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a b s t r a c t

To quantitatively assess the effectiveness of proton therapy for individual patients, we developed a pro-
totype for an online platform for proton decision support (PRODECIS) comparing photon and proton
treatments on dose metric, toxicity and cost-effectiveness levels. An evaluation was performed with 23
head and neck cancer datasets.
� 2016 The Authors. Published by Elsevier Ireland Ltd. Radiotherapy and Oncology 118 (2016) 281–285
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-

nd/4.0/).

Due to the continuous development of new cancer treatments
and the sophistication of existing radiotherapy, it has become
increasingly challenging to identify the best treatment for a speci-
fic patient [1]. A multifactorial clinical decision support system
(CDSS) could help meet this challenge when combining clinical,
dosimetric and cost variables (e.g. information about the patient
or tumour) with expert knowledge (e.g. on a specific treatment
modality) to make a quantitative treatment comparison [2–7].
Such a tool would facilitate individualised radiotherapy treatment.

Given its favourable dose distribution, proton therapy is
expected to be less toxic and more effective than photon therapy
[8–10]. As a result, many oncology centres around the world have
introduced proton therapy over the last decade [11]. However,
planning studies show that not all patients would benefit from this
more expensive treatment [12,13]. Clinical data-exchange plat-
forms have been developed previously to justify patient stratifica-
tion for a fair and efficient use of the treatment [14–16]. However,

its cost-effectiveness compared to conventional photon radiother-
apy is yet unevaluated for many cancers [17–19].

Dutch health authorities have agreed upon the need for a
model-based indication methodology to select patients eligible
for proton radiotherapy [20–22]. Supplementary Fig. 1 illustrates
a Dutch decision tree regarding proton therapy reimbursement. It
determines whether a patient is expected to benefit sufficiently
from proton therapy justifying reimbursement of the treatment
costs. For an effective and efficient evaluation of these aspects, a
CDSS is needed that supports the claimwhether or not proton ther-
apy is expected to have a clinical benefit in a given patient.

We postulate that such a CDSS should have at least three levels.
The first dosimetric level should evaluate whether a radiotherapy
plan meets predefined dosimetric threshold for a patient’s organs
at risk (OARs). The second toxicity level should estimate whether
the probability of radiation induced normal tissue toxicity for the
patient is different between different treatment plans. The third
cost-effectiveness level should evaluate if the extra costs for a cer-
tain increase in effectiveness does not exceed a threshold set by
society. The effectiveness is defined in quality-adjusted life years
(QALYs), which are calculated by estimating the quality and quan-
tity of life extended by a medical intervention [23].
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To this end, we developed an online, three-level photon vs. pro-
ton CDSS prototype named PRODECIS (PROton DECIsion Support).
In this study, we evaluated the system’s performance for patients
with head and neck cancer (HNC). Data are provided online on
www.cancerdata.org [24].

Materials and methods

We designed a modular CDSS (Fig. 1) to support the decision
between proton and photon therapy. The systemwas implemented
in Java SE 7 (Oracle, Redwood Shores, CA, USA) and Matlab 2010b
(Mathworks, Natick, MA, USA) and designed to import photon and
proton treatment plans in DICOM-RT format. A PHP webform was
created to upload the data and additionally ask for clinical param-
eters of the complication models. All patient information and
results were anonymously stored in a MySQL Workbench 6.0
(Oracle, Redwood Shores, CA, USA) database.

Computation services were separated into three levels. On the
dosimetric level, we adopted in-house dose–volume histogram
(DVH) metrics calculation algorithms to extract mean doses from
both photon and proton plans. On the toxicity level, we used a
number of validated late toxicity prediction models using the
TRIPOD Type 4 standard [25] (e.g., regression models [23,26,27]).
On the cost-effectiveness level, we incorporated published Markov
models1 ([23]) to assess the QALY and costs of the treatment.

Experimental setup

To test the system, we used datasets from a ROCOCO cohort of
25 HNC patients for whom both photon and proton plans were
available [13]. First, on the dosimetric level we computed the dose
to the supraglottis area, the superior pharyngeal constrictor muscle
(PCM), and the ipsi- and contralateral parotid glands. Then, on the
toxicity level we estimated the normal tissue complication proba-
bility (NTCP) for xerostomia and swallowing dysfunction at 6 and
12 months after therapy, using the models published in previous
work [23,26,27]. Since the parotid gland location was indicated
with left or right in the given datasets, we defined the ipsi- and
contralateral parotid glands as receiving higher or lower doses,
respectively. Finally, on the cost-effectiveness level we used a
Markov model constructed for HNC patients [23] with pre-
treatment RTOG grade 2-swallowing dysfunction and xerostomia.
The model is described in Supplementary Table 1.

Threshold definition

For the purpose of treatment comparison, we collected various
thresholds to define clinical benefit. On the dose comparison level,
from expert opinions and literature, we defined a clinical benefit
when a plan met clinical, desirable OAR mean dose thresholds
being parotid gland <26 Gy, superior PCM <50 Gy and supraglottis
area <50 Gy [28–30].

On the toxicity level, based on the CTCAEv4.0 toxicity criteria,
we considered clinical benefit as a predicted reduction in probabil-
ity of grade 2+ toxicity of >10%. In addition, we used the definition
of a ‘‘complication profile” where, for each patient, the toxicity
probability reductions exceeding 5% were summed and clinical
benefit was set at a total reduction of 15% or more [31].

On the cost-effectiveness level, we set the acceptable cost per
additional QALY derived from the Markov model at €80,000. This
is the official threshold proposed in the Netherlands by the Dutch
Council for Public Health and Care [32].

Statistics

We used two-tailed Wilcoxon signed rank tests to determine
whether the differences between plans were significant. P-values
of less than 0.05 were considered significant.

Results

System development

The PRODECIS prototype was successfully built on a pipelined
image processing framework [33] from within our institute. For
scaling purposes, each level of computations was encapsulated into
a module and was then installed identically in two parallel pipeli-
nes (A and B in Fig. 1). After the whole plan of a treatment was
transferred, the respective pipeline began computing. Once both
computation pipelines were done, the results were delivered to
the third pipeline, comparing the multilevel results with the
defined threshold per level. Finally, the comparison results were
emailed back to the user. From the 25 datasets, the calculations
did not succeed for two, due to DICOM compatibility issues. For
every patient, it took approximately five minutes for a computer
with standard specifications (Intel� CoreTM i5-3210M CPU processor
with 2.5 GHz, 4 GB memory) to finish all given tasks.

Experiment results

The system proved successful in the automatic evaluation of
proton treatment eligibility according to the model-based
approach and predefined thresholds. The number of cases where
proton therapy ranked higher as well as average outcomes for both
modalities are summarised in Supplementary Table 2. In Fig. 2, the
individual results are shown for toxicity and cost-effectiveness, rel-
ative to the defined thresholds.

On the dosimetric level, proton therapy significantly lowered
doses to the OARs, except for the superior PCM. For the latter, only
the proton plans stayed below the thresholds for 2 cases, whereas
these were 4, 5 or 12 when considering the supraglottis area, ipsi-
or contralateral glands, respectively.

On the toxicity level, proton therapy significantly reduced all
toxicities. On average, the probability of swallowing dysfunction
6 months after treatment was reduced from 37% to 28% and from
23% to 18% at 12 months. The probability of xerostomia was
reduced for all 23 cases after treatment: from 48% to 25% at
6 months and from 46% to 23% at 12 months. With combined tox-
icity thresholds, protons outperformed photons for 23 cases at
6 months and 21 cases at 12 months.

On the cost-effectiveness level, we observed an increase in
QALY for all the patients in their proton therapy plans, although
it was also significantly more expensive. Using the nationally
accepted criterion of €80,000 per QALY gained, proton therapy
was found to be cost-effective for 8 of the 23 patients.

Discussion

We successfully developed and evaluated the PRODECIS proto-
type to comply with the Dutch model and added the option to eval-
uate cost-effectiveness. The study shows that, given nationally
accepted guidelines for 15% reduction of a complication profile
including swallowing dysfunction and xerostomia, all patients
would benefit from proton therapy after 6 months and 91% after
12 months, while 35% would be considered cost-effective at a
threshold of 80,000€ per gained QALY. Although a CDSS was previ-
ously applied [34,35], we have not found any application that
could make quantitative decision-making about photon vs. proton
therapy at three levels.1 Available on www.predictcancer.org.
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