10P Publishing

® CrossMark

OPENACCESS

RECEIVED
20 July 2020

REVISED
16 March 2021

ACCEPTED FOR PUBLICATION
6 April 2021

PUBLISHED
27 April 2021

Original content from this
work may be used under
the terms of the Creative
Commons Attribution 4.0
licence.

Any further distribution of
this work must maintain
attribution to the
author(s) and the title of
the work, journal citation
and DOL

Phys. Med. Biol. 66 (2021) 095012 https://doi.org/10.1088/1361-6560/abf51e

Physics in Medicine & Biology - IPEM feariess

PAPER

Respiratory motion correction for enhanced quantification of hepatic
lesions in simultaneous PET and DCE-MR imaging

Matteo Ippoliti' @ , Mathias Lukas"*’ @, Winfried Brenner’ ®, Imke Schatka’®, Christian Furth*®,
Tobias Schaeffter>°®, Marcus R Makowski"”*® and Christoph Kolbitsch**

! Department of Radiology, Charité Universititsmedizin Berlin, Berlin, Germany

Department of Nuclear Medicine, Charité Universititsmedizin Berlin, Berlin, Germany
Siemens Healthcare GmbH, Berlin, Germany

Physikalisch-Technische Bundesanstalt (PTB), Braunschweig and Berlin, Germany
Technische Universitit Berlin, Berlin, Germany

King’s College London, London, United Kingdom

Klinikum rechts der Isar der TU Miinchen, Munich, Germany

Contributed equally.

w N

IS

5
6
7
s

E-mail: matteo.ippoliti@charite.de

Abstract

Simultaneous positron-emission tomography (PET)-magnetic resonance (MR) imaging is a hybrid
technique in oncological hepatic imaging combining soft-tissue and functional contrast of dynamic
contrast enhanced MR (DCE-MR) with metabolic information from PET. In this context, respiratory
motion represents a major challenge by introducing blurring, artifacts and misregistration in the liver.
In this work, we propose a free-breathing 3D non-rigid respiratory motion correction framework for
simultaneously acquired DCE-MR and PET data, which makes use of higher spatial resolution MR
data to derive motion information used directly during image reconstruction to minimize image
blurring and motion artifacts. The main aim was to increase contrast of hepatic metastases to improve
their detection and characterization. DCE-MR data were acquired at 3T through a golden radial phase
encoding scheme, enabling derivation of motion fields. These were used in the motion compensated
image reconstruction of DCE-MR time-series (48 time-points, 6 s temporal resolution, 1.5 mm
isotropic spatial resolution) and 3D PET activity map, which was subsequently interpolated to the
DCE-MR resolution. The extended Tofts model was fitted to DCE-MR data, obtaining functional
parametric maps related to perfusion such as the endothelial permeability (K;). Fifty-seven hepatic
metastases were identified and analyzed. Quantitative evaluations of motion correction in PET images
demonstrated average percentage increases of 16% =+ 5% (mean £ SD) in Contrast (C), 18% + 6%
in SUV peanand 14% =+ 2% in SUV ., while DCE-MR and K, scored contrast-to-noise-ratio
increases of 64% =+ 3% and 90% =+ 6%, respectively. Motion-corrected data visually showed
improved image contrast of hepatic metastases and effectively reduced blurring and motion artefacts.
Scatter plots of SUV ,cn Versus K; suggested that the proposed framework improved differentiation
of K, measurements. The presented motion correction framework for simultaneously acquired PET-
DCE-MR data provides accurately aligned images with increased contrast of hepatic lesions allowing
for improved detection and characterization.

1. Introduction

Positron-emission tomography (PET) and magnetic resonance (MR) are widely used medical imaging
techniques. Simultaneous PET-MR acquisitions are a powerful tool for diagnostic assessment of tumors in
oncology (Antoch and Bockisch 2008), combining the variety of complementary functional and morphological
image contrasts available from the two modalities. Dynamic contrast-enhanced MR (DCE-MR) imaging is one
of the most widely used MR protocols for identifying and characterizing metastases (Choyke et al 2003). It is
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capable of providing both tissue structural information in the form of T1-weighted images and functional
information related to perfusion and vascularity in the form of parametric maps obtained using
pharmacokinetic modeling of the contrast agent. Functional imaging of hepatic perfusion parameters is
especially useful in the detection and characterization of hepatic malignancies and depending on their type and
size it can aid in treatment selection and for follow-up investigations (Ronot et al 2016).

PET imaging on the other hand, provides information on metabolic processes in the tissues in exam. The
introduction of hybrid scanners capable of performing simultaneous PET-MR imaging has shown to have
improved anatomical localization and characterization of hepatic metastases in comparison with conventional
imaging (Nasoodi et al 2014), offering a higher diagnostic accuracy in lesion detection (Beiderwellen et al 2015).
Combining DCE-MR images and PET derived parameters was demonstrated to provide a high accuracy in
comparison to the histopathological grading of hepatocellular carcinoma in a translational rat model (Kaissis
etal 2020). Furthermore, a significant level of negative correlation has been observed between the standardized
uptake value (SUV) in PET images and parametric maps of perfusion derived from DCE-MR, indicating that
hepatocellular carcinomas in their advanced stage and showing signs of high glucose metabolism, generally also
show lower perfusion (Ahn et al 2013, Hectors et al 2018). These results suggest that for these specific tumors,
behavior could be differentiated through the joint use of PET metabolic maps and functional DCE-MR
information regarding perfusion and vascularity, and could in principle be applied to other types of
malignancies that show characteristic metabolic-perfusion behaviors.

One of the main challenges for PET-MR imaging in the abdomen is respiratory motion. It results in intra-
image artefacts (i.e. blurring and motion artefacts in MR and PET images), inter-image artefacts (i.e.
misalignment between DCE time frames) and inter-modality artefacts (i.e. misalignment between MR and PET
images if both use different strategies to correct for respiratory motion). These types of artefacts impair the
diagnostic quality and power of simultaneous PET-MR acquisitions and the inter-modality artefacts make a
voxel-wise analysis of simultaneously acquired PET and parametric DCE-MRI maps challenging.

To address the problem of respiratory motion, advanced and integrated motion correction methods for
simultaneous PET-MR imaging based on deriving motion information from higher spatial resolution MR data
(McClelland et al 2013, Fiirst et al 2015), have been proposed for a variety of applications (Chun et al 2012, King
etal2012, Wiirslin et al 2013, Manber et al 2015, Fuin et al 2018, Catalano et al 2018). For example, MR-tagging
is an approach that creates temporary labels in the images that are then used for tracking the moving anatomy
(Chun et al 2012). Alternatively, motion fields (MF) can be derived from registering 2-dimensional multi-slice
(Wiirslin et al 2013, Manber et al 2015) or 3-dimensional (King et al 2012) abdominal MR images that have been
acquired over multiple breathing cycles. Recently, Fuin et al (Catalano et al 2018, Fuin et al 2018) introduced a
concurrent respiratory motion correction framework for simultaneously acquired DCE-MR and PET that
employs an MR radial stack of stars protocol reconstructed through compressed sensing. The main challenge of
currently used techniques is the low slice resolution, which could be a limiting factor in the detection of small
focal metastases. In addition, to the authors’ knowledge, the combination of quantitative DCE maps with PET-
derived diagnostic parameters, has not been evaluated for dual PET-MR 3D non-rigid respiratory motion
correction.

In this work we propose a 3D non-rigid motion correction approach (Ippoliti et al 2019) for simultaneously
acquired abdominal PET-DCE-MR data. MF are obtained from diagnostic DCE-MR data and utilized to
minimize respiratory motion artefacts in MR and PET data. As both MR and PET utilize the same motion
information, inter-modality motion artefacts are also minimized yielding perfectly aligned PET and quantitative
parametric DCE-MR maps. The 3D DCE-MR was acquired with an isotropic spatial resolution of 1.5 mm,
ensuring also small lesions could be detected. The effect of motion correction on the combination of
quantitative DCE-MR and PET was evaluated by assessing average endothelial permeability and SUV valuesin a
range of lesions.

2. Methods

2.1. Data acquisition

PET and MR were acquired simultaneously on a 3T Biograph mMR scanner (VE11P, Siemens Healthcare,
Erlangen, Germany) for 5 min. The MR sequence is based on a 3D golden-radial phase encoding (GRPE) scheme
with Cartesian sampling along the foot-head direction (Buerger et al 2013), with the following characteristic
parameters: TR/TE = 3.3ms/1.36 ms, FOV = 288 x (288-345) x (288-345) mm’, flip angle = 12°, partial
Fourier factor = 5/8, GRPE lines = 640, spatial resolution = 1.5 x 1.5 x 1.5 mm?. PET data were acquired
in listmode immediately after a 2-point Dixon breath-hold sequence to obtain an MR-based attenuation map.
This prospective study included 7 patients (6 males, 56 + 8 years, 88 + 11kg) (mean £ SD) enrolled for
suspected or known presence of hepatic metastases, all injected with 169 + 14 MBq of ®*Ga-Dotatoc targeting
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Figure 1. (a) Listmode and GRPE data are acquired simultaneously during free breathing. (b) A respiratory self-navigator is used to
divide all MR and PET raw data in 8 respiratory motion states. (c) The MR motion states are reconstructed and registered providing
3D non-rigid motion fields (MF), (d) for motion-corrected image reconstruction of MR and PET data, to yield a4D DCE-MR time-
series and 3D PET image. (e) Parametric maps of the liver (overlay in color) are obtained from the DCE-MRI (greyscale) using a
pharmacokinetic model.

tumoral somatostatin receptors. The PET and MR acquisition started 106 4+ 12 min post-injection. The MR
contrast agent employed was Gadoxeate disodium (0.01 mmol kg ), which is a hepatospecific contrast agent
with memory defect, injected approximately 1 min after the start of the acquisition.

2.2.Respiratory motion characterization and MF derivation

Figure 1 gives an overview of the proposed method. For GRPE a 1D projection through k-space center was
repeatedly acquired, which were used to obtain a respiratory self-navigator (Prieto et al 2010). Based on this self-
navigator, the DCE-MR data was split into 8 respiratory motion states and 3D motion-resolved images were
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reconstructed (Cruz et al 2016). The MF were then derived from non-rigidly registering (Rueckert ez al 1999) the
motion states to a reference (e.g. end-expiration).

2.3. DCE-MR and PET motion-corrected image reconstruction

Motion corrected image reconstruction (MCIR) of the DCE-MR time-series was carried out through non-
Cartesian iterative kt-SENSE (T'sao et al 2003, Hansen et al 2006). Each dynamic phase was split into the different
respiratory motion states and then corrected using the MF determined above, directly during image
reconstruction. This could be achieved by extracting only the k-space data relative to the motion state being
processed and applying the respective MF transformation directly through the encoding operator, together with
the fast Fourier transform and the coil sensitivity maps of each receiver employed. This yielded a dynamic dataset
where each phase was corrected to the same respiratory motion state.

PET listmode data were binned into sinograms of the 8 different respiratory motion states identified using
the MR-based self-navigator. An attenuation correction (AC) map for each subject, was derived from a separate
MR scan acquired during an exhale-breathhold. During PET-MCIR, the AC map was transformed together with
the listmode data during an iterative ordered subset expectation maximization approach, using the MF derived
from MR data (Qiao et al 2006, Dey and King 2009, Kolbitsch et al 2018). In this way the AC map was then
transformed during MCIR to match the emission data in the different motion states. Additional registration
between the MCIR MR and the AC map was therefore not carried out. Random and scatter correction was
applied during image reconstruction (Tsoumpas et al 2004, Polycarpou et al 2010). The final PET images were
obtained through an iterative algorithm based on 3D ordered subsets expectation maximization (Thielemans
etal2012) and had the following characteristic parameters: spatial resolution = 2.1 x 2.1 x 2.0 mm’, matrix
size = 344 x 344 x 127, 3 iterations with 23 subsets, post-filtering 3D Gaussian kernel = 4.0 x 4.0 x 4.0

mm3.

2.4. Quantitative evaluation of PET-MR motion correction

Signal intensities in DCE-MR series were converted to mM concentration of contrast agent using a reference
tissue method (Medved et al 2004, DCE MRI Technical Committee 2012). The extended Tofts pharmacokinetic
model (Tofts and Kermode 1991, Tofts et al 1999) was then solved extracting three functional parametric maps
ofinterest: V}, and V, which represent the fractional volume of contrast agent in blood plasma and in the tissue
extravascular extracellular compartment respectively and K, the endothelial permeability. The model behaves
according to the following:

K,.
Civer (1) = V,C,(1) + Kee V%" *C,(t — 1), (1)

where Cijyer (t) and C, () are the concentration of contrast agent sampled in liver tissue and in blood plasma
from the hepatic artery respectively, 7 is the time gap between C,,(¢) and the actual observed tissue enhancement
in a given voxel of interest and * denotes the convolution operator.

In order to verify the effects of the proposed PET-MR respiratory motion correction framework, non-
motion-corrected datasets were produced alongside motion-corrected datasets (MC) of all available data (i.e.
DCE time-series, SUV, K;, V,, V}, maps) for comparison. To quantitatively evaluate the effects of motion
correction within each modality, contrast-to-noise-ratio (CNR) analyses in DCE-MR (Ippoliti et al 2019)
together with Contrast (C) (Fiirst et al 2015), SUV ean and SUV ., analyses (Kinahan and Karp 1994) in PET
were carried out over 57 hepatic lesions identified from all patients. Specifically, the CNR was determined
according to the following relation:

>

CNR = Inetastasis — Lsurround @

Osurround

where Lpetastasis a0d Lyrroung T€present the mean signal registered inside a region of interest (ROI) containing the
lesion and a ROI of comparable size which directly surrounds it, respectively. oyiround is the standard deviation
of this latter ROI. As for the C measured in PET, the following equation holds:

Ameta@tasis - Aback d
S groun
C= ) ©)]

Abackground

where Apetastasis represents the mean activity in lesion ROl and Apqckground is the mean activity in liver
background tissue, which is taken from a rectangular cuboidal ROI that does not contain focal tracer uptake or
edge voxels. The background ROI was therefore not taken from tissue surrounding the lesion as was done for the
DCE-MR part.

ROIs in PET were obtained by manually drawing a spherical mask encompassing the lesion in both NMC
and MC datasets. The starting size of the spherical mask was identical in the two datasets and was simply placed

around the lesion in order to fully encapsulate it. Then, the top 10% of SUV scoring voxels (ROTky) was selected
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Figure 2. Comparison of small lesion from Patient 1 between (a) NMC-DCE, (b) MC-DCE, (c) NMC-PET, (d) MC-PET images and
(e) plot of SUV line profile passing through the lesion’s center. Respiratory motion correction reduces blurring and increases lesion
contrast with respect to surrounding healthy tissue.

by thresholding. In this manner, the size of the ROILyy was kept identical between MC and NMC datasets and
varied between 38 mm® and 1073 mm?> depending on the different lesions. DCE-MR masks (ROIpcg) were also
drawn manually, according to lesion boundaries in the latest DCE image of each patient’s time-series and were
used on the DCE image and on the K}, V;, and V,, functional parametric maps, to carry out CNR analyses.
ROIpcg masks were drawn separately in the MC and NMC datasets and sizes were kept comparable.

In order to investigate the effect of motion correction on the dual-modality characterization of lesions, we
assessed the distribution of SUV .., and average endothelial permeability (K; ) in 31 metastases from a single
patient suffering from neuroendocrine tumors. The comparison was carried out between motion-corrected data
and uncorrected data. All values were calculated as the average over a ROI with the same number of voxels for
SUV mean and K. Statistical significance in the difference of mean values of all the above mentioned quantities for
both DCE-MR and PET, was tested for with paired sample t-tests, after checking the normality distribution
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Figure 3. Comparison of lesion structural appearance from Patient 2 between motion-corrected (bottom row) and uncorrected (top
row) images of (a) PET and functional DCE-MR maps of (B) K, (c) V, and (d) V;,. White arrows in close-up images, highlight where
lesion structural boundaries are visible in motion-corrected maps and blurred out in uncorrected ones.

Table 1. CNR evaluation in DCE-MR together with Cand SUV

evaluations in PET.

Parameter McC* NMC® MC — NMC (%)"
CNRpc 1.464+0.88 0.88+0.59 65+4
CNRg, 1.11+0.81 0.57 +0.50 9648
CNRy, 0.3540.27 0.2940.27 21+ 14
CNRy, 0.2540.24 0.20+0.16 78+ 14

c 1.9441.26 1.67+1.18 16+5
SUVinean 6.243.1 5243.0 19+6
SUVmax 7.243.7 6.3+3.4 1443

® Values are mean + SD.

? Values are average percentage variation = statistically propagated
uncertainty, computed using mean values and SD for MC and NMC
data.

assumption was fulfilled by the sampled data, by employing a 1-sample Kolmogorov—Smirnov test. Differences
in the t-tests were considered to be statistically significant for p < 0.05. The image reconstruction algorithms for
MR, together with the algorithms for carrying out quantitative evaluation procedures and for resolving the
extended Tofts model, were written in MATLAB (R2016b, The MathWorks, Natick, MA) and Python (Python
Software Foundation). The PET reconstruction algorithm was implemented in C++ (International Standard
ISO/IEC 14882:2017(E)—Programming Language C++), but its precompiled functions were also called
through Matlab.

3. Results

3.1. Quantitative evaluation of motion correction on DCE-MR and PET data

Figure 2 shows the DCE and static 3D PET images of Patient 1 with and without motion correction. The small
lesion highlighted is almost completely indistinguishable from the background tissue in the NMC-DCE and
NMC-PET images, while it is clearly visible in the MC-DCE and MC-PET. Furthermore, the line profile in
figure 2(e) shows a percentage difference of 52% in the measured SUV .., peak values between MC-PET and
NMC-PET images (SUV ,can 0f 4.1 and of 2.7 respectively). The quantitative evaluation of the CNR over the 57
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Figure 4. Small hepatic metastasis from Patient 3 reported and compared in motion-corrected (bottom row) and uncorrected (top
row) images of (a) PET activity and (b) endothelial permeability K, maps. White arrows indicate lesion location, which is visible in
motion-corrected images and vanishes in uncorrected ones.

examined lesions reported in table 1 shows a statistically significant increase in the MC-DCE datasets, scoring a
percentage increase ACNRpcg of 65% =+ 4%. Similarly, in the MC-PET images we also find an increase in
contrast that yieldsa AC = 16% = 5%, in line with increases found in SUV 4 (ASUVjax = 14% + 3%) and
SUV imean (ASUVipean = 19% == 6%). The differences in all mean values evaluated through the paired sample
t-tests and reported in table 1 were statistically significant (p < 0.05). The maximum motion displacement was
calculated for each lesion along the foot-head direction by calculating the maximum of the registered
displacement from MF over all motion states for each voxel and then averaging this within each ROIpcg mask.
The average displacement of all lesions was calculated to be 4.76 + 2.16 mm.

3.2. Analysis of DCE-MR functional parametric maps

Figure 3 depicts a sagittal orientation of the PET image, K, and V, maps of Patient 2, highlighting a large hepatic
lesion. The lesion appears to be more focal in terms of intensity and size in the MC-PET dataset with respect to its
NMC-PET twin. From the parametric maps, one can appreciate the strong differences brought by the proposed
motion correction framework in terms of lesion size, contrast and boundaries. This effect can also be verified
immediately by visually comparing the different parametric maps contained in figures 3 and 4, which
respectively show a coronal and sagittal orientation of Patients 2 and 3. In figure 4 it can also be seen how all
uncorrected images have suffered from blurring over the focal lesion and resulted in its complete disappearance
from the PET dataset. On the other hand, the motion-corrected datasets all identify clearly the presence of two
separate lesions, which also comply in terms of shape and size across the different images. The above
observations are in line with findings regarding the quantitative CNR evaluations over the DCE parametric
maps reported in table 1, which show for K; a ACNRg; = 90% = 6%, for V,a ACNRy, = 19% + 13% and for
V, a ACNRy,, = 76% % 13%.
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Figure 5. Scatter plots of 31 lesions and 4 healthy tissue ROIs (green circles) depicting (a) uncorrected and (b) motion-corrected

landscapes as a function of K; and SUV ... Contrast uptake curves, pharmacokinetic fit and input function sampled in the hepatic
artery Cp, of two lesions with comparable SUV ;,cqn, but with (c) low K; (yellow circle) and (d) high K; (purple circle) respectively.

3.3. Assessment of motion correction on permeability-PET coupling for hepatic characterization

The effects of PET-MR motion correction on the characterization of 31 lesions in one patient as a function of
SUV pmean and K, is shown in figures 5(a) and (b). Green circles represent samples of healthy liver parenchyma
for reference purpose. The mean permeability values (and SD) measured in healthy tissue are similar for MC-K;
(0.030 £ 0.010 min ') and for NMC-K;, data (0.034 4 0.014 min~"). MC-SUV ,,can Values on the other hand are
33% =+ 3% higher (2.23 £ 0.08) compared to the NMC-SUV ,ca, (1.68 +0.13). The mean K; and SUV ,ean,
averaged over all lesions, are 96% = 3% and 9% = 3% higher for motion-corrected data with respect to the
uncorrected one, respectively. The DCE-MR contrast uptake curves with the corresponding pharmacokinetic
fits and hepatic input functions C, of two lesions with similar high SUV ., butlow (yellow circle) and high
(purple circle) K; are shown in figure 5(c) (low K;) and figure 5(d) (high K}). The fitting of the DCE-MR time-
series was carried out through a non-linear least squares method.

4. Discussion

This work demonstrated that non-rigid respiratory motion correction yields high image quality of both
quantitative DCE-MR and simultaneously acquired PET data. Contrastand SUV for PET and CNR for DCE-
MRI was increased by up to 16% =+ 5%. Furthermore, this approach ensures that images from both modalities
are well aligned, allowing for multi-parametric quantitative assessment of lesions.

For DCE-MR and functional maps, the increase in CNR in the MC images can be explained by reducing
motion artefacts in each dynamic image (intra-image artefacts) and by ensuring that the different images are all
in the same respiratory motion states and hence well aligned (inter-image artefacts) (figure 3). Furthermore, MC
maps are more similar in terms of their value distribution across different patients compared to the NMC maps
(see K, figures 3 and 4). The percentage increases in C, SUV ., and SUV ,,, are also significant and all in line
with recent findings (Fiirst et al 2015, Catalano et al 2018, Fuin et al 2018). In some instances, like in figure 4,
where focal lesions of only few millimeters in size are present, the proposed framework has shown features that
could not be reproduced without motion correction, in both PET and MR data. The line profile of figure 2(e)
demonstrates that the lesion is strongly blurred due to respiratory motion in terms of SUV ., values (52%
percentage difference in measured NMC-SUV .., and MC-SUV ..,) and cannot be distinguished from healthy
background tissue without motion correction. In cases like figures 2 and 4, motion correction enabled the
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detection oflesions which would have otherwise been missed or underestimated, as is also confirmed by the
measured increase of Cand SUV values found for MC-PET images and for the MC- K, maps (90% =+ 6%).

Recently, a work proposed by Fuin et al (Catalano et al 2018, Fuin et al 2018) has demonstrated the feasibility
of performing respiratory motion correction of simultaneously acquired PET-MR data, based on the derivation
of MF from radial MR data reconstructed through a compressed sensing approach. Although the method
successfully applies motion correction increasing contrast and SUV oflesions in PET, it may not provide
sufficient slice resolution to intercept smaller metastases, as is accounted by the highest SUV ., measurements
errors which are primarily found in lesions smaller than 10 mm in diameter (Catalano et al 2018).

The framework proposed in this paper yields quantitative DCE-MR images which provide functional
information about tumors highly complementary to the PET data, all with 1.5 mm isotropic resolution and
without the need for any breath-holds or external devices. Due to the high spatial and temporal resolution of the
used DCE-MR acquisition, residual undersampling artefacts are visible as noise-like signal variations in the
uptake curves. Nevertheless, due to the incoherence of these artefacts over time, robust parameter estimation
was still possible. Furthermore, the comparison between the SUV ..., and K; (figure 5) together with the
evaluation of the uptake curves of the high and low K; lesions, suggest that MC provides increased sensitivity for
both SUV values and functional DCE parameters. The plot in figure 5 shows that the distribution of K, without
motion correction is shifted to lower values, leading to an overlap of healthy tissue and low-perfusion lesions.
With motion correction, K values for healthy tissue are clearly separated from lesions. The underestimation of
perfusion due to respiratory motion artefacts is also shown in figures 5(c) and (d) for lesions with low and high
K;-values. On the one hand, blurring due to respiratory motion leads to an underestimation of contrast agent
concentration. On the other hand, respiratory motion artefacts also lead to a worse fit of data and
pharmacokinetic model and hence inaccurate parameter estimation. Both sources of error are reduced with the
proposed motion correction approach.

One limitation in this study is that we could not verify the accuracy of the motion estimation. To the best of
our knowledge there is no phantom available which allows for the acquisition of DCE-MRI and simultaneous
PET in the liver during respiratory motion. The MCIR of the DCE-MR has to be carried out for each of the
dynamics and requires several hours. This limits the application of the proposed approach in clinical practice
with the currently available computer systems. Finally, spatial distortion corrections in MR were not carried out
in this work and this could lead to inaccurate motion correction towards the edge of the field of view.

In the present study, partial volume correction has not been applied in the PET image reconstruction
process. Especially for the MCIR PET data this could further improve the quantification of the tracer uptake as
has been shown by Petibon et al (2014).

The findings concerning the quantitative evaluation of K, in liver metastases reported in this study are in
good agreement with other DCE-MR motion correction analyses carried out using DCE-VIBE (Zheng et al
2015). Zheng et al, report average K, values of 0.25 4 0.08 min~ ', after the application of motion correction
through non-rigid registration. Furthermore, an improved estimation of SUV .., versus K; could in principle
aid in oncological abdominal applications such as the characterization of advanced hepatocellular carcinoma
where increased SUV- K, sensitivity is required (Ahn et al 2013, Hectors et al 2018). Further clinical studies
integrating histopathology would nevertheless be required in order to confirm this assumption.

5. Conclusion

The presented free-breathing PET-MR respiratory motion correction framework yields a dynamic DCE-MR
time-series and a 3D PET activity map for each patient, with isotropic spatial resolution of 1.5 mm. The
framework minimizes motion artifacts and blurring in the images, increasing the overall registration intra- and
inter-modality, allowing for the extraction of quantitative information from the MR data and increasing
contrast in PET and DCE-MR measurements of lesions. Furthermore, it takes advantage of the high slice
resolution together with multiple quantitative biophysical parameters, to provide a comprehensive evaluation
tool for hepatic lesions.
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