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ARTICLE INFO ABSTRACT
Keywords: Background and Purpose: Carbon ion radiotherapy (CIRT) for liver patients is usually administrated in four high-
Deformable image registration dose fractions, requiring high geometrical precision. Work is underway to implement online magnetic resonance

MR-guided particle therapy
Online adaptive particle therapy
carbon ion liver SBRT

(MR)-guided adaptive workflows for this indication. For the generation of a daily computed tomography (dCT),
deformable image registration (DIR) can be used. Here, a study on a deformable anthropomorphic abdomen
phantom was conducted to assess the accuracy of MR-to-CT DIR.

Materials and Methods: We applied eight different static compressions on the phantom to induce deformations,
acquired CT and MR images and performed DIR to generate dCT images for each MR. We assessed the geometric
uncertainties of DIR for T1- and T2-weighted MRI sequences by comparing the deformed structures against a
manually segmented ground-truth. Furthermore, we assessed the DIR impact on the dose distribution on a single-
beam CIRT plan, comparing the beam’s range (R80%) on the dCT against those of the CT images.

Results: From the geometric analysis, we obtained mean Dice similarity coefficients (DSC) for the liver of 0.94 +
0.02 for the T1- and 0.95 + 0.10 for the T2-weighted MR sequences. These values were above the mean
deformation induced on the liver (DSC of 0.87 £ 0.08). As for the range uncertainty induced by DIR, we observed
mean R80% uncertainties up to 1.35 mm when comparing treatment doses on the dCT and CT images.
Conclusions: Geometric and beam range uncertainties have been assessed systematically and were found to be
small. These results support further implementation of an MR-guided DIR-based online adaptive workflow for
liver CIRT.

1. Introduction geometrical precision [2]. Furthermore, CIRT treatment plans are highly

sensitive to anatomical changes along the beam path, due to the steep

Carbon ion radiotherapy (CIRT) is a highly effective treatment op- dose fall-off behind the Bragg peak and the dependence of the range of a
tion for hepatocellular carcinoma (HCC) patients [1-5]. The therapeutic charged particle on the stopping power ratio (SPR) [6,7].

dose is typically prescribed in four high-dose fractions, requiring high Image guidance in proton and carbon ion therapy increasingly relies
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on advanced volumetric imaging techniques such as in-room computed
tomography (CT) and cone-beam CT (CBCT). This enables precise pa-
tient setup verification, anatomical change monitoring, and adaptive
treatment strategies to improve targeting accuracy and reduce un-
certainties [8,9]. Efforts are being made to implement shuttle-based
online magnetic resonance imaging (MRI)-guided adaptive workflows
for this indication, aiming at better imaging of the tumour and ensuring
the daily coverage of the target volume [10]. For the generation of a
daily deformed CT (dCT), deformable image registration (DIR) is used,
which maps the corresponding daily structures with the vector field (VF)
onto the dCT. As the goal was to clinically implement the workflow on
the treatment planning system currently in use, DIR was performed with
the ANAtomically CONstrained Deformation Algorithm (ANACONDA).

A complete study of the dCT quality requires the availability of a
ground-truth daily CT, containing the same anatomical information as
the MRI. This is hard to achieve with patient measurements, as some
organs move between the acquisition of both images. In the absence of a
ground-truth, a previous study has assessed the accuracy of ANACONDA
against other algorithms [11]. For conventional radiotherapy with
photons, MRI-guided workflows for HCC have been assessed and
implemented [12-14] and the accuracy of MRI-to-CT DIR has been
assessed for several algorithms [15]. However, no DIR accuracy studies
have been performed for liver MRI-guided CIRT with ANACONDA.

To overcome this limitation and assess the absolute MRI-to-CT DIR
quality achieved with ANACONDA, a study using an anthropomorphic
phantom known as the Breathing Radiotherapy Visual monitoring, Im-
aging, and Dosimetric Anthropomorphic (BRaVIDA) [16] was designed
and conducted. Geometric and dosimetric uncertainties, which are
essential to know in an MRI-guided particle therapy workflow, were
fully evaluated.

2. Materials and Methods
2.1. Phantom

The phantom used in this study was BRaVIDA. As depicted in Fig. 1,
it is an anthropomorphic phantom containing anatomically realistic
models of major abdominal organs, including the liver, kidneys, spleen,
stomach, pancreas, intestines, and vertebrae. The organ models exhibit
CT numbers and MRI relaxation times comparable to patient tissue [17].
The outer shell, made of Acrylonitrile Butadiene Styrene (ABS), lacks
MRI contrast. Two stamps were placed at the diaphragm and lower
membranes enabling respiratory motion simulation using an in-house
hydraulic system developed at the German Cancer Research Center
(DKFZ).

2.2. Image acquisition

For the image acquisition, the upper stamp was moved between the
scans in order to induce deformations of the organs, in particular, the
liver. Static MR and CT images were acquired at different stamp posi-
tions: 0 mm with no compression (further referred to as reference po-
sition), and 5-40 mm in 5 mm increments. All of the measurements were
carried out on the same day to minimize setup uncertainties. While the
MRI measurements took place in the morning, the CT images were ac-
quired in the afternoon. The hydraulic system had to be detached before
and after the MRI measurements to keep the motors outside of the room
due to the magnetic field. The hydraulic system was refilled before the
image modality was changed to compensate for possible oil losses.

Planning CT images were acquired with a SOMATOM Confidence CT
scanner (Siemens Healthineers, Forchheim, Germany) with a resolution
of 0.98 x 0.98 x 3 mm? using the local clinical protocol for liver
treatment planning. The MRI images were acquired on a diagnostic
device (MAGNETOM Sola MRI scanner (Siemens Healthineers, For-
chheim, Germany), By = 1.5 T) installed at the Heidelberg Ion Beam
Therapy Center (HIT). The MR imaging protocol contained two different
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sequences: a T2-weighted three-dimensional (3D) turbo spin echo (TSE)
sequence with variable flip angle evolution (SPACE) and a T1 3D
gradient echo sequences (GRE) with the two-point Dixon technique
opposed-phase sequence (T1-Opp). The T2 sequence featured an echo
time (TE) of 134 ms and a repetition time (TR) of 1400 ms, while the T1
sequences had TE values of 2.33 ms (in-phase) and 4.39 ms (opposed-
phase), with a TR of 6.8 ms. All sequences were sampled with a reso-
lution of 1 x 1 x 3 mm® with 3D distortion correction applied.

2.3. Image registration

Image registration was performed in a research version of RaySta-
tion® (RaySearch Laboratories, Stockholm, Sweden) 11B. The CT with
no compression (both stamps positioned at 0 mm) was used as the
reference CT image, and a DIR was performed between this reference CT
and the eight MRI images acquired with different upper stamp positions.
First, an automatic rigid registration based on grey level information
was performed to align the CT and MRI images. Second, a DIR was
carried out with ANACONDA [18], the algorithm incorporated in the
treatment planning system RayStation 11B, using mutual information as
the similarity measure. A detailed description of the parameters used for
the DIR is provided in Table S1. With the VF from the DIR, the different
dCT images were created and the structures contoured on the reference
CT were deformed.

2.4. Geometric evaluation of DIR

To assess the similarity between two organs, the Dice similarity co-
efficients (DSC) [19] and mean distances to agreement (MDA) [20] were
calculated, after rigid registration, using a built-in function in RaySta-
tion. For the different scenarios, the following structures were consid-
ered: liver, stomach, pancreas, left kidney, right kidney, bowel and
spleen.

In the first step, the structures mentioned above were manually
contoured by the same observer on all the acquired CT and MRI images.
Based on these structures, several aspects have been addressed. The full
analysis procedure is summarized in Fig. 2. The DSC and MDA between
each CT and MRI acquired with the same compression were calculated
to quantify the setup uncertainties between the two imaging modalities
(green arrow in Fig. 2). Then, the DSC and MDA values were calculated
between the reference MRI and each measurement with a different
compression from the same imaging modality, to quantify the defor-
mation induced on the phantom by moving the upper stamp (blue
arrow). Finally, the DSC and MDA between the structures on each dCT
(mapped with the VF) and those on the corresponding measured CT
(manually contoured) were calculated to quantify the geometric un-
certainties of DIR (yellow arrow).

2.5. Evaluation of DIR on the dose distribution

For the assessment of the uncertainties of DIR on the dose distribu-
tion, a spherical structure with a 2.5 cm diameter was drawn as the
planning target volume (PTV) on the reference CT, located in the lower
part of the right lobe of the liver. A single-beam CIRT treatment plan
with an active raster-scanning technique, according to our institutional
protocol, was designed to cover the PTV with a typical liver SBRT pre-
scription for HCC: 4 x 10.5 relative biological effectiveness (RBE)-
weighted dose (Gy (RBE)") (see Fig. 3). For the RBE-weighted dose
calculations, the local effect model version 1 (LEM I) was used. The
targets were then mapped onto the other CT images using a liver-based
DIR performed with ANACONDA, using the parameters given in
Table S1.

The treatment plan was forward-calculated, without adaptation, on

1 This nomenclature refers to the ICRU93 definition.
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Flexible layer Upper stamp

Rigid mannequin Hydraulic system

Fig. 1. BRaVIDA, the abdomen phantom used for the measurements is shown. Several parts of the phantom are highlighted: flexible abdomen layer and rigid
mannequin (left); upper stamp and hydraulic system (right).

MRI measurements dCT generation

Deformation <—-’0 mm (Ref.) Create DIR 0 mm (Ref.) APPIy DIR

quantification ~~ 5 — 40 mm 5-40 mm = 5-40 mm
Uncertainties DIR accuracy
quantification quantification

Fig. 2. Schematic representation of the measurements and geometric analysis performed on the imaging data.

Fig. 3. Target location and respective 4 x 10.5 Gy (RBE) CIRT treatment plan (RBE-weighted), designed on the reference CT image. An axial slice is shown in the top.
Sagittal (left) and coronal (right) slices are shown in the bottom where the following organs have been contoured: liver (orange), stomach (magenta), spleen (green),

right kidney (cyan), left kidney (blue) and bowel (yellow). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)

the different CT and dCT images in RayStation. Since the outer layer of BRaVIDA has no MRI contrast, a region of interest (ROI) with a thickness
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of 3 mm and material overwrite with water (mass density = 1.00 g/cmg)
was created on the dCT images to compensate for the absence of this
material. A ray-casting algorithm [21] was implemented in Python to
cast dose cubes within the scripting environment of RayStation. The
dose cubes obtained from the treatment plan forward calculation on the
different dCT images were used to generate the 80% distal fall-off
(R80%) maps. These maps were then used to detect dose fall-off dif-
ferences between the dCT and the measured CT images.

3. Results

Fig. 4 shows an example of CT and MRI images of the phantom with
the manually contoured structures, along with the corresponding dCT
generated using ANACONDA for the T1 and T2 sequences, including the
VF structures.

For setup uncertainties, as shown in Fig. 5(b), the mean DSC and
corresponding MDA values obtained for the liver were 0.97 + 0.02
(MDA of 0.90 + 0.59 mm). Regarding the deformation induced on the
liver by moving the upper stamp (see Fig. 5(a)), the mean DSC and MDA
for the liver was 0.87 £ 0.08 (3.48 + 2.36 mm), with MDA values
reaching up to 8.17 mm.

For the geometric accuracy of DIR, the DSC values obtained for the

(A)—Tiw, 30 mm
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T1 sequence (see Fig. 5(c)) ranged between 0.86 (pancreas with 15 mm
compression) and 0.97 (liver with 20 mm compression). For the same
sequence, MDA values were between 0.59 mm (spleen with 20 mm
compression) and 2.0 mm (liver with 30 mm compression). The mean
DSC (MDA) for the liver was 0.94 £ 0.92 (1.64 + 0.45 mm).

For the T2 sequence, as presented in Fig. 5(d), a minimum DSC of
0.83 was obtained for the bowel with a 30 mm compression, while the
maximum of 0.96 was achieved for the liver with the stamp at 10 mm.
MDA values ranged from 0.8 mm (pancreas with 10 mm compression)
and 3.0 mm (stomach with 30 mm compression). Detailed data for all
organs is provided in the Supplementary Tables S2-S9.

Fig. 6 depicts the results of the impact of DIR on the dose distribu-
tion, showing an illustrative example of the R80% maps obtained from
the CT and dCT images, along with the corresponding R80% difference
map and histogram calculated on the PTV.

The mean R80% differences between the CT and dCT images for the
various upper stamp positions are also presented. These mean differ-
ences ranged from 0.04 mm (T2 sequence with 5 mm and with 10 mm
compression) to 1.35 mm (T1 sequence with 40 mm compression).
Comprehensive tables with the average and standard deviation values
for each case are provided in Table S10.

(B) —T2w, 30 mm

Fig. 4. Illustrative examples of the axial images obtained for the stamp position of 30 mm are shown: T1- (A) and T2-weighted MRI sequences (B), and the cor-
responding dCT (C) and (D), respectively. In (E), the reference CT is presented, and (F) shows the ground-truth CT measured for the position 30 mm. The following
structures are shown: liver (orange), stomach (pink), spleen (green) and left kidney (blue). (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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Fig. 5. DSC and MDA obtained from the following comparisons: a) each MRI (with up to 40 mm compression) against the reference MRI (no compression); b) MRI
against CT measurements; c) each dCT generated with the T1-weighted sequence against the corresponding CT; d) each dCT generated with the T2-weighted against
the corresponding CT.
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Fig. 6. At the top, an illustrative example of the R80% maps obtained on the projection of the PTV in beam’s eye view (black structure) for the CT and dCT images
with the upper stamp positioned at 5 mm is shown. At the bottom, the difference map and the respective histogram are shown, as well as the mean differences
obtained between the CT and dCT images for the various upper stamp positions, along with their standard deviations, are reported.

4. Discussion

In this study, the accuracy of DIR within a daily MR-guided CIRT
workflow for liver SBRT patients was assessed. As part of this evaluation,
the geometric accuracy of DIR in mapping the daily MRI contours was
quantified. Subsequently, the impact of the resulting dCT on the dose
distribution was assessed using a representative single-beam CIRT plan,
which is typically used for this clinical indication.

From the geometric assessment of this study, we verified that the
deformation induced on the phantom (Fig. 5(b)) is larger than the setup
uncertainties, quantified by the comparison of the contours of each MRI
against the corresponding CT (Fig. 5(a)). In particular, the maximum
MDA obtained for the setup uncertainties on the liver was 1.5 mm, lower
than the mean deformation induced on this organ, 3.48 + 2.36 mm. The
deformation on the liver led to MDA values between 1.54 mm and 8.17
mm. These values are consistent with the interfractional liver motion
observed in patients, as recently assessed internally at HIT. In a retro-
spective analysis of six HCC patients, the average MDA between daily CT
images and the corresponding planning CT was found to be 3.47 mm +
1.12 mm, with values ranging from 1.71 mm to 6.12 mm.

The geometric uncertainties of the dCT images generated from the
T1- and T2-weighted MRI images, as shown in Fig. 5(c) and (d),
respectively, were found to be lower than the deformation induced in
the phantom for compressions of 20 mm or greater. For the liver, mean
DSC of 0.94 + 0.02 and 0.95 + 0.01 were obtained for the T1- and T2-
weighted sequences, respectively. These results indicate that the

geometric error introduced by adaptation (i.e., through the use of dCT)
is smaller than the error resulting from non-adaptation. Moreover, the
reported values agree with previous studies using alternative algo-
rithms. For instance, a diffeomorphic transform-based method for MRI-
to-CT DIR of the abdomen, proposed by Lei et al. [15], achieved liver
DSC values of 0.90 + 0.04.

Regarding the impact of DIR on the dose distribution, mean R80%
deviations of up to 1.35 mm were observed when the dCT images
generated from T1- and T2-weighted MRI images were compared to the
corresponding measured CT images. It should be noted that the manual
definition of the outer layer, which lacks MRI contrast, may introduce
additional uncertainty in the range of the carbon ion beam. The average
water equivalent path length of the treatment beam is 6.74 c¢m, so a
standard 2.5% CT-to-dose calibration uncertainty [6,22] would lead to a
margin of 1.7 mm. Additionally, the beam delivery uncertainty at HIT
has been internally estimated at 0.5 mm. When these uncertainties are
combined with the geometric uncertainty introduced by our DIR, a total
margin of 3.55 mm is obtained. This value remains smaller than the
clinically applied isotropic expansion of 5 mm (7 mm in the beam di-
rection) used at HIT for this treatment indication [4].

The presented work is a phantom study and therefore has limitations.
Though an anthropomorphic phantom was used, a patient liver might
move and behave differently. Furthermore, the mannequin forming the
lateral side of the phantom is rigid and therefore did not undergo any
deformation. Additional limitations of the study include the un-
certainties caused by transporting the phantom between the MRI and CT



R. Pestana et al.

scanners and the reproducibility of the different phantom states. For that
reason, the differences between each CT and the corresponding MRI
were evaluated. Moreover, contouring uncertainties contributed to the
overall variability, although all the images were contoured by a single
observer. In particular, the T1-weighted MRI images had black bound-
ary artefacts around some organs, making it difficult to accurately
contour them.

A retrospective study on a patient cohort treated at HIT is currently
underway. Furthermore, a patient shuttle is being integrated in the
clinical workflow at HIT [23], allowing patient transfer between the
treatment room, CT and MRI scanners in the treatment position. This
will enable the generation of a valuable dataset, with ground-truth CT
images for the assessment of the outcomes and uncertainties of the
adaptive workflow.

In conclusion, an adaptive workflow based on MRI-to-CT and DIR
was shown to provide a more accurate representation of daily anatomy
than a non-adaptive approach. This improved anatomical accuracy
could enable treatment planning margins to be reduced, thereby
improving the preservation of healthy liver tissue.
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