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a b s t r a c t

Background and purpose: Non-small cell lung cancer (NSCLC) patients show typically large anatomical
changes during treatment, making recalculation or adaption necessary. For report and review, the applied
treatment dose can be accumulated on the reference planning CT using deformable image registration
(DIR). We investigated the dosimetric impact of using six different clinically available DIR algorithms
for dose accumulation in presence of inter-fractional anatomy variations.
Materials and methods: For seven NSCLC patients, proton treatment plans with 66 Gy-RBE to the planning
target volume (PTV) were optimised. Nine repeated CTs were registered to the planning CT using six DIR
algorithms each. All CTs were acquired in visually guided deep-inspiration breath-hold. The plans were
recalculated on the repeated CTs and warped back to the planning CT using the corresponding DIRs.
Fraction doses warped with the same DIR were summed up to six different accumulated dose distribu-
tions per patient, and compared to the initial dose.
Results: The PTV-V95 of accumulated doses decreased by 16% on average over all patients, with varia-
tions due to DIR selection of 8.7%. A separation of the dose effects caused by anatomical changes and
DIR uncertainty showed a good agreement between the dose degradation caused by anatomical changes
and the dose predicted from the average of all DIRs (differences of only 1.6%).
Conclusion: The dose degradation caused by anatomical changes was more pronounced than the uncer-
tainty of employing different DIRs for dose accumulation, with averaged results from several DIRs provid-
ing a good representation of dose degradation caused by anatomy. However, accumulated dose variations
between DIRs can be substantial, leading to an additional dose uncertainty.
� 2020 The Author(s). Published by Elsevier B.V. Radiotherapy and Oncology 147 (2020) 178–185 This is
an open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

With proton therapy, high target coverage can be achieved,
while sparing dose to organs-at-risk (OARs) [1,2]. This makes it
especially attractive for tumours with many surrounding OARs,
such as cancers in the brain [3], skull base [4–6], head and neck
[7,8] or lung [9]. Recently, the potential of proton therapy has been
assessed for non-small cell lung cancer (NSCLC) treatments [10–
13], with the main concern being intra-fractional variability. To
mitigate these effects, rescanning [14], gating [10], tracking [15]
or 4D-optimisation [16,17] have all been investigated. Alterna-
tively, deep-inspiration breath-hold (DIBH) to minimize intra-
fraction motion has also been proposed [18].

Due to the finite range of protons however, inter-fractional
anatomical changes in the entrance path of the beam can also play
a major role, substantially distorting the planned dose even when
intra-fraction motion is minimised [19–21]. As such, and even
more so than for conventional therapy, regular re-imaging of the
patient is required, on which the delivered dose can either be re-
calculated, or adapted by reoptimising the plan [22–24]. With or
without adaption however, substantially different dose distribu-
tions for each anatomical instance will result [22], making the
reporting of the total dose distribution delivered to the patient
over the whole treatment course challenging. For this, the calcula-
tion of the accumulated dose distribution on a reference (e.g. plan-
ning) CT is invaluable and is particularly important if dosimetric
parameters such as maximum dose or D2, V95 etc. need to be
reported for the whole treatment. Such parameters can only be

https://doi.org/10.1016/j.radonc.2020.04.046
0167-8140/� 2020 The Author(s). Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

⇑ Corresponding author at: WBBB 105, Forschungsstrasse 111, 5232 Villigen PSI,
Switzerland.

E-mail address: lena.nenoff@psi.ch (L. Nenoff).

Radiotherapy and Oncology 147 (2020) 178–185

Contents lists available at ScienceDirect

Radiotherapy and Oncology

journal homepage: www.thegreenjournal .com

http://crossmark.crossref.org/dialog/?doi=10.1016/j.radonc.2020.04.046&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.radonc.2020.04.046
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:lena.nenoff@psi.ch
https://doi.org/10.1016/j.radonc.2020.04.046
http://www.sciencedirect.com/science/journal/01678140
http://www.thegreenjournal.com


correctly calculated by accumulating the different dose distribu-
tions onto a common anatomical representation of the patient,
which in the thorax requires deformable image registration (DIR)
to warp each individual dose distribution back to the reference
patient geometry [25].

It is recognised however that different DIRs tend to give differ-
ent results, which can lead to pronounced differences in the
warped and accumulated doses [26,27]. Especially in the case of
large changes in tumour mass [28], as typically present in the lung,
these uncertainties can be large. The handling of mass changes in
DIR is challenging. From a clinical point of view, disappearing tis-
sue (e.g. weight loss) requires an adequate shrinkage of structures
and volume for dose accumulation. Other changes however (e.g.
tumour shrinkage in the lung) do not necessarily imply a reduction
of the volume with microscopic tumour spread, so a reduction of
the clinical target volume (CTV) might be inadvisable. From a
mathematical point of view, this separation, as well as the handling
of sliding organ interfaces, are difficult. Modern algorithms how-
ever, have different ways of implementing these, which are
reviewed elsewhere [29]. Previous studies have compared the
dosimetric differences caused by the use of different DIRs in 4D
dose accumulation for liver tumours planned with pencil beam
scanned proton therapy [30,31]. For lung-stereotactic body radio-
therapy, uncertainties have been reviewed previously [32], and
the effect of different DIR uncertainties has been evaluated for
intra-fractional motion [33] and complete treatments [34]. For pro-
ton therapy, DIR has also been used for 4D dose accumulation dur-
ing treatment [35], but up to now no quantification about the
influence of DIR uncertainty on dose accumulation after inter-
fractional anatomical changes has been performed.

In this study, we evaluate the impact of using different DIR algo-
rithms in the presence of inter-fractional anatomical changes on
accumulated dose distributions for NSCLC patients treated in DIBH
with intensity modulated proton therapy (IMPT). We first investi-
gated the spatial distribution of the dosimetric variations of accu-
mulated doses. Secondly, we compared the treatment doses
accumulated with different DIRs to the initial planning dose.
Finally, we evaluated how well the dose degradation caused by
anatomical changes was represented by doses warped back to
the planning CT.

Materials and methods

Patient data and treatment plans

In this retrospective study, seven NSCLC patients, previously
treated with photon radiotherapy, each with a planning CT and
nine repeated CTs acquired during treatment (three repeated off-
line CT acquisitions each on day 2, 16 and 31 of treatment) were
included in this study. To mitigate intra-fractional motion, all CTs
were acquired with visually guided voluntary DIBH. In this study,
each one of these nine CTs was assumed to represent the anatomy
of one fraction. We also assumed the whole fraction can be deliv-
ered within one breath-hold. IMPT treatment plans with a pre-
scribed dose of 66 Gy-relative biological effectiveness (RBE) in
2 Gy per fraction to the planning target volume (PTV) with three
individually selected fields were designed using a fast in-house
developed optimiser [36] and analytical dose calculation [37]. A
PTV margin of 5 mm in the cranio-caudal and antero-posterior,
and 4 mm in the lateral directions was used, derived from clinical
breath-hold data [13,38].

Image registration

Repeated CTs were registered to the planning CT (reference CT)
following a two-step process. They were first aligned rigidly in

Velocity (Varian Medical Systems, Palo Alto, USA) with focus on
the vertebra. Then DIR was applied using six different algorithms
– two open access algorithms from Plastimatch (Demons and B-
splines) and four commercial approaches from Velocity, Mirada
(Mirada Medical, Oxford, UK) and RayStation (RaySearch Laborato-
ries, Stockholm, Sweden) (Anaconda and Morfeus).

The B-splines algorithm implemented in Plastimatch models
the deformation with a grid of B-splines control points and opti-
mises mean square difference as the cost function [39]. Demons
algorithms use the image intensity-based gradient force between
the fixed and moving image for deformation [40], and then the
deformation is smoothed by a Gaussian filter. Velocity has imple-
mented an elastic B-splines algorithm which uses mutual informa-
tion [41]. The ‘CT deformable’ algorithm provided by Mirada uses
(similar to Demons) a gradient of the image intensity, but instead
of a Gaussian smoothing, diffusion partial differential equations
[42]. The RayStation Anaconda is an intensity-based algorithm that
accounts for image similarity and a grid regularization for smooth-
ing [43]. RayStation Morfeus is a feature-based biomechanical
modelling DIR method [41,44]. All DIR algorithms, except Morfeus,
were applied without a focus or controlling region of interest (ROI).
For Morfeus, the external contour was used as the controlling ROI
[45]. The output from all algorithms is a voxel specific displace-
ment vector field (DVF), corresponding to the vector pointing from
the planning CT to the repeated CT. The detailed settings of each
DIR algorithm are summarised in Supplement 1.

Structure propagation

Although GTV volumes of the investigated patients changed on
average by �16% (ranging from +1% to �18%) between the plan-
ning CT and the average of the three repeated CTs, in this study,
the CTV and PTV have been propagated rigidly to each repeat CT,
as recommended by Sonke et al. [26]. This is a conservative
approach, assuming that a change in visible gross tumour volume
(GTV) does not necessarily reduce the microscopic spread in the
CTV. A visual check of the rigid PTV assured that the visible GTV
was still encompassed by the PTV in each repeated CT. Note how-
ever that despite this approach, any substantial loss of mass of the
tumour can still have a profound effect on the delivered proton
dose distribution due to the residual range changes resulting from
such losses.

Calculating ‘fraction’ and ‘treatment’ doses

Each plan was recalculated with the in-hose developed soft-
ware on the previously rigidly registered repeated CTs. The result-
ing ‘fraction doses’ (differences caused by anatomy and patient
misalignments, not by deformation) were then warped with each
DVF (extracted from the different clinical DIR systems) using the
dose warping function from Plastimatch. This results in six ‘warped
fraction doses’ (with combined uncertainties from anatomy,
misalignment and DIR) per repeated CT. Doses warped with the
same algorithm were accumulated on the planning CT in Matlab
(MathWorks, Natic, USA), resulting in an estimation of six different
‘accumulated treatment doses’ per patient (also containing uncer-
tainties by anatomy and DIR). Fig. 1 shows a schematic representa-
tion of the workflow of this study.

Dosimetric evaluation

Evaluation of fraction specific doses
To separate the effects of anatomical changes and DIR uncer-

tainties, we compared the PTV-V95 of the recalculated doses
directly on the repeated CT (‘fraction doses’) with the fraction
doses warped back to the planning CT, without accumulation
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(‘warped fraction doses’). For assessment of the fraction doses we
used the rigidly propagated PTV, whereas for the warped fraction
doses, the original PTV on the planning CT was used. In this way,
comparisons of the fraction doses show differences caused by
anatomical changes only (Fig. 1, comparison A), whereas differ-
ences between the fraction doses and the warped fraction doses
add the uncertainty introduced by DIRs (Fig. 1, comparison B).
Finally, differences between planned dose and warped fraction
doses contain uncertainties from both anatomical changes and
DIRs (Fig. 1, comparison C). As voxel positions change between
the repeat CTs, voxel-wise dose differences could not be evaluated,
only DVH parameters.

Evaluation of accumulated doses
To estimate the dosimetric effects of different DIRs during treat-

ment, we compared differences in accumulated doses with all DIRs
(Fig. 1, comparison D). For this, we calculated the voxel specific
maximum and minimum in treatment dose accumulated with all
six algorithms. This provides an estimate of the (non-physical)
voxel-wise max-to-min dose-deviations caused by the use of dif-
ferent DIR algorithms. From this, dose-deviation-volume his-
tograms (DDVHs) were calculated for selected structures (PTV,
CTV, ipsilateral lung, heart and spinal cord).

In addition, dose-volume-histograms (DVHs) of the six accumu-
lated treatment doses were compared to the initial plan, optimised
on the planning CT (Fig. 1, comparison E). Also, selected DVH
parameters, such as PTV-V95 and mean dose to ipsilateral lung
and heart, were evaluated. These differences also contain the
effects of both anatomical changes and DIR uncertainty, but now
accumulated over all repeated CTs.

Results

The PTV-V95 of each fraction dose (changes caused by anatom-
ical changes only, comparison A) decreased compared to the
planned dose over all patients and fractions by 14% on average,
ranging from 1.5% to 40.5% for single fractions (Fig. 2). Additionally,
variations between the warped fraction doses with the six DIRs
were on average 7.9% (between 1.7% for patient 1 and 23.3% for
patient 6). The mean agreement was high, PTV-V95 differences
between fraction doses and warped fraction doses were on average
1.6% (range 0.8% to 4.1%, comparison B). This good agreement is
also seen in the OAR doses, with differences to the mean heart dose
between the fraction doses and the average of the warped fraction
doses being 3.4% (range 1.0% to 9.5%, Fig. 3/Supplement 2,
comparison B). This indicates that the dose degradation caused
by anatomical changes is well represented by the mean of all DIR
algorithms, even if variations between different DIRs can be high
(comparison C).

Inspecting the fraction doses obtained with different DIR algo-
rithms, we found that RayStation Morfeus differed substantially
for two patients (6 and 7), compared to the other DIR algorithms.
For other patients only minor differences were observed. Excluding
Morfeus from the analysis of all patients reduced the variation of
the warped fraction doses to 3.2% (range 1.0–7.9%) compared to
a variation of 7.9% (range 1.7–23.3%) when all six DIRs were
included. Furthermore, the agreement between the ‘fraction doses’
recalculated on the repeated CT and the corresponding doses
warped back to the planning CT also improved (average difference
in the PTV-V95 of 0.9% (range 0.6–4.2%) vs. 1.6% (0.8–4.1%), com-
parison B).

Fig. 1. Scheme of the workflow of this study for one example DIR. Examples of deformation vector fields (DVFs), the initial planned dose, fraction doses, warped fraction doses
and the accumulated treatment doses warped with one DIR are given. The obtained dose distributions are compared with each other (blue arrows A–E). (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. 2. The PTV-V95 differences between the initial plan and the fraction doses, evaluated before dose warping (red stars), as well as warped fraction doses (range: blue bars,
mean: blue box). The mean of all red stars represents the dose degradation caused by anatomical changes only. The range of the blue bars is the variation caused by the DIRs.
The difference between the mean of all warped fraction doses (blue box) and the fraction doses (red stars) shows how well the anatomical dose degradation is represented by
the warped fraction doses. Different CT acquisition days are separated by vertical lines. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 3. DVHs of CTV, PTV, ipsilateral lung, heart and spinal cord of the initial treatment plan (solid line) and the accumulated treatment dose (light coloured band), warped
with different DIRs. (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. 4 reports the variation between accumulated treatment
doses resulting from all six DIR algorithms (comparison D).
Voxel-wise max-to-min dose distributions show that the largest
treatment dose differences accumulated with different DIRs were
found in the high dose gradient region. Consequently, the DDVHs
show often large variations in neighbouring OARs, such as ipsilat-
eral lung or heart. In particular, the mean dose to the ipsilateral
lung can vary up to 3% (patient 5 and 7), and the mean heart dose
up to 9.5% (patient 6). For some patients, large variations between
different DIR algorithms in the PTV-V95 were observed (up to
26.3%, patient 6).

The comparison between the DVHs of the initial plan and the
DVH uncertainty-band of the accumulated doses is shown in
Fig. 3 (comparison E). The decrease of treatment dose quality com-
pared to the initial plan is caused by both anatomical changes and
DIR uncertainties. More specifically, the PTV-V95 of the treatment

doses decreased by 16% on average over all patients (range 2.3–
28.8%, Supplement 2). The variations in PTV-V95 caused by DIR
in the accumulated treatment doses were on average 8.7%, ranging
from 1.0% (patient 1) to 26.3% (patient 6). Moreover, the OAR doses
have pronounced differences compared to the initial plan. The
mean doses to the ipsilateral lung and heart showed variations of
1.8% and 8.5% due to DIR, and an increased value compared to
the planned mean doses of on average 2.3% and 3.4%.

Discussion

We have evaluated the treatment doses of seven locally
advanced NSCLC patients accumulated with six different DIR algo-
rithms. An average PTV-V95 variation of 8.7% was measured
between the accumulated treatment doses resulting from different
DIRs. In total, the average reduction in PTV-V95 was 16% (Fig. 3,

Fig. 4. (a) Dose-deviation-volume histograms (DDVHs) of the accumulated treatment dose difference warped with the six DIR algorithms. (b) An example slice of the max-to-
min dose distribution difference, calculated as the voxel-wise difference between the maximum and minimum treatment dose, accumulated with the six DIRs.
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Supplement 2), caused by a combination of anatomical changes
and DIR uncertainty.

For each repeated CT, we compared DVH parameters for recal-
culated fraction doses with the planned dose. An average under-
dosage of 14% was measured in the PTV-V95, representing the dose
degradation caused by anatomical changes only. However, for sin-
gle fractions, a PTV-V95 reduction of up to 40.5% was found. This
shows the extreme sensitivity of IMPT proton plans to density
changes in the beam path, which are mainly caused by anatomical
changes and by the patient set-up. The patient set-up was simu-
lated here by rigidly registering the repeated CTs onto the planning
CT, by focusing on the alignment of the vertebral body in the prox-
imity of the target volume. Additionally, we observed PTV-V95
variations of 7.9% caused by DIR uncertainty alone (Fig. 4). This
indicates that for these patients, the dosimetric impact of anatom-
ical changes was larger than the variations caused by DIR uncer-
tainty. This analysis is influenced by the fact that, despite the
tumour shrinkage, the PTV was transferred rigidly, which is a con-
servative approach. The rationale is that the PTV is initially drawn
on the planning CT to include uncertainties during treatment (se-
tup, range, delineation uncertainties, typical anatomical changes
[46]). However, it is debatable if this approach is the best. The
mix of tissue displacement (for which the target structure should
be changed) and shrinkage (where the microscopic disease should
be treated, even if not visible anymore) makes a careful review
necessary before reducing any target structure. This is challenging
and still an open question in the community [47]. In our study, we
did not adapt the treatment, but used this rigid target concept for
the evaluation of the fraction doses before warping (comparison A
and B). With this rigid target concept we assume that the CTV
microscopic spread (and consequently the corresponding PTV mar-
gin) is not reduced even if the GTV has shrunk. We do not expect
major changes of the overall results if the target contours were
deformed instead. Especially the evaluation of the variations of
the different DIRs (comparison D) and warped and accumulated
doses (comparison C and E) do not use the fraction doses with
the rigid target concept, and are therefore not affected at all.

Interestingly, the difference between the dose recalculated on
each repeated CT and the average of the six doses warped back
to the reference CT matched well (differences of only 1.6% in the
PTV and 3.4% for the heart, see Fig. 2 and Supplement 2). This sug-
gests that using multiple DIRs is a valid approach to estimate dose
uncertainties caused by anatomical changes during treatment and
to have a more realistic representation of the delivered dose.
Indeed, if only one DIR algorithm would be used, DVH differences
of more than 10% can be propagated into the accumulated treat-
ment dose (Fig. 4, Supplement 2), clearly having an impact on clin-
ical decisions. In addition, as there is no way of knowing the
ground-truth deformations of the patient, the use of multiple DIRs
provides an estimation of the error-bars on the accumulated dose
at any particular anatomical point (c.f. Fig. 4b) in a way akin to
robustness analysis of treatment plans [48,49]. Thus, this provides
a ‘map’ indicating where dose accumulation can be trusted, or
where uncertainty is expected and thus care should be taken in
interpreting sensitive dosimetric parameters such as single point
dose minima or maxima. The use of several DIR algorithms in clin-
ical practice is however only possible if multiple DIRs are effi-
ciently implemented in a treatment planning system, with fast
calculation times and a high degree of automation.

For the patients evaluated here we used DIBH to suppress intra-
fractional motion. We calculated the fraction dose on each
repeated CT, assuming that the complete fraction could be applied
in one breath-hold. This is clearly a simplification, as in clinical
practice it typically takes two to three breath-holds to deliver a
field. However, this is a valid approach to evaluate the dosimetric
variation of using different DIR algorithms in the same patient

images. Additionally, previous studies with these patient images
showed a high geometrical reproducibility of DIBH from the same
day [38,50].

In this study, the total accumulated dose is based on the results
from nine repeated CTs only. We assume that these are represen-
tative for the anatomy during treatment because they have been
acquired in the beginning, middle and end of treatment, and were
not triggered by considerable visible external changes. Also, some
clinical trials recently used hypofractionated particle therapy [51]
with even less fractions for treating NSCLC patients.

Another limitation of this study is the lack of a ground truth for
the DVFs. This is an intrinsic problem when working with real
patient data. One method to achieve a ground truth is to compare
a variety of anatomical landmarks, as for example in DIR-lab or
MIDRAS [52] for 4D lung registrations. The drawback is the sub-
stantial work required by a medical doctor to define relevant and
meaningful reference points. It is anyway a method with its own
uncertainties, especially when analysing images from different
days. Another possibility is to generate a ground truth by warping
the CT with a DIR algorithm [30], which is a good representation of
the anatomical status of the patient (patient specific numerical
phantom). However, this has the disadvantage that the dose calcu-
lation and warping is not done on the original patient image. As
our main goal was to evaluate the variations of clinically used DIRs
directly on real patient images, no ground truth was available.

The result of each DIR strongly depends on the specific settings
[53]. It has been shown that the result of a DIR differs as much
between the same algorithm with different settings as between
different algorithms in head and neck cancer patients [54], and it
is likely that this also applies for other anatomical areas. For
intra-fractional lung motion, Kadoya et al. [45] found differing
DIR results between clinics in 4D-CTs of the lung even if the same
software was used, which underlines the dependency of settings
and procedures in the DIR process.

In our study, we did not use a focus or controlling ROI for all
intensity-based DIR algorithms. To be consistent and comparable
with all algorithms, we used the external contour as controlling
ROI for RayStation Morfeus. The external is the easiest contour to
get automatically in RayStation, without any manual contouring.
This makes it a likely approach in clinical practice, as has been
described by other institutions [55]. Nevertheless, the large varia-
tions between Morfeus and the other algorithms we found for
patients 6 and 7 might be improved if different DIR settings are
used. Indeed, the developers presented this DIR algorithm with
multiple controlling ROIs, such as external, lungs, trachea and
tumour [44,56], the delineation of which would be time consuming
in clinical practice. However, the goal of this work was to quantify
the dosimetric variation introduced by using different DIR algo-
rithms and not rank the different DIR algorithms. For this, a fine
tuning of the input parameters would be needed, which is not real-
istic in a standard clinical application and would be highly user
dependent. Also, for most patients we did not see a prominent
deviation between Morfeus and other algorithms. This shows the
challenges in the tuning of individual DIR algorithms. If the algo-
rithm was validated on a subset of these patients where it had a
good agreement with other algorithms, or even a ground truth, it
does not ensure that it will work out for all patients with the same
diagnoses and in this same anatomical area. A fast and automated
QA of DIR is therefore needed. Such QA methods have been pro-
posed by analysing some properties of the DVF [57]. Additionally,
also a QA on the image or dose level is desirable. These should
not only check the principal applicability of an algorithm to an
anatomical site, but also estimate the correctness of this DIR for
each individual patient.

The variation of PTV-V95 degradations was 8.7% for the accu-
mulated treatment doses and 7.9% for the individual warped frac-
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tion doses. This shows that the dosimetric uncertainties introduced
by DIR were not reduced over several fractions. The systematic
character of these uncertainties might be specific for the type of
anatomical changes we observed in our patient cohort. The domi-
nating anatomical changes we observed were differences in the
breath-hold position and tumour shrinkage, as an effect of treat-
ment response. In particular, the latter is handled quite differently
by the DIR algorithms. As the change is usually uni-directional
(only shrinkage), DIR uncertainty here has a systematic character.

Finally, we like to emphasise that the uncertainty of DIR is only
one of many uncertainties in proton therapy. Range and setup
uncertainties are well quantifiable and can be included in the opti-
misation process [58]. RBE uncertainties, for instance, are much
harder to quantify and it is still an ongoing discussion if a homoge-
neous RBE approximation is a good approach for protons [59]. Dose
inaccuracies due to analytical dose calculation (as performed here)
should also be considered, but have been shown to have a smaller
impact on the dose distribution than anatomical changes [22]. The
high impact of anatomical changes on the dose during treatment
underlines the importance of fast plan adaptions and a correct dose
accumulation during therapy.

In conclusion, we have analysed dosimetric uncertainties of dif-
ferent DIR algorithms for dose accumulation in lung cancer proton
therapy. For the patients investigated here, the IMPT dose degrada-
tions caused by anatomical changes are larger than the variations
introduced by different DIR algorithms. Nevertheless, we found
substantial differences between different DIR algorithms of the
fraction and accumulated doses. Using multiple DIR algorithms is
a valuable approach to reduce DIR uncertainty for estimating the
dosimetric differences caused by anatomical changes during pro-
ton treatment.
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