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ORIGINAL ARTICLE                                                                                                              

Plan robustness evaluation strategies in whole-pelvic proton therapy for 
high-risk prostate cancer patients within a randomised clinical trial

Sofie Tilbæka,b , Stine Elleberg Petersena , Liliana Stolarczyka , Anne Vestergaarda , Heidi S. Røndea , 
Lise N. Bentzenc , Jimmi Søndergaardd, Morten Høyera,b and Ludvig Paul Murena,b 

aDanish Centre for Particle Therapy, Aarhus University Hospital, Aarhus, Denmark; bDepartment of Clinical Medicine, Aarhus University, 
Aarhus, Denmark; cDepartment of Oncology, Vejle Hospital, University of Southern Denmark, Vejle, Denmark; dDepartment of Oncology, 
Aalborg University Hospital, Aalborg, Denmark 

ABSTRACT 
Background: Inter-fractional anatomical changes challenge robust delivery of whole-pelvic proton 
therapy for high-risk prostate cancer. Pre-treatment robust evaluation (PRE) takes uncertainties in iso-
center shifts and distal beam edge in treatment plans into account. Using weekly control computed 
tomography scans (cCTs), the aim of this study was to evaluate the PRE strategy by comparing to an 
off-line during-treatment robust evaluation (DRE) while also assessing plan robustness with respect to 
protocol planning constraints.
Material and methods: Treatment plans and cCTs from ten patients included in the pilot phase of 
the PROstate PROTON Trial 1 were analysed. Treatment planning followed protocol guidelines with 
78 Gy to the primary clinical target volume (CTVp) and 56 Gy to the elective target (CTVe) in 39 frac-
tions. Recalculations of the treatment plans were performed for a total of 64 cCTs and dose/volume 
measures corresponding to clinical constraints were evaluated for this DRE against the simulated scen-
ario interval from the PRE.
Results: Of the 64 cCTs, 59 showed DRE CTVp measures within the robustness range from the PRE; 
this was also the case for 39 of the cCTs for the CTVe measures. However, DRE CTVe coverage was still 
within constraints for 57 of the 64 cCTs. DRE dose/volume measures for CTVp fulfilled target coverage 
constraints in 59 of 64 cCTs. All DRE measures for the rectum, bladder, and bowel were inside the PRE 
range in 63, 39, and 31 cCTs, respectively.
Conclusion: The PRE strategy predicted the DRE scenarios for CTVp and rectum. CTVe, bladder, and 
bowel showed more complex anatomical variations than simulated by the PRE isocenter shift. Both 
original and recalculated nominal treatment plans showed robust treatment delivery in terms of target 
coverage.
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Background

The rapid distal dose fall off of a proton beam that makes 
this radiotherapy modality attractive for normal tissue spar-
ing [1–3] also makes it potentially sensitive to anatomical 
changes. For high-risk prostate cancer, both the targeted 
prostate and the surrounding organs at risk such as the rec-
tum, bladder, and bowel are soft tissue structures that dis-
play large anatomical variation relative to the pelvic bones. 
In contrast, the pelvic lymph nodes are usually considered to 
be stationary relative to bony anatomy. Co-irradiation of the 
lymph nodes in high-risk prostate cancer patients [4,5] thus 
further enhances the need for motion management and 
detailed image-guidance strategies in order to achieve accur-
ate dose delivery for these patients.

Robust treatment planning and delivery is a long-standing 
issue in radiotherapy [6]. To accommodate the many sources 
of potential uncertainties [7], robust optimisation is generally 
used for proton therapy. In clinical proton treatment 

planning, this includes distal edge uncertainty and simulated 
isocenter shifts to counter the potentially dose degrading 
effect [8,9]. Robust optimisation is complemented by a simu-
lation of the final plan robustness in a process termed robust 
evaluation.

Pre-treatment robust evaluation (PRE) simulates the 
effects of daily setup uncertainties and distal edge uncer-
tainty [10] and, like in robust optimisation, involves mirroring 
of rigid anatomical changes through an isocenter shift with a 
focus on target volumes. It is then evaluated which effect 
such a shift has on the resulting treatment plan and a poten-
tial, realistic dose degradation is assessed.

Previous studies have investigated the target robustness 
of proton treatment plans both in an isolated setting and in 
comparison with photon plans for different treatment beam 
configurations and setups for prostate radiotherapy [11–13]. 
To our knowledge, however, no previous study has assessed 
the robustness evaluation strategy itself using clinical data 
for this group of patients. It is uncertain whether the robust 
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optimisation strategies used are properly taking into account 
complex target and normal tissue motion patterns – gener-
ally, and here specifically for the pelvis.

Hence, the aim of this study was to evaluate an off-line 
during-treatment robust evaluation (DRE) based on weekly 
control computed tomography (cCT) scans against the PRE. 
Further, the overall treatment robustness including target 
coverage and normal tissue sparing was also evaluated.

Material and methods

Clinical treatment plans and six to eight verification scans 
from the ten first, consecutive patients treated in the pilot 
phase of the randomised clinical trial, PROstate PROTON trial 
1 (PRO-PROTON 1, NCT05350475) [14], were included in this 
study. Details regarding treatment planning and image- 
guidance principles followed for the patients in this trial 
have previously been described [15].

Treatment planning and image-guidance

The clinical target volume was divided into a high-dose and 
a low-dose target: The high-dose/primary clinical target vol-
ume (CTVp) included the prostate and involved seminal 
vesicles, while the low-dose/elective clinical target volume 
(CTVe) included the pelvic lymph nodes and the proximal 
2 cm of un-involved seminal vesicles. CTVp and CTVe were 
delineated in all CT scans for all patients. For treatment plan-
ning, margins of 4 mm in the superior and inferior directions 
and 2 mm in all other directions were added to CTVp to 
form an internal target volume (ITV). The ITV margins 
compensates for internal organ motion to secure a robust 
target coverage. The ITV structure was modified to avoid 
overlap with the rectum and resulting dose constraint con-
flicts. Doses of 78 Gy and 56 Gy were prescribed to ITV and 
CTVe respectively using a simultaneous integrated boost 
technique.

Treatments were planned based on planning CT scans 
(pCT) as well as pre-treatment magnetic resonance imaging. 
Treatment plans were robust optimised with 5 mm isocentre 
shift and 3.5% distal edge uncertainty. An example of a clin-
ically accepted, original treatment plan for one of the 
patients included in this study is shown in Figure 1.

Cone-beam CT scans (CBCTs) were obtained for on-line 
image-guidance. The CBCT was matched to the pCT by first 
matching to the bony anatomy including both translations 
and rotations and afterwards performing a translational 
match to fiducial markers implanted in the patient’s prostate. 
For rotations above 1�, CBCT validation was required. 
Translational differences between bones and patient outline 
in CBCT and pCT images after the marker match were 
checked to be within 5 mm before starting the beam delivery 
in each fraction. All markers were checked to be within 
3 mm from their position at the pCT allowing for small varia-
tions in marker positions. The patients were instructed to fol-
low a drinking protocol, and before the delivery of each 
fraction, also volumes of the rectum and bladder were 
checked.

The included patients underwent repeated control CT 
(cCT) scanning every week. The cCTs were clinically assessed 
upon recording of each scan to evaluate treatment quality 
and robustness with respect to treatment planning con-
straints. The off-line matching of the pCT to the cCTs for this 
clinical evaluation mirrored the on-line clinical procedure. 
These registrations between pCTs and cCTs were used in the 
present study.

In the case of plan adaptation during the course of treat-
ment, the treatment plan with the largest number of associ-
ated cCTs were included in this study. Treatment plans for 
three of the ten patients were adapted during the course of 
treatment as a result of a clinical evaluation during the 
course of treatment. None of the plans included in this study 

Figure 1. Original nominal treatment plan for one of the included patients. 
Transversal views at the level of the lymph nodes (top), seminal vesicles 
(Middle) and prostate (bottom). dose shown in color wash with a lower limit of 
53.2 Gy and an upper limit of 81.5 Gy. Primary target outlined in red, elective 
target in light red, rectum in brown, bladder in yellow, bowel bag in green. 
Markers within the prostate volume in red, blue and green.
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were subsequently adapted. A total of 64 cCTs were 
included.

Robust evaluation strategies

Robust evaluations were performed for all patients both 
before and during the course of treatment. The PRE was cal-
culated for the nominal treatment plan and pCT with the 
most associated cCTs. The PRE also included 14 uncertainty 
scenarios with uncertainty parameters; 5 mm isocentre shift 
and 3.5% distal edge uncertainty. The DRE was based on 
recalculations of the original treatment plan on each of the 
repeated cCTs. For the DRE, the cCT constituted the varia-
tions that the isocentre shift uncertainty parameter simulated 
– moreover, distal edge uncertainty was included by the 
3.5% uncertainty parameter.

The total 15 PRE scenarios; one nominal plan and 14 
uncertainty scenarios, spanned an interval of treatment scen-
arios likely to occur during the course of treatment. The 
treatment plans were thus optimised to a point where the 
CTV scenarios within this interval constituted treatments that 
were clinically acceptable for a few treatment fractions. PRE 
scenarios for organs at risk were checked for the final nom-
inal treatment plan but not used for treatment plan opti-
misation. Figure 2 shows the dose/volume histogram 
corresponding to the original nominal treatment plan in 
Figure 1 including the 14 PRE uncertainty scenarios for each 
volume of interest.

Comparison of during-treatment robust evaluation to 
pre-treatment robust evaluation

The comparison of PRE vs DRE was based on predefined dos-
e/volume measures corresponding to treatment planning 
dose constraints (Supplementary Table A1). The percentage 
of the target structure volume receiving 95% of the pre-
scribed dose (V95%) was determined from the treatment 
planning system for each CTV structure; CTVp and CTVe. For 
rectum, the percentages of the structure volume receiving 

75 Gy, 70 Gy, 65 Gy, 50 Gy, 40 Gy, and 30 Gy (V75Gy, V70Gy, 
V65Gy, V50Gy, V40Gy, and V30Gy) were determined. 
Correspondingly, V80Gy, V70Gy, and V65Gy were assessed 
for bladder; V35Gy was assessed for bowel.

The three DRE scenarios for each cCT were compared to 
the interval spanned by the 14 PRE scenarios via the prede-
fined dose/volume measures. If just one of the dose/volume 
measures for a structure for one of the DRE scenarios for a 
cCT was outside of the interval of PRE scenarios; that is lower 
for the target measures or higher for the organs at risk 
measures, the cCT was labelled as ’outside’ of the PRE inter-
val. The CTVp DRE was compared to the ITV PRE since the 
ITV takes into account anatomical changes for the CTVp.

The whole course of treatment was analysed from a geo-
metrical point of view to isolate the effects of anatomical 
and setup variations manifested by the cCTs and simulated 
by the isocenter shifts. Moreover, the three DRE scenarios 
with distal edge uncertainty of 0% and ±3.5% for each cCT 
were compared across cCTs for each patient to determine if 
distal edge uncertainty in one direction was systematically 
associated with a more detrimental effect on the treatment. 
This was investigated for both targets and the three organs 
at risk, the rectum, bladder and bowel.

Comparison of during-treatment robust evaluation to 
clinical constraints

A second comparison between the DRE and the clinical dose 
constraints was performed for this study. The dose con-
straints were the same as were used for treatment plan opti-
misation (Supplementary Table A1). Like for the PRE vs DRE 
comparison, a cCT was labelled as ’outside’ the constraint 
level if just one of the dose/volume measures for a structure 
for one of the DRE scenarios for a cCT violated the 
constraint.

Additionally, a time trend analysis was performed looking 
at one representative dose/volume measure for each volume 
of interest. The same endpoints were evaluated and results 
were collected across all patients.

Figure 2. Dose/volume histogram for the original treatment plan for a patient including 14 pre-treatment robust evaluation scenarios for each volume of interest. 
Primary clinical target volume (CTVp) in red, elective clinical target volume (CTVe) in light red, rectum in brown, bladder in yellow, and bowel in green.
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Results

Comparing the CTVp DREs through the whole course of 
treatment to the ITV PRE, we found 59 of the total 64 cCTs 
to exhibit DRE scenarios within the PRE interval. This is illus-
trated by the patient case in Figure 3 where the ITV PRE cor-
responding to the CTVp DREs span an interval including all 
the DRE scenarios for all cCTs. With respect to the planning 
constraint, we found the CTVp dose/volume measure across 
all DRE scenarios for pCTs and cCTs to be within the con-
straint limit (V95% � 98%) for 59 of the 64 cCTs. The five 

constraint events exhibited values above 97% in four of the 
cases and above 94% in the last case.

For CTVe, 39 of the total 64 cCTs had DRE scenarios 
within the PRE interval. However, DRE scenarios for 57 of the 
64 cCTs showed dose/volume measures which complied with 
the constraint level. This is again exemplified by the patient 
case in Figure 3 which shows one of the DRE scenarios to be 
outside the PRE interval but still inside the constraint limit. 
The seven CTVe constraint events corresponded to dose vol-
ume measure values above 95% in five cases and of 93% 
and 89% in the remaining two cases. The two cases with 
CTVe V95% < 95% were observed for two different patients.

The rectum volume showed all DRE scenarios within the 
PRE interval in 63 of 64 cCTs. Considering the rectum dose/-
volume measures against the constraint level, 36 of the 64 
cCTs had all DRE scenarios below the constraint. Figure 3 as 
well shows all DRE scenarios within the PRE interval but two 
cCTs with scenarios above the constraint. For the bladder 
and bowel, the situation was reversed: Across the whole 
cohort, the bladder DRE scenarios were within the PRE inter-
val in 39 of the 64 cCTs, but within the constraints in 62 of 
the 64 cCTs. Both cCTs with bladder constraint violation 
belonged to the same patient. Evaluation of the bowel dos-
e/volume measures showed 31 of the 64 cCTs to have DRE 
scenarios within the PRE interval. All 64 cCTs had all DRE 
scenarios below the constraint limits for the bowel con-
straint. The above results are summarised in Table 1.

Considering anatomical variations and distal edge uncer-
tainty as two independent contributions to changes in dose/-
volume measures, we found different impacts on different 
structure volumes. For the rectum, the variations in the DRE 
scenarios were dominated by anatomical variations. This is 
exemplified in Figure 3 by small variations between scenarios 
for the same cCT compared to variations between DRE scen-
arios from different cCTs. For the bladder, the distal edge 
uncertainty was relatively more prominent though anatom-
ical variations still was the dominating effect for most patient 
treatment plans. The bowel dose/volume measures were 
influenced even more by the distal edge uncertainty and this 
contribution and the anatomical variations were comparable 
for this organ at risk. For the bowel, the distal edge uncer-
tainty constituted a systematic effect where robustness scen-
arios with þ3.5% distal edge uncertainty always showed 
lower dose/volume measures than their −3.5% counterparts.

Evaluating each of the dose/volume endpoints across all 
scans for all patients revealed no systematic time trends 
(illustrated in Supplementary Figures A3–A7).

Figure 3. Figure of dose/volume measures for the Pre-treatment robust evalu-
ation associated with the planning computed tomography scan (pCT) and the 
during-treatment robust evaluations associated with the weekly control com-
puted tomography scans (cCTs) for one patient. The red dashed lines mark the 
constraint values corresponding to the dose/volume measures. A circular dot 
signifies a nominal treatment plan with no distal edge uncertainty, a cross 
means that the value corresponds to a scenario with distal edge uncertainty 
þ3.5% and equivalently, a square signifies a −3.5% distal edge uncertainty 
scenario. Note that a DRE measure outside the PRE interval does not necessarily 
signify a constraint violation for the dose/volume measure and DRE scenario in 
question – or vice versa.

Table 1. Results from the during-treatment robust evaluation (DRE) versus 
pre-treatment robust evaluation (PRE) analysis.

VOI DREs within PRE interval DREs within constraints

CTVp 59/64 59/64
CTVe 39/64 57/64
Rectum 63/64 36/64
Bladder 39/64 62/64
Bowel 31/64 64/64

Volumes of interest (VOIs) are listed in column one. Column two displays the 
number of weekly control computed tomography scans (cCTs) with all DRE 
scenarios within the PRE scenario interval. In column three, the numbers of 
cCTs with all DRE scenarios fulfilling the respective dose/volume measure con-
straints for each VOI (see Supplementary Table A1) are listed.
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Discussion

This study was performed in the context of an ongoing rand-
omised clinical trial on proton therapy for high-risk prostate 
cancer patients which aims to reduce gastrointestinal toxic-
ities while robustly treating the primary prostate target [14]. 
In the present study we have therefore shown that the dose 
coverage of the primary target, CTVp, and the closest neigh-
bouring organ at risk, the rectum, was robustly predicted by 
the PRE. On the other hand, the elective target, CTVe, and 
the organs at risk further from the pivotal point of the 
image-guidance; the bladder and bowel, exhibited variations 
more complex than predicted by the PRE.

Robust optimisation of treatment plans are often com-
pared to the use of planning target volume margins [8]. The 
planning target volume concept has been criticised [16] but 
is still a widely accepted practice in photon radiotherapy and 
some of the same considerations regarding margin sizes 
apply to the ITV margin and robust optimisation and robust 
evaluation parameters. If the robust optimisation strategy is 
to apply also to deformable volumes in complex treatment 
locations; as CTVe, bladder, and bowel in the pelvis, this 
study points toward an adjustment of the parameters, or a 
sophistication of the approach, to accommodate the varying 
motion complexity of the anatomical structures.

Previous studies on robust optimisation and evaluation 
have generally focused on the trade-off between nominal 
treatment plan quality and robustness [11,12]. However, they 
did not evaluate if the treatment plan quality and robustness 
of the original treatment plan was carried through the whole 
treatment which is a key element in evaluating during-treat-
ment plan robustness. Busch et al. proposed a range- 
guidance based robustness assessment to evaluate treatment 
robustness through the course of treatment [13], but this 
approach is not as readily available as the strategies described 
in this study.

An inherent challenge with dose recalculations using cCTs 
is that these scans were not obtained in an actual treatment 
situation. One could argue, that the same is true for the pCT 
which the original treatment plan is based on but nonethe-
less, we observed some deviations between some of the 
cCTs and the same day CBCT that was obtained in the treat-
ment situation. This constitutes a limitation to the present 
analysis and will therefore be the subject of future CBCT- 
based studies. In the present study, we directly assessed the 
effects of anatomical changes on relevant dose/volume end-
points. The future CBCT based study also provides the 
opportunity to relate these dose/volume measures to inter- 
fractional anatomical changes that can function as signals or 
triggers for treatment adaptations.

The deviations between cCTs and same-day CBCTs were 
observed already during the routine clinical assessment of 
the cCTs and recalculated treatment plans. The adaptation 
strategy involved evaluation of the recalculated treatment 
plan on the cCT. Moreover, the clinical evaluation of the 
match between positioning CBCT and pCT before delivery of 
each treatment fraction revealed if there were any systematic 
deviations in set-up or internal anatomy. This also contrib-
uted to the clinical assessment of when to adapt the 

treatment plan as well as the clinical status of the patient. 
This is why a CTVp constraint event did not necessarily cata-
lyse a rescan and replan. In this evaluation it is also worth 
noting another reason that slight under-dosage of CTVe did 
not necessarily catalyse a rescan and replan. The evidence 
for co-irradiation of pelvic lymph nodes in high-risk prostate 
cancer has been interpreted differently in different recent tri-
als [5,17] in terms of the prescribed dose to the lymph 
nodes. Results from the recent Mayo Clinic study [17] shows 
clinical benefit for co-irradiation of pelvic lymph nodes with 
a lower dose than prescribed in the POP-RT trial [5] which is 
equivalent to the dose prescribed in our trial [14]. This justi-
fies an adaptation strategy in our trial where we do not 
automatically adapt the treatment in case of slight CTVe 
under-dosage in a few fractions. It is also worth noting that 
systematic CTVe under-dosage was not observed for any of 
the patients.

An explanation of the impact of the distal edge uncertainty 
on the dose/volume measures of the different organs at risk 
can be found in the treatment beam configuration. As detailed 
in our previous paper [15], two posterior oblique fields and 
two lateral oblique fields are used in our trial. None of these 
beams have their distal edges in the rectum, whereas the 
bowel follows the elective target in all its extent and receive 
distal edge contributions from the lateral oblique fields aimed 
at CTVe for every marginal overshoot. Hence, these results are 
depending on the chosen beam configuration.

In our results we showed anatomical variations that were 
not accurately described by rigid isocenter shifts from the 
PRE. With a total target covering the majority of the pelvis 
and organs at risk including several moveable and deform-
able soft tissue structures, however, this was expected. 
Nevertheless, rectum dose/volume measures were within the 
DRE scenarios predicted by the PRE interval with one single 
exception. This was due to the fact that the rectum neigh-
bours the primary target and hence is positioned with close 
to the same precision as CTVp leading to mainly deviations 
within the 5 mm optimisation margin. It is also an indication 
of that our strategy for controlling rectum filling managed to 
limit deformation uncertainties for the rectum. As for the 
bladder and bowel, the original proton treatment plans were 
optimised to be well within the clinical constraints causing 
the bladder and bowel dose/volume measures to be within 
the constraints even if a DRE scenario measure was outside 
of the PRE interval. It is, however, still important to note 
what the goal of the PRE analysis is. As the main focus of 
the radiotherapy treatment for this patient group is primary 
target coverage, the PRE strategy proves useful. Further ana-
lysis of robust evaluation strategies for this patient group 
should in addition include CBCTs obtained in the treatment 
position for enhanced anatomical precision as well as dose 
accumulation for each volume of interest. The latter to assess 
the implications of treatment scenarios where the anatomical 
variations are more complex than simulated by the PRE.

The present study supports our trial in contributing to the 
accumulating evidence of proton therapy for high-risk pros-
tate cancer. Several ongoing clinical trials on proton therapy 
for prostate cancer will add to the clinical evidence, though 
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to our knowledge only our trial is a randomised, comparative 
study of protons versus photons for whole-pelvic irradiation 
of primary disease. The primary endpoint of our trial is a five 
point reduction in delta EPIC-26 bowel score [18] – based on 
a minimally important difference study [19]. We assume that 
this reduction will impact the clinical outcome for this 
patient group.

In conclusion, we found the PRE to reliably predict scen-
arios for the treatment of the primary target and the adja-
cent rectum volume. DRE of the elective target, bladder, and 
bowel showed that still some variations were not simulated 
by the PRE for these volumes and further investigation and 
DREs might be necessary to more precisely monitor elective 
target coverage and organs at risk sparing with the delivered 
treatment. In terms of treatment robustness, we found the 
CTVp and even CTVe to be covered robustly securing the pri-
mary goal of the treatment to be fulfilled.
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