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Purpose

The first clinically applied genetic autoplanning algorithm (Genetic Planning Solution, GPS) was validated in

ten radiotherapy centres for prostate cancer VMAT by comparison with manual planning (Manual).
Methods

Although there were large differences among centres in planning protocol, GPS was tuned for a single centre
and then applied everywhere without any centre-specific fine-tuning. For each centre, ten Manual plans were

compared with autoGPS plans, considering dosimetric plan parameters and the Clinical Blind Score (CBS)



resulting from blind clinician plan comparisons. AutoGPS plans were used as is, i.e. there was no patient-

specific fine-tuning.
Results

For nine centres, all ten plans were clinically acceptable. In the remaining centre, only one plan was
acceptable. For the 91% acceptable plans, differences between Manual and AutoGPS in target coverage were
negligible. OAR doses were significantly lower in AutoGPS plans (p<0.05); rectum Disy and Dmean Were reduced
by 8.1% and 17.9%, bladder D2sy% and Dmean by 5.9% and 10.3%. According to clinicians, 69% of the acceptable
AutoGPS plans were superior to the corresponding Manual plan. In case of preferred Manual plans (31%),
perceived advantages compared to autoGPS were minor. QA measurements demonstrated that autoGPS
plans were deliverable. A quick configuration adjustment in the centre with unacceptable plans rendered

100% of plans acceptable.
Conclusion

A novel, clinically applied genetic autoplanning algorithm was validated in ten centres for in total 100 prostate
cancer patients. Using a single algorithm configuration for all centres, autoplans were overall superior to

corresponding manually generated plans.

1 INTRODUCTION

Creation of treatment plans is labor intensive, while the quality may depend on planner skills and ambitions,

and on allotted planning time [1,2]. Planning automation has been suggested for overcoming these issues.

Hussein et al. have recently reviewed the current literature for IMRT/VMAT auto-planning [3]. The

autoplanning systems were divided in three groups:

i) Knowledge-based planning (KBP) to predict parameters (e.g. DVHs) for plan generation of a new
patient, based on a database of plans of previously treated patients. The basic assumption is that
patients with similar anatomies should have similar optimal dose distributions [4-6],

ii) Protocol-based automatic iterative optimization, based on automatic, patient-specific adjustments
of cost functions and constraints [7,8],
iii) a posteriori or a priori multicriteria optimization (MCQO). MCO always results in a Pareto-optimal

plan. In a posteriori MCO [9, 10], a set of Pareto-optimal plans is automatically generated, while
manual Pareto navigation is used to select the final, clinically most attractive plan. In a priori MCO,
only one Pareto-optimal plan is generated. By using a priori defined criteria in the plan generation,
this plan is also clinically favorable [11-14].

For all three groups, commercial implementations are currently available [3].

Common outcome of autoplanning validation studies is the large reduction in planning workload [3]. This has
also been observed in studies with manual fine-tuning of autoplans to arrive at the final plan [15]. Depending



on the system and the study, also gain in plan quality is reported. All autoplanning systems need to be
configured for generation of desired plans. This labor-intensive task has to be done for each tumor site, and
is generally performed in the treating centre. Auto-planning performance has been mostly investigated in
single centre studies, but a few multi-centre validation studies have been performed as well [16-23]. The
main advantage of multi-centre studies, compared to single centre, is the implicit testing of generalizability
of a methodology/configuration that was developed in a single centre.

Recently, we reported on a novel auto-planning algorithm for VMAT/IMRT, based on genetic optimization
(‘Genetic Planning Solution’ (GPS)) [24]. To the best of our knowledge, this was the first paper investigating
genetic optimization for VMAT auto-planning. The system is used in clinical routine since the beginning of
2019 at the University hospital Citta della Salute e della Scienza in Turin, Italy. Currently it is applied for
prostate, rectum, head and neck, and liver and lung SBRT. In Hussein’s classification, this is a type ii algorithm.
Genetic algorithms are inspired by the principle of natural selection and biological evolution working on a
population of potential solutions by applying the principle of survival of the fittest [25]. Genetic optimization
is flexible and can avoid getting trapped in local minima, both for convex and non-convex cost functions.

In this paper, we report on a large multi-centre validation of the genetic GPS autoplanning system with ten
participating centres, including in total 100 patients. While there was a large variation in treatment protocols
in the centres, the algorithm was configured in one centre, and then used for autoplanning in the others,
without any centre-specific fine tuning. The hypothesis was that high-quality autoplanning with GPS was
feasible without workload intensive, centre-specific configuration. For validation, the autoGPS VMAT plan of
each study patient was compared to the corresponding VMAT plan that was manually generated and clinically
applied (Manual). Apart from commonly used dosimetric plan comparisons, an important component of the
validation were blind clinician plan comparisons, involving ten clinicians, one for each centre. Deliverability
of the autoGPS plans was assessed by patient-specific dosimetric QA measurements.

2 Materials and Methods

2.1 Patients and Manual plans

Table E1 summarizes for each of the ten participating centres the main planning requirements for PTV and
OARs. In 9/10 centres, patients were treated on regular linacs. In centre D, tomotherapy was used for
treatment. In each centre, the Manual plans were generated in the normal clinical routine, i.e. each centre
was asked to retrieve from its database ten recent, randomly selected VMAT/tomotherapy plans of patients
already treated. Generally, the plans submitted by a centre were generated by more than one planner.

2.2 GPS automated planning

The GPS autoplanning system was described in detail in [22]. Python scripts were used for integrating the
algorithm in the RayStation TPS, version 8A (RaySearch, Stockholm, Sweden). For genetic planning, a fitness
function (FF) needs to be defined to evaluate solutions and steer the overall process toward generation of a
favorable plan. In this study, the FF was tuned for generation of plans in centre A (where the system was
developed). The configuration of the GPS for this study is summarized in Paragraph E1 of the electronic
appendix.

For plan generation, CT images and contours were first loaded into the TPS. Then, the dose prescription was
defined for each Planning Target Volume (PTV) as reported in Table E1 (third column). After this, the final
plan was generated without any human interaction, i.e. there was no patient-specific fine-tuning of plans
apart from a rescaling if desired.



2.3 Plan evaluations and comparisons

2.3.1 Analyses of treatment plan parameters

As visible in Table E1, there was a large variation among centres in parameters used for plan evaluation. In
this study, this inter-centre variability was (implicitly) taking into account in assessments of plan acceptability
and blind plan comparisons by clinicians (see below). However, for population-based dosimetric analyses,
common parameters were used for all centres, summarizing the many different requirements shown in Table
E1l. Collected parameters were: PTVs Vgsy (coverage), Vio7% (overdosage) for the high-dose PTV (PTV_HD) and
the low-dose PTV (PTV_LD), conformity index (Clsgs), rectum Dmean, rectum Disy, bladder Dmean, bladder Dasy,
femoral heads Dmean, and penile bulb Dmean. For rectum and bladder, percentage volume levels (X, in Dxx)
were chosen since they make possible to combine data with different dose levels. X=15% and X=25% for
rectum and bladder, respectively, were taken from the literature [27-28].

2.3.2 Clinicians’ evaluations

Prior to the blind comparisons of autoGPS plans with corresponding Manual plans, the clinician first assessed
clinical acceptability of all plans both manual and auto; if the centre-specific dosimetric goals for the PTVs
and OARs, as defined in Table E1, were met (condition usually guaranteed by planning physicist), the
acceptability was evaluated by visual inspection of the dose distribution. In another session, the clinician
performed for all 10 patients a blinded side-by-side comparison of the Manual and AutoGPS plans, loading
the double view for isodoses and DVHs. If requested by the clinician, a template of centre-specific clinical
goals (Table E1, requirement column) was displayed to support the clinician in the comparison of the plans.
For each comparison, the clinician used a visual analog scale (VAS) to score the overall plan quality difference,
following an idea by Heijmen et al. [19]. The clinician had to first select which plan was the better-one, and
then indicate the importance of the plan quality difference on a scale from 0 to 100, with 3 global importance
levels (Low, Medium, High, see Figure 1).

® Plan 1
() Plan 2
35
Low Medium | High

Figure 1.Visual tool for blind plan comparisons by clinicians. The depicted visual analogue scale starts at score 0 on the
left and finishes at 100 on the right. For guidance, the scale is divided in three regions expressing perceived small plan
quality differences (Low, < 33), intermediate differences (Medium, > 33 and < 66), and large differences (High, > 66). In
the example, the clinician selected Plan 1 as the better-one, with an intermediate quality difference, expressed by a
Clinical Blind Score (CBS) of 35.



2.4 Deliverability
Deliverability of the AutoGPS plans was verified at Institution A by performing QA measurements with a
Delta4 system (Scandidos, Uppsala, Sweden) for all ten study patients, and comparisons with the QA results
for the Manual plans.

2.5 Optimization times
The plan optimizations were performed on different hardware configurations: centre A was equipped with
double intel Xeon SP 4116, 16.5M Cache, 2.10 GHz with 128 GB ram mounted on a remote server.
Optimization times were automatically measured and reported.

2.6 Statistical analyses

Paired two-sided Wilcoxon signed-rank tests were carried out for all dosimetric parameters with 5%
significance level (p<0.05). MedCalc® version 15.8 was used for all statistical analyses.

3 Results

3.1 AutoGPS plan acceptability
For nine of the ten centres, all ten autoGPS plans were acceptable to the treating clinician, even without re-
scaling. In centre H, none of the plans obtained sufficient PTV coverage. With re-scaling, sufficient coverage
was obtained for all ten, but this resulted in a too high PTV Vi07%. For one of the patients, the clinician found
the autoplan still clinically acceptable because of low OAR doses. Therefore 91% of autoGPS plans were
acceptable. In the Discussion section, an explanation for the 9% not acceptable plans in centre H is discussed,
together with a quick solution which is already in place.

3.2 AutoGPS vs Manual — dosimetric plan quality

3.2.1 Combined analyses for all centres and all patients for acceptable plans

The combined analyses are graphically presented in Fig. 2. In the 91 comparisons including acceptable plans,
PTV coverage differences between Manual and AutoGPS were negligible (PTV_HD Manual Vgsy = 97.9 vs.
PTV_HD AutoGPS Vgsy = 98.0, p=0.81; PTV_LD Manual Vgsy = 98.5 vs. PTV_LD AutoGPS Vssy, = 97.8, p=0.13).
PTV overdosage was also comparable (PTV_HD Manual Vi97%= 0.38 vs. PTV_HD AutoGPS V197% = 0.36, p=0.65).
PTV_LD Clsgs was reduced with AutoGPS by 9.6%, but this was not significant (p=0.52). Apart from penile
bulb Dmean, all other OAR dose parameters were significantly lower for AutoGPS (p<0.05). Rectum Disy and
Dmean Were reduced by 8.1% and 17.9%, bladder D2sy and Dmean by 5.9% and 10.3%, and left and right femoral
heads Dmean by 6.2% and 6.1% with AutoGPS.

In 63 of 91 (69%) blind comparisons including an acceptable autoGPS plan, the clinician preferred this plan.
In case autoGPS was best, the median CBS was 15 (95% Cl for the median: 10 to 20). In the 28/91 (31%)
comparisons that resulted in a preference for the Manual plan, the median CBS was 10 (95% Cl for the median
10 to 20). Monitor Units (MU) were significantly lower for Manual (10.6%; p<0.001).
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Figure 2. Boxplots showing percentage differences between Manual and AutoGPS for dosimetric OAR parameters. For
CBS, the VAS scores obtained with the scoring tool shown in Fig. 1 are presented; scores for blind comparisons resulting
in a favorable Manual plan are presented as negative values. All differences were statistically significant in favor of
AutoGPS (p<0.05), except for Dmean Of the penile bulb. boxes: 25-75 percentiles, whiskers: 10 to 90 percentiles, crosses:
outliers.
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Figure 3. CBS for the ten patients in each of the ten participating centres. For each centre, the ten bars represent a
patient. For blind comparisons resulting in a favorable Manual plan, the CBS derived from the VAS (Figure 1) is presented
as a negative value. In centre H, only the third patient had a clinically acceptable autoGPS plan. For all other centres, all
autoGPS and Manual plans were acceptable.



3.2.2 Percentre and per patient analyses

In Fig. 3 CBS values are presented for each patient, and they are grouped per centre. Apart from centre H
with nine unacceptable autoGPS plans, clinicians overall clearly preferred autoGPS. On the other hand, inter-
centre variations were clearly visible (compare centres | and L with centres E and F). In three of the nine
centres with all autoGPS plans acceptable, autoGPS was statistically significant better, and in the other six
centres there was no significant difference. Also, within centres, there were large inter-patient differences in

CBS.

Fig.4 presents for the ten participating centres mean differences in autoGPS and Manual dosimetric plan
parameters for the ten study patients. Overall, autoGPS was clearly superior, but again there were also large
inter-centre variations. As described also above, the patients in centre H had a large overshoot in PTV HD

V107%, rendering nine/ten plans unacceptable.

50

AutoGPS Favorable
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Figure 4. For each centre, mean percentage differences between autoGPS and Manual plan parameters and the mean

CBS. Each bar represents a plan parameter/CBS.

3.3 Plan deliverability
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QA measurements with the Deltad system showed for AutoGPS plans a gamma pass rate of 95.2% vs.

97.3% for Manual plans (p=0.52) for clinical acceptance criteria, i.e. 90-95% pass for the 3%/2 mm global

gamma criterion [29].

3.4 Optimization times

Mean time for autoGPS plan generations was 20 min, ranging from 15 to 30 min, mainly depending on the

available hardware resources.



4 Discussion

The first clinically applied genetic autoplanning algorithm (GPS) was validated for prostate VMAT in a multi-
centre setting. For ten patients in each of ten different Italian radiotherapy centres, autoGPS plans were
compared to Manual plans based on i) PTV and OAR plan parameters, ii) clinicians’ blind plan comparisons
(clinician blind score, CBS), iii) delivered MU, and iv) deliverability. Although there was a large variation in
applied planning protocols in the participating centres, the GPS was configured in one of the centres and
then applied as is for autoplanning in all centres, without further tuning of the configuration. We
hypothesized that the applied genetic planning would be flexible enough for high-quality plan generation in
all centres, without workload intensive centre-specific configurations. Of the 100 autoGPS plans, 91% was
clinically acceptable. For 69% of the patients with an acceptable autoGPS plan, the clinician considered this
plan superior to the Manual plan, as expressed by the CBS. The single OAR dose parameters also pointed at
an overall advantage for the autoGPS plans. More specifically, rectum and bladder dose parameters were
lowest in the autoGPS plans, for equal PTV coverage.

On the other hand, clear inter-centre variations were observed in plan quality gain with autoplanning. This
could be related to inter-centre variations in the quality of clinical plans, but it could also be that the single
GPS configuration, used in all centres, did better fit with the planning protocol in some centres than with the
protocol in others (Table E1 shows large protocol variations). This is a topic for further study. Also, for the
observed large inter-patient variations in CBS within centres several explanations are possible, e.g. variations
in case complexity, different planners, variations in time spent on planning.

The problems with autoGPS plans observed in centre H (9/10 unacceptable) were due to a minor
configuration issue, related to the local PTV coverage criterion that differed substantially from the criterion
applied in centre A were the configuration was built. The problem was resolved in a later version of the
software, allowing selection of desired coverage (V95>95%, V95>98% or V100>95%). When running automated
planning again for centre H with this new option, the PTV coverage differences between Manual and AutoGPS
were negligible while overdosages were within prescribed limits.

With excellent autoGPS results for an autoplanning configuration built in centre A in eight other centres, and
with a minor configuration adjustment, also in the centre H, there is an indication for good generalizability
of configurations of the investigated genetic algorithm. So far it is not clear whether this is related to the
applied genetic optimization. Further work is also needed for other tumor sites to confirm the observations.

In a genetic planning algorithm, multiple plan optimizations are sequentially performed to find an optimal
solution. The process is controlled by genetic steering. Due to the multiple optimizations, genetic
optimization can result in long computation times. However, in this study we have seen that in a regular
clinical setting of server-based architecture with high computation power, median optimization times were
only 20 min, which we consider clinically acceptable. Performance for other tumor sites is a topic for further
study.

With ten participating centres and in total 100 included patients, this is the largest multi-centre validation of
autoplanning so far. However, with only ten patients per centre to keep the workload feasible, some caution
is needed in the interpretation of presented inter-centre comparisons.

In the literature, (multi-institutional) validation of plan quality in autoplanning is mostly based on dosimetry
[3]. Schubert et al. [16] validated a DVH prediction model, generated in a single centre, in seven other centres
for in total 60 prostate patients. Heijmen et al. [19] tested a multi-criterial autoplanning algorithm for 4
centres with 20 prostate cancer patients each, using a dedicated configuration for each centre that aimed at
plan improvements relative to its (clinical) training plans (10 per centre); clinician scoring was performed.
Roach et al [20] investigated whether pre-existing locally developed prostate configurations for a commercial
autoplanning TPS were flexible across clinics with different treatment planning protocols, involving three



participating centres using a three-patient training dataset circulated from each centre (10 patients from 3
centres): plan quality was only assessed through DVH analysis and protocol compliance.

Li et al. [21], Kavanaugh et al. [22] and Younge et al. [23] worked on an efficient method for training and
validation of a knowledge-based planning (KBP) system as a clinical trial plan quality-control system: DVH
metrics and normal tissue complication probabilities were compared.

Fogliata et al. [18] used a set of 70 previously treated esophageal patients in two different institutions to
train a model for the prediction of dose-volume constraints, which was then applied in a third centre, not
participating in the training. Plan comparison was performed with DVH analysis, complemented with blind
clinician comparisons. Ten clinicians were involved in these investigations. Some parameters were better for
one technique (e.g. autoplanning) and some other parameters for the other technique (e.g. manual
planning). Therefore, an overall score was generally needed for a final verdict. Importantly, this score should
also take into account the total dose distribution (conformality etc), which cannot be (easily) summarized in
parameters. This overall plan quality scoring is typically a task for treating clinicians, as creating an overall
opinion on treatment plans is part of their daily work. Scoring by clinicians is also the only way to answer the
guestion whether autoplans can (and will) be used in clinical routine.

5 Conclusion

Anovel, clinically applied genetic autoplanning algorithm was validated in ten centres for in total 100 prostate
cancer patients by comparison with manually generated plans. While clinical planning protocols in the
centres showed large differences, and only one centre was involved in algorithm configuration, autoplans
were overall superior to corresponding manually generated plans, both in terms of dosimetric plan
parameters, and scores obtained from blind clinician plan comparisons. Autoplanning with genetic
optimization is promising for reducing planning workload, obtaining high plan quality, and avoiding time-
consuming centre-specific configuration. Future research for more tumor sites is needed to confirm results.
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Dose Dose/ TPS for
Centre Target Prescription | Fractions | fraction Structures Requirements
Manual
(Gy) (Gy)
Prostate eland PTV-HD V950:>95-98%; V107%<2%
rostate gan PTV-LD Vos2:295-98%
seminal 61,1 2,35
vescicles Rectum Ve16y<15%, Vss6y<25%
A 26 Bladder Veay<35%, V736y< 15%, V706y<25% Monaco
Femural
Prostate gland 70,2 2,7 head Dincan <44Gy
Penis bulb Dinean <50Gy
V95%>95-98%; V107%<2%
Prostate gland PI?I“STLHDD V95%>95-98%
seminal 56,25 2,25 Rectum V356y<45%, Vs536y<35%, V16y<20%, V56y<10%,
B vescicles 25 D3%,<67.5Gy Di1%<70Gy RayStati
Bladder Viscy<80%, Viiy<50%, Veiay<35%, Ver.s6y<15% aystation
Femural o
Prostate gland 67,5 2,7 head Va06y<2%,Dnax<43Gy
Penis bulb Dinean < 50Gy
Prostate eland PTV-HD Vo5%>95-98%; V107%<2%
e 636 - PTV-LD V50:>95-98%
vs:sr?il:lis > > Rectum Vi66y<50%, Vesay<25%, Veocy<15%, V70Gy<10cc
C 30 Bladder V06y<50%,V706y<25%, V746y<15% RayStation
Femural o
Prostate gland 72 2.4 head Vie6y<50%, Dincan<48Gy
Penis bulb V426y<60%, Dinean<49Gy
Prostate gland PTV-HD V9542>95-98%; V107%<2%
X PTV-LD V954,>95-98%
Vs:;lil:]‘rgs 76,5-61.2 34 225-18 Rectum Vs66y<35%, Ve06y<25%, Vescy<15%
D Bladder Vs56y<50%,Ve06y<30%, V706y<25% Volo
Femural o
Prostate gland 70 35 2 head Vi626y<3%,Dunax< 50Gy
Penis bulb Dinean <50Gy
PTV-HD D95%>95%; Dimax(%)<111%; V110%<20%
Rectum V0% <50% Vs0%< 20% Voo,< 10% V100%< 5%
Bladder Vioos <10% Vs09%< 40% Vi00%< Sem?
Femural
Visey< 5%
Prostate gland head Y
E seminal 35 5 7 Penis bulb Vaogy< 50% RayStation
vescicles small V306y<1em? Dimean<15% Vi76y< 195¢c
bowel
Penis Visgy<lem?
Testis D20%<2Gy
Anal Canal Dmean<15Gy
Prostate gland PTV-HD Vo5%>95-98%; V107%<2%
rostate g'an PTV-LD Vi50:>95-98%
seminal 72-64,5 2,4-2,15 o o o
vescicles Rectum Vsoay <35%, Veocy< 25%, V706y< 5%
F 30 Bladder V56y<35%, V7o6y< 15% RayStation
Femural
Prostate gland 7 24 head Dinean< 20GY, Dmax< 50Gy
Penis bulb Dumean< 50Gy
ng;_l];[n? V5%,>95-98%; V107%<2%
Bladder V326y<50% V06y<15%, D0.1cc<63.5Gy
G Prostate gland 62 20 3,1 . V326y<50% V606y<20%, Do.1cc<63.5Gy Pinnacle
Penis Bulb .
Femural Dinax<100%
head Do.1cc <34Gy
PTV-HD
Rectum V95%:>95-98%; V107%<2%
Bladder Dmax<69Gy, Dmean <30Gy, Dsocy<33Gy
Femural Dunax<65GY, Dmean<30, Dsocy<33Gy .
H Prostate gland 66 33 2 head Dunan<40Gy Pinnacle
Penis Bulb as low as possible
Small Dinax<50Gy
bowel
Prostate gland
seminal 5472 30 1824 | [FTV-HD Vos1i295-98%; Viomi<2%
vescicles PTV-LD Vo5%>95-98%
1 Rectum V306y<40% Vs06y<20-25% RayStation
Bladder V306y<40% Vs06y<20-25%
Prostate gland 67,5-74 30-37 2,252 Femural Dina<34-36 Gy
head Dinax<45Gy
Penis Bulb
PTV-HD Vo5%>95-98%; V107%<2%
Seminal 60.75 295 PTV-LD V952%>95-98%
vescicles ? ? Rectum Dinax<68 - 70Gy; Ves6y<15%; Vaocy<40%
L 27 Bladder V706y<15%j Vs6y<30% ; Va06y<60% RayStation
Femural
<40 -
Prostate gland 70,2 2,7 head Duexs 40 - 45Gy
Penis bulb Dinean<50 Gy; Va06y<50%;Veo6y<25%




Small
bowel

Dunan<45 - 48 Gy

Table E1. Summary of dose prescription and constraints used for target and OARs for each centre.

Parameters | Institutes A B C D E F G H L
PTV_HD 97.78 98.5
V. Manual | 96.2 [96.0 98.9 97.2 96.2 97.4 9712 99.89] 999 97.1 99.9
» 94.7 97.4] [97. 89]
[94.7 97. 99.0] [98.0 100] [95.1 99.2] [94.0 100] [96.1 99.0] [99.2 100] [94.6 100] [99.6 100]
Manual — | -2.63 0.9 21 -0.13 -0.08 0.7 -0.51 0.37 1.8 15
AutoGPS | [-4.18 '1*-45] [3 1) [0 3.1] [213 372] [3 2] [2.1 1.2] [0.26 1.01] [0.6 1.3] [3.7 4.7 [0 3.94]
p<0.05 A p=0.62 p=0.26 0.81 p=0.079 p=0.09 p=0.07 p=0.08 p=0.26 p<0.05 M*
PTV_HD
Vior Manual | 1.4 0.1 0.2 0 0.2 1.2 0 0 0.6 0
[0.1 48] [0 0.1] [0 16 [0 0.1] [0 0.9] [0 49] [0 0] [0 03] [0 54] [0 o
Manual - | 1.2 01 0 0 01 15 0 247 031 0
AutoGPS | [-0.6 43} [0 0.8] [1.5 1.6] [0 0.1] [0.7 0.8] [6.4 02] [0 0] [46.1 -7.2]  [1.1 4.7] [0 o]
- p<0.05 A p=0.34 p=0.94 p=0.19 p=0.63 p=0.05 p=nv p<0.001 M*  p=0.54 p=nv
98.78 99.8
PTV_LD Vos | Manual [93.09 100] [99.3 98.1 98.24 96.4 97.8 99.9
100] [96.1 99.4]  [94.1 100] [89 100] [96.6 99.7] [99.3 100]
-1.08
Manual = "o o) 0.4 1.89 26 11 12
AutoGPS | 1 07 [11 1.2]  [11 59] [0.2 7.6] [8.1 6.2] 0.9 [0. 43]
p=nv p=0.86 p=n.v p=0.45 [-2.1 3.7] p=0.71
PTV_LD 5.91
Cloas Manual | "0 149) 4.54 26.44 15.0 33 3.52 3.75 8.31 7.2 36.89
[3.1 58  [111 47.2]  [3.1 36.9] B3 4 2.1 53] [3.53 4.31] [5.6 10.9] [6.0 9.6] [6.3 55.1]
. | oss
Manual- 1 0g 4.34) 0.15 2.44 24 0.3 0.05 0.51 1.5 9.25
AUtoGPS |1 06 [1 1.09] [11 7.8] [-0.4 7.6] 1 1] [1.2 21] [0.26 1.01] [-2.5 5.4] 13 [1.3 22.4]
p=0.61 p=0.06 p<0.05 A* p=0.15 p=0.87 p=0.06 p<0.05 A* [0.6 1.5] p=0.06
30.59 26.44
Manual | 56 42.18) [16.8 30.1 39.4 106 31.2 22.46 21.8 275 30.75
32.7] [202 362]  [27.1 63.3] [7 15] [24.1 41.2] [19.75 25.53] [14.1 269]  [17.6 31.9]  [28.1 35.2]
Mean dose
(Gy) 127
Manual - || 3 ¢ o7 5.9 7.7 9.7 0.7 3.9 272 0.4 10.8 10.4
AutoGPS | 505 [1 12] 3.9 10.8] 3.8 309] [-43] [0.1 13] [6.97 1.76]  -100 7.51]  [5.8 15.9] [-0.9 24.5]
Rect 0.03 A* p<0.05 A* p<0.05 A* p=0.10 p<0.05 A* p=0.03 M*  p=0.53 p<0.05 A* p<0.05 A*
ectum
55.46 49.22
Manual | 1106 63.6) [35.2 54.8 61.7 206 52.6 52.09 38.7 52 51.9
56.7] [36.1 62.8]  [43.5 785 [11 25] [44.1 623] [41.08 57.48] [7.7 57.1] [34.5 57) [46 60.7]
D[15.0%]
(Gy) 184 47
Manual - [7.1 9.8 [12.8 - 7.6 7.4 2.2 35 -1.12 6.1 21.2 12.4
AUtoGPS |5 06 10.9] [11 18.4] 0.7 222] [-10 6] [3.1 12.3] [-4.81 474] [-43.8 342] [6.84 39.28] [8.1 17.3]
0.28 p=0.12 p<0.05 A* p=0.03M*  p=0.07 p=0.10 p=0.81 p<0.05 A* p<0.05 A*
22.79
Manual | 123747) 30,5 23.8 435 9.2 37.2 19.94 45.7 28.8 31.4
[5.8 49.2] [14.1 40.6]  [20.5 67.4] [5 15] [27.8 53.1] [10.94 27.8] [28.7 55.4]  [12.9 44.5] [28.1 35.2]
Mean dose
(Gy) 2.06
Manual - | /7 g 65) 20.9 2.1 5.3 0.6 3.4 037 5.4 3.2 124
AutoGPS p=0.05 [9.8 32.9] [21 4.9] [-1.4 15.0] [1 3] [-3.1 21.8] [-3.99 1.61] [187 16.3]  [-147 14.29] [8.1 17.3]
p=0.28 p=0.33 p<0.05 A* p=0.05 p=0.23 p=0.09 p=0.39 p=0.26 p<0.05 A*
Bladder
34.2
Manual | 100 60 q) 30.6 37.6 46.4 14.1 54.2 30.50 155 416 45.83
[5.8 48.7) [17.2 65.9]  [11.8 69.4] [4 24 [45.1 66.7) [9.65 49.71]  [9.3 19.7) [15.3 67) [29.6 60.7]
D[25.0%]
(Gy) 4.43
Manual - || 167 5.9) 0.6 3.6 47 1.2 1.4 -1.95 3.4 3.8 18.9
AutoGPS | 576 [9291] [51 10] [27 167 [-2 6] [-1.8 9.9] [-8.63 0.99]  [-4.0 9.8] [-8.9 19.86]  [11.4 26.5]
0.29 p=0.33 p<0.05 A* p=0.99 p=0.3 p=0.13 p=0.12 p=0.22 p<0.05 A*
14.47
Manual | 199" 195) 14.9 14.33 14.6 6 17.1 16.03 16.2 13.75 21.73
Femural [9.8 182] [12.1 16.8]  [10.5 18.4] 3.1 82]  [12.9 21.8] [7.62 19.98] [8.9 22.2] [6.2 18.9] [17.6 27.9]
Mean dose
Head
Left Gy | -0.76
Manual- |\ oy 4 g) 0.7 13 1.6 0.1 0.2 2.49 3.8 0.99 5.1
AUtoGPS | 544 [29 48] [52 09] [-1.1 3.45] [21 11] [38 6.1] [-1301 4.77] [-46 9.6] [3.2 5.33] [1.4 10.9]
0.38 p=0.08 p<0.05 A* p=0.46 p=0.88 p<0.001 A*  p=0.83 p=0.23 p<0.001 A*
15.20
Manual | 104 50.4) 15.8 14.4 20.6 5.4 17.6 15.82 16.4 13.7 20.17
Femural | [89 19.7] [12.8 169]  [10.2 47.8] 3 8 [12.8 23.6] [9.55 21.94] [[4.17 45.1] [7.4 17.9] [13.8 26.1]
Head ean dose
Right Gy . ]033
Manual- | 59 7 ) 1.9 1.2 49 -0.5 0.2 2.49 14 0.58 3.5
AUtoGPS | 511 [31 48] [39 08] [1.4 17.1] [-2 0] [4.8 6.9] [1.19 625 [-7.5 11.7] [-3.4 3.6] [-0.2 8.49]
0.47 p=0.24 p<0.05 A* p=0.42 p=0.86 0.07 p=0.3 p=0.38 p00.27




Manual 15.1 333 44.35 8.1 332 53.31 0.68 25.9
[7.3 35.8] [23.2 47.1] [40.9 47.8] 2 22] [4.2 70] [18.86 62.45] [0.54 0.76] [23.4 30.6]
Penis Mean dose
Bulb (Gy)
Manual - 22 5.2 16.7 0.8 2.6 2.29 -0.03 1.6
AutoGPS [51 -3  [91 11] [16.27 17.1]  [3 3] [0.4 7.1] [-9.39 804] [02 0.1] [-13.47 3.04]
0.043M*  p=0.69 p=nv p=0.14 p<0.05 A* p=0.19 p=0.24 p=0.85
cBs Manual - | 10% 0% 7.5% 19.5% 5% 5% 5% -31% 55% 31%
AutoGPS | [-15 20] [20 20 [10 15] [-40 40) [-15 10]  [-15 20] [-7 10] [-43 2] [-10 70] [8 44]
p=0.13 p=0.56 p=0.375 p=0.19 p=0.19 p=0.431 p<0.05 A* p<0.05 M* p<0.05 A* p<0.05 A*
892.9 2664.7
Manual (686 1194] 615.8 599.4 [1889 746.2 957.1 582.7 569.1 602.4
[463 859] [546 729] 3410] [534 991] [809 112] [502 656] [438 714] [524 662]
MU
-160.8
Manual - | 75 [-304 -21] -239.3 44 -63.6 197.1 -34.8 -102.1 -227.1
AutoGPS | 1167 199] p<0.001 [-444 0] [-1000 946] [-368 90] [-99 365] [-136 78] [-231 8] [-394 -39]
p=0.85 M* p<0.001 M* p=0.81 p=0.22 p<0.05 p=0.07 p<0.001 M*  p<0.001 M*

Table E2. Summary of obtained plan parameter values in participating centres A to L. Population median values and
ranges are reported for Manual. Differences with AutoGPS are characterized by population median values (upper),

ranges (middle) and p-values (lower).

Paragraph E1

Initial selection of Rectum+ (MaxEUD = 10 Gy)
and Bladder: MaxEUD (MaxEUD 10 Gy)

'

Random creation of 1o couplas of
[Rectum s MaxELID; Bladder MaxELID]

'

For each couple, a plan is generated. F‘_*_—,—, —
Score of Fitness Function [¥|_Bestcouple (plan)

[ Random selection of eight couples from the previous

ten couplas. Randomly gender and a number n
between [0; 1] is assigned to each couple

® 5 TIMES (_,-’ R e YES Random mutation of Ractumi
P
A

—~

lm

Reproduction (crossovar). New aight
couples created

4‘ Addrtion of twe randem couples

- .
Cheice of tha batter couple (plan)
between the 5 best ones

'

l Generatlon of the final plan |

‘47

e MaxELUD or Bladders MaxELUD

|

The above figure shows the workflow of the genetic algorithm; the chromosomes of the algorithm were the max
equivalent uniform dose (MaxEUD) functions, which were applied to the ROIs created by subtraction between rectum
and PTV (Rectum1) and between bladder and PTV (Bladder1).
An initial value of MaxEUD was selected by a 3rd degree polynomial function of two variables (volume of ROl and
percentage of overlapping volume between original ROl and PTV). The function coefficients were derived from a
baseline dataset of 50 patients already planned at the University of Turin radiotherapy clinic. Starting from these values,
the range of MaxEUD was created by adding/subtracting 10 Gy ([MaxEUD*10 Gy]) (initial range). Ten couples of
Rectum1 and Bladder1l MaxEUD were generated randomly ([Rectum1 MaxEUD; Bladderl MaxEUDY]). For each couple, a
plan was generated with 20 optimization iterations and scored by the Fitness Function; coverage of the PTV was assured
by a series of optimization parameters with the highest weight inside the objective function. The fitness function was

defined as




2 2 2 2
2(C|)2+4(rADj +2[bAD) +(IfADj {rfADj
PD PD PD PD

10

FF =

where Cl and PD are respectively the conformity index (calculated as the ratio between the ROl volume covered by the
isodose and the total isodose volume) and the prescribed dose to PTV while rAD, bAD, IfAD and rfAD are the average
dose of rectum, bladder and femoral heads (left and right) respectively. The plan with the best FF (the lowest value) was
saved and archived. Eight couples were then randomly selected from these initial ten; a randomly selected gender
(female or male) and a number (n) between [0; 1] were then assigned to each of them. If n is inferior to 0.1 (mutation
probability value), one of the two elements of the couple was randomly changed within the initial range established.
The eight couples evolved by crossover action and new eight couples were created. Two new random couples were
added to the eight (making a total of ten) and ten more plans were generated from these new couples. This workflow
was repeated four times (for a total of 5 cycles). At the end, five plans were selected from the best couples ([Rectum1
MaxEUD; Bladderl MaxEUD]). The best plan in terms of FF was selected and the final plan was calculated (0.3 cm dose
grid and 40 optimization iterations).



