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Abstract

Purpose:  To  generate  virtual  4DCT  from  4DMRI  with  field  of  view  (FOV)  extended  to  the  entire  involved  patient  anatomy,
in order  to  evaluate  its  use  in  carbon  ion  radiation  therapy  (CIRT)  of  the  abdominal  site  in  a  clinical  scenario.
Materials and  methods:  The  virtual  4DCT  was  generated  by  deforming  a  reference  CT  in  order  to  (1)  match  the  anatomy
depicted in the  4DMRI  within  its  FOV,  by  calculating  deformation  fields  with  deformable  image  registration  to  describe
inter-fractional and  breathing  motion,  and  (2)  obtain  physically  plausible  deformation  outside  of  the  4DMRI  FOV,  by
propagating and  modulating  the  previously  obtained  deformation  fields.  The  implemented  method  was  validated  on  a  digital
anthropomorphic phantom,  for  which  a  ground  truth  (GT)  4DCT  was  available.  A  CIRT  treatment  plan  was  optimized  at
the end-exhale  reference  CT  and  the  RBE-weighted  dose  distribution  was  recalculated  on  both  the  virtual  and  GT  4DCTs.
The method  estimation  error  was  quantified  by  comparing  the  virtual  and  GT  4DCTs  and  the  corresponding  recomputed
doses. The  method  was  then  evaluated  on  8  patients  with  pancreas  or  liver  tumors  treated  with  CIRT  using  respiratory
gating at  end-exhale.  The  clinical  treatment  plans  adopted  at  the  National  Center  for  Oncological  Hadrontherapy  (CNAO,
Pavia, Italy)  were  considered  and  the  dose  distribution  was  recomputed  on  all  respiratory  phases  of  the  planning  and  virtual
4DCTs. By  comparing  the  two  datasets  and  the  corresponding  dose  distributions,  the  geometrical  and  dosimetric  impact
of organ  motion  was  assessed.
Results:  For  the  phantom,  the  error  outside  of  the  4DMRI  FOV  was  up  to  4.5  mm,  but  it  remained  sub-millimetric  in
correspondence to  the  target  within  the  4DMRI  FOV.  Although  the  impact  of  motion  on  the  target  D95% resulted  in
variations ranging  from  22%  to  90%  between  the  planned  dose  and  the  doses  recomputed  on  the  GT  4DCT  phases,  the
corresponding estimation  error  was  ≤2.2%.  In  the  patient  cases,  the  variation  of  the  baseline  tumor  position  between  the
planning and  the  virtual  end-exhale  CTs  presented  a  median  (interquartile  range)  value  of  6.0  (4.9)  mm.  For  baseline
variations larger  than  5  mm,  the  tumor  D95% variation  between  the  plan  and  the  dose  recomputed  on  the  end-exhale  virtual
CT resulted  larger  than  10%.  Median  variations  higher  than  10%  in  the  target  D95% and  gastro-intestinal  OARs  D2% were
quantified at  the  end-inhale,  whereas  close  to  the  end-exhale  phase,  limited  variations  of  relevant  dose  metrics  were  found
for both  tumor  and  OARs.
Conclusions:  The  negligible  impact  of  the  geometrical  inaccuracy  in  the  estimated  anatomy  outside  of  the  4DMRI  FOV
on the  overall  dosimetric  accuracy  suggests  the  feasibility  of  virtual  4DCT  with  extended  FOV  in  CIRT  of  the  abdominal
site. In  the  analyzed  patient  group,  inter-fractional  variations  such  as  baseline  variation  and  breathing  variability  were
quantified, demonstrating  the  method  capability  to  support  treatment  planning  in  gated  CIRT  of  the  abdominal  site.
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1 Introduction

In particle therapy, the physical properties of protons and
carbon ions are exploited to achieve highly conformal dose
distributions with optimal target coverage and improved spar-
ing to surrounding organs at risk (OARs) [1]. For carbon ion
radiotherapy (CIRT), the high linear energy transfer (LET)
radiation contributes to various biological advantages which
concur to improved clinical outcome [2]. Encouraging results
for liver tumors as well as favorable outcomes in pancreatic
cancer demonstrated that CIRT represents a viable therapeu-
tic option for abdominal tumors [3–6] and recently motivated
prospective studies in this direction [7].

In this scenario however, organ motion of the abdominal
site could have a severe impact on the dose distribution [8]. In
addition to the risk of target miss, differences in tissue compo-
sition proximal to the target modify the particle range causing
variations in dose deposition on the OARs along the beam path
and target under coverage. Also, the use of pencil-beam scan-
ning (PBS) technique suffers from interplay effects between
particle delivery and organ motion [9–11], thus affecting treat-
ment accuracy. Moreover for CIRT, absorbed dose variations
translate in a non-linear way to relative biological effective-
ness (RBE) weighted dose differences, thus degrading again
homogeneity and conformity in target dose [12].

Organ motion should therefore be accurately accounted
for, and several possible motion mitigation strategies have
been proposed [8,13,14]. At the Italian National Center for
Oncological Hadrontherapy (CNAO, Pavia, Italy), a com-
bined approach for proton and carbon ion plan treatments of
thoraco-abdominal tumors comprises mild abdominal com-
pression, gating at the respiratory end-exhale phase (≈1 s
gating window) and layer rescanning [15]. Treatment plan-
ning is typically performed relying on a four-dimensional
computed tomography (4DCT) image, which represents the
patient’s anatomo-pathological condition only within the time
interval of the CT acquisition itself [16]. Extra informa-
tion needs therefore to be acquired during the treatment
course for capturing anatomo-pathological changes and res-
piratory pattern modifications which may alter the delivered
dose distribution [17–19]. Although daily cone-beam CT
(CBCT) acquisition should take into account respiratory
motion [20,21], it is not currently used in the clinical routine
as direct dose calculation on CBCT images is not recom-
mended for Intensity Modulated Particle Therapy (IMPT) [22]
due to their poor image quality [23]. Re-evaluative 4DCT
scans during the treatment course are therefore currently
acquired once a week to evaluate the impact of inter- and
intra-fraction organ motion variations and adapt the treatment
accordingly, however at the cost of extra imaging dose to the
patient.
With the aim of providing a treatment plan with improved
robustness to such variations, four-dimensional magnetic res-
onance imaging (4DMRI) was recently made available to
hys 32 (2022) 98–108 99

capture respiratory motion variability as a way to complement
and support 4DCT [24–26]. MRI combines superior soft tissue
contrast for better tumor visualization, fast dynamic sequences
to provide motion description, and radiation-free imaging thus
allowing long and repeated acquisitions [25,26].

Recently, several efforts have been dedicated to translat-
ing the information stored in the MRI to a synthetic CT which
could be used for dose calculation [27,28]. As for the thoraco-
abdominal site, bulk density assignment [29], atlas-based
methods [30], probabilistic approaches [31] and deep learning
strategies [32] were proposed, though none of them dealing
with organ motion. Boye et al. [33] instead, proposed a method
to generate a virtual respiratory-correlated 4DCT dataset by
applying the respiratory motion captured by a 4DMRI on
an acquired reference static 3D CT using deformable image
registration (DIR) for proton therapy of liver and pancreas
tumors [34,35]. A similar approach has been recently pro-
posed and validated by Meschini et al. [36] for patients with
abdominal tumors treated with CIRT at CNAO, demonstrat-
ing the potential use of the virtual 4DCT as a radiation-free
approach to capture organ motion variations in this peculiar
treatment.

A limitation of the virtual 4DCT approach adopted at
CNAO [36], consists in the limited field of view (FOV) of
the acquired 4DMRI (i.e. 12.5 cm in the right-left direction).
This is due to MRI constraints, which prevent the acquisi-
tion of 3D data with adequate temporal and spatial resolution,
and to the need to adopt 4DMRI image-based retrospective
sorting [37] instead of ad-hoc MR sequences which are not
always available in clinical scanners [38]. To overcome the
issue, motion modelling techniques can be adopted [39], with
those based on the propagation of the acquired motion out-
side the FOV being the most straightforward [40,41]. Among
these, Paganelli et al. [40] extended the FOV in case of 2D
orthogonal fast MRI slices by propagating the motion field
derived by DIR between a reference static image and the cor-
responding 2D slices, whereas Ziegler et al. [41] derived the
information outside of a truncated CBCT by modulating the
motion field derived by mapping a planning CT on the daily
CBCT.

In this study, we extended the 4DMRI FOV to the entire
involved patient anatomy [40,41], in order to evaluate the use
of the virtual 4DCT in CIRT of the abdominal site when con-
sidering complex beam geometries, as implemented in the
clinic. The proposed approach was validated relying on an
anthropomorphic computational phantom, by simulating real-
istic inter- and intra-fractional organ motion variations. The
method was then retrospectively applied to eight patient cases
with abdominal tumors, treated with gated CIRT at CNAO.
Organ motion variations as described in the planning and the
virtual 4DCTs were therefore quantified in a clinical scenario

for CIRT in terms of both geometric and dosimetric changes,
by studying tumor displacement and evaluating the impact of
motion on the treatment plan, respectively.
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2 Material and methods

2.1  Patient  dataset

In this study, we considered data from six pancreas and
two liver patients treated at CNAO with CIRT using the res-
piratory gating technique, i.e. by synchronizing dose delivery
with the end-exhale phase as detected through an external
surrogate signal [7,15,42]. Informed consent for data acquisi-
tion was obtained from the patients according to institutional
standards. Patients were immobilized using customized pil-
lows (MOLDCARE Cushion, QFix Avondale PA, USA) and
non-perforated body thermoplastic masks (Klarity Medical
Products, USA), implying a moderate abdominal compres-
sion and reduced amplitude of the diaphragm excursion. The
same immobilization setup was used for both CT and MRI
scans and treatment delivery.

The 4DCT scans were acquired during free breathing
with a Siemens SOMATOM Sensation Open CT (Siemens
Healthcare GmbH, Germany) scanner with resolution of
0.98 ×  0.98 ×  2 mm. Image acquisition was coupled to a
pressure sensor (AZ-733V system, Anzai Medical Co. Ltd.,
Japan) placed between the patient body and the solid mask.
Images were retrospectively reconstructed using the exter-
nal respiratory surrogate signal at the following respiratory
phases: end-exhale (0%EX), 30%-exhale (30%EX), 30%-
inhale (30%IN), end-inhale (100%IN). In the same day
of the planning 4DCT, multi-slice MRI sagittal images
of the abdomen were acquired during free breathing with
the T2/T1-weighted balanced steady-state free precession
sequence (TrueFISP) using a 3 T scanner (Magnetom Verio,
Siemens Healthcare GmbH, Germany). The imaged vol-
ume consisted of 25 sagittal slices, including a field of
view (FOV) limited to 12.5 cm in the right-left direction
(Fig. 1); for each slice 30 frames were acquired (TR/TE:
228.07 ms/1.5 ms; flip angle: 33◦; scan matrix: 256 ×  256
pixels with spacing of 1.33 ×  1.33 mm; slice thickness of
5 mm; acquisition time: 310 ms/slice with 25 slices ×  30
frames; k-space percentage sampling: 65%; acceleration fac-
tor: 2 with a generalized auto-calibrating partially parallel
acquisition using 16 auto-calibration lines). The 4DMRI
was retrospectively reconstructed by means of an algorithm
based on clustering and image-based multidimensional sur-
rogates [37]. The 0%EX, 30%EX, 30%IN and 100%IN
respiratory phases were considered in the 4DMRI as in the
4DCT.

In the considered patient group, IMPT clinical plans were
defined for each patient in supine setup comprising one or
two lateral beams and one antero-posterior beam. Carbon ion
prescription RBE-weighted doses ranged between 55.2 and
57.6 Gy(RBE) in 12 fractions. The internal gross tumor vol-
ume (IGTV) was defined as the union of the gross tumor

volumes (GTV), as described in the four 4DCT phases. For
liver tumors, the clinical target volume (CTV) was derived as
an isotropic expansion of the IGTV, then subject to clinical
d Phys 32 (2022) 98–108

evaluation to ensure the inclusion of microscopic tumor infil-
trations. For pancreatic tumors, the CTV was defined as the
GTV with a 5 mm margin including the locoregional elective
lymph nodes and neuroplexus region [7]. The planning target
volume (PTV) was derived by adding 3–5 mm margin to the
CTV, depending on target location and organs at risk proxim-
ity [43]. Plans were optimized with the RayStation treatment
planning system (TPS) (RaySearch Laboratories, Sweden).
Treatment planning workflow for moving target consists in
plan optimization on the 0%EX CT and recalculation on the
expected gating window phases (i.e. 30%EX, 30%IN) to eval-
uate the dosimetric impact of residual motion [42]. For clinical
approval, target dose coverage and organs at risk (OARs)
limits must be guaranteed in the three computed dose dis-
tributions. Quantifications about the unexpected scenario of
plan delivery outside the gating window is provided by the
plan recalculation on the 100%IN CT.

2.2  Virtual  4DCT  generation  with  extended  FOV

The virtual 4DCT was generated by deforming a reference
CT in order to match the anatomy depicted in the 4DMRI
within its FOV and to obtain physically plausible deformation
outside of the 4DMRI FOV.

Deformable image registration (DIR) was performed to
obtain the deformation vector fields (DVFs) as defined within
the 4DMRI FOV. The baseline DVF was obtained by regis-
tering the reference CT to the 0%EX MRI, whereas breathing
motion was described by DVFs calculated by registering the
0%EX MRI to all other 4DMRI respiratory phases, following
the approach proposed by Meschini et al. [36]. The parame-
ters related to inter- and intra-modality DIR are reported in
Supplementary Materials S1 [44–46].

A method to extrapolate DVF information outside of
the 4DMRI FOV was applied. Specifically, each DVF was
extended by: (i) propagating the DVF at the boundary of the
FOV (i.e. in correspondence to the two extreme sagittal slices)
to the surrounding voxels outside of the FOV [40], (ii) mul-
tiplying the propagated DVF in each voxel by a decaying
function of the form 1/(1+0.1*d) [41], where d is the distance
of the voxel to the closest point within the FOV, expressed in
millimeters. This modulation of the DVF was aimed at limiting
the impact of motion misestimations outside of the 4DMRI
FOV and producing limited discontinuities in the deformed
images. Additionally, the DVFs were set to zero outside of the
abdomen [33,36], as the spine and the ribcage were assumed to
be steady in patients wearing semirigid immobilization masks.

The reference CT was deformed according to the extended
other respiratory phases of the virtual 4DCT were generated
by deforming the virtual 0%EX CT according to the extended
DVFs derived from 4DMRI breathing motion.
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Figure 1. Coronal and axial views of the end-exhale (green) and the end-inhale (violet) respiratory phases in the 4DCT (A) and 4DMRI (B),
with the corresponding GTV contours.

Figure 2. Overlay between the end-exhale (green image and target contour) and end-inhale (violet image and target contour) respiratory
(B)
our
phases of the ground truth 4D XCAT (A) and the CoMBAT phantom 

image and contour) and the reference CT (violet image, brown cont

2.3  Phantom  validation
The method was validated on a digital anthropomorphic
phantom. Specifically, a 4D XCAT phantom [47] of the
. In panel C, overlay between the ground truth end-exhale CT (green
) generated through a rigid baseline variation.

abdomen was generated, exhibiting a range of motion of

the diaphragm (superior–inferior direction) and of the chest
wall (anterior–posterior direction) of 8.8 mm and 3.0 mm,
respectively (Fig. 2A). A pseudo-clinical target was defined
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by copying the target of a pancreas patient on the phantom
planning CT, and manually adjusting the contours on the phan-
tom anatomy. The resulting target motion range was 6.1 mm,
which is comparable to literature values for patients treated
with gated CIRT [42]. A 4DCT was obtained with the 4 res-
piratory phases used for treatment planning on patients (i.e.
0%EX, 30%EX, 30%IN and 100%IN). The corresponding
4DMRI was then derived by means of the 4D CoMBAT digi-
tal phantom [48] (Fig. 2B). The reference 3D CT for treatment
planning and virtual 4DCT generation was obtained by simu-
lating a rigid baseline variation with respect to the end-exhale
respiratory phase (Fig. 2C). In the considered patient group,
a 6 mm median variation of the tumor baseline position was
measured, thus an equivalent change was applied for the refer-
ence CT generation in the phantom study. Imaging parameters
reported in Section 2.2 were applied for both CT and MRI
phantom simulations.

A carbon ion treatment plan was optimized on the refer-
ence CT with the RayStation TPS. According to the protocol
for pancreas patients treated with CIRT at CNAO, an RBE-
weighted dose of 57.6 Gy(RBE) was prescribed and the plan
was defined with an anterior and two lateral opposite beams.
The dose distribution was recalculated on both the ground
truth (GT) 4DCT and on the virtual 4DCT. The ground truth
motion was assessed through DIR between GT 4DCT phases,
yielding to the estimation of GT DVFs. The accuracy of the
method was evaluated by computing:

- the target center of mass (COM) distance between cor-
responding phases of the virtual and GT 4DCTs, thus
quantifying the geometrical estimation error within the
4DMRI FOV; this was compared against the motion
described in the GT 4DCT, as quantified by the target COM
distance between the GT respiratory phases and the refer-
ence CT;

- the mean difference between GT and virtual CT DVFs out-
side of the 4DMRI FOV, obtained by (i) masking the DVFs,
(ii) computing the 3D (norm) difference, (iii) calculating
the mean value over the evaluated voxels. This metric rep-
resented the geometrical estimation error outside of the
4DMRI FOV; it was compared against the mean GT DVFs
amplitude;

- the difference of relevant dose-volume histogram (DVH)
metrics such as the dose to the 5% (D5%) and 95% (D95%)
of the target volume, computed according to the formula:

�Dn%|XY = Dn%X −  Dn%Y

Dn%Y

where n  = 5% or 95%, whereas X  and Y  are either vCT, GT

or Plan, referring to the dose computed on the virtual, GT
or planning CT, respectively. Specifically, the method esti-
mation error was quantified by �Dn%|vCT,GT , whereas the
motion impact was measured by ΔDn%|GT,plan.
d Phys 32 (2022) 98–108

2.4  Clinical  data  analysis

In the considered patient group, the 0%EX CT was used
both to optimize treatment plan and as reference to gen-
erate the virtual 4DCT. The patient-specific DIR validation
is reported in Supplementary Materials S2. The clinical
treatment plans were re-optimized and recomputed on all res-
piratory phases of the planning and virtual 4DCTs in the
RayStation TPS. A ground truth was not available in the
patients’ cases and the virtual 4DCT allowed to evaluate organ
motion variability and its impact on the clinical dose distribu-
tions. The inter-fractional variations and motion variabilities
described in the virtual 4DCT with respect to the planning
4DCT were quantified by:

- the displacement of the target position between the CT and
MRI scans at end-exhale (i.e. baseline variation), computed
as the tumor COM distance between the virtual and planning
0%EX CTs;

- the tumor range of motion (ROM) in the two datasets (i.e.
planning and virtual 4DCTs), computed as the distance of
tumor COM in the 0%EX and the 100%IN;

- the tumor �Dn%|vCT,plan and �Dn%|CT,plan with n = 5%
and 95%, as computed considering all phases of virtual and
planning 4DCTs, respectively.

- the �D2%|vCT,plan and �D2%|CT,plan to OARs in the
beams path. Specifically, for pancreas patients, OARs
related to the risk of gastrointestinal (GI) ulcer were con-
sidered, given that similar maximum dose values were
adopted (RBE-weighted dose < 48 Gy(RBE) for colon;
RBE-weighted dose < 43 Gy(RBE) for stomach and small
bowels).

3 Results

3.1  Phantom  validation

Despite a target displacement ranging from 6.0 to 12.1 mm
between the reference CT and the virtual 4DCT (COM motion
in Table 1), the geometrical accuracy of the virtual 4DCT in
correspondence to the target was below 1 mm, as seen in the
target COM distance between virtual and GT 4DCT phases
(COM error in Table 1). The geometrical estimation error is
larger outside of the 4DMRI FOV (up to 4.5 mm at 0%EX),
and comparable to the GT motion, as estimated from the GT
and virtual 4DCTs DVFs (Table 1).

Both the motion and the estimation error had a negligible
impact on D5%, indeed �D5%|vCT,plan and the �D5%|vCT,GT

presented values below 1% (Table 2). The impact of motion

was more evident on D95%, with �D95%|GT,plan values
between −22.0% and −90.3%, however, the corresponding
estimation error was ≤2.2% (Table 2). Fig. 3A shows the
dose distribution recalculated on the 100%IN GT CT, which is
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Table 1
Geometrical estimation accuracy: error on target COM position (COM error) computed by comparing the virtual and GT 4DCT phases;
tumor motion between reference and GT CTs (COM motion); difference between DVF as estimated from the GT 4DCT and from the virtual
4DCT method (DVF error); mean GT DVF amplitude (DVF motion).

Respiratory phase COM error [mm] COM motion [mm] DVF error [mm] DVF motion [mm]

0%EX 0.7 6.0 4.5 4.9
30%EX 0.4 7.6 0.8 0.9
30%IN 0.8 8.2 1.2 1.4
100%IN 0.8 12.1 2.8 3.1

Table 2
Dosimetric estimation accuracy: D5% and D95% difference between the doses computed on the virtual and the GT 4DCT (second and fourth
columns) measuring the error introduced by the virtual 4DCT; D5% and D95% difference between the dose computed on the GT 4DCT and
the planned dose, quantifying the impact of the motion on the dose distribution.

Respiratory phase �D5%|vCT,GT �D5%|GT,plan �D95%|vCT,GT �D95%|GT,plan

0%EX 0.0% −0.2% 1.6% −22.0%
30%EX 0.0% −0.2% 1.3% −52.0%
30%IN −0.2% 0.0% 2.2% −53.0%
100%IN −0.2% 0.0% 0.0% −90.3%

Figure 3. A. Overlay between GT (violet) and virtual (green) 100%IN CTs, with the extended DVF (light blue arrows) before setting it
to zero outside of the abdomen. The RBE-weighted dose distribution is displayed as fusion map and the target is represented by the blue

) as
contour. B. Bar plot of the target D95% (RBE-weighted fraction dose
D95% (green line).

severely degraded, as confirmed by the D95% decrease shown
in Fig. 3B.

3.2  Patient  analysis

The variation of the baseline tumor position between the vir-
tual and the planning 0%EX CTs presented a 6.0 mm median
value and 4.9 mm interquartile range (values for each patient
are displayed in Fig. 4). Different ROM between the two
datasets were recorded (Fig. 4): in 5 out of 8 patients, the

virtual 4DCTs described a larger ROM with respect to the
planning 4DCT. For patients with baseline variations larger
than 5 mm, �D95%|vCT,plan resulted in absolute variations
higher than 10% at 0%EX.
 computed on the virtual (vCT) and GT 4DCTs, against the planned

Fig. 5 shows two example patient cases: the dose distribu-
tion as computed on the 0%EX of the planning and virtual
4DCTs for P2 (Fig. 5A and B, respectively), where the target
miss is noticeable (�D95%|vCT,plan =  −49.8%), and for P8
(Fig. 5C and D), who presented the largest baseline variation
(11.4 mm). It can be noticed that inter-fractional variations
described in the virtual 4DCT turned into dose variations to
the target.

As for the dosimetric impact of inter-fractional breath-
ing variability, the tumor �D5%|vCT,plan and �D5%|CT,plan

remained below 2.5% for the 30%EX/30%IN (Fig. 6A)
and 100%IN (Fig. 6B) phases. Differently, �D95%|
vCT,plan

presented slightly lower median values with respect to
�D95%|CT,plan (−3.8% vs. −1.9% for 30%EX/IN, −19.7%
vs. −16.2% for 100%IN), as noticeable in Fig. 6C and
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vCT
as 
Figure 4. (A) Barplot of target range of motion (ROM) in the virtual (
values of baseline variations (green dots); (B) Tumor �D95%|vCT,plan

D. For OARs, analysis was carried out in terms of rel-
ative difference. Out of 21 structures, 7 OARs presented
�D2%|vCT,plan >5% at 0%EX. The mean (standard deviation)
�D2%|vCT,plan (considering its absolute values) was 3.2%
(3.8%) in the 30%EX and 30%IN phases, and 27.3% (74.7%)
in the 100%IN. At 100%IN, �D2%|vCT,plan presented larger
values than �D2%|CT,plan in 11 structures.

4 Discussion

Capturing possible motion variations along the treatment
course is fundamental to determine when adaptive replanning
is appropriate. When the acquisition of daily 4D cone-beam
CT (CBCT) [21] is not feasible, the use of repeated 4DCT
acquisition, usually on a weekly basis [10], is strongly sug-
gested. Virtual 4DCT from 4DMRI offers a radiation-free
method to capture inter- and intra-fractional motion variabil-
ity as a supportive tool for treatment planning [33,36]. In this
study, we were able to evaluate the use of virtual 4DCT with
extended FOV in the investigation of a clinical scenario for
gated CIRT of abdominal tumors.

The method was initially validated on a digital phantom
by simulating a rigid baseline variation with respect to the
reference end-exhale respiratory phase, as measured in the
patients’ cohort. Within the 4DMRI FOV, a geometrical accu-
racy comparable to DIR accuracy is expected: DIR error was
indeed quantified with a patient-specific approach [44] (Sup-
plementary Materials), resulting in a median error lower than
2 mm. In this study, geometrical accuracy was found to be sub-
millimetric in correspondence to the target, whereas an error
up to 4.5 mm was quantified outside of the FOV. This result
suggests the underestimation of motion outside of the 4DMRI
FOV, due to the strong modulation of the propagated DVF

[41]. Nevertheless, the method was able to compensate for
large variations between the GT and the reference CT (abso-
lute �D95%|GT,plan >22%), and estimation error on dose
metrics was lower than 2.2% (maximum �D95%|vCT,GT ).
) and planning (CT) 4DCTs for each patient, with the corresponding
computed at the 0%EX against the corresponding baseline variation.

Therefore, the limited impact of the geometrical inaccuracy
on the estimated dose distribution suggests that the use of vir-
tual 4DCT from 4DMRI with extended FOV is feasible in
CIRT planning of the abdominal site.

In the analyzed patient group, the virtual 4DCTs were
compared with the acquired planning 4DCT datasets. Dif-
ferently from Meschini et al. [36], the availability of extended
FOV CTs allowed the evaluation of clinical plans, i.e. actual
beam geometry and particle fluence. The use of thermoplastic
immobilization masks reduces the breathing motion ampli-
tude, thus also limiting the geometrical inaccuracy of the
virtual 4DCT outside of the 4DMRI FOV. As in the phantom
simulation, a limited impact of geometrical inaccuracy on the
dose distribution calculated on the estimated virtual 4DCT
is expected, due to robust beam geometry configuration and
reduced particle fluence to anticipate beam paths modifica-
tions in the regions of tissue density heterogeneities (e.g. air
filling of the bowels, moving ribs).

In the collected patients, 4DMRI images were acquired the
same day of the planning 4DCT. Despite being acquired in
the same day, the repositioning of the patient on the MRI
couch introduces changes comparable to inter-fractional ones.
Therefore, the generated virtual 4DCT provided indications
on possible inter-fractional variations with respect to the
planning 4DCT for targets subject to organ motion in the
abdominal region. As such, the comparison at the 0%EX
phase showed that significant geometrical baseline variations
were observed in the majority of the cases, which translated
to target D95% dosimetric variations of more than 10% for
baseline changes larger than 5 mm (Fig. 4B). Relevant dif-
ferences were also observed in D2% in 7 out of 21 cases for
the involved abdominal OARs. Both situations may lead to
treatment adaptations and replanning in the current clinical
workflow.
The virtual 4DCT was also able to capture motion vari-
ability at different respiratory phases. Median variations
higher than 10% in the target D95% and GI OARs D2%
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Figure 5. Planned dose distribution on the 0%EX CT (A. and C.) and dose recalculation on the 0%EX virtual CT (B. and D.) for P2 and P8,
pec
t, c
where the tumor is represented by the yellow and pink contour, res
values in order to highlight dose distribution differences in the targe

were quantified at the 100%IN phase (Fig. 4D), because
different motion between planning and virtual 4DCTs led
to degraded target dose coverage. Differently, close to
end-exhale (30%EX/30%IN phases), only limited variations
of relevant dose metrics were found for both tumor and
OARs, confirming that the tumor coverage and dosimetric

safety for OARs were guaranteed thanks to a conservative
approach against residual motion within the expected gating
window.
tively. In C. and D., the visualized dose range comprises high dose
onsequently the beam paths are not displayed.

Main limitations in this study are connected to the method
for 4DMRI FOV extension. The modulation of the propagated
DVF outside of the FOV is effective in limiting anatomical dis-
continuities and permits an effective dosimetric analysis, but
it underestimates motion, thus alternative motion modelling
techniques [39] or ad-hoc imaging acquisition to directly

derive extended FOV 4DMRI [38] need to be considered.
Moreover, relevant anatomical changes (e.g. variability in
bowel filling and positioning) for the organs outside of the
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con
nin
Figure 6. Tumor dose differences for D5% and D95% as computed 

considering the 100%IN (panel B. and D.) of virtual (vCT) and plan

4DMRI FOV may occur, which would be neglected in the
virtual 4DCT generation, causing variations in the dose dis-
tributions. Acquiring a 3D MRI comprising the entire involved
FOV at the same time of the 4DMRI acquisition represents a
simple solution to detect possible severe anatomical variation
and to update the reference anatomy.

In the future, the virtual 4DCT will be investigated as
a tool to evaluate intra-fractional variations, by applying
the described method on repeated 4DMRI acquired on each
patient within the same imaging session along the treatment
course, also extending the analysis to a larger number of
patient cases. Additionally, the use of the virtual 4DCT for
4D robust treatment planning [49,50] could be investigated.
For the considered patient group, only clinical plans in supine
setup were investigated. At CNAO, in the clinical workflow for
abdominal tumor treatment, a proper combination of supine
and prone setup treatment fractions is usually implemented,
in order to reduce OARs dose. The acquisition of 4DMRI

in prone setup is technically feasible and the generation of
corresponding virtual 4DCTs will be explored as a future
development.
sidering 30%EX and 30%IN (panel A. and C., respectively) and
g (CT) 4DCTs.

5 Conclusions

In this study the generation of extended FOV virtual 4DCTs
from 4DMRI was proved to be feasible and accurate and could
be used to support the clinical workflow for studying organ
motion occurring during CIRT of abdominal tumors at no
costs in terms of imaging radiation to the patient.
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