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ARTICLE INFO ABSTRACT

Keywords: Background and Purpose: The association between dose to selected bladder and rectum symptom-related sub-
Pros_"ate cancer regions (SRS) and late toxicity after prostate cancer radiotherapy has been evidenced by voxel-wise analyses. The
Radiotherapy aim of the current study was to explore the feasibility of combining knowledge-based (KB) and multi-criteria

Automated planning
Dose-outcome correlation
Multi-criteria optimization

optimization (MCO) to spare SRSs without compromising planning target volume (PTV) dose delivery,
including pelvic-node irradiation.

Materials and Methods: Forty-five previously treated patients (74.2 Gy/28fr) were selected and SRSs (in the
bladder, associated with late dysuria/hematuria/retention; in the rectum, associated with bleeding) were
generated using deformable registration. A KB model was used to obtain clinically suitable plans (KB-plan). KB-
plans were further optimized using MCO, aiming to reduce dose to the SRSs while safeguarding target dose
coverage, homogeneity and avoiding worsening dose volume histograms of the whole bladder, rectum and other
organs at risk. The resulting MCO-generated plans were examined to identify the best-compromise plan (KB +
MCO-plan).

Results: The mean SRS dose decreased in almost all patients for each SRS. D1% also decreased in the large
majority, less frequently for dysuria/bleeding SRS. Mean differences were statistically significant (p < 0.05) and
ranged between 1.3 and 2.2 Gy with maximum reduction of mean dose up to 3-5 Gy for the four SRSs. The better
sparing of SRSs was obtained without compromising PTVs coverage.

Conclusions: Selectively sparing SRSs without compromising PTV coverage is feasible and has the potential to
reduce toxicities in prostate cancer radiotherapy. Further investigation to better quantify the expected risk
reduction of late toxicities is warranted.

1. Introduction term urinary symptoms, which are considered significant challenges

following prostate radiotherapy [1,2]. Besides, it is widely acknowl-

External-beam radiation therapy is one of the leading options in the edged that radiation-induced toxicity involves complex biological pro-

curative treatment of prostate cancer. However, the presence of partial cesses in the irradiated tissues and is not solely dependent on the
overlap between the bladder and the treatment target can lead to long- delivered dose [3,4].
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A promising approach for reducing the risk of adverse symptoms is to
identify sub-regions of the organ whose dose-volume metrics may be
better associated to worsened symptoms. Evidence of correlations be-
tween local dose and side effects was provided by analyzing dose volume
histograms (DVHs), i.e. graphical representations of the distribution of
radiation dose delivered to different volumes of a specific anatomical
structure or target within the patient’s body. In this case, DVHs were
assessed at sub-anatomical scales below the organ level [5]. As a clini-
cally relevant example, several studies have highlighted the high
sensitivity of the bladder trigone region, emphasizing the need for dose
limitations in this specific area [6-9]. Expanding on this concept, dose-
outcome correlations can be examined by analyzing the 3D dose dis-
tribution overall or within specific organs at risk (OARs).

Various methodologies have been developed to investigate the dos-
e—effect relationship at the voxel level across a population to identify
anatomical regions (symptom-related sub-regions, i.e. SRSs) that may
contribute to the occurrence of toxicity events [5,10,11]. Previous
studies have employed these techniques, including both 2D analyses
based on surface maps and 3D analyses [8,9,12-25]. To the best of our
knowledge, there have been limited studies focusing on adapting
treatment plans to spare SRSs volumes [26,27]. To address this issue,
advanced techniques such as Multi-Criteria Optimization (MCO) could
be employed for the fine tuning of the dose distributions. According to
the MCO approach [28-36], multiple spatial dose distributions will yield
the same or similar DVHs for the relevant OARs, some of which could be
sub-optimal. By identifying SRSs and reducing the dose locally without
affecting the entire OAR DVHs, the risk of radio-induced toxicity can
potentially be reduced.

The objective of this study was to investigate the feasibility of a
customized dose optimization approach for SRSs, utilizing knowledge-
based (KB) models for automatic treatment planning combined to
MCO. The integration of this approach into an automated workflow aims
to reduce inter-operator variability and facilitate the consideration of
new optimization objectives, which may be hard to manage using a
standard planning method.

2. Material and methods
2.1. Clinical protocol

Forty-five high-risk prostate cancer patients previously treated at San
Raffaele Hospital (HSR) with Helical TomoTherapy (HTT) were
selected. Patients were treated according to our moderately hypo-
fractionated Institutional protocol, including pelvic node irradiation in a
simultaneous integrated boost (SIB) approach. Details of contouring,
margin definition, dose prescription and planning strategy may be found
elsewhere [37,38]; in short, PTVy;gn (prescription dose of 74.2 Gy/28
fractions) included prostate and the proximal third of seminal vesicles
(CTVhign), minus the overlap with the rectum (Overlap); the cranial
portion of seminal vesicles (CTVi,t) was considered as PTVjy (65.5 Gy);
pelvic lymph nodes (CTV),y,) were considered as PTV),y (51.8 Gy). The
dose to the Overlap was constrained to 65.5 Gy. The current study was
conducted under the project number 110 - JTC PerPlanRT ERA PerMed
(GA 779282) and confirmed by the involved institutions.

2.2. Symptom-related sub-structure segmentation method

Mylona at Al [19,20] and Dréan et al. [39] performed a voxel-wise
analysis of the dose distribution in the rectum, urethra and bladder; a
comparison between a with-toxicity and a without-toxicity cohort
allowed the identification of six sub-regions predictive of: 3-year rectal
bleeding (sub-rectal region, SRR); acute incontinence (INC_ACU); acute
retention (RET_ACU); late retention (RET_LAT); late dysuria (DYS_LAT),
late hematuria (HEM_LAT). Three sub-regions located in the urethra and
bladder were successfully validated as more predictive of urinary
toxicity than the whole bladder for urinary incontinence, retention, and
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Fig. 1. Symptom related sub-regions (SRSs) position within bladder
and rectum.

dysuria [19].

Contours of the urethral-vesical SRSs for the forty-five patient cohort
were generated at Centre Eugéne Marquis (University of Rennes), using
deformable registration based on the structural description of the
bladder, prostate and urethra [20,39-41]. Details can be found in the
Supplementary materials. Given that the incontinence-related region is
very small and almost completely overlaid on the PTVy;gh, it was not
considered in this study.

Furthermore, the decision was made to analyze only late symptom
regions. Therefore, the four examined regions were SRR, DYS LAT,
HEM_LAT and RET_LAT. Fig. 1 illustrates a representation of these SRSs
and their positions within the bladder and rectum. Once the contours of
the sub-structures were available, a preliminary analysis was performed
on their volumes and the dose they received with the HTT treatment
delivered in the clinic.

2.3. KB Plan

The KB approach involves developing predictive models for DVHs by
modelling past information, specifically previously treated patient data.
A training process aims to build a model which can be used to predict the
optimal dose distribution for any new case (patient) with its own
geometrical/anatomical specificity.

A model based on data for patients treated according to HSR Insti-
tutional protocol with HTT for high-risk prostate cancer patients was
previously developed and validated, with details previously published
[42]. For the present study, this model was selected to generate treat-
ment plans that meet clinical standards for each of the forty-five pa-
tients, without taking into consideration the identified SRSs. These
automatic plans (KB plans) served as a starting point to obtain further



L. Alborghetti et al.
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CLINICAL PLAN

Preliminary dosimetric analysis of SRSs

VMAT
Automatic plan with Multi Criteria
Knowledge Based (KB) model Optimization (MCO)
DVH
—_—] KB Plan . KB+MCO Plan <
comparison

Fig. 2. Planning workflow. The HTT clinical plan was used to perform a preliminary dosimetric analysis of SRSs. Then, for each patient, a good quality plan was
automatically created using a knowledge based previously trained model (KB plan). A further multi-criteria optimization (MCO) was performed using the trade-off
exploration tool. Finally, differences between KB plan and KB + MCO plan were evaluated through a DVHs comparison.

optimized plans using MCO (KB + MCO plans). Minor modifications
were required to adapt the KB-TOMO model to the VMAT modality due
to the incompatibility between the available MCO module and the HTT
system utilized at HSR. Details on the template modifications can be
found in the Supplementary materials (Table S1).

The treatment equipment considered was a Varian DHX 6 MV X-rays
Linac with 120-leaf Millennium MLC. Four complete VMAT arcs with
collimator rotation of 15 degrees were used. A set of clinical goals was
defined: for high, intermediate and low dose PTVs the minimum value of
V95% was set to 95%. The final calculation of the plan was performed in
the Eclipse environment (Eclipse, 16.1).

2.4. KB + MCO Plan

The trade-Off Exploration tool of Eclipse available in HSR radio-
therapy research station (TBox Varian Eclipse, 16.1) allowed real-time
exploration and visual assessment of the range of trade-offs in target
coverage and preservation of healthy tissue. Once a previously opti-
mized plan, i.e. the KB-plan, was available, structures and targets for the
trade-off examination were chosen. A collection of optimized and
representative plans was then generated and used to examine the com-
promises among optimization objectives. The plan database was exam-
ined using the selected objective sliders to find the best-compromised
plan for the purpose. Defined clinical objectives were also used to limit
the range of examination. DVHs, isodoses and clinical objectives values
were examined to assess the impact of the trade-offs; a figure explaining
the system functionality is available in the Supplementary material
(Figure S1). Of note, an initial balanced plan influences the Pareto front
generation and is therefore crucial for a successful exploration of the
trade-off. In this study, each balanced plan was generated based on the
HSR Institutional KB model, guaranteeing a clinically acceptable treat-
ment plan as a starting point.

To reduce SRS mean doses without compromising PTV coverage/
homogeneity or OARs sparing, the following trade-off objectives were
selected: dose homogeneity for all the targets (PTVyigh, PTVint, PTViow,
Overlap); maximum dose for the Overlap; mean dose for bladder,
rectum, DYS_LAT, HEM_LAT, RET LAT and SRR. The following general
criteria were adopted for the optimization: a) dose homogeneity for
targets had to change as little as possible; b) DVHs of the whole rectum/
bladder and other OARs (penile bulb, femoral heads and bowel cavity)
should not have worsened; c) the mean dose of SRSs had to decrease as
much as possible while respecting the previous criteria.

At this feasibility stage, the operator chose the best plan optimiza-
tion, giving the same importance to all SRSs and trying to reduce the
dose in the sub-structures as homogeneously as possible. Once the “best”
plan was chosen, it could be converted into the corresponding deliver-
able one, and the dose distribution for this final KB + MCO plan could be
calculated (See Fig. 2 summarizing the workflow of the study).

2.5. DVHs analysis

For each patient, DVHs resulting from KB and KB + MCO plans were
computed for SRSs, OARs and PTVs, and compared. The examined OARs
were bowel, bladder, rectum, penile bulb and femoral heads.

Mean changes were assessed: the difference between KB + MCO plan
and KB plan was evaluated (AVolume [%]) for each absolute dose bin
(with a 0.1 Gy step) for each of the structures considered. Dose intervals
where the difference was statistically significant were identified by the
Wilcoxon non-parametric test between the two DVHs. For the structures
under consideration, selected dose-volume parameters were extracted,
specifically: mean dose, D1% (taken as the maximum dose), V95%,
V20Gy, V40Gy, V60Gy, V70Gy. Differences between KB and KB + MCO
plan were evaluated for these parameters and statistically significant
differences were assessed with the Wilcoxon test.



L. Alborghetti et al. Physics and Imaging in Radiation Oncology 28 (2023) 100488

a.
Bladder/rectum substructures DVH

1001
x

- 80
IS
3
g

o 601
5
©
2
&a

Z 40-
@
e
G

2 20;
(0]
o

0.

0 10 20 30 40 50 60 70 80
Dose [Gy]
-== KB Plan
—— KB+MCO Plan

Targets and entire organs DVH

100
S
o 80
&
=
S
0 60
>
-t
O
=}
5
wn
— 40
©
Ea
©
Y
o
@]
'_‘: 20'
©
o

0_

0 10 20 30 40 50 60 70 80
Dose [Gy]
=== KB Plan
—— KB+MCO Plan
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Fig. 4. Average differences between the DVHs of the two plans (KB + MCO plan minus KB plan) for SRSs, OARs and targets. Dose ranges corresponding to sta-

tistically significant differences are filled in light blue (p-value < 0.05). (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

Furthermore, differences in Monitor Units between the KB and KB +

3. Results

MCO plans were assessed as an indicator of treatment plan complexity.

For each of the four VMAT arcs, the KB plan MU value was subtracted

from the KB + MCO plan MU value.

3.1. Dose to SRSs without intervention: Clinical plan data

Mean value of the bladder volume across the forty-five patients was
279 + 157 em®, 79 + 22 cm® for the rectum. Mean volume of SRS
ranged from 5 + 2 cm? for SRR to 12 + 4 cm® for DYS_LAT (Supple-
mentary materials, Table S2 and Figure S2). Figure S3 in Supplementary
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Table 1
Selected dose-volume parameters were extracted: mean dose, D1%, V95%, V20Gy, V40Gy, V60Gy, V70Gy. The data includes both median values and ranges. Sta-
tistically significant differences between KB and KB + MCO plan were assessed with Wilcoxon test. P-values < 0.05 are marked in bold.

Structure Features KB PLAN KB+MCO PLAN AKB+MCO-KB e
Median | Range Median | Range Median | Range
Mean Dose [Gy] | 53.3 [52.8; 54.5] 53.5 [53.0;54.7] 0.1 [-0.4;0.5] «0.01
PTV_low D1% [Gy] 72.4 [66.6 ;75.5] 72.1 [66.2;75.3] -0.4 [-1.2;0.0] «0.01
V95% [%] 99.0 [98.2; 99.6] 99.1 [98.1;99.6] 0.2 [-0.3;0.7] 0.02
Mean Dose [Gy] | 66.2 [65.4; 66.7] 66.2 [65.5 ; 66.8] 0.1 [-0.4;0.6] 0.4
PTV_int D1% [Gy] 69.8 [69.0; 70.6] 70.2 [69.4;71.0] 0.4 [-0.2;1.1] «0.01
V95% [%] 99.6 [96.9 ; 100.0] 99.7 [96.1; 100.0] 0.1 [-2.1;1.4] «0.01
Mean Dose [Gy] | 74.2 [74.2;74.2] 74.2 [73.6; 74.2] 0.0 [-0.6;0.0] «0.01
PTV_high D1% [Gy] 76.7 [75.8;77.5] 76.3 [75.6; 77.0] -0.5 [-15;0.2] «0.01
V95% [%] 96.7 [94.7; 98.8] 96.7 [94.9 ;98.3] 0.0 [-1.3;2.6] 0.1
Mean Dose [Gy] 66.5 [66.0;69.7] 66.5 [66.0;69.5] 0.0 [-0.6;0.4] 0.9
Overlap D1% [Gy] 69.4 [68.2;71.5] 69.4 [68.2;71.6] 0.0 [-0.9;0.7] 0.8
V95% [%] 99.9 [99.0; 100.0] 99.9 [98.9 ; 100.0] 0.0 [-0.1;0.4] «0.01
Mean Dose [Gy] | 60.4 [36.1;71.7] 58.5 [34.8;70.5] -1.3 [-3.5;-0.1] «0.01
D1% [Gy] 73.2 [51.6; 75.8] 73.2 [51.4;75.3] -0.4 [-3.650.5] «0.01
DYS_LAT V40gy [%] 995 [17.6; 100] 97.8 [14.8;100] -0.5 [-9.8;0.5] «0.01
V60gy [%] 60.6 [0.0 ; 99.6] 55.1 [0.0;96.7] -3.7 [-20.3;0.2] «0.01
V70gy [%] 7.5 [0.0 ; 76.0] 7.4 [0.0; 68.6] -0.8 [-9.6; 4.5] «0.01
Mean Dose [Gy] | 22.2 [15.4; 65.0] 20.7 [12.4;61.2] -1.3 [-4.3;0.6] «0.01
D1% [Gy] 32.9 [18.6; 75.6] 29.8 [17.2;74.0] -25 [-8.1;-0.5] «0.01
HEM LAT V20gy [%] 67.2 [0.0; 100.0] 54.8 [0.0; 100.0] -6.1 [-48.3;8.8] «0.01
- V40gy [%] 0.0 [0.0; 97.0] 0.0 [0.0;92.9] 0.0 [-15.4;0.0] «0.01
V60gy [%] 0.0 [0.0; 72.4] 0.0 [0.0; 62.6] 0.0 [-9.7;0.0] «0.01
V70gy [%] 0.0 [0.0 ; 45.5] 0.0 [0.0;31.1] 0.0 [-14.4;0.0] «0.01
Mean Dose [Gy] | 45.6 [32.4;59.8] 42.8 [30.9;56.1] -2.2 [-5.1;0.3] «0.01
D1% [Gy] 64.9 [44.4;72.6] 62.8 [41.4;723] -2.8 [-7.3;0.2] «0.01
RET_LAT V40gy [%] 100.0 [93.4; 100.0] 100.0 [96.8 ; 100.0] -6.1 [-29.5; 1.8] «0.01
V60gy [%] 63.2 [14.9; 100.0] 54.3 [4.0; 100.0] -2.0 [-32.8;0.0] «0.01
V70gy [%] 9.4 [0.0; 58.5] 3.3 [0.0 ; 46.0] 0.0 [-2.1;0.1] «0.01
Mean Dose [Gy] | 54.5 [35.5; 65.0] 53.6 [34.2; 64.2] -1.4 [-2.8;0.2] «0.01
D1% [Gy] 67.6 [59.5; 70.6] 67.3 [57.8;70.6] -0.5 [-2.3;0.7] «0.01
SRR V20gy [%)] 100.0 [73.3;100] 100.0 [72.0; 100.0] 0.0 [-2.2;1.5] «0.01
V40gy [%] 81.4 [32.0; 100.0] 81.9 [29.1;100.0] -1.4 [-8.9;1.1] «0.01
V60gy [%] 45.8 [0.7 ;97.4] 39.2 [0.2; 85.7] -3.8 [-24.0; 0.0] «0.01
Mean Dose [Gy] 40.9 [31.1;46.4] 41.2 [30.6; 46.5] 0.0 [-2.7;1.4] 1.0
D1% [Gy] 68.6 [67.8;71.2] 68.7 [67.6;71.3] 0.2 [-0.7;1.0] 0.02
Rectum V20gy [%] 83.0 [69.5;91.5] 84.2 [68.5;93.3] 0.9 [-1.0;3.6] «0.01
V40gy [%] 50.1 [24.8;63.2] 50.1 [23.9;63.7] 0.1 [-9.2;3.0] 0.8
V60gy [%] 25.6 [115;35.2] 24.5 [10.6; 34.2] -0.9 [-6.2;0.4] «0.01
Mean Dose [Gy] | 42.6 [32.5;54.0] 41.7 [31.1; 54.6] 03 [-1.6;0.6] «0.01
D1% [Gy] 75.0 [74.3;75.5] 75.1 [74.6 ; 75.5] 0.1 [-0.4;0.5] 0.07
. V20gy [%] 87.1 [66.7 ;99.9] 87.4 [63.4; 100.0] 03 [-3.7;5.4] 0.6
V40gy [%] 49.0 [30.0; 75.2] 482 [27.8;76.7] -0.6 [-4.7;1.2] «0.01
V60gy [%] 215 [9.7 ; 46.8] 21.1 [8.8; 47.5] -0.7 [-2.2;0.7] «0.01
V70gy [%] 10.6 [4.6 ; 29.6] 10.5 [4.3;30.1] -0.1 [-1.2;0.6] «0.01
Mean Dose [Gy] | 21.6 [10.0;27.7] 21.9 [10.0;27.9] 0.1 [-0.6; 0.4] «0.01
- D1% [Gy] 47.4 [37.6;52.1] 473 [38.4;52] 03 [-1.7;0.8] «0.01
V20gy [%] 53.3 [22.0;79.5] 53.2 [22.2;80.1] 0.4 [-2.0;1.8] «0.01
V40gy [%] 4.5 [0.5;13.0] 4.7 [0.4;13.6] 0.2 [-1.7;1.1] «0.01
Mean Dose [Gy] | 203 [16.9;24.3] 19.8 [16.8;24.1] -0.2 [-1.4;0.2] «0.01
D1% [Gy] 46.5 [42.6;51] 459 [41.3;50.1] -0.6 [-2.0;1.3] «0.01
Femoralheads |, [o6] 46.8 [27.8; 67.4] 456 [26.4; 66.7] 0.7 [-7.7;1.5] «0.01
V40gy [%] 6.1 [2.1;12.2] 6.1 [1.7;12.0] -0.3 [-1.6;1.0] «0.01
Mean Dose [Gy] | 44.7 [13.7;71.0] 41 [13.8; 69.4] 2.7 [-7.3;0.6] «0.01
D1% [Gy] 76.8 [31.0;78.7] 753 [32.1;77.3] -1.9 [-10.8; 1.1] «0.01
— V20gy [%] 79.8 [13.7; 100.0] 76.2 [14.6; 100.0] -0.7 [-8.3;2.9] «0.01
V40gy [%] 53.5 [0.0; 99.8] 479 [0.0;99.7] -33 [-15.2; 1.6] «0.01
V60gy [%)] 33.9 [0.0;89.8] 27.0 [0.0 ; 87.8] -5.1 [-14.4; 0.0] «0.01
V70gy [%] 21.2 [0.0;71.3] 13.1 [0.0 ; 64.5] -6.7 [-18.3;0.0] «0.01
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Fig. 5. Distribution of mean dose (a) and D1% (b) differences between KB + MCO and KB plan among the forty-five patients, for the four SRSs. Blue and red lines
show the median and mean values, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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materials indicates notable variations in DVHs of SRS derived from
clinical plan dose distributions, reflecting patient-specific differences
primarily driven by the extent of SRS-PTV overlap. Similar variability
was observed in maximum and mean doses for all four SRSs, as depicted
in Figure S4 and Table S3.

3.2. Comparison between KB and KB + MCO plan

The transition from KB to KB + MCO plan resulted in dose reduction
across all four SRSs (Fig. 3a). Notably, OAR DVHs remained nearly
identical for both plans, with a remarkable decrease observed for the
penile bulb. Similarly, the three targets displayed minimal changes,
characterized by a slight elevation in the high-dose tail for PTVjy in the
KB + MCO plan (Fig. 4). Consistently with the observations in section
3.1, this case also demonstrated patient-specific variability (Supple-
mentary materials, Figure S5).

An average decrease was evident in both mean dose and D1% to SRSs
across the forty-five patients (Table 1). Notably, exceptions of signifi-
cance emerged for D1% in DYS LAT and SRR. Although the average
variation remained below zero, a marginal (<1 Gy) increase in D1% was
discernible in a minority of patients (Fig. 5, Figure S6, Figure S7). The
median difference in Monitor Units between the KB and KB + MCO plans
was —0.4 MU, with a range spanning from —31.4 to 34.8 MU.

4. Discussion

A combination of KB approach and MCO was proposed and investi-
gated for optimizing prostate cancer radiotherapy with VMAT. It was
demonstrated that this method allows for selective sparing of the
bladder and rectum’s considered SRSs without detrimental effects on
PTVs coverage and overall OARs sparing, compared to the KB automatic
plan. The complexity of the treatment plan, evaluated in terms of
number of monitor units, remained unchanged.

Selective sparing of the SRR was also recently discussed by Lafond et
al [26], reporting a significant reduction in mean dose for the rectum
and SRR compared to clinical plans (3.6 and 7.7 Gy respectively). In our
study, four sub-structures were simultaneously spared, resulting in a
mean dose reduction between 1.3 and 2.2 Gy, with a maximum reduc-
tion up to 3-5 Gy. As there is a clear interplay between the sparing of one
SRS with respect to the others, our results concerning the rectal SRR may
be considered quite consistent with those of Lafond et al. While the
proposed workflow’s effectiveness has been demonstrated, it is impor-
tant to introduce optimization criteria that consider specific dose—effect
relationships for each SRS. The criteria implicitly adopted at this feasi-
bility stage were not based on quantitative risk assessment.

Additionally, the clinical significance of each SRS is an issue: for
example, the location of HEM_LAT could simply be a result of field
propagation on a template in a large population of patients, each with a
different bladder volume and filling level. The selective sparing of this
region, quite distant from the high-dose PTV, may not be as crucial as for
DYS_LAT and RET_LAT, which are situated near the vesical neck and
trigone. Several studies suggest a significant role of the trigone in the
development of urinary toxicity [3,7-9,22], indicating it as a more
sensitive region within the bladder. Furthermore, the DYS_LAT region
was identified and confirmed using different methods in two indepen-
dent cohorts [19]. On the other hand, the selective sparing of the rectal
SRR may also be justified by the observed dose-area effect for the ab-
solute rectum area irradiated [18]. A steeper drop of the dose in that
region could better preserve a larger portion of the rectal wall and
reduce the likelihood of rectal bleeding, as reported in several pixel-wise
analyses based on rectal dose-surface maps [13,17,21,43,44]. However,
the clinical meaning of the association between the DVH of SRR and
rectal bleeding remains questionable, as it may be interpreted as a sur-
rogate of the impact of the overlap between the anterior rectum and the
PTV resulting from voxel-wise analysis. Voxel-wise analyses have limi-
tations and depend on the dose and spatial features of the specific
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investigated cohort. The findings do not imply causality but are rather
dependent on the dose distribution. The availability of large cohorts
with diverse dose distribution patterns (for instance variable margins,
prescribed doses, strategies in handling rectum-PTV overlap) could lead
to the identification of more clinically interpretable sub-regions.

Once dose-effect relationships are established, the relative impor-
tance of sparing each SRS can be considered, and MCO can be performed
using the corresponding gEUD (generalized Equivalent Uniform Dose),
which incorporates the radiobiological response of the sub-regions and
the corresponding NTCP [45,46]. This refined approach is currently
under investigation within the PerPlanRT project, under which the
current study was conducted (Era-learn website [47]). Additionally, the
dose per fraction may play an important role in determining the likeli-
hood of adverse outcomes, especially for the bladder, which has shown
unexpected sensitivity to fractionation in postprostatectomy [48-50]
and radically treated patients [51-53]. Recent estimates of a/p ratio for
dysuria, incontinence and hematuria endpoints suggest that the thera-
peutic gain for GU toxicity through hypofractionation could be lower
than expected, emphasizing the importance of selectively sparing sen-
sitive SRSs in hypofractionated protocols [49-51].

Although the identified sub-structures may not have all immediate
clinical interpretation, it is worth noting that alternative dose distribu-
tions with improved OARs sparing were achieved without compro-
mising target coverage compared to the solution found by the KB model
alone. The potential inclusion of MCO in a fully automatic workflow
could prove beneficial and enhance the capabilities of automatic plan-
ning models.
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