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Purpose: Plan complexity and robustness are two essential aspects of treatment plan quality but there is
a great variability in their management in clinical practice. This study reports the results of the 2020
ESTRO survey on plan complexity and robustness to identify needs and guide future discussions and con-
sensus.
Methods: A survey was distributed online to ESTRO members. Plan complexity was defined as the mod-
ulation of machine parameters and increased uncertainty in dose calculation and delivery. Robustness
was defined as a dose distribution’s sensitivity towards errors stemming from treatment uncertainties,
patient setup, or anatomical changes.
Results: A total of 126 radiotherapy centres from 33 countries participated, 95 of them (75%) from Europe
and Central Asia. The majority controlled and evaluated plan complexity using monitor units (56 centres)
and aperture shapes (38 centres). To control robustness, 98 (97% of question responses) photon and 5
(50%) proton centres used PTV margins for plan optimization while 75 (94%) and 5 (50%), respectively,
used margins for plan evaluation. Seventeen (21%) photon and 8 (80%) proton centres used robust opti-
misation, while 10 (13%) and 8 (80%), respectively, used robust evaluation. Primary uncertainties consid-
ered were patient setup (photons and protons) and range calculation uncertainties (protons). Participants
expressed the need for improved commercial tools to control and evaluate plan complexity and robust-
ness.
Conclusion: Clinical implementation of methods to control and evaluate plan complexity and robustness
is very heterogeneous. Better tools are needed to manage complexity and robustness in treatment plan-
ning systems. International guidelines may promote harmonization.
� 2022 The Authors. Published by Elsevier B.V. Radiotherapy and Oncology 173 (2022) 254–261 This is an

open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Radiotherapy (RT) treatment plan quality assessment is a broad
and complex topic. Plan complexity and robustness are two
aspects within plan quality in which there currently is particular
interest and controversy within the scientific community.
Radiotherapy dose distributions can be shaped to be highly con-
formal to a target volume using techniques such as intensity mod-
ulated radiotherapy (IMRT), volumetric modulated arc therapy
(VMAT), or intensity modulated proton therapy (IMPT). Increased
sculpting of the 3D dose distribution often comes hand in hand
with increased modulation of many machine parameters such as
output rates, gantry speed, or field shapes. This increased modula-
tion, termed plan complexity, may lead to increased uncertainty in
dose calculation and treatment delivery [1–9]. Inaccurate calcula-
tion and delivery of highly complex plans may negatively impact
clinical outcomes. Further, they can hinder successful clinical trials
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and obstruct detection of dose–response effects in big data analy-
ses. These differences between planned and delivered dose can be
observed in dosimetry audits [10–12].

Several metrics have been proposed to quantify and investigate
plan complexity [1–8]. Recent reviews give an overview of these
metrics and published studies on their correlation with plan qual-
ity assurance results [13–15]. Some complexity metrics provide
similar information and can be considered equivalent. However,
metrics that focus on different plan parameters yield different
results and there is no clear consensus as to which should be used
[16].

At the same time, highly conformal treatment plans can come at
the cost of inferior robustness towards treatment errors such as
those caused by shifts in patient setup, anatomical changes, or
range calculation uncertainties (for protons). A lack of robustness
towards such errors might in the worst case lead to insufficient tar-
get coverage or severe side-effects due to over-dosing of critical
healthy tissue.

Until a few years ago, the only universally used method to opti-
mize and evaluate plan robustness was defining margins around
the clinical target volume (CTV) and organs at risk (OAR) to obtain
the planning target volume (PTV) and planning organ at risk vol-
ume (PRV), respectively. Several formulas have been proposed in
the literature for the definition of PTV [17,18] and PRV [19,20] mar-
gins. The concept of safety margins has inherent limitations, how-
ever; the largest being the assumption that the spatial dose
distribution does not change shape under the influence of errors
(static dose cloud approximation). It has therefore been high-
lighted that margins are inadequate for use in particle therapy,
and possibly also in highly modulated photon treatments [20–23].

Robust optimization (RO) has been suggested as a method to
potentially overcome the limitations of safety margins and thus
improve reliable CTV coverage and OAR sparing both for photon
and proton treatments [21,24–26]. RO directly calculates the dose
changes induced by simulated error scenarios, thus taking both the
patient-specific anatomy and dose distribution characteristics
(field directions, penumbra, dose gradient. . .) into account. Robust
evaluation (RE) follows the same concept as RO: the optimized
dose is recalculated and evaluated in simulated error scenarios.

Importantly, the terms ‘complexity’, ‘robust optimization’, and
‘robust evaluation’ cover several different methodologies and met-
rics, and there is no consensus yet on which to implement or how
to use them [23,27–30]. Given the potential of these new tools and
their increasing availability in treatment planning systems, the sci-
entific community needs to discuss which methods are most
appropriate.

During the third edition of the ‘European Society for Radiother
Oncol Physics Workshop: Science in Development’ in October
2019, a dedicated track was focused on the topic ‘Plan quality
assessment: dose distribution and robustness metrics’. The work-
shop group identified treatment plan complexity and robustness
as areas of special interest and controversy. The group’s first aim
was to map current clinical practice concerning plan complexity
and robustness assessment both during the plan optimization
and evaluation phases. The aim of the 2020 ESTRO online survey
on plan quality assessment was to provide this overview.

In this paper, we present and analyse the results of this survey.
These results can be used as the first step towards standardizing
the clinical optimization and evaluation of plan complexity and
robustness.
Methods

Development of survey questions began in October 2019 at the
workshop. After the workshop, questions were reviewed by the
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entire group with a focus on clarity and completeness of
multiple-choice answers. The questionnaire was implemented in
an online form and trial runs were performed at some of the work-
ing group members’ centres to verify the questions were under-
stood and the survey was implemented as intended. The final
web-based survey (see Supplementary Figure S1 and file
‘‘Responses.xlsx”) was distributed and promoted via ESTRO mail-
ing lists and national medical physics associations between Febru-
ary and May of 2020.

Respondents were asked to provide only one response per cen-
tre. In cases where several responses per centre were recorded, the
most complete or (if both were equally complete) the latest
response was chosen. Responding centres were included in the
analysis if they had answered at least one question. Centres were
excluded if any answers clearly were not intended to answer the
posed question (e.g., ‘‘ABC” as an answer to an open-ended ques-
tion). Single answers were disregarded if there were obvious
incongruencies (e.g., respondent answered ‘‘No” to performing pro-
ton treatment planning but was still, due to errors in the survey
software, shown questions concerning proton planning).

Cross-analyses were performed to investigate whether there
was a correlation between how centres regarded plan complexity
and robustness, respectively.

Structure of the survey

The survey consisted of four sections (see supplementary
Fig. S1). The first included four general questions about the centre’s
location and the software and hardware used for treatment plan-
ning and delivery.

The second covered treatment plan complexity. Complexity was
defined as increased modulation of many machine parameters
resulting in increased demand on the accuracy of dose calculation
and treatment delivery. Centres were asked for which types of
treatments they considered plan complexity to be an issue (if
any), and how they controlled and evaluated it. No distinction
was made between photon and proton treatments in this section.

The third section was focused on plan robustness. Robustness
was defined as the dose distribution’s sensitivity towards errors
stemming from treatment uncertainties, including patient setup,
anatomical changes, and proton range uncertainties. The survey
aimed at answering two overarching questions about plan robust-
ness: (1) which methods and metrics do centres use to control and
evaluate plan robustness? And (2) how do the two main
approaches of controlling and evaluating robustness, safety mar-
gins and RO/RE, compare in terms of uncertainty types considered
and sizes of margins/simulated patient shifts?

Finally, responding centres were asked which other methods
and metrics they used to assess plan quality (with emphasis on
dosimetric quality), and whether they had any requests for future
implementations in commercial treatment planning systems.

Results

General

A total of 126 radiotherapy centres (of 140 recorded responses)
were included in the analysis. Of these, 95 (75 %) were from Europe
and Central Asia. Details on the characteristics of participating cen-
tres are provided in supplementary Tables S1-S5. The number of
responses for each separate question varied between 4 and 126.
A spreadsheet detailing all questions, responses, and reasons for
excluding answers is provided in the supplementary material
(‘‘Responses.xlsx”). Percentages stated in the following are in rela-
tion to the number of responses given to the respective question.
For evaluation of a plan’s dosimetric quality (excluding complexity
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and robustness), visual inspection and use of DVH curves and met-
rics were the methods used most widely (66, 69, and 64 of 76
responses; Fig. 1, top).
Fig. 1. Plan complexity. Fig. 1: Responses to the questions ‘‘Which methods (other than t
plan’s dosimetric quality?” (a), ‘‘How is complexity controlled during optimization?” (b)
the information gained on complexity?” (d). DQ: Dosimetric quality, PC: Plan comple
Homogeneity.
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Complexity

Plans in the head-and-neck region were considered most chal-
lenging with respect to plan complexity by most responding cen-
tres (72 of 95). Machine output (monitor units per Gray) and
hose covered in previous questions) do you in your clinical practice use to evaluate a
, ‘‘How is complexity evaluated after optimization?” (c), and ‘‘What do you do with
xity, PSV: patient specific verification, PQ: Plan quality, Conf: conformity, Hom.:
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aperture shapes were the methods mentioned most often to con-
trol and evaluate complexity (Fig. 1). Additionally, patient-
specific verification measurements were reported equally often
as an evaluation method.

A large proportion of centres reported that they tried reducing
the complexity of highly complex plans if this was possible while
keeping dosimetric plan quality constant (67 of 86). Ten centres
would even accept lower dosimetric quality in exchange for lower
complexity.

Twenty-five centres reported that they did not take complexity
into account as part of their clinical evaluation routine at all, due
to:

- lack of clear guidance on how to evaluate complexity (14
answers)

- because they had no tools to do so (11 answers)
- because there was no consensus on which metrics to use (8
answers)

- because it was considered too time-consuming (5 answers).

Robustness

Table 1 shows an overview of reported methods used to control
and evaluate plan robustness in photon and proton planning.

Of 105 centres responding to at least one question in the
robustness section, 102 performed photon treatment planning
and 10 performed proton treatment planning. Seven clinics per-
formed both photon and proton planning.
Photon centres

Ninety-eight photon centres reported using PTV margins for
plan optimization, while only 64 used PRV. Substantially more cen-
tres used safety margins for plan optimization and evaluation than
RO and RE (Table 1). Of those photon centres using RO/RE, all but
one reported using both RO/RE and PTV/PRV.

PTV margin sizes were mostly determined based on historical
choices (32 of 85, Fig. 2) or using a formula such as the one by
van Herk et al. [18] (26 of 85). PRV margin sizes were more often
determined based on a historical choice than by a formula (35 vs
4, 60 respondents). RO scenarios were calculated most often by
assigning fraction-specific uncertainty scenarios and summing
these (7 of 17 responses).

The majority of centres reported including possible setup errors
in their considerations for margins or robustness shifts (Fig. 3). The
distribution of other possible error sources included in margin/
shift considerations varied between centres using margins vs those
Table 1
Overview of participants who report using margins or robust optimization/evaluation
to control and evaluate treatment plan robustness. Figures in parentheses show the
total number of centres responding to each question. RO: robust optimization, RE:
robust evaluation.

Photons Protons

Optimization
Use PTV margin 98 (101) 5 (10)
Use RO for target 17 (82) 8 (10)
Of those using RO, also use PTV 16 (17) 3 (8)
Use PRV margin 64 (88) 5 (10)
Use RO for OAR 10 (17) 8 (8)
Of those using RO for OAR, also use PRV 7 (10) 3 (8)
Evaluation
Use PTV/PRV 75 (80) 1 (7)
Use RE 10 (78) 8 (10)
Answered ‘‘No” but commented

‘‘Occasionally” or similar
4 (78)

Of those using RE, also use PTV/PRV 10 (10) 1 (8)
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using RO/RE (Fig. 3). For example, 48 of 85 (56 %) and 27 of 60
(45 %) respondents reported including couch positioning or rota-
tion uncertainties in their PTV and PRV margins, while 4 of 17
(24 %) and 1 of 10 (10 %) reported including these in their RO
and RE, respectively.

Reported PRV margin sizes were overall smaller than PTV (Sup-
plementary Figure S2). Two centres reported using different shift
sizes for RE than for RO. Reported RO shift sizes tended to be smal-
ler than PTV sizes in thoracic and pelvic treatment sites (Supple-
mentary Figure S3).
Proton centres

Of the 10 responding proton centres, more reported using RO
and RE than PTV or PRV (Table 1). Four centres reported using both
PTV and PRV margins for plan optimization, while one centre
answered ‘‘Yes” only to using PTV and another only to using PRV
margins. Four centres reported using both RO/RE and either PTV
or PRV (two using both PTV and PRV, one using only PTV, and
one using only PRV).

Most centres reported including setup uncertainties in their
margin or shift considerations (Figs. 2 and 3). Range uncertainties
were included by all centres using RO and seven of eight using RE,
while only one centre using PTV and another using PRV considered
range (both centres also reported using RO and RE).

All centres except two reported using the same shift sizes for RE
as for RO (one used smaller shifts for RE and one did not use RO).
Cross-analysis

Of photon centres that considered complexity, a larger fraction
performed RO for targets (19 %), RO for OARs (13 %) and RE (13 %)
compared to those that did not consider complexity.

A higher percentage of proton centres included complexity
(91 %) in their clinical planning routines compared to photon cen-
tres. Of those proton centres who took plan complexity into
account, most used RO for targets (70 %), RO for OARs (80 %) and
RE (70 %). (Supplementary Figures S4 and S5).
Suggestions for improvements of commercial complexity and
robustness tools

When asked whether they needed better commercial tools for
plan complexity management, 61 of 109 respondents requested
improved tools for controlling complexity during plan optimiza-
tion, while 70 required tools to evaluate complexity after optimiza-
tion. Twenty-four centres did not see the need for improvement in
currently available tools.

Open-answer suggestions to improve RO and RE tools mainly
aimed at making robustness scenarios less simplistic and/or con-
servative. Suggestions included:

a) Rather than using conservative ‘‘worst-case” scenarios, RO/
RE scenarios should be based on error distributions (5
comments).

b) Various possible error sources such as couch pitch, roll, or
rotation and anatomical variations should be included in
tools (2 comments).

c) Better tools for visualization and reporting (1 comment).
d) Tools for RO/RE should be faster (2 comments).

Discussion

The results of this international survey paint a picture of how RT
plan complexity and robustness are considered in clinics (as of
2020).



Fig. 2. How are safety margins and RO calculated?. Fig. 2: Methods used by photon (A) and proton (B) centres to calculate safety margins and robust optimization shifts.
Answer options for PTV/PRV were ‘‘Based on a historical approach”, ‘‘Translate setup errors directly into margin”, ‘‘According to the formula by van Herk et al. or others”, ‘‘We
use a probabilistic approach”, and ‘‘Other” (with the option to specify). ‘‘Other” responses included e.g. ‘‘A combination of several approaches”, ‘‘Depends on the diagnosis”,
‘‘Depends on the specific machine uncertainty”, and ‘‘Depends on the physician”.

Plan quality assessment - 2020 ESTRO survey
We saw that different methods, often more than one, were
employed in clinical practice to evaluate a plan’s dosimetric qual-
ity. Some of the evaluations were performed by inspecting the spa-
tial 3D dose distribution visually. Evaluating the DVH curve and
specific DVH metrics remained the dominant methods to assess
dosimetric quality.

Additional methods have recently been proposed which could
aid in better quantifying and objectively assessing a plan’s dosi-
metric quality. Tools such as a total plan quality index (PQI), which
collapses several indices into an overall plan score [31–35], the use
of machine and deep learning [36–38], and new kinds of dose dis-
tribution metrics [39–43] can provide quantification of parameters
which are currently mainly evaluated subjectively. We believe
using such tools will facilitate consensus and standardization on
how to define a treatment plan’s quality.

An interesting result of this survey was that 26 of the respond-
ing centres (21 %) did not consider plan complexity at all in their
daily practice. Only five of these centres stated that the reason
for this was lack of time and resources. Instead, the reason most
258
often given for why plan complexity was not considered was
because there was a lack of clear guidance and consensus on
how to evaluate complexity. The different approaches used by par-
ticipants to control and evaluate complexity also highlight the
absence of both international consensus and of any known toler-
ance levels for the different metrics. A method to translate com-
plexity into plan quality and deliverability could facilitate the use
of plan complexity in clinical practice.

Even though we saw different approaches among centres on
how to deal with plan complexity, there was nevertheless a strong
and shared demand for access to commercial tools able to control
and evaluate complexity during and after optimization. Several
other authors [3,44] suggest in particular incorporating complexity
metrics into optimisation algorithms. Quantification of plan com-
plexity using dedicated metrics can prevent unacceptably high
dosimetric uncertainties - which could lead to substantial differ-
ences between planned and delivered dose if undetected. For this
reason, the RATING guidelines for planning studies [45] explicitly
recommend quantitative reporting on the complexity of treatment



Fig. 3. Which uncertainties are included in margin/shift considerations?. Fig. 3: Uncertainties included in the margin or robust optimization/evaluation considerations by
participating photon (A) and proton (B) centres. Each row corresponds to one responding centre. Numbers do not correspond to the same centre in each of the four plots.
Abbreviations: anat.: anatomical, ch.: changes, sim.: simulated.
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plans. Better commercial tools for controlling complexity during
optimisation, in particular for automated planning, are highly
desirable. For evaluation, vendors are encouraged to enable calcu-
lation and reporting of complexity metrics.

In the questions concerning plan complexity, no distinction was
made between photon and proton centres. Traditionally, plan com-
plexity has been described mainly in the context of photon treat-
ments with conventional linear accelerators, but some
complexity metrics may be valid for other techniques such as
robotic radiosurgery [46]. We believe similar concepts that reduce
complexity and increase efficiency could also be applied to proton
therapy. Two of three responding centres who performed only pro-
ton planning commented that they evaluated complexity in terms
of spot weighting and spot positions, while one answered that they
did not control or evaluate complexity for proton plans since there
259
was no data on the subject and they considered all modulated
spot-scanning proton plans equally complex.

Concerning plan robustness, we saw large variations between
responding centres in how safety margin and RO/RE shift sizes
were chosen, which approach was used for RO, and which types
of uncertainties were considered in margin or RO/RE shift sizes.
This variability highlights the need for broad international consen-
sus and clear guidelines on how plan robustness should be opti-
mized, evaluated, and reported.

Some respondents admitted to not knowing how margin sizes
were specified, which uncertainties were considered, or the actual
margin sizes, as these decisions were made solely by the treating
physicians. This is troubling, since detailed knowledge of the
underlying physics is essential to understand the effect of uncer-
tainties and errors on the delivered dose. As is recommended in
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the International Commission on Radiation Units and Measure-
ments Report 62 [47], medical physicists should always be
involved in decisions of this nature alongside radiation oncologists.

A substantial proportion (21 %/13 %) of photon centres reported
using RO or RE, some routinely and some for select cases only.
Most of these also used margins for optimization and evaluation
of plans, though. This suggests that the photon community is start-
ing to embrace the new paradigm of RO and RE but has not yet
adopted it to the same degree as the proton community has.

Most centres using RO and RE stated that they used the same
shift sizes for both. It has previously been suggested that using
the same error distributions to optimize and evaluate treatment
plans may introduce an estimation bias [48]. Evaluation with dif-
ferent error distributions than those used for optimization is there-
fore recommended.

Moreover, many centres reported the same shift sizes for simu-
lating systematic and random errors. We believe this to be due to a
misunderstanding of the question.

Caution is recommended when directly comparing RO/RE shift
sizes to margin sizes. It is difficult to translate the PTV concept, a
margin providing 95 % of a prescribed dose to the CTV in 90 % of
the treated population, to the RO framework. Most currently avail-
able commercial RO solutions provide only uncertainty scenarios
based on setup and range errors (anatomical variations have only
been implemented by one of the major vendors to date). PTV mar-
gins, on the other hand, directly incorporate the known distribu-
tions of errors from several other sources (e.g. contouring or
machine uncertainties). Attempts at a PTV-to-RO translation have
been made by e.g. Korevaar et al. [27] or Perkó et al. [49]. The abil-
ity to translate the underlying goal of the PTV to RO will be impor-
tant in future studies to connect ‘‘old” PTV-based outcomes to
those of RO-based plans.

In the transition from PRV to RO/RE for organs at risk, two cru-
cial points must be taken into consideration: 1) To date, in com-
mercial treatment planning systems the target and OARs are
robustly optimized using the same parameters. This is in contrast
to the tradition of some centres to use smaller margins for organs
at risk than the target [50], which is also reflected in our survey
results. 2) Toxicity data and NTCP models are based on the nominal
DVH of organs at risk. Requiring the same (or even lower) OAR
dose limits than those published by QUANTEC in all uncertainty
scenarios may be too restrictive. Research into this issue is needed
to translate OAR dose constraints to the RO/RE framework [26].

Respondents pinpointed the need to define more realistic and
versatile uncertainty scenarios for RO and RE including, for
instance, errors caused by anatomical variations or mechanical
and contouring uncertainties. Further, the need for faster tools
was highlighted to make the requested precision compatible with
clinical workflows. We strongly believe improvement in these
areas will lead to wider adoption of the RO/RE framework.

The survey showed a tendency for photon centres that consid-
ered plan complexity important to more often use RO and/or RE.
However, due to the small number of responses, it is difficult to
draw statistically rigorous conclusions on this question. In the con-
text of another large survey, it was hypothesized that centres with
more staffing resources were more likely to implement ‘‘non-
standard” techniques (such as complexity assessment and RO/RE)
[51]. We did not include a question concerning centre size and
resources in this survey, and were unable to gather this informa-
tion subsequently.

Based on the results of this study, we recommend that centres
moving from using margins to robust optimization and robust
evaluation carefully consider how to include the various types of
uncertainties in the new framework to maximize plan robustness
towards relevant uncertainties and improve transparency in
260
reporting results. Commercial tools must facilitate the inclusion
of various types and sources of errors.

A limitation of this study lies in the geographical distribution of
the participants: most respondents were from European countries,
possibly giving rise to bias. Moreover, although a fair number of
centres responded to the survey, this represents a small proportion
of operating radiotherapy clinics and may not fully capture pat-
terns of clinical practice at a global level. In the future, it would
be desirable to include more centres from a larger number of coun-
tries and continents in such a survey. This includes especially
countries with a higher density of particle centres, since these cen-
tres have a long tradition of using robust optimization and evalua-
tion methods.

This working group aims to support work towards broad con-
sensus regarding which metrics and methods are used to control
and assess plan complexity and robustness. The results obtained
in this survey highlight trends in how complexity and robustness
are currently controlled and evaluated. Further, they show that
there is a need for both practical education and broader discussion
concerning these topics, as well as for development of commercial
tools to facilitate their assessment in clinical practice.

In the future, it will be important to evaluate the impact of such
new tools through carefully designed studies [44]. Shared consen-
sus on metrics will be essential for the performance and inter-
pretability of such studies. International guidelines on how to
manage plan complexity and robustness in the different steps of
the radiotherapy workflow are strongly desired and, to that aim,
further efforts of the community are warranted.
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