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ARTICLE INFO ABSTRACT

Purpose: To develop and apply a stepping approach for the validation of Knowledge-based (KB) models for
planning optimization: the method was applied to the case of concomitant irradiation of pelvic nodes and
prostate + seminal —vesicles bed irradiation in post-prostatectomy patients.

Methods: The clinical VMAT plans of 52 patients optimized by two reference planners were selected to generate
a KB-model (RapidPlan, v.13.5 Varian). A stepping-validation approach was followed by comparing KB-gener-
ated plans (with and without planner-interaction, RP and only-RP respectively) against delivered clinical plans
(RA). The validation followed three steps, gradually extending its generalization: 20 patients used to develop the
model (closed-loop); 20 new patients, same planners (open-loop); 20 new patients, different planners (wide-
loop). All plans were compared, in terms of relevant dose-volume parameters and generalized equivalent uni-
form dose (gEUD).

Results: KB-plans were generally better than or equivalent to clinical plans. For RPvsRA, PTVs coverage was
comparable, for OARs RP was always better. Comparing only-RPvsRA, PTVs coverage was always better; bowel
\bladder Vsog, and D;q, bowel\bladder\rectum Dycan, femoral heads V4os, and penile bulb Vsog, were sig-
nificantly improved. For RPvsRA gEUD reduction > 1 Gy was seen in 80% of plans for rectum, bladder and
bowel; for only-RPvsRA, this was found in 50% for rectum/bladder and in 70% for bowel.

Conclusion: An extensive stepping validation approach of KB-model for planning optimization showed better or
equal performances of automatically generated KB-plan compared to clinical plans. The interaction of a planner
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further improved planning performances.

1. Introduction

External beam radiotherapy treatments require individually opti-
mized planning. Despite the use of specific protocols, the final result of
the optimization process is strongly planner dependent. Moreover, plan
optimization is time consuming and needs several iterations before
achieving a clinically acceptable plan. In order to reduce the inter-op-
erator variability, spare the time for planning and, possibly, improve
the quality of treatment plans, automatic planning systems were largely
investigated and developed during recent years [1-5].

The application of machine-learning techniques to planning opti-
mization recently lead to the development of the so called Knowledge-
based (KB) optimization approach. The basic concept is quite simple:
given a certain delivery/planning technique and treatment site, existing
clinical treatment plans may be modelled to individually estimate the
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most likely dosimetric features expected in new patients, taking into
account the individual anatomical and morphological characteristics of
each individual patient. For this reason, differently from “automatic
planning”, the performances of any KB approach is highly depending on
the quality of the available plans managed during the modelling phase,
being them representative of the center’s clinical experience. Different
KB approach were developed and investigated in literature: Good et al.
assessed the capability of a mutual information method based on a
dataset of treated patient to predict the DVH [6]. Other studies in-
vestigated the feasibility of a principle component analysis (PCA) based
model to estimate the expected organs-at-risk (OAR) sparing [7,8].
Nwankwo et al. developed a predicted model based on the geometric
position relative to the target [9] while Wu et al. tested the potentiality
of the overlap volume histogram (OVH) approach to estimate the best
agreement between target coverage and OAR sparing [10].
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Hence, once implemented and validated, a KB model predicts what
may be obtained based on the previous experience. The same model
may be used to create an optimization template potentially able of
largely automatizing the planning phase and consequently reducing the
time necessary to obtain a clinically acceptable plan. Moving forward,
any KB-model may also be tuned to guide the optimization to obtain
“better” plans with respect to “average” plans, also resulting in a net
improvement in terms of reduction of inter-operator variability and
plan quality.

RapidPlan is a commercially available KB planning tool (Varian
Inc.), implemented into the Eclipse planning system as an optional
module. Combining PCA and advanced regression techniques the tool
generates an estimated DVH range suggesting where the DVH of a
structure will most likely land; the plan may be automatically opti-
mized building a template based on the KB individually optimized
constraints. RapidPlan has quite widely been investigated in literature
and validated in several clinical scenarios [11-14].

This investigation had two major aims:

1) To develop and validate a KB-model with an associated automatic
planning template in the case of concomitant treatment of lymph
nodes, seminal vesicles and prostatic bed with different dose levels:
despite the feasibility of the Rapid Plan implementation to prostate
treatment has already been shown [13,15,16], to our knowledge, it
has never been reported for the current case.

2) We suggested (and applied to this case) a validation stepping pro-
cedure that implicitly assume reference planners. The methodology
has the advantage to accomplish an overall Intra-Institution vali-
dation (internal and external) and to split the contribution of “other
planners” against “new patients” on the performance of the model
during automatic plan optimization.

2. Material and methods

2.1. Volumes, dose and planning

At our institute, pelvic nodes are usually treated for post-operative
prostate patients in presence of clinical risk factors [17-20]. Our pro-
tocol involves 3 PTVs (prostatic bed PTV,, seminal vesicles bed PTV;
and pelvic lymph nodes PTV;y) which are treated in two sequential
phases: the first with a prescribed dose of 60 Gy to PTV, + PTV; con-
comitantly delivering 52.5Gy to PTVyy in 30 fractions; the second
phase delivers 10/14 Gy to PTV, in 5/7 fractions (with adjuvant/sal-
vage intent respectively).

CTV, included the prostate bed and encompassed the area behind
the lower bladder, the anastomosis and the peri-urethral area, taking
clip positioning and pathological specimen into account; CTV; included
the seminal vesicles bed. The CTV referring to nodes (CTVyy) included
obturator, hypogastric, external and internal iliac and pre-sacral LN,
anterior to the first sacral segment. PTVs were defined by adding a
margin of 8/8/10 mm (lateral/superior-anterior/cranial-caudal) for
CTV; and CTVy; concerning CTViy a 7 mm margin was applied in all
directions.

The organs at risk (OARs) were rectum, bladder, bowel (i.e.: defined
as the intestinal cavity out of PTVs [18]), femoral heads and penile
bulb; planning strategies in our clinical practice were previously dis-
cussed [17-20]. All plans were optimized by the Eclipse inverse plan-
ning (Varian Inc, v. 13.5) and delivered with 6MV X-Rays with a
CLINAC-IX 2300 equipped with a Millenium-MLC system, with the
Rapid Arc (VMAT) technique. All VMAT plans consisted of two fully
reverse arcs with a collimator inclination angle of 15° and normalized
to the mean dose of the PTV,.

2.2. KB-model

In order to reduce the inter-operator variability, all clinical plans
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optimized by the two planners responsible of the protocol at the time of
the generation of the model were considered; in total, 52 patients (half
plans for each planner) were available for training the model, a number
generally considered as largely sufficient to provide a robust KB model
in similar contexts [13,15]. We focused on the more demanding first
phase, using the RapidPlan tool implemented in the Eclipse system
(v.13.5). The training-model process is well explained in literature
[21,22]: the RapidPlan performed the data extraction and the model
training for each set of treatment plans. The result was a set of coeffi-
cients for each OARs providing an evaluation of the principal compo-
nent scores of the DVH based on the geometric and anatomic char-
acteristics of OARs and PTVs. The tuning of the model was performed
by using the statistical tool of the system that permits to evaluate and
eliminate potential outliers: in total from 2 to 10 patients were skipped
for each OARs, considering outliers the OARs that exceeded by > 2SD
the principal components fitted with the model.

2.3. KB-based optimization

The resulting DVH prediction model was set on the lower DVH
population quartile for each OARs. Selected DVH constraints may be
extracted from the KB-prediction model to generate an individually
optimized template for plan optimization. Based on our experience, and
after accomplishing several fine tuning tests by planning sample pa-
tients, the KB-based template for planning optimization, shown in
Table 1, was finally generated and used for automatic optimization:
according to our practice, we asked the system to obtain a highly
homogenous dose distribution within PTVs; then, in order to control the
maximum dose and to avoid hot spots in the bladder and the rectum we
used an upper ‘soft’ constraint for these OARs equal to the prescribed
dose. The Eclipse treatment planning system is able to manage this
template with a good coverage of the PTVs and reduction of the hot
spots both for PTV and OARs. In other words, once arcs are positioned,
the operator may launch an automatic optimization, based on this
template, individually tailored to the patient’s features or decide to use

Table 1
Objective template as defined in the KB-model for automatic optimization.
Organs Objectives Volume (%) Dose (Gy) Priority
PTV, Upper 0 60 150
Lower 100 60 150
PTV, Upper 0 60 150
Lower 100 60 150
PTVin Upper 2 53.5 130
Lower 100 52.5 150
Bowel Upper Generated 50 120
Upper Generated 40 120
Upper Generated 30 100
Upper Generated 15 100
Line Generated Generated Generated
Bladder Upper Generated 60 120
Upper Generated 45 120
Upper Generated 30 120
Upper Generated 20 100
Line Generated Generated Generated
Rectum Upper Generated 60 130
Upper Generated 55 130
Upper Generated 40 120
Upper Generated 30 120
Upper Generated 20 100
Line Generated Generated Generated
Femoral heads Upper Generated 50 100
Upper Generated 40 80
Line Generated Generated Generated
Penile bulb Upper 0 Generated 100
Upper Generated 30 80
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Fig. 1. Comparison of the mean-DVH of the original clinical plans (RA), re-optimized RapidPlan plus operator intervention plans (RP) and re-optimized fully
automatic RapidPlan plans (only-RP) for each steps: closed-loop (a.1-2), open-loop (b.1-2) and wide-loop (c.1-2).

this template to start optimization and interactively act during the
optimization process.

2.4. Stepping validation

After completing the model configuration, a step validation invol-
ving different patient sets was performed:

- Closed-loop validation: KB-replanning 20 randomly chosen plans
used to generate the model; this step aimed to understand the ro-
bustness of KB-model to reproduce the same quality of the plans
used to build it and then represents an internal validation step.
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- Open-loop validation: KB-replanning 20 plans not used for training
the model but previously planned by the same two operators (half
plans per each planner); this external validation step aimed to test
the capability of KB-model to produce high quality plans also for
new patient cases.

Wide-loop validation; KB-replanning 20 patients not used for the
training model and planned by four different planners (5 plans
each); aim of this external validation step was to understand the
capability of KB-model to generalize the prediction to new patients
as well as to produce high quality plans also for treatments pre-
viously planned by different operators.
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The PTV volumes involved in the three validation-steps were similar
without any statistically significant differences. The average values for
each patient sets were: Vpryry = 1148 cm3, Vprvi = 129 cms,
Vprve = 120 cm® for closed-loop; Vprvin = 1107 cm®,
Vprv: = 125 em®, Vpryo = 176 ecm® for open-loop; Vpryiy = 1100 cm?,
Vprvi = 142 em®, Vpry, = 143 em?® for wide-loop.

KB-optimized plans were generated following two modalities:

- RapidPlan automatic optimization followed by additional operator
intervention (RP): a single operator, different from all the con-
sidered operators performing the clinical plans, performed the op-
timization;

- fully automatic RapidPlan (only-RP), without interaction of the
planner.

All KB-plans were compared, in terms of relevant dose-volume
parameters, against the original clinical plans (RA). All RA plans were
originally optimized by senior planners with similar (> 15year)
working experience.

2.5. Analysis

Average DVHs of PTVs and OARs for RP and only-RP were com-
pared against the clinical plans (RA). Selected relevant dose statistics
and dose-volume parameters were considered: two-tails paired t-tests
were performed to assess statistically significant differences
(p < 0.05). Concerning PTVs, Vgso,, Dmean and Dqo, were considered;
regarding OARs Viogy, Vs0Gy» Dmean and Dio, were considered.
Moreover, we also evaluated OARs differences in terms of generalized
equivalent uniform dose (gEUD). Values of a (describing the volume
effect) were chosen based on AAPM TG 166 [23] and recent reviews
[20,24]: for rectum we set a =1 (faecal incontinence) and a = 8
(bleeding); for bladder a = 8 and a = 40 (severe urinary toxicity, ur-
inary incontinence); for bowel a = 10 (acute diarrhea); for femoral
heads a = 12 (fracture).

The differences of the performances in the three steps were also
compared by paired t-tests: in addition, the type of validation (internal
vs external: closed vs open + wide) and the type of operator in-
dependently on the type of validation (closed + open vs wide) were
also compared. The aim of these comparisons was to assess if the
consideration of new patients or new planners has more impact on the
performances of the KB-model compared to the clinical RA plans.

3. Results
3.1. DVH-based validation

In general, all KB-based plans were clinically acceptable in terms of
PTVs coverage and OAR sparing. The PTV/OARs average values of re-
levant dose-volume parameters of the clinical plans included in the
model are shown in Table s.1 (supplementary material). KB-based plans
were generally better than or equivalent to clinical plans in all three
steps.

Fig. 1 showed the mean-DVH of the original clinical plans (RA), re-
optimized RapidPlan plus operator intervention plans (RP) and re-op-
timized fully automatic RapidPlan plans (only-RP) for each steps:
closed-loop (a.1-2), open-loop (b.1-2) and wide-loop (c.1-2). Similar
trends could be appreciated without major differences between the
three steps. In Table 2 the difference values for PTVs and OARs para-
meters for the three-steps were reported. When comparing RPVsRA,
PTVs coverage was comparable and the average differences were not
statistically significant except for PTV; and PTViy Dj¢ parameters
where RP was better for the closed-loop and the wide-loop. Concerning
OARs, RP was always better with most of the improvements statistically
significant. When comparing only-RP vs RA, PTVs coverage was always
better with Vgso, for PTVy statistically significant for the closed-loop
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and the open-loop. Moreover, a statistically significant improvement
was found for PTVs Djq, for the closed-loop and the wide-loop. Con-
cerning OARs, only-RP was always better, in particular bowel\bladder
Vsogy and Djo,; bowel\bladder\rectum Dp,ean; femoral heads V4o, and
penile bulb V54, were significantly improved. Moreover, a reduction of
the planning time was obtained: for only-RP the computation time was
of about 15 min; for RP the planning time was of about 30 min (15 min
for automatic optimization plus 15 min for planner interaction). Un-
fortunately the individual timing for planning was not previously re-
corded for RA: however, based on the experience, the time needed for
clinically acceptable plan may be estimated to be on average around
90 min.

3.2. gEUD-based validation

The gEUD difference values were reported in Table 3 for the three
steps. The average values for both KB-modalities were always better
than RA, with most of the improvements statistically significant for RP.

The gEUD analysis for bowel (a = 10 acute diarrhea) was shown in
Fig. 2: we reported the histogram distribution in terms of gEUD dif-
ferences for the closed-loop (Fig. 2a.2), the open-loop (Fig. 2a.3) and
the wide-loop (Fig. 2a.4). For RP, a > 1 Gy gEUD reduction was found
in 80% of the cases with a maximum reduction up to 9 Gy. For only-RP,
a > 1 Gy reduction was found in 70% of the cases; in particular for the
wide-loop the gEUD average value was significantly improved (Table 3)
with a reduction up to 9 Gy.

As well as for bowel toxicity, the same gEUD analysis is also shown
for bladder (a = 8 severe urinary toxicity) and rectum (a = 8 bleeding)
in Figs. 3 and 4 respectively. In both case, for RP a gEUD reduction was
found in 80% of the cases with most of the improvements statistically
significant. For only-RPvs.RA, the average differences in gEUD were
significant only in few cases (Table 3): despite this, an improvement
was found in 50% of patients for both rectum and bladder gEUD values.

Importantly, a > 1 Gy gEUD increase was seen in only 5-15% of the
patients depending on the organ and method (RP or only-RP), with a
maximum increase of 4 Gy. Moreover, the ‘negative-difference’ cases
between RA and onlyRP never resulted in plan unacceptability. Of note,
the worst-values for each OAR were close to mean values of the clinical
plans (Table s.1).

3.3. Loop comparison

No significant differences in terms of comparison between only-RP
plans and clinical RA plans were found, apart a significant impact of the
planners (closed + open vs wide) for bowel sparing both in terms of
DVHs and gEUD, with a significantly larger improvement of KB plans
for the new planners with respect to the two original planners
(p < 0.05). In fact, the results confirmed the observed bowel sparing in
the wide-loop for only-RPvsRA (Fig. 1), as well as the gEUD reduction
up to 3Gy (Table 2). The results suggested a slightly larger impact of
the planner compared to the type of validation, although only for bowel
sparing.

4. Discussions

Scope of the investigation was to develop and apply a stepping
validation procedure for KB-based optimization models, focusing on the
complex case of the concomitant treatment of pelvic nodes and pro-
static + seminal vesicles bed in post-prostatectomy patients. The com-
plexity of geometric irradiation and the different dose level for the three
PTVs makes this planning situation challenging, time consuming and
prone to high inter-operator variability, despite the application of
specific protocols. The study aimed to assess the capability of the KB-
model to handle the geometric and dosimetric variations in pelvis
configuration, following a step-validation process that implicitly as-
sume reference planners (in current case, two planners responsible of
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Table 2
Difference values, A(RA-RP) and A (RA-onlyRP), for PTV and OAR parameters for the three-steps; in bold the values with statistically significant differences (p-
value < 0.05).

Organs Features Closed-loop Open-loop Wide-loop
A(RA-RP) A(RA-onlyRP) A(RA-RP) A(RA-onlyRP) A(RA-RP) A(RA-onlyRP)
PTV, Voso, (%) -01 = 1.1 -03 * 1.2 -0.6 = 1.5 -03 = 1.3 -05 = 1.8 -0.7 = 1.6
Dimean (GY) -0.01 + 0.05 -0.05 * 0.11 0.01 * 0.16 0.01 + 0.22 -0.02 + 0.26 -0.03 + 0.27
Dy, (Gy) 0.1 = 05 0.2 = 0.5 0.1 = 0.4 -0.09 = 0.51 0.6 = 0.5 0.8 = 0.6
PTV, Voso, (%) 0.01 + 0.5 -0.5 * 1.2 -1.1 * 2.2 -1.1 = 23 —0.03 + 0.62 -0.1 = 0.6
Diean (GY) 0.1 + 0.3 0.1 + 0.2 -0.03 = 0.27 -0.05 = 0.41 0.1 = 0.2 0.1 = 0.3
Dy, (Gy) 0.8 = 0.7 0.9 = 0.5 0.1 = 0.5 0.06 = 0.62 0.8 = 0.4 0.8 = 0.7
PTViy Voso, (%) -13 = 2.7 -2.3 + 3.3 -08 = 1.9 -1.2 * 2.7 —0.08 + 1.2 -01 = 1.2
Diean (GY) -0.1 = 0.5 -0.03 + 0.38 -0.3 = 0.6 -0.2 = 0.5 -0.08 + 0.71 0.5 = 0.6
Dy, (Gy) 0.1 = 0.7 0.3 = 0.7 -0.2 = 0.7 0.07 = 0.71 01 1.1 0.2 = 0.9
Bowel Vaocy ) 5.1 = 3.4 0.8 + 3.4 4.4 + 3.1 2.1 = 2.3 5.8 + 5.7 4.1 + 6.4
Vsocy %) 0.8 = 0.8 0.4 + 0.7 0.5 = 0.7 0.2 + 0.6 1.8 = 3.2 1.7 = 3.4
Drean (Gy) 2.4 =+ 1.3 -0.7 £ 5.4 1+ 31 -0.9 * 4.2 2.5 = 2.3 1.5 + 24
D1 (Gy) 5.1 = 4.4 0.8 + 3.4 037 = 2.8 1.7 + 2.3 47 + 3.2 3.2 + 4.6
Bladder Vaocy %) 109 = 7.8 2.3 * 84 58 + 9.6 25 = 10 6.5 + 9.9 2.6 + 9.9
Vsocy o) 6.9 + 5.7 3.3 + 5.8 46 + 7.6 37 + 8.2 57 +7.2 42 + 8.1
Dinean (Gy) 2.8 + 2.2 1.1 = 21 1.7 = 2.8 0.7 + 3.7 2.1 + 3.6 1.1 = 3.2
D1 (Gy) 0.8 = 0.3 0.4 + 0.5 0.5 = 0.6 0.04 = 0.51 0.5 + 0.8 0.8 + 1.7
Rectum Vaocy o) 6.8 + 7.1 3.8 = 6.1 3378 3.1 = 82 5.3 = 5.6 3.9 = 6.1
Vsocy %) 4.3 = 4.2 1.7 + 4.3 2.1 + 5.2 1.5 = 4.4 37 + 3.1 2.1 + 45
Dinean (Gy) 2.9 + 2.8 1.8 * 3.4 1.5 + 2.1 1.2 + 3.1 1.9 + 27 1.2 + 3.1
Diw @Gy 0.1 = 0.5 0.1 = 0.5 0.2 = 03 0.3 = 0.4 0.1 = 0.9 01 = 1.1
Femoral Heads Vaocy %) 2.4 + 2.2 1.8 = 1.9 2.2 + 3.4 1.2 = 26 25 + 2.1 1.1 = 1.3
Vsoay (96) 03 = 1.2 0.6 = 1.1 0.1 + 1.2 0.1 = 1.1 0.01 = 1.04 0.03 = 0.92
Dinean (Gy) 1.3 = 1.4 1.4 = 1.6 1.3 = 1.8 -1.4 = 1.7 1.2 = 1.7 1.6 = 1.3
D19 (Gy) 0.3 + 22 0.6 + 1.5 0.6 + 2.3 -0.5 = 2.3 0.6 + 2.3 0.03 + 1.8
Penile Bulb Vaocy ©6) 3.8 =+ 6.1 6.2 =+ 6.9 13 = 10 11 = 10 6.3 £ 99 12 = 10
Vsocy %) 4.9 + 5.1 7.5 +7.1 14 = 10 11 = 10 8.5 + 10 14 + 10
Diean (Gy) 1.7 = 3.2 24 + 31 5.4 + 5.3 6.1 + 6.8 24 5.1 2.6 + 4.9
D1y (Gy) 1.1 + 1.7 0.8 = 1.8 2.2 + 4.4 41 + 6.8 0.7 + 0.9 1.2 = 1.2
Table 3

Difference values, A (RA-RP) and A (RA-onlyRP), in terms of gEUD values, for the three steps; in bold the values with statistically significant differences (p-
value < 0.05).

Organs Features Closed-loop Open-loop Wide-loop
A(RA-RP) (Gy) A(RA-onlyRP) (Gy) A(RA-RP) (Gy) A(RA-onlyRP) (Gy) A(RA-RP) (Gy) A(RA-onlyRP) (Gy)
Bowel a=10 3.8 =27 0.2 = 2.4 2.6 + 1.9 1.1 = 1.5 37 = 25 2.7 = 3.3
Bladder a=8 1.2 = 0.7 0.1 = 0.8 07 + 1.1 02 1.1 1.1 + 1.2 0.7 = 1.4
a=40 0.5 =+ 0.4 0.1 = 05 0.3 = 0.5 0.02 = 0.42 0.4 = 0.5 0.3 = 0.6
Femoral Heads a=12 09 = 1.7 0.8 = 1.2 08 * 1.7 0.02 = 1.4 09 = 1.9 0.3 = 1.4
Rectum a=1 2.9 + 2.8 1.8 + 34 1.4 = 2.1 1.1 = 29 1.9 = 2.7 1.3 = 3.1
a=38 1.1 = 0.8 03 = 1.1 1.1 £ 1.9 0.2 = 1.7 1.2 + 1.1 0.7 = 1.5
Bowel
a =10 acute diarrhea
10 10 8
sae) Closed-loop 1 Open-loop sirake) Wide-loop
- 8 e | 8 1 | A(RA-RP) 6 ma(ra-onlyRP) |
c
@ 6 - | € 6 m A(RA-onlyRP) "E4 |
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-4 -201 2 3 6 9 -2 01 2 3 4 6 -2-101 2 46 9
a.1 AgEUD (Gy) a.2 AgEUD (Gy) a.3 AgEUD (Gy)

Fig. 2. The gEUD analysis for bowel (a = 10 acute diarrhea): the histogram distribution in terms of gEUD differences for closed-loop (a.1), open-loop (a.2) and wide-
loop (a.3).
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Rectum
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Fig. 3. The gEUD analysis for bladder (a = 8 severe urinary toxicity): the histogram distribution in terms of gEUD differences for closed-loop (a.1), open-loop (a.2)

and wide-loop (a.3).

the clinical protocol) and additional planners inside the same Institute.
The methodology has the advantage to give an overall validation (in-
ternal and external) and to split the contribution of “new patients”
(open-loop) against “new planners” (wide-loop) on the performance of
the model in automatic plan optimization.

In our investigation, the KB-model was found to be able to generate
high-quality plans, at least comparable to previously optimized clinical
plans, without any interaction with the planner (only-RP plans).
Furthermore, an interaction of a planner showed additional potential-
ities to further improve planning performances (RP plans). Similar
trends were found without major differences between the three steps
(closed, open and wide loops). This step process assessed the ability of
KB-model to generate high quality plans for new patient cases (open-
loop validation) indirectly confirming the possibility of improving plan
homogeneity between operators. Interestingly, the KB-model was found
to produce high quality plans also for plans previously optimized by
operators external to the model (wide-loop validation). In order to
quantify the performances of the KB-model on new patients and/or new
planners, the resulting plans were compared against the clinical ones
grouping them according to the type of validation (internal vs external:
closed vs open + wide) and to the type of operator (closed + open vs
wide). Only the bowel dataset showed a statistically significant sparing,
both in terms of DVHs and gEUD, between the closed + open and wide-
loop. The results suggested a slightly larger impact of the planner
compared to the type of validation, confirming the importance of a
robust validation and the use of a dataset as heterogeneous as possible.

Scaggion et al [25] demonstrated the reduction of intra and inter
planner variability in prostate cancer treatment planning by the

assistance of RapidPlan during the optimization, consistent with our
results in terms of only-RP quality, also for plans previously optimized
by operators external to the model (wide-loop validation). The impact
of the simultaneous delivery of multiple dose levels was investigated for
head and neck treatment [11,12] and for prostate site [13], demon-
strating the effectiveness of RapidPlan tool as well. Moreover, Hussein
et al [13] mentioned the importance of the fine-tuning during model
training in particular to manually set the optimization objectives. In
agreement with our practice, in our KB-model the resulting DVH pre-
diction model was set on the lower DVH population quartile for each
OARs. Fogliata et al [11] mentioned the importance of a wide valida-
tion for each KB-model in an open-loop setting, in order to cover a large
variety of patients, more heterogeneous than the data used for training
the model.

To our knowledge, although different ways for validating KB-model
have been reported and applied, a formalized step-validation approach
as the one here suggested has never been reported in literature; the
Intra-Institutional step-validation process is here suggested for the first
time also aiming to gradually extend the validation of any KB-model to
include new patients (outside the ones used for the model) and new
planners and gradually increasing the confidence in using KB-based
optimization. The method wished to contribute in defining a rational
approach to Intra-Institution validation. Of course, we are aware that
the novelty of the suggested approach is limited as several groups re-
ported validation approaches that have some similarity with ours;
however, we believe that the clear standardization of the followed
phases may help users, especially in keeping attention to the inter-
planner impact (and its minimization) in generating KB-models.

Bladder
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Fig. 4. The gEUD analysis for rectum (a = 8 bleeding): the histogram distribution in terms of gEUD differences for closed-loop (a.1), open-loop (a.2) and wide-loop

(a.3).
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A relevant and debatable point that deserves to be discussed is the
extension of institutional KB models to other Institutions, as well as the
extension of KB models to other treatment modality. Cagni et al [26]
demonstrated the feasibility of training the RapidPlan model with plans
of a different treatment modality. On the other hand, Berry et al [27]
investigated the possibility of using a knowledge-based planning in
order to identify systematic variation in esophagus IMRT plans between
multiple campuses of a single institution. Their results showed KB ap-
proach can highlight differences in planning practices and can be used
to increase consistency and quality among the campus. As well as,
Schubert et al [15] demonstrated the capability of the RapidPlan tool in
a multicentric cooperative initiative for high risk prostate cancer pa-
tients; in their case the pelvic volume (including the prostate, seminal
vesicles and partially the pelvic nodes) was treated with a homogenous
dose level. Their results demonstrated that the use of a KB-model al-
lowed, on average, an improvement in Dy,ea, and Dy, of the organs at
risk compared to the routine clinical practice although very large var-
iations were found between different Institutions. Anyway, the multi-
centric validation demonstrated the possibility of sharing models
among different institutes highlighting the importance of an accurate
validation for KB-models. Another important point regarded the impact
of the dimension of the training set on the robustness of the KB-model
prediction. In fact, the number of patients used for training is a critical
issue for the resulting quality of KB-models. Cagni et al [28] demon-
strated the dependence of the DVH-prediction performance on the size
of the training patients in the model. This study showed a more accu-
rate DVH-prediction with training sets =45 plans. This result was in
agreement with our KB-model, consisting of 52-training plans. In ad-
dition, the choice to select plans optimized by only two (reference)
planners should have further improved the quality and robustness of
the model.

The implementation of a model outside the Institution(s) where it
has been generated requires a careful evaluation, often adaptation to
the local situation, and extensive validation; also in this context, the
quality of the Institutional validation of a KB model, as the one we
implemented, may help in increasing the confidence in the model itself
and facilitating its acceptance outside the Institution. However, this
point is controversial and deserves more attention in future studies.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ejmp.2018.12.002.
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