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Abstract

In Magnetic Particle Imaging, the spatial distribution of a tracer is measured and depicted with a concentration
dependent signal intensity for any location that contains particles, whereas surrounding tissue does not provide
any signal. After tracer injection, the signal over time (positive contrast) can be utilized as a transient response to
calculate dynamic diagnostic parameters like perfusion parameter maps. In this work, a bolus of physiological saline
solution without any particles (negative contrast) is proposed, where the remaining steady state concentration
contributes to the image contrast. This opens up the possibility to stretch the total monitoring time of a patient by
utilizing a positive-negative contrast sequence, while keeping the total iron dose constant in the subject. Resulting
time responses show that normalized signals from positive and negative boli are concurrent in the phantom

experiments, indicating identical diagnostic parameters for in-vivo use.

. Introduction

In Magnetic Particle Imaging (MPI), the visualization of
tracer is based on its exposure to a range of different
magnetic fields for excitation and spatial selection [1].
Image reconstruction in MPI yields a snapshot of the
spatial tracer distribution. In other words, an image sig-
nal greater than zero will be reconstructed where parti-
cles are located (positive contrast). Vice versa, regions
without tracer do not contribute signal to the image. In
Magnetic Resonance Imaging (MRI), which is a tracer-
free imaging modality, the hydrogen distribution is im-
aged [2]. However, for specific types of imaging, contrast
agents are used to decrease the signal intensity of T}-
weighted images by locally accelerating the dephasing of
magnetization, hence a signal reduction is created [3, 4]

Independent of the modality, the underlying princi-
ple for dynamic imagingis the same: to trace the shape of
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the peak in signal increase or reduction over time and lo-
cation, so diagnostic parameters e.g. for perfusion imag-
ing can be calculated [5, 6]. In MPI, this approach has
been successfully used for perfusion imaging in acute
stroke [7] and pulmonary blood volume estimation [8].
Both works used tracer boli to create a positive contrast.

In future clinical applications of MPI, however, if a
monitoring of a stroke patient is planned, a regular dose
has to be administered, which can lead to significant ac-
cumulation of the tracer. To minimize the overall amount
of tracer and to heed limitations of the total injectable
iron mass of a patient (in concentration and/or for a cer-
tain period of time), we suggest the application of nega-
tive boli. Negative boli do not contain tracer and cause a
reduction of the measured signal intensity of MPI signals,
which is then utilized to calculate diagnostic parameters.
The underlying principle requires a minimum baseline
or steady-state concentration of tracer to be present, so
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a negative bolus consisting of saline solution leads to sig-
nal reduction of the baseline signal. A possible approach
is to switch from positive to negative boli, as soon as a
sufficient image signal-to-noise ratio (SNR) is reached
by the steady state concentration.

In this work, we show that signals from positive and
negative boli are concurrent and deviations in shape are
low after normalization. Our study employs a circulatory
experimental setup with a a rat-scaled heart phantom
on a pre-clinical MPI system.

II. Methods and materials

The proposed method in this paper requires a baseline
tracer concentration, that could be reached with a single
large initial bolus or accumulated over time by several
smaller positive boli. Once the tracer concentration has
reached a homogeneous steady-state, a bolus of neutral
saline solution can be imaged due to the negative con-
trast (a minimum in signal intensity) that is created by
tracer displacement and perfusion parameters can be
derived. Positive boli serve as a ground truth in this work
and verification is done by comparing dynamic images
and normalized time curves between both positive and
negative bolus types.

Experimental Setup. The setup consists of a peri-
staltic pump that circulates the imitated blood pool (de-
salinated water) at a realistic cardiac output for a rat
(31 ml/min). As shown in Figure 1 (a), the fluid passes a
reservoir (syringe) of 1 ml first, which acts as a pressure
compensation when a bolus is injected that increases the
total volume in the imitated blood pool. A 3D printed
trap for air bubbles follows, which filters arising air from
pressure variation or by injection to prevent trapped air
in the phantom. Next comes the injection point at a re-
alistic distance (caudal vein) from the heart phantom,
followed by the heart phantom [9] itself which is located
inside the scanner bore. The total volume of the imi-
tated blood pool is similar to the blood volume of a rat
(14 ml). The heart phantom is a flow phantom that con-
sists out of 4 chambers (left/right atrium/ventricle) and
was placed in the center of the field of view (FOV) via a
robotic mount.

Experiments. A baseline concentration of 237 ngg./ml
perimag (micromod GmbH, Rostock, Germany) was cho-
sen as initial bolus. Then, alternating positive and neg-
ative boli were applied and the time response through-
out different regions of the heart phantom was recorded.
Boli of 150 pLwere chosen, either as a tracer dispersion
of 1 mgg,/ml (positive) or consisting of neutral saline so-
lution (negative). During bolus injection, the pump kept
circulating the imitated blood pool and the scanner was
running a measurement for 4 minutes continuously until
the bolus was homogeneously distributed.
Reconstruction. Images were reconstructed using the
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Figure 1: Rat-scale experimental setup. Following parts con-
stitute the experimental setup (a), stated in flow direction: peri-
staltic pump, reservoir (syringe), trap for air bubbles, injection
atvena caudalis, 3D printed heart phantom, return tube. Pump,
reservoir and air trap are located outside the scanner. Below
in (b), the data processing flow chart is depicted. The relevant
time frame is selected from reconstructed data, negated for
negative boli, and filtered for further processing.

system matrix approach implemented by a Kaczmarz-
solver with a penalizing regulation parameter A =0.1, an
SNR-threshold of 5 for frequency selection and 5 itera-
tions [10]. The raw data is processed according to Fig-
ure 1 (b) toyield filtered data. Plots in Figure 3 (b) include
an additional normalization step via linear regression to
match maxima without distorting the underlying time
axis. In this way, the shapes of positive and negative boli
can be overlaid e.g. to compare rise times or the area
under the curve (AUC). Normalized data was also Hann-
filtered in Figure 3 (b). 2D subtractions images use the
filtered data and are calculated by subtracting the con-
centration distribution just prior to bolus injection from
all depicted frames. Time curves of specific positions are
tracked by selecting a single voxel, since the phantom is
static during measurements.

Hardware. The pre-clinical MPI scanner (Bruker, Ettlin-
gen, Germany) was operated with drive field strengths
of 12mT in all three spatial dimensions and a gradient
field strength of 1.2 Tm™! in z-direction that resultin a
FOV of 40 x 40 x 20 mm?. The acquisition speed was
21.54 ms per frame and a custom receive chain with a
gradiometric receive coil insert (bore diameter 72 mm)
was used, similar to the insertin [11].

I1l. Results

A single positive bolus (filtered data) is displayed in Fig-
ure 2 (a) for different positions in the heart phantom with
the respective dynamic time curves. This visualizes the
delay (transition times between different areas) and the
shape as the sharp peak of the bolus disperses with time.
Subtraction images are shown below in (b), indicating
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Figure 2: Dynamic images. In (a), different voxels in the heart
phantom are tracked to observe the time response of a single
bolus at various locations (filtered data). Below in (b), sub-
traction images are shown for a positive and a negative bolus
with the anatomical reference slice on the left (processed as
depicted in Figure 1 (b)). Despite all efforts to avoid air pockets,
a small bubble got trapped.

that they can successfully be calculated for negative boli
and they show no significant deviations from the positive
ground truth. The bolus can be seen to enter the right
ventricle first, then passing on to the left side of the heart.

Figure 3 shows the time response of 4 positive and 4
negative boli, without normalization in (a), but all off-
sets were corrected to start at zero. Over 100 seconds,
several passings of both, the positive and the negative
boli, through the left ventricle are observable and their
respective steady-state concentrations become visible.
Peaks of negative boli are about 43% lower in the raw
data. On the bottom in (b), the normalized curves of all 8
boli are shown for the right atrium and the left ventricle.
Negative rise times are on average shorter, or in other
words the full width at half maximum (FWHM) is smaller,
although the normalized data shows no significant de-
viations for all samples. The shape of the curvature and
the AUC are almost identical.

IV. Discussion and conclusion

As shown in Figure 3, the normalization of positive and
negative boli was successful in phantom experiments.
The difference in extrema in the raw data depends on
the chosen baseline concentration and on the positive
bolus concentration, both of which can be chosen differ-
ently. Although rise times and the FWHM are on average
shorter for negative boli, the visible deviation is small in
Figure 3 (b). A systematical fault in the setup is unlikely,
because boli were applied with identical procedure and
alternatingly. In Figure 2 (a), some deviations from ex-
pectations are visible, e.g. the bolus in the vena cava
should be the highest with the lowest FWHM and all boli
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Figure 3: Raw data and normalized results. On the top, the
raw data of 8 boli is shown for 100 s and several bolus passings
are visible. The bottom shows the right atrium (highest devia-
tions) and the left ventricle (best case) after Hann-filtering and
normalization.

should roughly have the same AUC. Limited resolution
and unfortunate voxel-spacing may cause small vessels
of the phantom to contain some phantom border (partial
volume effect). Similar to other imaging modalities, reso-
lution and motion artifacts will be challenging for future
in-vivo imaging, which require more sophisticated voxel
tracking techniques than selecting a single static voxel.
However, the different regions of the heart can clearly be
identified during both bolus transitions in Figure 2 (b).

Although all negative boli could be normalized, the
amount of 8 total injections does not yield statistical reli-
ability and further investigation of different concentra-
tions and volumes should be conducted. The boli need
to be of identical volume for a successful normalization,
which was confirmed in other experiments. Regarding
the choice of a baseline concentration that is indulgent
for the patient, positive boli should be chosen as small
as imaging allows. Multiple positive boli can be applied
until a sufficient image SNR of the blood pool is reached
(steady-state) and negative boli become feasible, before
safety limits of maximum iron amounts are exhausted.
Now, negative boli allow to continue to calculate dynamic
diagnostic parameters, without adding to the total iron
amount in the body. The maximum achievable SNR for
a negative bolus is limited by the image SNR in advance
to the injection. A complete washout of all particles in a
volume of interest by a large negative bolus would cause
maximum SNR for the negative bolus. However, this re-
sults in an intensity plateau and is undesirable, just as
clipping of a positive bolus is, and makes the correct
calculation of perfusion parameters more difficult. A
combination of positive-negative injections will enable
a longer observation time of a patient, where negative
boli provide extra imaging without adding to the iron
concentration.
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