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Cancer  diagnosis  is currently  undergoing  a paradigm  shift  with  the  incorporation  of molecular  biomarkers
as  part  of  routine  diagnostic  panel.  This  breakthrough  discovery  directs  researches  to  examine  the  role
of microRNA  in  cancer,  since  its  deregulation  is often  associated  with  almost  all  human  tumors.  Such
differences  frequently  recur  in tumor-specific  microRNA  signatures,  which  are  helpful  to diagnose  tissue
of origin  and  tumor  subtypes.  Nonetheless,  the  resulting  classification  problem  is  far  from  trivial,  as
there  are  hundreds  of  microRNA  types,  and  tumors  are  non-linearly  correlated  to the  presence  of  several
overexpressions.  In this  paper,  we  propose  to apply  an  evolutionary  optimized  convolutional  neural
ancer classification
iRNA biomarker

onvolutional neural networks
ensorflow
volutionary algorithms

network  classifier  to this  complex  task. The  presented  approach  is  compared  against  21  state-of-the-
art  classifiers,  on  a real-world  dataset  featuring  8129  patients,  for 29  different  classes  of tumors,  using
1046  different  biomarkers.  As a result  of  the comparison,  we also  present  a meta-analysis  on  the  dataset,
identifying  the  classes  on  which  the collective  performance  of  the  considered  classifiers  is less  effective,
and  thus  possibly  singling  out types  of tumors  for which  biomarker  tests  might  be less reliable.

©  2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Cancer diagnosis is currently undergoing a paradigm shift with
he incorporation of molecular biomarkers as part of routine diag-
ostic panel. The molecular alteration ranges from those involving
he DNA, RNA, microRNAs (miRNAs) and proteins. This break-
hrough discovery directed researches to examine role of miRNA in
ancer since miRNAs are involved in the development, cell differ-
ntiation, and regulation of cell cycle. Moreover, their deregulation
s often associated with almost all human tumors with respect to
he normal tissue counterpart. These differences frequently recur
n tumor-specific miRNA signatures, which are very helpful to diag-

ose the tissue of origin and tumor subtypes. Increasing evidence
lso supports a role for miRNAs as prognostic biomarkers of human
ancers. If this new information makes it possible to refine the gen-

∗ Corresponding author at: UPMC LIP6; UMR7606 – Laboratoire d’informatique
e Paris 6, France.

E-mail addresses: alejandro.lopezrn@hotmail.com (A. Lopez-Rincon),
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M.  Elati), olivier.schwander@lip6.fr (O. Schwander), benjamin.piwowarski@lip6.fr
B. Piwowarski), patrick.gallinari@lip6.fr (P. Gallinari).

ttps://doi.org/10.1016/j.asoc.2017.12.036
568-4946/© 2017 Elsevier B.V. All rights reserved.
eral characteristics of a given disease, they mainly highlight subtle
molecular variations capable of explaining the differences observed
between each patient. The integration of these individual variations
into clinical practice and therapeutic management is a new strategy
called personalized medicine or precision medicine.

Given the importance of this topic, it is not surprising that there
are currently several attempts to build international databases of
miRNA expressions [1–5]. From an analysis of this vast corpus, it
is possible to extract the overexpression of certain biomarkers:
such overexpression can be used as a non-invasive diagnostic. For
example, in [6] miR-21 is mentioned as a common over-expressed
microRNA in cancer, and a proven oncogene; in [7], miR-143, miR-
222, and miR-452 are shown to be useful as tumor stratification
and noninvasive diagnostic biomarkers for bladder cancer; and in
[8], miR-22 is proved to be involved in various cellular processes
related to carcinogenesis. There are other advantages coming from
the study of miRNA, for example to modulate certain miRNA can be
used to suppress tumors: miR-23b and miR-124 have therapeutic
potential against cervical cancer and gastric cancer, respectively.

Considering advances in miRNA detection through blood [9], it
could be possible in the foreseeable future to create simple cancer
tests to detect such early biomarkers [10,11].

https://doi.org/10.1016/j.asoc.2017.12.036
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Fig. 1. CNN example. A 5 × 5 input tensor (for example, a 5 × 5 pixel 

Still, analyzing thousands of case studies featuring hundreds
f miRNA types is far from trivial, and even traditional statisti-
al analyses may  fall short, as the emergence of certain types of
umors might be non-linearly correlated to the presence of several

iRNA overexpressions. When facing such a difficult problem, with
 significant amount of data available, machine learning techniques
roved again and again to be particularly effective, in applications
anging from image recognition [12,13] to finding the sources of
schemia and re-entry of the electrical activity of the heart [14–16],
o many other real-world classification problems [17–20].

In this paper, a novel machine-learning approach for the clas-
ification of cancer types is proposed. Starting from thousands of
ase studies featuring miRNA biomarkers, extracted from estab-
ished online databases, a convolutional neural network is trained
esorting to an evolutionary optimization algorithm. The presented
pproach is then tested against 21 state-of-the-art classifiers, com-
aring classification accuracy on unseen data. As a result of the
omparison, we are also able to identify the cancer classes on which

 biomarker-based classification seems the most and the least effec-
ive, providing insight on the types of cancers that might be harder
o identify using the proposed procedure.

The rest of the paper is organized as follows. Section 2 provides
he necessary background elements to introduce the scope of the
ork. The target dataset and the proposed approach are detailed

n Section 3. Experimental results, along with a comparison with
everal state-of-the-art classifiers, are reported in Section 4, while
ection 5 concludes the paper.

. Background

In this section, basic concepts related to convolutional neural
etworks and evolutionary algorithms are provided, in order to
etter introduce the scope of the present work.

.1. Convolutional neural networks

While Artificial Neural Networks (ANNs) have been a popular
achine learning technique since the late 80s [21], it’s only recently

hat the community proposed new layouts to make them even more
ffective [22]. This breakthrough is commonly known as deep learn-
ng (DL) [23]. Among several DL variations, Convolutional Neural
etworks (CNNs) currently represent the state-of-the-art for com-
lex classification problems, especially related to image analysis
24]. CNNs’ connectivity pattern between neurons is inspired by
he organization of the visual cortex in animals. Individual cortical
eurons respond to stimuli in a restricted region of space known

s the receptive field. The receptive fields of different neurons par-
ially overlap such that they tile the visual field. The response of
n individual neuron to stimuli within its receptive field can be
pproximated mathematically by a convolution operation.
e in black and white), is passed through a weight tensor of size 3 × 3.

Convolution is better described by an example: let’s consider an
input tensor (a generic n-dimensional matrix) of size 5 × 5, with a
tensor of weights 3 × 3. In CNNs, a sliding window is used to repre-
sent the receptive field: using a sliding window of size 3 × 3 in the
example would result in the convolution operation presented in
Fig. 1. The sliding window and the weights are turned into a vector,
and the dot product of each is summed up. After the dot product,
we have an activation function (for each neuron), typically a recti-
fied linear unit, commonly referred to as ReLU [25], with a function
f(x) = max(x, 0). This will result in a single value. We  repeat the same
procedure to the whole input tensor, resulting in a 3 × 3 output ten-
sor. In practical applications, input tensors can have even higher
dimensions. To further reduce the output size, a max  pooling oper-
ation can be performed, where only the highest value in a sliding
grid is reported to the subsequent layer. Following the example of
the convolution operation, the max pooling of the 3 × 3 output ten-
sor with a 2 × 2 sliding window, will result in a 2 × 2 output tensor.
In a complete CNN, the resulting 4 values will be transmitted to a
fully connected rectifier layer with a softmax function, for classifi-
cation applications. The softmax function reduces a k-dimensional
vector of arbitrary real values to a k-dimensional vector of real val-
ues in range (0, 1), that add up to 1: this can be used to associate
each class with a probability.

Once the structure of a CNN is defined, its internal weights need
to be optimized to fit the target problem. This operation is per-
formed through backpropagation. In backpropagation, the initial
system output is compared to the desired output, and the sys-
tem is adjusted until the difference between the two is minimized,
typically resorting to gradient descent optimization, using cross-
entropy loss as the function to minimize [26]. Cross-entropy loss
for one-hot labels is defined as:

L =
N∑
j=1

M∑
i=1

− t(i)
j

log z(i)
j

where tj = (0,  . . .,  0, 1︸︷︷︸
k

, 0, . . .,  0) is the desired output vector and

zj the calculated output vector, if the example j belongs to the m-th
class, and

z(i)
j

= efj∑M
i=1e

fi
, (1)

is the softmax function, and N the number of samples.
In machine learning, overfitting a classifier to the training data

is a common risk. For CNNs, common practices to reduce this issue
are termed regularization,  defined as any modification we make to
the learning algorithm that is intended to reduce the generalization

error, but not its training error [26]: dropout and weight penalty
are among the most common techniques in this group. Dropout
randomly drops units during the training phase, in order to avoid
hyper-specialization of a few units [27]. Weight penalty modifies
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invasive carcinoma [BRCA], Cervical squamous cell carcinoma and
endocervical adenocarcinoma [CESC], Cholangiocarcinoma [CHOL],
ig. 2. Flowchart of a generic Evolutionary Algorithm (EA). Parent selection is usua
ffspring. Removal of individuals is usually deterministic: the solutions are sorted b

he L function to include a  ̌ value, preventing weights’ values from
ecoming too large:

 =
N∑
j=1

M∑
i=1

− t(i)
j

log z(i)
j

+ 1
2
ˇ
∑
K

∑
L

W2
k,l, (2)

here Wk,l is the weight for connection k in layer l, K is the total
umber of connections in layer l, and L is the total number of layers.

Even though CNNs have proven to be powerful classification
ools, finding the best CNN layout for a specific application is
ar from trivial: layouts proposed in literature are often created
hrough trial-and-error attempts, or inspired by previous publica-
ions. This is understandable, as the search space of all possible
ayouts is so vast to be practically impossible to explore exhaus-
ively. Traditional ANNs featured similar issues, and a few research
ines in literature proposed solutions based on stochastic optimiza-
ion of layouts, probing the vast search space with evolutionary
lgorithms [28,29].

.2. Evolutionary algorithms

Evolutionary algorithms (EAs) are stochastic optimization tech-
iques loosely inspired by the neo-Darwinian paradigm of natural
election [30]. For complex problems, they usually perform better
han traditional optimization methods, due to their capability of
scaping local optima in the search space.

In an EA, a single candidate solution is termed individual;  the
et of all candidate solutions that exist at a particular step of the
lgorithm is called population.  Evolution proceeds through discrete
teps called generations. In each of them, the population is first
xpanded and then collapsed, mimicking the processes of breed-
ng and struggling for survival (Fig. 2). The ability of an individual to
olve the target problem is measured by the fitness function, which
nfluences the likelihood of a solution to propagate its character-
stics to the next generation. In some approaches individuals may
ie of old age, while in other they remain in the population until
eplaced by fitter ones.

The word genome denotes the whole genetic material of the
rganism, although its actual implementation strongly differs from
ne approach to another. The gene is the functional unit of inher-

tance, or, operatively, the smallest fragment of the genome that
ay  be modified in the evolution process. Genes are positioned in

he genome at specific positions called loci. The alternative genes
hat may  occur at a given locus are called alleles.

To generate the offspring, EAs implement both sexual and asex-
al reproduction. The former is named recombination;  it involves
wo or more participants, and implies the possibility for the off-

pring to inherit different characteristics from different parents.

hen recombination is achieved through an exchange of genetic
aterial between the parents, it often takes the name of crossover.

sexual reproduction may  be named replication,  to indicate that
chastic, with the best candidate solutions having a higher probability to generate
ess values, and the worst ones are deleted.

a copy of an individual is created, or, more commonly, mutation,
to stress that the copy is not exact. All operators exploited during
reproduction can be cumulatively called evolutionary operators, or
genetic operators because they act at the genotypical level.

The main limitation of EAs lies in their reliance upon an evalu-
ation function, that is called a considerable number times during
each run. Should the fitness function be computationally expensive
to run, this might severely impair the usability of the algorithm,
especially for applications where timeliness is important. Con-
versely, if finding the best possible solution is the priority, EAs can
deliver better results that the state-of-the-art in traditional opti-
mization methods based on gradient descent [31], albeit in a longer
time.

Unique features of EAs are their capability of tackling problems
where the structure of a solution is extremely complex, ranging
from binary trees [32] to directed graphs [33]; and a straightfor-
ward capability of parallel evaluations, as all offspring at a given
generation can be evaluated at the same time. For this reason, it is
not surprising that EAs are applied to difficult tasks such as evolv-
ing the layout and the weights of an ANN, with techniques such
as NEAT (Neuro-Evolution of Augmenting Topologies) [28], Hyper-
NEAT [29], and Convolutional Neural Fabrics [34]. These algorithms
evolve different topologies by optimizing the connections inside
the networks.

The algorithm proposed in this work differs from the afore-
mentioned implementations by allowing the user to specify the
numbers of hyperparameters that will be taken into account for
the optimization, not only the connections between the neurons.
For example the algorithm can take into account not only the best
hyperparameters for the CNN instance, but the time to run each
instance, or the average in k folds. In this sense, our algorithm can
take different cost functions besides the bigger accuracy.

3. Dataset and proposed approach

In this section, we  summarize the characteristics of the chosen
dataset, briefly outline the theory behind the proposed approach,
and delineate the details of the implementation used.

3.1. Dataset

The considered dataset, containing miRNA sequencing isoform
values, is taken from the Cancer Genome Atlas.1 In this work,
the following 29 types of cancer are considered: Adrenocorti-
cal carcinoma [ACC], Bladder Urothelial Carcinoma [BLCA], Breast
Esophageal carcinoma [ESCA], FFPE Pilot Phase II [FPPP], Head

1 http://cancergenome.nih.gov/.

http://cancergenome.nih.gov/
http://cancergenome.nih.gov/
http://cancergenome.nih.gov/
http://cancergenome.nih.gov/
http://cancergenome.nih.gov/
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Fig. 3. Visual representation of the hype

nd Neck squamous cell carcinoma [HNSC], Kidney Chromophobe
KICH], Kidney renal clear cell carcinoma [KIRC], Kidney renal
apillary cell carcinoma [KIRP], Lower Grade Glioma [LGG], Liver
epatocellular carcinoma [LIHC], Lung adenocarcinoma [LUAD],
ung squamous cell carcinoma [LUSC], Lymphoid Neoplasm Diffuse
arge B-cell Lymphoma [DLBC], Mesothelioma [MESO], Pancreatic
denocarcinoma [PAAD], Pheochromocytoma and Paraganglioma
PCPG], Prostate adenocarcinoma [PRAD], Sarcoma [SARC], Skin
utaneous Melanoma [SKCM], Stomach adenocarcinoma [STAD],
esticular Germ Cell Tumors [TGCT], Thymoma [THYM], Thyroid
arcinoma [THCA], Uterine Carcinosarcoma [UCS], Uterine Corpus
ndometrial Carcinoma [UCEC], Uveal Melanoma [UVM].

These classes are selected among the ones featuring the most
ase studies in the database, and the resulting dataset contains
nformation for a total of 8129 patients. Using the miRNASeq BCGSC
lluminaHiSeq miRNASeq Level 3, a total of 1046 features for each
ase study are extracted. As it often happens for real-world datasets,
he number of samples per class is highly unbalanced, ranging from
78 for class BRCA, to only 35 for class CHOL. The number of avail-
ble samples for each class is reported in Table 2.

Data is normalized, and all missing values are replaced with −1,
ith resulting 1046 rows from each patient’s case. From the orig-

nal 8129 lines, in order to perform a 10-fold cross-validation, the
ataset is split into a training set (7316 cases) and a validation set
813 cases), that will be ultimately used to assess the performance
f the trained classifier. For each of the 29 classes, case studies
re randomly assigned to training or validation during the cross-
alidation process. It is worth noticing that the proposed approach

nd each considered algorithm will exploit the training set in a dif-
erent way: for example, during the training of the CNN, 90% of the
raining set will be used for training, and 10% to test (validation set)
he trained classifier and compute the cross-entropy loss.
eters wi ,wdi ,hi in the convolution layer.

3.2. Proposed approach

For the complex task at hand, we  propose an EA-optimized CNN
classifier. The CNN features 3 layers, with convolution and max
pooling. We  fixed the number of layers to 3 after several tests
as a good balance between performance and time. In our specific
case, the input tensor is a single vector with the 1046 features of
the dataset. Each convolution layer i can be described by 3 hyper-
parameters wi, wdi, hi, respectively; output channels, convolution
window, and max  pooling window, as shown in Fig. 3.

In total we  set 3 convolution layers with max  pooling, for a total
of 9 hyperparameters (w1, wd1, h1, w2, wd2, h2, w3, wd3, h3). In
addition to the convolution layers, there’s a fully connected rectifier
layer with a hyperparameter w4 for the output channels, with a
final softmax layer with dropout. Finally, regularization (  ̌ = 0.001)
is added to the cross-entropy loss function, for the weights in each
convolution layer. The global model is described in Fig. 4.

The hyperparameters of the model to be optimized are thus w1,
wd1, h1, w2, wd2, h2, w3, wd3, h3, w4. This component is what we
consider as a CNN instance.

3.3. EA-based optimization

Given the hyperparameters listed in the previous subsection,
our objective becomes finding their optimal (or near-optimal) val-
ues, for our target classification problem. In order to reach this goal,
we resort to EA-based optimization. A candidate solution in this
optimization problem will thus be a sequence of integers, as all

considered hyperparameters can only assume integer values. The
EA we use in this work follows the classical flowchart presented in
Fig. 2, with a few significant problem-specific alterations, described
in the following.
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Fig. 4. High-level scheme of the CNN model, to be optimized.
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evaluation operations. To adapt to the constraints in the cluster, the
EA itself is implemented by two separate entities: Base creates the
initial population while Next Generation incorporates the main body
Fig. 5. Genotype of a sample individual in the evol

First, a maximum (max) and a minimum limit (min) for the val-
es associated to each gene are set. In our case, max is the size of
he sliding window, while min is 2. These max  and min values are
et to avoid errors in the system. While running the system, 2 is the
mallest acceptable value for max  pooling, as there is no point in
sing a lower size. On the other hand, the sliding window cannot
e greater in size than the input data. Next, a randomly generated
et of solutions (individuals) will be created. In our example, the
opulation is 50 individuals (� = 50), with every individual repre-
enting the hyperparameters settings of a CNN instance with its 10
nteger values (Fig. 5).

Generated solutions are then evaluated: the fitness function in
ur problem is the average accuracy of the CNN defined by the
forementioned hyperparameters on a 10-fold validation process.
t is worth noticing that this evaluation is computationally expen-
ive, as each individual, representing a CNN, needs to be trained on
he 10 dataset generated by cross validation, running a backprop-
gation algorithm for 1000 iterations in each case.

Subsequently, individuals are sorted, with the first individual
aving the best accuracy, and the last the worst. This sorting is
sed as a base for individual reproduction: the first 25 individuals

n the ranking will be recombined with an individual selected with
niform probability from the best 50, creating an offspring of size

 = 50. This mating scheme is inspired by [35], and summarized by
lgorithm 1; the recombination operation is depicted in Fig. 6.

Once the two children solutions are created, they are randomly
utated. For each gene in the individual (each integer value in a

olution), there is a 10% probability of mutating that parameter to
 random integer value, uniformly generated between the min and
he max boundaries for that gene. All the children solutions, repre-
enting the offspring for that generation, are then merged with the
nitial population, to create a pool of size � + � = 100; the individu-
ls are then sorted by their fitness value, and the worst are removed
ntil the population is again of size � = 50.

lgorithm 1. Evolutionary Algorithm used in the experience.
When randomly mutating and recombining solutions, it is possi-
le that the resulting individuals will violate constraints, becoming
ry optimization. All considered genes are integers.

unfeasible solutions. EAs solve this issue by either discarding the
unfeasible individuals without a complete evaluation, or by repair-
ing them, modifying the invalid values with a heuristic. In our
problem, we  choose the latter option, using a linkage tree to repre-
sent the constraints on hyperparameters that need to be evaluated
together, given the nature of a CNN. In particular, for our case study:
w1, w2, w3 and w4 are independent and can assume values in (2,
256); h1 and wd1 are independent and can assume values in (4, 64);
while the other hyperparameters are dependent on h1 and wd1, see
Algorithm 2. These ranges were chosen from several experiments.
For example a window size bigger than 256 will take a lot of time
to evaluate, thus these ranges are a good commitment between
results and performance.

Algorithm 2. Heuristic repair of unfeasible solutions in the EA.
This algorithm enforces the proper sizes of the CNN instance, to
avoid errors. For example, the convolution window cannot be big-
ger than the actual data.

3.4. Implementation

The proposed algorithm is implemented in Python, resorting to
the Tensorflow library2 [36], developed by Google, currently con-
sidered the state of the art for deep learning. OAR task manager3

is used to massively exploit the parallelism potential of EAs. As
an individual needs to be evaluated on a 10-fold cross validation
process, each fold of the validation can be run on an independent
thread, and all individuals can be evaluated at the same time, the
evaluation of 50 individuals (the initial population) can be paral-
lelized using 500 threads.

Several programs are devised to monitor and handle the parallel
2 https://www.tensorflow.org/.
3 http://oar.imag.fr/.

https://www.tensorflow.org/
https://www.tensorflow.org/
https://www.tensorflow.org/
https://www.tensorflow.org/
https://www.tensorflow.org/
http://oar.imag.fr/
http://oar.imag.fr/
http://oar.imag.fr/
http://oar.imag.fr/
http://oar.imag.fr/
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Fig. 6. Recombination procedure for individuals in the proposed approach. The cut point is randomly chosen between all available positions, and the procedure generates
two  children individuals (to be further mutated in the following steps).
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The proposed methodology is then tested against 21 reference,
state-of-the-art classifiers, whose implementations are taken from
Fig. 7. Representation of the framework designed to paralleli

f the EA algorithm, sorting, mating and mutating the individuals;
oth dispatch the evaluations to the nodes in the cluster.

Once the evaluations from the Base program are finished, the
utput is collected by Next Generation,  that will continue the pro-
ess. Next Generation,  in turn, will produce an output file. A Progress
nalysis process monitors the individual evaluations currently run-
ing on the cluster, showing the user the threads that already
erminated, and possible threads in deadlock, that will need to be
estarted. The described framework is summarized in Fig. 7.

If all, or enough threads have finished, (decision by the user),
he Append unit will create the input for the next Generation. The
rocedure is semi-supervised, because a thread crash in any of the

nstances should not affect global performance. Such a precaution
s necessary, as systems for massively distributed computing can-

ot be assumed to be completely reliable. The best value in each
eneration is chosen by the average of the validation set accuracy
or folds 0–9.
 proposed approach and distribute evaluation over a cluster.

4. Results and discussion

After 300 evaluations, requiring 14 days of computation on an
institutional cluster with 744 cores, the proposed approach is able
to find a set of Hyperparameters for the CNN that brings average
validation accuracy to 96.6%. Fig. 8 reports accuracy on the training
set of the best CNN during the backpropagation process; accuracy
on the validation set is reported in Fig. 9. The loss functions over
training and validation set are shown in Figs. 10 and 11, respec-
tively. The best hyperparameters found by the EA are: w1 = 36,
wd1 = 206, h1 = 175, w2 = 251, wd2 = 41, h2 = 4, w3 = 2, wd3 = 133,
h3 = 7, w4 = 2. Classification accuracy by class is provided in Table 2.
the scikit-learn4 Python package [37]. The list of classifiers used

4 http://scikit-learn.org/stable/.

http://scikit-learn.org/stable/
http://scikit-learn.org/stable/
http://scikit-learn.org/stable/
http://scikit-learn.org/stable/
http://scikit-learn.org/stable/
http://scikit-learn.org/stable/
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Fig. 8. Training accuracy for the final CNN, average for folds 0–4.
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Fig. 9. Validation accuracy for 

or the comparison and their respective performance on the vali-
ation set are reported in Table 1. As for the proposed approach,

 10-fold cross validation procedure is used for all the reference
lassifiers.

While it is commonly acknowledged by machine learning
xperts that mean and standard deviation in performance of a
lassification algorithm over a cross-validation cannot be inter-
reted with their classical meaning in statistics [26], nevertheless
hey can be used as a reference to separate the behavior of two
lgorithms. In this case, the distribution of results obtained by

he proposed approach is separable by the distribution of its
losest competitor (OneVsOneClassifier) with p < 0.01 using a
olmogorov–Smirnov test. Among the considered techniques, the
al CNN, average for folds 0–4.

proposed methodology is thus the best classifier for the target prob-
lem.

Additionally, this comparison makes it possible to perform a
meta-analysis of the classifiers’ accuracy on the different cancer
types in the dataset, reported in Table 2. Overall, the set of con-
sidered classifiers is able to obtain satisfying classification rates on
most classes, but some are noticeably easier to tackle. For example,
LIHC and PCPG, where 58 and 50 classifiers respectively are able
to reach a 100% classification rate. For cancer types such as CHOL,
DLBC, FPPP, and MESO, on the other hand, no classifier can reach

100%; this result, however, can be explained by the relatively low
number of samples for each mentioned class in the dataset. ESCA
and HNSC, however, prove to be just as hard, but feature a way
more generous number of samples, 200 and 488 respectively. This
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Fig. 10. Training loss for the final CNN, average for folds 0–4.
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Fig. 11. Validation loss for th

s an indication that correctly classifying such illnesses based on
NA biomarkers, only, might not be a viable solution.

. Conclusions

In this paper, we presented a novel approach to classify can-
er types from miRNA biomarkers isoform values. The proposed
ethodology exploits an EA-optimized CNN, optimized and trained

xploiting the inherent parallelism of evolutionary computation.

he approach is then tested on a real-world dataset, containing
046 biomarkers for 8129 patients, affected by 29 different types
f cancer, and compared against 21 different state-of-the-art clas-
ifiers.
l CNN, average for folds 0–4.

The proposed approach is proven able to outperform the clas-
sifiers used as a reference. Results from the comparison are then
used for a meta-analysis of the different classes in the dataset,
showing which classes are harder to detect, and providing some
indications on the cancer types for which miRNA biomarkers might
be a valuable resource.

While the results presented in this work are still preliminary,
they are nevertheless a step towards non-intrusive tests for early
detection of cancer in patients. Future works will focus on a more
in-depth analysis of the features of each class, and enhancing the

classification process to include data from healthy patients.
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Table  1
Accuracy of the classifiers listed in the naive assessment, grouped by family, using a 10-fold cross validation. As the task is extremely difficult, the vast majority of classifiers
with  default hyperparameters perform poorly. Methods marked with * create an ensemble of classifiers, each one targeting a specific class, or discriminating between two
specific  classes in the problem. OneVsOne,  OneVsRest, and OutputCode classifiers have been tested with ensembles composed of all the previously listed classifiers. The best
results are reported, for OneVsOne(LogisticRegressionCV), OneVsRest(AdaBoostClassifier), and OutputCode(GradientBoostingClassifier), respectively.

Name Test score Stdv

ensemble

AdaBoostClassifier [38] 0.2889 0.0130
BaggingClassifier [39] 0.8851 0.0084
GradientBoostingClassifier [40] 0.9253 0.0059
RandomForestClassifier [41] 0.8727 0.0140

linear model

LogisticRegression [42] 0.6766 0.0199
LogisticRegressionCV 0.9405 0.0106
PassiveAggressiveClassifier [43] 0.7072 0.0561
RidgeClassifierCV [44] 0.7706 0.0239
SGDClassifier [45] 0.6800 0.0361

naive bayes [46]
BernoulliNB 0.7749 0.0097
GaussianNB 0.7375 0.0215
MultinomialNB 0.2005 0.0094

neighbors

KNeighborsClassifier [47] 0.8521 0.7825
NearestCentroid [48] 0.5179 0.4885
RadiusNeighborsClassifier 0.1426 0.1499

svm

SVC  [49] 0.1358 0.0087
tree

DecisionTreeClassifier [50] 0.8148 0.0169
ExtraTreeClassifier [51] 0.5509 0.0184

multiclass

OneVsOneClassifier* [52] 0.9594 0.0079
OneVsRestClassifier* [52] 0.9385 0.0108
OutputCodeClassifier* [53] 0.9311 0.0100

Proposed approach

EA-optimized CNN 0.9660 0.0086

Table 2
Performance of the proposed approach, along with a meta-analysis of classifier performances for each type of cancer. Considering the various classifier ensembles used in
the  experiments, the total number of classifiers tested in our work is 76. Cells highlighted in grey show the accuracy range the proposed approach is placed into, for each
class.  Lines highlighted in red reveal cancer types that prove hard to correctly classify for all considered algorithms. Class HNSC proved to be particularly challenging, with
the  proposed approach being the only classifier able to break the 50% accuracy threshold.
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