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Purpose: Compared to volumetric modulated arc therapy (VMAT), clinical benefits are anticipated when
treating thoracic tumours with intensity-modulated proton therapy (IMPT). However, the current con-
cern of plan robustness as a result of motion hampers its wide clinical implementation. To define an opti-
mal protocol to treat lung and oesophageal cancers, we present a comprehensive evaluation of IMPT
planning strategies, based on patient 4DCTs and machine log files.
Materials and methods: For ten lung and ten oesophageal cancer patients, a planning 4DCT and weekly
repeated 4DCTs were collected. For these twenty patients, the CTV volume and motion were assessed
based on the 4DCTs. In addition to clinical VMAT plans, layered rescanned 3D and 4D robust optimised
IMPT plans (IMPT_3D and IMPT_4D respectively) were generated, and approved clinically, for all patients.
The IMPT plans were then delivered in dry runs at our proton facility to obtain log files, and subsequently
evaluated through our 4D robustness evaluation method (4DREM). With this method, for each evaluated
plan, fourteen 4D accumulated scenario doses were obtained, representing 14 possible fractionated treat-
ment courses.
Results: From VMAT to IMPT_3D, nominal Dmean(lungs-GTV) decreased 2.75 � 0.56 GyRBE and 3.76 � 0.92
GyRBE over all lung and oesophageal cancer patients, respectively. A more pronounced reduction was ver-
ified for Dmean(heart): 5.38 � 7.36 GyRBE (lung cases) and 9.51 � 2.25 GyRBE (oesophagus cases). Target
coverage robustness of IMPT_3D was sufficient for 18/20 patients. Averaged dose in critical structures
over all 4DREM scenarios changed only slightly for both IMPT_3D and IMPT_4D. Relative to IMPT_3D,
no gain in IMPT_4D was observed.
Conclusion: The dosimetric superiority of IMPT over VMAT has been established. For most thoracic
tumours, our IMPT_3D planning protocol showed to be robust and clinically suitable. Nevertheless, accu-
rate patient positioning and adapting to anatomical variations over the course of treatment remain
compulsory.
� 2021 The Authors. Published by Elsevier B.V. Radiotherapy and Oncology 157 (2021) 210–218 This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Conformal and highly precise radiotherapy techniques are
required for thoracic indications due to the organs-at-risk (OARs)
surrounding the tumour, such as the lungs and the heart. Volumet-
ric modulated arc therapy (VMAT) is capable of reducing the num-
ber of monitor units and treatment delivery time, and proved to
result at least in similar target coverage and OARs dose sparing
for lung and oesophageal cancer patients, compared to conven-
tional photon modalities [1,2]. In terms of treatment related toxic-
ities, even more clinical benefits are anticipated with pencil beam
scanned proton therapy (PBS-PT) for these patients. Superior
planned dose distributions can be achieved due to the shape of
the proton depth-dose curve (low entrance dose, high peak dose
and sharp distal dose fall-off) [3–6]. Within the more recent opti-
misation developments of PBS-PT, intensity-modulated proton
therapy (IMPT) is able to improve dose conformality to the target,
while reducing the dose to the OARs [7–9].
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Despite the anticipated advantages of IMPT for thoracic
tumours, the concern of plan robustness to possible treatment
uncertainties (machine delivery imperfections, patient setup vari-
ations, CT number conversions into proton stopping power,
anatomical changes, and intra-fractional motion) hampers its wide
clinical implementation [10–12]. Especially for moving indications,
dose inhomogeneities caused by the interaction between patient
respiratory motion and the delivered pencil beams (interplay
effects) can occur [13]. Rescanning (i.e. delivering the planned pro-
ton spots multiple times) has been shown to be effective in miti-
gating interplay effects [14]. Increasing the spot size has also
demonstrated to preserve plan robustness against inter- and
intra- fractional uncertainties and interplay effects for thoracic
indications [15,16]. Additionally, sophisticated planning
approaches, such as 4D robust optimisation, have been proposed
to moderate respiratory-induced dosimetric impacts for IMPT
[17–19].

Comprehensive robustness evaluations of novel robust optimi-
sation techniques in IMPT treatment planning for thoracic indica-
tions are crucial before their clinical deployment. For
oesophageal cancer patients, an already clinically implemented
IMPT planning protocol was assessed using a robustness evalua-
tion method for setup and range errors, and independently, also
for breathing motion [20]. Anatomy changes (provided by repeated
patient CT imaging) were also investigated for robust optimised
IMPT plans [21]. Additionally, a robustness comparison between
3D and 4D robust optimisation strategies has been performed by
Liu et al. [18], by examining the combined influence of setup and
range uncertainties, and also, but separately, breathing motion
and interplay effects. Using a similar evaluation method, other
optimisation parameters (spot size and spacing) for lung robust
optimised IMPT have been reported [22]. A robustness evaluation
study by Inoue et al. [23] incorporated setup and range errors
and breathing motion, and individually, interplay (per energy layer
and not per spot), in robust optimised IMPT plans for stage III non-
small cell lung cancer (NSCLC) patients. A more complete robust-
ness verification tool, considering the smearing effect of fractiona-
tion in the combined impact of interplay, setup and range errors,
and breathing motion (simulating the variability in period and
amplitude), was later released by Souris et al. [24].

Furthermore, a comprehensive 4D robustness evaluation
method (4DREM), accounting for all the formerly mentioned PBS-
PT uncertainties for thoracic indications simultaneously, with the
inclusion of machine errors, was published by our team [25]. Here
we apply this method to perform IMPT robustness evaluation anal-
ysis of different optimisation approaches using log files (acquired
from specific treatment-plan dry runs) and extensive 4DCT imag-
ing. To our knowledge, this is the first study to use patient and
machine specific data to define an optimal clinical planning proto-
col for IMPT for a representative number of lung and oesophageal
cancer patients.
Materials and methods

Patient data

A prospective study approved by the medical ethics review
committee of the UMCG (ClinicalTrials.gov NCT03024138)
included, by written informed consent, patients with thoracic
malignancies to undergo a planning 4DCT and weekly repeated
4DCTs during the course of treatment. Twenty patients (ten stage
III NSCLC and ten stage IB-IVA oesophageal cancer patients [see
Table 1]), with a planning 4DCT and five or six weekly repeated
4DCTs, were retrospectively randomly selected for our study
(Suppl. 1). Each 4DCT was reconstructed into ten respiratory
phases (determined using an Anzai belt [Anzai Medical, Tokyo,
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Japan]) and an averaged CT. All 4DCTs were inspected, and only
major-artefact-free scans were used. The internal clinical target
volume (iCTV) and planning target volume (PTV) of the planning
4DCT were defined for all patients, taking into account the respec-
tive breathing phases (Suppl. 2.1) [26–29]. Clinical target volumes
(CTVs) were delineated on all breathing phases (Suppl. 2.2). Addi-
tionally, OARs such as the heart, the spinal cord, the oesophagus
(exclusively for lung cancer patients), the lungs-minus-gross
tumour volume (lungs-GTV), among others, were delineated on
the averaged planning CT (av_pCT) and on the end-of-exhalation
planning CT phase (EE_pCT). All these delineations were approved
by radiation oncologists. As specified in Suppl. 3, the CTV volume
and motion throughout the treatment course were assessed based
on the available weekly 4DCTs (Table 1).
Treatment planning

VMAT and IMPT plans were produced for all patients in the
RayStation 6.99 (RaySearch Laboratories, Stockholm, Sweden)
treatment planning system (TPS). Dose parameters are reported
in terms of relative biological effectiveness (RBE) corrected dose,
assuming RBE values of 1.0 and 1.1 for VMAT and IMPT, respec-
tively [30]. Prescribed doses (PDs) were 60.00 GyRBE (2.40 GyRBE
in 25 fractions) and 41.40 GyRBE (1.80 GyRBE in 23 fractions) for
the lung and oesophageal cancer patients, respectively. Besides
the strict planning criteria for both VMAT and IMPT (Suppl. 4)
[28], all plans were individually thoroughly revised in several
meetings within a multidisciplinary team of treatment planners,
radiation oncologists, and medical physicists (regarding optimal
beam arrangements, necessary overrides, adequate target cover-
age, and minimisation of OARs dose), until a clinically acceptable
plan was achieved.
VMAT

As currently performed in our photon clinical workflow, PTV
optimised VMAT plans (with unique contribution from VMAT
modality 6 MV fields [two half arcs]) were created for all patients
on the av_pCT. The dose was prescribed to the PTV and the col-
lapsed cone dose engine was used [31]. For all finalized VMAT
plans: V95(PTV) in the nominal dose distribution � 98 %.
IMPT

IMPT plans were generated for all patients using the Monte
Carlo dose engine (Suppl. 5.1) [32,33]. The minimax robust optimi-
sation approach was used [34], aiming for robustness against � 3%
range uncertainties, and setup uncertainties of 6.0 mm and 8.0 mm
(equivalent to the iCTV to PTV margin in our photon treatments)
for lung and oesophageal cancer patients [35–37], respectively.

Three beams were used for all lung cases. The individual patient
field directions were chosen based on tumour location, OARs
involvement, plan robustness, and compliance with planning crite-
ria (Table S.5.1). For the oesophagus indications, typically two
fields (posterior-anterior and right-posterior oblique) were
selected, except for one case (patient 19), for whom target volume
extended in cranial direction, requiring an additional anterior field.
For each patient, both 3D and 4D robust optimised IMPT plans
(IMPT_3D and IMPT_4D respectively) were generated, sharing
exactly the same beam arrangement. The IMPT_3D plan was cre-
ated on the av_pCT. The IMPT_4D plan was created on the EE_pCT,
using all planning 4DCT phases during the optimisation [18]. The
nominal dose was prescribed to the iCTV in the IMPT_3D plan
and to the CTV in the IMPT_4D plan. To ensure a fair plan compar-
ison, the difference in fulfilled mean dose to the target structure
(iCTV or CTV) between IMPT_3D and IMPT_4D plans, was assured



Table 1
Primary tumour location and CTV characteristics (mean ± SD volume and motion over the weeks of treatment) for the
lung and oesophageal cancer patients included in this study.

Abbreviations: RUL = Right Upper Lobe; RML = Right Middle Lobe; RLL = Right Lower Lobe;
LUL = Left Upper Lobe; LLL = Left Lower Lobe; P = Proximal; M = Middle; D = Distal.

Robust optimisation for thoracic IMPT
to be within � 0.50 GyRBE. A density override to muscle tissue
(1.050 g/cm3) was applied within the iCTV (excluding bone) for
the IMPT_3D plan. The override to the iCTV was removed for final
dose evaluation.

Preliminary robustness evaluation of all IMPT plans (IMPT_3D
and IMPT_4D) was then performed on the av_pCT [38]. This 3D
robustness evaluation method (3DREM), which is part of our clin-
ical protocol for proton treatment planning, accounts for several
disturbing scenarios, simulating different patient setup and range
errors. Setup errors were modelled by shifting the planning isocen-
tre in fixed translations in fourteen directions (with magnitudes of
6.0 mm and 8.0 mm for lung and oesophagus indications, respec-
tively). Range errors were considered by applying density pertur-
bations of � 3%. The robustness of the plans was then evaluated
in voxel-wise worst-case minimum (Vwmin) and voxel-wise
worst-case maximum (Vwmax) dose distributions, which score
the minimum andmaximum dose per voxel over all calculated sce-
narios, respectively. If all robustness criteria were met (Suppl. 5.2),
and after final clinical acceptance, the plans were delivered in dry
runs at our proton facility to obtain log files. The spot sizes at our
beam line range from 6.5 mm to 3.0 mm for proton energies from
70 MeV to 230 MeV in air (sigma at isocentre). Five times layered
rescanning was used as motion mitigation technique [39].
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4DREM for IMPT plans

To account for the impact of the disturbing effects occurring
when treating moving targets with PBS-PT, all IMPT plans were
subsequently evaluated through our 4DREM [25]. Using sub-
plans (derived from the machine log files, assuming constant
breathing cycles) and all phases of all available patient 4DCTs,
the 4DREM assesses the plan robustness for the combination of
(1) setup and range errors, (2) machine errors, (3) patient anatomy
changes, (4) breathing motion, and (5) interplay effects. At first,
rigid registrations were conducted from the planning to each
repeated 4DCT (Suppl. 6). Then, sub-plan doses were calculated
on all individual 4DCT phases, considering setup and range errors.
Setup and range errors were simulated similarly as in the 3DREM,
with the inclusion of the dose-fraction-smoothening effect of eight
fractions per scenario [40], and a decrease in the shifts magnitude
to 2.0 mm. The 2.0 mm remaining setup uncertainty in the 4DREM
(calculated internally) has been established due to the use of the
available repeated imaging, which led to the disregard of the
patient inter-fractional setup error in the magnitude of the simu-
lated shifts (see Suppl. 7) [25,28,29,41–43]. A fraction dose was cal-
culated by applying the same setup and range errors to all sub-plan
doses of that fraction specific 4DCT. For each fraction calculation,
the 4DCT starting phase of the delivery was randomly selected,



Fig. 1. Nominal dose distributions for sample A: lung and B: oesophagus cases (patients 1 and 20 respectively) planned with VMAT, IMPT_3D, and IMPT_4D. The red contour
represents the iCTV.
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and for all fractions of the same scenario, the range error was ran-
domly designated (0/� 3%) [11,25,34]. Finally, the entire treatment
course dose distribution was obtained by performing 4D dose
accumulation of eight fraction doses based on different 4DCTs onto
the EE_pCT.

For each plan scenario, the available 4DCTs per patient were
distributed and equally weighted through the eight evaluated frac-
tions. For the first two fractions, 4D dose accumulation of sub-plan
doses was performed on the planning 4DCT. For the subsequent
two fractions, the first repeated 4DCT, or consecutively the first
and second repeated 4DCTs if seven 4DCTs were available in total,
were used. For the last four fractions, the remaining repeated
4DCTs were successively selected. The ANACONDA deformable
image registration (DIR) method [44] available in the TPS was used
for the 4D dose accumulation, with the CTV as controlling region of
interest (ROI).

With the 4DREM, for each evaluated plan, 14 4D accumulated
scenario dose distributions were obtained, representing 14 possi-
ble fractionated treatment courses of the nominal plan [25]. IMPT
plan robustness was evaluated on the EE_pCT through the obtained
scenario doses. The dose-volume histogram (DVH) of the CTV and
respective metric V95 were examined in the Vwmin dose distribu-
tion of the 4D accumulated scenario doses (4DVwamin) [9,38].
Additionally, the OAR DVH indices Dmean(lungs-GTV), Dmean(heart),
and D1(spinal cord) (MLD, MHD, and D1(spine) respectively) were
averaged over all scenarios resulting from the execution of the
4DREM, and extracted for all plans.
Results

IMPT_4D plans were computed and analysed on the av_pCT for
nominal treatment plan comparisons with IMPT_3D or VMAT.
Planned dose distributions obtained with VMAT, IMPT_3D, and
IMPT_4D for two sample cases (a lung and an oesophageal cancer
patients) are shown (Fig. 1). From the axial slice, for both patients a
clear gain for IMPT relative to VMAT can be seen in terms of reduc-
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tion of low-dose deposition in OARs. Additionally, minor differ-
ences in conformality between IMPT_3D and IMPT_4D can be
observed.

For all patients, the OAR DVH parameters obtained with VMAT,
IMPT_3D, and IMPT_4D were computed (Fig. 2, Suppl. 8, and
Fig. S.9.1). For the lung cancer patients, mean � SD differences in
MLD, MHD, and D1(spine) between VMAT and IMPT_3D were
2.75 � 0.56 GyRBE, 5.38 � 7.36 GyRBE, and 17.71 � 8.59 GyRBE,
respectively. For the oesophageal cancer patients, these differences
were 3.76 � 0.92 GyRBE, 9.51 � 2.25 GyRBE, and �0.51 � 4.85 GyRBE
for MLD, MHD, and D1(spine), respectively. Maximum differences
between VMAT and IMPT_3D reached up to 3.52 GyRBE (MLD),
20.58 GyRBE (MHD), and 30.70 GyRBE (D1(spine)) for the lung, and
5.09 GyRBE (MLD), 13.55 GyRBE (MHD), and 5.20 GyRBE (D1(spine))
for the oesophageal cancer patients. Relative to the planned dose
differences between VMAT and IMPT_3D, the differences between
IMPT_3D and IMPT_4D remained almost indiscernible. Concerning
OARs, there was no pronounced dosimetric benefit of IMPT_4D
over IMPT_3D. For the lung cases, mean � SD differences in MLD,
MHD, and D1(spine) between IMPT_3D and IMPT_4D were 0.34 �
0.37 GyRBE, 0.39 � 0.53 GyRBE, and 1.68 � 4.19 GyRBE, respectively.
For the oesophagus cases, these differences were �0.04 � 0.22
GyRBE, �0.40 � 0.62 GyRBE, and 0.05 � 0.34 GyRBE for MLD, MHD,
and D1(spine), respectively.

V95(CTV) of the 4DVwamin dose, and averaged MLD, MHD, and
D1(spine) over all scenarios considered within the 4DREM were
plotted (Fig. 3). For most IMPT_3D / IMPT_4D plans, V95(CTV) val-
ues in the 4DVwamin dose were sufficient (�98 %), except for three
lung cases (patients 8, 9, and 10), and one oesophagus case (patient
19) (Fig. 3A). For patients 9 and 10, unlike IMPT_4D, an acceptable
robustness was obtained for IMPT_3D regarding target coverage
(Suppl. 10). In general, concerning relevant OARs (Fig. 3B and
Fig. S.9.2), there was no gain in IMPT_4D over IMPT_3D. In some
cases, there was a slight benefit from IMPT_4D, and in others the
opposite was observed. The variations obtained in the investigated
OAR doses between different disturbing scenarios were not promi-
nent. These differences were indication and patient specific. As



Fig. 2. Nominal treatment plan MLD, MHD, and D1(spine) obtained with VMAT, IMPT_3D, and IMPT_4D for all lung and oesophageal cancer patients.

Robust optimisation for thoracic IMPT
expected, the OARs closer to the CTV were particularly more
affected by the different scenario variations simulated with the
4DREM. The largest variations were observed in IMPT_3D plans
for D1(spine) for lung cancer patient 1 (42.67 � 2.38 GyRBE), and
MHD for oesophageal cancer patient 11 (14.43 � 1.51 GyRBE).

The explanation for insufficient target coverage in both
IMPT_3D and IMPT_4D (for patients 8 and 19) was carefully
explored (Fig. 4). As can be seen, variability in patient positioning
(shoulder position) and anatomical changes (diaphragm position)
during the course of treatment were the causes of these robustness
failures.

Discussion

A treatment plan comparison between VMAT and different IMPT
optimisation strategies for lung and oesophageal cancer patients is
presented in this paper. Moreover, IMPT robustness evaluation
was conducted, using longitudinal patient and machine specific
information. The obtained results and the experience gained while
conducting this research will be essential for the definition of an
optimal IMPT planning protocol for patients with thoracic tumours.
Retrospective patient data from our institute (and therefore repre-
sentative of the patient population that will be treated in our proton
therapy centre) was included. A considerable number of patients
(20), with extensive numbers of 4DCTs were analysed.

As reported in previous studies, the rationale for IMPT has been
demonstrated through the superior dosimetry obtained for OARs,
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when compared to VMAT, for both lung and oesophageal cancer
patients [4–9]. Especially for MLD and MHD, a benefit of IMPT
was confirmed for all patients [23,28,29]. Since we aim here to
define a planning strategy for lung and oesophagus indications
who might benefit from IMPT, for VMAT, only nominal dose distri-
butions were analysed as reference, and any further VMAT robust-
ness evaluation was out of the scope of this article [6,28,29,45,46].
Comprehensive robustness studies, such as the one presented in
this paper for IMPT, have not yet been performed for VMAT.

Only 2/20 lung and oesophageal cancer patients revealed
robustness shortcomings in the 4DREM for IMPT_3D. Both the
planning protocol and subsequent delivery of IMPT_3D plans were
clinically suitable for most patients. The cause of target coverage
failure for both IMPT_3D and IMPT_4D plans of patients 8 and 19
were mostly due to a misposition of the shoulder and diaphragm
baseline shifts relative to the planning situation, respectively.
These deviations were consistent throughout all repeated 4DCTs.
Shoulder position may be adjusted during verification of the
patient positioning. However, the anatomical variation observed
in the oesophagus case would require repeated 4D imaging, and
a subsequent plan adaptation.

Especially for lung cancer patients, there was no direct correla-
tion found between target characteristics (motion or volume) and
plan robustness, whereas for the oesophagus indications, the most
elongated volume (presenting a large CTV motion variation as
well) was the one presenting coverage inadequacy. For the charac-
teristics of the patient population included in this study, position



Fig. 3. Results of the 4DREM for the IMPT_3D and IMPT_4D plans created for all lung and oesophageal cancer patients. A: Target coverage (V95(CTV)) on the 4DVwamin dose
distribution. B: Mean ± SD MLD, MHD, and D1(spine) over all 14 simulated treatment scenarios with the 4DREM.
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and anatomical changes proved to influence the 4DREM results
more pronouncedly than CTV motion and volume.

Motion amplitudes were not substantial for the lung targets (as
high as 5.7 ± 1.3 mm). For the oesophageal cancer patients, these
did not exceed 9.1 ± 1.5 mm. By chance, this population of lung
and oesophageal cancer patients did not include ‘big movers’,
215
which are not the most representative thoracic patients of the
admissions in our radiotherapy clinic [43]. The target motion
amplitudes reported in this study were quantified by the mean
of all deformation vector lengths from DIR within the whole CTV
(CTV of primary tumour and CTV of [multiple] pathological lymph
nodes). Therefore, the motion amplitudes of different regions of the



Fig. 4. A: Lung and B: oesophagus cases of failure in target coverage with the 4DREM (patients 8 and 19 respectively). Observed patient variation throughout the treatment
course (left) and worst-case scenario dose distribution (in terms of V95(CTV)) obtained with IMPT_3D (right). In red is the delineated CTV, the green line shows the 95 %
isodose, and the light blue arrows represent the beam directions.

Robust optimisation for thoracic IMPT
CTV, which can significantly differ, were not specifically consid-
ered. Naturally, also the motion values reported would change if
other quantitative metrics would be used, such as maximum
motion [13,42,47]. Our motion quantification can be considered
underrating, reporting amplitudes that are exceeded at least in
parts of the investigated volumes. Additionally, we report the
mean CTV motion amplitudes over all weeks of treatment, and as
verified by the SD, these values can pronouncedly vary between
different 4DCTs, leading to higher or lower numbers. Enhance-
ments in the motion evaluation procedure, as well as a follow-up
study including patients with larger motion amplitudes, are work
in progress, in order to confirm and translate our conclusions to
the entire lung and oesophageal patient population.

Contrasting previous literature suggesting the supremacy of
IMPT_4D over IMPT_3D for lung and oesophageal cancer patients
[17–19], obtained differences in target coverage and OAR dose
statistics for nominal and successive robustness evaluations
between these optimisation approaches were minimal for our
patients. Therefore, even when using a comprehensive tool for plan
assessment for IMPT, such as the 4DREM, IMPT_4D did not show an
advantage over IMPT_3D for patients with no considerable motion.
The 4D robust optimisation method used in this work is the stan-
dard one implemented in RayStation [48], which can be considered
quite simple, when compared to more advanced ones [49,50].
Specifically the method developed by Engwall et al. [50] for PBS-
PT, besides incorporating in the optimisation process the organ
motion, it also includes the delivery time structure. Unexpectedly,
for two lung cancer patients (patients 9 and 10), superior target
coverage robustness was found for IMPT_3D. For patient 9, besides
displacement and shrinkage of the target, also the appearance of
fluid in the right lung was verified in repeated 4DCTs acquired
216
along the treatment. For patient 10, the body contour is altered
in relation to the planning 4DCT, which is most likely caused by
the arm position, and this is especially affecting the anterior-
lateral beam. The exclusive use of an iCTV density override
approach for IMPT_3D, accounting for the motion effects on the
av_pCT within that target structure [51], proved to be beneficial
to avoid underdosage in the beam path for these two lung cases.
Doses were prescribed to the iCTV (on the av_pCT) and to the
CTV (on the EE_pCT) for the IMPT_3D and the IMPT_4D plans,
respectively. It is pertinent to point out that the iCTV was not
defined by a union of the CTVs from all planning 4DCT phases,
but instead was delineated by the radiation oncologist, following
clinical protocol. For this reason, and to avoid any biased compar-
isons due to inconsistency in target volumes between IMPT_3D
and IMPT_4D, the difference between the volume of the union of
the CTVs of all planning 4DCT phases and the volume of the iCTV
had to be inspected for all the twenty lung and oesophageal cancer
patients included in our study. If the deviation between the iCTV
and CTV union structures was pronounced, we asked an experi-
enced radiation oncologist to re-delineate (if necessary) the iCTV
and the CTV of the individual phases of the planning 4DCT. After
these corrections, we obtained a new deviation between iCTV
and CTV union of about 10 % or smaller, which is also a plausible
threshold for inevitable inter-observer variability [52].

All produced IMPT treatment plans were evaluated using our
4DREM, which comprehensively inspects numerous substantial
uncertainties (setup and range errors, machine errors, anatomy
changes, breathing motion, and interplay effects). This method nat-
urally incorporates a few limitations. First, probabilistic sampling
of the setup error simulations, providing therefore unreproducible
results. Second, reduced number of fractions (eight) assumed for
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each scenario, even though this number already proved to be suf-
ficient to represent the actual clinical delivery [25,40]. Third,
besides the high complexity of 4D dose accumulations, with its
intrinsic uncertainties, these calculations are also dependent on
imperfect DIR algorithms. All DIRs were performed by using the
phase specific delineated CTV as controlling ROI in order to drive
each registered image pair deformation, and consequently improve
4D dose accumulation accuracy around that targeted area [53].
Fourth, the reliability of the 4DCT reconstruction algorithm. Inher-
ent to the use of 4DCTs (due to their assumption of an average
breathing cycle), no irregularity in breathing patterns was consid-
ered within one fraction of the 4DREM, although the starting
phases within treatment delivery were varied.

Naturally, the ideal 4D evaluation procedure would include
patient treatment-fraction specific imaging. In order to include
as much anatomical information and variation as possible in the
4DREM, the planning 4DCT was also included in the underlying
dose accumulations between the evaluated fractions, with an
identical weight as the repeated 4DCTs. This is incoherent with
the applied residual setup uncertainty margin of 2.0 mm, and
one could argue that this 4DCT should therefore be removed from
this evaluation. Anyhow, as already quantified and verified by us,
for both IMPT_3D and IMPT_4D, the influence of the presence or
not of the planning 4DCT in the 4DREM for the target and OARs is
quite minimal. This is mainly due to the fact that all the 4DCTs
included (multiple) were equally contributors to the treatment
plan scenario dose. To overcome the limited number of 4DCTs
available due to imaging dose restrictions, we aim to introduce
4DCBCT imaging soon in our proton clinic [54]. Additionally, a
methodology for PBS-PT has been developed by Meijers et al.
[55], assessing retrospectively after each delivered treatment frac-
tion the deviations from the planned dose. Besides anatomical
information provided by weekly 4DCTs, intra-fractional motion
variability is also considered by recording patient breathing pat-
terns and acquiring machine log files for each delivered treatment
fraction. This tool has been used for a fraction-wise treatment
evaluation of thoracic indications, providing longitudinal treat-
ment course quality control and aiding in the clinical decisions
for plan adaptation [56]. As future research, by reducing the
applied margins and the magnitude of the IMPT robust optimisa-
tion parameters, we will proceed to investigate less conservative,
and consequently more conformal planning strategies for thoracic
IMPT. This can be done performing further plan comparison stud-
ies using our 4DREM.

Our IMPT_3D protocol proved to be adequate for this group of
NSCLC and oesophageal cancer patients, as long as correct patient
positioning is assured. Additionally, target motion variability, or
anatomical changes, in general, along the beam path, throughout
the treatment course, remain a concern, emphasizing the impor-
tance of daily volumetric imaging. In terms of plan robustness,
the need of 4D optimisation, which implies considerably more
manual work and optimisation time (� 7 h vs. � 3 h for 3D opti-
misation) within clinical workflow, was not justified by our
results. This is, however, not completely unforeseen. The fol-
lowed clinical methods for the application of both IMPT_3D
and IMPT_4D approaches (e.g. iCTV and/or iCTV density override
in IMPT_3D only) might influence this comparison. Moreover, to
some extent, this can be explained by the limited to moderate
motion present on the investigated patient cohort, which in most
cases does not exceed the magnitude of the robustness settings
used for plan optimisation. In any respect, the obtained findings
allow us to choose a more efficient plan optimisation strategy for
thoracic indications with similar characteristics as the ones
included in this study.
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