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Abstract

In vivo liver visualization can be realized with Magnetic Particle Imaging (MPI) since a major part of the iron oxide
nanoparticles - intravenously injected and imaged with MPI - is finally taken up by the mononuclear phagocytic
system (MPS) of the liver. In this study, the possibility to detect and characterize liver tumors with MPI was analyzed.
Mice developing hepatocellular carcinoma (HCC) were continuously screened with high-field magnetic resonance
imaging (MRI). In case of liver lesions with diameters larger 5 mm, the mice were sequentially imaged with MRI and
MPI after the intravenous injection of ferucarbotran (Resovist®). For comparison of liver morphologies represented
by MPI and MRI, image data of both modalities were fused assisted by external MPI and MRI fiducial markers. A
good correlation between MPI and MRI images was found with image analysis-based 2-D correlation coefficients of
around 0.7. Liver lesions - characterized by a missing accumulation of ferucarbotran - led to signal gaps or drops in
the MPI signal depending on their actual size and location. While lesions with diameters larger than 5 mm caused
visible effects in the MPI signal, smaller sized lesions did not. This was mainly attributed to the comparable low
MPI resolution of a few millimeters in this study.

|. Introduction agents applied in magnetic resonance imaging (MRI) of

the liver for liver lesion detection and characterization

Liver imaging is an essential tool in clinical routine since
liver illnesses among tumors and metastases are of high
incidence and bear an increased risk of severe disease
progression [1]. Thus, excellent imaging technologies for
diagnostic and interventional procedures are required.
Magnetic particle imaging (MPI) - developed to moni-
tor in vivo superparamagnetic iron oxide nanoparticle
(SPION) distributions with high spatial and temporal res-
olution [2] - represents an interesting tool to visualize
the distribution of intravenously injected SPIONs taken
up by the mononuclear phagocytic system (MPS) of the
liver. This concept adopts the idea of iron oxide contrast
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[3]. Here, an excellent contrast between liver tissue and
lesion is achieved since the later, e.g., a hepatocellular
carcinoma (HCC), is characterized by a missing accu-
mulation of the iron oxide contrast agent [4]. Compared
to MRI, where iron oxide loaded tissue usually causes
signal loss attributed to T2 and T2* relaxation processes,
the liver in MPI is directly attributed to the MPI signal
because the SPIONs themselves cause the measurement
signal [5]. So far, studies presenting in vivo MPI data ana-
lyzed the liver with respect to SPION body clearances [6]
but not with respect to liver morphology or pathologies,
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for instance, liver tumors or metastasis. To our knowl-
edge, cancer imaging with MPI was only performed out-
side the liver [7].

Recently, we analyzed strategies to image the hepatic
SPION distribution with MPI based on the system func-
tion approach [8]. Here, we found that for an accurate
reconstruction of liver MPI data a system function is re-
quired which was measured on a sample representing
the aggregation and mobility status of SPIONs taken up
by liver macrophages [9]. Based on this result, we in-
vestigated in the present study the capability of MPI to
visualize and characterize liver lesions in vivo. In con-
trast to MRI, we expected the lesions to cause signal gaps
or drops in the spatial SPION distribution measured with
MPI due to the commonly missing SPION accumulation
in HCC.

Il. Materials and Methods

I1.I. Animal experiment

Genetically modified mice (Mdr2 Knockout, in-house
breed, male, n = 3) developing inflammation induced
HCC approximately one year after birth were regularly
scanned with a 7 T small animal MRI system (Clinscan,
Bruker BioSpin GmbH, Ettlingen, Germany). In the case
of liver lesions with diameters larger 5 mm, 30 uL of feru-
carbotran (Resovist®, Bayer Schering Pharma AG, Berlin,
Germany) was intravenously injected into the tail vein.
Ferucarbotran was developed for liver MRI and is char-
acterized by a relatively rapid clearance from the blood
stream and uptake by the MPS of the liver [10]. To avoid
artifacts from SPIONSs circulating in the blood stream and
guarantee sufficient clearance from the blood, all mice
were scanned four hours after the intravenous injection.
The resulting dosage of 0.6 mmol iron per kg bodyweight
(mouse weight = 25 g) is more than ten times higher than
the safe dosage (40 umoliron per kg bodyweight) applied
in clinical MRI investigations. It was chosen to guarantee
a high signal-to-noise ratio (SNR) for a reliable investi-
gation of the MPI signals because the applied SPIONs
do not provide an optimized MPI performance and the
utilized MPI system still requires optimization with re-
spect to the technological possible sensitivities [2]. The
animal experiment was approved by the local commit-
tee on animal protection (Behorde fiir Gesundheit und
Verbraucherschutz, Hansestadt Hamburg, No. 42/14).
Animal handling, including anesthesia, body warming,
positioning in the imaging systems and vital parameter
monitoring, was realized according to the workflow pro-
cess published by Kaul et al. [11].

I1.1l. MRI and MPI data acquisition

The mice were sequentially scanned in the 7 T MRI and
MPI system (Philips Medical Systems DMC GmbH, Ham-
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burg, Germany / Bruker BioSpin GmbH, Ettlingen Ger-
many). The recorded MRI images are T1-weighted and
based on a 2-D gradient echo sequence (FLASH) with
32 mm field of view (FOV), 192 x 192 matrix size, 0.8 mm
slice thickness, 6 acquisitions, 48 ms repetition time and
0.77 ms echo time. The MPI data was acquired with the
field free point approach scanning a 3-D volume with
2000 repetitions and a repetition time of 21.54 ms. The
drive field and gradient amplitude were set to 14 mT and
1.5 T/m, respectively, resulting in a FOV 0f 37.4 x 37.4 x
18.7 mm? (x-, y, z-direction). These parameters and fer-
ucarbotran as tracer material result in a theoretical res-
olution in the range of 4 —5mm corresponding to the
full width at half maximum [5]. For data reconstructions
according to our previous investigations [9], a system
function (SF) was measured with a 2 x 2 x 1 mm® sam-
ple containing ferucarbotran in a freeze-dried mannitol
sugar matrix (c(Fe) = 100 mM). The reconstruction of
the MPI data was performed with a software framework
based on the programming language Julia [12] utilizing
the iterative Kaczmarz method and Tikhonov regulariza-
tion. Data reconstruction was performed with follow-
ing parameters yielding an optimal match of MRI and
MPI data: Regularization factor A=1-10"°, number of
iterations I = 10, SNR threshold of 1.8 and number of
averaged frames N = 1000.

IL.111. MRI and MPI data fusion and
comparison

MRI and MPI data were manually fused assisted by fidu-
cial markers consisting of glass capillaries with an inner
diameter of 1.3 mm and filled with a ferucarbotran sus-
pension (c(Fe) = 10 mM), thus, visible in MRI and MPI
[9]. MPI images were normalized to the maximum image
intensity of the corresponding MPI image stack. To en-
able a visual comparison of both modalities in the fused
images, disturbing weak MPI signals were suppressed
by reducing the image intensity range of the normalized
MPI images to 0.15—1. Consequently, liver morphol-
ogy and possible liver lesions can be directly compared.
For a computational image analysis, the 2-D correlation
coefficient r was calculated:

D o o [ I

\/(Zm Zn (Rmn - R)Z) (Zm Zn (Pmn _P)z)

Here, R,,,, and P,,, represent the pixel value with in-
dices m and n of the equivalent MRI and MPI images. R
and P express the mean pixel value of the corresponding
images. Before calculating r, the measured MRI images
(Fig. 1, Fig. 2, Fig. 3) were inverted and liver tissue was
manually segmented on each slice resulting in MRI im-
ages presenting only liver tissue with positive contrast.
Thus, r lies between 0 and 1 indicating the similarity of
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Figure 1: (a) Liver MRI (graysclae) of animal A showing contours of heterogeneous liver lesion (red dashed line) and hypointense
liver tissue (green line). (b) MPI overlay (multicolor) covering the liver in the MRI image (slice 14). Dashed arrows indicate MPI
scanner coordinate system. (c) Comparison of liver MPI (grayscale) and contours of liver tissue and lesion.

the compared images (maximum = 1). The coefficient
r is also known as Pearson’s correlation coefficient, for
instance, applied for the evalutation of colocalization in
microscopy techniques [13].

I1l. Results

The imaging results of two mice (A and B) - represent-
ing most clearly the capability of liver tumor MPI - are
presented in detail in this work. A comparison of the
cohort (A, B and C) is performed via the 2-D correlation
coefficient.

As one can see in the MRI images, mouse A is charac-
terized by one larger liver lesion with a heterogeneous
structure and a diameter d > 5 mm (Fig. 1 (a)). In con-
trast, mouse B (Fig. 2 (a) and Fig. 3 (a)) possesses several
liver lesions with hetero- and homogeneous structures.
The presented heterogeneous lesions (red dashed lines)
are characterized by hypointense (dark) spots within the
hyperintense (bright) lesion - representing partial SPION
uptake by the MPS. Fig. 1 (b), Fig. 2 (b) and Fig. 3 (b) show
the fused MPI and MRI data of the corresponding slice.
The MPI data was interpolated for fitting the MRI image
dimensions. Here, one can see that most of the SPION
loaded liver tissue of the MRI images is correctly covered
by the particle distribution measured with MPI. However,
partial mismatches are observable, especially in slim liver
lobe corners. The indicated heterogeneous liver lesions
(Fig. 1 (b)/Fig. 2 (b), red dashed lines) are mostly or com-
pletely covered by the MPI signal. On the contrary, the
larger homogeneous lesion (Fig. 2 (b), yellow dotted line)
is only partially covered by weak MPI signal. To illustrate
these findings without the disturbing blending effect of
the fused MRI and MPI data, the MPI signals are addi-
tionally displayed without MRI in Fig. 1 (c), Fig. 2 (c) and
Fig. 3 (c) together with the contours determined from the
corresponding MRI images. Small liver lesions (diameter
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< 5mm) - especially located in the center of a liver lobe -
could be detected with MRI, but did not cause any signif-
icant MPI signal drop. This can be seen in Fig. 3, where
small hyperintense liver lesions (yellow dotted line) and
the gall bladder (blue dashed dotted line) surrounded by
hypointense liver tissue seem not to affect the measured
MPI particle distribution.

The 2-D correlation coefficient calculated from the
MRI and MPI data of mouse A, B and C is shown in Fig. 4
as a function of the slice number. Over arange of 15 slices
(12 mm) r stays for both animals at around 0.7 indicating
a constant match between MRI and MPI data for 65 % of
the MPI FOV.

IV. Discussion

The comparison of the liver morphologies (contours)
imaged with MRI and MPI demonstrates the principle
feasibility of the liver MPI approach. A good correlation
between both modalities is found, however, mismatches
exist. These are mainly attributed to the comparable low
resolution of MPI in connection with the specific MPI
problem to resolve weak signals in the presence of much
stronger ones [14]. Furthermore, motion related effects
could hamper the direct comparison between MRI and
MPI. For instance, animal movements of few millimeters
inside the bed cannot be excluded completely during the
sequential imaging procedure which requires an animal
transport between the two systems (distance < 15m). A
blurring effect in the averaged MPI data resulting from
respiratory motion seems to be negligible compared to
the spatial resolution of MPI.

The results demonstrate that larger liver lesions (d
> 5mm) located at the liver lobe border cause an effect
on the measured MPI particle distribution, especially
if they are homogenously structured. For instance, the
round shaped homogenous lesion in Fig. 2 is clearly re-
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Figure 2: (a) Liver MRI (grayscale) of animal B showing contours of homogenous (yellow dotted line) and heterogeneous (red
dotted line) liver lesions as well as hypointense liver tissue (green line). (b) MPI overlay (multicolor) covering the liver in the MRI
image (slice 13). Dashed arrows indicate MPI scanner coordinate system. (c) Comparison of liver MPI (grayscale) and contours

of liver tissue and lesions.

Figure 3: (a) Liver MRI (grayscale) of animal B showing contours of homogenous liver lesions (yellow dotted line) and gall
bladder (blue dashed dotted line) as well as hypointense liver tissue (green line). (b) MPI overlay (multicolor) covering the liver
in the MRI image (slice 10). Dashed arrows indicate MPI scanner coordinate system. (c) Comparison of liver MPI (grayscale) and

contours of liver tissue, lesions and gall bladder.

flected by the border of the MPI particle distribution. In
contrast, smaller liver lesions (d < 5 mm) and centrally
located ones with heterogeneous structure could not be
linked to gaps or drops in the MPI particle distribution
(e.g. Fig. 3). The reason of this limitation is mainly at-
tributed to the spatial resolution of the actual MPI sys-
tem/protocol and the resulting partial volume effect that
overlays possible lesion-induced drops in the MPI signal.
The general inhomogeneity of the MPI particle distribu-
tion inside the liver contour with local maxima is a direct
result of the partial volume effect and does not reflect
the true distribution since ferucarbotran is not known
for a significant irregular uptake by the liver MPS [10].

Volumetric analyses of liver lesions with MPI could
not be performed since lesions totally surrounded by
healthy liver tissue did not cause an analyzable gap in the
MPI signal. The good 2-D correlation coefficient over a
wide range of slices demonstrates the feasibility of MPI to
perform fast real 3-D liver imaging with constant quality,
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which is an important issue for possible interventional
liver MPI applications.

V. Conclusion

We could demonstrate the principle feasibility of liver
tumor MPI by sequentially imaging tumor-bearing mice
with MRI and MPI after intravenous injections of feru-
carbotran, a clinically proven iron oxide contrast agent.
The border between liver tissue and homogeneous liver
lesions with diameters larger 5 mm could be identified
in the MPI data when comparing it with the correspond-
ing MRI data. Smaller sized and strong heterogeneous
lesions did not cause consistent or visible signal drops in
the MPI data. The resolution of the utilized MPI system
and protocol appears to be the main limitation. Conse-
quently, MPI-optimized SPIONs [15] need to be applied
since it was shown that the spatial resolution in MPI mea-
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Figure 4: 2-D correlation coefficient calculated from MRI and
MPI images for animal A, B and C as a function of the slice
number.

surements with ferucarbotran decreases by a factor of
two and more when comparing full widths at half maxi-
mum determined from magnetic particle spectroscopy
measurements. Furthermore, the maximum gradient
field strength of the MPI system (2.5 T/m) - not applica-
ble during the investigations due to technical reasons -
will provide higher resolution for future liver MPI investi-
gations. In addition, the usage of improved SPIONs and
an optimized MPI measurement coil will allow experi-
ments with SPION dosages in the clinical relevant range.
The analyzed liver MPI concept does not represent a com-
petitive standalone liver tumor imaging tool compared to
contrast-enhanced MRI, even not with significantly im-
proved resolution. The missing background image will
most likely hamper the diagnostic benefit. However, this
static liver MPI measurement could provide important
diagnostic information in combination with dynamic
vascular liver MPI. Another promising application of liver
MPI can be the additional imaging of SPION parameters,
such as the measurement of particle temperatures to
guide thermal tumor ablation therapies. With respect to
instrumentation, the liver MPI concept seems very inter-
esting for bi-modal imaging systems, e.g., a combination
of MPI with MRI or computed tomography.
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