTubes (CNT’s), filled with magnetic materials as iron and cobalt (fig.
2). CNT’s have an extremely high aspect ratio (length/diameter >100), leading to a
highly non-linear anisotropic and hysteretic magnetization curve for an ensemble of
aligned Fe-filled CNT’s.® These CNT’s are considered for novel hyperthermia
treatments, local temperature sensing and drug delivery.’ The individual Fe-CNT’s
have a strong magnetic moment with a preferred direction along their axis. The
special properties of CNT’s and other novel magnetic nanoparticles open the
perspective of entirely new detection techniques in biomedical applications. In
particular the strong magnetic moment with its preferred magnetic orientation is
advantageous for the development of economical promising detection techniques,
which can be combined with medical procedures as minimal-invasive interventions.
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Fig. 2. SEM picture of a multi-wall CNT with a needle shaped Fe-filling produced by the IFW Dresden
(left). The cartoon on the right illustrates the range of biomedical applications for these particles that is
investigated in the framework of a European research network (www.carbio.eu).

3. RESULT AND DISCUSSION

Four patients with breast cancer and two patients colon cancer were included for our
first ex vivo experiments. In two breast cancer patients and in both colon cancer
patients SPIO uptake in lymph nodes was observed. Magnetometry, high field MRI
and microscopy showed the accumulation of SPIO in lymph nodes after local
administration around the tumor (fig. 3). The T2*-weighted high field MRI of single
lymph nodes showed hypointense areas that are characteristic for the presence of
SPIO contrast agent. Furthermore, Pearls Prussian Blue staining in conventional
optical microscopy indicated the presence of iron. So, these preliminary results
indicate that the concept of sentinel node detection with SPIO is promising for a
more comprehensive study.
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The ex-vivo experiments using SPIO nanoparticles for the detection and
localization of the sentinel lymph node in colorectal cancer are now continued to
prove the clinical value of magnetic detection of the sentinel node and to investigate
the technical possibilities of this approach. Several aspects are to be considered.
Particle size can be very important in lymph node mapping, since very small
particles easily pass through the sentinel node, causing the detection of a second
echelon node. On the other hand, large diameter particles cannot enter the lymphatic
system and, subsequently, sentinel node detection fails. A quantitative analysis of
the SPIO content in lymph nodes can be related to the clinical status of the lymph
nodes with regard to metastasis.

Accumulated SPIO particles can be localized intra-operatively with a hand held
probe. Development of sensitive magnetic methods will offer equipment that
enables an accurate determination of the amount of SPIO in the sample. Pre-
operative imaging of the SPIO containing sentinel node using high resolution
techniques might be beneficial for the choice for the surgical approach and
additional treatment.

The recently developed concept magnetic particle imaging MPI images the
SPIO distribution in a large volume at much lower magnetic fields compared to
MR For ex-vivo applications there is broader range of magnetic techniques and
materials available. Single molecule detection is demonstrated with magnetic
immunoassays, allowing detection down to the femto-molar level in body liquids."'
A perspective area is the analysis of larger fractions of body fluids/tissue for early
cancer detection, which may be combined with magnetic cell separation.'

The preparation and application of solutions of CNT’s in biological or medical
context is still ongoing. Stability and iron filling of CNT’s in solution was proved
by spectrophotometry, magnetometry and microscopy. Towards application of
CNT’s, animal experiments using iron filled CNT’s are in preparation.
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Fig. 3. Two images showing the presence of SPIO in the lymph node. Left: High field T2* MRI of a
single lymph node. The diameter of the circular field is approximately 8 mm. On the right side a
microscopic image with Pearls Prussian Blue staining indicating the presence of iron (scale bar 100 um).

4. CONCLUSION

The preliminary results for clinical application of SPIO in sentinel node biopsy are
promising. Even after ex-vivo administration in resected tissue the sentinel node
contained SPIO particles. Additional clinical ex-vivo experiments for colorectal
cancer are in preparation, extending the analysis of the content of SPIO in lymph
nodes with advanced magnetic analysis. Clinical in-vivo experiments in breast
cancer patients can be very helpful to solve the logistical and safety problems with
sentinel node detection using radio-isotopes.
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The magnetic properties of superparamagnetic iron oxides (SPIOs) and their distribution
within PVDF-filaments of textile implants are investigated by means of a superconducting
quantum interference device (SQUID), a transmission electron microscope (TEM), a magnetic
force microscope (MFM) and magnetic resonance imaging (MRI). These analyses are
necessary for quality control in manufacture and the depiction of an implant in MRI.

1. INTRODUCTION

With approximately 1.5 million implantations each year worldwide, mesh repair has
become the standard procedure for the treatment of hernia. However, the recurrence
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rate is 10 to 30% due to migration and erosion of the implant, shrinkage and
deformation of the mesh area or fistula formation as a result of ingrowths or
integration of the mesh into scar tissue. These consequences of the biological
response to the foreign material are noticeably influenced by the properties of the
mesh.! A non-invasive visualization of the mesh facilitates a safer diagnosis,
providing the ability to spare redundant surgeries. For this purpose,
superparamagnetic iron oxide (SPIO) nanoparticles were implemented into textile
meshes in order to monitor these with MRI. SPIOs create a hypointense signal in
MRI and the caused magnetic field susceptibility can be detected as signal voids in
the MR images.”” Therefore, signal loss on MRI is associated with the presence of
these particles. As a result, the implant can be depicted with MRI.

A homogeneous distribution of the SPIOs in the filaments of the mesh and an
optimal modulation of their magnetic properties are important for the assembly and
for the MR-delineation of the textile implants. Therefore, the physical properties of
differently synthesized SPIOs are determined using a superconducting quantum
interference device (SQUID), a transmission electron microscope (TEM), a
magnetic force microscope (MFM) and magnetic resonance imaging (MRI).

2. MATERIALS AND METHODS

Superparamagnetic Fe;O, nanoparticles are synthesized either as nanocolloids that
are dispersed in a carrier fluid with chemically coated particles or as a powder
without coating treatment.

Using the method of Shinkai®, the nanoparticles are prevented from
agglomeration by coating treatment with dodecanoic acid. In this way, two samples
(S1 and S2) of ferrofluid are stabilized. With a molar ratio Fe*’/NO,% of 40/1 for S1
and 3/1 for S2, and by adjacent centrifugation for 10 min with a StatSpin
Microcentrifuge (StatSpin, Norwood, Massachusetts, USA) at 246G (2000 rpm)
and 984 G (4000 rpm), respectively, S1 and S2 contain different core sizes of
SPIOs. The particle size distribution and the morphology of ferrofluid particles are
examined using a transmission electron microscope (TEM) (EM 400 T apparatus,
Philips, The Netherlands). The average particle size is listed in Table 1.

With the method of Khalafalla’, SPIOs without any surfactant are fabricated. In
this case, the ferrofluid is lyophilized and then pulverized with a pestle. These
uncoated nanoparticles build clusters whose sizes are varied by grinding procedures
using a ball mill (MM200, Retsch, 2004, Germany). The grain distribution of the
powder is investigated utilizing a laser diffractometer (Mastersizer 2000, Malvern
Instruments, Germany) (Table 1).



219

Table 1. Average particle and grain sizes for samples synthesized
as ferrofluid and powder, respectively.

Core diameter Grain diameter

Sample
Drgy [nm] Diaser [Hm]
S1 10.3+£3.2 -
S2 52+1.6 -
S3 9.4+2.8 27.1£3.7
S4 9.4+2.8 12.2+£3.5

After the preparation of the magnetic particles, the meshes are manufactured.
Therefore, polyvinylidene fluoride (PVDF) and a small quantity of SPIOs (approx.
3mg/g) are melted together. This mixture is extruded to filaments, which are then
assembled to textile meshes (FEG Company, Aachen, Germany).

The magnetization of the nanoparticles is measured using a superconducting
quantum interference device (SQUID) (MPMS-XL, Quantum Design, USA). The
measurements are performed at room temperature (T = 300 K) varying the magnetic
field strength between -10 kOe and 10 kOe.°

For a mesh of a good quality, the particles have to be homogenously distributed
within its filaments. With the help of the light microscope, only bigger clusters can
be identified and distinguished from material defects. Therefore, single SPIOs and
their distribution within a mixed formation of several clusters are analyzed using a
combined atomic force microscope (AFM) and magnetic force microscope (MFM)
(DI 3100 Nanoman AFM, Veeco, USA).” The sample is put on a silicon wafer,
dried and then, prior to the measurement, magnetized by an external magnetic field
that is oriented in-plane with the surface of the substrate.

As a proof of principle, a mesh with embedded SPIOs (mean core size
9.4nm=2.8nm) is placed between two pieces of meat to simulate the physiological
surrounding, and MRI is performed. The mesh is made of filaments with a diameter
of 120 pum and its size is approx. 2 cm x 0.8 cm. The meat phantom is measured in a
1.5 Tesla scanner (Achieva, Philips, The Netherlands) using T2*-weighted
sequences (TR = 285 ms, TE = 23 ms, FoV/matrix = 200 mm/248, NSA = 2,
FA=18°) and a 2-channel receiver coil.

3. RESULTS AND DISCUSSION

As shown in Figure 1, sample S1 primarily consists of single Fe;O, particles in the
shape of a sphere (inset Fig. 1).
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The susceptibility measurements reveal a characteristic superparamagnetic
behavior with immeasurable coercivity and remanence at 300 K (Fig. 2). Figure 2
shows the best fit for the Langevin function:

wesefonl iy 3]

where y = MgD’/6 is the average magnetic moment of each particle, ks the
Boltzmann constant, 7 the absolute temperature and Mg the saturation
magnetization.™® From this data fitting, the mean magnetic moment per particle is
found to be 1.36 - 10"®emu and the average diameter is calculated to D = 8.87 nm.

counts [a.u.]

6 8§ 10 12 14 16 18 20
core diameter [nm]
Fig. 1. TEM micrograph determination of Fe;O, core size distribution (sample S1, Table 1). The inset
shows the picture of separated SPIOs in shape of a sphere.

Figure 3 shows an AFM/MFM image of clusters of various sizes of SPIOs in
sample S1. The particles can be identified as white structures in the MFM image
(Fig. 3, right image). This corresponds to the repulsion between the particles and the
MEFM tip. Using this method, it is possible to distinguish between material asperities
(Fig. 3, left image) and magnetic particles within the filament of the mesh.
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Fig. 2. Normalized magnetization vs. applied magnetic field for particles without coating: experimental
data for S3 (circles) and S4 (squares) with fitted curves.

Onm height 50nm 0° phase shift 1.4°

Fig. 3. AFM (left) and MFM (right) images of single and clustered particles that are magnetized in-plane
with the surface of the substrate before the measurement. In the MFM image, the white color represents
repulsion. The size of the marked cluster is 500 nm.

The PVDF mesh with embedded SPIOs of the meat phantom clearly shows
circumscribed susceptibility artifacts on MRI. Figure 4 shows the mesh on a T2*-
weighted image.
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Fig. 4. T2*-weighted sequence image of a mesh incorporated with SPIOs (arrow)
placed in a meat phantom.

4. CONCLUSIONS

This work focuses on the characterization of superparamagnetic nanoparticles
which are integrated within textile implants in order to visualize these with MRI.
Using different methods of synthesis several samples of superparamagnetic Fe;O4
nanoparticles are fabricated and characterized. The saturation magnetization and the
susceptibility are measured using a SQUID magnetometer. All samples show a
superparamagnetic behavior, though with different values for the magnetic moment.
Using magnetic force microscopy, single SPIOs and clusters are identified. This is
most important for quality control in manufacturing the mesh and for the depiction
of the mesh with MRI, as it examines the homogeneity of the distribution of the
SPIOs within the filament. As a proof of principle, a mesh with integrated SPIOs is
visualized with MRI.
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MRI has become an established method for the evaluation of cartilage repair in knee joints or
intervertebral discs. This study used MRI to follow the integration of hybrid systems of
autologous cells and porous polyethylene into the calvaria of guinea pigs. To differentiate the
implanted chondrocytes from the surrounding cartilage and to monitor their location under in
vivo conditions by MRI, cells were labeled with different ferumoxide nano particles. In
addition the cells were labeled with a fluorescence marker and analyzed with in vivo and in
vitro fluorescence microscopy in a time period up to 4 month after implantation. The results
indicate that autologous cells tolerate the iron nano particles, which allows us to monitor the
fate of the implants over time in the living animals.

1. INTRODUCTION

Autologous cells are used as substitute for filling defects or for covering porous
polyethylene (PE) implants to suppress inflammatory reactions and diminish
implant rejections. To follow the fate of the inserted cells it is essential to
distinguish these cells from the surrounding tissue. A recently published study’
demonstrated a good integration of the PE-implants seeded with autologous cells,
by histological examination. At each observation time animals had to be
decapitated, the tissue fixed, embedded, cut and stained for microscopic evaluation.

* This work is supported by BMBF FK 10/36 and 11/24.
* Present address: Klinikum Pirna GmbH Klinik fiir Hals-, Nasen- u. Ohrenkrankheiten, Struppener
Str.13 01796 Pirna

224



225

The here presented study used MRI in order to compare the follow up of the
integration of tissue-engineered cartilage in vivo and in vitro.

2. MATERIALS AND METHODS

2.1. Cell Isolation and Culture

The isolation of the chondrocytes was done as described previously'. Briefly, for in
vitro studies 50 000 cells were seeded into six well plates or on cover slips and
cultivated until confluence (5 days). Cells were incubated with Fe nano particles for
24 hours.

After carefully washing with cell culture media, the cells were further
incubation for 24 hours and the vitality of the cells was estimated. DIL incubation at
different concentrations was done for 48 hours followed by further 24 hour
incubation to with DIL free media to remove the excess of the label. After further
two weeks in vitro cultivation the specimen were implanted into the guinea pig ear
or calvaria.

2.2. Animal Experiments

Animals were anesthetized with a mixture of xylazine hydrochloride (Rompun
Bayervital, Leverkusen, Germany) and ketamine hydrochloride (Ketanest 50, Parke-
Davis, Freiburg, Germany). After shaving the surgical area was disinfected and the
skin at the ear concha was incised with a scalpel to generate a small piece of
auricular cartilage. The defect was closed with a 6-0 monofil nonabsorbable stitch
(Ethicon, Norderstedt, Germany) and the animal was marked by a tattoo at the
opposite ear.

The implantation of the labeled cell seeded PE specimen into the ear concha (6
animals) or calvaria (8 animals) was done after a further anesthesia. After opening
the skin a small whole was gouged and the specimen placed into this whole. Three
specimens (control-without iron particles, Endorem and fluid MAG labeled) were
placed per animal in a first test run. In a second experimental group one specimen
per animal were inserted. A total number of 14 animals were analyzed.

2.3. Labeling with Iron Nanoparticles and a
Fluorescence Marker

Four different iron particles were tested: first fluidMAG-D, second fluidMAG-D/Q,
third target-MAG-N (chemicell) and, fourth Endorem (Guerbet). The tested
particles were of equal size (about 100nm) but differed in their surface
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charge. While Endorem and fluidMAG-D were neutral covered with dextran,
fluidMAG-D/Q positive had positive loaded quaternary ammonium groups at their
surface and target-N negative charged phosphate groups. Endorem is already
clinically approved as contrast agent for MRI examinations of the liver. According
to the manufacturer’s instruction Endorem had been applied as suspensions at a
concentration of 0,075ml/kg body weight.

Cells were mixed with iron particles and brought onto the PE surface. After 2
weeks in vitro cultivation the hybrid systems became implanted according to the
protocol given above.

Dialkycarbocyanine CM-DIL labeling was done as described by Studeny et al.’
Briefly, the dye was dissolved in dimethylformamide (Sigma) to a concentration of
2.5mg/ml. In order to get a strong fluorescent signal dye concentrations from
10pg/ml to 40pg/ml had been tested in cell culture experiments.

2.4. MRI Studies

First MRI measurements were performed with specimen embedded in 1% agarose.
In vivo examinations were performed one week, one, two and four month after
implantation. The animals were anesthetized with xylazine/ketamine (see above)
during MRI measurements in a 4.7 T animal scanner (BRUKER Biospec 4720
Bruker BioSpin MRI GmbH). MR images were obtained using a RARE TI1-
weighted imaging sequence (TR = 1000ms, TE 10ms, RARE factor 4, average 8,
matrix 256 x 256 with field of view 8 x 8 cm and a slice thicknessof 0.8 mm. Two
animals were analyzed in parallel.

2.5. Histological Examinations

The fixed samples were embedded in Technovit 7200 according to the
manufacturer’s recommendations, cut into sections of 4 um and collected on super
frost slides (Menzel, Braunschweig, Germany)) for histological analysis. Fe-
particles were detected by Prussian blue staining as described in the literature'.

The spreading of the cells in the scaffold was performed with laser scanning
microscopy (Leica DM-IRE2 confocal microscope, Leica Microsystems, Wetzlar,
Germany).
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3. RESULTS

3.1. Cell Culture Experiments

MRI was used to test the efficacy of various magnetic particles to label autologous
cells for in vivo detection. A summary of the viability of chondrocytes in cells
culture experiments after incubation with the different particles is given in Table 1.
According to these data, cells labeled with Endorem followed by fluidMAG-D/12
were the most viable. As expected, dimethyl formamide (DMF) and DIL solubilized
in DMF lead to a reduction of the viability. Based on this result the following in
vivo studies were performed with Endorem and fluidMAG D/12.

Table 1. Viability of cells incubated with iron nano particles.

label crg [pg/ml]  viability[%]
control 0 100
fluidMAG-D/12 10 375
fluidMAG-D/Q 10 210
targetMAG-N 20 35
Endorem 10 465
DMF 10 84
fluorescence label DIL 10 68
Endorem+DIL 10 161
fluidMAG-

D/12+DIL 10 154

3.2. MRI Studies

Before implantation with Fe-nano particles labeled cells, the specimens were
imaged using a T1-weighted imaging sequence. The strongest signal depression was
found with fluidMAG-D/12 particles (not shown). LSM images of PE-specimen
with DIL labeled cells showed a homogeneous distribution of labeled cells (Fig.1).

First, specimens were implanted into the ear concha to test the in vivo
compatibility of the hybrid system. No inflammation was observed but MRI was
unable to identify the implants although the in vitro controls showed a clear signal
loss. Histological staining of the specimen exhibited iron positive areas around the
PE-implant.
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Fig. 1 LSM-image of DIL labeled cells grown on porous PE-surfaces

The ear concha as an air filled area appears dark and the implant could not be
discriminated because they additionally reduce the signals. Therefore, in further
experiments implants were placed onto the calvaria and forehead to avoid this
problem. Figure 2 (a-b) presents the MRIs of labeled specimen one week after
implantation in vivo. Under this condition the implants were easily detectable.

Fig. 2 MRI — control of the guinea pig one week (A;B) and 16 weeks (C,D) after implantation of the cell
seeded PE — implant(arrows). Cells labeled with Endorem.

3.3. Histological Examinations

Prussian blue staining showed the FE-particles in the direct neighborhood to the
implant (Fig.3a). The fluorescence signal was very weak, compared with the
starting signal (Fig.3b
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Fig. 3 Prussian blue staining of cell seeded porous PE specimen(a). Cells labeled with Fe-nano particles,
after 4 month in vivo (b).

4. DISCUSSION

De Potter et al.* demonstrated the fibrovascularisation of PE spheres after
enucleation. MRI was used for serial axial postcontrast T1 weighted images of 10
patients. A 1.5 Tesla system was used for control monitoring up to one year to. But
the MRI results without histological correlation had to interpret with caution.

In 2004 a group from France’ reported about patella cartilage repairs evaluation
in an animal study 20, 40 and 60 days after implantation with T2 mapping in an
8.5T system. The analysis was performed with frozen specimen ex vivo. The results
were compared with the histological analysis of the same specimen and a good
correlation was found. Nevertheless the detection of cartilage repair was performed
ex vivo and, therefore, the authors offered MR biopsy with the help of T 2 mapping.

Gosau et al.® reported the difficulties to exhibit Medpor (PE) — implants with
imaging systems like ultrasound, CT or MRI.

Choi et al.” used Gd- enhanced T1 —weighted sequences in an animal experimental
study comparable to the above mentioned clinical observations by de Potter’.
Shapiro et al.® used ultra small iron oxide nano particles (USPIO dextran coated,
0.96um-5.80um in diameter) successfully to label single cells of different origin.
Further research has been done to improve the relation of iron to particle size. Stroh
et al.” described the use of very small super paramagnetic iron oxide particles
(VSOP) with 9nm in diameter due to monomer citrate coating and detected
embryonic stem cells in rat brain. The authors used a 17.6 T magnet; the highest
magnetic field available for MRI of rodents. Shapiro et al.® utilized a 7.0 and 11.7 T
devices. Another group of Hill et al.'® labeled mesenchymal stem cells with iron
fluorescent particles and detected the labeled cells after injection into the heart of
mini pigs up to 3 weeks after labeling in vivo. An 1.5 T magnet was used. After
explantation cells were detected by fluorescence microscopy and Prussian blue
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staining. The described methods seem to be useful tools to follow the processing of
tissue engineered cartilage in vivo.

The additional labeling with Fe-nano particles enables an in vivo detection of

the cells by MRI. Further experiments are necessary to evaluate the reaction of
foreign body giant cells with respect to the amount Fe labeled cells and the
exhibition of the labeled hybrid system in the concha as air filled area.
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Superparamagnetic Iron Oxides (SPIOs) have been investigated for almost two decades and
proven their usefulness as contrast agents for human MR imaging. Recently, magnetic particle
Imaging (MPI) has emerged as a new technique for the visualization and quantification of
SPIOs. In this contribution, different commercial SPIOs are evaluated using a magnetic
particle spectrometer (MPS).

1. INTRODUCTION

SPIOs have been proven as a contrast agent for human MR lymphography and
characterization of hepatosplenic tumors. Furthermore, experimental studies have
been performed with SPIOs for the detection of macrophages in animal models for
different disease of the central nervous system including inflammation, tumors, or
ischemia, in bone marrow alterations and atherosclerotic plaques. However, for
clinical applications, USPIOs still require rather high doses of the contrast agent,
and lesions are only indirectly visualized by susceptibility artifacts. Therefore,
although USPIOs have been used in experimental studies for almost two decades
the compounds have not found their way into daily clinical routine.

Recently, magnetic particle imaging (MPI)' has emerged as a new technique for
the visualization and quantification of iron oxide based contrast agents ex-vivo as
well as in-vivo. Whereas in MRI the pharmacokinetic properties of the compounds
are important, in MPI the size and the isotropy of the magnetic core are most
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crucial. Therefore, our study aimed to characterize different USPIOs with regard to
their potential as MPI contrast agents and clinical requirements are discussed.

2. MATERIAL AND METHODS

To exploit the imaging performance of MPI for different SPIOs, the nanoparticle
signal excited at the FFP can be explored using magnetic particle spectroscopy.’
The MPS can be interpreted as a zero dimensional MPI system, i.e. the gradient
field is omitted and only the oscillating field is used. Thus, all particles are exposed
to the same magnetic field. For the experiments, the magnetic field amplitude was
set to be between 10 mT and 30 mT, while the oscillating frequency was chosen to
25 kHz. The MPI performance of different particles can be measured by the number
of harmonics that can be acquired before the signals spectrum drops below the noise
level.

To characterize their potential with regard to the detection of harmonics four
different SPIOS are investigated in this study: Resovist” (Bayer Schering Pharma
AG, Berlin, Germany), Endorem™ (Guerbert S.A., Villepinte, France), Lumirem®
(Guerbert S.A., Villepinte, France) and Sinerem® (Guerbert S.A., Villepinte,
France). The application in MRI of the SPIOs differs.

Whereas Resovist and Endorem are approved MRI contrast agents for the liver,
Sinerem is used for detection of metastatic disease in lymph nodes and Lumirem for
examinations of the bowel. Lumirem is for oral ingesting, while the others are
delivered by infusion. The coating of Sinerem and Endorem is based on dextran and
the one of Resovist is carboxydextran. Lumirem is the only one, with a coating
based on modified silane. All of these USPIOs have a superparamagnetic iron-oxide
core (Fe;0,) but with different core sizes. An explicit overview of the properties of
the different SPIOS is given in Tab. 1.

To measure the SPIOs in the MPS, they are separately filled with Eppendorf
pipettes in tubes of volume 10 ul. For comparison, the presented signals are
normalized to an iron concentration of 500 mmol/L. In all measurements, the total
acquisition time is set to 10 s providing a high signal-to-noise ratio.
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Tab. 1 Overview of the properties of the different SPIOs.

Concentration
(mmol/l)

USPIO Coating Hydrodyn. Iron-core
diameter (nm) diameter (nm)

Resovist Carboxydextran

Endorem Dextran

Sinerem Dextran 20 4-6 377

Lumirem Silane 300 8-10 3.1

3. RESULTS AND DISCUSSION

Resovist, an approved T2* contrast agent for MRI, is the most important benchmark
material as it exhibits some and so far the best MPI performance. However, even
though Resovist is superior to the other tested SPIOs and thus is a good choice for
imaging with MPI today, there is still considerable room for improvement in the
tracer material. The reasoning behind this is that Resovist consists of particles with
different sizes following a log-normal distribution.

The majority of particles is smaller than 20 nm and contributes a signal to only
some of the lower harmonics, whereas a small fraction of the particles has 20 nm
core diameters and determines the slope of all higher harmonics. Furthermore,
Resovist deviates for different on the market available batches with regard to the
distribution of nanoparticle sizes. Due to a wide distribution of sizes within the
batches, especially within the desired particle size range of 20 nm, different
magnetic spectra can be measured by MPS.

Finally, due to the hydrodynamic diameter larger than 50 nm, Resovist is
classified as a SPIO rather than an USPIO; thus Resovist is predominantly
concentrated in the liver and spleen, with reduced or minimal uptake in the
macrophages of the deep compartments. Hence, Resovist might be the best
commercial available contrast agent for MPI yet but would demonstrate several
drawbacks in clinical routine.

Only particles with a hydrodynamic diameter of 50 nm and less (USPIOs) will
enable the potential use as a long circulation contrast agent, which allow blood pool
imaging or the detection and treatment of inflammatory or degenerative disorders.
Thus, there is a strong interest in synthesizing monodisperse nanoparticles of
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minimum size 30 nm potentially allowing for an increase in sensitivity by a factor
of 100 using MPI.

4. CONCLUSION

Superparamagnetic iron oxide particles (SPIOs) have been widely used
experimentally for numerous in vivo applications such as magnetic resonance
imaging contrast enhancement but only a few scientific investigations and
developments have been carried out in improving the quality of magnetic particles,
their size distribution, their shape and surface. MPI, as a potential technique
allowing new radiation-free applications in molecular diagnostics, image guide
therapy and therapy monitoring, demands to focus on these issues. The diameter of
the core and types of specific coating for these nanoparticles influence not only the
performance of this new technique but rather the end application and should be
chosen by keeping a particular application in mind, whether it be aimed at i.e.
inflammation response or anti-cancer agents.
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The crystal size of Large Single Domain Particles (LSDP) of magnetite is assumed
to range between 20 und 100 nm. In this region the particles show increasing
coercivity and relative remanence with increasing particle diameter [1].

The extraordinary magnetic properties of these particles and the corresponding
dispersions can be used in magnetorelaxometry (MRX), magnetic resonance
imaging (MRI), magnetic particle imaging (MPI), hyperthermia, drug targeting, and
magnetofection.

The preparation problem is to establish a sufficient colloidal stability. This
problem will be discussed here from the point of the DLVO-theory as well as with
some experimental test results.
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Colorectal cancer (CRC) is one of the most commonly diagnosed cancers and shows
one of the highest mortality rates. This need not be the case as the disease is readily
curable if recognized and treated early. Unfortunately, only 39% of CRCs are
detected at such an early stage, mostly due to the reluctance of patients to undergo
the recommended invasive diagnostical tests such as flexible sigmoidoscopy or
colonoscopy. Thus, there is a need for less embarassing, non-invasive diagnostic
tests for CRC.

We set out to develop such a diagnostic procedure. For this purpose we make
use of our finding that the so-called glycocalyx, a dense network of highly
glycosylated proteins and lipids that are anchored in the apical cell membrane of the
healthy mucosal epithelium, is lacking on colorectal neoplasia. The absence of such
a cell coat on the dedifferentiated cells should allow specific binding of particulate
ligands to membrane receptors which, in the healthy epithelium, are shielded by the
glycocalyx and thus are inaccessible for particles.

If a contrast agent is made up of superparamagnetic iron oxide nanoparticles
covered with membrane receptor ligands the highlighted neoplastic lesions should
be visible by Magnetic Particle Imaging.
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Superparamagnetic nanoparticles of iron oxides (SP1O and USPIO) have become a
major tool for medical imaging with a wealth of applications. For nearly 20 years,
research in the field of magnetic resonance imaging (MRI) contrast agents has been
oriented towards the study and development of these iron oxide nanoparticles,
because they are highly effective in MRI as strong enhancers of proton relaxation
(1/T1, 1/T2 and 1/T2%).

The multiple components which govern the efficacy of these agents require
them to be characterised as accurately as possible by information such as the size of
the iron oxide crystals, the charge, the nature of the coating, the hydrodynamic size
of the coated particle, etc. These physico-chemical characteristics not only affect the
efficacy of the superparamagnetic particles in MRI but also their stability,
biodistribution and metabolism as well as their clearance from the vascular system.

The aim of this presentation is to present

1. the MRI efficacy of iron oxide nanoparticles

2. the physico-chemical characterisation of iron oxide nanoparticles

3. the clinical applications of iron oxide in MRI illustrated by new results
obtained with the USPIO P904 in MR angiography, atherosclerosis and
Alzheimer imaging.
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imaging modality based on magnetic nanoparticles is given.
This imaging concept, called magnetic particle imaging (MPI),
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