International Journal of Nanomedicine downloaded from https://www.dovepress.com/ by 137.108.70.14 on 19-Jan-2020

For personal use only.

International Journal of Nanomedicine

3

Dove

ORIGINAL RESEARCH

Magnetic particle imaging: kinetics of the
intravascular signal in vivo

Julian Haegele'

Robert L Duschka'
Matthias Graeser?
Catharina Schaecke'
Nikolaos Panagiotopoulos'
Kerstin Lidtke-Buzug?
Thorsten M Buzug?

Jorg Barkhausen'

Florian M Vogt'

'Clinic for Radiology and Nuclear

Medicine, 2Institute of Medical
Engineering, University Hospital

Schleswig Holstein, Liibeck, Schleswig-

Holstein, Germany

Correspondence: Julian Haegele

Clinic for Radiology and Nuclear
Medicine, University Hospital Schleswig
Holstein, Ratzeburger Allee 160, Libeck,
Schleswig-Holstein, Germany

Tel +49 45 1500 6496

Fax +49 45 1500 6497

Email julian.haegele@uksh.de

This article was published in the following Dove Press journal:
International Journal of Nanomedicine

3 September 2014
Number of times this article has been viewed

Background: Magnetic particle imaging (MPI) uses magnetic fields to visualize superpara-
magnetic iron oxide nanoparticles (SPIO). Today, Resovist® is still the reference SPIO for
MPI. The objective of this study was to evaluate the in vivo blood half-life of two different
types of Resovist (one from Bayer Pharma AG, and one from I’rom Pharmaceutical Co Ltd)
in MPL.

Methods: A Resovist concentration of 50 wmol/kg was injected into the ear artery of ten
New Zealand White rabbits. Five animals received Resovist distributed by I’rom Pharmaceuti-
cal Co Ltd and five received Resovist by Bayer Pharma AG. Blood samples were drawn before
and directly after injection of Resovist, at 5, 10, and 15 minutes, and then every 15 minutes
until 120 minutes after the injection. The MPI signal of the blood samples was evaluated using
magnetic particle spectroscopy.

Results: The average decline of the blood MPI signal from the two distributions dif-
fered significantly (P=0.0056). Resovist distributed by Bayer Pharma AG showed a slower
decline of the MPI signal (39.7% after 5 minutes, 20.5% after 10 minutes, and 12.1%
after 15 minutes) compared with Resovist produced by I’rom Pharmaceutical Co Ltd (20.4%
after 5 minutes, 7.8% after 10 minutes, no signal above noise level after 15 minutes).
Conclusion: In MPI, the blood half-life of an SPIO tracer cannot be equalized to the blood
half-life of its MPI signal. Resovist shows a very rapid decline of blood MPI signal and is thus
not suitable as a long circulating tracer. For cardiovascular applications in MPI, it may be used
as a bolus tracer.

Keywords: magnetic particle imaging, superparamagnetic iron oxide nanoparticles, magnetic
particle spectroscopy, blood half-life time, Resovist®

Introduction
Magnetic particle imaging (MPI) is a new three-dimensional imaging method using
static and dynamic magnetic fields to visualize the distribution of superparamagnetic
iron oxide nanoparticles (SP10s).! Imaging relies thereby on three characteristics of
the SPIO, ie; their superparamagnetic nature, their nonlinear magnetization curve, and
their ability to be magnetically saturated.”? Because of these characteristics, MPI can
visualize and quantify the spatial distribution of SPIO, providing very high temporal
and spatial resolution combined with high signal-to-noise ratios. Possible application
scenarios for MPI might include cardiovascular imaging and even guidance of cardio-
vascular interventions.>* In principle, MPI would allow visualization and quantifica-
tion of vascular pathologies while also being able to determine additional functional
parameters in one examination. Further, MPI could be used as an imaging method for
percutaneous transluminal coronary angioplasty, if indicated.

Apart from the need for suitable MPI scanners, this diagnostic and therapeutic path-
way relies on appropriate tracer material. Ideally, long circulating SPIO are desirable,
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and should be able to provide a sufficient signal within the
vessels after a single tracer injection at the beginning of
the procedure, so a diagnostic scan and intervention can be
done consecutively. The circulation time of SPIO in blood is
mainly determined by their overall so-called hydrodynamic
diameter. Although SPIO with a greater dimension of the
iron oxide core, and consequently a larger hydrodynamic
particle size, improve the superparamagnetic behavior of
contrast agents in general, the coatings play a major role in
the biodistribution and lesional uptake of SPIO. Previous
reports demonstrate that SPIO with a hydrodynamic size
greater than 50 nm have in common rapid and specific uptake
by the reticuloendothelial system, and thus are cleared rapidly
from the blood stream. Compared with magnetic resonance
imaging (MRI), the properties of SPIO not only influence
pharmacokinetics but also greatly influence the quality and
sensitivity of the entire MPI system. To achieve high per-
formance in MPI, an ideal tracer should exhibit SPIO with
a homogeneously distributed iron core diameter of 30 nm,
resulting in a relatively high hydrodynamic diameter and a
shorter half-life in blood.'

Although the characteristics of an ideal MPI tracer are
well understood in theory, and this issue has been addressed
by many working groups, no MPI-specific tracer has reached
the marketplace so far. Since the advent of MPI, many
SPIO agents have been evaluated for their usefulness in
MPI.> Resovist®, an approved T2* contrast agent for MRI,
is the most important benchmark material, and remains the
best performing commercial SPIO for MPI today and the
standard of reference for evaluation of MPI hardware and
application, although it has known drawbacks, ie, a hydrody-
namic diameter greater than 50 nm and therefore, a limited in
vivo distribution.® However, in the context of cardiovascular
MPI, knowledge about the pharmacokinetics of Resovist,
especially its half-life in blood, is important. Naturally, this
issue was investigated about 20 years ago, when Resovist
was evaluated as a contrast agent for MRIL.” However,
because the imaging principle is fundamentally different
in MPI, results from MRI cannot be easily extrapolated to
MPI, as not all Resovist particles contribute equally to
the MPI signal and larger particles are cleared more rapidly
by the reticuloendothelial system (RES). Thus, the aim of this
study was to evaluate the blood half-life of MPI using magnetic
particle spectroscopy (MPS), given that it may differ signifi-
cantly from the blood half-life in MRI. Marketing of Resovist
by Bayer Pharma AG (Berlin, Germany) has been discontin-
ued, and it is only available now from the Japanese distributor,
I’rom Pharmaceutical Co Ltd (Tokyo, Japan). However, until

now, most MPI experiments were done using Resovist from
Bayer Pharma AG, whereas most working groups now use
Resovist from I’rom Pharmaceutical Co Ltd.

Materials and methods

The experimental protocol was approved by the state regu-
lations governing the performance of animal studies. All
experiments were conducted under strict adherence to the
guidelines for the care and use of laboratory animals as
described by the National Institutes of Health.

Iron oxide nanoparticles

Two different versions of Resovist were studied, ie, that dis-
tributed by Bayer Pharma AG in Europe and that distributed
by I’rom Pharmaceutical Co Ltd. Resovist was developed as
a RES-specific MRI contrast agent for liver imaging. It was
approved for clinical use in 2001 in Europe and in 2002 in
Japan.?’ Marketing of the Bayer Pharma AG product has
now been discontinued in Europe.

In vivo study

Resovist (50 umol/kg) was administered into the ear artery
of ten female New Zealand White rabbits after drawing of
a control blood sample. Five animals received Resovist by
I’rom Pharmaceutical Co Ltd and five by Bayer Pharma
AG, respectively. Each rabbit weighed approximately
4 kg. Directly (about 30 seconds) after administration of
Resovist, a second blood sample was collected as a base-
line sample (T,) from the contralateral ear artery to avoid
contamination with residual Resovist. This was repeated
after 5, 10, 15, 30, 45, 60, 75, 90, 105, and 120 minutes.
During the experiments, the animals were kept under full
anesthesia by bodyweight-adapted subcutaneous injection
of ketamine hydrochloride (0.7 mL/kg bodyweight; Ceva
Animal Health, Disseldorf, Germany) and xylazine hydro-
chloride (0.3 mL/kg bodyweight; Ceva Animal Health).
Blood samples were collected in accordance with the recom-
mendations of the German Society for Laboratory Animal
Science. !

Magnetic particle spectroscopy

The MPI signal was evaluated using MPS. MPS can be
described as a zero-dimensional system that measures the
remagnetization spectrum of SPIO. In MPS, only the oscil-
lating magnetic field that excites the SPIO is used. The
magnetic gradient field, which is used for spatial encoding
in MPI, is omitted.!" Using MPS it is possible to evaluate
the quality of the MPI signal of particles, so the applicability
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of the particles for MPI can be characterized. In an ideal
superparamagnetic particle, the spectra consist only of odd
harmonics due to the symmetry of the particle magnetiza-
tion curve. In an experimental setup, even harmonics are
added by the earth’s magnetic field, but can be neglected in
evaluation of the particles.!? Thus, the signal strength can be
determined by evaluating the odd harmonics of SPIO above
noise level. The magnitude of the signal is proportional to
the concentration of the SPIO.

As in previous experiments,® the MPS excitation fre-
quency was 25 kHz (as is most common in MPI systems),
the magnetic field amplitude was 20 mT, and the acquisition
time was 5 seconds (corresponding to 125,000 repetitions)
to provide a high signal-to-noise ratio.

Ex vivo blood sample analysis

Ten milliliters of each blood sample were transferred into
individual Eppendorf tubes directly after sampling, and
then measured using MPS. The signal strength of the odd
harmonics from the third to the 49th harmonic was measured
at each time point and related to the signal strength of the
baseline sample (T,). Thus, the decline of the MPI signal
in blood could be described in relation to the signal maxi-
mum at baseline directly after administration of Resovist.
For each group, ie, Resovist distributed by Bayer Pharma
AG and I’rom Pharmaceutical Co Ltd, respectively, the
average (* standard deviation) decline in signal strength was
calculated for each time point.

Evaluation of Resovist

Ten microliters of pure Resovist (500 pumol Fe/mL) were
drawn from each package unit and diluted using Ringer’s
solution to 400, 300, 200, 100, 80, 60, 40, 20, 10, 8, 6,4,2, and
1 umol Fe/mL. All samples were measured using MPS. The
hydrodynamic diameter and size distribution of the SPIO
for the two different types of Resovist were measured using
photon cross correlation spectroscopy (Nanophox, Sympatec
GmbH, Clausthal-Zellerfeld, Germany). In photon cross

correlation spectroscopy, the particle size is measured by
three-dimensional cross correlation of the scattered light of
two intersecting focused laser beams. !

Statistical analysis

The statistical significance of the difference in the signal
decay in blood between the two types of Resovist was calcu-
lated using the Mann—Whitney U-test. Further, the statistical
significance of the difference between the two package units
in the dilution series was calculated in the same way. In both
cases, P-values <0.05 were considered to be statistically
significant.

Results

Injection of contrast medium and collection of blood samples
proved feasible. All animals survived the experiments with-
out any notable adverse reactions to the contrast agents.

The average MPI signal in blood declined to 30% of the
baseline signal 5 minutes after injection. Ten and 15 minutes
after injection, the average MPI signal was 14.8% and 7%,
respectively, of the baseline signal. Within 30 minutes,
the MPI signal was below the noise level of the MPS
(see Table 1). Regardless of this result, the MPI signal was
measured consecutively until 120 minutes after application;
however, it was still not possible to detect any signal above
the noise level. The noise level was as high as 3.4% of the
average baseline signal.

For further evaluation, the signal decline for both types of
Resovist was compared. The signal for Resovist from Bayer
Pharma AG decreased to 39.7% of baseline after 5 minutes,
to 20.5% after 10 minutes, and to 12.1% after 15 minutes.
The signal for Resovist from I’rom Pharmaceutical Co Ltd
showed a rapid decrease to 20.4% of the baseline signal after
5 minutes and to 7.8% after 10 minutes (see Table 1 and
Figure 1); in contrast with Resovist from Bayer Pharma AG,
the signal dropped below noise level even after 15 minutes.
This difference was statistically significant (Mann—Whitney
U-test, P=0.0056).

Table | Strength of MPI signal in blood, measured by MPS as the percentage of the highest blood MPI signal directly after administration
of Resovist® at baseline

Baseline 5 minutes 10 minutes 15 minutes 30 minutes
Resovist (Bayer Pharma AG) 100% 39.7%%8% 20.5%16% 12.1%+5% 319%+3%
Resovist (I'rom Pharmaceutical Co Ltd) 100% 20.4%+10% 7.8%+4% 1.9%1+2%* 0.7%%0.4%*
Mean 100% 30.0%+13% 14.8%+7.8% 7.0%+6% 1.9%+2%*

Notes: Values are shown as the mean + standard deviation. There is a statistically significant difference in signal decay between of the two types of Resovist (P=0.0056,
Mann-Whitney U-test). From 30 to 120 minutes, in case of Resovist (I'rom Pharmaceutical Co Ltd) after |5 minutes, there was no measurable signal above the noise level
of the magnetic particle spectrometer. *Signal below noise level.

Abbreviations: MPI, magnetic particle imaging; MPS, magnetic particle spectroscopy.
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Figure | Average strength of the MPI signal in blood as a percentage of the highest
blood MPI signal directly after administration of Resovist® (time, 0 minutes).
Notes: The noise level of the MPS system is indicated by the dotted line. The
MPI signal of Resovist from I'rom Pharmaceutical Co Ltd decays significantly more
rapidly than that of Resovist from Bayer Pharma AG, and drops below the noise
level after 15 minutes.

Abbreviations: MPI, magnetic particle imaging; MPS, magnetic particle spectroscopy.

In contrast with the signal decay, the absolute signal
strength of the baseline blood MPI signal was not signifi-
cantly different between the two Resovist products (1.60e-
818, 09¢-9 Am*Hz! for Resovist from Bayer Pharma AG
and J1.98e-814, 13e-9 Am?Hz! for Resovist from I’rom
Pharmaceutical Co Ltd, P=0.3953, Mann—Whitney U-test,
see Figure 2).

In addition, the dilution series showed no statistical
significant difference in MPI signal decay between the two
compounds (Mann—Whitney U-test, P=0.6241, see Figure 3).
Photon cross correlation spectroscopy showed a median
hydrodynamic diameter (x,,) of 70.54 nm for Resovist
from Bayer Pharma AG and 61.86 nm for Resovist from
I’rom Pharmaceutical Co Ltd. The size distribution was
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Figure 2 Average baseline signal strength of Resovist® from Bayer Pharma AG and

from I'rom Pharmaceutical Co Ltd.

Notes: The first five odd harmonics of the excitation frequency f=25 kHz are

shown. There is no statistically significant difference in signal strength at baseline,

indicating a similar performance of both products in MPI considering the MPI signal.

The noise level of the MPS system is indicated by the dotted gray line.

Abbreviations: MPI, magnetic particle imaging; MPS, magnetic particle spectro-

scopy.
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Figure 3 Average signal strength of a dilution series of Resovist® from Bayer Pharma
AG and from I'rom Pharmaceutical Co Ltd.

Notes: The signal strength was measured using MPS. The performance of Resovist
from I'rom Pharmaceutical Co Ltd is slightly but not significantly better at higher
concentrations. At lower concentrations, no difference can be detected between
the two types of Resovist.

Abbreviation: MPS, magnetic particle spectroscopy.

X,,60.41 nm and x,,82.07 nm (x,/x,,=1.36) for Resovist
from Bayer Pharma AG and x,, and x,,51.16 nm and

73.08 nm (x,/x,,=1.4) for Resovist from I’rom Pharmaceuti-
cal Co Ltd.

Discussion

This study carries three messages that we believe to be
important. First, Resovist is not suitable as an intravascular
tracer in terms of prolonged circulation. Given the current
lack of alternatives in MPI, it may be used as a bolus tracer
either intravenously for a diagnostic scan or be applied
during a cardiovascular intervention using an intravascular
catheter. This of course is limited by the maximum permis-
sible dose. The present study underlines once more the need
for a dedicated MPI tracer with a prolonged blood half-life
of its MPI signal. Second, it highlights the fact that the
blood half-life of the MPI tracer cannot be equalized to the
blood half-life time of the MPI signal. The concordance of
these two values depends on the fraction of particles con-
tributing to the MPI signal. Third, the difference in blood
half-life between Resovist sourced from Bayer Pharma
AG and that from I’rom Pharmaceutical Co Ltd has to be
taken into account when comparing different studies. Further,
due to the inhomogeneous size distribution from batch to
batch, it is even possible that tracers of the same type show
differences in blood half-life.

The rapid decay of the MPI signal is in concordance with
the initial phase of elimination of Resovist in the studies con-
ducted in humans using MRI. In their MRI studies, Hamm
et al'* observed two phases of elimination of the contrast
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agent. In the first phase, about 80% of the Resovist concentra-
tion was cleared, with a blood half-life of 3.9-5.8 minutes,
whereas that of the second phase was 2.4-3.6 hours. The
blood half-life was therefore independent of the concentra-
tion administered.' The package insert for Resovist states
that the first phase is 15.6+11.4 minutes and the second
phase is 4.36£0.75 hours.® In contrast, no second phase of
tracer elimination could be detected using MPS in our study.
This difference can be explained by the different principles
of signal generation in MPI and MRI, and the broad size
distribution of the SPIO in Resovist. In MRI, the effect of
the SPIO is a shortening of the T2 time in the surrounding
tissues, leading to a signal loss, especially in T2* weighted
images. Thus, in MRI, SPIO work as an indirect contrast
agent influencing the signal characteristics of the surrounding
tissue. This occurs independently of the size of the SPIO, as
long as they still have superparamagnetic characteristics.
In MPI, the SPIO are visualized directly by their change of
magnetization in an oscillating magnetic field. Thus, they work
like a tracer and not like a contrast agent. As mentioned above,
the diameter of the iron core should be around 30 nm for an
ideal MPI signal.! In Resovist, theoretically only 3% of par-
ticles meet this criterion and contribute substantially to the MPI
signal.! Recently, Eberbeck et al® demonstrated by analysis of
the M(H) curve for Resovist that there are clusters of smaller
SPIO in Resovist that behave like single domain particles and
have an effective mean iron core diameter of 24+ 1 nm. In their
data, this fraction of particle clusters amounted to 30%t3%
of the nanoparticles in Resovist and explain its good MPI
performance.® The other fraction of SPIO in Resovist has an
effective mean iron core diameter of 5.5+3 nm, and does not
contribute substantially to the MPI signal.® It is important to
note that the physical mean iron core diameter as measured
by, eg, transmission electron microscopy and vibrating sample
magnetometry, is between 5 nm and 15 nm, as described by
many working groups, and the clusters contributing most of
Resovist’s MPI-signal as described in Eberbeck et al® contain
these smaller particles, as can also be shown by transmission
electron microscopy.*!*1 These clusters may also account
for a fraction with a larger hydrodynamic diameter than the
other particle fractions in Resovist. These would be cleared
more rapidly from the blood by the reticuloendothelial system
and the MPI signal would decrease more rapidly than the
actual concentration of the tracer measured, eg, on MRI. This
explanation is supported by a study reported by Khandhar
et al."” The authors evaluated Resovist and a self-designed
tracer for their MPI performance in mice and showed that
the decay of the MPI signal from Resovist in blood was

considerably faster than the decay of the magnetization curve
measured by vibrating sample magnetometry. This also indi-
cates that there are Resovist particles left in the blood that do
not contribute to the MPI signal." In contrast with our results,
they observed an even faster decrease in the MPI signal to
below noise level within 10 minutes. This is probably due to the
differing sensitivities of the respective MPS systems, as there
are no international standardized systems on the market as yet.
Given that Khandhar et al'’ did not reveal the dose of Resovist
related to body weight of the mice, differences in the dose
of Resovist initially applied might explain the shorter “time
above noise level” as well. Further, Khandhar et al described
an initial slow increase of MPS signal from 0 to 5 minutes
after administration."” This also seems to be in contrast with
the findings of Weizenecker et al,” who were the first group
to present in vivo MPI images, which visualized the beating
heart of a mouse after application of a bolus of Resovist from
Bayer Pharma AG. An approximate equilibrium was achieved
in their study about 15 seconds after intravenous injection,
and a rapid decay of the tracer concentration determined by
the MPI demonstrator in the vena cava from about 3.8 mmol
Fe/L at first pass to 0.28 mmol Fe/L at third pass 10.2 seconds
later was described.?” In summary, it seems that the Resovist
particles contributing most to the MPI signal are cleared most
rapidly from the blood.

Interestingly, we found a significant difference in blood
half-life between Resovist manufactured by Bayer Pharma
AG and that manufactured by I’rom Pharmaceutical Co
Ltd. However, our measurements do not indicate significant
differences in hydrodynamic diameter or size distribution,
which would be the most likely explanation for these differ-
ences in blood half-life. Resovist from Bayer Pharma AG
showed a slightly larger hydrodynamic diameter than that
from I’rom Pharmaceutical Co Ltd. A difference in formula-
tion of the polymeric coating is improbable, given that the
Japanese company that developed Resovist in cooperation
with Schering AG (Berlin, Germany) still produces the drug
substance for Resovist, ie, Ferucarbotran (Meito Sangyo Co
Ltd, Nagoya, Japan). Further, there is no discrepancy in the
baseline signal strength or signal loss in the dilution series
between the two types of Resovist, ie, the MPI performance of
the tracers. Resovist from I’rom Pharmaceutical Co Ltd per-
formed slightly, albeit not significantly, better than Resovist
from Bayer Pharma AG (Figure 3). All MPI-specific research
to date regarding particle characterization and dynamics has
been conducted using Resovist from Bayer Pharma AG,
and there are no such data for Resovist from I’rom Pharma-
ceutical Co Ltd. Tsuchiya et al?! indicate that the iron core
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diameter of Resovist from I’rom Pharmaceutical Co Ltd is
5 nm, but do not provide a reference for this or a method for
how the iron core diameter was measured. Given that the MPI
performance of Resovist sourced from the two distributors
is almost the same, it is highly probable that the mechanism
of clustering of Resovist particles as described by Eberbeck
et al’ for Resovist by Bayer Pharma AG holds true, otherwise,
the MPI performance would be well below that of Resovist
distributed by Bayer Pharma AG.

Thus, for Resovist to be used further in the setting of MPI,
two issues have to be considered. Firstly, the distribution of
Resovist by Bayer Pharma AG in Europe has been discon-
tinued and it is no longer commercially available. Therefore,
Resovist distributed by I’rom Pharmaceutical Co Ltd may
be the standard of reference until a dedicated SPIO tracer
is marketed, whereas the first in vivo experiments in MPI
were conducted using Resovist distributed by Bayer Pharma
AG.? This should be considered when evaluating experimental
results. Secondly, the difference in blood half-life between the
two compounds is significant, but not as high as to indicate
a change of application. As we showed, in accordance with
other investigators, the MPI signal of Resovist in blood lacks
the second, slower elimination phase observed in MRI and
rapidly decays below noise level, so is not ideal for applica-
tions requiring long circulating or even blood pool tracers. In
this study, the MPI signal was measured using MPS, which
is known to be the most sensitive method for signal detection;
thus, the time frame in which Resovist can be visualized with
current and upcoming MPI scanners will probably be even
shorter, and Resovist will most likely be suitable only as a
bolus tracer for vascular applications.

In addition to the challenges concerning scanner design,
the design of tracers will be a key aspect in future develop-
ment of MPI. SPIO formulations originally designed for
MRI do not exhibit ideal MPI characteristics, so research is
now focused on development of a dedicated MPI tracer, ie,
an SPIO tracer with a homogenously distributed iron core
diameter of about 30 nm.%!®1%22 Here, Resovist serves as
an international standard of reference for the performance
of MPI using new tracers. MPS is the most important tool
for evaluation, but magnetorelaxometry, vibrating sample
magnetometry, and M(H) curves are also important tools,
particularly for description, and explain the sometimes
complex MPI performance of SPIO.%!%!° Apart from the
need for ideal MPI characteristics, mostly determined by
the iron core and the homogenous size distribution of the
particles, pharmacokinetics have a crucial role in the use
of the tracer in vivo. For long circulating tracers, a small

hydrodynamic diameter is desirable. Because the iron core
diameter should be 30 nm, the minimum hydrodynamic
diameter is limited, even if the coating is made of, eg, thin
monomer layers. Thus, other strategies also have to be evalu-
ated. Recently, Rahmer et al reported a proof of principle
study in which red blood cells in mice were loaded with
Resovist, enabling MPI of the vascular system for several
hours after application.”* Another option might be to modify
the coating and charge on the SPIO in order to enhance
circulation time.* Outside the MPI community, a lot of
research has already been conducted with regard to different
SPIO particle coatings and surface modifications for specific
areas of application, eg, for targeted imaging or to prolong
the blood circulation time, and MPI can benefit from this
knowledge. In order to enable cooperation and dissemina-
tion of knowledge, a standardized physicochemical testing
protocol as a part of particle development is desirable, as
already proposed.?2¢ These standards may even simplify
the long way from “bench to bedside”.

However, Resovist remains the only industrially pro-
duced (in Japan) and approved SPIO formulation applicable
for MPI. Feraheme® (ferumoxytol, AMAG Pharmaceuticals,
Waltham, MA, USA) is a SPIO formulation approved by
the US Food and Drug Administration for the treatment of
iron deficiency anemia in adult patients with chronic kidney
disease, but is not approved for MPI due to its inadequate
MPI signal characteristics.

A limitation of our study is the relatively small number of
animals included. Additionally, the diverging performance of
the two types of Resovist could not be fully elucidated. There-
fore, studies of different batches of Resovist in larger groups
of animals may be necessary. Further, analysis of Resovist
distributed by I’rom Pharmaceutical Co Ltd corresponding to,
ie, Eberbeck et al, should be executed in the future.® Ideally,
the pharmacological formulation of the two distributions
should be analyzed in detail, because this may be a reason
for the different half-life times. Finally, the results need to
be confirmed by visualization of vessels in larger animals in
real time to determine the effect on MPI in vivo.

Conclusion

In conclusion, our study shows that Resovist is not a suitable
tracer for applications requiring a long circulation time of the
MPI tracer in blood. More importantly, our study highlights a
difference in a tracer’s blood half-life with regard to the MPI
signal on the one hand, and the MRI signal and iron concen-
tration on the other. Interestingly, there are even distinctions
between different distributions of the same pharmaceutical
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Dove

MPI: kinetics of the intravascular signal

agent, in this case Resovist by Bayer Pharma AG and I’'rom
Pharmaceutical Co Ltd. Consequentially, all SPIO formula-
tions have to be evaluated for the half-life of the MPI signal
in blood before use in MPI.
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