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Abstract

In this paper, we investigate a number of Bayesian techniques for predicting 1-year- survival and making treatment
selection recommendations for lung cancer. We have carried out two sets of experiments on the English Lung Cancer
Dataset. For 1-year-survival prediction, the Naive Bayes (NB) algorithm achieved an area under the curve value of
81%, outperforming the Bayesian Networks learned by the M’ and K2 structure learning algorithms. For treatment
recommendation, the Bayesian Network, whose structure was learned by the MC’ algorithm, has marginally
outperformed NB, based on producing concordant results with the recorded treatments in the dataset. We observed
that in cases where the classifier recommendations were discordant with the recorded treatments, the 1-year-survival
rate decreased by 15%. We also observed that discordance between the classifier and the dataset was more dominant
in cases where the recorded treatment was non-curative or was not frequently encountered in the dataset.

Introduction

Lung cancer is the most common cancer type and constitutes 21% of all cancer-related deaths globally. The National
Institute for Health and Clinical Excellence (NICE) reports that lung cancer outcomes in the UK are worse than in
several European countries and North America. The two key elements in improving survival rates for lung cancer
are carlier diagnosis and referral to specialist multidisciplinary teams (MDTs) [1] . In order to achieve optimal
outcomes, the MDTs must keep abreast of an ever-growing flood of data from various disciplines and sources. This
poses a significant informatics challenge, which can be addressed by using a clinical decision support (CDS) system
that assists clinicians by facilitating the implementation of clinical guidelines into daily practice and interpreting
existing patient data to offer meaningful predictions.

We are investigating the advantages of combining logical (qualitative) inference for making use of formalised
clinical guidelines and probabilistic (quantitative) inference for learning from patient data. We hypothesise that these
two fundamentally different approaches provide complementary information and that their combination would
improve a decision support platform. To this end, we are building Lung Cancer Assistant, an online decision support
platform that aims to assist lung cancer experts in coming to patient-specific and evidence-based treatment decisions
that would maximise the benefits for the patient. Our research is in collaboration with the National Lung Cancer
Audit (NLCA), through which we have access to the English Lung Cancer Database, LUCADA. Lung Cancer
Assistant will have three operation modes:

1- Guideline-only decision support: where the system makes use of ontological (1* order) inference to produce
patient-specific arguments per treatment, based on machine-readable clinical guideline rules.

2- Bayesian-only decision support: where the system makes use of a Bayesian Network, structured according to
the LUCADA dataset, in order to return the treatment option (treatment node state) with the highest posterior
probability, conditional on the patient staying alive. The query result, QR, can be represented as:

OR = max (P (Treatment |Evidence))
Evidence: {Survival = ‘Alive’, Predictor Variable 1, ... Predictor Variable n}

3- Bayesian and guideline—based decision support: where the system ranks different guideline rules that apply to
the patient, by converting the logical OWL expressions of the individual rules into Bayesian Network queries.
These queries return the probability of survival per rule, therefore introducing a (survival-based) ranking
between separate rules. Such a query result, QR, can be represented as:

OR = P (Survival= ‘Alive’ | Evidence)
Evidence: {Treatment="Recommended by rule’, Rule Variablel, ... Rule Variable n}
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In this paper, we investigate a number of Bayesian techniques for implementation in Lung Cancer Assistant for
predicting survival and making treatment selection recommendations as described in operation modes 2 and 3
above. We have tested these techniques on a subset of LUCADA, which is being maintained by NLCA with the aim
of improving the outcome for people diagnosed with lung cancer and mesothelioma. In order to determine the most
relevant variables to treatment selection in the LUCADA dataset, we selected a number of features and defined a
subset of LUCADA that includes the 9 most commonly encountered treatment-related variables in the British
Thoracic Society Guidelines [2]. The purpose of our investigation was two-fold. First, to inform the decision
regarding the choice of the Bayesian techniques to integrate into our system; second, to establish a baseline set of
results that represent a level of performance against which future improvements may be measured. In particular, we
investigate the efficacy of the Bayesian techniques on two specific tasks: prediction of prognosis and treatment
recommendation.

Related work

Machine learning (ML) methods have more commonly been used to assist cancer diagnosis and detection. The
adoption of ML techniques in prognosis prediction and treatment selection is a relatively recent trend [3]. Over the
past two decades, Bayesian Networks have become a popular representation for encoding uncertain domain
knowledge, especially in healthcare and biomedicine [4], [5]. They have been used in clinical decision support for a
range of purposes, including: disease diagnosis, optimal treatment selection, construction of epidemiological disease
models, and the interpretation of microarray gene expression data[6]. Similarly, a simpler Bayesian classifier, Naive
Bayes (NB), has also been adopted as the baseline performance metric in many ML studies. Despite its simplicity,
NB has been reported to outperform more sophisticated ML techniques, especially in the presence of large datasets

[7].

Related work to ours is in the areas of prognosis prediction and treatment recommendation in cancer. Cruz et al
report that “the body of literature in the field of machine learning and cancer prediction/prognosis is relatively
small” [3]. Their 2006-dated, comprehensive review also concluded that a strong bias towards applications in
prostate and breast cancer is present and that an unexpected dependency on older technologies such as artificial
neural networks exists. If we focus on lung cancer, in 2009, Dekker et al compared the performance of BNs with
Support Vector Machines (SVM) for survival prediction in lung cancer treated with radiotherapy on a 322-patient
dataset and reported that BNs were better suited for the medical domain, as they are suitable for dealing with
uncertainty and missing data [8]. To our knowledge, no prior work exists in survival prediction or treatment
recommendation in lung cancer, which takes into account histological, clinical and demographic information and
which is based on a national dataset of the size of LUCADA.

Materials and Methods

This section describes the LUCADA subset we have focused our studies on, the Bayesian methods we used to
investigate the dataset, and the general process we have followed in our experiments for each different method.

Dataset

Through a data sharing agreement between the National Health Service (NHS) and Oxford University, we have
access to an anonymised subset of the LUCADA dataset, which includes 97 data items of 115,207 English patient
records entered into the system between 2006 and 2009. The 97 data items in LUCADA are organised in six
sections, namely: Patient Referral, Care Plan/MDT, Key Investigations, Nursing Care, Treatment, and Outcome.
Detailed descriptions of all data items can be found in the LUCADA Data Manual v3.1.3 on the web [9]. Data entry
to LUCADA is mandated by NICE Guidelines.

During knowledge elicitation, we determined the most common 9 LUCADA patient variables that appear in British
Thoracic Society (BTS) Lung Cancer Guideline rules. These are listed in Table 1, along with the set of values they
can take.

Based on these 9 categorical variables we have taken a fully-observed, 36480-patient-strong subset of the LUCADA
dataset on which we carried out our experiments.
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1 2 3 4 5 6 7 8 9

Primary  Tumour TNM . Perform. .
Sex Age Diag. Laterality Stage Histology Status Treatment Survival
.M 1.0-30 1.C34.1 1. Right 1. 11IB 1. M8046/3 1.WHO 0 1. Surgery 1. Dead
2.F 2.30-48 2.C343 2. Left 2.1V 2. M8070/3 2. WHO 1 2. Radiotherapy 2. Alive
3.na 3.48-70 3.C34.0 3. Nf)t 3.1B 3. M8140/3 3. WHO 2 3. Chemotherapy
applicable
4. Not 4.
4.70-80 4.C34.9 Kknown Uncertain 4. M8020/3 4. WHO 3 4. Brachytherapy
5.80-90 5.C45.0  5.Bilateral  5.1IIA 5. M9050/3 5. WHO 4 5. Palliative Care
6.>90  6.C45  6.Midline  6.1A 6.Mo999/9 S Not 6. Active
known Monitoring
7.C34.2 7 IIB 7. M8041/3 7. Se;quentlal Chemotherapy and
Radiotherapy
8.C34 8. 1A 8. M8240/3 8. Chemo-radiotherapy
9.C34.8 9. Occult 9. M8012/3 9. Induction chemotherapy before
surgery
10. C38.4 10. M8010/2 10. Neo-adjuvant chemotherapy
and surgery
11. C38 11. M9051/3 11. Surgery followed by adjuvant
chemotherapy
12.C33 12. M8250/3
13.C38.3 13.M8013/3
14. C38.8 14. M8940/3
15. M8010/6
16. M9052/3
17. M8980/3
18. M9053/3

Table 1. The states for the 9 variables that were most commonly encountered in the treatment-selection-
related rules of the British Thoracic Society guidelines. For the Histology variable, the ICD-O-3 codes are
explained in [10]. For the Primary Diagnosis variable, the ICD-10 codes are explained in [11].

Algorithms

Naive Bayes (NB) is a probabilistic classifier algorithm based on Bayes’ Rule that makes a conditional
independence assumption between the predictor variables, given the outcome [12]. Despite the fact that this
assumption is an oversimplification for many real-life applications, NB is often reported to compete well with more
complex classifiers [7], [13].

A Bayesian network (BN) is ‘a graphical model of a joint or multivariate probability distribution over a set of
random variables’ [6]. In a problem setting like ours, where some variables are determined before and have an
influence over others, the directed acyclic graph (DAG) of a BN is a natural representation of such prior
assumptions and probabilistic dependencies of the domain. For a more thorough technical discussion on Bayesian
Networks, the reader is referred to [5], [14—16].

Three common challenges associated with Bayesian networks are 1) feature selection, 2) structure learning, i.e.
identifying the structure of the network, and 3) parameter learning, i.e. estimating the conditional probability
distributions associated with the BN’s DAG. Since we base our feature selection on published guidelines, in this
paper we are only interested in the technicalities of structure learning and parameter learning.

For structure learning, we used two different algorithms as implemented in MatLab by Murphy [16]: the Markov
Chain Monte Carlo Model Composition (MC?) algorithm [17], [18] and the K2 greedy algorithm [19]. MC® searches
and draws samples from the very large set of the possible structures. Given an initial BN graph G, the algorithm
returns uniform samples from the neighbourhood of G that is defined as the set of all DAGs that differ from G by
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only one edge. To ensure that this Markov chain has reached its stationary distribution P (G| Sample Data) before
starting to take dependent samples, the initial samples for a burn-in period are discarded. The K2 algorithm searches
for the most probable BN structure of data by rank ordering the possible set of structures based on their pair-wise
posterior relative probabilities. The possible set of structures is limited by specifying a fixed node ordering in the
beginning of the search [16].

Experimental Methods

To date, we have carried out two sets of experiments on the LUCADA subset described above. For each BN
experiment, we performed parameter learning by assuming uniform Dirichlet prior distributions over all 9
categorical variables and by computing maximum likelihood estimates of the conditional probability tables. To
query the BNs, we implemented the Junction Tree algorithm [20], [21] in which a BN is triangulated into a junction
(join) tree structure and then a local message passing algorithm is run on this tree.

In the first set of experiments, we took ‘l-year-survival’ as our binary outcome variable. We compared the
performances of the NB algorithm (trained with ‘1-year-survival’ as outcome) with different BNs, whose structures
were learned by the K2 and MC® algorithms. Since the 1-year-survival outcome variable was binary, for this set of
experiments we used the area under the ROC curve (AUROC) as the metric to determine the best-performing
Bayesian technique.

In the second set of experiments, we took ‘Treatment’ as our nominal outcome variable. We compared the BN,
whose structure was learned by using the MC?® algorithm, and the NB algorithm (trained with ‘Treatment’ as the
outcome variable), based on their performances in predicting the recorded ‘Treatment’ in the database. Both for the
NB algorithm and the BNs, we clamped the state of the “Survival” variable to ‘Alive’ to return the treatment type
with the highest posterior probability given that the patient stays alive. Since ‘Treatment’ is not a binary variable, we
could not use AUROC as the performance metric for this set of experiments. Instead, we created ranked outputs
comparing the concordance between the treatments recorded in the dataset with the treatment recommendations of
the Bayesian algorithm. For the cases where the two were discordant, we compared their 1-year-survival rates with
those of the concordant ones. Finally, we have also investigated the concordance rates per treatment types at
different concordance levels.

Results
1-Year-Survival Prediction

The 1-year-survival outcome variable has been derived from the ‘Survival’ and ‘Survival (Days)’ variables in the
dataset. It was adopted as the surrogate outcome measure instead of the most commonly used 5-year survival, since
the LUCADA dataset does not yet contain many 5-year survival patient data. The prior probability of P (1-year-
survival = ‘Alive’) in the fully-observed, 9-variable subset was approximately 0.37, whereas this number dropped
significantly to 0.21 for 2-year-survival. Due to this sharp drop in survival past 1 year, we opted to focus our initial
experiments on 1-year-survival which had a more balanced survival ratio.

All experiments were carried out by partitioning the fully-observed dataset into 10 equally-sized parts. For each
experiment, the structure and parameter learning have been performed on 9 partitions and tested on the remaining
one. By iterating this process over all ten partitions, we ensured inclusion of all patient records in the experiments.
The performances of different classifiers (NB and different BNs) were evaluated based on the means and standard
deviations of the area under the ROC curve (AUROC) values of the ten-fold validated experiment runs.

Note that given only observed data, it is impossible to learn the exact DAG of a BN by using the K2 and MC’
algorithms alone, since they can only score competing structures up to their Markov equivalences [22], [23]. We
note that there is controversy about whether or not the arcs in a Bayesian DAG strictly represent causality between
domain concepts [19]. We take the view that the DAGs should mainly be interpreted as precursors to statistical
signatures in the data, which may lend insight into causal relationships.

MC? Structure Learning Algorithm:

For the MC? algorithm, we ran two experiments with 2000 burn-in steps (at the end of which the acceptance ratio of
the simulations converged substantially), each returning 1000 sampled DAGs. For each experiment run, we based
the learned Bayesian structure on the last sampled DAG produced by the MC® simulation. Figure 1.a and Figure 1.b
depict the resulting DAGs from two different MC? algorithm runs. For the first MC® experiment, we have not
specified a DAG to initialise the sampling process. The resulting structure can be seen in Figure 1.a.

841



| @

0* @

H @
(a) (b) (€)

Figure 1. (a) DAG structure learned by the MC? algorithm, with no initial DAG; (b) DAG structure learned

by the MC? algorithm, with the initial DAG based on the variable ranking outcomes of the ReliefF algorithm;

(c) DAG structure selected by the K2 algorithm, where max number of parents = 8 and the fixed ordering of
the nodes=[123456789]

@‘@

Prior to the second MC? experiment, we input our dataset to the MatLab implementation of the ReliefF algorithm
[24] for variable weighting based on survival. The algorithm returned ‘Treatment’ (node 8), ‘Performance Status’
(node 7) and ‘TNM Staging’ (node 5) as the three variables with the highest weights based on Survival (node 9). We
have captured this information by specifying an initial DAG, where nodes 5, 7, 8 had arcs pointing towards node 9.
The resulting structure is given in Figure 1.b. As seen in Table 2, the survival prediction performances of these two
experiments were almost identical, suggesting that we have not so far been able to improve the performance of the
MC? algorithm by inputting our prior domain knowledge to the system.

K2 Structure Learning Algorithm

For the K2 structure learning algorithm, we constrained the topological ordering of the Bayesian network to [1 2 3 4
56 7 8 9], where the variables corresponding to the node numbers are as given in Table 1. This ordering has been
specified based on clinical domain knowledge captured from the BTS guidelines. The basis of the ordering is that
nodes 1-7 (pre-treatment variables) can influence node 8§ (treatment variable) and -or node 9 (1-year-survival) and
that all other nodes can influence node 9 (1-year-survival). The resulting DAG structure can be seen in Figure 1.c.

Naive Bayes Algorithm

We trained a NB algorithm with 1-year-survival as outcome, assuming a multivariate multinomial prior distribution
for each variable. The overall results for Survival prediction experiments are given in Table 2. It can be seen that the
NB algorithm marginally outperformed the BN’s whose structures were learned by the MC® algorithm. Given the
standard deviation of the results, we can conclude that the MC? and the NB experiments yielded similar results with
AUROC:s of approximately 81%.

MC(a) MC(b) K2 Naive Bayes
mean(AUROC) 81.1 81.1 79.3 81.4
std(AUROC) 0.7 0.7 0.75 0.8

Table 2. The AUROC results of Survival prediction algorithms
Treatment Prediction

For the second set of experiments, we focused on treatment prediction. There are 11 different treatment options in
the LUCADA dataset. Figure 2 shows their prior distributions in the fully-observed subset on which this paper
focuses. The treatment names, corresponding to the x-axis numbers in Figure 2, are as given in Table 1. Figure 2
reveals that the 5 most commonly given treatments are Chemotherapy (3), followed by Radiotherapy (2), Surgery
(1), Palliative Care (5) and Active Monitoring (6).
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Prior Frequencies of Treatments
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Treatments options in LUCADA
Figure 2. Prior distribution of the treatments recorded in the database. Treatment names, corresponding to
the numbers in the X axis, are given in Table 1.

In a similar manner to the survival prediction experiments, we trained the classifiers on 9 partitions and tested on the
remaining one. The reported results are based on the average results of this 10-fold cross validation. For the NB
algorithm, the outcome node was specified as ‘Treatment’. In order to return the posterior probabilities of the
treatment node that would maximise 1-year-survival, we clamped the node to ‘Alive’ for all test sets.

We compared the performances of NB and the BN learned with the MC” algorithm (MC® BN), based on their ranked
concordance outputs. For each test patient, the classifiers returned the posterior probabilities of each treatment node
state. We have assigned the treatment state with the highest posterior probability as the top recommendation of the
computer and ranked the rest in descending order, with the 11" being the least-favoured treatment recommendation.
In this setting, we can define the Top 1 concordance set as the cases where the treatment recorded in LUCADA
matched the top recommendation of the classifier. Similarly, Top N concordance represents the cases where the
treatment recorded in the dataset could be found within the top N recommendations of the classifier. Figure 3
summarises the concordance rates for both classifiers from Top 1 to Top 11 concordance levels. As expected, the
concordance rate reaches unity at Top 11 concordance, when the system includes all 11 treatments while searching
for the recorded treatment.
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Figure 3. Concordance results of the NB algorithm and the BN learned with MC>. As can be seen from the
figure, the BN learned with MC” only marginally outperformed the NB algorithm.

The graph in Figure 3 can be interpreted in a way that is similar to a ROC curve, in that the closer the curve is to the
upper left corner, the more successful the classifier is in matching the treatment decisions recorded in the dataset.
Based on these results, we see that the MC® BN and NB algorithms perform similarly at ‘Top 1 concordance’, with a
concordance rate of approximately 0.46. We can observe that at Top 3 concordance, the MC’ BN achieves a
concordance rate of 0.81, while the NB algorithm falls slightly behind with a concordance rate of 0.80. In this
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definition, concordance should not be confused with accuracy. The recorded treatments, with which we are
comparing the outcomes of the classifiers, do not necessarily represent the gold standard results.

In Figure 4, we compare the 1-year-survival percentages of the discordant and concordant cases for the MC® BN
results. We can see that at Top 1 concordance, the cases which have been flagged up by the classifier as discordant
have an approximately 15% (45% - 30%) less 1-year-survival chance compared to the concordant ones, where the
classifier was in agreement with the clinicians’ choice.

50 %

45 %Y

40 %+
T %

30 % b

25% B

20% b

1-year survival %

15 %+ B

0%+ B
—+— 1-year survival of the Concordant Set
1-year survival of the Discordant Set

5%

3 4 5 6
Top N Concordance

0

ro b

1

Figure 4. 1-year survival percentages of the concordant and discordant cases plotted with respect to the
number of top classifier recommendations being taken into account.

If we relax our search boundaries for concordance to include the top N recommendations, we see that while the 1-
year-survival-rates increase for the discordant cases, they decrease for the concordant ones and that they intersect at
around the Top 6 concordance level. The value at which this intersection occurs is, unsurprisingly, near the prior
probability of 1-year-survival for the dataset, i.e. 37/100 = 0.37. Starting from the Top 6 concordance level, the
survival percentages for concordant cases stabilise around the population prior. However, the survival percentages
for the discordant cases begin to fluctuate heavily. This can be due to the fact that as the size of the discordant set
decreases with N, it becomes statistically insignificant at around Top 7 concordance level.

We have also investigated the concordance rates per treatment type in order to highlight any treatment types that the
BN is bad at predicting. Figure 5.a and 5.b project these concordance rates on treatment distributions at Top 1
concordance and Top 3 concordance levels. The height of the bars represent the frequency of the treatment type
appearing in the dataset and the dark blue portions of each bar indicate the concordant cases for that specific
treatment type.
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Figure 5. Distribution of the concordant and discordant cases with respect to treatment type at (a) Top 1
concordance level and (b) Top 3 concordance level

12 3 4 & B 7 8 8 10 N

Treatment Options in LUCADA

Concordance rates per treatment type
Concordance rates per treatement type

844



As seen in Figure 5.a, the BN is successful at predicting Treatment 1 (Surgery) and Treatment 3 (Chemotherapy)
with high rates of concordance for both treatment types. This is not surprising since Treatment 1 (Surgery) and
Treatment 3 (Chemotherapy) are among the 3 most frequent treatments given to patients, as indicated by their bar
heights, and so we can expect the BN to be well-trained to pick up these treatment types. The unexpected finding
here is that the Top 1 concordance for Treatment 2 (Radiotherapy) is surprisingly low although we would expect the
same high concordance for this treatment type as well. This may be due to some missing variable(s) that we have not
included in our 9-variable set that the experiments in this paper focus on. It is also interesting to see that despite its
low performance at Top 1 concordance, Treatment 2 (Radiotherapy) catches up with Treatments 1 and 3 with a
concordance rate of approximately 95% when the top 3 treatments are taken into account, as shown in Figure 5.b.

Both Figure 5.a and Figure 5.b reveal that despite being respectively the 4™ and the 5™ most common treatment
decisions in the database, Treatment 5 (Palliative Care) and Treatment 6 (Active Monitoring) have low rates of
concordance. It can be interpreted that the Bayesian classifier does not regard active monitoring as a treatment
option that maximises the probability of 1-year-survival and therefore flags the recorded ‘Active Monitoring’
treatment decisions more often than others. This can partially be explained by the fact that Active Monitoring is not
a curative treatment option and therefore may not have a very strong statistical influence on 1-year-survival. A
similar remark can be made for treatment type 5, i.e. Palliative Care. Similar to Active Monitoring, Palliative Care is
not a curative treatment and therefore may need to be excluded from a Bayesian query which is run to determine the
treatment type that maximises 1-year-survival.

For the less commonly encountered treatment types, such as Treatment 4 (Brachytherapy), Treatment 9 (Induction
chemotherapy before surgery) and Treatment 10 (Neo-adjuvant chemotherapy and surgery), we observed that
concordance rates were quite low. This may be due to the rarity of these treatment decisions in the database, which
results in low prior probabilities for these Treatment node states in the BN. An alternative explanation, which is not
mutually exclusive with the first one, would be that there are other variables outside our 9-variable set, which inform
the decisions for these treatment types.

Conclusions and Future Work

In this paper, we reported our preliminary results on the performance of different Bayesian techniques in prognosis
prediction and treatment recommendation for lung cancer. We have carried out these experiments to inform our
decision regarding the choice of the Bayesian techniques to integrate into our online clinical decision support
application, Lung Cancer Assistant, which is under development. We based our experiments on a 9-variable and
fully observed subset of the English national lung cancer dataset (LUCADA), which included 36480 patients.

Our first set of experiments focused on I-year-survival prediction. The results indicate that NB marginally
outperformed the BN, structured using the MC® and K2 algorithms. This may be due to the fact that the subset we
have taken in this paper was fully-observed, making handling missing data — which BNs are suitable for -
inessential. In our second set of experiments, we defined treatment as our outcome variable and focused on
recommending the treatment that maximises the probability of survival for the patient. We observed that the BN
marginally outperformed the NB in terms of concordance with the recorded treatments. The classifier’s top
recommendation matched the actual recorded treatment in LUCADA only 46% of the time. The 1-year-survival rate
of these concordant cases was approximately 15% higher than the discordant ones, which outlines that the cases
flagged up as ‘discordant’ had significantly poorer survival outcomes. When we relaxed the matching-constraint to
include the top 3 recommendations, the classifier achieved 81% concordance with the recorded treatments.

We observed that the classifier tended to selectively disagree with two major types of recorded treatment decisions
in the dataset: 1) Active Monitoring and 2) Palliative Care. For these non-curative treatments, we can argue that 1-
year-survival is not a relevant outcome metric and therefore such cases should be evaluated or classified based on a
different outcome metric. We also observed that the concordance levels for the less common treatment types in the
database were in general lower than the more common ones, such as Surgery and Chemotherapy. The only
exception to this was Radiotherapy, which had a low concordance rate of 0.3 at Top 1 concordance level, despite
being the second most frequent treatment decision in the dataset. For such cases, which the BN classifier performs
relatively poorly, the guideline-based decision support mode of Lung Cancer Assistant may complement the
classifier approach and provide a more complete picture, enabling multi-criteria decision support.

The primary limitation to our study was our selection of a fully-observed subset that included only 9 variables from
the entire LUCADA dataset. Despite the fact that these 9 variables were picked based on their frequent appearance
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in the clinical guideline documents, the treatment selection results hint that they probably do not constitute a
comprehensive variable set for the task at hand and that a more formal, statistical feature selection step, which takes
into account all data items in the database, is necessary. Furthermore, in the structure learning step, while the DAG’s
returned with the MC’ algorithm (Figure 1.a and Figure 1.b) were similar, they were different than the DAG
returned by the K2 algorithm. In our current study, we are adopting a structure learning approach that makes use of
both the MC® and K2 algorithms sequentially, similar to what Oh et al. suggest in [22]. Also, we plan to investigate
the options of active structure learning [25] through which we can incorporate expert knowledge and different
variable orders to aid the process. Finally, we plan to investigate classifier performances based on not only 1-year,
but also 2-year and 3-year survival cut-offs which may produce different results.

In conclusion, we believe the preliminary results in this paper are valuable not only in determining the direction of
our research in identifying the Bayesian technique that represents the LUCADA dataset most accurately but also in
better identifying the shortcomings of a decision support approach that is strictly machine-learning-based.
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