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Abstract

Compared to conventional radiotherapy using X-rays, proton therapy, in principle, allows better
conformity of the dose distribution to target volumes, at the cost of greater sensitivity to physical,
anatomical, and positioning uncertainties. Robust planning, both in terms of plan optimization and
evaluation, has gained high visibility in publications on the subject and is part of clinical practice in
many centers. However, there is currently no consensus on the methods and parameters to be used
for robust optimization or robustness evaluation. We propose to overcome this deficiency by following
the modified Delphi consensus method. This method first requires a systematic review of the
literature. We performed this review using the PubMed and Web Of Science databases, via two
different experts. Potential conflicts were resolved by a third expert. We then explored the different
methods before focusing on clinical studies that evaluate robustness on a significant number of
patients. Many robustness assessment methods are proposed in the literature. Some are more
successful than others and their implementation varies between centers. Moreover, they are not all
statistically or mathematically equivalent. The most sophisticated and rigorous methods have seen
more limited application due to the difficulty of their implementation and their lack of widespread
availability.

Introduction

Proton therapy (PT) has the potential to improve dose conformity compared to X-ray radiotherapy
(XRT) due to the finite proton range and the Bragg peak [1]. However, PT is more sensitive to density
changes and uncertainties encountered in clinical workflows, including CT image conversion, dose
calculation, and motion. The use of scanned beams and multi-field optimization enhances dose
conformation and flexibility in PT compared to treatment delivery strategies based on broad beams
and patient-specific collimators/compensators. However, it also increases the risk of underdosing the
target or overdosing organs at risk (OARs) due to the above-mentioned uncertainties [1]. Furthermore,



the interplay of scanned pencil beam delivery and breathing motion can result in degradation of the
delivered dose distribution [2].

In XRT, safety margins around the clinical target volume (CTV) or OAR are typically used to manage
uncertainties, creating the planning target volume (PTV) and planning organ at risk volume (PRV). The
PTV is essential for dose prescription, treatment plan optimization, and plan evaluation based on ICRU
reports 62 and 83 [3,4]. This approach is valid when the assumptions applied to the use of PTV margins
are respected. This is approximately the case in XRT (with many exceptions such as breast, small lung
tumors, head and neck, etc.). In PT, one of the main assumptions behind the PTV approach, that the
dose distribution is unchanged by patient shifts (the static dose cloud approximation), often represents
a non-realistic approximation in clinical routine. Consequently, the PT community has developed
specific optimization and reporting methods [5], including beam-specific safety margins [6,7] and
robust optimization techniques [8]. These techniques involve simulating uncertainties such as patient
positioning and range errors and integrating them into treatment plan optimization to ensure
objectives are met under both ideal and uncertain conditions. Such approaches have been covered
extensively in a review by Unkelbach et al [8]. Robust optimization and evaluation have seen much
wider implementation in PT than in XRT, as shown by Kaplan et al [9], though application to XRT is now
starting to be introduced [10,11].

The paper of Kaplan et al. [9], published after an ESTRO physics workshop dedicated to the topic
of “Plan quality assessment: dose distribution and robustness metrics”, shows the variety of
methodologies and metrics for robustness evaluations used in clinical workflows and the need for a
consensus on how to implement them. Before the paper of Kaplan et al. [9], Hernandez et al have
already stressed the importance of producing consensus for robustness analysis tools and dose
evaluation metrics [12]. Within the European Particle Therapy Network (EPTN working group 5,
focused on treatment planning), there is a willingness to converge to shared recommendations on
robustness optimization and evaluation. This will follow a modified Delphi consensus methodology
which first requires a systematic review on the topic to provide a comprehensive overview of the
existing literature. The systematic review has been divided into two parts, one centered on robust
optimization and the other on evaluation. The latter is the focus of the present work.

The aim of this systematic review is to provide a thorough overview of the various solutions
proposed in the literature for robustness evaluation of PT treatment plans delivered with pencil beam
scanning. This includes the simulation of the effects on the proton dose distribution of various errors,
as well as their quantitative or visual representation. This systematic review also includes the
applications of robustness evaluation according to various clinical sites.

Terminology and concepts
Definitions

We refer the reader to the definitions given in the publication of Lowe et al [13], where a glossary
of terms related to uncertainties in PT is given. Here a few additional definitions and adaptations are
provided:
® Confidence level: for a given probability density function, confidence intervals define a range
within which a population parameter resides with a certain probability, the confidence level.

® Scenario: Lowe et al. define a scenario as “Potential or anticipated errors for which the dose
distribution is recalculated. These may be used during robust optimization or plan evaluation.
They are sometimes referred to as error scenarios.” Here, we make explicit that we may also
include the combined effect of errors (for instance random and systematic setup errors) over
the full course of the treatment.

® Scenario space: A N-dimensional space that includes all possible scenarios. The number of

dimensions, N, depends on the types and number of errors considered.

® Dosimetric space: All the dose distributions considered in robustness dosimetric analysis.



® Range uncertainty and range error: proton range uncertainties may come from multiple
sources (image conversion to stopping powers, dose calculation, motion etc.). Strictly
speaking, range errors should refer to realized errors, in the sense of a simulated range error
or a measured range error. We have tried to keep this distinction in the current review.
However, the literature often uses “range uncertainty” and “range errors” interchangeably, in
the sense of a fixed scaling of the relative stopping powers.

The PTV/PRV concepts and robust optimization

The PTV concept, defined in ICRU 62, ensures sufficient coverage of the CTV considering
uncertainties. However, ICRU does not specify a minimum threshold for the required probability of
coverage, nor does it provide a methodology for assessing this probability. As stated by Kaplan et al
[9], PTV margins are often based on historical choices in treatment centers, but some clinics compute
margins based on quantified uncertainties and predefined probabilities of dose coverage.

While this paper does not aim to review the limitations of the PTV and PRV concepts [8,14], it
acknowledges their role in enabling the prescription, optimization, and reporting of radiotherapy plans
in a probabilistic manner. Under valid assumptions, the CTV should receive a predefined minimum
percentage of the intended dose with a certain confidence level, while OARs should not exceed a
maximum percentage/limit.

The present paper focuses on the reporting part, which could be seen as the last part of the
planning process: robustness evaluation in PT. At the beginning of that planning process, we might see
robust optimization instead. Robust optimization amounts to simulate explicitly uncertainties during
the optimization process. This can be achieved by introducing, for instance, patient shifts and density
scaling to simulate setup and range errors, respectively. A popular robust optimization approach is the
worst-case optimization (minimax), which aims at minimizing the maximum value of the objective
function over a set of scenarios defined by the user [15]. An extensive topical review on robust planning
has been published by Unkelbach et al [8].

Systematic review description

We have followed the methodology proposed by Stoll et al [16]. Two independent experts
selected the reviewed papers by using two databases. The first expert performed the search on
PubMed and the second on Web of Science. Then the databases were merged and reviewed by both
experts. In the case of disagreement between experts, a third expert took the final decision. In this
way, the bias of using a single database has been minimized. The keywords used for the search on
databases were as shown in Table 1 (the full search string can be found in the supplementary material
“Logic strings used for search”). The results of the systematic review are shown in Fig. 1.

Key words e Including:
o Plan robustness
o Robustness evaluation
o Robust evaluation
o Sensitivity analysis
o Proton Therapy
o Excluding:
o Proton pump

Inclusion criteria e published between Jan 1 2016 and Oct 30 2023




clinical applications where a robustness evaluation method and
clinically used parameters are shown and/or a new robustness
evaluation methodology is introduced in literature
characterization/validation/retrospective application of existing
robustness evaluation methodologies

reporting methodologies (publications where a method to report the
robustness evaluation results are suggested)

describing the delivery of a pencil beam scanning (PBS) technique
Robustness evaluation of each type of uncertainty (setup, range,
motion, anatomical variation, machine parameters).

Exclusion criteria

case reports (unless describing a novel robustness evaluation
methodology)

book chapters

letters

editorials

conference papers

reviews

full text unavailable

robust optimization only

describing delivery techniques including Arc therapy, FLASH (Ultra-
high dose rates), mini-beams, passive scattering.

Table 1: keywords and inclusion/exclusion criteria used for the systematic review

Expert 1

Records Identified from two
merged databases (330):
PubMed (163)

Web of Science (321)

(143)

Records accepted

(187)

Records removed

the systematic review
(190)

Records excluded from

Expert 2

Records accepted

Conflict of decision (169)

solved by an independent
expert

(41)

1 Records removed
: (161)

7'y

Known by the authors / derived
from included papers’
bibliography
(3)

Records included in the
systematic review
(143)

Fig. 1 Results of the systematic review. Experts 1 and 2 have performed the research using either
PubMed and Web of Science, respectively.




Robustness evaluation methodologies

Evaluation against systematic setup and range errors

As reported in the survey of Kaplan et al [9], there is no agreement on which shifts should be
considered in the assessment of robustness. In general, errors are defined in the cardinal directions
(left-right, anterior-posterior, cranio-caudal). Those errors may be combined and may be described as
lying on the surface of a cube or sphere. The simulation of setup errors in the cardinal directions alone
has been reported in several studies [17,18,27-36,19,37,20-26]. The combination of errors has also
been proposed [35]. Range errors may be simulated independent of setup errors [19,32,34,36-41]
and/or in combination with setup errors [17,18,30-33,35,36,42-45,20,46-49,21,22,24,26-29]. Other
authors have also suggested a set of scenarios, some with only setup errors simulated, and the others
with only range errors [25]. Shang et al simulated two sets of scenarios for the setup errors: cardinal
points and another set of diagonals [50,51]. Maes et al also added diagonal points to their robustness
analysis [35]. Those were combined with range errors. Noufal et al and Boer et al evaluated on the
diagonals alone, in combination with range errors [52,53], while robust optimization was performed
using the cardinal points. Tommasino et al selected the eight vertices of a cube for the setup errors,
with a distance compatible with the PTV margin used for optimization, and combined them with range
errors [54]. Lowe et al, Albertini et al and the references cited therein presented a method where 14
possible setup errors are selected [39,55]. A scenario is eligible if the euclidean norm of each error
equals the distance corresponding to an 85% confidence level of all possible distances. By taking the
maximum dose deviation for each voxel over all scenarios, a worst-case dose distribution is obtained,
from which error-bar volume histograms, analogous to dose volume histograms can be derived. Range
errors are simulated separately, following a similar methodology.

Korevaar et al have proposed a refinement for the selection of the simulated errors, especially
with respect to the range uncertainties [5]. As described by both Korevaar et al and Sterpin et al, joint
probabilities of setup and range uncertainties improve the statistical consistency of the selected
scenarios [5,56]. Korevaar et al suggested the joint selection of the setup and range errors on a 4D iso-
probability surface. This leads to the definition of between 14 and 26 directions, which can be
combined with positive and negative range errors (leading to 28 or 52 scenarios). Several recent
studies have based their robustness evaluation strategies on this work [50,57,66,67,58—65].

In summary, most methods employed in the papers cited in this section are either designed
according to a given commercial software or compatible with them with minimal scripting effort, if
adequate. Clinical implementation is therefore not a major difficulty. However, this comes with
limitations about the statistical meaning of the reported robustness. Although there is no clear
agreement about what could constitute an acceptable minimal robustness evaluation method (ie, the
combinations of errors that should be simulated), several authors have pointed out the conceptual
issues associated to most methods and have proposed alternatives, as listed in the coming two
sections.

Probabilistic robustness evaluation

A comprehensive statistical approach involves sampling errors from their distribution without
preselection, encompassing both systematic and random errors. Implementing this approach requires
considerable computing effort, often accomplished through a brute-force Monte Carlo method with a
large number of scenarios [68-70]. The number of scenarios can be estimated using statistical
convergence criteria to ensure accurate and sufficient dose calculations [56,71,72]. To expedite the
process of sampling scenarios, variance reduction techniques such as importance reweighting can be
employed [73]. Another approach, proposed by Perké et al, uses polynomial chaos expansion to
construct a model based on dose distributions calculated for a predefined set of errors [74]. This model
enables a fast analytical calculation of the dosimetric impact of a wide range of realistic setup and



range error scenarios. When it comes to analyzing random errors, they can be calculated by either
sampling or incorporating them analytically, assuming an infinite number of treatment fractions. This
comprehensive approach has found application in various fields, demonstrating its effectiveness in
error analysis and dose calculation scenarios [57,75,76].

Yang et al presented a comprehensive statistical evaluation of plan robustness against 625
scenarios with randomly sampled systematic setup and range errors [77], enabling the evaluation of
percentiles of key dose metrics.

Wabhl et al presented an analytical approximation of brute-force sampling for error scenarios [78].
Their approach used a dose calculation algorithm based on pencil beam convolution, allowing for the
analytical integration of Gaussian probability densities associated with simulated uncertainties. By
estimating the moments (average and co-variance) of the probability distribution, the impact of
uncertainties on the dose distribution could be estimated at a lower computational cost.

Finally, Vazquez et al have developed a deep-learning based approach to predict plan robustness
from nominal dose distributions [79], at very high computation speeds (within 3s). The objective was
to predict the 5th and 95th percentile doses. Excellent agreement was obtained.

In contrast with the previous section, methods presented here rely on considerable
implementation efforts, with software developed in-house. The methods presented enable quantified
estimates of confidence levels. Important questions remain, about the importance of computing
confidence levels and, if judged relevant, about the details of the methods used to compute those
levels.

Integration of random setup errors and fractionation into robustness analysis

The integration of random errors is more complicated as their effect will vary with the number of
fractions in a way that is not entirely predictable since it depends on the (random) sequence of errors.

A pragmatic approach is to simulate systematic setup errors as in section IV.A, but to change the
magnitude of the simulated error to compensate for the effect of further random errors. Several
authors have discussed the use of the simplified van Herk recipe Mpyy = 2.52 + 0.7¢', where X
represents the standard deviation of systematic errors and ¢’ represents the standard deviation of
random errors [80]. The latter does not explicitly take into account the beam penumbra, which is
assumed to be 3.2 mm and implicitly taken into account in the factor 0.7 [5,56,81]. This is somewhat
implicit in several methods in the literature, which simulate setup errors that are similar to their PTV
margins counterparts.

Lowe et al have integrated fractionation in the robustness analysis [39]. This has been achieved by
simulating the convolution of error dose distributions obtained from 14 preselected scenarios by
themselves, as many times as the number of fractions. This leads to an overall tightening of the
envelope of uncertainty. Further work from the same group has also investigated the effect of range
errors and fractionation for various field configurations [82].

Ribeiro et al have implemented another approach where multiple fraction treatment courses are
evaluated taking systematic setup and range errors based on established values, and then sampling a
random setup error for each fraction and accumulating over the full course of the treatment [83]. Teoh
et al have randomly selected 3 possible realizations of systematic setup errors (within a limit of +3
mm) and then simulated 35 fractions with associated (sampled) random errors [84]. Sampling was
performed from Gaussian distributions. Range uncertainties were not included in the analysis.

The integration of random setup errors and fractionation effects is natural in the probabilistic
approaches presented in the previous section. For simpler but widely available robustness
evaluation tools, it is also possible the effect of fractionation using scripting capability of commercial
software or post-processing analysis. The van Herk margin recipe was also cited as a possibility. The
theoretical guarantees of those more pragmatic approaches with respect to the computation of
confidence levels, and the statistically sound integration of other errors like the proton range, were in
general not addressed.



Integration of inter-fraction motion

The issue of inter-fraction motion from the point-of-view of treatment adaptation has been
discussed in length in the recent review from Paganetti et al [85].

The impact of inter-fraction motion on robustness has been evaluated both in isolation and in
combination with other errors, for instance, through a robustness evaluation of repeated images
against setup and/or range errors.

Studies evaluating the effect of inter-fraction motion alone (without range and residual setup
errors) have been performed for prostate [86], liver (with breath-hold) [87], sinonasal cancer [88],
head and neck [89,90] and pelvic lymph node [91] irradiations. Those studies rely on the acquisition of
repeated images. In contrast, Zhang et al have developed a probability model for simulating possible
anatomical changes during the course of the treatment, without the need of repeated images [92].
Such a method can be used for both robust optimisation and evaluation.

Hague et al. conducted a robustness evaluation for head and neck treatments using repeated
images with setup and range errors [17]. They used smaller setup errors for repeat images compared
to the initial robustness evaluation on planning images, based on setup errors already being partially
accounted for in the repeated images. Similar approaches were followed by other authors
[59,61,62,64]. Gort et al have studied the combined effect of inter-fraction motion, residual setup
errors, and range errors for cervical cancers. Voxel-wise minimum doses (i.e. taking, for each voxel, the
lowest value over all error scenarios) were accumulated to evaluate the robustness of target
structures, while only nominal doses were used to evaluate OARs [60]. Scandurra et al. evaluated
nasopharyngeal cancer treatments by combining residual setup errors, inter-fraction motion, and
range errors, accumulating voxel-wise maximum and minimum doses for each robustness evaluation
on repeated images [58].

In the context of prostate irradiations, Walsh et al have performed a comprehensive analysis
reflecting random and systematic rigid displacements of the prostate [93]. Setup and range errors were
not incorporated in the analysis. Robustness was quantified using the difference between the nominal
and the median tumor control probability evaluated from each scenario.

There is a disparity in the methods proposed/reported for investigating inter-fraction motion. The
effect of inter-fraction motion is often studied alone (without additional errors), using dose
accumulation. Residual setup errors and (full) range errors may also be simulated on an individual
fraction basis (thus without dose accumulation). The use of residual setup errors — thus smaller than
the ones used for planning images — on repeated CT or CBCT images  is widely adopted. Some authors
have attempted to integrate residual setup errors and range errors during the dose accumulation
process. Accumulating voxel-wise worst-case minimum/maximum doses for targets/OARs was
therefore suggested.

Integration of intra-fraction motion

Various studies on the treatment of moving targets have highlighted the need to perform a
robustness analysis that takes into consideration the uncertainty due to intra-fraction motion [59,83].
The main source of intra-fraction motion studied is that of breathing motion [64,66,94—-101], though
some studies have attempted to evaluate the interplay effect in the presence of heart motion [102].

A common method to assess robustness in relation to breathing motion involves calculating the
plan on each phase of a 4DCT scan and deforming the dose to a reference CT [61,63,64,100,103].
Similar evaluations have been conducted for patients in breath hold [47,87,99,104]. However,
calculating the entire plan on each phase does not consider the interplay between spot delivery and
patient motion. More realistic simulations have been performed by incorporating time parameters and
patient breathing patterns to obtain a 4D dynamic dose distribution (4DDD), overcoming the
assumption that the entire plan is delivered on a single phase [22,65,111,96,98,105-110]. Ribeiro et



al. introduced log files for treatment delivery [59,83], while Pastor-Serrano et al. emphasized the
importance of large statistics of breathing patterns for realistic interplay effect assessment [112]. They
also showed that lung plans based on an internal target volume (ITV) consistently failed to meet
robustness requirements. An actual breathing signal measured with a pressure belt combined with
delivery log files were also used by Smolders et al and Visser et al for 4D dose reconstruction [113,114],
which enables evaluating the impact of motion and interplay on the dose distributions. Smolders et al
have also investigated the impact of non-rigid registration and “/'B uncertainties on NTCP. The impact

of the former has been found one order of magnitude larger than the latter.

In this systematic review, few studies have been found to consider the uncertainties due to
intrafraction motion together with setup and range uncertainties [59,66,71,94,106]. Buti et al. [115]
have applied a Monte Carlo robustness evaluation developed by Souris et al for lung tumors [71]. Intra-
fraction motion was simulated by computing the full treatment on every breathing phase and
accumulating on the mid position CT after non-rigid registration. The scenarios were selected in the
dosimetric space, favoring a statistically sounder representation of the sensitivity of the plans to
uncertainties.

The simulation of intra-fraction motion alone has been widely investigated. Comprehensive
simulation of intra-fraction motion, including the interplay effect, follows well-established methods.
The questions remaining are more about how the uncertainties related to motion or from other
sources can be adequately integrated into the process. For instance, the integration of the effect of
fractionation, actual beam delivery dynamics (e.g. log files), or patient-specific breathing patterns is
not systematic. Further extension to other errors like setup, couch and gantry mechanical uncertainties
and range may require more sophisticated probabilistic robustness evaluation tools.

Integration of treatment delivery uncertainties

As well as uncertainties in the expected dose from a given fluence, there are some uncertainties
in beam delivery which can affect the delivered dose distribution. These include machine parameters
such as spot position and size.

The impact of spot positioning uncertainties on the robustness of treatment plans has been
studied by Noufal et al [116]. Kopp et al have simulated a combination of uncertainties in setup, range,
patient rotation and beam full width half maximum (FWHM) in air [117]. Kraan et al have studied the
impact of variable spot sizes and spot spacing [118]. Errors in spot spacing were shown to have limited
impact, while errors in spot size had more of an effect for larger spot sizes when the error was
expressed relative to the nominal spot size.

The impact of actual treatment delivery errors can be integrated to some extent into robustness
analysis by performing dose calculation using machine log-files as input for beam parameters. This has
been demonstrated, for instance, by Ribeiro et al, who have integrated machine specific information
in a comprehensive robustness evaluation strategy for thoracic tumors [59]. Smolders et al and Visser
et al have also integrated treatment delivery log files in their 4D dose reconstruction method
[113,114]. Newpower et al have developed a method based on machine learning that aims at
predicting spot delivery errors as they would be recorded in the log files [49]. By combining those
errors with setup and range errors, a more comprehensive representation of robustness could be
achieved.

Two main themes could be distinguished during this part of the systematic review: studies focusing
on the actual impact of treatment delivery errors on treatment plan quality; or studies aiming at
integrating measured data about beam delivery (log-filed) into the robustness evaluation system. In
practice, one could see the former as an actual robustness evaluation (how robust is my plan against
errors in spot spacing?), while the latter focuses more on the monitoring of the robustness of the plan
(is my plan still within specifications according to measured beam parameters?).

Integration of variable beam arrangements



Careful beam angle selection in PBS PT can be considered the first attempt to obtain a robust plan
with respect to range, setup uncertainty and anatomical changes. However, evaluation methods may
also be required to determine stable beam setups. This has been demonstrated, for instance, in the
evaluation of the variability of the water equivalent path length (WEPL) as described by Andersen et
al. for a cohort of prostate cases [91]. A similar approach was taken by Toramatsu et al [24].
Comprehensive robustness evaluation with respect to setup, range uncertainty and anatomical
changes is another solution to discover the most stable beam angles as described by Feng et al [105].
The number of beams may also affect plan robustness and other important factors such as the linear
energy transfer (LET) distribution, which can also be estimated as part of robustness evaluation as
described by Shang et al [50]: going from 3 to 5, 7 and 9 fields in lung tumors they found a better
robustness of the target coverage and low doses in lung. Also LET hot spots were significantly reduced
in lung with the increase of proton beams, but a worsening of high doses in the spinal cord and heart
was found.

Integration of LET and biological models

In this section, we focus on the integration of variable biological models in robustness evaluation
procedures which simulate other errors, for instance setup and range errors. Bolsi et al evaluated the
LET distributions in the presence of range errors [41]. Rana et al have studied the variability of LET and
relative biological effectiveness (RBE) distributions with respect to setup, range, and breathing phases
(without simulating the variability of the biological models themselves) [32]. Hofmaier et al have
evaluated the effect of setup, range, and RBE uncertainties on the robustness of the plan using a
variance-based uncertainty analysis [119]. Odén et al introduced variable biological models into their
robustness evaluation strategy [120,121]. Monte Carlo simulations were employed to simulate the
effect of various radiobiological models and their uncertainties from the boundaries of dose values in
each voxel according to the scenarios simulated for setup and range errors. The effect of fractionation
was also considered based on the work of Lowe et al. [39]. Gutierrez et al performed separate
simulations for physical errors (setup and range) and variable RBE to compare their relative effect with
respect to nominal dose distributions [42].

This systematic review indicates that the integration of explicit and variable RBE models into
robustness evaluation, including its interaction with other uncertainties like setup and range, yield
RBE-weighted dose distributions that entail different clinical interpretations and that may directly
impact clinical practice (by changing beam arrangements, robust optimization approaches, treatment
fractionation schemes, etc...). The uncertainties related to the existing RBE models require caution,
though.

Robustness analysis: visualization and reporting

According to our systematic review, common methods for visualizing and reporting robustness in
radiation therapy plans include the display of dose-volume histogram (DVH) bands and the range of
values for important dose metrics based on various setup and range error scenarios. Refinements
include displaying dose-volume population histograms with color levels representing confidence levels
[122]. Important DVH metrics can also be described statistically using nominal values and several
features of the probability distribution of DVH points [69,70]. Obtaining a probability distribution
function of the DVH points in a clinically acceptable time has been demonstrated using semi-analytical
algorithms running on GPUs [69,119,122]. Another popular method is to display voxel-wise worst-case
minimum (for target volumes) and maximum doses (for OARs), and the relevant associated DVH
metrics [39]. The latter method enables a visual inspection of the location of potential failures in target
coverage or OAR sparing. There are commercial solutions that provide such features.



Depending on the methods used, several metrics can be computed to provide an insight into the
robustness level of the evaluated plan, for instance the percentage of scenarios respecting given DVH
metric constraints/objectives. Confidence levels can also be computed in the scenario space. The
method proposed by Korevaar et al selects scenarios on an iso-probability surface of a 4D hyper-
ellipsoid defined at the 90% confidence level [5]. This hyper-ellipsoid includes 3D setup uncertainties
and range uncertainties. They found a very strong correlation between CTV coverage in the robustness
evaluation and PTV coverage in the nominal plan. Lowe et al have restricted setup errors within an
85% confidence level [39]. Error-bar DVHs have also been proposed from the latter work to display
quantitative information about the voxel-wise worst dose errors from those pre-selected scenarios.

Review of robustness parameters used according to clinical sites

Table 2 provides a synthetic summary of the robustness methods used in publications focusing on
a particular clinical site. It can be observed that most of the selected publications implemented
robustness evaluation against setup and range errors (around 85%). About 21% of the papers have
implemented some form of probabilistic evaluation. Most sources of uncertainties are well
represented, except perhaps radiobiological effectiveness and LET which amounts for 7 of the selected
publications. For each clinical site, extensive details are provided in the tables included in the
supplementary material. The next sections provide a summary of the results of the systematic review
for the clinical sites listed in Table 2.

Site Publ. | Worst- | Prob. SE RE Inter-F | Intra-F IP RBE-
case LET
# (% of publications per clinical site)
Head and 28 71 29 86 86 64 0 0 4
neck
Brain and
10 50 50 100 80 30 10 0 20
skull
Breast 5 80 20 100 100 40 60 0 20
Lung 30 83 23 87 87 47 80 50 7
Esophagus 10 90 10 90 90 60 70 30 0
Mediastinum 3 67 0 67 67 67 33 33 0
Abdomenand |5, 76 0 81 81 | 48 33 29 5
pelvis
All sites 107 76 21 87 85 51 62* 36* 7
Table 2 Summary of the robustness parameters used in clinical studies according to clinical sites.
Extensive summary can be found in the appendix.
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Publ: Publications; Prob: Probabilistic; SE: Setup Errors ; RE: Range Error; Inter-F : Inter-Fraction ; Intra-F :
Intra-Fraction ; IP : Interplay effect
*Head and neck, Brain and skull were excluded from the total to compute the percentage

Head, neck, brain and skull

We found 28 articles that met our inclusion criteria focused on head and neck treatments
[9,17,90,123-131,18,132-139,36,58,67,68,76,82,89]. The references, and the associated robustness
evaluation methodologies and parameters can be found in Table S1.1 for head and neck. Most of the
papers simulated worst-case scenarios with systematic setup errors of £3mm and range errors of 3-
3.5%. Three papers used smaller set-up errors (Imm, 2mm and 2.25 mm respectively) for their worst-
case simulations [18,82,123]. Wagenaar et al have implemented a comprehensive robustness
evaluation approach on repeated CTs, including hardware related uncertainties (CBCT isocenter,
robotic table shifts, etc.) [67]. Some papers considered a Gaussian distribution approach for setup
errors [68,76,131,134] others considered anatomical changes [36,58,67,129,137,139] and linear
energy transfer (LET) as part of the robustness analysis [127].

Almost all published papers focused their attention on target coverage robustness evaluation and
only a few discussed in detail the issue with respect to OAR [89,90,125,127-129,132].

Several papers related TCP and/or NTCP considerations to their robustness analysis. In Hamming-
Vrieze et al [130] dose differences between nominal and scenarios were translated to TCP (2 models)
and NTCP (15 models). A weighted average of the TCP/NTCP based on Gaussian distribution over the
variance scenarios was calculated to assess the clinical effect of systematic errors on the population.
They concluded that the estimated population impact of setup and range uncertainties on TCP/NTCP
following VMAT or IMPT of oropharyngeal cancer patients was small for both treatment modalities.
The use of TCP/NTCP models allows for clinical interpretation of the population effect and could be
considered for incorporation in robust evaluation methods. Lalonde et al. [89] evaluated the impact of
setup uncertainty reduction (SUR) and adaptation to geometrical changes (AGC) on NTCP when using
online adaptive. SUR and AGC had a larger impact than AGC on reducing NTCP in online, however, SUR
alone did not induce clinically meaningful toxicity reductions in any patient. Combining the benefits of
both can yield significant reductions in long-term side effects. In Rojo-Santiago J et al [76], the
moderate impact of geometrical and range errors on NTCPs (NTCP spreads < 3%) showed that the MBS
approach is robust, therefore that the nominal plan can be generally used as a good estimator to refer
patients for PT.

For brain and the surrounding structures, 10 papers fulfilled our inclusion criteria
[27,42,52,57,88,140-144]. Table S1.2 provides similar information as for head and neck. Three articles
simulated worst-case scenarios with systematic setup errors of +£3 mm and 3-3.5% range errors
[42,140,142]. Smaller setup errors were reported in Argota-Perez et al (2 mm) and Zechner et al (
reported smaller set up errors (i.e., xx0.9 mm, ytx1.4 mm and zt1mm) for their worst-case simulation
[27,88]. Argota-Perez has also focused on the impact of daily anatomy changes on robustness [88].
Probabilistic evaluation was considered in 5 publications [57,76,140,141,143]. Hofmaier et al also
evaluated the impact of inter-observer variability (IOV) in target delineation on robustness and they
found that the dominating contributions to overall uncertainty were either range uncertainty or IOV
[140]. Nenoff et al reported the combined effect of anatomical and setup changes with and without
daily adapted PT [143]. The performance of the Dutch robustness evaluation protocol was assessed in
Rojo-Santiago et al (2021) [57] and Rojo-Santiago et al (2023) [76], by comparing the results obtained
with the protocol against the probabilistic method developed by Perko et al [74]. The former paper
found that the CTV Dqg in probabilistic evaluations was on average 3% above the protocol result. The
latter paper investigated in more depth the link between uncertainties, dosimetric values issued from
the Dutch evaluation protocol (voxelwise minimum and maximum doses), and percentiles of dose
metrics computed from the probabilistic evaluation. They concluded that the CTV Dy gin probabilistic
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plan evaluations of VMAT and IMPT treatments lead to consistent results compared with the target
Dqsg in clinical PTV-based and voxelwise minimum dose metrics, respectively.

Robustness evaluation in the head, neck, brain and skull region has been widely investigated, due
to the importance of that site in PT. The methods used for robustness evaluation vary considerably
from a few scenarios in a worst-case approach to sophisticated probabilistic methods. For methods
based on worst-case scenarios, setup errors of 3 mm were largely dominant. For range errors, it was
either 3 or 3.5%. The method used strongly dependsdepend on the tools available to the investigators.
A key question is whether those sophisticated methods should eventually be used to some degree in
daily clinical practice, or could be used more sparingly to calibrate more pragmatic methods like the
Dutch robustness evaluation protocol.

Many research questions could be addressed. For instance, is a nominal dose distribution reliable
enough to refer patients to PT through NTCP estimations? Are treatment plans robust enough in the
presence of daily anatomical changes? The inclusion of LET or variable RBE models was not frequent
(4% of head and neck papers; 20% of brain and skull). Yet, the brain and skull related papers both
highlighted the potential clinical relevance of the variability of RBE, which may be even greater than
the impact of other errors [42].

Breast

Five papers about robustness evaluation in the treatment of breast cancers were included in our
review [63,95,145-147]. Essential information about robustness methods and parameters can be
found in Table S1.3. All but one study used setup shifts of 5 mm in their worst-case analyses, to which
different types of uncertainties were added. Ger et al did not evaluate range uncertainty, instead they
evaluated if the target coverage for quality assurance (QA) CT scans (with at least two acquired during
the treatment) was within the robustness criteria (e.g., the D95% of the breast as calculated on the QA
CT was evaluated against the uncertainty envelope of the D95% for 3/5 mm setup errors) [145]. Jensen
et al added an anatomical robustness evaluation by creating four artificial CTs: two with 3 mm and 5
mm artificial tissue extending beyond the external contour of the patient and two with 3 and 5 mm
contraction of the external contour to simulate anatomical changes of the breast [146]. In Klaassen et
al, robustness evaluation (using isotropic setup errors of 5 mm and a range overshoot and undershoot
of 3%) was repeated for all phases of the 4D-CT, but interplay effects were not considered [63]. Oden
et al calculated setup and range errors for each CT phase separately and in combination with simulated
breathing motion [95]. Both a generic RBE of 1.1 and the variable RBE model proposed by Wedenberg
et al were considered [148]. In addition to their standard robustness evaluation (+3 mm isocenter shifts
combined with +3.5% shift in relative proton stopping power), Kirk et al evaluated the plan sensitivity
to the construction of implanted metal ports. An override applied to the contoured port was varied
using proton relative stopping powers of 1, 2 and 3.38 (the largest value in their calibration curve)
[147].

Important research questions were addressed in the papers related to breast cancers. However,
breast was not a particular focus for developing and testing novel robustness evaluation
methodologies. One paper highlighted the potential relative importance of variable RBE with respect
to other errors [95]. In the papers selected in this systematic review, intra-fraction motion was
investigated, excluding the interplay effect. Setup errors were either 3 or 5 mm, while range
uncertainties were either 3 or 3.5%.

Other thoracic lesions (lung, esophagus, mediastinum)
A total of 43 papers were selected in this systematic review that were focused on treatment in the
thorax. The details of the robustness evaluation methods and parameters can be found in Tables S1.4

for lung, S1.5 for esophagus, and S1.6 for other mediastinal tumors. Studies performed on phantoms
were not included in the analysis because they did not respect the inclusion criteria. The vast majority
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of selected papers regarded the treatment of lung [22,32,81,83,84,94,104,106-109,111,38,113—
115,149-155,43,47,50,53,59,62,66], 10 papers were focused on the treatment of the esophagus
[33,40,48,61,64,96,103,105,110,156] and 3 of them on the mediastinal region (lymphomas and
thymomas) [31,99,100].

Since this group of papers is focused on treatments potentially affected by the interplay effect, we
included in this analysis the methods and the parameters used to evaluate the plan robustness with
respect to target motion uncertainties.

The range error considered in all these papers was either 3% or 3.5%. The setup errors varied with
the tumor site and/or type. For lung cases, the vast majority used a set-up error of 5 mm (16). For
repeated CTs, several of them used reduced residual setup errors for evaluation [59,62,114,155]. For
the esophagus, setup error values were in the range of 3 to 8 mm, and for the mediastinal cases, these
were 6 or 7 mm. For 5 papers, the plan robustness to setup errors was evaluated on weekly 4DCTs
with a value of 2 mm [48,61,64,103,156].

Thirty-three papers evaluated plan robustness with respect to breathing motion. Eighteen of these
used the approach illustrated in section IV.D, where a 4D dynamic dose distribution is obtained by
considering the delivery time parameters and patient breathing patterns to evaluate the interplay
effect. Ten papers recalculated the entire plan on each or on some phases (i.e. max inhale or max
exhale) of the 4DCT.

Eight papers (1 for esophagus and 7 for lung) used some form of probabilistic approach for the
plan robustness evaluation [59,81,83,84,94,96,115,156]. All the remaining papers used a worst-case
scenario approach where all the uncertainties were systematic during the treatment course and the
results did not account for fractionation.

The NTCPs were evaluated in several papers in the thoracic region, either as part of the robustness
evaluation and reporting [150], or as an alternative to dose metrics either for the accumulated dose
on repeated images [61,113,156] or the nominal doses [48,105]. In Rana et al [150], NCTP were
computed alongside dose metrics during the robustness evaluation, to evaluate the impact of the
worst combination of setup and range errors on NTCPs.

The number of papers addressing the thoracic region is considerable, which can be easily
understood by the concerns related to motion and the highly heterogeneous media. This systematic
review indicates that the research in thoracic regions has strongly focused on answering key research
questions, like the importance of the interplay effect and remedies against it, or the potential
superiority of PT against XRT, even in the presence of uncertainties. The impact of inter-fraction motion
was also a great concern. However, the impact of RBE and LET has been sparsely studied, in only 7%
of the lung-related papers and none of mediastinum and esophagus. Like in the head, neck, brain and
skull region, we observe also a disparity in the methods used, from pragmatic ones, often commercially
available, to more sophisticated probabilistic approaches that integrate setup errors, range errors, and
breathing motion related uncertainties. But our systematic review did not reveal a study enabling a
pragmatic connection between those methods, in the spirit of Rojo-Santiago et al [57,144]. In worst-
case evaluation approaches, setup errors used were typically 5 mm for lung. In esophagus and
mediastinum, setup errors were larger and more variable. When evaluating robustness on repeated
CT, there seems a quite large agreement that the simulated setup error can be considerably reduced.

Lesions in the abdomen and pelvis (prostate, liver, pancreas, cervical cancer)

Twenty-one papers focused on abdominal lesions were selected in this review. The majority
studied the treatment of prostate tumors (9 papers) [19,21,26,28,86,121,157-159], followed by liver
[29,87,97,98] (4) pancreas (2) [23,101], cervical cancer (2) [51,60] , abdominal tumors for pediatric
cases (1) [30] the mobile spine and sacrum (1) [46] , and pelvic lymph node (1) [91]. Zhu et al
investigated lung, esophagus, and liver but is discussed in this section [160]. A summary of the
robustness methods used, and their associated parameters can be found in Table S1.7.
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The robustness evaluation, where described, was performed by simulating both setup and range
uncertainties. The setup error values mostly varied between 2 and 5 mm. In two papers, this value was
higher (6 or 7 mm) [29,98]. Range errors of 3% or 3.5% were used in all but 2 papers where 5% was
also simulated [97,160] and 1 paper where 1% was simulated [21]. Six papers evaluated the impact of
the interplay effect by simulating the 4D dynamic dose distributions [30,60,97,98,101,159]. For 10
papers, the inter fraction anatomy variability was evaluated [28,30,46,60,86,87,101,157-159]. All
papers performing robustness analysis adopted the worst-case scenario method. No probabilistic
approaches were described in the treatment of abdominal lesions. In only one case, the impact of
variable RBE models was investigated in terms of dose distribution, DVH, and NTCP comparison [121].
It highlighted a potential significant clinical impact, including in terms of patient referral to PT.

The systematic review indicates that robustness evaluation has been used in the abdomen and
pelvis region to answer specific research questions. But this clinical site has not been favored for
exploring more advanced probabilistic methods. For the prostate, key research questions were the
robustness against inter-fraction motion and dosimetric comparison between PT and XRT. Mobile
targets like the pancreas have considered robustness evaluation methods similar to the ones used in
the thoracic regions, including the ones needed to quantify a potential interplay effect. Setup errors
and range errors have shown greater variability compared to other locations.

Discussion

Robustness evaluation has become an important area of research in PT. Various approaches,
ranging from pragmatic to comprehensive and computationally intensive methods, have been
proposed for evaluating the robustness of treatment plans. Many studies in PT incorporate robustness
evaluation, and clinical centers are increasingly adopting these strategies with the help of robustness
evaluation tools integrated into commercial TPSs.

This systematic review found that setup and range uncertainties were widely considered in both
clinical applications and methodological papers. Geometrical uncertainties, mainly related to patient
positioning in the treatment room, were frequently addressed, encompassing factors such as gantry
and couch rotation precision, imaging system resolution, and reliability of immobilization devices.
These uncertainties were typically represented by a shift in the isocenter, incorporating the combined
effect of various sources of uncertainty. Regarding range uncertainties, the reviewed clinical papers
treated them as systematic uncertainties and evaluated them at their maximum magnitude
(#3%/%3.5%). No intermediate values between the extreme ranges were sampled in these studies.

In contrast with a previous study by Kaplan et al [9], this review suggests that robustness
parameters for setup and range are relatively well harmonized among centers for lesions localized in
the same region (H&N, thoracic, brain, abdomen). The worst-case scenario is commonly used to
evaluate dose to organs at risk (OAR) and target coverage in clinical studies. However, the authors of
this systematic review suggest that the consistency in values and methodologies used in clinics may
reflect software limitations rather than an optimal approach.

For instance, this systematic review has observed that most clinical studies did not consider the
mitigation effect of fractionation and of random errors in the evaluation of plan robustness. Only a few
studies considered its impact on robustness analysis [73,74,81-83] and few of them are clinically
applicable due to the computational efforts required. Nonetheless, it is worth mentioning that the
actual methods provided by commercial TPSs do not explicitly account for these sources of mitigation,
making the robustness evaluation a limited representation of the treatment course reality.
Furthermore, other factors (such as variable RBE) were considered in a minority of studies, and
contouring error was not taken into account in the robustness analysis of the published works. Finally,
most robustness evaluation methods used in clinical practice implement a worst-case scenario
approach where extreme values of the different error types (setup and range uncertainties) are
combined. Such approaches may result in selecting very unlikely scenarios for robustness analysis, as
observed by Sterpin et al, Korevaar et al, and Badiu et al [5,56,81].
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This systematic review found a wide range of methods used to evaluate the impact of intra- and
inter-fraction motion on plan robustness. In terms of intra-fraction motion, the commonly used
approach was estimation of the 4D dose distribution, allowing for interplay effects to be assessed.
Regardless of whether logfiles or fixed time delivery machine parameters were considered, this
method was consistently used [21,64,111,95,97,104,106—-110]. On the other hand, incorporating
uncertainties related to inter-fraction anatomy variations, such as those seen in the treatment of head
and neck, prostate, or liver cancers, posed a greater challenge as these variations are harder to predict.
In such cases, an analysis on a group of patients, involving recalculating the plan on repeated CT scans
or synthetic CTs reconstructed from cone-beam CTs, was employed to assess the most effective
planning approach [87,88].

In the following paragraphs, we would like to discuss some difficulties related to the definition of
a shared robustness evaluation methodology standard, and establish some links to another standard -
the PTV.

Despite its flaws, the PTV concept has allowed to some degree several achievements that are still
missing in current applications of robustness evaluation. For instance, contouring uncertainties can be
in principle included in the PTV [161], but with practical difficulties and variability during
implementation [14]. In the survey of Kaplan et al., it is reported that a significant percentage of
centers include the contouring error in their definition of PTV [9]. In this systematic review, no studies
have explicitly included such uncertainty in either robust optimization or robustness analysis.

Moreover, typical PTV safety margin recipes enable explicitly the computation of a margin
according to a certain confidence level defined over patient population probabilities [80]. Such
confidence levels can also be computed during robustness evaluation. The definition of confidence
levels can be performed in the scenario space (cumulative probability of scenarios considered) [5,56],
or in the dosimetric space (cumulative probability of dose metrics considered) [56,74,134], according
to local uncertainties.

Sterpin et al have warned about the potential shortcomings of the computation of confidence
levels in the scenario space, especially if additional error types are simulated, consequently increasing
the dimensionality of the scenario space [56]. One solution to these problems is to simulate the errors
from their probability distribution, without restrictions, for instance using Monte Carlo simulations.
Then, the confidence level can be computed in the dosimetric space, by selecting the best dose
distributions for a given dose-related metric (for instance D95 for the CTV).

In clinical practice, the concept of a "worst-case" scenario requires clarification. While there is
some consensus in the literature, it generally refers to the worst situation considering a specific set of
scenarios or the worst combination of errors. However, it should not be mistaken for the absolute
worst scenario possible, as that would be excessively conservative and difficult to define. For example,
treating the wrong patient is an unlikely but not impossible scenario. The PTV, by definition, addresses
this issue. When exploring errors within the PTV margin and reporting a "worst-case" scenario, it may
only guarantee coverage in a certain percentage of the population, typically 90%.

Associating a confidence level to a worst-case scenario is trivial using large scenario sampling
approaches [56,74,77,78]. In such cases, the conceptual link with the PTV concept can be conserved.
Instead of defining a geometric margin that encompasses a given coverage probability and thus a
“worst-case” line, we can define a certain confidence level for displaying clinically relevant DVH
metrics. In such an approach, the worst-case can be defined as the scenario realizing the “worst”
metric within the predefined confidence level.

Without this, it is not obvious how to transfer the dosimetric parameters typically accepted in the
PTV/PRV context to that of the CTV/OAR robustness analysis, especially when robustness analysis is
based on worst-case scenario that includes only systematic setup and range errors. With regard to
target coverage, Korevaar et al [5] proposed the CTV D98 voxel-wise minimum dose to keep
consistency with historic PTV-based evaluations, which was shown to be adequate in the follow-up
work from Rojo-Santiago et al [57,76].

Robustness evaluation is clearly an important topic, as demonstrated to various degrees in
research papers and clinical practice. The process of finding a consensus and the associated
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guidelines/recommendations for ensuring a clinically relevant and consistent robustness evaluation
approach per clinical site has been awaited for a while, but it will not be easy. It will have to find the
right balance between, on one hand, the technical sophistication of the robustness evaluation
methodology, in order to provide a trustworthy and quantified estimate of the robustness of the plan,
and, on the other hand, its clinical viability from a practical point-of-view. This will be the coming task
of the EPTN working group 5, according to a modified Delphi consensus methodology.
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