Liver ADMRI: A retrospective image-based sorting method
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Purpose: Four-dimensional magnetic resonance imaging (4DMRI) is an emerging technique in
radiotherapy treatment planning for organ motion quantification. In this paper, the authors present
a novel 4DMRI retrospective image-based sorting method, providing reduced motion artifacts than
using a standard monodimensional external respiratory surrogate.

Methods: Serial interleaved 2D multislice MRI data were acquired from 24 liver cases (6 volunteers
+ 18 patients) to test the proposed 4DMRI sorting. Image similarity based on mutual information was
applied to automatically identify a stable reference phase and sort the image sequence retrospectively,
without the use of additional image or surrogate data to describe breathing motion.

Results: The image-based 4DMRI provided a smoother liver profile than that obtained from standard
resorting based on an external surrogate. Reduced motion artifacts were observed in image-based
4DMRI datasets with a fitting error of the liver profile measuring 1.2 +0.9 mm (median =+ interquartile
range) vs 2.1+ 1.7 mm of the standard method.

Conclusions: The authors present a novel methodology to derive a patient-specific 4 DMRI model
to describe organ motion due to breathing, with improved image quality in 4D reconstruction.
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1. INTRODUCTION

Accurate quantification of breathing-induced anatomical
changes is a key factor in high precision extra-cranial radio-
therapy'? and particle therapy.> When respiratory motion
is not adequately accounted for during imaging, significant
artifacts may appear, thus jeopardizing accurate quantifica-
tion. In order to manage organ motion due to breathing,
different procedures have been developed.* A simple prospec-
tive method to avoid respiratory motion is to interrupt breath-
ing during image acquisition (i.e., breath-hold),>® with the
disadvantage that patients might not be able to hold their breath
in a consistent position (for multiple-breath-hold imaging)
or for the duration of the image acquisition.” Conversely, in
prospective gated acquisition, a snapshot image of a specific
respiratory phase is acquired for reconstructing a motion-free
volume with the use of an external surrogate.®® Both these
methods acquire an image volume in a single specific respira-
tory phase, requiring repeated acquisition at multiple reference
phases to cover the whole breathing cycle.'®!! An alternative
approach is time-resolved retrospective 4D imaging, such as
four dimensional computed tomography (4DCT),'*"'* which
has become a basic component for respiratory motion assess-

ment.*!> Due to the absence of ionizing radiation, increased
soft tissue contrast, and high temporal resolution, 4D mag-
netic resonance imaging (4DMRI) is an attractive technology
for studying organ motion.">~!® However, due to the limited
frequency at which full 3D volumes can be acquired, rapidly
acquired 2D multislice MRI data are resorted and stacked into
a 4DMRI image.' In conventional approaches, derived from
4DCT, images are sorted retrospectively using an external
surrogate.'? This latter may not correlate well with the actual
internal motion'>?° and the limited accuracy in breathing
state identification can cause artifacts.?!>> The use of multi-
ple respiratory related signals®® or internal surrogates®*2° is
expected to improve 4D reconstruction.’”?” As an alternative,
the use of a motion model®® has shown promising results but
is intrinsically limited by the computational cost of a model-
based 4D reconstruction.

Several techniques have been reported specifically for
4DMRI sorting. An interleaved multislice 2D sequence with
2D “navigator slices” acquired at a fixed location was intro-
duced by von Siebenthal and colleagues,?® where retrospective
sorting was based on the interpolation of a motion signal repre-
senting the similarity between “navigator slice” samples. Sim-
ilarly, Wachinger and colleagues® applied manifold learning
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techniques to navigator slices in order to reconstruct a gating
signal, which required images acquired at the same anatomical
location. Another approach®! provides the acquisition of mul-
tiple volumes with a navigator signal used to define multiple
gating windows. Disadvantages of these methods include the
need for sequence modification and a longer acquisition time,
as navigator images are acquired purely for sorting purposes.
Recently, an anatomy-based 4D sorting technique®>3* was
proposed relying on the “body area.” In this case, the consis-
tency of the breathing signal across multiple slices is an open
issue especially with axial slices, as phase shifts between
thorax and abdomen need to be accurately accounted for.*?3
It has been shown, conversely, that phase shifts in sagittal
slices are less of an issue in 4D reconstruction.>* Tryggestad
et al..*® instead proposed a retrospective 4DMRI technique,
in which an external respiratory trace acquired simultaneous
with imaging data was used to derive a set of “average MRI
volumes.” A graph-based retrospective 4DMRI sorting was
also proposed:3® a graph was constructed to represent the rela-
tionship among the slice in terms of spatial contiguity and the
3D image was derived by searching for an optimal path along
the slice location but performing a manual selection of the
respiratory phase. Finally, in a recent work,’ the construction
of a preoperative 4D image was proposed by interpolating
along the time axis, the transformation obtained via nonrigid
registration of 3D images acquired in known respiratory phase
(i.e., end-exhale, mid-inhale, end-inhale), thus leading to an
estimation of the intermediate phases.

The aim of this study is to propose and validate a novel
image-based 4DMRI resorting method in order to derive a
patient-specific 4D model, describing organ motion due to
breathing. For evaluation purposes, we assessed the accuracy
of the proposed resorting method by computing the fitting error
of the liver profile.

2. MATERIALS AND METHODS
2.A. Testing dataset

Dynamic multislice MRI images were acquired in six
healthy volunteers (mean age 24.8 yr) and 24 patients at the

Istituto Europeo di Oncologia (Milano, Italy) with a 1.5 T
scanner (Magnetom Avanto, Siemens Medical Systems). A
balanced steady-state free precession sequence (TrueFISP)
was used during free-breathing to repeatedly acquire oblique
sagittal 2D images of the liver in an interleaved-sequential
slice sampling order (i.e., slice 2,4,6...1,3,5...2,4,6...), in
order to avoid magnetization recovery and interslice cross talk
effects.

The MRI parameters were optimized to achieve the trade-
off between temporal and spatial resolution:

repetition time (TR)/echo time (TE): 2.9 ms/1.26 ms
flip angle: 68°

bandwidth: 601 Hz/pixel

scan matrix: 256 x 224 pixels with spacing of 1.28
x1.28 mm

slice thickness of 5 mm

e acquisition time: 180 ms/slice (i.e., slice sampling 3.6 s).

A total of 20 slices for 20 frames were acquired (i.e., imaging
duration of 72 s).

An external surrogate for liver motion was acquired with the
scanner’s respiratory belt (Siemens Physiologic Monitoring
Unit). Using the respiratory belt for triggering, we also ac-
quired gated volumes at the expiration and inspiration phases.
For consistency, the sequence parameters were the same of the
dynamic acquisition.

2.B. Image-based 4DMRI sorting

The proposed method involved a retrospective sorting of
MRI images according to the image content. First [Fig. 1(A)],
a reference volume (i.e., reference_mi) corresponding to the
expiration phase (i.e., most stable phase) was created instead
of considering a gated acquisition at the expiration phase, as
this may be affected by artifacts due to irregular respiration and
belt inaccuracies. The reference volume was constructed by (i)
selecting the first slice of the imaging frame as initialization,
(i1) choosing among all possible slices at the following slice
location, the one with highest mutual information (MI) with
respect to the previous slice, and (iii) repeating this process
for all slice location values.
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Fic. 1. Workflow of the image-based method. (A) Reference volume constructed by stacking slices with highest MI; (B) computation of the MI between the
slice of the reference volume and the corresponding slice of the series; (C) organization of the MI values for each slice of each frame (i) according to the image
acquisition time (ii) and derivation of the image-based surrogate (iii) for the subsequent 4D reconstruction in phase/amplitude binning.



Subsequently, we computed the MI between a slice of
the reference volume and the corresponding slice [Fig. 1(B)]
within the image sequence, obtaining a MI value for each
frame. Then, we arranged the MI values of all slices for each
frame according to the image acquisition time (i.e., the inter-
leaved slice acquisition 2,4,...1,3...2,4,...1led to an inter-
leaved arrangement of the MI values A,B,...C,D,...EF,...),
thus obtaining an image-based respiratory surrogate signal
[Fig. 1(O)]. Interpolation in the time domain was applied to
replace MI values equal to 1, due to the comparison of the slice
in the reference volume and the same slice in the image series.

Finally, a 4D retrospective sorting was performed according
to the image-based surrogate (i.e., mi_sorting) in both phase
and amplitude binnings.?® Among all possible slices falling in
a specific bin, we selected the slice with the highest MI value
with respect to the adjacent previous slice, to minimize shift
between slices.

The resorting method in amplitude and phase binnings was
applied also to the external surrogate approach (i.e., belt_sort-
ing), as clinically utilized. 12.13 T4 reduce the influence of noise,
the respiratory trace was prefiltered by applying a tenth order
low pass filter with a 2 Hz cutoff frequency.

A mixed approach where the external surrogate was com-
plemented with the image content information was also im-
plemented (i.e., belt+mi_sorting). In this case, slices were
searched within the bins defined by the respiratory belt and
stacked by selecting the one with highest similarity (i.e., high-
est MI) with respect to the previous one. This led to an
external surrogate resorting method driven by the image con-
tent (i.e., belt+mi_sorting).

belt_sorting
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2.C. Experiments

4D MRI reconstruction was performed with both external
(i.e., belt) and image-based surrogates. We constructed eight
bins in phase and amplitude for both surrogates. The same
binning approach was applied to the belt+mi_sorting.

To evaluate the performance of the retrospective sorting, we
quantified:

e The Pearson’s correlation (p-value < 0.05) and the mean
absolute phase shift between the external surrogate de-
tected by the belt and the image-based surrogate.

e The root mean square fitting error (RMSE) of the liver
profile in the reference volume. Specifically, each slice of
the volume was filtered with a vertical derivative and the
sum of the pixel values was taken in a region of interest.>
Finally, a second-order fitting was performed among
the slices, to evaluate the regularity of the liver profile
(i.e., of the retrospective slice sorting). We compared
the RMSE of the gated acquisition in expiration and
the one of the reference_mi volumes. A Wilcoxon rank
sum test (alpha = 5%) was performed to evaluate the
significant difference between the two error populations.
Furthermore, in the six volunteers, a feature extrac-
tion method* was applied between the reference_mi
volume and the gated acquisition at exhale, and between
the reference_mi volume and the gated acquisition at
inhale, in order to show the consistency between the
reference_mi volume and the exhale phase. A Wilcoxon
rank sum test (alpha = 5%) was performed to evaluate
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FiG. 2. Coronal 4DMRI with corresponding surrogate signals. First raw: belt_sorting in amplitude binning; second raw: belt+mi_sorting in amplitude binning;

third raw: mi_sorting in amplitude binning.



TasLE I. Median fitting error [mm] of the liver profile. For each volunteer, the median =+ interquartile range (maximum) of the RMSE among all bins is reported

for belt_sorting, belt+mi_sorting, and mi_sorting for phase/amplitude binning.

belt_sorting

belt+mi_sorting mi_sorting

Phase binning Amplitude binning

Phase binning

Amplitude binning Phase binning Amplitude binning

V 1—8bins 2.1+3.2(6.2) 2.9+2.1(6.8) 20+22@3.9) 28+2.1(44) 24+1.6@3.5) 1.8 £2.0(5.5)
V2—8bins 1.7+ 0.6 (2.8) 2.1+02Q2.7) 1.4+ 1.0(2.8) 1.8+04@3.1) 1.9+0.4(2.3) 1.1 £0.2(1.9)
V 3—8bins 24+04@3.0) 1.1+0.7 (2.3) 22+0.1Q2.7) 1.0+ 0.5 (1.8) 1.8 +£0.4 (2.1) 1.6 £0.2 (1.9)
V4—8bins 1.9+09(24) 1.8 £0.4(2.8) 1.5+0.4 (2.0 1.4 + 0.6 (2.0) 1.3+£0.6(2.1) 1.3 +£0.6 (1.8)
V' 5—38bins 33+0.8(5.7) 2.8+1.1(4.3) 32+1.8(4.6) 2.6+0.8(3.3) 3.1+1.3(4.0) 24 +1.2(3.6)
V 6—38bins 1.9+0.6 (2.9) 29+04 3.0 1.6 £0.8 (2.7) 1.4+1.0@2.7) 1.7+0.5(2.8) 1.7+1.3(2.8)
Grouped systematic error 23+12 22+12 20+13 1.7+14 1.9+0.9 1.6 £ 0.9

V1 irregular 5.0+3.9(9.5) 6.4+19(.1) 3.6+2.1(4.8) 45+14(5.6) 23+1.6(4.4) 2.12+£22(4.7)

the significant difference between reference_mi/gated at
exhale and reference_mi/gated at inhale.

e The RMSE of the 4DMRI liver profile in all the eight
bins. The median + interquartile range of the RMSE was
calculated for each subject. Similarly to van Herk,*! we
defined as grouped systematic error the median of RMSE
among all subjects. In order to discriminate between
the group systematic error obtained from belt_sorting,
belt+mi_sorting, and mi_sorting for both phase and
amplitude binning approaches, we performed a Friedman
test at 5% significance level. For volunteers, we also
applied a feature extraction method***? between image
pairs, keeping the first phase as reference and evaluating
the motion obtained in the reconstructed 4DMRI as
distance between features.

3. RESULTS
3.A. Volunteer study

Figure 2 shows a coronal view of a 4ADMRI for a represen-
tative volunteer as derived with belt_sorting and mi_sorting
amplitude binning, along with the two corresponding surro-
gates. The correlation values between the respiratory trace
and the MI values ranged from -0.6 to -0.8 in all patients,
indicating a negative correlation significantly different from 0
(p-value < 0.05). The mean absolute phase shift was quantified
as 0.79+0.20 s.
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The median value of the RMSE of the reference volume
liver profile was quantified as 1.4 +£1.5 and 1.0 £0.3 mm
for all subjects in the gated and in the reference_mi volume,
respectively. The Wilcoxon test confirmed that the two popu-
lations were significantly different. Furthermore, the distance
of the extracted features was quantified as 1.3 +0.4 mm and
7.3 £2.2 mm between reference_mi and gated exhale volume
and reference_mi and inhale gated volume, respectively (alpha
< 5%).

For most volunteers (Table I), the median error and the cor-
responding maximum error were lower with mi_sorting than
with belt_sorting and belt+mi_sorting. The grouped system-
atic error decreased moving from belt_sorting to mi_sorting:
in phase/amplitude binning, an error of 2.3+1.2/2.2+1.2 mm
for belt_sorting was measured against 1.9+0.9/1.6+0.9 mm
for mi_sorting, whereas belt+mi_sorting produced an error of
2.0+1.3/1.7+ 1.4 mm. Friedman test confirmed a significant
difference between mi_sorting and belt_sorting both in phase
and amplitude binnings.

Furthermore, we acquired an irregular breathing pattern
from the first volunteer (V1). The median RMSE (Table I-
last row) of the 4DMRI liver profile was about 5 mm for
belt_sorting, whereas under the maximum voxel dimension
(i.e., 5 mm) for belt+mi_sorting and mi_sorting.

Figure 3(A) shows the number of features matches between
the respiratory phases and the motion estimated from the ex-
tracted features for volunteers. A breathing pattern trend is

=—belt phase
——belt amplitude
mi phase

——mi amplitude

FiG. 3. Internal anatomy. (A) Number of matches and (B) average feature motion [%] between the different bins of the 4ADMRI (1 vs 2,1 vs3,1vs4,1vs5, 1
vs 6, 1 vs 7, and 1 vs 8) for both mi_sorting and belt_sorting, for all volunteers. (C) An example of identified matches between exhale-inhale in the liver (yellow

square) in one slice of the exhale phase. Specifically, red circle for mi_sorting with amplitude binning, pink triangle for mi_sorting with phase binning, blue
cross for belt_sorting with amplitude binning, and light blue asterisk for belt_sorting with phase binning.



more visible in the image-based sorting than using the ex-
ternal surrogates, with a higher number of matches for con-
tiguous respiratory phases (e.g., 1 vs 2, 1 vs 3, 1 vs 7, and
1 vs 8) and a more regular respiratory motion for mi_sorting
rather than belt_sorting. In addition, a greater number of
matches were found in the liver [Fig. 3(C)] in mi_sorting than
belt_sorting, thus better describing the respiratory motion
range [Fig. 3(B)].

3.B. Patient study

For all patients, as for the volunteers, the RMSE in gated
acquisition was larger than in the constructed reference_mi
volume, with median values of 1.9+1.5 mm and 0.9+0.7 mm,
respectively.

The grouped systematic errors (Table IT) with mi_sorting
were lower than with the other retrospective sorting methods
and were significantly different from belt sorting ones
(Fried-man test, alpha = 5%). For patient P6, a six bins
4DMRI was constructed because neither belt_sorting nor belt
+mi_sorting in amplitude binning were possible in eight bins.
Conversely, the complete dataset with 8 bins was successfully
recon-structed with mi_sorting, with a median RMSE of 1.6
+0.4 mm. The correlation between the external surrogate and
the image-based one was —0.1 for P6, as opposed to other
patients where values ranged from —0.6 to —0.8, with a mean
absolute phase shift of 0.78+0.60 s overall. 4DMRI images
of P6 with belt_sorting and mi_sorting in amplitude binning
are shown in Fig. 4. A patient with an irregular breathing
pattern (P16) is also reported in Fig. 5.

4. DISCUSSION

In this work, we propose a retrospective image-based sort-
ing method of dynamic multislice MRI images to create a
patient-specific 4DMRI. The proposed method is based on
the use of MI as a surrogate for retrospective sorting in
phase/amplitude binning.

With respect to other techniques, our approach does not
require image preprocessing and provides a surrogate signal
across the whole image. Furthermore, no “average 4DMRI"33
and no navigator slice®® are required, thus avoiding to affect
the signal to noise ratio in the reconstructed 4D image dataset
and reducing the overall acquisition time and the specific
absorption rate, respectively. Derivation of the surrogate signal
directly from the image series does not require external moni-
toring devices,® which suffer from extrinsic (i.e., operator
variability) and intrinsic inaccuracies, providing technical
and procedural simplifications to the clinical workflow. In
addition, it does not need to acquire additional volumes and
interpolate between the respiratory phases’’ and a previous
manual identification of the respiratory phases is not required
in contrast to Ref. 36.

For testing purposes, the proposed image-based 4DMRI
(i.e., mi_sorting) was compared to a standard resorting method
based on an external surrogate (i.e., belt_sorting) and to a
mixed approach where the external surrogate was comple-
mented with the image content information (i.e., belt+mi_sor-
ting). It is worth considering that, as reported in Ref. 35, a
gain adjustment is typically present in the belt surrogate,
in addition to variability in positioning and setup and
to an indirect correlation with internal anatomy. The two

32-35

TasLe II. Median fitting error [mm] of the liver profile. For each patient, the median =+ interquartile range (maximum) of the RMSE among all phases is reported

for belt_sorting, belt+mi_sorting, and mi_sorting for phase/amplitude binning.

belt_sorting

belt+mi_sorting mi_sorting

Phase binning Amplitude binning Phase binning Amplitude binning Phase binning Amplitude binning

P1—38bins 34+2.0(5.8) 1.9+1.144) 23+2.13.9) 1.5+ 1.1(43) 1.7+1.13.4) 1.6 £0.9 (3.5)
P2—38bins 45+04(.3) 4.6+0.7(5.7) 46+04 458 46+05(52) 1.0+ 0.4 (1.6) 1.0+ 0.1 (1.1)
P3—38bins 1.2+£0.2(1.5) 1.2+02(1.4) 1.1+0.4(1.7) 1.2 +£0.6 (1.7) 1.0+ 0.5 (1.6) 1.1+0.4(1.4)
P4—_8bins 1.7+ 1.0 (3.0) 1.6 £0.7 (2.9) 1.3+ 0.6 (2.0) 1.4+0.6(2.4) 1.1+0.4(1.7) 1.3+0.2(1.6)
P5—38bins 1.4+ 0.7 2.0 1.9+09(24) 1.4+ 0.6 (2.01) 1.5 +0.5(1.9) 1.0+ 0.4 2.1 1.1+0324)
P6—o6bins 1.7+ 0.9 (2.2) 25+03(2.8) 1.0+ 0.3 (1.4) 14+1.124) 0.9+0.1(1.3) 0.8+0.0(1.1)
P7—38bins 1.6 £0.9 (2.6) 1.9+ 0.8 (4.0 2.0+0.5(2.6) 1.8 £0.5(2.5) 1.9+04 29 2.0+0.3(2.3)
P8—38bins 23+1.04.2) 23+0.6(4.4) 22+124.2) 2.0+0.7 (4.5) 23+0.6(3.7) 20+1.3(3.8)
P9—_8bins 1.2+092.1) 1.2+£0.72.1) 0.8+0.2(1.2) 0.8+0.3(1.9) 0.7+0.2(1.6) 0.7+ 0.1(0.9)
P10—38bins 3.6+ 1.8(6.4) 32+1.8@3.7) 1.6+ 1.4 (4.1) 24+1.6(@3.5) 1.5+1.2(3.5) 1.2+0.7(2.3)
P11—8bins 23+0.6(3.4) 3.1+0.73.3) 20+093.4) 2.6+09@3.9) 1.7+ 0.6 (3.4) 1.9+0.7(3.3)
P12—38bins 1.3+1.63.5) 1.8+0.3 (2.7) 1.4+0.52.2) 1.1 +£0.5(1.7) 0.8+0.2(1.2) 1.0+ 0.7 (2.0
P13—8bins 1.3+£04(2.1) 1.4 +0.1(1.6) 1.3+0.2(1.5) 1.3+0.4(1.8) 1.4+0.3 (1.9 1.2+0.3(1.8)
P14—38bins 41+196.7) 3.8+0.6(4.9) 34+024.1) 3.5+04(4.0) 33+0.63.9) 33+05@3.7)
P15—8bins 1.6 £0.5(2.4) 2.6+0.6(4.7) 1.3+032.1) 1.9+1.134) 1.6 +1.2(3.3) 1.2+ 0.3 (1.6)
P16—38bins 32+0.8(3.8) 32+09@3.5) 3.1+0.3(3.6) 32+1.1(34) 24+084.2) 1.8+ 0.9 (3.6)
P17—38bins 2.5+0.6(3.8) 25+13@3.7) 1.8+ 0.6 (3.7) 1.7+0.9 (3.4) 1.6 +£0.2 (2.9 1.4+0.52.1)
P18—38bins 3.7+3.6(6.8) 3.5+3.7(6.7) 2.8 +3.0(6.3) 2.7+0.9 (6.4) 22+2.6(5.8) 24+23@3.7)
Grouped systematic error 2.1+18 2.1+1.7 1.6+1.6 1.5+09 14+1.1 1.2+0.9
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FiG. 4. Coronal six bins 4DMRI with corresponding surrogate signals of patient P6. First raw: belt_sorting in amplitude binning; second raw: belt+mi_sorting

in amplitude binning; third raw: mi_sorting in amplitude binning.

surrogates showed high negative correlation (i.e., due to
the comparison of the image series with the reference_mi
volume) with p-value < 0.05, attesting the effectiveness of the
image-based signal in breathing motion description. A phase
shift was measured between the belt and the image-based
surrogates for both volunteers and patients, with average
values within 0.8 s. Overall, the image-based surrogate
performed better than the respiratory belt, which was not
robust, as already reported in Ref. 35. This is particularly
evident in the results for the irregular breathing pattern of
volunteer V1: in this case, the image-based method allowed
reducing errors from more than 5 mm (belt_sorting) to
2 mm. Noise in the respiratory trace was evident also
in patient P6, in which belt_sorting and belt+mi_sorting
did not produce a 4DMRI featuring eight bins, whereas
the mi_sorting method succeeded. Therefore, six bins were
reconstructed instead of eight and reduced artifacts (i.e., more
regular liver profile) were observed. A smoother liver

profile of the 4DMRI obtained with the mi_sorting is also
visible in Fig. 5, where an irregular breathing patient is
shown.

In both volunteers and patients, the grouped systematic er-
ror was systematically lower in mi_sorting than in belt_sorting,
with a statistical significant difference between the two pop-
ulations. In our work, no phantoms>®? were available to quan-
tify 4D sorting artifacts and exhale/inhale gated acquisitions
were used to evaluate the correspondence of the reference_mi
volume to the exhale phase. In addition, the assessment of
artifacts by using a similarity measure across neighboring
slice?® was not considered due to the construction of the
time-resolved imaging with one of this measure (i.e., mutual
information). Therefore, we proposed the method developed
by Rit et al.’® based on the quantification of the variability
of diaphragm motion to evaluate quantitatively the regularity
of the diaphragm profile in the coronal direction (i.e., to
quantify artifacts due to the retrospective reconstruction). The
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drawback in this method is the evaluation of a region of interest
around the diaphragm, losing the whole volume information.
On the other hand, the application of the feature extraction
method* to volunteers data on the whole volume confirmed
the better retrospective reconstruction with mi_sorting, able
to preserve internal anatomy motion rather than belt_sorting.
Conversely, the belt+mi_sorting represented an intermediate
situation between belt_sorting and mi_sorting, showing that
results provided by the respiratory belt could be improved by
the image content. Artifacts were nonetheless present in some
image-based 4DMRI, due to individual respiratory variations
and to the trade-off between imaging duration and number of
frames per slice location.

Belt inaccuracies were also identified in the gated acqui-
sition, resulting in a volume with an irregular liver profile,
due to irregularity in the breathing pattern (i.e., wrong iden-
tification of the expiration phase by the respiratory trigger)
and variability in the acquisition (i.e., acquired separately from
the multislice data and with a qualitative selection of the gat-
ing window). For this purpose, the construction of the refer-
ence_mi volume by analyzing the whole 4D image series
yielded a more stable reference at the expiration phase than the
gated volume, also confirmed by the identified features*® in the
six volunteers database. However, future works should analyze
the best starting slice for the construction of the reference
volume. Preliminary tests on one volunteer showed similar
results by selecting the last slice as initialization, with a slightly
better performance by using the first one. Such a result may
be due to the acquisition process: oblique sagittal slices were
acquired, in which the first slice described the right side of the

liver near the skin, representing a more stable starting point for
the construction of a reference volume.

In addition, the intensity change effects in MRI images
were also minimized by acquiring multiple interleaved slices
(i.e., ensuring full magnetization recovery) and using a simi-
larity measure based on the image information (i.e., MI)
instead of absolute pixel values (e.g., sum of squared differ-
ence). However, a deep analysis on intensity standardization*3
and nonuniformity correction** should be taken in consider-
ation, as well as a comparison with other metrics.??

The average CPU time required for belt_sorting, belt+mi_
sorting, and mi_sorting was quantified in 20, 42, and 123 s,
respectively (2.2 GHz Intel Core i7 processor). Conversely,
the setup of the respiratory belt required ~4-5 min, as mul-
tiple adjustments in belt position and tightening are typically
needed to achieve satisfactory visual feedback of the
breathing trace on the scanner monitor. Additional time (~1-
2 min) was also typically required to start the respiratory trace
acquisition before scanning.

5. CONCLUSION

In this work, we proposed an image-based 4DMRI retro-
spective sorting, which was compared to the standard method
based on the acquisition of an external surrogate. The better
performance of the proposed method would provide a patient-
specific 4DMRI able to accurately describe organ motion,
improving clinical margins delineation in radiotherapy treat-
ment planning, and providing a model for the latest



developments in MRI-guided technologies.*> Future works
should be focused on the optimization of parallel imaging se-
quences to avoid the retrospective reconstruction, thus acquir-
ing full volumes in dynamic mode.
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