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Título: WIMP: Web server tool for missing data imputation 
Autores: Urda, D., Subirats, J.L., García-Laencina, P.J., Franco, L., Sancho-Gómez, J.L. and 

Jerez, J.M. 
Revista: Computer Methods and Programs in Biomedicine 
Volumen: 108 (3) 
Páginas: 1247-1254 
Año: 2012 
DOI: 10.1016/j.cmpb.2012.08.006 
Abstract: The imputation of unknown or missing data is a crucial task on the analysis of 

biomedical datasets. There are several situations where it is necessary to classify 
or identify instances given incomplete vectors, and the existence of missing 
values can much degrade the performance of the algorithms used for the 
classification/recognition. The task of learning accurately from incomplete data 
raises a number of issues some of which have not been completely solved in 
machine learning applications. In this sense, effective missing value estimation 
methods are required. Different methods for missing data imputations exist but 
most of the times the selection of the appropriate technique involves testing 
several methods, comparing them and choosing the right one. Furthermore, 
applying these methods, in most cases, is not straightforward, as they involve 
several technical details, and in particular in cases such as when dealing with 
microarray datasets, the application of the methods requires huge computational 
resources. As far as we know, there is not a public software application that can 
provide the computing capabilities required for carrying the task of data 
imputation. This paper presents a new public tool for missing data imputation  
that is attached to a computer cluster in order to execute high computational 
tasks. The software WIMP (Web IMPutation) is a public available web site where 
registered users can create, execute, analyze and store their simulations related 
to missing data imputation. 
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Título: Addressing critical issues in the development of an Oncology Information System 
Autores: Urda, D., Ribelles, N., Subirats, J.L., Franco, L., Alba, E. and Jerez J.M. 
Revista: International Journal of Medical Informatics 
Volumen: 82 (5) 
Páginas: 398-407 
Año: 2013 
DOI: 10.1016/j.ijmedinf.2012.08.001 
Abstract: Purposes: This paper presents the experience on the design and implementation 

of a user-centered Oncology Information System developed for the Medical 
Oncology Department at the “Hospital Universitario Virgen de la Victoria”, in 
Málaga, Spain. The project focused on the aspects considered in the literature as 
critical factors for a successful deployment and usage of a health information 
system. 
Methods: System usability, adequate technology, integration of clinical routines, 
real-time statistical analysis of data, information confidentiality and standard 
protocol-based external interconnection were the key aspects considered. 
Results: The developed system is based on a web application with a modular and 
layered architecture accounting for usability, ease of maintenance and further 
system development. Evaluation of system usability was carried at three and 
fifteen months after system deployment to analyze the advantages and 
disadvantages experienced by the end-users. 
Conclusions: A thorough prior analysis of clinical activities and workflows, the use 
of the adequate technology, and the availability of data analysis tools will almost 
guarantee success in the deployment of an Oncology Information System. 
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Abstract: Background: Extracting relevant information from microarray data is a very 

complex task due to the characteristics of the data sets, as they comprise a large 
number of features while few samples are generally available. In this sense, 
feature selection is a very important aspect of the analysis helping in the tasks of 
identifying relevant genes and also for maximizing predictive information. 
Methods: Due to its simplicity and speed, Stepwise Forward Selection (SFS) is a 
widely used feature selection technique. In this work, we carry a comparative 
study of SFS and Genetic Algorithms (GA) as general frameworks for the analysis 
of microarray data with the aim of identifying group of genes with high predictive 
capability and biological relevance. Six standard and machine learning-based 
techniques (Linear Discriminant Analysis (LDA), Support Vector Machines (SVM), 
Naive Bayes (NB), C-MANTEC Constructive Neural Network, K-Nearest Neighbors 
(kNN) and Multilayer perceptron (MLP)) are used within both frameworks using 
six free-public datasets for the task of predicting cancer outcome. 
Results: Better cancer outcome prediction results were obtained using the GA 
framework noting that this approach, in comparison to the SFS one, leads to a 
larger selection set, uses a large number of comparison between genetic profiles 
and thus it is computationally more intensive. Also the GA framework permitted 
to obtain a set of genes that can be considered to be more biologically relevant. 
Regarding the different classifiers used standard feedforward neural networks 
(MLP), LDA and SVM lead to similar and best results, while C-MANTEC and k-NN 
followed closely but with a lower accuracy. Further, C-MANTEC, MLP and LDA 
permitted to obtain a more limited set of genes in comparison to SVM, NB and 
kNN, and in particular C-MANTEC resulted in the most robust classifier in terms of 
changes in the parameter settings. 
Conclusions: This study shows that if prediction accuracy is the objective, the GA-
based approach lead to better results respect to the SFS approach, independently 
of the classifier used. Regarding classifiers, even if C-MANTEC did not achieve the 
best overall results, the performance was competitive with a very robust 
behaviour in terms of the parameters of the algorithm, and thus it can be 
considered as a candidate technique for future studies. 
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Abstract

The analysis of DNAmicroarray datasets usually involves the use of a feature-

selection process to find the best subset of genes that produces a better

prediction assessment. In this paper, an exhaustive study - including different

types of feature selection methods and classifiers (LDA, SVM, kNN, Naive-

Bayes, C-MANTEC, and Artificial Neural Networks) - using a bootstrap

cross-validation strategy as an honest validation scheme is presented, since

no similar works have previously included this kind of analysis in a single

paper. The results of this study for six benchmark datasets show that filter or

embedded methods are preferred, in general, to wrapper methods according

to their better statistical significant results, in terms of accuracy, and lower

demand for computational resources.
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Classification model, Genetic profile, Evolutionary algorithm

1. Introduction

DNA microarray technology is a powerful platform for the analysis of

gene expression data and it has been been widely used for the prediction of

cancer disease outcome [1, 2, 3, 4]. Although NGS clearly seems to be the

predominant technology for the near future of biomedical research [5], DNA

microarray still remains as a low-cost sequencing technology easily available

in clinical and biological experimentation [6, 7, 8, 9, 10, 11, 12, 13]. One of its

present application is the estimation of gene expression signatures in cancer

studies [14, 15, 16, 17], which is a complex task that involves three different

steps that should be carried out rigorously: feature selection, classification-

model selection, and prediction assessment [18].

Feature selection refers to which variables will be included in the prog-

nosis model, and it is a crucial step in developing a class predictor. Filter

methods such as Partial Least Squares (PLS) regression [19], Information

Gain (IG) [20], Minimum-Redundancy Maximum-Relevance (mRMR), and

ReliefF [21] are among the statistical techniques proposed to address this

problem. On the other hand, wrapper methods such as Stepwise Forward

Selection (SFS) [22, 23], Ant Colony optimization [24], and evolutionary

models [25, 26, 27, 28] have been applied as heuristic methods from the com-

putational intelligence perspective.

With regard to classification model selection, different algorithms have

been studied for the identification of differentially expressed genes in microar-

ray data. Classification methods such as Neural Net-Multilayer Perceptron
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(NN) [29, 22], Support Vector Machines (SVM) [30, 29], Naive Bayes (NB)

[31, 32], k-Nearest Neighbour (kNN) [33, 34], Decision Trees (DT) [35, 36],

and RF (Random Forest) [34, 37] have been used in recent studies.

With regard to prediction assessment, the obtained performance of the

predictive models is also relevant. As few samples are typically available in

microarray data, resampling techniques are a suitable methodology. In this

sense, the feature selection procedure is performed within each resampling

step in order to estimate prediction errors. This process is known as honest

performance assessment [38], a necessary process in the analysis of microarray

data that has been overlooked in several works [22, 39, 40, 41]. On the other

hand, honest validation strategies are presented in [18], where the .632+

bootstrap method is highlighted for high-dimensional genomic studies and a

number of existing bootstrap methods are compared (out-of-bag estimation

and a bootstrap cross-validation (BCV) method [42]).

Several works have focused on the analysis of model performance within

different feature selection strategies [22, 40, 29]. Others centred their at-

tention on prediction assessment [18], while other authors focused on the

comparison of different feature selection procedures [43]. Additionally, in

[44] an evolutionary method with a fixed feature size is combined with filter

techniques and classifiers, but one specific dataset is analysed, and there is

no estimation of the parameters of the classification method. Thus, conclu-

sions according to the robustness and accuracy of the filter and classification

techniques in prognosis estimation would not be suitably inferred, due to the

low number of datasets analysed. But up to date, these three steps involved

in the estimation of prediction models have not been analysed in a single
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work.

The contributions of this paper are an exhaustive computational work

combining the use of eight feature-selection (FS) procedures and six classifi-

cation algorithms (including several machine-learning algorithms introduced

in recent years) to analyse six public cancer microarray datasets; a compari-

son between the robustness obtained by different feature-selection techniques

with regard to the variability of the subsets of genes; an analysis of the in-

fluence of the validation scheme in the gene selection profile; and an analysis

of the frequency of selected genes for each feature-selection method and the

relationship between these selected genes and the studied disorder accord-

ing to biological information. The rest of the paper is structured as follows.

Section 2 shows the databases used within this study. Section 3 describes

the feature-selection techniques tested in this work to obtain a subset of fea-

tures and estimate prediction errors. Section 4 presents the methodology

of our approach, and Section 5 shows the experimental results for different

databases and feature-selection techniques. Finally, Section 6 provides the

final conclusions of this paper.

2. Datasets

Six free public high-dimensional biomedical datasets1,2 have been used

within this work. The information of each dataset is shown in Table 1, and

each is related to the study of a specific cancer: breast, leukaemia, lung,

colon, and prostate cancer diseases.

1http://datam.i2r.a-star.edu.sg/datasets/krbd/
2http://cilab.ujn.edu.cn/datasets.htm
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Dataset #Genes #Samples Class 0

(“nor-

mal”)

Class 1

(“can-

cer”)

Proportion

of class

“normal”

West ER 7129 49 25 24 0.51

Breast 24481 78 34 44 0.436

Leukaemia 7129 72 25 47 0.347

Lung 12533 181 150 31 0.829

Colon 2000 62 22 40 0.355

Prostate 12600 102 50 52 0.49

Table 1: Information about the six databases analysed.

The West ER dataset uses microarray technology to analyse primary

breast tumours in relation to oestrogen receptor (ER) status. The Breast

dataset was reported for patients’ outcome prediction related to breast can-

cer disorder. The Leukaemia dataset contains measures that correspond

to Acute Lymphoblastic Leukaemia (ALL) and Acute Myeloid Leukaemia

(AML) samples and is a dataset that often serves as a benchmark for mi-

croarray analysis methods. The Lung dataset presents a classification be-

tween malignant pleural mesothelioma (MPM) and adenocarcinoma (ADCA)

of the lung. The Colon dataset collects samples from colon-cancer patients.

Finally, the Prostate dataset contains different neoplastic samples as these

tumours are among the most heterogeneous of cancers both histologically

and with respect to highly divergent clinical outcomes.
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3. Feature-Selection Framework

Filter, wrapper, and embedded methods are the three main categories

into which feature selection techniques can be divided [43]. In filter methods,

some statistical procedures are applied to remove irrelevant features, as it is

a method that is completely independent of the classifier. Wrapper meth-

ods evaluate different subsets of features within a classification algorithm

comparing their accuracy, thus requiring more computational resources in

contrast to filter methods. Finally, embedded methods could be seen as a

mix of filter and wrapper methods where the search space is composed of the

feature-selection procedure and the classification algorithm as a whole, thus

also being a classifier-dependent method.

This work aims to select the most significant subset of features, in terms

of prediction, that are also associated with the studied disorder. Several

feature-selection procedures are analysed, looking for good generalization

rates in the prediction stage.

3.1. Wrapper methods

3.1.1. Stepwise Forward Selection (SFS) procedure

This procedure analyses the inclusion of one or several features in order to

improve the performance of the classification task. Thus, sequential forward

selection [45] chooses the best variable in each iteration by minimizing the

misclassification rate, and includes it in the final subset of features, starting

with an empty set. The algorithm will continue to add variables until the

resulting subset does not improve, in terms of a specific criterion. In our

implementation, an improvement on the stopping criteria was introduced.
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In order to decide the incorporation of a new variable in the final subset of

features, Lilliefors’ test is applied to test the normality condition of both dis-

tributions and, depending on the verification or rejection of this hypothesis,

a T-test or Wilcoxon rank sum test is applied to check that the independent

samples come from distributions with equal means or medians. In others

words, we check that the results obtained by adding a new variable to the

final subset of features are statistically significant.

3.1.2. Evolutionary strategy (GA)

GAs are a class of optimization procedure inspired by the biological mech-

anisms of reproduction. In this kind of optimization problem, a fitness func-

tion f(x) should be maximized or minimized over a given spaceX of arbitrary

dimension. In this work, a previously published GA [46] has been used to

perform the analysis.

This GA uses a simple encoding scheme where genes are associated to

features and are represented using a string of bits whose length is determined

by the total number of genes. If the ith bit of the string is active (value 1),

then the ith gene is selected as part of the feature subset. Otherwise, a

value of 0 indicates that the corresponding feature is ignored. In all the

experiments, a population size of 100 random individuals and an elite count

value of 10 (the number of chromosomes which are retained in the next

generation) were used. Furthermore, a selection strategy based on a roulette

wheel and uniform sampling, a scattered crossover with a crossover rate set

to 0.8 and a mutation operator with a probability rate of 0.2 were applied.
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Fitness function. The fitness function assesses each chromosome in the pop-

ulation so that it can be ranked against all the other chromosomes. The main

goal of feature subset selection is to use fewer features to achieve the same

or better performance. Additionally, it has been found that the combination

of features with low redundancy among them, that is, that provide different

information about the target class, and with a certain resemblance to the

target class can improve the performance rates [47]. Therefore, the fitness

function should contain three terms: the misclassification error, the number

of features selected, and a redundancy measure among them. Datasets are

split into training and testing sets in order to evaluate the generalization

ability of the proposed chromosome.

Statistical techniques such as mutual information [48] give us an idea of

the correlation between a pair of features. The mutual information between

two continuous random variables y and z is given by

I (y, z) =
∫ ∫

p (y, z) log

(
p (y, z)

p (y) p (z)

)
dy dz (1)

where p (y, z) is the joint probability density function of y and z, and p (y) and

p (z) are the marginal probability density functions of y and z respectively.

The mutual information is symmetric.

Moreover, it is non-negative, with a zero value indicating that the vari-

ables are independent. The more correlated two variables are, the greater

their mutual information. Advantages of mutual information are that the de-

pendency between variables is no longer restricted to being linear and it can

handle nominal or discrete features. Although it is hard to compute for con-

tinuous data, the probability densities can be discretized using histograms,

which are considered as good approximations [49]. A measure which incor-
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porates the correlation of the features with the target class and penalizes the

redundancy among the selected features is described as follows [47]:

corr(x) =
1

t

k∑
i=1

k∑
j=i+1

I(xj, xi)− 1

k

k∑
j=1

I(xj, C) (2)

where k is the number of features selected, C is the target class, and t is the

number of combinations among the pairs of chromosome x analysed. Finally,

the function to be minimized is represented as follows:

fitness(x) = (1− ACC(x)) + λ kN + βcorr(x) (3)

where fitness(x) is the fitness value of the feature subset represented by

x; ACC(x) is the accuracy rate obtained by the classifier using the test

set; N is the total number of extracted features; finally, corr(x) defines the

correlation among the features and the target class, with the aim of avoiding

the redundancy in the feature vector (Equation 2). The parameters λ and β

can take values in the interval (0, 1) and were empirically chosen to be 0.4

and 0.25, respectively.

Therefore, if two subsets achieve the same performance while containing

different numbers of features, the subset with fewer features is preferred. We

also prefer the mixture of features that are less redundant among them, which

is considered a good quality for classification tasks. Nevertheless, among the

three terms - error, feature subset size, and correlation - the first one is our

major concern.
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3.2. Filter methods

With regard to the relationship between a feature selection algorithm

and the inductive learning method used to infer a model, filter methods

rely on the general characteristics of training data and carry out the feature

selection process as a pre-processing step with independence of the induction

algorithm.

3.2.1. Correlation-based Feature Selection (CFS)

This is a simple multivariate filter algorithm that ranks feature subsets

according to a correlation-based heuristic evaluation function [50]. The bias

of the evaluation function is toward subsets that contain features that are

highly correlated with the class and uncorrelated with each other. Irrelevant

features should be ignored because they will have low correlation with the

class. Redundant features should be screened out as they will be highly

correlated with one or more of the remaining features. The acceptance of a

feature will depend on the extent to which it predicts classes in areas of the

instance space not already predicted by other features.

3.2.2. Consistency-based filter (Cons)

The consistency-based method [51] uses an inconsistency rate over the

dataset for a given feature. This rate is based on counting, in a specific way,

inconsistent patterns, where a pattern is considered inconsistent if there exist

at least two samples such that their features have the same values but the

output class is different.
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3.2.3. Information Gain (IG)

The IG [52] filter is one of the most common univariate methods of evalu-

ating attributes. It is a univariate filter that evaluates the features according

to their information gain and considers a single feature at a time. It provides

an orderly classification of all the features, and then a threshold is required

to select a certain number of them according to the order obtained.

3.2.4. Minimum-Redundancy Maximum-Relevance (mRMR)

The mRMR method [47] selects features that have the highest relevance

with the target class and are also minimally redundant; that is, it selects

features that are maximally dissimilar to each other. Both optimization

criteria (maximum relevance and minimum redundancy) are based on mutual

information.

3.2.5. ReliefF

This algorithm [53] is an extension of the original Relief algorithm [54].

The original Relief algorithm works by randomly sampling an instance from

the data and then locating its nearest neighbour from the same and opposite

class . The values of the attributes of the nearest neighbours are compared to

the sampled instance and used to update relevance scores for each attribute.

The rationale is that a useful attribute should differentiate between instances

from different classes and have the same value for instances from the same

class. ReliefF adds the ability to deal with multiclass problems and is also

more robust and capable of dealing with incomplete and noisy data. This

method may be applied in all situations, has low bias, includes interaction

among features, and may capture local dependencies which other methods
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miss.

3.3. Embedded methods

Embedded methods perform feature selection in the process of training

and are usually specific to given learning machines. One of the most well-

known embedded methods is SVM-RFE (Recursive Feature Elimination for

Support Vector Machines), which was introduced by Guyon et al. in [55].

They defined an iterative procedure called Recursive Feature Elimination

(RFE) consisting of three steps: 1) training the classifier, 2) ranking features

according to a given criterion, and 3) removing features with the smallest

criterion. SVM-RFE is an application of RFE using the weight magnitude

as a ranking criterion.

4. Validation Scheme

In this paper, an honest validation strategy is applied with the aim of

obtaining a final subset of features with high prediction capabilities. In this

sense, it is important to highlight the choice of a BCV strategy to obtain

an accuracy measure of an external validation since its good behaviour in

estimating misclassification error with small samples, as is the particular case

of DNA microarray datasets, has been previously demonstrated in [42, 56].

A high-level description of our methodological approach is shown in Figure

1 as well as a brief pseudocode of the algorithm is described in Algorithm 1.

In concrete, the developed procedure executes a 50-bootstrap resampling as

external validation and 5-k-fold for internal validation techniques. Thus, this

scheme will lead us to find subsets of features with high generalization rates

12



in the prediction stage, as this is essential for determining the probability of

suffering from a specific condition.

… 5-kfold 

Microarray dataset BCV 

Training Test 

Feature subset 
selection 

Model validation accuracy 

T-test 

2-kfold 

1-kfold 

Wrapper 
methods 

Filter 
methods 

Embedded 
methods 

Internal 
validation 

External 
validation 

Figure 1: Honest validation scheme used in the feature-selection procedure and prediction error esti-
mation.

A particularity of this approach is that the applied BCV strategy uses

a stratified bootstrap resampling method. Therefore, each resampling keeps

the proportion of positive and negative instances of the “class” attribute

reducing the variance in the simulations. Moreover, in the case of wrapper

methods, Welchś t-test [57] is applied assuming that the two classes (the

patient does or does not have cancer) have unknown and unequal variances,

because it is not advisable to use the basic form if we are unsure whether the

requirements of the test are satisfied [43]. The top 200 of the total number

of genes are retained according to the p-value descending sort, which will be

13



Algorithm 1 Brief pseudocode of our methodological approach
1: {initialization}
2: [Train, Test]{1..50} ⇐ BCV (dataset, 50)

3: FeatureSelectionMethods =[SFS,GA,CFS, ... ,SVM-RFE]

4:

5: for all method m in FeatureSelectionMethods do

6: {first-step: feature selection process}
7: for i = 1→ 50 do

8: TRi ⇐ Train[i]

9: if (IsWrapperMethod(m)) then

10: TR Reducedi ⇐ Ttest(TRi)

11: [IntV ali, F eaturesi] ⇐ ExecWrapper(m,TR Reducedi) //involves execution of a classifi-

cation method

12: else if (IsFilterMethod(m)) then

13: [Featuresi]⇐ ExecF ilter(m,TRi)

14: [IntV ali]⇐ ExecClassificationMethod(TRi, F eaturesi)

15: else

16: [Featuresi]⇐ ExecEmbedded(m,TRi)

17: [IntV ali]⇐ ExecClassificationMethod(TRi, F eaturesi)

18: end if

19: end for

20: InternalV alidation ⇐ mean(IntV ali)

21:

22: {second-step: model validation}
23: for i = 1→ 50 do

24: Ti ⇐ Test[i]

25: ExtV ali ⇐ Accuracy(Ti, F eaturesi)

26: end for

27: ExternalV alidation ⇐ mean(ExtV ali)

28: end for

the input of a wrapper method feature-selection procedure.

Several standard and well-known classification models have also been

tested in this paper: Linear Discriminant Analysis (LDA), Support Vec-

tor Machines (SVM), k-Nearest Neighbours (kNN), Naive-Bayes (NB), C-

MANTEC (CM)[58] as a constructive neural network model, and a standard

14



Multilayer Perceptron (NN). The aim of the LDA classifier is to find a lin-

ear combination of features which separates two or more classes of patterns.

SVM is a more sophisticated and widely used method that finds the optimal

separation margin between two classes. The standard kNN algorithm tries

to classify an object according to the majority vote of its neighbours, with

the object being assigned to the most common class amongst its k near-

est neighbours. NB is a probabilistic model classifier that assumes that the

presence or absence of a particular feature is unrelated to the presence or

absence of any other feature, given the class variable. CM is a novel neural

network constructive algorithm that utilizes competition between neurons

and a modified perceptron learning rule to build compact architectures with

good prediction capabilities. Finally, NN is a standard feedforward artificial

neural network model that maps sets of input data onto a set of appropriate

outputs, consisting of multiple layers of neurons in a directed graph, with

each layer fully connected to the next one, and using a supervised learning

technique called backpropagation for training the network.

Table 2 shows the set of parameters needed for each classifier and the

different values that have been tested in this paper. The combination of

these values generates a set of configurations that are evaluated for the 50

resamplings since the train dataset is different in each one. In this sense,

the model selection implies a huge effort in terms of computational and time

resources, since in the case of wrapper methods many different subsets of

features are evaluated in each iteration. Therefore, the authors propose to

adjust the parameters of each classification method by using the top 200

variables after sorting the p-values obtained by the application of Welchś

15



t-test. As a result of this parameter estimation phase, every configuration is

labelled by an accuracy measure in a reasonable time, keeping the parameter

configuration with the highest result as the one to be used in the rest of the

procedure (feature selection and external validation). The accuracy measure

is obtained through the .632+ bootstrap method [59], as it is highlighted for

high-dimensional genomic studies.

Algorithm Test Parameters

LDA No parameters

SVM

Kernel, t= {linear, polynomial, radial base, sigmoid}
Cost, C= {1, 3, 5, 7, 9, 10, 12, 15}
Degree, d= {1, 2, 3, 4, 5}
Gamma, g= {0.001, 0.005, 0.1, 0.15, 0.2, 0.4, 0.6, 0.8, 1, 2, 3, 5}
Coef0, r= {0, 1, 2}

kNN
Neighbours, k= {1, 2, 3, 4, 5, 6, 7, 8, 9, 10}
Distance type, d= {euclidean, chi-squared, cosine-similarity}

NB
Kernel density, K= {0, 1}
Supervised discretization, D= {0, 1}

CM

Max. Iterations, Imax= {1000, 10000, 100000}
GFac, gfac = {0.01, 0.05, 0.1, 0.2, 0.25, 0.3}
Phi, φ = {1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5, 5.5, 6}

NN

Hidden neurons, NHidden= {2, 3, 4, 5, 6}
Alpha, α= {0.05, 0.1, 0.2, 0.3, 0.5}
Number of cycles, NCycles= {10, 25, 50}

Table 2: Parameter settings tested during evaluation of the classification algorithms. The combination
of all the values of the parameters generates a set of configurations for each method.

5. Results

Figure 2 presents a summary of the raw data results shown in Tables

A.1 and A.2. The bar diagram over each cancer dataset represents the per-

formance of eight feature-selection procedures analysed in this paper: two

different wrapper methods (SFS and GA), five different filter methods (CFS,
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Cons, IG, mRMR, and ReliefF), and one embedded method (SVM-RFE).

This performance is computed after averaging the accuracy obtained with

six machine-learning classifiers (LDA, SVM, kNN, NB, CM, and NN). In

general, filter and embedded methods are distinguished by the most accu-

rate results in contrast to wrapper methods, independently of the cancer

microarray dataset analysed. In concrete, mRMR emerges as the one with

the best performance in three out of six analysed cancer datasets (Leukaemia,

Lung, and Colon). Therefore, the results suggest the use of filter or embed-

ded methods instead of wrapper methods, since the latter are more highly

computationally demanding, leading to lower performance results on average.

Regarding the six cancer microarray datasets analysed, for three of them

(the Leukaemia, Lung, and Prostate datasets), a very good classification

result is obtained independently of the feature-selection procedure (over a

90%). On the other hand, the West ER and Colon datasets present good

classification results (over 80%) while the Breast cancer dataset appears to

be the most difficult problem as a success rate of only 65% is achieved, which

could lead us to think that more patient samples are needed to estimate

gene-expression-based predictors.

5.1. Classification models’ performance

Regarding the classifier models’ performance, a deeper analysis has been

carried out and is represented in Figures 3 and 4, which summarize the raw

data results shown in Tables A.3 and A.4. In particular, Figure 3 shows a

pairwise analysis of the number of times that one classifier is statistically

significant better than another one according to the multiple comparison

test. The thickness of the lines connecting the different classifiers indicates
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Figure 2: Performance comparison (after averaging the accuracy of six machine learning classifiers)

for eight feature selection procedures over six different cancer microarray datasets.

four categories in which the comparison was done: classifiers that are better

than the other less than four times are discarded and not represented on the

graph; those that are four to six times better than the other are represented

by the thinnest line on the graph; those that are seven to nine times better

than the other are indicated with a middle thickness line; finally, the last

category represents classifiers that are better than the other more than nine

times (shown in the graph with the thickest line). The results suggest that

the kNN, NN, or NB classifier should be used rather than LDA and the rest.

LDA is the only classifier that does not outperform any other classifier (does
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not reach the category that is seven to nine times better), so in principle it

could be discarded as a classifier for the DNA microarray analysis.

Regarding the classifier models performance, a deeper analysis has been

carried out and represented in Figures 3-4, which are a summary of the raw

data result shown in Tables A.3-A.4. In particular, Figure 3 shows a pair-

wise analysis of the number of times that one classifier is more statistically

significant than another one according to the multiple comparison test. The

thickness of the lines connecting the different classifiers indicates four cat-

egories in which the comparison was done: classifiers that are better than

other less than 4 times are discarded and not represented on the graph; those

that are 4-6 times better than other are represented with the thinnest line

on the graph; then, classifiers that are 7-9 times better than others are in-

dicated with a middle thickness line; and finally, the last category represent

classifiers that are better than the other classifiers more than 9 times (shown

in the graph with the thickest line). The results suggest the use of kNN,

NN or NB classifiers in comparison to LDA and the rest. LDA is the only

classifier that does not overcome any other classifier (does not reach the 7-9

category), so in principle it could be discarded as a classifier for the DNA

microarray analysis.

Finally, Figures 4a) and 4b) summarize the findings of Tables A.4 and A.3

respectively using bar diagrams. Figure 4a) shows the percentage value of

the number of times (occurrences) that a given classifier leads to statistically

significant different results in comparison to a control group (the lowest in

performance) computed among all analysed cases (different datasets and FS

procedures), while Fig. 4b) shows a similar analysis but for different FS
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Figure 3: Pairwise graph showing the number of times that the performance of a given classifier is

statistically significant in comparison to other classifiers.

procedures among all datasets and classifiers. The histogram shown in 4a)

indicates that kNN is the preferred classifier as it does outperform other

classifiers almost 60% of the time, while LDA behaves quite poorly as it

achieves the best results less than 20% of the time.

5.2. Honest validation scheme

The use of an honest validation scheme is relevant, as performance results

could be very optimistic otherwise. In this sense, and according to the results

shown in Figure 2, we selected three a priori more difficult datasets (West ER,

Breast, and Colon) in order to perform a detailed analysis using SFS and GA

as FS procedures. Table 3 shows the performance results of the LDA and

SVM classifier models for each dataset with and without using an honest

validation scheme. As expected, the behaviour of FS procedures is very

optimistic if no honest validation is applied, independently of the classifier
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Figure 4: Summary of results. (a) Percentage value of the number of times (occurrences) that a given
classifier leads to statistically significant different results in comparison to a control group computed for

all analysed cases (different datasets and FS procedures). (b) Analysis similar to before as before but for

different FS procedures performed over all datasets and classifiers.

used. The final accuracy measures vary from honest validation schemes to

non-honest ones approximately a 20% (West ER), 16 − 20% (Breast), and

5−18% (Colon ). Regarding the overfitting problem in the feature selection,

an overfitting index (OI) was computed to analyse how much this effect

affects the FS procedures, classifiers, and datasets. It was computed as OI =

1− (with hv/without hv), and averaged across datasets and classifiers. The

results of the overfitting index were OI = 0.1683 for the SFS procedure and

OI = 0.2123 for the GA. Therefore, previous articles that did not use an

honest validation scheme presented over-optimistic results as no test set was

kept apart from the FS procedure.

5.3. Robustness of the FS procedures

An important aspect of the FS procedure is the variability observed in

the set of selected subsets of genes in different executions of a given algo-
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SFS GA

Classifier with honest

validation

without

honest

validation

with honest

validation

without

honest

validation

West ER
LDA 73.29±9.23 95.14±1.38 81.16±9.34 99.52±0.37
SVM 77.78±7.10 96.63±1.05 79.58±8.83 99.32±0.47

Breast
LDA 63.35±7.00 79.45±4.34 66.23±7.74 95.10±1.38
SVM 64.27±6.87 82.36±2.26 66.72±8.54 97.78±0.95

Colon
LDA 81.69±5.72 86.04±2.01 83.70±7.09 92.45±1.22
SVM 78.39±7.83 88.27±1.72 78.61±8.08 95.28±1.11

Table 3: Performance comparison among two different wrapper methods (SFS and GA) and two clas-
sifiers (LDA and SVM) using three datasets (West ER, Breast and Colon). The results shown correspond

to the accuracy of each classification method using the honest validation scheme proposed in this work

and without using it, both shown in the format of mean±standard deviation.

rithm. In order to quantify this, we compute a robustness index for each

FS procedure used, taking into consideration the subset of genes obtained

for every resampling of the dataset. First, the absolute frequency for each

gene is computed in order to retain those genes selected at least 5% of the

time . Then the set of selected genes is sorted in descending order according

to the relative frequency, discarding those genes for which the cumulative

frequency is greater than 80%. Finally, the robustness measure is calculated

as the average of the relative frequencies of the resulting genes.

Figure 5 shows the robustness value obtained for each dataset, depending

on the FS procedure used. ReliefF could be considered the most robust FS

procedure according to our analysis, since it leads to the highest robustness

values for three datasets with competitive values for the other three. More-

over, IG and mRMR are a step backward in comparison to ReliefF but they

also have competitive robustness values. On the other hand, the remainder of
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the FS procedures have values of less than 0.5 for almost all of the datasets,

and thus it can be derived that on several executions of the algorithm, a

different subset of genes will be obtained. It should be noted that there is

no clear correlation between the robustness and the accuracy measure, since

the most robust method (ReliefF) is not the same as the most accurate tech-

nique (SVM-RFE). Between the wrapper methods, GA overcomes SFS in

both robustness and accuracy. To further confirm the results shown in the

figure, permitting a more direct comparison of the robustness of the FS pro-

cedures, we compute a weighted average of the results shown by averaging

the observed values re-scaled in relationship to the maximum value obtained

within each dataset (an average value of 1 would indicate that the FS method

obtained the best robustness index for all datasets), obtaining the following

values: ReliefF: 0.87179; IG: 0.78078; mRMR: 0.64941; GA: 0.61396; SFS:

0.48686; CFS: 0.45904; SVM-RFE: 0.43212; Cons: 0.30266.

Breast Colon Leukemia Lung Prostate West_ER
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

R
ob

us
tn

es
s

CFS
Cons
GA
IG
ReliefF
SFS
SVM−RFE
mRMR

Figure 5: Robustness measure for each FS procedure among the different resamplings of each dataset,
computed taking into account the variability of the selected genes.
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5.4. Number of selected genes

The number of genes obtained by the different FS procedures studied

varies depending on several factors. According to the raw data results shown

in Tables A.1 and A.2, it can be appreciated that the SFS, GA, and Cons

procedures are more aggressive in the gene-selection procedure, as few genes

are kept in the final solutions. In the case of the SFS procedure, this could

be explained by the nature of the algorithm, as it begins from solutions with

only one gene and then iteratively adds new genes, while the performance is

statistically significantly better than in the previous iteration. In a similar

way, the GA procedure includes in its fitness function the desired character-

istics of the solutions, maximizing the accuracy result while at the same time

keeping those configurations with a smaller number of genes.

In comparison to wrapper methods (SFS and GA), filter and embedded

methods are independent from the classification model. As these methods

usually retain many more genes in their solutions, we established the fol-

lowing cut-off criteria: if the solution has more genes than the number of

samples available in the dataset, then only the first #samples/8 genes are

kept (genes are sorted according to their suitability). Thus, there are some

cases of FS procedures (i.e., SVM-RFE, mRMR, ReliefF, ...) where the num-

ber of selected genes is constant for all resamplings (the standard deviation

is equal to zero in these cases). This criterion was set, firstly in order to

reduce the number of selected genes per resampling and secondly in order

to apply similar criteria over all filter and embedded methods so that a fair

comparison could be made.
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5.5. Biological analysis

We are interested in getting good results not only in prognosis prediction

but also in examining whether the selected genes provide biological infor-

mation related to the diseases studied. Therefore, if the proposed models

provide this consistency between the computational and biological fields, we

could have more confidence in the results and the selected genes would be

more reliable from a clinical perspective. In this section the analysis of the

selected genes for the Prostate dataset is carried out.

Table 4 presents the 15 most frequently selected genes among all the

feature-selection techniques analysed. The top bar graph splits the frequency

of selection (the fifth column of the table) of each gene according to the

CFS, Cons, IG, mRMR, ReliefF, GA, SFS, and SVM-RFE strategies. The

first four columns show information about the gene, such as the rank, the

internal index (ID), the gene symbol (name of the gene), and the probe set

ID, which is related to the chip from which the dataset has been extracted

(e.g., Affymetrix). Most of the gene symbols have been found from their

probe set ID by using tools such as IPA3 or NCBI4.

A higher frequency of selection might imply a higher relevance of the gene

in the prognosis of the disease. Those genes that are selected with similar

frequencies for all classifiers are considered independent with respect to the

classification method. For instance, the HPN gene is more significant than

the MAF gene, since it has been selected more times and all the classifiers

3Data were analysed through the use of IPA (Ingenuity R© Systems, www.ingenuity.

com).
4http://www.ncbi.nlm.nih.gov/gene/

25



select it with the same frequency. Thus, feature selection methods such as

CFS, Cons, and IG barely take into account the MAF gene, whereas for the

SVM-RFE technique it is one of the main genes.

According to the biological behaviour of the genes, it is possible to find

references in the literature for several of the most selected genes after apply-

ing these computational techniques. For example, the gene HPN, officially

named hepsin, which encodes a type II transmembrane serine protease (most

frequent, 76.33%) [60], PTGDS (fourth more frequent, 39.04%), which en-

codes the protein glutathione-independent prostaglandin D synthase, which

catalyses the conversion of prostaglandin H2 (PGH2) to prostaglandin D2

(PGD2) [61], MAF (sixth most frequent, 27.75%), which encodes a protein

related to DNA-binding [62], and GSTP1, belonging to the family of Glu-

tathione S-transferases (GSTs) enzymes (twelfth most frequent, 19.04%) [63],

are biologically related to the absence or presence of prostate cancer. This

supports the idea that our computational approach is robust and consistent

with the results obtained in biological studies.

6. Conclusion

In Figure 2 we presented a summary of the average accuracy results shown

in Tables A.1-A.2 for all of the analysed datasets. First, the results of this

study clearly indicate the presence of three less complex datasets (Leukaemia,

Lung, and Prostate) for which, independently of the FS and classification

method used, the accuracy is always larger than 84%. Moreover, the use of

honest validation schemes leads to less overfitting in the feature selection (an

overfitting index was computed by dividing the accuracy with the proposed
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Rank ID Symbol Probe Set

ID

Freq.(%)

1 6185 HPN 37639 at 76.33

2 10494 NELL2 32598 at 48.63

3 8965 HSPD1 37720 at 43.75

4 9172 PTGDS 38406 f at 39.04

5 9850 CFD 40282 s at 38.21

6 10234 MAF 41504 s at 27.75

7 4365 Unknown 41468 at 26.08

8 8850 PDLIM5 37366 at 25.29

9 9034 LMO3 38028 at 22.25

10 9593 CDKN1C 39545 at 20.96

11 5890 PEX3 36864 at 20.13

12 7756 GSTP1 33396 at 19.04

13 6462 RBP1 38634 at 18.33

14 12153 Unknown 556 s at 17.25

15 10956 TGFB3 1767 s at 16.13
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Table 4: The fifteen most selected genes for the Prostate dataset. Frequency selection is represented by
a horizontal bar, divided according to the eight feature selection methods used in the analysis; CFS, Cons,

IG, mRMR and ReliefF (filter methods); GA and SFS (wrapper methods); and SVM-RFE (embedded

methods). The rank (also shown in the top figure as the y coordinate), index, gene symbol and probe set

ID of each gene are shown in columns one to four.

honest validation scheme and without using an honest validation scheme and

then averaged across the three selected datasets and the two classification

algorithms analysed).

The results shown in Figures 3 and 4 suggest that the kNN and NN

classifiers could be considered more robust methods independently of the

FS method used and the dataset. Nevertheless, other classification tech-

niques such as SVM or CM, which require the adjustment of several param-

eters, could lead to the achievement of similar results after a fine-tuning in

the parameter estimation stage. Regarding the FS methods, the embedded
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SVM-RFE and three other filter methods (IG, mRMR, and ReliefF) behave

qualitatively better than the rest of the methods, indicating a superior perfor-

mance in comparison to wrapper methods. Further, taking into account that

wrapper methods tend to be more computationally intensive, the previous

results clearly suggest an advantage of filtering (or embedded) FS schemes.

In relation to the number of selected genes, SFS and Cons lead to more

restricted sets, but with the disadvantage of worse performance, indicating

that except when the size of the final set is a very important factor, these

two FS procedures should not be the preferred option. Finally, by analysing

references in the literature for the case of the prostate cancer dataset (see

Section 5.5), the biological relevance of our analysis can be confirmed, as

most of the selected genes have been mentioned as relevant regarding the

absence or presence of the disease.

Finally, the overall conclusion of the present study is that, in general,

filter methods are preferred over wrapper ones, as they lead to more robust

results in terms of both percentages of better statistical significant results

and overfitting effects, and are also less computationally intensive.
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[43] Y. Saeys, I. Inza, P. Larrañaga, A review of feature selection techniques

in bioinformatics, Bioinformatics 23 (19) (2007) 2507–2517.

[44] T. Jirapech-Umpai, S. Aitken, Feature selection and classification for

microarray data analysis: Evolutionary methods for identifying predic-

tive genes, BMC Bioinformatics 6 (1) (2005) 148.

[45] A. R. Webb, Statistical Pattern Recognition, 2nd Edition, 3rd Edition,

John Wiley & Sons, 2011.

[46] R. M. Luque-Baena, D. Urda, J. Subirats, L. Franco, J. M. Jerez, Ap-

plication of genetic algorithms and constructive neural networks for the

analysis of microarray cancer data, Theoretical Biology and Medical

Modelling 2014 11(Suppl 1):S7.

[47] H. Peng, F. Long, C. Ding, Feature selection based on mutual informa-

tion: Criteria of max-dependency, max-relevance, and min-redundancy,

IEEE Trans. Pattern Anal. Mach. Intell. 27 (8) (2005) 1226–1238.

[48] B. Guo, M. Nixon, Gait feature subset selection by mutual information,

IEEE Transactions on Systems, Man and Cybernetics, Part A: Systems

and Humans 39 (1) (2009) 36 –46.

[49] R. Moddemeijer, On estimation of entropy and mutual information of

continuous distributions, Signal Processing 16 (3) (1989) 233 – 246.

35



[50] M. A. Hall, Correlation-based feature selection for machine learning,

Tech. rep., University of Waikato, Hamilton, New Zealand (1998).

[51] M. Dash, H. Liu, Consistency-based search in feature selection, Artif.

Intell. 151 (1-2) (2003) 155–176.

[52] J. R. Quinlan, Induction of decision trees, Machine learning 1 (1) (1986)

81–106.

[53] I. Kononenko, Estimating attributes: Analysis and extensions of relief,

1994, pp. 171–182.

[54] K. Kira, L. A. Rendell, A practical approach to feature selection, in:

Proceedings of the ninth international workshop on Machine learning,

ML92, 1992, pp. 249–256.

[55] I. Guyon, J. Weston, S. Barnhill, V. Vapnik, Gene selection for can-

cer classification using support vector machines, Mach. Learn. 46 (1-3)

(2002) 389–422.

[56] W. Pan, Bootstrapping likelihood for model selection with small samples

(1998).

[57] B. L. Welch, The generalization of student’s problem when several differ-

ent population variances are involved, Biometrika 34 (1-2) (1947) 28–35.

[58] J. L. Subirats, L. Franco, J. M. Jerez, C-mantec: A novel constructive

neural network algorithm incorporating competition between neurons,

Neural Networks 26 (2012) 130 – 140.

36



[59] B. Efron, R. Tibshirani, Improvements on cross-validation: The .632+

bootstrap method, Journal of the American Statistical Association

92 (438) (1997) pp. 548–560.

[60] V. Srikantan, M. Valladares, J. S. Rhim, J. W. Moul, S. Srivastava,

HEPSIN Inhibits Cell Growth/Invasion in Prostate Cancer Cells, Cancer

Research 62 (23) (2002) 6812 – 6816.

[61] S. Ashida, H. Nakagawa, T. Katagiri, M. Furihata, M. Iiizumi,

Y. Anazawa, T. Tsunoda, R. Takata, K. Kasahara, T. Miki, T. Fu-

jioka, T. Shuin, Y. Nakamura, Molecular Features of the Transition from

Prostatic Intraepithelial Neoplasia (PIN) to Prostate Cancer: Genome-

wide Gene-expression Profiles of Prostate Cancers and PINs., Cancer

Res 64 (17) (2004) 5963–5972.

[62] V. E. Steele, J. T. Arnold, H. Le, G. Izmirlian, M. R. Blackman, Com-

parative Effects of DHEA and DHT on Gene Expression in Human

LNCaP Prostate Cancer Cells, Anticancer Res 26 (5A) (2006) 3205–

3215.

[63] X. Lin, M. Tascilar, W.-H. Lee, W. J. Vles, B. H. Lee, R. Veeraswamy,

K. Asgari, D. Freije, B. van Rees, W. R. Gage, G. S. Bova, W. B. Isaacs,

J. D. Brooks, T. L. DeWeese, A. M. D. Marzo, W. G. Nelson, GSTP1

cpg island hypermethylation is responsible for the absence of GSTP1

expression in human prostate cancer cells, The American Journal of

Pathology 159 (5) (2001) 1815 – 1826.

37



Appendix A. Supplementary tables

West ER Breast Leukaemia

Classifier accuracy #genes accuracy #genes accuracy #genes

S
F
S

LDA 73.29±9.23 2.96±0.83 63.35±7.00 3.64±1.55 92.90±4.42 2.56±0.64
SVM 77.78±7.10 2.52±0.61 64.27±6.87 3.38±0.90 91.50±6.86 2.18±0.72
kNN 77.86±10.56 2.40±0.81 62.56±7.57 2.22±1.20 91.95±5.67 2.16±0.79
NB 77.51±9.85 2.70±0.81 62.10±5.85 3.68±1.52 92.85±4.09 2.32±0.59
CM 78.01±7.72 2.08±0.70 64.19±6.85 2.46±1.11 92.01±5.10 1.96±0.45
NN 78.12±9.05 2.48±0.71 63.57±7.67 3.62±1.07 92.18±5.69 2.36±0.66

G
A

LDA 81.16±9.34 4.34±1.08 66.23±7.74 9.92±1.75 92.05±4.58 3.88±1.02
SVM 79.58±8.83 4.14±1.01 66.72±8.54 9.44±3.00 89.44±7.25 3.38±0.97
kNN 79.15±9.93 4.44±1.25 66.62±10.36 12.62±3.53 92.47±6.00 4.04±1.18
NB 82.60±8.84 4.42±0.97 67.10±7.29 10.72±2.73 91.30±7.17 3.60±1.09
CM 80.96±8.67 3.96±1.24 65.30±8.58 10.44±2.28 90.45±7.43 3.38±0.85
NN 79.21±10.27 3.96±0.95 63.77±8.05 7.76±1.29 91.55±5.52 3.52±0.81

C
F
S

LDA 77.68±9.10

8.88±10.96

62.60±7.47

10.28±9.05

91.65±6.33

30.02±23.33
SVM 78.42±10.12 63.96±6.11 92.22±5.83
kNN 77.05±11.49 63.69±6.36 93.08±5.18
NB 72.61±10.94 69.14±7.82 * 93.90±6.38

CM 79.06±8.06 63.60±5.76 92.78±4.31
NN 78.99±8.53 62.59±6.09 93.52±5.13

C
o
n
s

LDA 72.54±8.46

2.12±0.44

63.33±6.17

3.36±0.56

86.44±7.58

1.84±0.51
SVM 72.94±9.49 63.81±7.18 89.81±5.09
kNN 74.83±9.30 65.27±8.39 90.62±4.78

NB 71.69±8.38 61.13±7.72 89.43±5.08
CM 73.86±8.61 61.86±6.13 89.58±5.59
NN 74.67±8.50 63.08±6.21 89.87±5.12

IG

LDA 84.91±6.41

6.00±0.00

65.01±7.03

9.00±0.00

93.38±3.14

9.00±0.00
SVM 81.74±8.86 62.46±7.86 95.44±3.13
kNN 85.83±5.75 64.45±7.40 95.74±3.44
NB 85.98±6.76 * 66.93±7.27 97.36±2.10

CM 83.68±5.86 63.32±6.81 96.13±2.88
NN 84.11±6.92 64.28±7.21 96.51±2.71

m
R
M

R

LDA 82.54±7.56

6.00±0.00

64.83±7.33

9.00±0.00

94.88±3.29

9.00±0.00
SVM 82.67±8.24 63.33±6.93 94.84±2.98
kNN 83.10±7.62 66.28±7.62 96.12±2.99
NB 79.82±8.86 63.78±6.97 97.45±2.77 *

CM 83.19±6.62 63.40±5.42 95.91±3.15
NN 83.74±7.86 62.68±6.03 96.81±2.44

R
e
li
e
fF

LDA 82.93±7.11

6.00±0.00

62.94±7.46

9.00±0.00

93.78±3.20

9.00±0.00
SVM 81.42±7.86 62.73±8.14 93.27±3.92
kNN 83.95±8.35 61.53±7.01 94.34±3.51
NB 84.40±6.30 62.65±7.37 96.95±2.91

CM 82.26±7.37 63.68±6.41 94.50±3.27
NN 82.82±8.27 63.39±7.57 94.71±3.18

S
V
M

-R
F
E

LDA 82.13±7.36

6.00±0.00

66.72±9.49

9.00±0.00

95.22±3.89

9.00±0.00
SVM 81.73±8.44 66.66±9.71 94.62±3.97
kNN 83.10±7.81 67.16±7.31 96.14±3.33
NB 81.39±6.54 63.23±6.87 96.22±2.97

CM 81.13±6.52 66.10±7.00 94.19±3.28
NN 81.86±8.00 67.47±6.89 95.49±3.44

Table A.1: Performance comparison obtained for the eight analysed feature selection procedures (SFS,
GA, CFS, Cons, IG, mRMR, ReliefF and SVM-RFE) and six classifiers (LDA, SVM, kNN, NB, CM and

NN) for three cancer microarray datasets (West ER, Breast and Leukaemia). The results shown corre-

spond to the accuracy of each classification method and to the number of selected genes (mean±standard

deviation).
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Lung Colon Prostate

Classifier accuracy #genes accuracy #genes accuracy #genes

S
F
S

LDA 96.45±2.11 3.00±0.83 81.69±5.72 2.42±0.97 88.96±4.85 3.54±1.05
SVM 96.70±2.04 2.34±0.56 78.39±7.83 2.60±0.95 88.11±4.51 3.20±0.70
kNN 97.30±1.60 2.20±0.57 74.68±9.24 2.06±0.98 87.48±5.60 2.38±0.75
NB 96.92±2.21 2.30±0.81 80.45±6.18 2.04±0.92 89.12±4.13 3.08±0.85
CM 96.38±2.16 2.14±0.45 76.39±8.30 1.86±0.78 86.67±6.78 2.84±0.82
NN 97.47±1.67 2.26±0.53 80.25±8.91 2.52±0.97 89.78±4.32 3.30±0.91

G
A

LDA 97.11±2.11 3.62±1.03 83.70±7.09 7.28±2.55 89.98±4.77 5.90±1.63
SVM 96.52±2.32 2.52±0.65 78.61±8.08 8.60±3.14 89.92±5.12 6.04±1.75
kNN 97.70±1.55 2.44±0.54 81.27±7.21 9.12±4.15 90.48±4.96 6.64±2.10
NB 97.37±1.73 2.88±0.80 81.40±8.37 7.98±2.64 90.48±4.39 5.36±1.63
CM 97.07±1.90 2.44±0.61 81.56±7.36 7.70±2.62 91.44±4.44 5.48±1.55
NN 97.75±1.86 2.48±0.61 80.02±8.50 6.64±2.20 90.75±5.24 5.86±1.43

C
F
S

LDA 99.40±0.82

96.66±22.97

64.03±5.74

8.08±7.64

92.50±3.65

76.34±8.87
SVM 99.50±0.63 66.04±8.86 93.36±3.09
kNN 99.61±0.56 76.23±8.56 93.27±3.37
NB 99.55±0.56 62.70±5.36 93.21±3.24
CM 99.16±0.50 69.87±8.26 93.40±3.36

NN 99.02±1.00 73.12±7.40 92.02±3.69

C
o
n
s

LDA 94.37±2.68

1.84±0.42

79.63±7.39

3.28±0.76

82.99±6.03

3.20±0.67
SVM 95.61±1.95 76.07±8.18 85.33±5.64
kNN 96.29±1.54 77.97±9.17 86.77±5.71

NB 95.66±1.83 77.57±6.66 84.24±7.07
CM 95.88±1.62 79.60±6.98 85.14±5.58
NN 96.39±1.34 80.04±7.11 85.48±4.94

IG

LDA 98.74±1.07

22.00±0.00

81.03±8.62

9.58±9.94

92.42±2.88

12.00±0.00
SVM 99.26±0.95 77.30±8.89 89.87±3.95
kNN 99.53±0.60 80.59±7.78 92.88±3.27

NB 99.41±0.59 82.27±9.49 92.34±3.63
CM 99.49±0.52 80.64±7.27 91.01±3.24
NN 99.57±0.57 80.96±6.44 92.46±2.85

m
R
M

R

LDA 98.86±0.91

22.00±0.00

84.07±5.24

7.00±0.00

92.05±2.58

12.00±0.00
SVM 99.40±0.82 80.96±8.04 90.08±4.29
kNN 99.63±0.55 * 84.28±7.54 93.69±3.30

NB 99.61±0.55 81.45±6.73 93.16±3.30
CM 99.24±0.60 84.58±5.34 * 91.00±2.95
NN 99.56±0.54 84.21±5.62 92.20±2.91

R
e
li
e
fF

LDA 97.91±1.27

22.00±0.00

83.11±5.14

7.00±0.00

91.20±3.43

12.00±0.00
SVM 98.99±0.96 77.30±8.40 91.90±4.04
kNN 99.13±1.07 81.86±9.16 93.34±3.18
NB 99.24±0.86 83.70±6.51 90.90±3.67
CM 99.33±0.53 80.26±5.96 92.63±4.86
NN 98.53±0.79 80.60±6.62 93.51±3.78

S
V
M

-R
F
E

LDA 99.28±0.80

22.00±0.00

82.45±6.97

7.00±0.00

92.85±3.56

12.00±0.00
SVM 98.75±0.95 79.69±8.11 91.65±4.12
kNN 99.35±0.64 82.47±6.80 93.81±3.29 *

NB 99.23±0.78 79.45±6.65 90.88±3.52
CM 98.97±0.62 82.76±6.69 92.12±3.65
NN 99.05±0.77 83.51±7.09 93.05±3.60

Table A.2: Performance comparison obtained for the eight analysed feature selection procedures (SFS,
GA, CFS, Cons, IG, mRMR, ReliefF and SVM-RFE) and six classifiers (LDA, SVM, kNN, NB, CM and

NN) for three cancer microarray datasets (Lung, Colon and Prostate). The results shown correspond to

the accuracy of each classification method and to the number of selected genes (mean±standard deviation).
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Classifier Database p-value Control Statistically different FS procedures

LDA West ER 0 Cons GA, SVM-RFE, ReliefF, mRMR, IG
Breast 0.0058 ReliefF SVM-RFE

Leukaemia 6.6613e−16 Cons GA, CFS, SFS, IG, ReliefF, SVM-RFE, mRMR
Lung 0 Cons GA, ReliefF, IG, mRMR, SVM-RFE, CFS
Colon 0 CFS Cons, SFS, IG, SVM-RFE, ReliefF, GA, mRMR
Prostate 0 Cons SFS, GA, ReliefF, mRMR, IG, SVM-RFE, CFS

SVM West ER 5.1310e−9 Cons CFS, GA, IG, ReliefF, SVM-RFE, mRMR
Breast 0.0722 - -

Leukaemia 1.2568e−13 Cons CFS, ReliefF, SVM-RFE, mRMR, IG
Lung 0 Cons SVM-RFE, ReliefF, IG, CFS, mRMR
Colon 1.9592e−12 CFS Cons, ReliefF, SFS, IG, GA, SVM-RFE, mRMR
Prostate 0 Cons mRMR, GA, IG, ReliefF, SVM-RFE, CFS

kNN West ER 9.1707e−12 Cons SVM-RFE, mRMR, ReliefF, IG
Breast 4.5337e−4 ReliefF GA, mRMR, SVM-RFE

Leukaemia 1.4988e−14 Cons CFS, ReliefF, SVM-RFE, mRMR, IG
Lung 0 Cons ReliefF, SVM-RFE, CFS, IG, mRMR
Colon 9.1788e−8 SFS IG, ReliefF, GA, SVM-RFE, mRMR
Prostate 0 Cons GA, IG, ReliefF, CFS, SVM-RFE, mRMR

NB West ER 0 Cons mRMR, SVM-RFE, GA, ReliefF, IG
Breast 5.0040e−10 Cons GA, IG, CFS

Leukaemia 0 Cons CFS, SVM-RFE, IG, ReliefF, mRMR
Lung 0 Cons SVM-RFE, ReliefF, IG, CFS, mRMR
Colon 0 CFS Cons, SVM-RFE, SFS, mRMR, ReliefF, GA, IG
Prostate 0 Cons SFS, GA, SVM-RFE, ReliefF, IG, CFS, mRMR

CM West ER 6.2372e−11 Cons GA, SVM-RFE, ReliefF, IG, mRMR
Breast 0.2749 - -

Leukaemia 0 Cons CFS, ReliefF, SVM-RFE, mRMR, IG
Lung 0 Cons SVM-RFE, CFS, mRMR, ReliefF, IG
Colon 0 CFS SFS, Cons, ReliefF, IG, GA, SVM-RFE, mRMR
Prostate 0 Cons mRMR, IG, GA, SVM-RFE, CFS, ReliefF

NN West ER 1.0246e−9 Cons GA, SVM-RFE, ReliefF, mRMR, IG
Breast 1.5604e−4 mRMR SVM-RFE

Leukaemia 0 Cons ReliefF, CFS, SVM-RFE, IG, mRMR
Lung 0 Cons GA, ReliefF, CFS, SVM-RFE, IG, mRMR
Colon 1.3967e−13 CFS ReliefF, GA, Cons, SFS, IG, SVM-RFE, mRMR
Prostate 0 Cons SFS, GA, mRMR, IG, CFS, SVM-RFE, ReliefF

Table A.3: Differences between feature selection algorithms for the six different classification methods
used (first column). The lowest performant FS procedure is taken as control group (fourth column) while

the last column of the table lists the procedures that lead to statistically significant results (corresponding

p-value indicated in the third column)
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FS procedure Database p-value Control Statistically different classifiers

SFS West ER 0.0144 LDA kNN, NN
Breast 0.3595 - -

Leukaemia 0.9650 - -
Lung 6.3446e−4 LDA NN, kNN
Colon 1.1155e−4 kNN LDA, NN
Prostate 0.0056 CM NN

GA West ER 0.4007 - -
Breast 0.0924 - -

Leukaemia 0.1125 - -
Lung 0.0046 SVM NN, kNN
Colon 0.0068 SVM LDA
Prostate 0.0897 - -

CFS West ER 7.0441e−4 NB kNN, CM, NN, SVM
Breast 1.3860e−5 LDA NB

Leukaemia 3.4700e−5 LDA NN, NB
Lung 2.2204e−16 NN LDA, SVM, NB, kNN
Colon 0 NB CM, NN, kNN
Prostate 7.0186e−5 NN NB, CM, SVM, kNN

Cons West ER 0.0037 NB kNN
Breast 1.8876e−4 NB kNN

Leukaemia 1.6352e−7 LDA SVM, CM, NN, NB, kNN
Lung 9.5437e−12 LDA SVM, CM, NB, NN, kNN
Colon 0.0015 SVM CM, NN
Prostate 1.9109e−5 LDA CM, NN, SVM, kNN

IG West ER 0.0236 CM kNN
Breast 0.0073 SVM NB

Leukaemia 9.2215e−13 LDA SVM, kNN, CM, NN, NB
Lung 0 LDA NB, CM, NN, SVM, kNN
Colon 7.4769e−4 SVM LDA, NN, NB
Prostate 1.4814e−4 SVM LDA, NB, NN, kNN

mRMR West ER 0.0105 NB SVM, NN
Breast 0.2202 - -

Leukaemia 1.2065e−11 LDA CM, kNN, NN, NB
Lung 0 LDA NN, NB, SVM, kNN
Colon 0.0117 SVM CM
Prostate 8.4826e−9 CM NB, kNN

ReliefF West ER 0.0678 - -
Breast 0.7720 - -

Leukaemia 1.4892e−8 LDA NB
Lung 0 LDA SVM, NB, CM, kNN
Colon 1.2489e−8 SVM LDA, kNN, NB
Prostate 2.4679e−7 LDA kNN, NN

SVM-RFE West ER 0.0103 CM kNN
Breast 0.0012 NB SVM, LDA, kNN, NN

Leukaemia 4.9617e−8 CM NN, NB, kNN
Lung 1.1538e−9 CM LDA, NB, kNN
Colon 5.1422e−4 NB NN
Prostate 1.9036e−6 NB LDA, NN, kNN

Table A.4: Differences between classifiers for the eight different feature selection (FS) procedures used
(first column). Best techniques are indicated as in Table A.3.

.
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Abstract: Genetic algorithms are widely used in the estimation of expression profiles from 

microarrays data. However, these techniques are unable to produce stable and 
robust solutions suitable to use in clinical and biomedical studies. This paper 
presents a novel two-stage evolutionary strategy for gene feature selection 
combining the genetic algorithm with biological information extracted from the 
KEGG database. A comparative study is carried out over public data from three 
different types of cancer (leukemia, lung cancer and prostate cancer). Even 
though the analyses only use features having KEGG information, the results 
demonstrate that this two-stage evolutionary strategy increased the consistency, 
robustness and accuracy of a blind discrimination among relapsed and healthy 
individuals. Therefore, this approach could facilitate the definition of gene 
signatures for the clinical prognosis and diagnostic of cancer diseases in a near 
future. Additionally, it could also be used for biological knowledge discovery 
about the studied disease. 
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Título: Constructive Neural Networks to Predict Breast Cancer Outcome by Using Gene 
Expression Profiles 

Autores: Daniel Urda, José Luis Subirats, Leo Franco, José Manuel Jerez 
Revista: Lecture Notes in Computer Science 
Volumen: 6096 
Páginas: 317-326 
Año: 2010 
DOI: 10.1007/978-3-642-13022-9_32 
Abstract: Gene expression profiling strategies have attracted considerable interest from 

biologist due to the potential for high throughput analysis of hundreds of 
thousands of gene transcripts. Methods using artifical neural networks (ANNs) 
were developed to identify an optimal subset of predictive gene transcripts from 
highly dimensional microarray data. The problematic of using a stepwise forward 
selection ANN method is that it needs many different parameters depending on 
the complexity of the problem and choosing the proper neural network 
architecture for a given classification problem is not a trivial problem. A novel 
constructive neural networks algorithm (CMantec) is applied in order to predict 
estrogen receptor status by using data from microarrays experiments. The 
obtained results show that CMantec model clearly outperforms the ANN model 
both in process execution time as in the final prognosis accuracy. Therefore, 
CMantec appears as a powerful tool to identify gene signatures that predict the 
ER status for a given patient. 
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Título: Hybrid (Generalization-Correlation) Method for Feature Selection in High 
Dimensional DNA Microarray Prediction Problems 

Autores: Yasel Couce, Leonardo Franco, Daniel Urda, José L. Subirats, José M. Jerez 
Revista: Lecture Notes in Computer Science 
Volumen: 6692 
Páginas: 202-209 
Año: 2011 
DOI: 10.1007/978-3-642-21498-1_26 
Abstract: Microarray data analysis is attracting increasing attention in computer science 

because of the many applications of machine learning methods in prediction 
problems. The process typically involves a feature selection step, important in 
order to increase the accuracy and speed of the classifiers. This work analyzes the 
characteristics of the features selected by two wrapper methods, the first one 
based on artificial neural networks (ANN) and the second in a novel constructive 
neural network (CNN) algorithm, to later propose a hybrid model that combines 
the advantages of wrapper and filter methods. The results obtained in terms of 
the computational costs involved and the prediction accuracy reached show the 
feasibility of the hybrid model proposed here and indicate an interesting research 
line for the near future. 
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