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Abstract
Objective.Magnetic particle imaging (MPI) is capable of high temporal resolutionmeasurements of
the spatial distribution ofmagnetic nanoparticles and therefore well suited for perfusion imaging,
which is an important tool inmedical diagnosis. Perfusion imaging inMPI usually requires a fresh
bolus of tracermaterial to capture the key signal dynamics. Here, we propose amethod to decouple
the imaging sequence from the injection of additional tracermaterial, without further increasing the
administered iron dose in the bodywith each image.Approach.Abolus of physiological saline solution
without any particles (negative contrast) diminishes the steady-state concentration of a long-
circulating tracer during passage. This depression in themeasured concentration contributes to the
required contrast dynamics. The presence of a long-circulating tracer is therefore a prerequisite to
obtain the negative contrast. As a quantitative tracer based imagingmethod, the signal is linear in the
tracer concentration for any location that contains nanoparticles and zero in the surrounding tissue
which does not provide any intrinsic signal. After tracer injection, the concentration over time
(positive contrast) can be utilized to calculate dynamic diagnostic parameters like perfusion
parameters in vessels and organs. Every acquired perfusion image thus requires a new bolus of tracer
with a sufficiently large iron dose to be visible above the background.Main results.Perfusion
parameters are calculated based on the time response of the proposed negative bolus and compared to
a positive bolus. Results fromphantom experiments show that normalized signals frompositive and
negative boli are concurrent and deviations of calculated perfusionmaps are low. Significance.Our
method opens up the possibility to increase the totalmonitoring time of a future patient by utilizing a
positive-negative contrast sequence, whileminimizing the iron dose per acquired image.

1. Introduction

Magnetic particle imaging (MPI) is a tracer based imagingmodality whichmeasures the spatial concentration of
magnetic nanoparticles (Gleich andWeizenecker 2005). After rapid development, themethod has already
proven its potential in several clinical applications like control of the temperature rise inmagnetic hyperthermia
(Murase et al 2013), monitoring of cellular grafts (Zheng et al 2016), cancer detection (Yu et al 2017),
quantification of vascular stenosis (Vaalma et al 2017), lung perfusion imaging (Zhou et al 2017), traumatic brain
injury imaging (Orendorff et al 2017) and stroke detection (Ludewig et al 2017, Szwargulski et al 2020). Recent
developments show thatMPI is feasible on a human scale (Rahmer et al 2018, Graeser et al 2019,Mason et al
2021, Vogel et al 2022, Thieben et al 2023).

MPI uses the nonlinearmagnetization behavior, which is controlled by the superposition of a static
spatial encoding field (selection field) and an oscillating homogeneous field (drivefield). Thefirst creates a
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field-free-region (FFR), the second deflects the FFR and causes the particles to realign to the current field vector,
which can bemeasured using Faraday’s law of induction (Gleich andWeizenecker 2005). Due to the non-
linearity of the particles, the receive signal contains higher harmonics, encoding a location depend spectral
fingerprint. Using Fourier transform, a solution to the underlying systemof linear equations reveals the location
and concentration of the tracer (Gleich andWeizenecker 2005).

AsMPI depends on amagnetic tracer injected into the human body, several questions regarding the safety of
these tracers arise. The iron oxide particles are usually coated either by dextran or PEG shellsmaking the tracer
compatible to the body (Reimer andBalzer 2003, Arbab et al 2005,Oh and Park 2011). If coatedwith dextran,
the particles are taken up byKupffer-cells in short time intervals (≈10 min half-life) (Reimer andBalzer 2003,
Haegele et al 2014) and are integrated in the human iron pool by the liver. Certain PEG shells remain longer
within the blood pool with a circulation half-life of approximately 7 h inmice (Liu et al 2021). After that, these
particles are also taken up by the liver and spleen (Liu et al 2021). A long half-life is as well achieved by labeling
red blood cells withmagnetic particles, where 30%of signal remains after 24 h (Antonelli et al 2013). Once in the
liver, the particles take up to several weeks to be dismantled (Reimer andBalzer 2003). Therefore, in the case of
MPI, themaximum iron dose is typically a threshold for a safe use ofmagnetic tracer in humans. The range of
iron doses for humanuse varies from2.24 mgFe/kg (Resovist) to 8.5 mgFe/kg (Feraheme) (Southern and
Pankhurst 2018). As both are designed andmedically approved for very different purposes, a specificMPI tracer
has yet to be approved for imaging in humans. Nevertheless, the doses of these tracers can be used as an
indication for safety in humans. Concerns remain if particles can be fully incorporated naturally or if toxicity
remains in long-termmetabolism (Sun et al 2008, Billings et al 2021, Rubia-Rodríguez et al 2021), which
motivates to reduce the added iron amount asmuch as possible.

InGraeser et al (2019), a surveillance scenario for a stroke patient was presented by investigating brain
perfusion imaging. Perfusion imaging is an important technique to provide hemodynamics which are used to
characterize pathological conditions (Cha and Perfusion 2003,Wintermark et al 2005). For perfusion imaging,
usually short circulating tracers are used, because long circulating tracerswould only lead to a higher background
signal after distributionwithin the body. In such a scenario, a bolus injection is given in every imaging sequence,
e.g. whenmonitoring a stroke patient. To complywith the above-mentioned limits, each single bolusmay only
contain a fraction of the total iron dose, with aminimumdose based on the system’s sensitivity. Also, each bolus
needs to be visible above the background of prior boli (baseline concentration). Thus, each additional bolus
reduces the number of future images that can be acquired safely.

In order to calculate perfusion parameters, the shape, peak, timing and area under the curve (AUC) of an
increase in concentration is assessed (Østergaard et al 1996, Cha and Perfusion 2003,Østergaard 2005,
Wintermark et al 2005, Ludewig et al 2017, Graeser et al 2019, 2020, Kaul et al 2021, Ludewig et al 2022). Other
work focused on blood flow velocity (Kaul et al 2018), kidney perfusion (Molwitz et al 2019) or bloodflowwith
stenosis (Siepmann et al 2021), using similarmethods. Apart from an increase in concentration, perfusion
parametersmay also be obtained from a concentration decrease, known frommagnetic resonance imaging
(MRI) as negative contrast (Detre et al 1992, Barbier et al 2001). Otherworks inMPI also took advantage of a
decrease in concentration to identify and track changes e.g. for the inflation condition of a balloon catheter
(Salamon et al 2016).

In this work, we present an approach thatwill enable long-termmonitoring of a future patient, without
increasing the administered iron dose in the bodywith every image. Using long circulating tracers, we decouple
the imaging sequence from the injection of additional tracermaterial. To acquire the necessary dynamics in the
signal, fromwhich perfusion parameters are calculated, we use physiological neutral saline solution to shortly
reduce the concentration of the tracer circulatingwithin the perfused tissue (negative contrast). After image
processing, this depression in concentration can be used in the sameway as the positive change in concentration
of a bolus to derive perfusion parameters. The underlying principle requires aminimumbaseline or steady-state
concentration of tracer to be present in the volume of interest (VOI).

A circulatory experimental setup is employed in our study, with a rat-scaled heart phantomon a pre-clinical
MPI system.We show that signals fromnegative and positive boli are concurrent, that the deviations in shape
andAUCare low after normalization and that perfusionmaps can be obtained fromnegative boli. Thismethod
has great potential to increase the number of diagnostic perfusion examinations of a future patient within the
safety limits of the total iron dose.

This paper is the full and extended version of our conference abstract (Mohn et al 2023).

2.Methods

Weconsider a scenario that requires a baseline tracer concentration, which could be reachedwith either a single
large initial bolus, by labeled and administered red blood cells or accumulated over time by several smaller
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positive boli. Once the tracer concentration has reached a homogeneous steady-state in the circulating blood
pool, a bolus of saline solution can be imaged due to the negative contrast (a reduced signal over time) that is
created by tracer dilution. To prove this hypothesis, perfusion parameters are derived from the time response of
negative and positive boli. Positive boli serve as the ground truth in this work and verification is done by
comparing dynamic subtraction images, normalized time curves and perfusionmaps between negative and
positive bolus types, namely the time-to-peak (TTP), relative blood-flow (rBF), relative blood-volume (rBV) and
mean-transit-time (MTT). In this work, we administer an initial large positive bolus for a baseline concentration
and continuewith alternating small positive and negative boli, andmeasure the time depended concentration
variations usingMPI.

2.1. Experimental setup
To validate the feasibility of negative boli, we constructed a rat-sized heart phantom for circulatoryflow
experiments, shown infigure 1. The hollow phantom is connected to a peristaltic pumpusing an average flow
rate of 31 ml min−1, a realistic cardiac output for a rat (Treuting 2018), to circulate the imitated blood pool
(desalinatedwater). The heart phantomhas a volume of 1763 mm3,with a portion of 60% for the actual heart
consisting out of 4 chambers (left/right atrium/ventricle). All partial volumes are realistically scaled and
designed on the basis of a 200 g rat (Exner et al 2019). Different details of the phantomare displayed infigure
1(a). The total volume of the imitated blood pool is 14 ml including all tube lengths and reservoirs, similar to the
blood volume of a 200 g rat (Belcher andHarriss 1957). The phantomwas placed in the center of theMPI system
via a roboticmount. Following the experimental setup shown infigure 1, thefluid passes a reservoir of 1 ml first,
to compensate pressure and changes in volumewhen a bolus is injected.Next is a 3Dprinted trap for air bubbles,
which filters arising air frompressure variation or by injection to keep the phantom free of trapped air. The
injection point is located at a realistic distance (vena caudalis) from the heart phantom,where a small catheter
tube (0.28 mmdiameter) is connected to the bolus syringe. The pulmonary circuit consists of a loopwith a tube
length of 9 cm and 1.6 mmdiameter to achieve a delay of 1 s, which is the pulmonary transit time (PTT) of a
healthy rat (Su et al 2022). It should be noted that for simplicity in theseflow experiments, tissuemimicry to
simulate real organ perfusionwas neglected at this small organ scale. Beforemeasurements, the peristaltic pump
wasfitted in a shielded housing andmeasurements were performed to exclude any influence of themotor on the
MPImeasurement signal.

2.2. Phantommeasurements
Themeasurements were performed using a Bruker preclinicalMPI system (MPI FF 20/25, Bruker BioSpinMRI
GmbH, EttlingenGermany)with a gradient field set to 1.2 Tm−1 in z-direction and a drive-field amplitude of
12 mT in all spatial directions. Consequently, the image field of view (FOV) spans 40× 40× 20 mm3. For
detection, a 3D gradiometric receive coil with an open bore of 72 mmwas used, which enables high signal-to-
noise ratio (SNR) and sensitivity (Paysen et al 2018), similar to the one constructed inGraeser et al (2017).
Measurements of 12 000 frameswere recordedwithout averaging at 21.54 ms repetition time to observe changes
in the concentration over 4.3 min per bolus. A baseline concentration of 237 μgFe ml−1 (4.24 mmol l−1)Perimag
(micromodGmbH, Rostock, Germany)was chosen for the 14 ml imitated blood pool volume and administered
via a single initial boluswhich circulated until homogeneously dispersed (in total 3.3 mg iron). During

Figure 1.Experimental Setup. A visualization of the experimental setup in (a), stated inflowdirection: peristaltic pump, reservoir
(syringe), air bubble trap, bolus injection point, 3Dprinted heart phantom, return tube. Only the heart phantom is located inside the
scanner bore. The bubble trap and the phantom are shown as a blow-up in the upper corners. To the right (b), a labeled photo of the
setup at the scanner is shown. The tubes reach inside the scanner bore in the backgroundwhere the phantom is placed. All other parts
from (a) are visible.
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measurements, positive andnegative boli were applied alternatingly tominimize concentration changes between
boli. A total of 8 boli was given, 4 boli of each type. The time between boli was set to approximately 5 minwhile
the pump continuously circulated the pool to reach a homogeneous distribution before the next injection. A
volume of 150 μl was chosen for all boli, either as a tracer dispersion of 1 μgFe μl

−1 (positive) or consisting of
physiological neutral saline solution (negative). Before injection of another bolus, 150 μl were drawn out of the
pool to guarantee identical starting conditions. The injectionwas queued in the catheter tube, with a leading tiny
air pocket to avoid dispersion of the bolus during preparation and to obtain identical constant injection rates. By
means of the long catheter tube, the bolus can be conveniently applied fromoutside the scanner. A syringe-
pumpwas not used due to the high pressure necessary to operate the small bolus syringe. Ongoing experiments
were supervisedwith an online reconstruction software (Knopp andHofmann 2016) to evaluate success (bolus
passages) and confirm a homogeneous steady-state distribution.

2.3. Image reconstruction and post processing
All images were reconstructed using the systemmatrix approach described inGleich andWeizenecker (2005).
The systemmatrix was recorded on a 22× 22× 22 grid, spanning a systemmatrix FOVof 44× 44× 22 mm3.
This includes an overscan of 1 voxel compared to the image FOV and yields a voxelsize of 2× 2× 1 mm3. Each
single point response was averaged 150 times. Solutionswere obtained by solving a Tikhonov regularized least
squares problemusing theMPI reconstruction frameworkMPIReco.jl (Knopp et al 2019). For reconstruction, a
relative regularization parameter ofλ= 0.01 and 5 iterationswere chosen. Frequency selection includes
frequencies from80 kHz to 1.25 MHzwith an SNRof at least 2. A backgroundmeasurement (without the
phantom in the scanner)was subtracted from the phantommeasurements before reconstruction. The
reconstructed solution Î ´c N nt withN= nx× ny× nz= 223 voxels has nt= 12 000 time frames. The term ci,t
refers to the i-th voxel and t-th time frame of the discrete solution. Furthermore, ct

jbolus refers to all voxels of the
j-th bolus.

The entire data processing chain is displayed as aflow-chart infigure 2, alongwith data examples and
parameter definitions. After reconstruction, the post processing includes time synchronization, data negation,
Hann-filtering, voxelmasking and lastly the perfusion parameter calculation. In the order ofmention: the time
is synchronized over all boli by selecting a time frame that starts with the injection (t0), includes the first bolus (t1
to t2) and stops after the first passing (t= 12 s). This step ensures that only relevant data is processed later. For
negative boli the concentration is inverted, so they can be processed identically to positive boli by the same code
thatworks e.g. by using themaximum intensity. Afterwards, an appropriate filter typewas chosen to smoothen
the data for amore accurate peak detection and data interpolation, which also shifts the concentration offset to
zero. To reject ringing artifacts, we avoided rectangular windows and selected a low-passHann-filter with a

Figure 2.Processing flow chart and signal analysis. The data processing flow chart is shown in (a). Themeasurement data is
reconstructed, the relevant time frame containing thefirst passing of the bolus (12 s) is selected, then negated (negative bolus only),
andfiltered before post processing. A thresholdmask selects only relevant voxels. Raw data and filtered data are shown exemplarily for
one voxel in (b) and (c), respectively. In (d), the applied definitions of perfusion parameters are visualized.
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window-size of 10 samples. TheHann-filter is applied voxel-wise on the Fourier transformed temporal data.
The last step before perfusion parameters are calculated is the determination of a thresholdmask, which reduces
image noise by excluding any voxel with an intensity lower than 6%of themaximumvalue for the selected time
frame. The term ‘raw data’ refers to data reconstructed from themeasurement signal before any processing, and
‘filtered data’ is a term for thefinalHann-filtered data prior to post processing. This last step includes subtraction
images, normalization and perfusionmaps.

Subtraction images.To visualize small changes in concentration, a pre-bolus reference is subtracted (pre
contrast) from all following images (post contrast) to remove the native concentration, and consequently only
changes in the concentration become visible (Hecht et al 2004). Dynamic subtraction images are based on the
filtered data and calculated by subtractingwith the identical spatial slice at t0, that is before the administered
bolus reaches the FOV.

Normalized images.By using a normalization, the time response of positive and negative boli can be overlaid
e.g. to compare rise times or the shape of the bolus. To this end, thefiltered datawas used and normalizationwas
applied tomatchmaxima (in this graph only). The normalization is done via linear regression tomatch the
maxima of the first peakwithout distorting the underlying time axis. Based on the linearmodel

= +c ca bt j t
j

j
bolus 1 bolus for all jä {2,K,8} boli, a slope aj and an offset correction bj is determined for all time

samples t, so each bolus can bemapped individually to one selected positive bolus (Zou et al 2003).
Perfusion images. In order to assess the feasibility of negative boli in perfusion imaging, calculations were

performed on thefiltered data for positive and negative boli using a thresholdmask as described above and in
figure 2(d). The data is not normalized for this calculation and the identical functionswere used for positive and
negative boli. The only difference is that negative boli are inverted before filtering. Perfusionmaps are generated
for TTP, rBF, rBV andMTT. The definition of individual perfusion parameters follows in section 2.4 below.

2.4. Perfusion parameters
The following definitions are formulated continuously by using ci(t), to provide amore general consideration.
However, our data were processed using the discrete solution ci,t.

TTP: the TTP is defined as the time elapsed between a chosen reference point (the bolus injection, here t0)
and themeasured signalmaximumof the first bolus passing (see figure 2(d)). TheTTPÎN is calculated
element-wise for all voxel i ä {1,K,N} via

( ( )) ( )= c tTTP arg max , 1i t i

where ci(t) is the concentration over time of the ith voxel (Fieselmann et al 2011).
PTT: the PTT is the time that a particle or blood cell needs to pass from the right to the left ventricle, therefore

the average time that the blood circulates through the lung. It can be calculated by the difference of the TTPs of
the ventricles (Deán-Ben et al 2015). In this work it is defined by a length of tube and theflow rate that was
chosen to introduce a delay of about 1 s (see section 2.2).

rBF: the rBF equals the highest positive gradient in ci(t)

⎛
⎝

⎞
⎠

( ) ( )=
d

dt
c trBF arg max , 2i t i

as shown infigure 2(d). A calculation for all voxels yields rBFÎN . The BF andBV are calculated in a relative
manner, due to amissing correct arterial input function.

rBV: the rBV can be derived froman element-wise evaluation of the AUC in the ith voxel, divided by the
AUC in the artery to yield rBVÎN . Therefore, the blood volume is proportional to the integral of ci(t), divided
by the integral of cart(t) in the artery, over their respective time intervals [t1, t2] (see figure 2(d)), thatmark the
time the bolus needs for thefirst passing, as in

( )

( )
( )

ò

ò
=

c t dt

c t dt
rBV . 3i

t

t
i

t

t
art

1

2

1

2

MTT: theMTT is ameasure of the average time that a particle or blood cell spends inside a vessel or organ. It
is usually defined by the ratio of rBV to rBF or via thefirstmoment of theAUC (Weisskoff et al 1993,Østergaard
et al 1996), however, it strongly correlates with the full width at halfmaximum (FWHM) of the concentration
peak (Kealey et al 2004,Østergaard 2005), especially formeasurements with low tissue perfusion. To avoid error
propagation due to inaccuracies in rBV and rBF (Weisskoff et al 1993,Østergaard et al 1996), we took the time
interval FWHMas theMTT (Østergaard 2005), shown infigure 2(d).

5

Phys.Med. Biol. 68 (2023) 175026 FMohn et al



2.5. Comparison of positive and negative boli performance
Negative and positive boli are qualitatively compared by visual inspection of subtraction images, normalized
data and perfusionmaps. All these calculations are based on thefiltered data set, but with an increasing
computational effort in thementioned order. The subtraction images reveal small changes in the concentration
over time and require just the filtered time data and a thresholdmask.Normalized images require a
normalization step via linear regression and perfusionmaps need to be processed according to section 2.4. All of
these calculations were done for all boli, however, in the results only some boli and some perfusionmaps are
shown exemplarily. Positive boli are taken as the ground truth during comparison to negative boli in this work.

3. Results

3.1. Comparison of signal timehistories, difference images, and normalization of the positive and
negative boli
Infigure 3(a), raw data of positive and negative boli in the left ventricle are shown, displaying several bolus
passages over 100 s. The steady-state level increases slightly after each additional positive bolus (boli are
administered alternately). Due to the relation of the chosen bolus concentration and initial baseline, peaks of
negative boli are about 43% lower in the rawdata.

Below infigure 3(b), normalized curves based onfiltered data of all 8 boli are shown for the right atriumand
left ventricle. The normalized overlay of all 8 boli at the same location shows that curvature, shape andAUC
coincide and are almost identical.Onaverage, the FWHMis 12% smaller fornegative boli in the right atriumand
5%smaller in the left ventricle, whichpredicts shorter rise times for negative boli. Boliwere appliedwith identical
procedure and alternatingly, hence a systematical fault in the setup is unlikely. An excessive low-passfilter setting
would result in underestimating the bolus peak and equalize the FWHMdifference between bolus types.

Dynamic time responses at different positions in the heart phantom are displayed infigure 4(a). The delay, in
otherwords the transition times between different areas, and the shape of the bolus peak can be distinguished.
We expected thewidth of the peak to increase with time, the AUC to remain constant, and the peak to be highest
in the vena cava at the beginning. Limited resolution and unfortunate voxel spacing resulted in partial volume
effects that led to locally lower concentrations comparedwith these expectations. The voxelsize of
2× 2× 1 mm3 is the lower limit for the represented resolution, but the smallest features of the 3Dprinted
phantomwere tubes with diameters below 2mm, e.g. for the vena cava, aorta and pulmonary vessels. As a result,
these concentrations are underestimated for both bolus types, which is visible here in themaxima andAUCs of
the vena cava and aorta infigure 4(a).

Below infigure 4(b), subtraction images are shown, suggesting that negative boli do not show significant
deviation from the positive ground truth and dynamic imaging is possible. Each bolus can be seen to enter the
right ventriclefirst, then passing through the pulmonary circuit and on to the left side of the heart. A small air
bubble accumulated over the course of the experiments in the right ventricle in spite of all efforts to prevent air
from entering the phantom. This caused a void in the images as no concentration changes occur except by
movement of the bubble. Therefore, the bubble appears with zero intensity in subtraction images.

3.2. Comparison of perfusion parametermaps of positive and negative boli
Infigure 5, the TTPmap is shown for a positive and a negative bolus, on the left and right, respectively. The top
row shows the vena cava (blue) and the aorta (red), which are at the extremes of the colorbar, as theymark inlet
and outlet of the heart phantom (compare to reference on bottom left). The bottom row shows the tubes of the
pulmonary circuit (the return bend is outside the FOV), which are very similar in color shape due to the small
time difference (PTT=1 s). The center of the heart phantom (layer 13) is enhanced to show that the 4 chambers
of the heart are identifiable by slight differences in shading. The TTPwas successfully obtained from anegative
bolus and deviations between the two bolus types are low and in the same range of variations between
administered boli of identical type. Note that the filtered data used in these results is not normalized, as this
would impact the rBF, rBV,MTT, and the shape of the curve is therefore preserved.

Further perfusion parameters, namely the rBF, rBV andMTT, are shown infigure 6.Differences between the
results of positive and negative bolus are small. The slightly darker tint of the negative rBF corresponds to the
abovementioned difference in the FWHM, also visible in the data infigure 3(b). The same tendency can be seen
in theMTT,which is a little shorter for negative boli. However, theMTT is generally around 2.5 s for both boli
types and due tominor dispersion of the boli, the shading is darker in the left ventricle compared to the right
ventricle, indicating that the bolus passed first through the right heart chamber and then through the left
chamber. In the area of the pulmonary artery and the pulmonary vein, the actual bloodflow is expected to be
higher due to the smaller cross-section. The calculated blood flow shows the opposite due to the lowermeasured
concentration. As alreadymentioned abovewith regard tofigure 4(a), the local underestimation can be
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explained by partial volume effects and that the systemmatrix resolution is lower than the smallest vessels cross-
section. This is consequently not a problem for the comparison between positive and negative boli, but a
resolution-related limitation by the imaging system. Low resolution and partial volume effects prevented a
correct definition of the arterial input function, consequently the BF andBVwere calculated in a relative
manner. Note that rBF and rBV are relative, however, they are scaled identically for positive and negative bolus
types. These two images for one perfusion parameter are not normalized individually, therefore they refer to a
common colormap for direct comparability.

Figure 3.Rawdata and normalized data. In (a), the exemplary raw data of a consecutive positive and negative bolus for 100 s are
shown. Several bolus passages are visible, indicated by numerous peaks. The baseline steady-state concentration of the negative bolus
(prior to first pass) is increased due to the preceding positive bolus. Below in (b), the right atrium and the left ventricle of the filtered
data including the normalization step are shown for all 8 boli.

Figure 4. Local time responses and subtraction images. In (a), the time response of a single bolus is tracked at different voxel locations
in the heart phantom (filtered data). This ismapped in (b) below,where subtraction images are displayed for a positive and a negative
bolus. A phantom reference slice on the left shows the orientation and layout of the 4 phantomheart chambers.
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Asmentioned in section 2.2, the tiny air pockets used to avoid dispersion during bolus preparation
accumulated in the phantom, due to the position of the catheter just in front on the phantom.However, a bubble
trap behind the catheter would have caused high dispersion of the bolus. Air also arose from cavitation in
proximity to the pump, which prevented long experiments withmore than 10 boli (around 5 min each).

4.Discussion

Wepresented a novelmethodwithout the need of additional tracer dosage for calculating perfusionmaps in
MPI. Themethodwas evaluated based on phantommeasurements, including the visibility of negative boli in the

Figure 5. Spatial progression of the TTP.On the left, a positive bolus was administered and on the right a negative bolus. The data were
processed according to figure 2. The time ismapped frombright colors (3.5 s) to dark colors (6.5 s) and 0 s corresponds to the time of
injection, identical to all time graphs above. The equidistant progression (1–20) along the y-axis shows different xz-slices of the FOV.
Layer 13 ismagnified on the bottom and the 4 heart chambers can be identified for each bolus type. The phantom reference slice is
markedwith a green corner for image orientation.

Figure 6.The rBF, rBV andMTT for both bolus types. Shown is a single slice (layer 13) for a positive and a negative bolus on the top
and bottom respectively. Note that the images of each perfusion parameter are scaled to a single common colormap vertically and not
normalized individually.
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raw data (figure 3(a)), in normalized data (figure 3(b)), in dynamic subtraction images (figure 4(b)), and in
perfusionmaps (figures 5 and 6). Overall deviations between the reconstructed images of a negative bolus and a
positive bolus are low and in a similar range to the variations seenwithmultiple administrations of a positive
bolus.

Regarding signal quality, negative boli do not need to be identical in volume to positive boli for perfusion
imaging, they could be chosen larger for a better SNR, since the human body is compatible with large amounts of
neutral saline solution as opposed tomagnetic particles. Themaximumachievable SNRof a negative bolus
depends on the baseline concentration in advance to the injection and on the injection volume of the bolus itself.
If chosen in such away that the negative bolus completely displaces all tracer from aVOI during passing,
maximumcontrast is created. However, this is not desirable due to the intensity plateau that it creates, just as
input-clipping of a large positive bolus should be avoided for the correct calculation of all perfusion parameters.
Amindful selection of bolus volume and baseline concentration is necessary, similar to the selection of a
sufficient dose for positive boli that is just visible for the planned imaging scenario. Further tracer-specific
investigations regarding the baseline concentration for sufficient in vivo SNR should be conducted.

Limitations to the efficiency and impact of the presentedmethod are rooted in the availability and
performance of a long circulating tracer for humans that upholds themandatory baseline concentration. In
addition, the in vivo performance of saline solution as a bolus has not been investigated. Somemodifications to
reduce dispersion in real bloodmay be required before the bolus reaches the desired organ (e.g. the brain).

Although our study chose an exemplary scenario of a rat-heart phantom, and therefore a focus on
cardiovascular imaging, the proof of concept to use negative boli for perfusionmaps is transferable to other areas
e.g. cerebrovascular imaging. In a scenario that encompasses a long-term observation e.g. themonitoring of a
future stroke patient, positive boli should be dosed as before, with aminimumof iron added for each acquisition
of the perfusion parameters. Following several administered positive boli of a long circulating tracer, when a
baseline concentration is reached, the observation can be continued using negative boli without adding to the
particle ironmass in the body. A combination of positive-negative boli allows for amuch longer observation
with shorter intermediate boli time compared to positive boli only. Positive boli should be used if the blood pool
concentration falls short of the baseline concentration for a negative bolus, caused by tracerwhich is taken up by
the liver. Another potential application is in endovascular interventions, e.g. stenosis assessment and stent
implantation. Themorphology of the vessel would be visible from the long circulating tracer and the catheter via
amarker (Herz et al 2019). A small negative bolus could be administered directly in the FOV,without dispersion,
to evaluate the procedure e.g. by calculating the blood flow. This can be repeatedwithout addingmore iron
compared to positive bolus evaluation.

Generally valid quantitative statements about the amount of tracer reduction cannot bemade on the basis of
our experiments. The specific iron reduction by using negative boli depends on the surveillance scenario, the
number of boli administered, the half-life of the tracer in blood, and othermonitoring specific parameters.

In conclusion, our study proposes amethod for obtaining perfusion images inMPIwith a positive-negative
contrast sequence. The results fromphantom experiments demonstrate that the negative bolus approach
effectively contributes an image contrast resulting in concurrent signals with positive boli. Furthermore, our
proposedmethod enables an increasedmonitoring time of a future patient while keeping the total iron dose
constant.We believe that our results can significantly contribute tomakingMPI perfusion imaging techniques
applicable in a clinical scenario with longmonitoring times.
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