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Abstract

Background: To investigate the performance of a narrow-scope knowledge-based RapidPlan (RP) model for opti-
misation of intensity-modulated proton therapy (IMPT) and volumetric modulated arc therapy (VMAT) plans applied
to patients with pleural mesothelioma. Second, estimate the potential benefit of IMPT versus VMAT for this class of
patients.

Methods: A cohort of 82 patients was retrospectively selected; 60 were used to "train" a dose-volume histogram
predictive model; the remaining 22 provided independent validation. The performance of the RP models was bench-
marked, comparing predicted versus achieved mean and near-to-maximum dose for all organs at risk (OARs) in the
training set and by quantitative assessment of some dose-volume metrics in the comparison of the validation RP-
based data versus the manually optimised training datasets. Treatment plans were designed for a prescription dose of
44 Gy in 22 fractions (proton doses account for a fixed relative biological effectiveness RBE=1.1).

Results: Training and validation RP-based plans resulted dosimetrically similar for both VMAT and IMPT groups, and
the clinical planning aims were met for all structures. The IMPT plans outperformed the VMAT ones for all OARs for the
contra-lateral and the mean and low dose regions for the ipsilateral OARs. Concerning the prediction performance

of the RP models, the linear regression for the near-to-maximum dose resulted in D, ieveq = 1.03Dpegicreq +0.58 and
Dachieved = 102D reqicreq + 1:46 for VMAT and IMPT, respectively. For the mean dose it resulted: Dycpieyeq = 0.99D e

dicted T 0:34 and Dycpieveq = 1.05Deqicreqg 1 0.27 respectively. In both cases, the linear correlation between predic-

tion and achievement is granted with an angular coefficient deviating from unity for less than 5%. Concerning the
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dosimetric comparison between manual plans in the training cohort and RP-based plans in the validation cohort, no
clinical differences were observed for the target volumes in both the VMAT and IMPT groups. Similar consistency was
observed for the dose-volume metrics analysed for the OAR. This proves the possibility of achieving the same quality
of plans with manual procedures (the training set) or with automated RP-based methods (the validation set).

Conclusion: Two models were trained and validated for VMAT and IMPT plans for pleural mesothelioma. The RP
model performance resulted satisfactory as measured by the agreement between predicted and achieved (after full
optimisation) dose-volume metrics. The IMPT plans outperformed the VMAT plans for all the OARs (with different
intensities for contra- or ipsilateral structures). RP-based planning enabled the automation of part of the optimisation
and the harmonisation of the dose-volume results between training and validation. The IMPT data showed a system-
atic significant dosimetric advantage over VMAT. In general, using an RP-based approach can simplify the optimisation
workflow in these complex treatment indications without impacting the quality of plans.

Keywords: Intensity-modulated proton therapy, Volumetric modulated arc therapy, RapidPlan, Knowledge-based

Background

Malignant pleural mesothelioma (MPM) is an
aggressive and refractory disease with a dismal
prognosis of 6-8 months without treatment [1]. A tri-
modality approach, including various combinations of
surgery, chemotherapy (CT) and radiotherapy (RT), is
generally proposed to fit patients, with median survival
ranging between 17 and 35 months and 5-year survival
of 15% to 20% [2—-6]. However, the evidence supporting
such aggressive treatment is lacking, mainly due to the
difficulties in designing and conducting prospective ran-
domised trials in this rare disease. The role of RT is par-
ticularly controversial. Theoretically, RT should sterilise
the pleural cavity after macroscopic surgical intervention
to reduce the risk of local relapse. This role has become
even more important in recent years, due to a significant
shift in the surgical approach, from extrapleural pneumo-
nectomy (EPP) to lung-sparing surgery, such as pleurec-
tomy/decortication (P/D) and extended P/D [7, 8].

In addition to the already present critical organs in the
thoracic area, the presence of an intact lung increases the
difficulty in balancing the efficacy and toxicity of treat-
ment. The ASCO guidelines recommend that hemitho-
racic adjuvant intensity-modulated radiation therapy
may be offered to patients who undergo lung-sparing sur-
gery but only in highly experienced centres, preferably in
the context of a clinical trial [9].

Intensity-modulated RT (IMRT) and, more recently,
Volumetric Modulated Arc Therapy (VMAT) have been
applied in this clinical scenario with acceptable outcomes
[10, 11]. Dosimetric comparisons showed a theoretical
advantage of VMAT over IMRT [12, 13]. A population-
based investigation demonstrated that in the USA, IMRT
is currently the most common RT technique used to
treat MPM [14]. Patel [15] reviewed the clinical studies
evaluating the safety and efficacy of IMRT and concluded
that it could be considered a viable option in patients

with adequate survival expectations at the price of a few
higher-grade toxicities.

Given the difficulties in finding a favourable balance
between efficacy and side effects in MPM after lung-
sparing surgery, proton therapy (PT), particularly in the
form of intensity-modulated PT (IMPT), could repre-
sent an ideal solution. Indeed, the physical properties of
protons can be exploited for a better sparing of normal
tissues when treating the pleura, both in the postpneu-
monectomy setting and the lung-intact setting.

The consensus statement on proton therapy in meso-
thelioma by the International Particle Therapy Coopera-
tive Group (PTCOG) [16] outlined the potential and the
challenges of IMPT. This review confirmed how protons,
compared to photon-based techniques, could contrib-
ute to a relevant reduction of the dose to the contralat-
eral lung (associated with mortality and morbidity risks
in mesothelioma patients) and most of the organs at risk
(OAR) lime heart, liver and kidneys. The clear dosimet-
ric advantage suggests that IMPT should be strongly
considered as a viable solution. Some dosimetric studies
showed a significant dose reduction in almost all OARs
using PT [17-19]. Lorentini compared adjuvant IMRT
and IMPT, showing the most significant advantages for
the liver, ipsilateral kidney and contralateral lung while
achieving improved coverage and target volume confor-
mality [18].

Among the various factors contributing to the com-
plexity of the RT process for mesothelioma patients (for
both photons and protons), the treatment planning-
related issues (target shape and extension, number
and position of the OARs, dose-limiting constraints)
were leading to suboptimal treatments [16]. The use of
knowledge-based planning (KBP) might contribute to
harmonising the plans’ quality among different patients
and streamline (and possibly automate) the inverse plan-
ning phase. The solution investigated in this study is the



Franceschini et al. Radiation Oncology (2022) 17:150

RapidPlan system (RP, Varian Medical Systems, Palo
Alto, California, USA), a machine-learning-based and
semi-automated planning method [20-22]. It aims to
generate individualised optimisation constraints based
on predicting the achievable dose distribution for any
given patient and beam geometry. RP generates the indi-
vidual constraints at the lower side of the uncertainty
band of the predicted dose-volume histograms (DVH).
The automated generation of the optimisation con-
straints should allow the inverse planning process with-
out the need for interactive interventions (to create or
adjust the dose-volume constraints and to guide the opti-
misation engine). Ultimately this should result in produc-
ing a clinically acceptable and high-quality plan.

Dumane [23] investigated the role of RP for MPM
patients for VM AT showing improved sparing of the var-
ious OARs with reduced treatment planning time com-
pared to manual procedures.

Delaney [24, 25] investigated the role of RP for protons
in head and neck patients. Cozzi [26] studied RP for pro-
tons in patients with advanced hepatocellular carcinomas
and compared these plans with VMAT plans and Celik
for gastro-oesophagal cancer patients [27].

The present study aimed primarily to provide evi-
dence of the usability of the RP KBP system for proton
and photon planning by applying it to complex target
volume structures and a large number of OARs. The
specificity of MPM is given by the large size of the tar-
get, the number and the diverse sensitivity of the OARs
involved. Although in principle the usability of KBP
methods in MPM could be inferred from other treat-
ment sites, the only study existing so far [23] was based
on an older version of the system, including a dose cal-
culation engine not accounting for full charged particle
transport, all factors that might impact on the transfer-
ability of the results. Concerning IMPT, this study is, to
date, the first attempt to investigate the role of RP-based
planning with protons in MPM, the existing experience
in head and neck and liver (relatively smaller targets and
simpler anatomies (liver) or well-consolidated techniques
(head and neck) do not allow to extend the results to
MPM automatically. The performance of the RP model
was benchmarked against manual optimisation. As a sec-
ondary aim, the project allowed quantifying, on a large
cohort of patients, the relative figure of merit of IMPT
versus VMAT and measuring the potential benefit, in
terms of dose-volume sparing, for protons.

Materials and methods

Patient selection, contouring, and dose prescription
Eighty-two consecutive patients affected by MPM and
treated with VMAT after lung-sparing surgery between
2012 and 2020 were included in this retrospective
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in-silico study. The study was approved by notifica-
tion from the institutional ethical review board, and all
patients provided consent to data analysis at the time of
admission to the hospital.

Details about simulation, contouring, planning and
delivery of the treatment have been previously published
[11]. All patients were planned on computed tomography
scans in the supine position. A thermoplastic thoracic
mask was used for immobilisation. The clinical target
volume (CTV) was delineated from the lung apex to the
upper abdomen to include all pleural surfaces. Thora-
cotomy scars and draining scars were also included in the
CTV. The planning target volume (PTV) was obtained
with an isotropic expansion of the CTV of 5 mm.

The dose prescription was set to 44 Gy in 2 Gy per frac-
tion as per the institutional practice [11], and all plans for
the comparative study were normalised to the mean dose
to the CTV.

The clinical aim to be achieved in the planning process
for the CTV coverage and the PTV was Dy >41.8 Gy
(corresponding to 95% of the dose prescription). The
aims for the OARs at risk were defined according to insti-
tutional practice and agreed with the QUANTEC recom-
mendations as described in [11]. For the contralateral
lung: De0n <7 Gy, V56,<60% (not explicitly expressed
in [11] but part of the institutional clinical practice)
and Vyg, <7%. For the bowels, D5, <50 Gy; for the
Esophagus D, .., <34 Gy; for the heart, D_.,, <30 Gy
or Vg, <50%; for the kidneys V45, <50%, for the liver
D ean <30 Gy and/or V3,g, <50%; for the spinal canal
Dy1ems <40 Gy; for the stomach D, <30 Gy. When
not explicitly constrained, the mean dose was to be mini-
mised in all cases. No specific constraints were applied
for the ipsilateral lung. The same aims were considered
valid for photon and proton plans.

Treatment planning
The Eclipse treatment planning system (Varian Medical
Systems, Palo Alto, USA) with the clinically released ver-
sion 16.0 was used for all the patients and algorithms.
VMAT plans, in the RapidArc (RA) form, were opti-
mised for 6 MV flattening filter-free beams from a True-
beam linac. According to the laterality of the target,
as a class solution, three partial arcs (extending from
about —20° from the medial line to 180°). Collimator
angles were 10°, 350° and 90° degrees. Minor adjustments
of the arc length or collimator angles were applied to fit
the anatomical characteristics of each patient best. The
Photon Optimiser engine was applied for the inverse
planning while the Acuros-XB algorithm [28] for the final
dose calculation (with a matrix of 2.5 x 2.5 x 2.5 mm?®).
IMPT plans were created using pencil beam spot scan-
ning from the ProBeam proton system (Varian Medical
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Systems, Palo Alto, USA). The dose distribution was opti-
mised using the fluence-based nonlinear universal Pro-
ton Optimizer (NUPO) [29]. The multifield simultaneous
spot optimisation method was selected for all plans. The
Proton Convolution Superposition algorithm was used
for the final dose calculation with a grid of 2.5 x 2.5 x 2.5
mm?®. A constant relative biological effectiveness (RBE) of
1.1 was applied. For notational simplicity, the same unit
of measure (Gy) was used for photon and proton data,
noting that protons have been scaled for the RBE.

All patients in the study were planned with a class solu-
tion geometry defined by two oblique fields with gantry
angles set to 50° and 140° for the left-sided and the cor-
responding symmetric angles for the right-sided patients.
Similarly to the photon case, minor adjustments of the
gantry angles were allowed to fine-tune them according
to the patients’ anatomy. The robust optimisation method
enabled the CTV to account for setup and range uncer-
tainties considering+ 3 mm shifts in the isocentre along
the x—y-z coordinates and+3% in the beam range. The
3 mm shifts are not intended as a proton-specific mar-
gin to the CTV but as positioning uncertainty. The robust
optimisation should result in plans minimising the trade-
offs derived from the applied uncertainties.

The RapidPlan predictive model

The RP knowledge-based planning engine foundation
consists of three pillars: (1) a model training environ-
ment, (2) a DVH prediction environment, and (3) the
generation of personalised dose-volume constraints for
the plan optimisation. The training phase is different for
protons and photons due to the different characteristics
of the dose patterns regarding the position of the OARs.
Details about the specific implementation are provided
in earlier studies [20, 21, 24, 25]. The second pillar aims
to personalise and automate the inverse planning process
by predicting, per each organ, the corresponding DVH
(dosimetrically "achievable" as derived from geometri-
cal relations between the beam arrangements and the
specific anatomy of the patients and from the statistical
model from the training process) which from the model).
The third pillar aims to define personalised dose-volume
constraints specific for each patient.

To derive from predicted DVH the actual dose-vol-
ume constraints to be used in the inverse planning pro-
cess, it is necessary to create and store together with
the model itself a set of general optimisation objec-
tives per each of the OARs included in the model. The
actual prospective objectives for any new patient will
be derived from the list in the model and adapted to the
DVH predictions. The objectives that users can define
within the RP system are upper, mean, generalised
equivalent uniform dose (gEUD), and line-type. For
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each of these, the defining parameters (e.g. the volume
or dose values) and the priorities can be set explicitly
or left to the prediction engine to place them below the
inferior limit of the uncertainty band of the estimated
DVH (the "generate" mode). Table 1 shows the list of
general objectives defined for both the proton and pho-
ton models. Note that this list would be editable at any
time by qualified users and adjustable according to any
clinical need.

Table1 CTV, PTV and OARs objectives implementation in the
RapidPlan model

Structure Constraint type Volume Dose Priority
PTVand CTV  Upper 0% 101% Generated
Lower 100% 99.0% Generated
Lungs Upper 20% Generated  Generated
Mean - Generated  Generated
Line Generated  Generated  Generated
Breasts Upper geUD 350 (#) Generated  Generated
Upper geUD 1.0 #) Generated  Generated
line Generated  Generated  Generated
Heart Upper geUD 35.0 (#) Generated  Generated
Upper geUD 1.0 #) Generated  Generated
line Generated  Generated  Generated
Oesophagus  Upper gEUD 350 (#) Generated  Generated
Upper geUD 1.0 (#) Generated  Generated
line Generated  Generated  Generated
Stomach Upper geUD 350 (#) Generated  Generated
Upper geUD 1.0 (#) Generated  Generated
line Generated  Generated  Generated
Bowel bag Upper geUD 35.0 (#) Generated  Generated
Upper geUD 1.0 #) Generated  Generated
line Generated  Generated  Generated
Kidneys Upper geUD 350 (#) Generated  Generated
Upper geUD 1.0 #) Generated  Generated
line Generated  Generated Generated
Spinal cord Upper geUD 350 (#) Generated  Generated
Upper geUD 1.0 (#) Generated  Generated
line Generated Generated Generated
Liver Upper geUD 350 (#) Generated  Generated
Upper geUD 1.0 (#) Generated  Generated
Upper geUD Generated Generated  Generated
Spleen Upper geUD 350 (#) Generated  Generated
Upper geUD 1.0 (#) Generated  Generated
line Generated  Generated  Generated

Heart, breasts, stomach, kidneys, liver and spleen were modelled and trained
separately if ipsi- or if contra-lateral. For the lungs, only the contralateral volume
was considered

CTV: clinical target volume; PTV: planning target volume; gEUD: generalized
equivalent uniform dose; (#) the a parameter of gEUD; a =1 correspond to the
mean dose while a =35 acts on the high dose region, in proximity of the near-
to-maximum dose
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The RP models investigated in this project were trained
on a set of manually optimised IMPT and RA plans. The
training was performed on a cohort of 60 patients. The
plans, designed by experienced planners, were assessed
according to the dose-volume planning aims listed above
and the principle of dose minimisation to all structures
without compromising the target coverage. Plans were
included in the training set only if considered adequate
from a clinical and physical perspective. This method
aimed to minimise the variance due to plan quality. At
the same time, the consistency of the sample should miti-
gate inter-patient variability compared to the minimal
requirements of the model training (20 instances per
OAR).

An independent cohort of 22 patients was used for an
open-loop validation. IMPT and RA plans were opti-
mised for each case using the RP method.

The split between training and validation cohorts was
done by balancing the number of left and right cases and
including a minimum of 20 female patients in the train-
ing group (to allow model training for the breasts). No
other selection criteria were applied to split the samples.

In the training cohort, 40 patients were male and 20
females (17 and 5 respectively in the validation) and 28
patients were left-sided and 32 right-sided (9 and 13
respectively in the validation group).

The performance of the RP model was firstly meas-
ured by comparing predicted and achieved mean and
near-to-maximum doses for each OAR and each patient
in the validation cohort. In addition, a standard DVH
comparison was performed among the four groups of
plans (IMPT vs RA and training vs validation) to obtain a
qualitative and quantitative assessment of the dosimetric
quality of the RP-based plans for both techniques.

Quantitative assessment of dose-volume metrics

The predictive performance of the RP model was
measured by comparing and fitting some predicted vs
achieved (after full optimisation) dose-volume metrics
per each OAR. The metrics chosen were the mean dose
and the near-to-maximum since they represent clinically
relevant parameters (e.g. for parallel or serial organs). A
highly performant RP model should result in a linear cor-
relation between predicted and achieved metrics with a
slope near 1. Quantitative metrics were derived from the
DVH and included the mean dose and a variety of D, and
V, parameters, with D, representing the minimum dose
that covers an x fraction of volume (in % or cm®) and
V, representing the volume receiving at least an x level
of dose (in % or Gy). All parameters could be expressed
in absolute (Gy or cm?) or relative (%) terms. The aver-
age DVHs were computed, for each structure and each
cohort, with a dose binning resolution of 0.02 Gy (RBE).
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All the doses in the study are reported as Gy, i.e. in Cobalt
Gray equivalent (corrected for the RBE factor).

The Wilcoxon matched-pairs signed-rank test was
applied to evaluate the significance of the observed dif-
ferences per each couple of plans. The threshold for sta-
tistical significance was p <0.05.

Results

The predictive performance of the proton and photon
models was summarised in Fig. 1, where the model-
predicted mean and near-to-maximum (D,y) doses for
the various OARs were compared to the achieved ones
after the full optimisation and dose computation phases.
The data are presented separately for the photon and the
proton plans and are only relative to the patients in the
validation cohort. The linear regression fit coefficient
ranged from 0.96 to 0.98, while the slope of the linear
trend ranged from 0.99 to 1.05 for the mean dose for the
VMAT or IMPT plans, respectively and from 1.03 to 1.02
for the near-to maximum doses.

Figure 2 shows the average DVHs for the targets and
all the OARs for the IMPT and RA plans. The training
(manually optimised) data are represented as dashed
lines, while the validation (RP-based optimisations) are
presented as solid lines. From a qualitative perspective,
the RP-based plans from the validation cohort resulted in
equivalent or better to the manually optimised plan for
the training cohort. As expected from prime principle
considerations, the OAR sparing resulted quantitatively
better for IMPT in all the cases. A complete sparing was
achieved for contralateral structures. At the same time, in
the case of ipsilateral organs, the IMPT allowed a large
sparing in the medium to low dose ranges while result-
ing in similar near-to-maximum doses for the ipsilateral
structures.

Table 2 summarises the quantitative analysis of the
DVHs for the CTV, PTV and healthy tissue, while Table 3
provides the findings for all the OARs. The columns in
the table refer to the RA or IMPT plans and are strati-
fied for the manually optimised plans or the RP-based
plans for the training and validation cohorts of patients.
The clinical planning goals are reported for each param-
eter. Data are presented as mean values with interpatient
variability reported as on standard deviation of the mean.
The statistical significance of the observed difference is
reported if significant for any given couple of plans.

In general terms, RA and IMPT resulted equivalent
for the CTV and PTV in both the training and valida-
tion cohorts, demonstrating the adequate coverage of
the CTV as required by the study design. For the healthy
tissue and all the OARs, the quantitative data confirm
that IMPT findings are systematically better than the
RA data. For some OARs, the average DVH graphs from
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Fig. 1 suggested an improvement in the validation cohort.
Nevertheless, this did not result numerically or clini-
cally remarkable for the various clinical aims reported
in Table 3, with the possible exception of the ipsilateral
stomach. As a caution note, the observed difference
might be attributed to RP compared to manual methods,
and the two cohorts included different patients.

Discussion

Two RP models for IMPT and VMAT in the setting of
adjuvant RT after lung-sparing surgery for MPM were
defined, trained and validated. To our knowledge, this is
the first study creating such models in this clinical sce-
nario. Limited to VMAT, Dumane [23] reported the
validation of an RP model trained on 57 patients and vali-
dated on 23 cases, i.e. on a sample size consistent with
ours. The main difference with that study, besides the
focus on photons only, relies on a different dose prescrip-
tion (50.4 Gy in 1.8 Gy per fraction compared to 44 Gy
in 2 Gy fractions) and the use of an older dose calcula-
tion algorithm not fully accounting for charged particle
transport (the anisotropic analytical algorithm, AAA)

compared to the type-c Acuros algorithm applied in our
study. The algorithm difference might impact some met-
rics, particularly in the lung and the proximity of highly
heterogeneous structures. In general, both studies, rela-
tively to photons, demonstrate the advantage of RP over
the manual practice.

The use of RP for proton therapy can bring several
advantages. One is the improvement of planning effec-
tiveness with more consistent results among different
planners and patients. This is more relevant for tumour
entities challenging in terms of the OARs sparing. Pleu-
ral mesothelioma is paradigmatic due to many OARs, the
geometrical complexity and the tight constraints (par-
ticularly for the contralateral lung).

Concerning the harmonisation of the plan quality and
the (partial) automation of the inverse planning pro-
cess (automatic definition of the constraints and un-
attended optimisation), both objectives were met as
suggested by the results for VMAT and IMPT. The first
is confirmed, e.g., by the small inter-patient variance of
the dose-volume metrics for most OARs and the high
correlation between predicted and achieved mean and
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Fig. 2 average dose-volume histogram comparison for all the target and organ at risk structures for the proton and photon plans and the training
(dashed lines) or validation (solid lines) cohorts

Table 2 Summary of quantitative DVH analysis for the CTV, PTV and healthy tissue

Aim RA_training RA_validat IMPT_training IMPT_validat P
crv
Mean [Gy] 440 440400 440400 440400 440400 -
Dysos [GY] >41.8(95%) 430+£02 429402 431402 430+£03 -
Dy, [Gy Minim 455402 458403 457404 460405 AB
Cl[%] Minim 47408 52408 44£10 46+12 ABCD
PTV
Mean [Gy] 440 437401 438+0.1 439+0.1 439+0.1 BD
Dgsg, [Gy] >41.8(95%) 418+£06 420£05 426404 425+£05 BD
D1y, [GY] Minim 456402 458403 458403 459404 AB
Healthy tissue
Mean [Gy] Minim 11.34£23 1M5+1.7 76+£17 79+15 ABC
Vsgy [%] Minim 456494 440463 237+49 240+£37 BC
VWOGy [%] Minim 323+6.7 320+£45 21.6+45 219435 BC

Data are reported for the training and validation cohorts and for the RA and IMPT techniques. The validation plans were optimised using the RapidPlan model

Cl=(Ds0;-Dyg59)/Dpnean RA: RapidArc; IMPT: intensity modulated proton therapy; training: model training subset; validat: model validation subset. Statistical
significance: a=IMPT_training vs IMPT_validat; b =IMPT_training vs RA_training; c=IMPT_validat vs RA_validat; d =RA_training vs RA_validat
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Table 3 Summary of quantitative DVH analysis for the OARs

Aim RA_training RA_validaz IMPT_training IMPT_validaz p
Contralateral lung
Mean [Gy] < 59+1.1 55+09 03+04 03+04 BC
\/56y [%] <60 5394175 462+£136 14+20 15+£20 BC
Vaogy [%] <7 04+08 02404 02+06 02+05 B
Bowel
Mean [Gy] minim 51£35 46+26 1114 0.8+09 ABC
Dscms [GY] <50 Gy 274+£124 274+£138 220+£16.8 19.8+17.2 ABC
Contralateral Breast
Mean [Gy] Minim 37+08 36+08 01+£0.1 0.1+0.1 BC
Ipsilateral Breast
Mean [Gy] Minim 288428 274154 208+4.6 202+109 BC
Esophagus
Mean [Gy] <34 20.1+£48 183+£50 12.7+£65 13.1£65 BC
Dy em3 [GY] minim 37.0+58 3884+53 354+85 377+67 ABD
Heart
Mean [Gy] <30 133+38 14.7£51 58+26 710434 BC
\/306y [%] <50 143484 183+£107 87+£52 119+£70 BC
Ipsilateral Kidney
Mean [Gy] Minim 105+6.7 86+£43 48+45 46+35 BC
\/186\/[%] <50 108£114 10.2+£89 218+£214 13.1£105 BC
Contralateral Kidney
Mean [Gy] Minim 27%£12 27%£10 0.1+0.1 0.1+£0.1 BC
Ipsilateral Liver
Mean [Gy] <30 219+£53 21.1+£58 134+37 14.1+44 BC
V3oy [%] <50 335+127 306127 212+75 237194 BC
Contralateral Liver
Mean [Gy] <30 51%12 57405 0.1+0.1 04+04 BC
Spinal canal
Dy 1em3 [GY] <40 289460 306457 282464 277459 D
Ipsilateral Spleen
Mean [Gy] Minim 241+£6.6 233+£65 15.7+6.0 149450 BC
Contralateral Spleen
Mean [Gy] Minim 32+08 29+10 0.1+0.1 0.1+0.1 BC
Ipsilateral Stomach
Mean [Gy] <30 150£4.1 9.8+3.1 43429 24+£23 BCD
Contralateral Stomach
Mean [Gy] <30 6.1+£27 54+£19 01+£02 0.1£0.1 BC

Data are reported for the training and validation cohorts and for the RA and IMPT techniques. The validation plans were optimised using the RapidPlan model

RA: RapidArc; IMPT: intensity modulated proton therapy; training: model training subset; validaz: model validation subset. Statistical significance: a=IMPT_training vs
IMPT_validaz; b =IMPT_training vs RA_training; c=IMPT_validaz vs RA_validaz; d =RA_training vs RA_validaz

near-to-maximum dose. It is essential to outline that the
harmonisation aim is potentially prone to the character-
istics of the population under investigation. Significant
variations of the target volumes among the patients and,
similarly, in the geometrical relation between targets and
OARSs can impact the plan quality. The RP models vali-
dated in this report would allow a safe and high-quality
planning process for both VMAT and IMPT techniques.

The results of the current study are consistent with
the earlier published data in head and neck, liver and
oesophagal cancer patients [24—27] and constitute a fur-
ther step in the evidence generation (at the in-silico level)
of the role of RP for both VMAT and IMPT for a, so far
missing, tumour site.

Among the limiting factors of the RP investigation,
the sample size is always a potential issue. In the present
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case, the male—female ratio was unbalanced due to the
clinical population characteristics. To train the mod-
els for the breast structures (RP requires a minimum of
20 entries to train the model for any given OAR), it was
therefore necessary to limit the number of female cases
in the validation set to only 5. The sampling of all other
structures results more appropriate, and in particular, the
split of left—right cases was well balanced. The second
limiting factor is the "scope"” of the models. Only patients
with lung preserving surgery were included in the study.
This means that the applicability of these models to other
surgical conditions should be specifically validated or,
preferably, dedicated models should be trained.

As a secondary aim of the study, we also provided a
dosimetric comparison of VM AT and IMPT. Our results
confirm that protons better spare all OARs in the tho-
racic and abdominal regions. This is particularly relevant
for the contralateral organs. The clinical impact of this
better sparing is yet to be demonstrated; however, it is
well known that contralateral lung dose is correlated with
the risk of pneumonitis and death [30, 31]. Rice success-
fully treated ten patients as adjuvant or salvage treatment
after P/D [32]. With a median prescribed dose of 55.0 Gy
(Cobalt Gy equivalent), the two years local control was
90%, with a median survival of 19.5 months. No patient
had toxicity higher than G2, neither acute nor late.

Pan from MD Anderson reported on four patients
treated with IMPT with intact lungs. IMPT plans were
compared with IMRT plans for the same patients, show-
ing the superiority of protons [33]. Patients were suc-
cessfully treated with no safety alert. Another available
clinical series includes ten consecutive patients treated
with IMPT in the presence of two intact lungs [34].

Although limited by the small sample size, these clini-
cal experiences highlight the feasibility of IMPT, con-
firming the high expectancies for a clinical benefit using
this technique in patients with MPM.

As being designed as an in-silico planning study, no
direct translation of the dosimetric results into clinical
outcomes can be done. However, because of the disease’s
rarity, our series is large and homogeneous, reflect-
ing actual patients treated with VMAT. The innovative
approach of the RP model in this clinical scenario is our
major strength.

Conclusion

Two models were successfully trained and validated for
VMAT and IMPT plans for pleural mesothelioma. The
performance of the two models resulted in a high con-
cordance between predictions and achievement. The
IMPT plans outperformed the VMAT plans for all the
OARs (with different sparing potential for contra- or ipsi-
lateral structures). RP-based planning and IMPT might
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lead to significant dosimetric advantage and workflow
simplification in managing these complex treatment
indications.
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