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ARTICLE INFO ABSTRACT

Keywords: Background and purpose: Robustness evaluation (RE) is vital for proton treatment planning, but lacks interna-
Iéroton therapy tional consensus or guidelines, with clinics using varied, self-developed methods focused on selected un-
onsensus

certainties. This ESTRO project surveys expert opinions on clinical RE methods to inform future treatment
planning system (TPS) development.

Robustness evaluation
European particle therapy network
Materials and methods: A study within the European Particle Therapy Network (EPTN) involved 24 European

proton therapy centres, with one radiation oncologist and one medical physicist per centre. The goal was to reach
a consensus on transitioning from Planning Target Volume (PTV)-based planning to robustly optimized planning,
including uncertainties, methods, and reporting of robustness evaluations. An internal committee drafted 39
statements, reviewed by an independent committee. Following a two-round Delphi procedure, consensus was set
at a 75% agreement threshold.

Results: Twenty of 24 contacted centers (83.0%) responded to both questionnaire rounds. Consensus was reached
on 26 of 39 statements (66.7%), with 5 being high-priority. Strong agreement emerged regarding which un-
certainties to include in RE (range, setup, intra-fraction, anatomy changes), methodologies (e.g., for moving
targets, combining setup and range), and how to report RE results clinically. Disagreement was found on using
the PTV for both planning and dose reporting. The results also offer important implications for TPS vendors and
future software development.

Conclusions: The ESTRO Delphi consensus may serve as practical guidance on points where a clear consensus was
achieved. For remaining points, the development of guidelines is recommended to standardize methodologies
and reporting. Furthermore, TPS vendors are encouraged to align their developments with the community’s

articulated requirements.

1. Introduction

Proton therapy (PT) has emerged as a promising modality in radio-
therapy, offering superior dose conformity compared to conventional X-
ray radiotherapy due to the unique physical properties of protons, such
as the Bragg peak. However, the clinical implementation of PT is
accompanied by significant challenges, particularly in managing un-
certainties related to patient setup, anatomical changes, and proton
range accuracy. These uncertainties can lead to deviations between
planned and delivered dose distributions, potentially compromising
target coverage and normal tissue sparing. As a result, the concept of
robustness in treatment planning has gained considerable attention in
recent years, with a growing emphasis on developing methodologies to
evaluate and optimize the robustness of proton therapy plans.

The importance of alternative planning and evaluation approaches,
such as robust optimization and robustness evaluation of the treatment
plan, that explicitly account for uncertainties in treatment delivery,
moving beyond PTV-based methods has been emphasized [1]. This
marked a pivotal shift from margin-based strategies to more sophisti-
cated methods that integrate uncertainty scenarios into the optimization
process. Both Hernandez et al. [1] and the survey of Kaplan et al. [2]
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called for a consensus on metrics and methodologies for robustness
evaluation, highlighting the need for standardized tools to assess the
impact of uncertainties on dose distributions.

Most recently, a systematic review provided a thorough analysis of
robustness evaluation methodologies in proton therapy [3]. The review
highlighted the widespread adoption of robustness evaluation tools in
clinical practice, while also identifying gaps in current approaches, such
as the limited consideration of fractionation effects and contouring un-
certainties. The review called for the development of more compre-
hensive and clinically viable robustness evaluation methods, setting the
stage for future consensus-building efforts. The concept for the
consensus was developed and designed within the European Particle
Therapy Network, Work Package 5 (EPTN-WP5), which focuses on
treatment planning. Through ESTRO, a broad participation of European
particle centres was achieved, aiming to lay a strong foundation for
establishing a consensus on robustness evaluation in proton therapy.
The initiative also sought to identify key topics in need of standardized
guidelines for methodology and reporting. The second aim of this study
is guiding future developments in treatment planning systems (TPS) in
the robustness evaluation field with solid input from the clinical
community.
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2. Materials and methods
2.1. Consensus group description

Twenty-four (24) centres from 14 European countries were con-
tacted to be part of the study. All were centres already treating patients
with a wide variety of clinical experience (minimum few months,
maximum 29 years). Twenty of them (83 %), from 12 different coun-
tries, agreed to contribute to this project. From each centre, one radia-
tion oncologist (RadOnc) and one medical physicist (MP) were
requested to participate as reference persons for the consensus with the
option to involve the entire local clinical team into the discussion. In
total, 42 people actively contributed to this consensus group. Details of
the group are reported in Table 1. A subgroup of 9 experts was selected
as writing committee to define the consensus statements (4 RadOnc, 5
MP) and another independent group of 10 experts was selected as review
group (3 RadOnc, 6 MP and 1 radiation therapist — RTT). The entire
Delphi consensus process is summarized in Fig. 1. If responders required
clarification on statements or suggested changes to their formulation
after the first consensus round, a second round was conducted. In case
no change was made on the sentences, only responders requesting the
clarification were contacted for the second round.

2.2. Consensus workflow and criteria

Using the systematic review performed by Sterpin et al. [3] and the
personal clinical experience of the writing committee members, 39
statements were formulated and divided in two groups: Basic Statements
(29) and Advanced Statements (10). The Basic Statements group was
designed for immediate clinical application, aiming to establish a
consensus on standard practices that would be followed if commercial
tools were universally available across all clinics. The Advanced State-
ments group was developed based on recent publications in the field of
robustness evaluation, where new tools or approaches were proposed
but not yet clinically available. This set of statements aimed to assess if

Table 1
General information about consensus group, writing committee and review
committee composition.

Consensus Group n (%)
Gender Male 23 (54.8)
Female 19 (45.2)
Profession Radiation Oncologist 18 (42.9)
Medical Physicist 23 (54.8)
RTT 1(2.4)
Centres per Country Belgium 1
Denmark 1
France 2
Germany 2
Italy 3
Norway 2
Poland 1
Spain 1
Sweden 1
Switzerland 1
The Netherlands 3
United Kingdom 2
In clinical activity Yes 20 (100.0)
Not yet 0(0.0)
Writing Committee
Gender Male 7 (77.8)
Female 2(22.2)
Profession Radiation Oncologist 4 (44.4)
Medical Physicist 5 (55.6)
Review Committee
Gender Male 5 (50.0)
Female 5 (50.0)
Profession Radiation Oncologist 3(30.0)
Medical Physicist 6 (60.0)

RTT 1 (10.0)
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an agreement could be reached on how the particle therapy community
sees the future (intended as the next five years) in the field of robust
treatment planning in order to provide clear, evidence-based guidance
for vendor roadmaps and research and development efforts and to help
guide future product developments in the TPS. The two statement
groups were divided (when possible) into four sections: From PTV based
planning to Robust optimization planning: This is an introductory section to
evaluate if a consensus on the transition methodology from classical
planning (PTV-based) to robust optimization planning exists and should
be followed. For this section, only basic statements are listed. Type of
uncertainties to consider: The purpose of this section is to find an agree-
ment on the sources of uncertainties that should be considered during
robustness evaluation both in basic and advanced approaches. Method-
ologies: The aim of this section is to identify the best method to run a
Robustness Evaluation (i.e. worst-case approach, probabilistic
approach, methods to evaluate the magnitude of the uncertainties
simulated etc.). Reporting: The statements in this section are intended for
robustness evaluations performed with a worst-case scenario approach:
all the errors are simulated as systematic. For this section, only basic
statements are listed.

For each basic statement, the responders had five answer options
listed below along with corresponding explanations:

@ Agree with high priority. This answer means the responders agree with
the entire sentence. With this choice, they declare that the content of
the sentence is what they are already doing in their clinical practice
or what they are going to implement in the very near future since the
tools are available and they can be used for the implementation of
the method/procedure declared in the sentence.

@ Agree. This answer means the responders agree with the sentence but
they do not have the tools to implement such an approach in their
clinical practice.

@ Neither agree nor disagree. This choice is used to declare that the
sentence is not clear and they do not have the possibility to agree or
disagree. In this case, it was recommended to compile the
“Comment” section of the form in order to express what isn’t clear in
the sentence in order to adjust it in a second round of answers.

@ Disagree. This answer means the responders do not agree with the
sentence, or in their clinical practice a different method is adopted or
the method proposed is considered outdated but is unlikely to be
detrimental to the patient's treatment.

@ Strongly disagree: This answer means the responders do not agree
with the sentence or they strongly believe that if the method pro-
posed is adopted in clinical practice it may be detrimental to the
patient's treatment.

For advanced statements, a set of four possible answers were defined
as detailed below:

@ Agree with high priority. The responders do agree with the sentence
and they believe that the implementation of the proposed method
must have a high priority in future TPS versions and in clinical
practice.

@ Agree. The responders do agree with the sentence and they believe
that the implementation of this method must have a low priority in
future TPS versions and in clinical practice with respect to other,
more important, topics.

@ Neither agree nor disagree. This choice is used to declare that the
sentence is not clear and they cannot agree or disagree. In this case, it
is recommended to compile the “Comment” section of the form to
express what isn’t clear in the sentence in order to adjust it in a
second round of answers.

@ Disagree: The responders do not agree with the sentence and, even if
available, they will not use such an approach in their clinical
practice.
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Fig. 1. Schematic representation of the delphi consensus process followed in this study. Abbreviations: RadOnc: Radiation Oncologist, MP: Medical Physicist, RTT:
Radiation Therapist, PTC: Proton Therapy Centre. Two rounds of answers were needed to define the consensus.

Each round of consensus answers was analysed by a single person
and the entire process was blind for every responder. No answer was
influenced by other responders or by their comments. The writing
committee defined a threshold of 75 % of agreement or disagreement to
declare whether a statement met a consensus or not. If an agreement
with high priority was met with more than 75 % a high agreement
consensus was defined. For statements that reached the consensus
threshold in the advanced statements group, the percentage of high-
priority agreement was used to rank the new features recommended
for future clinical implementation.

3. Results
3.1. Consensus process

Two rounds of answers were needed to finalize the consensus process.
All the responding centres gave their answers at every round confirming
the initial responding rate of 84.0 %. In total, for 26 out of 39 statements a
consensus was found; 18 of them within the basic statements group (out of
29) and 8 in the advanced group (out of 10). For 5 statements in the basic
group a high priority consensus was found (see Table 2).
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3.2. Basic statements

In the first section of the Delphi process, regarding the transition
from the PTV-based planning to a robust optimization approach on the
Clinical Target Volume (CTV), the consensus highlights the limitations
of the PTV concept for proton therapy. It proposed two methods to
establish coverage equivalence between photon- and robustly optimized
proton treatments, focusing on CTV coverage while accounting for both
the voxel-wise minimum dose distribution and robustness error
scenarios.

Specifically, there was a strong consensus obtained for the statement
that underlined the need to go beyond the concept of PTV for the
evaluation of proton plans. The other agreement of this section was on
the equivalence between PTV-CTV coverage in photon treatments and
CTV coverage in robustly optimized proton treatments that can be
established by defining, for the CTV, an acceptance threshold of the
passing rate of error scenarios of the coverage dose index. For the
complete report, see the first statement’s group in Table 3.

A high priority agreement was reached on three of the five state-
ments concerning the types of uncertainties to be incorporated into
robustness evaluation. A 100 % consensus was achieved on the necessity
of considering geometric and range uncertainties, and over 90 %
agreement was found for the statement that volumetric imaging should
be evaluated during the treatment course for tumour sites susceptible to
anatomical changes to assess plan robustness. Furthermore, there was
agreement that evaluating the dosimetric impact of motion on the
nominal plan is crucial for treating moving targets. For more details,
refer to the second statement’s group in Table 3.

A high priority agreement was reached for one of the seven state-
ments concerning robustness evaluation methods (third statement’s
group in Table 3), specifying that for static targets, both setup and range
systematic errors should be considered simultaneously using a worst-
case approach. In five statements an agreement was reached. The
statement that received over 95 % consensus indicated that once an in-
house evaluation has been conducted to determine the range uncer-
tainty value, this value should be incorporated into the clinically
implemented robustness evaluation method.

The section on dose reporting revealed the only one disagreement in
this study. The expert panel did not agree that, for proton plans, PTV dose
index coverage from the nominal dose distribution should be used to
report target volume coverage. On the remaining ten basic statements on
reporting, a consensus agreement was reached five times (fourth state-
ment’s group Table 3). It was agreed that target volume coverage should
be reported using the CTV dose index from the nominal dose distribution,
and that the robustness of this coverage should be expressed as the per-
centage of scenarios meeting the dose prescription (passing rate) for the
CTV coverage dose index. Furthermore, it was concurred that normal
tissue doses, for both serial and parallel structures, should be reported
using the nominal dose distribution and relevant indices, explicitly
rejecting the use of planning risk volumes (PRV) for this purpose. For serial
organs at risk (OAR), the consensus was to report doses based on the worst-
case scenario dose distribution. Finally, the group agreed that dose con-
straints previously reported on PRVs should now be applied to the worst-
case scenario in robustly optimized plans, ensuring that dose limits to
normal tissues are maintained even under uncertainty.

Table 2
Final classification of statements for each group.
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3.3. Advanced statements

In the advanced group, a consensus was reached for 8 statements and
none of them reached a high priority consensus. No consensus on
disagreement with a statement was registered (see Table 4).

Within the robustness evaluation methodologies section, a clear
consensus (90.0 %, statement 22) indicates that vendors should clinically
implement probabilistic evaluation methods. These tools should account
for both systematic and random errors and, optionally, consider delivery
errors in multifractional treatment courses (80.0 %, statement 23).

Another important outcome of this section was given by the need for
a clinical tool to assess the interplay effect of active scanning delivery
time and patient motion for treating moving targets (90.0 % agreement,
statement 12). This tool is considered essential for commissioning PBS
for moving targets. This view was supported by three other statements
(24, 25 and 26), which indicated that the Dynamic 4D Dose (D4DD)
method should be used for dose estimation and the evaluation should be
treatment site-specific (90.0 %, statement 26) or patient specific (80.0
%, statement 25). There is also strong agreement (85.0 %, statement 14)
within the community to incorporate the evaluation of variable Relative
Biological Effectiveness (RBE) model impacts on nominal dose distri-
butions in clinical TPS, moving beyond the fixed 1.1 scaling factor.
However, the consensus group emphasized the necessity for better
validation of these models before clinical implementation, with sug-
gestions including in-vivo validation and further investigation of phys-
ical quantities like Linear Energy Transfer (LET) or micro or nano-
dosimetry metrics.

A consensus was reached also for the need to have an a priori eval-
uation method of the impact of anatomy changes on nominal dose dis-
tributions where these variations are expected for example by
generating synthetic CTs with foreseen anatomical changes.

No consensus was found for the possibility to evaluate the impact of
anatomical variations together with setup and range uncertainties.

4. Discussion

This ESTRO Delphi Consensus study involved 42 experts from 20 eu-
ropean proton therapy centers with the aim of standardizing clinical
methodologies for robustness evaluation and guiding future Treatment
Planning System developments in particle therapy. The key findings
include a strong consensus against using the PTV concept, advocating for
CTV-based robust optimization, and emphasizing the necessity of consis-
tently including both geometric and range uncertainties. High priority was
placed on implementing probabilistic robustness evaluation methods and
advanced imaging technologies to minimize range uncertainty.

Initially, a systematic review [3] was conducted to examine current
clinical robustness assessment methods and emerging research tech-
nologies with potential for future clinical application. Subsequently, the
focus shifted to achieving consensus among centres to establish a good
practice baseline. This baseline is informed by both the systematic
literature review and the clinical expertise of 18 RadOnc, 23 MP, and
one RTT from 20 european particle therapy centres. These centres range
from those with decades of clinical experience to those with pro-
fessionals at the beginning of their clinical activity. The results of this
ESTRO Delphi consensus highlight areas of strong agreement and
divergence, providing valuable insights for clinical practice, guidelines
and future technology development.

A significant finding was the strong consensus against using the PTV

Number of Statements per section
High Priority Agreement

Agreement

Disagreement Strong Disagreement No Consensus

Basic Statements (29) 5 12
Advanced Statements (10) 0

1 0 11
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Table 3
Basic statements group. Agreement, high priority agreement (in brackets), disagreement and neither agree nor disagree response rate are reported.
Statements Group Name ID  Statement definition Agreement Neither Agree Disagreement
(High Priority nor Disagree
Agreement)
From PTV to robust CTV 1 PTV margin concept assumes the dose distribution invariance in presence of 95.0 % 5.0 % 0.0 %
optimization methods geometrical uncertainties. Dose distribution invariance mostly holds for photon (85.0 %)
therapy plans, as opposed to proton therapy plans.
2 Transitioning to robust optimization requires some form of cross-calibration 65.0 % 15.0 % 20.0 %
against PTV based photon or proton planning techniques in terms of coverage (35.0 %)
requirements.
3 Equivalence between target coverage in PHOTON treatments (see premise above)  73.7 % 5.3 % 21.1 %

and CTV coverage in robustly optimized proton treatments can be established by ~ (26.3 %)
defining, in the voxel-wise minimum dose distribution, an acceptance threshold of
the CTV coverage dose index.
4 Equivalence between PTV-CTV coverage in PHOTON treatments and CTV 84.2 % 10.5 % 5.3 %
coverage in robustly optimized proton treatments can be established by defining,  (47.4 %)
for the CTV, an acceptance threshold of the passing rate of error scenarios of the
coverage dose index.
5 Equivalence between PTV-CTV coverage in PROTON treatments and CTV coverage 31.6 % 5.3% 63.2 %
in robustly optimized proton treatments can be established by defining, in the (15.8 %)
voxel-wise minimum dose distribution, an acceptance threshold of the CTV
coverage dose index.

6 Equivalence between PTV-CTV coverage in PROTON treatments and CTV coverage 31.6 % 15.8% 52.6 %
in robustly optimized proton treatments can be established by defining, for the (21.1 %)
CTV, an acceptance threshold of the passing rate of error scenarios of the coverage
dose index.
Types of uncertainties 7 Geometrical uncertainty should be considered in robustness evaluation 100.0 % 0.0 % 0.0 %
(100.0 %)
8 Range uncertainty should be considered in robustness evaluation 100.0 % 0.0 % 0.0 %
(100.0 %)
9 Intra-fraction uncertainties: A per patient dosimetric evaluation of the impact of 90.0 % 5.0 % 5.0 %

the motion, above a site-specific motion threshold, is a necessary condition to treat ~ (70.0 %)
moving targets

10  For tumour sites prone to anatomical changes, volumetric imaging (repeated CTs,  100.0 % 0.0 % 0.0 %
synthetic CTs from CBCT, CT-On-Rails etc.) should be evaluated during the (95.0 %)
treatment course to assess the plan robustness.

11  The dose averaged LET distribution should be considered in robustness evaluation. ~ 60.0 % 15.0 % 25.0 %

(0.0 %)
Methods 15  Range Uncertainty: once an in-house evaluation to determine the value of range 95.0 % 5.0 % 0.0 %

uncertainty has been performed, it should be simulated within the robustness (65.0 %)
evaluation method clinically implemented/used.

16  Setup uncertainty: values for setup errors are derived as the CTV to PTV margins  80.0 % 15.0 % 5.0 %
and are used accordingly within the robustness evaluation method clinically (70.0 %)
implemented/used.

17  Static lesions: at least set-up and range systematic errors should be considered 95.0 % 0.0 % 5.0 %
simultaneously with a worst-case approach (85.0 %)

18  Moving target: at least a recalculation of the entire plan on extreme phases of 4DCT  75.0 % 10.0 % 15.0 %
should be evaluated to establish the robustness of the plan with respect to motion (65.0 %)
uncertainties.

19  Moving target: at least a recalculation of the entire plan on selected phases of 4DCT ~ 60.0 % 15.0 % 25.0 %

should be evaluated to establish the robustness of the plan with respect to motion (45.0 %)
uncertainties. If you agree or strongly agree, please state which phase you would
select in the comments section.

20  Moving target: periodic 4DCT should be acquired during the treatment to assess if ~ 85.0 % 10.0 % 5.0 %
the plan is still robust with respect to the motion during the fraction. (40.0 %)

21 Inter-fraction uncertainties: an ‘a posteriori analysis’ on repeated imaging during ~ 85.0 % 0.0 % 15.0 %
the treatment, a restricted cohort of patients should be used to assess the best (60.0 %)

planning approach for tumour sites with a high probability of anatomical changes
during treatment.

Reporting 29  PTV dose index coverage from nominal dose distribution should be used to report ~ 10.0 % 0.0 % 90.0 %
target volume coverage. (10.0 %)

30  CTV dose index coverage from nominal dose distribution should be used to report ~ 85.0 % 0.0 % 15.0 %
target volume coverage. (65.0 %)

31  Voxel-wise minimum dose distribution should be used to report CTV coverage dose ~ 45.0 % 10.0 % 45.0 %
index. (10.0 %)

32 Worst case scenario dose distribution should be used to report CTV coverage dose ~ 70.0 % 5.0 % 25.0 %
index (30.0 %)

33  Percentage of scenarios respecting the dose prescription (passing rate) should be 80.0 % 0.0 % 20.0 %
used to report CTV coverage dose index (35.0 %)

34  Nominal dose distribution and relevant dose indexes should be used to report 80.0 % 5.0 % 15.0 %

organs (both serials and parallels) at risk dose (no PRV should be used to report (60.0 %)
nominal dose distributions).

35  When the near maximum dose for organs at risk is clinically relevant (serial OARs), ~ 40.0 % 15.0 % 45.0 %
the robustness evaluation should be performed on Voxel-wise max dose (20.0 %)
distribution.

(continued on next page)
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Statements Group Name ID  Statement definition Agreement Neither Agree Disagreement
(High Priority nor Disagree
Agreement)
36  Worst case scenario dose distribution should be used to report serial organs at risk ~ 80.0 % 0.0 % 20.0 %
doses. (40.0 %)
37  Worst case scenario dose distribution should be used to report parallel organs at 35.0 % 5.0 % 60.0 %
risk doses. (15.0 %)
38  Percentage of scenarios respecting the clinical goal (passing rate) should beused to ~ 60.0 % 5.0 % 35.0 %
report organs at risk (both parallels and serials) doses. (30.0 %)
39  The dose to normal tissues that was reported on corresponding PRVs, should be 80.0 % 0.0 % 20.0 %
reported on the worst-case scenario for robustly optimized plans (40.0 %)

Table 4

Advanced statements group. Agreement, high priority agreement (in brackets), disagreement and neither agree nor disagree response rate are reported. Results above
75% have been highlighted in bold.

Statements Group ID  Statements definition Agreement Neither agree Disagreement
Name (High Priority nor disagree
Agreement)
Type of 12 Interplay effect: A dosimetric evaluation by means of the combination of active scanning 90.0 % 5.0 % 5.0 %
uncertainties delivery time structure and patient motion is a necessary prerequisite to treat moving (50.0 %)
targets above a certain site-specific motion threshold.
13  Itis necessary to evaluate the impact of treatment delivery uncertainties (spot positioning, =~ 65.0 % 0.0 % 35.0 %
beam intensity etc.) in robustness evaluation by using machine log file or by using periodic ~ (30.0 %)
machine QA’s data.
14 It is important to have, in the near future, the possibility of evaluating the biological dose = 85.0 % 5.0% 10.0 %
by considering variable RBE models in robustness evaluation. (40.0 %)
Methods 22 A probabilistic approach to evaluate the plan robustness should be implemented instead of ~ 90.0 % 10.0 % 0.0 %
a worst-case scenario approach. (60.0 %)
23 Itisnecessary to simulate the impact of random and systematic set-up errors, geometrical/  80.0 % 15.0 % 5.0 %
mechanical and systematic range error and, optionally, delivery errors (e.g. spot (35.0 %)
positioning, spot symmetry variations, output dose fluctuations etc.) in a multiple fraction
treatment to obtain more realistic estimates of robustness.
24  Interplay effect: the Dynamic 4D Dose (D4DD) method should be used to evaluate the 90.0 % 5.0 % 5.0 %
interplay effect by considering the motion (breathing, heart motion) pattern of the patient  (35.0 %)
and the average delivery time parameters (average energy switching time, mean delivery
time per MU, mean scanning speed etc.).
25  Moving target: the choice of 4D dosimetric evaluation method should be patient specific i. ~ 80.0 % 15.0 % 5.0 %
e. by using the real breathing pattern of the patient together with planning 4DCT) (45.0 %)
26  Moving target: the choice of 4D dosimetric evaluation method should be indication/ 90.0 % 5.0 % 5.0 %
tumour specific based on defined classification criteria (30.0 %)
27  For clinical cases where anatomical changes are expected, these kinds of inter-fraction 75.0 % 10.0 % 15.0 %
uncertainties should be evaluated as part of pre-treatment plan evaluation (i.e. by (40.0 %)
generating synthetic CTs with foreseen anatomical changes).
28  Anatomical changes: the impact of setup, range and anatomical changes uncertainty should  55.0 % 10.0 % 35.0 %
be assessed together. (select disagree if you believe that anatomical changes should be (30.0 %)

evaluated separately with respect to setup and range uncertainties)

concept for evaluating proton plans, acknowledging its limitations in
accounting for the dose distribution changes due to geometrical, particle
range, and anatomical uncertainties. This shift towards CTV-based
robust optimization and evaluation, as well as considering error sce-
nario passing rates, marks a necessary evolution in proton therapy [4,5].
On the other hand, voxel-wise minimum dose, in this consensus, has not
been widely recognized as an instrument to commission robustly opti-
mized plans against PTV based photon or protons plans.

The consensus formally established the necessity to include geo-
metric and range uncertainties in robustness evaluations, and these er-
rors should be considered simultaneously using a worst-case approach
for static targets. This consensus agreed that the values of setup un-
certainties that should be used, as a starting point, can be derived from
the CTV to PTV margin used in the PTV based optimization (statement
16) [6-9]. It should be noted that those margins were defined in order to
implicitly include part of the anatomy changes and contouring un-
certainties. A concerted effort is needed to quantify those uncertainties,
which remain a significant challenge in the radiotherapy community in
order to explicitly include them in the optimization process or, at least,
in the robustness evaluation. For moving targets, the importance of
evaluating motion impact on the nominal dose was acknowledged and
was considered as a necessary condition to start the treatment of moving
lesions to ensure safe and effective treatments. The action levels to be

used in these cases can vary depending on tumour site, modality, and
institutional practice. With a general agreement recalculating plans on
extreme or selected 4DCT phases was identified as a minimum
requirement for these evaluations. For sites prone to anatomical
changes, the importance of volumetric imaging during the treatment to
assess plan robustness was highly agreed upon. The need for in-house
determination of range uncertainty values for simulation was also
strongly emphasized.

Regarding reporting, the clear rejection of PTV and PRV dose indices
for reporting target volume and normal tissue doses further underscores
the shift away from traditional margin-based therapy concepts. The
consensus supports reporting CTV dose index from the nominal dose
distribution, along with the percentage of calculated scenarios (for lack
of any better method available) meeting the minimal required dose
coverage dose prescription. We have to make explicit here that the
percentage of scenarios meeting minimal dose coverage objective
cannot be confused with a confidence level related to the absolute
probability of meeting this minimal dose coverage, as would be the case
in typical PTV margin recipes (for instance, 95 % minimal dose coverage
of the GTV/CTV for 90 % of the patient population). This is because the
scenarios are a limited set of all possible scenarios. For normal tissues,
the nominal dose distribution and relevant indices were preferred, with
worst-case scenario distributions suggested for serial OARs and dose
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constraints. It should be noted that the voxel-wise minimum dose,
despite a Dutch consensus exists [10], is not the recommendation of this
consensus group for reporting target-related robustness evaluation re-
sults. Statement 31 of the consensus group revealed a disagreement on
this approach, with answers split into two groups. This indicates that the
field is still actively working to define the most appropriate standards for
robust treatment planning evaluation and the suitability of any chosen
metric for robustness assessments will only be validated by local control
and normal tissue complication data.

A key issue that has found consensus is to consider in the analysis of
the robustness of serial organs, the dose limits historically accepted for
their PRV. If we consider, for example, the Danish guidelines for head
and neck photon treatment [11] for the chiasm and optic nerves, the
dose limit is Dpax < 54 Gy for the organ and 60 Gy for their PRV.
Following this example, to the consensus group it seemed reasonable to
require for proton plans a surrogate dose index for maximum dose (i.e.
Dg.03cc as stated in [12]) at the organ of 54 Gy for the nominal plan and
60 Gy for all robustness evaluation scenarios to be respected. It is
important to underline here how the dose limits to the normal tissues
reported in QUANTEC [13] and subsequent papers [14], are always
relative to the nominal dose indices. It could be too cautious for the
normal tissue, with detriment to target coverage, to require that for all
robustness evaluation scenarios of a proton plan, the maximum dose at
the chiasm be below the nominal value reported in QUANTEC [15],
considering that photon plans often have high dose gradients near serial
organs, so that the normal tissue dose indices would likely have been
much worse than the nominal had robustness evaluation been con-
ducted. In this perspective, since robustness evaluation is used to make
clinical decisions, it will be important to validate with prospective trials
the correlation between robustness evaluation metrics and side effects.

In the advanced statements, a clear ranking of the upcoming in-
novations that should be implemented in clinical treatment planning
software is provided. Among the proposed innovations, the implementa-
tion of probabilistic evaluation methods received the highest priority score
for clinical integration into commercial software, as it enables a more
realistic and reliable assessment of the impact of random and systematic
uncertainties on dose distribution quality throughout the patient’s treat-
ment course. This topic has been widely studied using various clinical
approaches [16-20], and the consensus clearly encourages vendors to
consolidate these findings in order to standardize such methods in clinical
practice. In particular, the possibility to compute confidence levels about
the minimal dose coverage objective and organ at risk sparing is critical.
As mentioned before, current methods of quantifying the number of sce-
narios passing a given objective/constraint do not give an accurate esti-
mate of the confidence we have that this objective/constraint will be
actually respected; because those scenarios are not necessarily equally
likely, and because the scenario set only represents a limited percentage of
all possible scenarios (some scenarios are a priori rejected because
considered too unlikely; yet they should be counted in the estimation of
the confidence). For a given dose objective/constraint, the associated
global probability would be a welcome metric. In conclusion, the expert
panel unanimously agrees that current robustness evaluation in particle
therapy is insufficient, even if a crucial first step. Significant improvements
are needed, highlighting a clear call to action for vendors and clinical
centres to develop and implement advanced robustness evaluation tools,
as the field has not yet reached its full potential.

The second high-scored priority topic was the need for tools to assess
interplay effects in moving targets indicating a desire for more realistic
robustness assessments against motion [21-25]. The group's agreement,
in the basic statements, on the need to recalculate the entire plan on
selected 4DCT phases to assess the effect of motion on the nominal dose
distribution is not in contradiction with the need for a reliable interplay
evaluation tool in commercial treatment planning systems. Such tools
are essential for calculating D4DD [25-28], particularly when
commissioning new techniques or introducing novel fractionation
schemes, such as hypo fractionated lung treatments.
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This consensus group agrees on the necessity of variable RBE models,
indicating a desire to move beyond the limitations of a fixed RBE. The
consensus process highlighted the importance of validating these
models. While one centre reported using such models for plan evalua-
tion, they are not yet used for clinical decision-making. This area pre-
sents a significant challenge for the future of proton therapy. Initial
progress includes a European survey [29] revealing that European
proton centres acknowledge RBE variability but adhere to current
guidelines prescribing a constant RBE. To manage the uncertainty and
potential for increased side effects due to RBE, centres employ measures
like robust optimization and LET distribution evaluations during treat-
ment planning, with LET being considered by a recent European survey
as the recommended quantity beyond dose to be reported for proton
plans [30]. A further advancement is the establishment of a national
standard for evaluating and reporting LET and RBE-weighted dose in
proton therapy for intracranial lesions [31].

While the primary focus of this consensus has been proton therapy,
the principles discussed herein may also apply to other forms of particle
therapies and serve as a useful guide. In this consensus we didn’t include
any statement regarding the effect of contouring uncertainty on plan
robustness because this is an intrinsic source of uncertainty related to
radiotherapy that, at the time being, cannot be simulated or integrated
in a commercial TPS. We focused our consensus on physical and tech-
nical aspects of uncertainty quantification and robustness evaluation
related to proton therapy. The contouring uncertainty should be
considered in future works, potentially in a dedicated consensus exercise
that focuses on clinical and workflow-related uncertainties considering
the impact of instruments like Al-based contouring, multi-modality
imaging, double-checking contours, and international guidelines to try
to mitigate contour variability.

Ultimately, given the recognized limitations of the PTV and PRV
concepts even in photon radiotherapy, especially with regard to super-
ficial lesions (such as head and neck, or thoracic lesions), it is important
to share these new tools throughout the radiotherapy community in
order to achieve shared criteria for evaluating and comparing treatment
plans. This work, focused on proton therapy, should therefore be seen as
a first step towards achieving a broader consensus that also includes
photon techniques.

This ESTRO Delphi consensus study offers crucial insights into
robustness evaluation in proton therapy. A key conclusion is a strong
consensus against using the PTV concept, instead advocating for CTV-
based robust optimization and evaluation. It recommends consistently
including geometric and range uncertainties, using a worst-case
approach for static targets and 4DCT-based robustness evaluation for
moving ones and a systematic evaluation of the impact of anatomy
changes during the treatment.

There is a high priority consensus for probabilistic robustness evalua-
tion methodologies and advanced imaging technologies aimed at reducing
range uncertainty. Finally, the study highlights the need to move beyond a
fixed RBE of 1.1 and emphasizes the importance of standardizing meth-
odologies and aligning software developments with clinical needs. This
lays the groundwork for more comprehensive, uncertainty-aware proton
therapy and encourages further standardization and the guideline devel-
opment in areas where consensus was not reached.

5. Disclaimer

ESTRO guidelines present scientific and medical opinions for
educational and informational purposes only. Commercial use of any
content in the guidelines without the prior written consent of ESTRO is
strictly prohibited. The guidelines are not, and nor are they intended or
implied to be, a substitute for professional medical advice or medical
care. The advice of a medical professional should always be sought prior
to commencing any form of medical treatment. Under no circumstances
will ESTRO be held liable for any decision or action taken as a result of
reliance on the content of the guidelines. ESTRO and all of its staff,
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agents and members disclaim any and all warranties and representations
(implied or otherwise) with regards to the information contained on the
guidelines. Each guideline is based on information available at the time
the corresponding writing panel conducted its research and discussions
on the topic. Guidelines should neither be deemed inclusive of all proper
methods of care or factors influencing the decision making, nor exclu-
sive of other methods reasonably directed to obtaining the same results.
There may be new developments since publication that are not reflected
in any one guideline and that may, over time, form the basis for ESTRO
to revisit and update the guideline.
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