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a b s t r a c t

Background and purpose: Most predictive models are not sufficiently validated for prospective use. We
performed independent external validation of published predictive models for urinary dysfunctions
following radiotherapy of the prostate.
Materials/methods: Multivariable models developed to predict atomised and generalised urinary
symptoms, both acute and late, were considered for validation using a dataset representing 754
participants from the TROG 03.04-RADAR trial. Endpoints and features were harmonised to match the
predictive models. The overall performance, calibration and discrimination were assessed.
Results: 14 models from four publications were validated. The discrimination of the predictive models in
an independent external validation cohort, measured using the area under the receiver operating charac-
teristic (ROC) curve, ranged from 0.473 to 0.695, generally lower than in internal validation. 4 models had
ROC >0.6. Shrinkage was required for all predictive models’ coefficients ranging from �0.309 (prediction
probability was inverse to observed proportion) to 0.823. Predictive models which include baseline
symptoms as a feature produced the highest discrimination. Two models produced a predicted
probability of 0 and 1 for all patients.
Conclusions: Predictive models vary in performance and transferability illustrating the need for
improvements in model development and reporting. Several models showed reasonable potential but
efforts should be increased to improve performance. Baseline symptoms should always be considered
as potential features for predictive models.

� 2016 Elsevier Ireland Ltd. All rights reserved. Radiotherapy and Oncology 120 (2016) 339–345

Predictive models can be useful guides in clinical decision mak-
ing, either diagnostic or prognostic, and have been utilised in many
medical domains. For radiotherapy treatment, predictive models
can estimate the risk of developing a particular dysfunction. On
the basis of such predictions, adjustments can be made to treat-
ment plans to minimise risk, preventive strategies can be optimally
selected and patients may have the ability to participate in the
decision making process. Recently, there has been a transition from
traditional explanatory research to predictive modelling research.
Such a transition can provide a clearer route to clinical adaptation
including through multifactorial decision support systems [1,2].

Viswanathan et al. in the Quantitative Analysis of Normal Tissue
Effects in the Clinic (QUANTEC) report relevant to urinary dysfunc-
tion, have noted a paucity of quantitative models [3]. Since the
report in 2010, several predictive models have been developed.

In many instances, derived models have been internally
validated, usually through bootstrapping or cross-validation algo-
rithms. This process helps to provide a more accurate estimate of
model performance if used prospectively [4]. Despite the assur-
ance, internal validation is limited by similarities, such as in terms
of treatment preferences, in the development cohort which may
result in overoptimism of model performance. Validation using
datasets external to the one used in the development process
would allow the reproducibility and exportability of the models
to be evaluated. Often, the external validation was performed by
the same group who developed the models and usually the models
were developed and externally validated in the same study
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(e.g. [5–7]). This development-validation sequence has a major
advantage in providing a more accurate estimate of the actual
performance of the models than by internal validation and in
ensuring both the development and validation cohorts are
completely harmonised. However, this sequence suggests that
the modellers were not blinded to the validation datasets which
may lead to certain biases. For example, it is possible for the mod-
ellers to overfit the feature selection process by cross-checking the
resultant external validation performance. To reduce the potential
bias, an independent external validation is needed.

In this analysis, we performed an independent external
validation of predictive models available in the literature focusing
on urinary dysfunctions following external beam radiotherapy of
the prostate. Data from patients accrued to the Trans-Tasman
Radiation Oncology Group (TROG) 03.04 trial of Randomised
Androgen Deprivation and Radiotherapy (RADAR-NCT00193856)
were utilised [8,9]. The models were critically assessed and poten-
tial improvements that could be made in predictive model devel-
opment and validation were then discussed based on this exercise.

Materials and methods

Urinary symptoms predictive models

The Scopus database was searched by use of the text words in
the article title, abstract and keywords: bladder AND ⁄urinary
AND prostate AND radiotherapy AND predict⁄ AND (toxicity OR
symptom) on 5 Feb 2016. The search results were then limited to
article only and in the field of medicine. The abstracts were
reviewed by NY and MAE to search for predictive models for
urinary symptoms following external beam radiotherapy of pros-
tate cancer.

The predictive models were used to assign the probability of
symptoms in the validation cohort through the coefficient esti-
mates provided in the publications. If the coefficient estimates
were not provided in the report, authors were contacted to provide
the information or the estimates were extracted from provided
nomograms. Due to potential errors associated with translating
graphical representation of the models, i.e. nomograms, into
numbers, coefficient estimates were preferred. In a potentially
erroneous report of coefficients, authors were contacted for
confirmation.

Patients and treatments for validation cohort

754 participants received 3-dimensional conformal external
beam radiotherapy (without a brachytherapy boost) to either 66,
70 or 74 Gy and had complete bladder dose data collected, com-
prising a digital treatment plan export including axial computed
tomography (CT) images and associated planned dose matrix
[8,9]. Extensive dose features, clinical and treatment-related
factors were collected during the RADAR trial. Associations of these
factors to specific post-treatment symptoms of complications have
been reported in previous publications [10–13]. Predictors for ato-
mised urinary symptoms using dose, clinical and medication
intake features have been previously discussed [12,13].

Harmonisation of endpoints

Patients accrued during RADAR were assessed for urinary prob-
lems at baseline and at the end of radiotherapy using physician-
assessed LENT-SOMA [14] and the International Prostate Symptom
Score (IPSS) questionnaire. Patients were routinely followed up
every three months for 18 months, then six-monthly up to five
years and then annually where urinary symptoms were assessed
using LENT-SOMA [14]. Patients were asked to complete the

International Prostate Symptom Score (IPSS) questionnaire at 12,
18, 24, 36 and 60-months follow-up post-randomisation. The
median follow-up for RADAR is 72 months. Urinary symptom
endpoints were extracted from the RADAR database matching
the definition of endpoints found in the report of the predictive
models. In instances where there were no similar endpoints
collected from RADAR, equivalent endpoints were derived.

Harmonisation of features

The features used in each of the predictive models were
matched to fields from the RADAR database. If similar features
were not available, the closest equivalent features were selected.
In instances where equivalent features were not available,
alternative models reported in the studies were used. Only
relevant features matching the ones used in the predictive models
validated in this study will be reported.

Performance assessment

The overall performance of the predictive models was measured
using the Brier score. The Brier score is the mean squared differ-
ence between actual and predicted outcome, which captures both
discrimination and calibration aspects. The concordance statistic,
which is identical to the area under the receiver operating charac-
teristics (ROC) curve in a binary prediction problem, was used to
assess the discriminative ability of the predictive models. A cali-
bration plot, with the mean predicted probability on the x-axis
and observed proportion on the y-axis, was plotted for each model.
A perfect calibration should give a 45-degree line where the inter-
cept is 0 and the calibration slope is 1. An intercept larger than 0
indicates that predictions are systematically too low and vice
versa. A calibration slope of less than 1 indicates that the models
were over-fitted and coefficient shrinkage is needed. For a more
comprehensive explanation of these measures, Steyerberg et al. is
recommended [15]. The validation was performed as implemented
in rms (version 4.4-1) in R 3.2.3 (The R Foundation for Statistical
Computing, Vienna, Austria) [16].

Results

79 articles were found. Four articles [17–20] were selected after
excluding other articles for at least one of these reasons; treated
using brachytherapy (18) or protons (1), traditional explanatory
studies (e.g. finding predictors, dosimetric constraints, compar-
isons between 3-dimensional conformal radiotherapy to intensity
modulated radiotherapy) (42), using non-urinary endpoints (7),
non-radiotherapy (5), machine learning study with no access to
the final model (1) and our own (1). In total, 14 models were con-
sidered. Two of the studies produced predictive models for late uri-
nary symptoms [17,18] and another two for acute urinary
symptoms [19,20]. The studies and the associated models are listed
in Table 1. The event rates were found to be higher in the valida-
tion cohort in most endpoints.

The endpoints for models fromMathieu et al. were based on the
LENT-SOMA scale while models from Cozzarini et al. and Palorini
et al. were based on IPSS, both of which were directly comparable
to the assessments used in the validation cohort [17,19,20]. De
Langhe et al. used an in-house developed scoring system. The
definition of haematuria was equivalent to the one used in the
LENT-SOMA scale while the definition of nocturia was substituted
using the increase of more than 2 points from baseline in question
7 of the IPSS questionnaire.

The distribution of features relevant to the models is listed in
Table 2. The distribution of other features can be assessed from
the original articles [17–20] and for the RADAR cohort are described
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