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Let us keep looking, in spite of everything. Let us keep searching. It is indeed the best method of
finding, and perhaps thanks to our efforts, the verdict we will give such a patient tomorrow will not be

the same we must give this man today.
Charcot (1889)
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Abstract

Amyothrophic Lateral Sceloris (ALS) is a devastating disease, whose pathogenesis is still not fully

understood. In the literature, evidence regarding the genetic framework of disease abounds. In the

present work, two different approaches are combined in an attempt to unravel novel disturbed bio-

logical pathways in sporadic cases of ALS. First, standard unsupervised data mining techniques are

employed to samples and genes: hierarchical clustering and K-Means clustering. Then, the Weighted

Gene Co-expression Analysis based on network concepts is used to obtain modules of highly corre-

lated genes. Several network concepts are integrated to guide the algorithm and assist the selection

the more cohesive modules. The purpose of using both procedures is to identify genes involved in ab-

normal biological processes. Toward this end, an overlap study of the resulting clusters and modules

was performed. This procedure was followed by functional enrichment with Gene Ontology and KEGG

terms. With both approaches significant groups of genes were identified, which should be analysed

in depth as future work. The application of WGCNA provided a more straightforward identification of

enriched modules. However, clustering techniques also led to results with high correlation with the

disease. As a future work, to compare these different approaches and to improve the confidence of

the results, a larger dataset should be considered.
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Resumo

A esclerose lateral amiotrófica é uma doença de efeitos devastadores cuja patogénese não é to-

talmente conhecida, ainda que existam evidências de contribuição genética. Neste trabalho foram

utilizadas duas diferentes abordagens para o tratamento de dados transcriptómicos adquiridos com

a tecnologia de microarray para casos esporádicos desta doença. O objectivo principal prendia-

se à potencial descoberta de vias biológicas e genes perturbados nesta condição relativamente ao

padrão saudável. Primeiro, técnicas não supervisionadas, o clustering hierárquico e o algoritmo de

k-means, foram utilizadas para agrupar tanto as diferentes amostras como os genes. Seguidamente,

um método para a construção de redes de regulação genética foi aplicado a este conjunto de dados

para determinar módulos de genes correlacionados, o Weighted Gene Co-expression Network Analy-

sis (WGCNA). No processo de determinação destes módulos foram integrados conceitos da literatura

de redes complexas. Para melhor comparar os diferentes métodos, realizou-se uma sobreposição

de todos os resultados seguida de enriquecimento funcional com a Gene Ontology e a KEGG. Em

todos os métodos foram identificados grupos de genes interessantes com a presença de funções

potencialmente relevantes no estudo desta doença que devem ser analisados com mais detalhe em

trabalhos futuros. Finalmente, é sugerido comparar estes procedimentos utilizando um conjunto de

dados com maior número de amostras.

Palavras Chave

Esclerose Lateral Amiotrófica, K-Means, Clustering hierárquico, Weighted Gene Co-expression

Network Analysis, Redes de Regulação Genética, Transcriptoma
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1.1 Context and Motivation

Microarray’s technology has the ability of parallel assessment of thousands of gene expression

profiles and, is nowadays an established tool in the study of the genes’ behaviour under different

conditions. In the past decades, the evolution of this technique was accompanied by the advent of

database technology and it is now possible to composed datasets of different studies to increase the

confidence of results.

These advances were rapidly followed by the emergence of several different platforms and pro-

cessing techniques. In fact, the variety of processing techniques and the lack of consensus regarding

the standardization of the pipeline is one of the main challenges of this technology. The two main ap-

proaches to unravel the information of a microarray are either to use techniques from the data mining

literature, such as supervised and unsupervised learning methods, or based on the network literature.

Supervised learning techniques are focused on the identification of elements that allow the clas-

sification of samples, whilst unsupervised (or clustering) are turned to the identification of patterns

of similarity. In fact, using clustering techniques is a common practice in microarray’s studies. How-

ever, each of such techniques presents different pitfalls and thus there is no consensus regarding

the best one. Two of the standard procedures are the hierarchical clustering and the K-Means algo-

rithm, that group genes based on the assumption their similar expression implies they are also being

co-expressed.

On the other hand, gene regulatory networks try to identify how genes are related to each other

in an attempt to identify gene regulatory sub-networks. A recent method is Weighted Gene Co-

expression Network, that has been successfully applied in several different contexts to identify mod-

ules containing relevant genes for the problem under study. This method was been previously applied

to Amyotrophic Lateral Sclerosis (ALS) with the identification of two modules enriched with differen-

tially expressed genes. These modules presented significant, although very general, gene functions

regarding this disease, such as post-translational modification, infection mechanism, neurological dis-

order, genetic disorder, inflammatory disease and skeletal and muscle disorder.

ALS is a devastating motor neuron disease with a fatal outcome. Although several affected biologi-

cal pathways have been identified, its pathogenesis is still largely unknown. Genetic factors have been

undoubtedly associated with this disorder, either in its familial or sporadic form. However, more genes

and functions have been identified with the familial form and currently evidences of their involvement

in the sporadic form was verified.

1.2 Problem Formulation

As enough evidences of genetic contribution to the pathogenesis of Amyotrophic Lateral Sclero-

sis have been yet identified, transcriptomic studies focused on the identification of perturbed gene

expression profiles may provide novel insights into this perturbed mechanism.

The main goal of the present work, is to explore an Amyotrophic Lateral Sclerosis dataset in an

attempt to identify groups of genes that present differences in their expression profiles when compar-
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ing with controls. Two main approaches to unravel the information contained in this data are used,

clustering techniques and a correlated-based network inference method. Hierarchical clustering and

K-Means methods are chosen for the first approach as they are standard procedures in the processing

of microarrays. As a correlation-based method it is used the Weighted Gene Co-expression Network

Analysis as it has been successfully applied to this disease.

1.3 Main Contributions

The main contributions obtained in this work were:

1. Revision of concepts and methods used in Weighted Gene Co-expression Networks applica-

tions;

2. Proposal to use standard networks concepts to help guiding the definition of modules in the

WGCNA approach;

3. Comparison of the latter network approach with standard clustering techniques with the use of

a real dataset;

4. Identification of a set of genes related with significant biological functions associated.

1.4 Thesis Outline

This work is divided into four main sections that represent the pipeline followed.

First the state of the art is revised in the section Background (Section 2). It was considered relevant

to describe the disease (Section 2.1) and the technology of microarray (Section 2.2). Then, the current

state of art of the techniques for processing microarrays (Section 2.3) is given to contextualize its use

and it is also presented the related work (Section 2.3.5).

The methods used in this work are then fully detailed in the Methods (Section 3). It is presented

the dataset used in this work (Section 3.1), the pre-processing steps applied (Section 3.3) as well as

the software used (Section 3.2). Data analysis chosen procedures are described in the next sections

(Section 3.4): hierarchical clustering algorithm (Section 3.4.1), k-means method (Section 3.4.1) and

the Weighted Gene Co-expression Network Analysis (Section 3.4.2).

The results of applying the former methods to a dataset of Amyotrophic Lateral Sclerosis (Section

3.1) are presented in Section 4. Exploratory results (Section 4.1) are performed on this dataset

making use of the previously stated clustering techniques (Section 4.1.2). Then the WGCNA method

is applied (Section 4.2). Finally, the results from each method are compared and functional enriched

(Section 4.3).
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2.1 Amyotrophic Lateral Sclerosis

Amyotrophic Lateral Sclerosis (ALS) is also colloquially known as Lou Gehrig’s disease (in Ameri-

can English), Motor Neurone Disease (in British English) [1] and Charcot’s disease [2] after the French

neurologist that first described it in 1869. It is the most frequent motor neuron disorder with adult on-

set and is characterized by the progressive degeneration of the upper motor neurons (UMN) of the

corticospinal tract and the lower motor neurons (LMN) of the spinal cord anterior horns [3–5]. It leads

to progressive weakness and atrophy of muscles, paralysis and ultimately death [6, 7]. Death usually

results from respiratory failure and occurs approximately 3 years after symptom onset [2, 8]. Each

year, around 5,600 people are diagnosed with ALS with the incidence rate of two per 100,000 a year

[6].

Clinical Manifestations ALS is mostly characterized by motor system perturbations, such as mus-

cle weakness, cramps and twitching [2]. In approximately half of the patients cognitive perturbations

have been identified, at least at a subtle level, as perturbations in attention, verbal fluency, short-term

memory, visuospatial abilities, executive functioning, among others [9]. The causes for this cognitive

deficits have not yet been identified although some theories have been proposed [9]. In some cases,

ALS has been related to frontotemporal dementia (FTD, FTDL) [8, 10].

There are two main clinical manifestations of ALS, which allow to classify the disease into bulbar

or limb onset motor neuron disease regarding whether it has started in the bulbar or spinal innervated

muscles [10]. In some cases, it may be further characterized into progressive muscular atrophy,

primary lateral scleroris, or simply ALS and then classified by the El Escorial classification system as

definitive, probable or possible. Other phenotypes have also been described as ALS, such as flail

arm syndrome and flail leg syndrome [8].

Diagnosis Due to the devastating effects of ALS diagnosis and since several diseases mimic its

phenotype, it is essential to achieve a high certainty in the diagnosis of ALS. Nowadays, clinicians use

a combination of approaches of clinical assessment and laboratory investigation. The final diagnosis

is difficult to accomplish and thus the El Escorial criteria defines levels of certainty associated to the

disease’s diagnosis but further physiological tests should be performed [10].

Pathogenesis The pathogenesis of ALS is still largely unknown [5]. Understanding the underly-

ing processes that lead to motor neuron degeneration and death is essential to better perceive the

disease and to develop therapeutic targets [7, 10].

Relatively to the genetic origin of the disease, 5-10% of the ALS cases are of familial origin (fALS),

whilst the majority are sporadic (sALS) [7]. Both these types present indistinguishable clinical mani-

festations [7] and some of the genes that have been identified in the familial form are also present in

the sporadic form [2]. Taking these findings into account as well as others, some authors [8, 11] con-

sider there is enough evidence of genetic contribution in all ALS cases although with some patient’s

genetic heterogeneity [5]. The list of genes associated with the familial form keeps increasing [11],
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some of which are presented in Table 2.1. The first gene related with ALS was SOD1, which encodes

for copper/zinc ion-binding superoxide dismutase [8, 10]. In approximately 30% of the familial cases

of ALS present mutations in SOD1, TARDBP, fused in sarcoma (FUS) and the optinerin (OPTN) gene

[3]. In most sporadic ALS patients, the nuclear protein TAR DNA binding protein 43 (TDP-43) is accu-

mulated in the cytoplasm [7]. Recently, the most common genetic mutation, in both fALS and sALS,

was associated with gene C9ORF72 in a non coding sequence [3].

ALS’ pathogenesis is considered multifactorial [10] with the possible involvement of a variety of

biochemical pathways [11]. First, it is now clear that motor neuron degeneration requires perturbation

of non-neuronal cells, specially astrocytes and microglia [1, 3, 10]. Several biological and molecular

processes have been identified as potentially involved in motor neuron death in this disease, such

as neuroinflammatory processes [1], protein aggregation or inclusions [1, 8], oxidative stress and

abnormal axonal transport or axonopathy [7, 11]. In fact, in the majority of ALS cases, ubiquinated

cytoplasmatic inclusions formed by TAR DNA-binding protein (TDP-43) appear, and so this manifes-

tation is considered a pathological characteristic of the disease [3, 8]. An important role in the motor

neuron degeneration in this disease has been attributed to glutamate-mediated excitotoxic effects [7].

Other processes have been also studied, such as the potential role of the retinoid signaling pathway

[11]. Finally, dysfunction of some cell organelles, such as mitochondria are also present in the disease

[7, 10, 11]. The exact role of these perturbed biological processes as well as the identified genes in

the development of the disease, remains unclear [1, 3, 8].

Two currently updated and complementary databases contain the information relatively to the re-

lationships between gene variants and ALS phenotypes as well as current analysis of ALS genes.

These are ALSoD (genotype–phenotype correlation with an emphasis on familial ALS) [12] and ALS-

Gene (meta-analysis of association data and genome-wide association studies) [13].

Research and Treatment Currently, there is no effective therapeutic interventions to significantly

slow or even stop the progression of the disease [1, 2, 11]. Regarding pharmaceutical care, the only

effective drug is Riluzole, which inhibits presynaptic glutamate release, and increases life expectancy

by 2-3 months [7]. Therefore, healthcare of these patients is usually a combination of different exper-

tises directed at the management of the disease’s symptoms [10] and improvement of the quality of

life. Focus is given to maintenance of adequate nutrition and the use of non-invasive ventilation sup-

port for respiratory symptoms [7]. Current research for therapeutic targets and treatments is reviewed

in [1, 7].
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Gene loci Heritance Protein Pathway or effect
ANG 14q11.2 Dominant Angiogenin rRNA transcription

ALS2 2q33 Recessive Alsin Endosome/membrane
trafficking

C9ORF72 9p21.2 Dominant Uncharacterized
Altered C9ORF72 RNA
splicing, formation of nu-
clear RNA foci

FIG4 6q21 Recessive FIG4 homolog Endosome trafficking

FUS 16p11.2 Both Fused in sarcoma
Altered RNA processing,
formation of inclusion
bodies

OPTN 10p13 Both Optineurin

Golgi maintenance, mem-
brane trafficking and exo-
cytosis, formation of inclu-
sion bodies

SETX 9q34.12 Dominant Senataxin DNA and RNA processing

SOD1 21q22.11 Almost
always

Superoxide
dismutase-1

Protein aggregation,
possible gains of redox
function, impaired axonal
transport

SPG11 15q21.2 Recessive Spatacsin Impaired axonal transport

TARDPB 1p36.22 Dominant TAR DNA binding
RNA processing, forma-
tion of protein inclusion
bodies

UBQLN2 Xp11.231
dominant X-linked Ubiquilin-2

Proteasomal protein
degradation, inclusion
body formation

VAPB 20q13.32 Dominant
Vesicle-associated
membrane protein
VAMP

Vesicle trafficking

VCP 9p13.3 Dominant Valosin-containing
protein

Proteasomal degradation,
endosomal trafficking,
vesicle sorting

Table 2.1: Genetic factors and loci identified in previous studies by [1] and [8] as related with familial form of
ALS.

2.2 Microarray Technology

The human genome has been sequenced as a result of the Human Genome Project started in

1990. In 2004, the sequenced human genome consisted of 2.85 billion nucleotides interrupted by

341 gaps, which covered approximately 99% of the genome with an error rate of approximately 1

event per 100,000 bases. By then, it was believed that there were only 20,000-25,000 protein-coding

genes [14]. More recently, the human genome was described as presenting around 30,000 genes,

which in turn represented the production of more than 100,000 proteins [15]. This high quantity of

different proteins may be explained by a process called alternative splicing [15].The molecule pre-

mRNA, contains exons and introns regions, and passes through a process where exons are removed

in order to form mature mRNA which will be translated into a protein. However, during this process,

exons may be kept and introns removed and alternative splicing takes place. The modification of

genetic information may lead to different proteins, which may or not present abnormal function and

result in a genetic disorder [15].
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A molecule that may influence the final production of proteins is microRNA, small segments of

RNA containing around 22 nucleotides [15]. They bind to their complementary mRNA sequence and

facilitate their degradation, which results in repression of transcription. These molecules may be

transcribed by their genes or exist in intronic regions of mRNA. There are estimated 1,000 miRNA

encoded in the human genome that are predicted to bind to 60% of all mRNA transcripts. Therefore,

miRNA and their dysregulation are pointed in a number of different diseases. Although not standard-

ized and still in its beginning, there are already some miRNA microarrays to study their expression as

its effects on gene expression [15].

Besides, some authors [16] have proposed genomic variance in the population, that resulted in

different phenotypes and should be considered when studying gene expression. This variance may be

due to single-nucleotide polymorphisms, small insertion-deletion polymorphisms, variable numbers

of repetitive sequences, and genomic structural alterations [16]. In this context, understanding the

human genome, its variance and regulation will contribute to a better understanding of the physiology

of most diseases but also how evolution had occurred [15].

On the other hand, although several genomes have been sequenced, including the human, not all

genes’ function and location have yet been identified. Towards this end, high-throughput technologies

that produce several types of ’omics’ data have been used. As predicted in 2004 [17], the technology

of microarrays had great impact in biomedical studies and it is nowadays a common practice.

A brief description of microarrays’ technology and its applications in biomedical studies is provided

in the next sections.

Definition The term microarray was empirically defined by [17] as “a high-throughput assay system

which utilizes spatially ordered discrete, high-density arrangement of biologically important entities

immobilized on a solid platform”, where these entities may be nucleic acids fragments, proteins, car-

bohydrates, whole cells, or tissues. It had also been previously defined by [18] as “monolithic, flat

surfaces that bear multiple probe sites, often hundreds and thousands, and each bear a reagent

whose molecular recognition of a complementary molecule can lead to a signal that is detected by an

imaging, most often fluorescence”. These platforms might be used for assessment of the behaviour

of multiple targets in a single platform.

The development of these arrays were due to the contribution of different publications, as re-

viewed in [17–19]. The first microarray commercialized was an oligonuleotide-based microarray called

GeneChip R© and made available by Affymetrix in 1996. Since then, several arrays have been devel-

oped, that take into consideration different concerns and improve efficiency and screen power of this

initial one.

Types of microarrays What determines the type of microarray is its biological target and its com-

plementary probe. The most commonly used type of microarray is the one applied to nucleic acids

analysis in order to monitor gene expression levels, by parallel assessment of thousands of genes at

the same time [18, 19]. These microarrays may in turn be divided into two types based on the mate-
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rial used as probe: (1) complementary DNA (or cDNA), and (2) oligonucleotide microarray [17, 20].

These two types of design have different probe and target preparation (schematized in Figure 2.1).

cDNA microarrays’ probes are PCR fragments amplified from specific target sequences or clones

from a cDNA library. The length of such probes can vary from a few hundred base pairs (pb) to a few

thousand long [17], cDNA microarrays have been found useful in non-model organism and in identify-

ing heterologous genes across species [21]. On the other hand, oligonucleotides’ microarrays do not

use cDNA library as their probes are synthetized on-chip or first synthesized and then immobilized on

the platform. These probes are considerably smaller, usually 20-80 mer long [17, 21].

Figure 2.1: Schematic overview of nuclei acids microarrays (adapted from [20]): an overview of probe array
and target preparation for spotted cDNA microarrays and high-density oligonucleotide microarrays. (a) cDNA
microarrays. (b) High-density oligonucleotide microarrays.

However, these arrays are not enough to estimate all cell’s activity and so, other types were cre-

ated. Presently there are microarrays of proteins, antibodies, carbohydrates, entire cells and even

tissues [17, 22]. Due to the different complexity and structure of these probes, such arrays face dif-

ferent challenges as the nucleic acids ones. For example, proteins three-dimensional structure is

essential to its activity and proteins’ chips have to be design to take this limitation into consideration.

Good reviews on these arrays, their applications and challenges are available in [17, 22]. From this

point further, only DNA microarrays are going to be discussed as they are the focus of the present
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work.

Usage The sample of DNA or RNA is first isolated from the biological sample and amplified. The

sample is labelled with a fluorescent dye, such as Cy3 and Cy5, or radioactively. Then, specific

hybridization is promoted between samples and their complementary probes attached to the microar-

ray’s surface and a double stranded molecular structure is formed. The chip is rinsed to remove

non-specifically bounded molecules and the resulting fluorescent or radioactive image is recorded.

Usually a laser scanner attached to a confocal microscope and a CCD camera is used in the case of

fluorescent dyes. A fluorescent image is produced by the excitation of the labels by the laser, which is

captured by the camera. On the other hand, hybridization is detected when using radioactive labels

by a phosporimager [17]. Both hybridization images present information regarding where hybridiza-

tion has successfully occur and the relative expression of a given gene is inferred by the intensity of

the spot where its specific probes are located. Higher intensity is equivalent to high gene expression.

Therefore, in a single experiment and, using an appropriate array, an entire genome may be scanned

[22].

The underlying principle of microarray technology is the specific hybridization between two strands

of DNA, in which hydrogen bonds are formed between complementary nucleotide base pairs [23].

Validation of the expression of specific sequences may be verified using conventional techniques like

northern blot, RT-PCR, or nuclease protection assay [17].

Applications As this technology provides the means to measure a wide variety of messenger RNA

transcripts, it allows a new insight into some of the cellular processes. The applications of microarrays

are vast in clinical practice and genetic research as it offers the possibility to register gene expression

response to external factors or differences in the individual’s phenotype [21, 24]. Therefore, they can

be applied in the research and diagnosis of diseases, pharmacogenetics, drug discovery, toxicoge-

nomics, and functional genomics [17, 19, 21]. They may also be used in studies of gene expresion,

genome mapping, SNP discrimination, transcription factor activity and many other [23].

In research, microarrays may be used to study genomic related diseases, such as cancer, in

an attempt to identify, for example, specific molecular markers related to the different stages of the

disease. They are considered a good alternative to the study of cognitive diseases where animal

models fail. On the other hand, microarrays may be use in whole genome studies to screen for

mutation point screening or in an attempt to identify SNPs [17], as well as study of non-diseased

related disorders, such as drug addiction [21].

Relatively to the therapeutics, it may be used in the study of the influence of drugs in gene expres-

sion and screening for potential therapeutic candidates [17].

Currently, there are several public data repositories, where data from different experiments is

shared between researchers, the two largest repositories are the Gene Expression Omnibus (GEO)

from NCBI and ArrayExpress from EBI [25].
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2.3 Microarray Data Analysis

Processing microarrays presents a basic pipeline that more or less is followed by every bioin-

formatician. These studies start with low-level operations, such as filtering and normalisation and

finish with high-level ones, like clustering techniques or other pattern recognition algorithms [26]. Ac-

cordingly to [26] it is the low-level tasks that are poorly understood as most of them are empirically

determined. This basic pipeline is briefly described in the following paragraphs, where the precise

algorithms used at each step vary slightly between one-channel arrays (Affymetrix) and two-channel

arrays (Illumina).

Pipeline [26] Each microarray used in a study is individually processed, that is, quantified, filtered

and normalized. The hybridization image acquired in the experiment is transform into numeric data.

This raw data is filtered to remove high-noise and low-signal spots. Then, a normalization step is re-

quired to remove spatial variability, channel imbalances and inter-array heterogeneity, which is often

performed twice. These microarrays are usually combine into a dataset that requires a normalization

inter-array. Processing this dataset may unravel important biological meanings hidden in the data.

Differential expression analysis may be applied to identify individual genes that present a significantly

changed expression profile between experiments and it is a common practice. This differential analy-

sis step may be used to select the significant differentially expressed genes to be given as input to the

high-level procedures in order to reduce the data dimensionality [23], but it is not mandatory. As an

alternative or a complement, datasets are used as input into clustering analysis. The resulting sub-

groups of genes present a similar or related expression profile and dissimilar behaviour from genes

contained in other subgroups or clusters. More recently, there has been made efforts to reproduce

the natural genetic networks by the identification of how genes expression profiles are correlated [26].

Microarray studies, as they allow parallel assessment of thousands of genes, generate large quan-

tity of data. Appropriate statistical and computational methods have thus been used to extract useful

information from these studies. Several approaches have been proposed over the years to uncover

biological meaning from microarray data but still many questions remained unanswered [27]. Be-

sides, the results obtained with this technique would be more robust if the analysis would be made in

a standardize way [21, 23].

Towards this end, genes may either be considered individually in a procedure known as differential

expression analysis or in a more global way, using clustering/biclustering and classification techniques

or network inference [23, 28]. The most common procedures are the first three, although in recent

years other types of studies have been performed on this kind of data, such as transcription factor

binding site analysis, pathway analysis, protein-protein interaction network analysis and gene enrich-

ment analysis (further details, as well as a presentation of methods and tools available, on these latter

methods, please refer to [23]).

There appear to be no consensus as to which is the best method to be used but rather that dif-

ferent techniques may explore different aspects of the data. Differential analysis (Section 2.3.1) is
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based on the concept that the modification of one genes’ expression profile may be solely responsi-

ble for a given condition. On the other hand, co-expression and network analysis are used to study

the potential transcriptional co-regulation and gene interactions. Practical applications of using such

approaches are to unravel or validate disease subtypes, predict unknown gene functions or transcrip-

tional regulations, dimension reduction and gene clustering [25].

2.3.1 Differential Analysis

Differential expression analysis focuses on the identification of genes (or pathways), which present

significantly different expression profiles between two groups of experiments. The first used approach

to determine such genes was a calculation of a fold change between the two groups. Folds above a

given threshold, for example two-fold, were considered biologically relevant. Later, various univariate

statistical methods started being used, such as t-tests, SAM (modified t-tests), two-sample t-tests,

F-statistic, Bayesian models [23], p-value cuttoffs, Bonferroni corrections, Fishers exact test [21],

Wilcoxon test and Kruskal-Wallis [27].

Analysis of Variance techniques (ANOVA) are chosen for datasets with multiple classes [21, 23].

Finally, the standard multi-testing procedure to select the final list of significantly differentially ex-

pressed genes is the false discovery rate (FDR) [29].

Interesting gene lists may result as output of these methods, which may be potential drug targets

and biomarkers [23]. There can be a bias in the conclusions of these studies as many of them result

in large lists of genes, the researchers frequently restrict their conclusions to the already established

genes related with the condition under study [20]. It is also difficult to predict if genes are affected as

a cause or a consequence of the disorder.

As another pitfall, the output of some of these methods, such as fold change and statistical cuttoffs,

vary when the significance values are changes. This could lead to misinterpretation of the data [21].

2.3.2 Supervised Learning Methods

Supervised approaches are chosen to classify the samples into known classes, which requires

prior knowledge of the data structure [26, 27]. The basic concept underlying this approach is to train

the model with some examples in order for the classifier to know how to classify an unseen test

case into one of classes [23]. The most interesting application would be to identify diseases types

and sub-types in diagnosis [23], by finding a list of relevant genes that allow this classification [27].

The most commonly used methods for microarray data analysis using this approach are: random

forests (RF), k-nearest neighbours (KNN), support vector machine (SVM), Artificial Neural Networks,

weighted voting and discriminant analysis (DA) [23, 27]. The latter was described in the previous

chapters (Section 2.3.1) and for more details on such methods, please refer to [24, 26, 30].

In most biological problems targeted by microarrays, the class labels, required for the supervised

algorithms, are not provided [24]. Therefore, in microarray data analysis, unsupervised methods are

more frequently used as they attempt to unravel novel or unexpected hidden patterns in the data

[23, 26].
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2.3.3 Unsupervised Learning Methods

There are numerous types of clustering algorithms that need to be selected based on the features

one is more interested in. One may be interested in grouping genes expression profiles, samples

or both[31]. When data reduction is required, PCA or SOMs [27] are taken into consideration, for

example. Unfortunately, none of these approaches presents a clear superior performance regarding

the others [30]. A relevant pitfall is that it has the property of identifying patterns even in random data

and so, their output has to be validated statistically and experimentally [26].

Why cluster genes? In the past few years it has become clear genes and other cell’s components,

like proteins and RNA, interact with each other in order to respond to cell’s biological functions. In

fact, it is estimated that one gene interacts on average with four to eight other and is involved in ten

biological functions [27]. Thus genes do not act on their own but rather in complex interactions in also

complex regulatory networks [29].

Clustering genes makes the assumption that genes in the same cluster are co-expressed, that

is, they present related expression patterns. Indeed genes coding for proteins that belong to some

pathway or that are elements in a protein complex are likely to have similar expression patterns

[32]. Therefore, the biological motivation to consider co-expressed genes in silico is that they are

co-regulated in vivo [26] and that the magnitude of their co-expression gives the likelihood of their

interaction [25]. In fact, it has been verified that gene expression clusters tend to be significantly en-

riched with specific functional categories [33], which may be used to infer the functionality of unknown

genes belonging to these clusters using the principle of ’guilty-by-association’ [34, 35]. Besides, there

is a clear advantage in the data reduction of microarray studies as it makes it is easier to visualize,

study and understand a few clusters than thousands of gene expression profiles [26, 33].

Studying co-expressed genes may contribute to the knowledge of regulatory mechanisms [29]. On

the other hand, clustering may be also used to cluster samples or genes and samples [27]. Although

there is evidence of these interactions among genes, and other components, which may be unravelled

by pattern discovery techniques, in vivo or in vitro testing would provide a definitive evidence [26, 36].

Clustering algorithms are a data mining concept applicable to different contexts [28] and that

may be divided into hierarchical and partitioning (or non-hierarchical) methods [33]. The three most

common used clustering algorithms are hierarchical clustering and two partitioning techniques, k-

means and self-organizing maps [23]. Over the years, several techniques, some of which derived

from these three, have been widely applied to microarray data, such as K-medoid; Two way clustering;

Density based clustering; Graph theoretic based clustering; Genetic K-Means, among others [28].

2.3.4 Coexpression Networks

Complex networks have been used to model several real network as they allow intuitive interpreta-

tion of the relations between its nodes [37]. Furthermore, one may take advantage of the extensively

used and studied network concepts to understand these relations [38]. A network may be generally

defined as a group of nodes, which may or not be connected pairwise.
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Several network models have been proposed in an attempt to explain the topological properties

of real networks, as random graphs [37], the small-world model of Watts and Strogatz [37], gener-

alized random graphs [37], scale-free networks of Barabási and Albert [37]. Some of these models

are of networks with some specific features, like geographic networks and networks with community

structure [37].

To describe the interactions between genes that collaborate to engage cell functions, it may be

used gene regulatory networks. Using such networks, as in other types of networks, allows an intuitive

visualization of the relation between nodes, which are, in this case, genes [39]. Four methods are

described in the literature to construct such types of networks [39]: (1) probabilistic networks-based

approaches, namely Bayesian networks [27], (2) correlation-based methods, (3) partial-correlation

methods, and (4) Information-theory-based methods (more information of these types is given in

[39]). Gene expression microarrays with their power of monitoring expression of thousands of genes

at the same time provide an useful tool to build this type of networks and explore gene relationships.

As motivated before, using correlation-based methods provides an intuitive approach to study the

relationship between genes, which is also valid for gene co-expression networks. The first step in

these type of methods is usually to define a similarity matrix, S = [Si,j ], using the expression matrix.

Each entry of the similarity matrix, si,j corresponds to the pairwise transcription correlation coefficient

between gene i and j. Then a soft or hard threshold is applied to this matrix in order to obtain an ad-

jacency matrix, a symmetric matrix where each entry, ai,j , represents the strength of the connection

between the nodes i and j and varies in the interval [0, 1] (in the case of soft-thresholding) or takes

value 0 or 1 (in the case of hard-thresholding). This matrix contains the biological meaningful relation-

ships between genes and may be used to build a network, where connections between genes may

be weighted (soft-thresholding) or unweighted (hard-thresholding). Weighted Gene Co-expression

Network Analysis (WGCNA) [38] is a recent method that uses correlation-based methods and that

has uncovered several disease-related genes [39].

Scale-free Topology Networks Metabolic networks are described as approximately presenting

scale-free topology [40]. Where the defining property of a scale-free network is that the probabil-

ity of a node to be connected to k other, which is the degree distribution p(k) of a network, decays

as a power law p(k) ∼ k−γ [38]. These networks are prone to be very heterogeneous and with their

topology dominated by few highly connected nodes, or hubs, that link the rest of the less connected

nodes to the system [37]. As a result, these networks are highly sensitive to the removal of these

hubs, but highly resistant to random perturbations [38]. Another intrinsic characteristic is that the

probability of a new node i to be add to an existing one j is proportional to the degree of j and is

given by P (i → j) =
kj∑
u ku

. This is known as “the rich get richer paradigm” and it is thought to

characterize the evolution of biological systems [37].

Weighted Gene Co-expression Network Analysis (WGCNA) In 2005, Zhang and Horvath [38],

demonstrated that other types of cellular interactions, like gene co-expression networks and protein-
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protein interaction also approximately follow scale-free topology. This was the motivation for the de-

velopment of an algorithm to determine gene co-expression networks, known as Weighted Gene

Co-expression Network Analysis (WGCNA) [38]. This procedure was implemented as a package of

functions [41] in R project [42] that should be used following the basic pipeline defined in [38] but that

do confer some flexibility of specific choices to the user. One may use this method to build a graph,

where nodes correspond to genes and edges account for significant co-expression relationships.

Namely, one may construct weighted or unweighted and signed or unsigned correlation networks. To

identify modules, this method makes use of hierarchical clustering where a topological measure is

used as a distance measure.

WGCNA also presents the advantage of including interfaces with different frequently used tools

for biologic network visualization, such as VisANT and Cytoscape, and enrichment analysis (DAVID)

[39]. Accordingly to [39], WGCNA method performed well in constructing gene regulatory networks.

Why using networks? In general, networks may be used to model cellular interactions [36]. In

the case of gene co-expression, the underlying concept is the same of co-expression, as there ex-

ists consensus that genes interact in complex regulatory networks. As most common diseases are

not simple Mendelian disorders but rather a complex modification of genes interactions, it is thought

that studying the differences between the gene co-expression networks may be advantageous [29].

Moreover, networks have been used in many different biological contexts, such as study functional

enrichment, analyse the structure of cellular networks, model biological signalling or regulatory net-

works, re-engineer metabolic networks and to understand the dynamic behaviour of gene regulatory

networks [43].

2.3.5 Related Work

Saris et al. [5] studied gene relationships using an Amyotrophic Lateral Sclerosis dataset, com-

prising three sets of sporadic ALS patients and matching controls. For the first dataset (ALS and

controls), named discovery set, they applied differential expression analysis making use of Student’s

t-test and for each probe in the dataset a statistical significance value (p-value) was computed and

a false discovery rate of 0.05 was considered. From the initial 8,000 probes, only 2,300 were con-

sidered significantly differential expressed. Then, Random Trees and K-Nearest neighbour (k = 10)

were used to predict ALS status based on gene expression profiles and proved to correctly classify

80% of the samples. The WGCNA was applied to this discovery dataset to obtain a weighted and

unsigned network, given by an adjacency function aij = |cor(xi, xj)|β , where the soft threshold power

β = 6 was chosen using the scale free topology criterion. From this network construction process,

resulted 5 co-expression modules. The procedure of network construction was repeated for two other

datasets and two modules were considered highly preserved in the 3 datasets. Both these modules

were enriched with the differentially expressed genes even when using the Bonferroni comparison.

A multivariate Cox regression analysis that regressed survival time on the module eigengenes, site

of onset, sex and age at onset, resulted in no significant p-values. Ingenuity pathway analysis was
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used to study the functional enrichment of the disease related modules and ALS related genes. Func-

tional enrichment analysis with DAVID was applied only to the 100 most highly connected genes in

the two identified modules, where the weighted connectivity was defined as the sum of all strength of

connections shared by the gene.

Interested in studying the properties of weighted gene co-expression networks formed from multi-

ple microarray datasets and the essentiality of hub genes, Carlon et al. [44] applied WGCNA to yeast

microarray data. Networks were constructed using the same reasoning as in the previous work, with

different soft threshold powers for each of the three datasets considered (β = 10, 12, 18). The relative

importance of a gene was given by its weighted connectivity and it was clear there was a relationship

between this value and the gene essentiality. To compare the networks, a hyper-geometric p-value

was used to evaluate the significance of the overlap of the module genes across the 3 datasets and it

was proposed a way to determine the upper limit of the p-value. As correlation between intramodular

connectivity and essentiality was observed in all datasets, they concluded that modules obtained by

this method present enough information to indicate which genes are essential to a particular function.

Oldham et al. [35] studied the difference in the functional organization of the transcriptome in

human brain making use of WGCNA. Four datasets corresponding to different brain regions were

composed with microarray data samples gathered from different published studies. Parallel construc-

tion of the gene co-expression network was performed on each of them using the power adjacency

function with different soft threshold power for each of them (β = 4, 5, 6). Then, hierarchical clustering

was used with average linkage and topological overlap as dissimilarity measure and the dendogram

was cut using a dynamic tree-cutting algorithm [41] that allows some genes to remain unassigned.

For each dataset, 19, 23 and 22 modules were identified. The measure of module membership was

defined as the Pearson correlation between a given gene and the principal component obtained by

singular value decomposition of the module (module eigengene [45]) it was assigned to. A mod-

ule eigengene network [45], consisting of all pairwise Pearson correlation between module eigegene,

was built to study the relationship between modules identified in the same network. To compare these

modules between networks, the overlap between all possible pairs of modules was calculated along

with the probability of observing such overlap by chance. One-sided hypergeometric test was used

to assess the significance of module overlap between networks and a Bonferroni correction used to

account for multiple comparisons. The color of modules with significant overlap, that is corrected hy-

pergeometric P value < 0.05, was converted to be the same (in the case of overlapping with several

modules, the least significant value was the one considered). Oldham et al. [35] tested the ability of

topological overlap to predict know functional relationships in the human brain by verifying that mean

topological overlap was significantly higher for interacting proteins than for randomly selected ones.

Mason et al. [46], applied WGCNA in the context of transcriptional regulation in murine embry-

onic stem cells. In this work it was demonstrated that for that specific problem, the signed weighted

gene co-expression analysis (WGCNA) performed better than its unsigned counterpart as more sig-

nificant modules were encountered. Two networks were built in parallel, using the power function to

soft threshold the adjacency matrix, with β = 6 and β = 12 in the unsigned and signed network,
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respectively. Modules were determined in a similar way as described above. Instead of perform-

ing module overlap, the authors processed the two networks independently and verified if both were

equally enriched with the relevant genes under study. The module eigengene was used to summarize

the expression profiles of the identified modules and module membership was defined as intramod-

ular connectivity as in [44] or module eigengene based connectivity as in [35]. A gene significance

(GS) measure was defined as the t-statistic from the paired Student’s t-test of expression between

known genes associated with the case under study and their profile expression. A strong linear re-

lationship between this measure and module eigengene based connectivity was obtained in two of

the modules. Differential expression was also applied to this data, and some of the modules encoun-

tered using WGCNA presented a strong relationship between module membership and differential

expression using fold change.

More recently, Miller et al. [47] studied the differences between human and mouse brain transcrip-

tome in order to verify that modules are highly preserved between the two species and also found

some robust human-specific modules. Gene expression and connectivity, the sum of all gene co-

expression pairwise relationships in the network, also tend to be preserved between species. Two

independent network were built using data using the most connected genes (5,000 and 3,000 in the

case of human and mouse dataset, respectively). Then, genes were re-assigned to modules, based

on a threshold of module eigengene membership, that allows module overlapping. It was verified

an high preservation between the modules identified in both networks. Encountered modules were

enriched and annotated using Gene Ontology (GO) and Ingenuity pathway analysis, which also con-

firmed the high overlapping between human and mouse modules.

2.3.6 Biological interpretation of the results

Analysing genes and gene products requires the integration of their functions in the cell and how

their disturbed behaviour can contribute to a given clinical state. It was therefore used an annotation

based on Gene Ontology terms [48] and also Kyoto Encyclopedia of Genes and Genomes (KEGG)

[49].

The Gene ontology project [48] has the aim of standardizing the representation of gene and gene

product attributes across species and databases. In that sense it was created three different on-

tologies, which provides vocabularies and classifications for molecular and cellular biology. These

ontologies are cellular component, the parts of a cell or its extracellular environment; molecular func-

tion, the elemental activities of a gene product at the molecular level, such as binding or catalysis; and

biological process, operations or sets of molecular events with a defined beginning and end, pertinent

to the functioning of integrated living units: cells, tissues, organs, and organisms. The definition of a

biological process is a series of events accomplished by one or more ordered assemblies of molec-

ular functions. The GO ontology’s terms are organized to form a directed acyclic graph (DAG), in

which nodes correspond to individual terms. Each term could be connected to one or more parent

node, less specific than it, and one or more child node, which presents a more specific definition. This

ontology follows a true-path rule, a convention which states that whenever a gene is annotated to a
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term it is also implicitly associated with all the less specific parents of that term. The GO vocabulary

is designed to be species-neutral, and includes terms applicable to prokaryotes and eukaryotes, sin-

gle and multicellular organisms. It includes more that 20,000 terms each of which has an accession

number, a name, a more detailed definition, and other information relating a term to its parent terms

[48].

KEGG [49] is a dataset focused on the understanding of high-level functions of the biological sys-

tem, such as the cell or the entire organism, and is based on genomic and molecular-level information.

It consists of 16 main databases that are categorized into genomic (genes and proteins), chemical

(chemical substances) and systems (relation networks) information. Graphical representation of these

interacting parts is also available.

The Babelomics [50] is an online platform that allows the integration of both tools, GO and KEGG,

and was used in this work to annotate the group of genes identified in this work.
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3.1 Data

Data used in this work corresponds to a microarray dataset comprising samples from sporadic

Amyotrophic Lateral Sclerosis (ALS) patients and their matching controls, also used in [5], and made

available by the authors in .csv format. Patients were diagnosed accordingly to the El Escorial Criteria

for ’probable’ and ’definite’ ALS. Some clinical information on the patients is also provided, such as

gender and age of disease onset, defined as the time of initial weakness, dysarthria or dysphagia.

Controls are genetically unrelated individuals accompanying the patient during their outpatient visits.

Messenger RNA was obtained from peripheral blood samples and the gene expression data ac-

quired using Illumina Sentrix HumanRef-8 Expression BeadChip with more than 22,000 current Ref-

Seq curated gene targets [5]. Previous to the present work, this data was preprocessed using cubic

spline normalization in Illumina’s software package Beadstudio and imported into R. Only one third of

the probes (8000) were found significantly expressed in peripheral blood at measurable levels (Bead

studio mean detection level of p < 0.05). These probes were selected as the starting point of the

co-expression network analysis.

The complete dataset is divided into three subsets of ALS patients and their matching controls.

However, in this work only the first two were used and correspond to 30 patients and corresponding

controls. These datasets were designed to be similar regarding proportion of female/male patients,

average of ages and proportion of spinal/bulbar onset in patients.

Table 3.1: Clinical Information regarding the dataset used in this study.

Clinical Variables Dataset Patients Controls

Number 1 30 30
2 30 30

Male Gender (%) 1 15 (50) 15 (50)
2 14 (47) 15 (50)

Age at blood collection 1 63.8 (41.0-76.0) 62.8 (42.8-80.8)
2 63.7 (35.3-79.5) 64.8 (36.2-75.8)

Age at disease onset 1 62.8 (40.5-75.6)
2 62.5 (34.2-78.4)

Bulbar Onset (%) 1 15 (50)
2 15 (50)

3.2 Software

Most of the procedures carried out in this work where performed in R version 2.14.2 (2012-02-29),

a freely available online tool specially designed for statistical studies [42]. The motivation to use such

platform was the fact that the Weighted Gene Coexpression Network Analysis (WGCNA) method

was developed as a R package [41]. This package contains several functions concerning different

steps of microarray processing analysis. The Genesis 1.0 software [51] was also used in some of

the procedures, specially in (Section 4.1). Also freely available, it is an independent Java suite, which

integrates several tools for processing microarrays. For functional annotation of the results, an online

platform, Babelomics [50], was selected as it integrates both GO terms and KEGG. For exploring and
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processing microarray data, other data mining tools have also been developed, a recent review on

this topic is performed in [23].

3.3 Data Preprocessing

As referred by [26], the preprocessing steps are the ones less understood but they have great

influence in the determination of the biologically relevant classes [52].

Generally, when working with microarray data, two types of preprocessing are required. First,

one has to use image processing techniques to acquire expression values from the microarray im-

ages [30]. Usually the microarray scanner manufacturers provide software to deal with this step of

the procedure although some other alternatives are available by researchers interested in improving

the expression values estimates [24]. Then, one has to decide how to handle missing values and

standardize the data in order to obtain expression values comparable across chips [24], either from

different platforms or simply to reduce errors associated with the experiments. These pre-processing

steps might affect the ability to identify biologically relevant classes [52].

To produce more updated results, the probes identification number was converted by a recent

available online tool named Array Information Library Universal Navigator (AILUN) ([53]) instead of

using the provided by the authors [5].

Gene expression values in microarrays are obtained by its representing probe sets and a single

gene may be represented by more than one. Correctly combining the information of these probes,

which may present inconsistent or contradictory results, is essential to obtain the most accurate gene

expression value. Three approaches are proposed in the literature to solve this issue: (1) average

expression values of all probe sets mapping for that gene; (2) create a way to redefine this mapping in

such way that there is a single correspondence between genes and redefined probe sets; (3) select

the most representative probe set for each gene [54]. Each of them present clear disadvantages,

using the first one may introduce noise of the possible outliers probe sets, the second may become too

complicated when dealing with more than one dataset. The third one is considered to be as simpler

as the first and may be more accurate [54]. A method, part of the WGCNA package, (collapseRows())

is also easily interpreted and used in this context and allows to choose: (1) the probe set with highest

(the default) or (2) lowest mean value; (3) the probe set with the highest variance; the probe with the

(4) highest or (5) lowest mean absolute for each ; (6) the first principal component of the probe sets

in the sample or (7) the simple average. In this work, the standard, which corresponds to the average

[52] was used.

3.3.1 Gene Selection

As mentioned, gene selection may be used before high-dimensional procedures. The motivation

behind this choice is to eliminate possible noisy genes and aliviate the computational burden of the

analysis, without the loss of information [30]. Several methods have been proposed to perform this

task (for further details see [52]). In the present work, all genes in the dataset were included in the

23



analysis in an attempt to assess if the following processing steps were robust to this noise.

3.3.2 Standardization

Some of the procedures that will further be applied to this data, like clustering, require the stan-

dardization of the data [30, 52]. Therefore, for consistency, it was applied as a global pre-processing

step. Data was first normalized by sample such that each sample presents zero mean and unit as

standard deviation. Then a normalization by genes was performed.

3.3.3 Identifying samples’ outliers

Several methods are available to identify outliers’ in the samples of a microarray study in order

to reduce the variability in the experiments. A common approach is to apply clustering techniques,

usually hierarchical clustering to group similar samples and to identify dissimilar ones. In the WGCNA

literature, hierarchical clustering with Pearson correlation is used to obtain a so-called Inter-Array

Correlation (see [35]).

Sample Network Also in the WGCNA literature is stated a recent method that, based on the network

properties of each sample, identifies samples’ outliers. In fact, Oldham et al. [55] stressed out the

importance of studying sample significance before proceeding to the analysis of genomic data. This

study resulted in a standardized platform implemented in R project to explore the samples network

relationships. A sample network is built, by defining a network adjacency measure between samples,

which is useful for not only sample detection but also class comparison. A sample that presents an

overall connectivity significantly lower than all other samples’ in the dataset is identified as a potential

outlier. Instead of using this method to simply detect outliers, one may be interested in exploring the

significant differences between samples or classes of samples. This method is further detailed in

Section 3.6.3.

3.4 Data Analysis

3.4.1 Clustering Techniques

Clustering techniques or unsupervised methods are a common tool to extract information from

microarray’s studies, either by grouping genes, samples or both. The goal is to reduce the data by

grouping similar objects into the same cluster in such way objects in the same group are highly similar

among each other and dissimilar to the ones grouped in different ones [52]. Therefore, whenever one

uses clustering two main decisions are required: how to define the similarity between objects and

how to use this similarity to cluster objects. Frequently, these decisions may be taken independently,

which may be the reason for the variety of clustering approaches [33].

As no clustering algorithm clearly outperforms all others in every context, it is suggested to use

more than one clustering algorithm. Additionally, algorithms that may present different results when

the initial conditions change, should be rerun multiple times to check for stability and find the best
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possible solutions. One should pay attention to the fact that most clustering algorithms may find

patterns in random data even when no structure is present and so should be tested in random data

also or validated with external information [33].

In what follows, we first present the most common similarity measures used in clustering algo-

rithms, which may be divided into metric and semi-metric measures [24].

Metric Distances Metric distances follow four basic rules and must be:

1. A positive measure, dij ≥ 0

2. Symmetric, dij = dji

3. Zero if it is self measure, dii =0

4. Respect the triangle rule, when considering three objects, i, j, k the distance from i to k is

always less than or equal to the sum of the distance from i to j, and the distance from j to k,

dik ≤ dij + djk

The x and y in the following equations are n-vectors of measurements on the objects to be clustered.

In the case of microarray datasets for clustering of genes, xi and yi correspond to the expression

values for each gene X and Y in each of the experiments [24].

The standard metric distance used is the Euclidean Distance [24, 28], which is a generalization

of the Pythagorean theorem. Initially defined in 3-dimensional space, may be extended to higher

dimensional spaces.

d = ‖x− y‖ =
√∑n

i=1(xi − yi)2 (3.1)

Other examples of metric distances is the squared version of the Euclidean distance and the

Manhattan distance [31].

Semi-metric Distances Distance measures that are semi-metrics do not follow the fourth rule previ-

ously listed. There are several of these distances to calculate the similarity between gene expression

values. The most used one is the Pearson correlation coefficient (or centred Pearson correlation

coefficient)[24, 28], r, which is given by:

r =

∑n
i=1 (xi − x̄)(yi − ȳ)√∑n

i=1 (xi − x̄)2
√∑n

i=1 (yi − ȳ)2
, (3.2)

where x̄ e ȳ are, respectively, the mean values for the X and Y objects. This correlation ranges

between −1 and 1, taking the value zero when two vectors are completely independent from each

other, which means that they are uncorrelated or orthogonal vectors. The maximum (r = 1) and

minimum (r = −1) value occurs when the vectors are, respectively, identical (perfect correlation) or

exact opposites (perfect anti-correlation). The measure of dissimilarity, using these semi-metrics, is

given by 1−r. As an advantage, this measure is invariant to changes in location or scale of either x or
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y, and thus must be used when one is interested in the ’shape’ of the expression vector rather than its

magnitude [24]. The distance metrics based on the Pearson correlation are given by Dij = (1−rij)/2

[28].

Variations of this measure include an uncentered Pearson correlation coefficient, that should be

considered when the relative expression level is relevant [28]. However, the latter two distances do

not predict when two genes’ expression levels are anti-correlated and thus if one is interested in

this type of relation too, the squared correlation of Pearson should be used. It ranges from 0 to 1,

where 0 still corresponds to uncorrelated vectors, but 1 can correspond to both perfectly correlated or

anti-correlated expression vectors [28].

r =

 ∑n
i=1 (xi − x̄)(yi − ȳ)√∑n

i=1 (xi − x̄)2
√∑n

i=1 (yi − ȳ)2

2

(3.3)

These latter dissimilarity measures (1 - correlation) may be related to the Euclidean distance. In

fact, considering that x̃ = x−x√∑
i(xi−x)2/n

and ỹ = y−y√∑
i(yi−y)2/n

, then ‖x̃− ỹ‖2 = 2n(1 − r), which

means that the squared Euclidean distance for standardized objects is proportion to the correlation of

the original objects [31].

To choose a similarity measure, one has to decide what is the definition of a similar gene profile

in order to guarantee that these genes are placed in the same cluster. It is clear in the literature,

that the two most commonly used are Euclidean distance and the Pearson correlation coefficient

[28]. The Pearson correlation has the property of being location/scale invariant, which will disregard

changes in the average measurement level or range of measurements between samples [31], whilst

the euclidean distance is sensitive to those [33]. The absolute Pearson correlation is considered the

standard co-expression measure and it is commonly used in gene expression cluster analysis [38].

Topological Overlap This measure was initially proposed to measure the relatedness of the sub-

strates forming a metabolic network [40]. However, since genetic and protein domain network also

present an approximate scale-free topology, this framework was extended to these types of networks

[38].

wij =

∑
u aiuauj + aij

min {
∑
u aiu,

∑
u aju}+ 1− aij

(3.4)

It was initially proposed for unweighted networks, where aij is binary, but the formula was later

extended by [38] to the weighted also. In the latter case, the values of the adjacency matrix vary

between 0 ≤ aij ≤ 1, which implies that 0 ≤ wij ≤ 1. It takes the maximum value when two nodes

are connected and share exactly the same neighbours. The opposite situation, that is when it takes

the value zero, occurs when they are not connected and share no neighbours [38].

The three most popular algorithms used for clustering microarrays are the hierarchical cluster-

ing, k-means and self-organizing maps (SOM) [33]. The public available statistics software R [42]

has many implemented algorithms useful to process microarrays. There are many cluster analysis

packages, such as SOM, hierarchical clustering, k-means, among others [27].
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Hierarchical Clustering Hierarchical clustering depends on the computation of a similarity matrix

between all objects being clustered, which is then used to guide the algorithm. This method may be

an agglomerative or divisive procedure. The agglomerative approach is the most commonly used and

thus will be characterized in this work [23].

The distance matrix is first computed to reflect the pairwise distances of all objects in the dataset,

where all objects are mapped to a singleton cluster. Usually the euclidean distance is the one taken

in this step [28]. Then the two closest clusters are merged and the distance matrix is recalculated. To

compute the distance between two clusters, one of the following inter-cluster measures are chosen.

This process is finalized when all objects belong to the same cluster.

The Hierarchical clustering algorithm is as follows [56].

Given a object matrix and a user-defined similarity measure and inter-cluster distance:

1. Compute the similarity matrix by determining the distances between all pairs of objects;

2. Merge the two closest objects r and s;

3. Replace r with the new cluster and delete s;

4. Repeat step 1 to 3 until number of clusters equals 1.

The most commonly used inter-cluster distance measure is the average-linkage [24], which gen-

erally works well with standardized microarray data [30]. It has the advantage of being insensitive

to outliers, whilst the complete linkage is very sensitive to outliers [28]. According to [33] and [28]

the most common inter-cluster distances are single, complete, average and centroid linkage. These

measures give the distance between two clusters and may be defined as:

• single linkage (also known as nearest neighbour linkage) - minimum distance between all pos-

sible pairs of objects, one from each cluster;

• complete linkage - opposite to the single linkage as it takes the maximum of these distances. It

is sensitive to outliers;

• average linkage (UPGMA - unweighted pair-group method using arithmetic averages) - average

of distance between all possible pair of objects;

• centroid linkage (UPGMC - unweighted pair-group method using centroids) - distance between

the centroids of the two clusters.

Hierarchical clustering using average, single or complete linkage to measure inter-cluster dis-

tances produces different results [55]. In [56] and [24] another method is also described, that is

Ward’s Method, which consists on the computation of the total sum of squared deviations from the

mean of a cluster in a way it minimizes the increase in the sum of squared errors. In these methods,

clusters are only obtained by cutting of the resulting tree (current methods are discussed in 3.4.1).

Visualization of the hierarchical clustering is done on a dendrogram. Therefore, when the number

of objects being clustered is too large, it may be impractical to observe the organization of the tree

[55].

27



Branch or tree cutting (or dendrogram pruning) is essential to detect clusters, normally corre-

sponding to branches of the tree. The most commonly used is a fixed height branch cut in which

the tree is cut at an user-defined height. The complete branches below that height are considered

separated clusters. Although very efficient in many applications, it does not recognize nested clusters

that are usually presented in complex dendrograms, such as gene co-expression networks [57].

Langfelder et al. [41] proposed two approaches of dynamic tree cutting to take these nested clus-

ters into consideration. Two approaches were defined for this dynamic tree cut, a top-down algorithm,

“Dynamic Tree” cut, and a bottom-up, the “Dynamic Hybrid cut”. The former respects the order by

which the objects were placed on the tree and which has been successfully used for determination of

significant modules in several species gene co-expression networks. This algorithm consists on set-

ting a fix high height (typically of the interval of heights in the dendrogram), which will result in large

clusters and a number of cluster-based dendrograms Ω = H1, H2, ...,Hm. A dynamic and iterative

algorithm is then applied to each of the dendrograms present in Ω in order to identify sub-clusters,

which are added to this list of dendrograms and recursively decomposed until the number of clusters

is stable. The user may define a minimum number of objects per cluster and a combination of the

clusters which do not fulfil this requirement is performed [57].

In this work, whenever an hierarchical dendrogram was produced and there was interest in cutting

the tree and study the resulting clusters, the Dynamic Hybrid Cut method was used. This approach

is a bottom-ups cluster assembling divided into two steps. First, primarily clusters are identified by

selecting branches that satisfy a given criteria. Then, a dissimilarity measure is used to try to map

the unassigned objects to these clusters. If these objects are considered too distant, they remained

unassigned and are coloured grey. In this latter step a partitioning based approach is applied that can

be considered a modified k-medoid partitioning (also known as PAM). Therefore, the hybrid version,

complements the information in the dendrogram by taking into consideration the dissimilarity among

the objects, which makes it more sensible to the detection of outliers and improve cluster quality [57].

The Dynamic Hybrid Cut Algorithm [57] is as follows.

Consider a dendrogram Ω and the following definitions:

• the cluster core is the lowest-merged objects in the cluster;

• scatter of cluster core, d̄ - the average of all pairwise dissimilarities between objects belonging

to this core;

• cluster gap g - difference between the scatter of the cluster core and the joining height of the

cluster to the rest of the dendogram;

• cluster radius - maximum of the average dissimilarity of each object with the rest of the cluster

(when the dissimilarity measure is the average); maximum of the dissimilarities of the cluster’s

medoid to all other objects in the cluster (when using medoids);

• The clusters that are considered too small may be entirely merged to another cluster or all of its

objects kept unassigned (this option may be turned off).
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Set some user-defined parameters:

• N0 - the minimum cluster size;

• hmax - the maximum joining height;

• gmin - the minimum gap;

• dmax - maximum scatter;

• dissimilarity measure, ds- can be either (1) average dissimilarities of unlabeled objects to clus-

ters (recommended) or (2) object-medoid distantances (medoid-medoid in the case of small

unassigned objects);

• dsmax - maximum dissimilarity;

• deepSplit - control of relative sensitivity of cluster splitting.

Apply the algorithm:

1. Selecting branches of the dendogram that:

(a) contain a minimum number of objects given by nc = min{int(N0/2 +
√
N −N0/2}, where

N represents the total number of objects in the branch;

(b) all joining heights are less than hmax;

(c) the cluster gap is more than a minimum gap gmin;

(d) d̄ is at most dmax.

2. For each unassigned objects and branches excluded in step 1, do:

(a) compute the dissimilarity measure;

(b) if dissimilarity measure is less than dsmax and smaller than the cluster radius, then assign

object to cluster.

This algorithm does not provide a way to choose the optimal partition method but rather offered a

flexibility in the choice of parameters by the user [41].

The parameter deepSplit, implemented for both algorithms, allows a rough control over sensitivity

to cluster splitting. In the hybrid algorithm it may take integer values from 0 to 4, where zero will

produce a smaller number of large and well-defined clusters. Increasing this value will progressively

result in a larger number of clusters, which may in turn present larger core scatter and be separated

by smaller gaps. The authors advice reducing the number of minimum cluster size when using higher

values of deepSplit [57].

The PAM-like stage of assignment is not advised when one is interested in specificity over sensi-

tivity, or at least set the maximum object-cluster dissimilarity to zero. This would produce tight clusters

with few misclassification. Contrarily, if one is more interested in increasing sensitivity than specificity,
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this option should be selected and use a high object-cluster maximum dissimilarity (the default, this

measure to be equal to the maximum joining height hmin is usually enough) [57].

The motivation behind the use of this algorithm was the flexibility to choose the parameters, its

ability to identified nested clusters and also the fact it does not force all objects to be attributed to

a cluster which makes it less susceptible to outliers [41]. The default parameters in both functions

have work well in past applications by the authors [41], but in the present work were varied in other

to understand how they influence the partition of the presenting dataset. The deeepSplit values were

varied from 0 to 4 and seven values (4, 8, 16, 32, 64, 128, 256) of the minimum cluster size were

selected.

K-Means Given X = X1, X2, ..., Xn as the set of genes, the goal of K-Means is to divide this n

objects for k (positive integer) number of clusters. Each of these objects are represented by Xi =

xi1, xi2, , ..., xim that represent its value through the experimental conditions m. To test all possible

partitions for a given dataset in order to select the best one is impracticable [58]. Therefore, the

minimization of a given cost function is used to guide the algorithm. The commonly used cost function

[56, 58] is the trace of the within cluster dispersion matrix, which can be defined as:

E =

k∑
l=1

n∑
i=1

yild(Xi, Qj) (3.5)

Where n is the number of objects in a data X, Ql is the mean of cluster l, yil is an element of a

partition matrix Ynxl and the d is a similarity measure often defined as the squared Euclidean distance

[59]. The Y presents two basic properties: (1) 0 ≤ yil < 1 and (2)
∑k
l=1 yil = 1. If yilε{0, 1} then Y is

called an hard partition. Otherwise, it is a fuzzy partition (for further details, please refer to [58]).

The K-Means Algorithm is as follows [59]:

1. Random selection of the initial k means for k clusters;

2. Computation of the dissimilarity between an object and the mean of a cluster;

3. Mapping of objects to the clusters whose mean is nearest to the object;

4. Re-calculation of the mean of a cluster from the objects allocated to it;

5. Repeat step 2 to 4, until convergence.

3.4.2 WGCNA

Weighted Gene Co-expression Network Analysis (WGCNA) [38] was the method chosen to built

a weighted network on ALS dataset. This network presents a scale-free topology, where nodes

represent genes, which are connected if there is significant evidence of their co-expression.

Data is assumed to have been pre-processed, i.e., quantified and normalized in an appropriate

way. Commonly the dataset is restricted to a subset of genes, for example the most varying, to remove

irrelevant genes and decrease the computational burden of the analysis.

30



This methodology offers flexibility and the user must make several choices along the way. First,

co-expression similarities are computed for every gene in the dataset and presented in a similarity

matrix(n× n), with values ranging from 0 to 1. Then, an adjacency function is applied to this matrix to

convert these similarities into connection strengths. This step is crucial to define if the network would

be unweighted or weighted depending on the adjacency function used, which will perform, respec-

tively, hard or soft thresholding of the matrix. As a defining property this function is monotonically

increasing and maps from the interval [0, 1] into [0, 1]. The choice of these parameters will be further

motivated later.

The algorithm Weighted Gene Co-expression Network Analysis is defined as it follows [38].

Given a dataset of microarray samples.

1. Define a gene co-expression similarity: (a) absolute value of the Pearson correlation (|cor(xi, xj)|);

(b) jacknifed correlation coefficient, (c) sij = 1+cor(i.j)
2 or other;

2. Apply this similarity measure for each pair of genes i and j: sij ;

3. Represent the similarity results in a n × n similarity matrix S = [sij ] with values in the interval

[0, 1];

4. Define a family of adjacency functions: (a) hard thresholding using signum function or soft

thresholding using (b) sigmoid or (c) power function:

(a) signum function: aij = signum(sij , τ) =

{
1

0

if sij ≥ τ
if sij < τ

(b) sigmoid function: aij = sigmoid(sij , α, τ0) = 1

1+e−α(sij−τo)

(c) power function: aij = power(sij , β) ≡ |sij |β

5. Determine the Adjacency Functions Parameters;

6. Define a Measure of Node Dissimilarity: (a) make use of TOM dissilarity measure: dwij = 1−wij ;

7. Identify Network Modules: Hierarchical clustering using node dissimilarity as distance metric

and apply a tree cutting method;

8. Relate Network Concepts to Each Other;

9. Relate the Network Concepts to External Gene or Sample Information.

Usually, in WGCNA applications, the adjacency matrix is defined using the power function, and

produces a signed or unsigned weighted adjacency matrix, whether function 3.6 or 3.7 is used, re-

spectively. Both these type of networks have been used in the context of WGCNA, as a signed

example is the work performed by [46].

aij = (0.5 + 0.5cor(xi, xj))
β (3.6)

aij = |cor(xi, xj)|β (3.7)
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Signed networks preserve better the continuous nature of correlations as they preserve the sign

information and equally robust with respect to the soft threshold power parameter [55]. Besides, a

signed correlation network may be consider equivalent to a network based on the Euclidean distance

between scaled vectors [55].

The definition of modules is the one from Ravasz et al. [40], where a module are groups of nodes

with topological overlap, but other definitions of modules are stated in the literature [60]. According

to [60], the topological overlap may be considered as a filter of the spurious or missing connections

between network nodes.

Extensions of the topological overlap measure The WGCNA method may be perceived as a

top-down approach to identified clusters, where relevance is given to the neighbourhood of genes by

the use of topological overlap measure (TOM). Other two extensions of the TOM have been proposed

[60], the Multi-Node Topological Overlap Measure (MTOM), a bottom-up approach; and Generalized

Topological Overlap Measure, where higher level neighbours are considered when comparing the

relation between two genes in contrast to the one-level neighbour analysis performed by TOM [27].

How to choose the soft thresholding parameter When making use of soft thresholding, one has

to decide which value to use as β. Zhang et al. [38] proposed a scale-free topology criterion. In a

logarithmic scale, the weighted network adjacency is linearly related to the co-expression similarity

as log(aij) = β × log(sij). Usually, the choice of this parameter is based on the scale free topology

fitting index R2 that should be as close to unit as possible, without reducing the mean connectivity too

much. This linear regression model fitting index or its truncated version to fit a linear regression line

into the plot of log10(p(k)) vs log10(k) [38, 44].

3.5 Practical Decisions

There is no clear consensus regarding the best clustering technique as it may also depend on the

dataset itself [33]. The most common partitioning algorithm, K-means, was chosen for its efficiency

and to provide a different approach to the WGCNA method, since the identification of clusters in the

latter method is based on an hierarchical clustering procedure. Hierarchical clustering was also used

in this dataset to cluster both genes and samples.

Relatively to the network construction, using WGCNA, it was chosen a step-by-step approach, in

order to better understand the underlying concept. As the soft thresholding allows for more biologically

relevant modules and the results are robust to the choice of parameter β [38], it has the chosen

approach.

3.6 Evaluation of WGCNA results

When using clustering procedures, one may use the internal structure of clusters by analysing the

properties of the cluster. Another approach is to use external data that was not considered in the
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clustering procedure, such as gene ontology enrichment [33]. The internal quality of clusters are to

be as compact or cohesive as possible as well as being clearly separated from others. In this work,

as the motivation is to identify clusters of genes belonging to the same regulatory network, network

concepts will be applied to evaluate the quality of clusters generated the WGCNA method.

3.6.1 Eigengene

The singular value decomposition (X = UDV T ) is used to determine the principal component of

each cluster and determine the so-called module eigengene. The module eigengene is the first prin-

cipal component of gene expression of each module and is the dimension which better explains most

of the gene expression variance in each module [61]. The motivation behind the use of this measure,

is that WGCNA assigns gene to a single cluster when in fact it may be involved or participating in

multiple functional pathways [35]. Therefore, this expression vector, module eigengene, attempts to

represent the cluster and is correlated to the ones from other modules to analyse cluster determi-

nation efficiency. Determination of an eigengene network, where each module is represented by an

eigengene, results in coexpression modules more rich than a catalogue of module memberships, that

is traduced by the profiles of individual genes [27].

3.6.2 Network Concepts

In the complex network literature [37], there are different types of measurements to evaluate dis-

tinct characteristics of the network. However, only some of these measurements were found relevant

for the study of gene co-expression networks and that are present in the associated literature: (1)

clustering, cycle and rich-club coefficient to study the module structures in the network; (2) degree

distribution and correlations; and (3) centrality measurements, as nodes with higher number of con-

nection are considered more important.

The key concept of networks is the node connectivity, or degree, as it measures the relative

importance of the node in the network [37] and it is most widely used measure to distinguish network

nodes [55]. It has been found relevant in biological applications, for example, to identify significant

genes in cancer and primate brain development [43]. The higher this value, the higher the importance

of a given gene in the network. Genes that are highly connected are named ’hub’ genes and are

thought to play an important role in the structure of this biological networks [43].

ki =
∑
j

aij =
∑
i

aij (3.8)

The maximum connectivity is thus given by, kmax = maxi(kj) and the scaled connectivity, Ki,

by Ki = Ki
kmax

[55]. An also interesting measure, is the standardized connectivity, Z.Ki, of i-th

node:

Z.Ki =
Ki −mean(K)√

var(K)
(3.9)
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However, connectivity or centrality, in the case of a WGCNA network, may also be defined as

k(i) =
∑
jεN,j 6=i |Cor(xi,, xj)|β , where N refers to the total number of genes in the network [5]. It can

also be applied as intramodular connectivity kq(i), as a more biologically significance measure, and

may be defined in different ways:

1. Intramodular Connectivity [44, 46]: k(i)q = ai1 + ai2 + ...ain(q);

2. Simple Module Membership [5]: k(i)q =
∑
jεq,j 6=i |Cor(xi,, xj)|β , where q refers to a specific

module and gives a measure of the relation between a gene i and all other genes in its module;

3. Fuzzy Module Membership Measure or Eigengene-based Connectivity [5, 35, 46] measures the

correlation between the i-th gene and the q-th module eigengene and is defined as MMq(i) =

Cor(xi,MEq) .

These three measures may be interpreted as the higher its value, the more centrally located is

the gene in the module [46]. Besides the first and last measure are highly correlated [46]. The

Eigengene-based Connectivity presents several advantages, such as (1) is naturally scaled to present

values between −1 and 1; (2) a correlation test may be used to compute the p-value for a given

gene’s module membership; (3) may be calculated for any gene in the dataset that may not belong

to that module and (4) in the case of signed networks, it could be used to identify genes that are

anti-correlated with a given module eigengene [46].

Initially, Zhang and Horvath [38] proposed four measures to weighted networks: connectivity, TOM-

based connectivity, intramodular connectivity, clustering coefficient. Several fundamental network

concepts were then added to the WGCNA literature, by Dong [43] like line density, centralization and

heterogeneity, and other authors (refer to [27]). In this work, it was found more interesting to explore

the network concepts that had already been extended to WGCNA.

Most of these network concepts are applied to the adjacency matrix, which represents the network.

As suggested in [43], the topological overlap matrix may be used instead of the adjacency matrix when

computing the network concepts as it presents the same algebraic properties as the original matrix

(symmetric and values between 0 and 1) and may be useful when dealing with sparse adjacency

matrix. However, in gene co-expression networks, as it is essential to obtain high specificity for

measuring interconnectedness, as the case of this work, the original adjacency matrix was used.

Line density, or mean (off-diagonal) adjacency measure, is closely related to the mean connec-

tivity and is defined as [43]:

Density =

∑
i

∑
j 6=i aij

n(n− 1)
=
mean(k)

n− 1
(3.10)

The number of genes is always represented by n.

Centralization has been used to describe structural differences of metabolic networks [43]:

Centralization =
n

n− 2
(
max(k)

n− 1
−Density) (3.11)
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The heterogeneity measure studies the variation of the connectivity in the network. As scale-

free topology network are characterized by the presence of hub genes, they tend to be very hetero-

geneous, with some nodes significantly more connected than others [43]. This measure presents

several definitions but here it is chosen the one implemented by [43]:

Heterogeneity =

√
variance(k)

mean(k)
(3.12)

Clustering coefficients are useful to study how cohesive the clustering resulting modules, that is

the strength of the connections between the neighbours of the nodes [55]. Two are frequently used in

the complex network literature [37], but only one is used in the context of microarrays. The purpose

is to measure how well connected is a node to its neighbours. It varies from zero to one (0 ≤ Ci ≤ 1),

taking the unit when it is at the center of a fully interlinked cluster and zero when its neighbours are

not connected at all. The average clustering coefficient may be used to measure if a network presents

a modular organization [38].

ClusterCoefi =

∑
l 6=i

∑
m6=i ailalmami

{(
∑
l 6=i ail)

2 −
∑
l 6=i(ail)

2}
(3.13)

There is also the distinction between the whole-network connectivity and the intramodular connec-

tivity for a given cluster, where both previous connectivities may be used. Intra-modular connectivity

measures have found to be more biological meaningful than the whole-network ones [38].

Several other measurements have been proposed. Zhao et al. [27] makes a good review of the

measurements developed in the context of WGCNA. Besides, Dong and Horvath [43] demonstrated

that many genes or protein clusters are approximately factorizable and show some simple relation-

ships between disparate network concepts.

As the purpose was to study the modular structure of the clusters identified and how well they

represented the sub-networks of a gene co-expression network, cluster coefficient was the measure-

ment chosen to rank the clusters. However, for each cluster, connectivity, density, centralization and

heterogeneity were also computed.

3.6.3 Sample Network

Sample Network method introduced in Section 3.3.3 was defined to build signed sample networks,

that is, for each pair of samples Si and Sj , the connection strength, or adjacency, is defined as:

aij = (
cor(Si, Sj) + 1

2
)β , (3.14)

where β is defined as equal to 2. The two most frequently used network concepts, connectivity

and clustering coefficient, are used in their standardized forms. The standardized connectivity,

Z.Ki, of i-th node is given by equation 3.6.2. Using the proposed network, the sample network

interpretation of the connectivity is that if all sample correlations are > 0.6, the connectivity will be

given by ki ≈
∑
i 6=j cor(Si, Sj). That means that highly positively correlated samples tend to be also

highly positively correlated with other samples.
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The standardized clustering coefficient is given by the following equation.

Z.Ci =
Ci −mean(C)√

var(C)
(3.15)

With the interpretation that the higher this value, the higher is the average pairwise correlation

among its closest neighbours. It gets the value zero, when all of the sample’s closest neighbours

have a pairwise correlation of −1.

To characterize networks, it is use the mean (off-diagonal) adjacency measure (Equation 3.6.2),

which is named intersample adjacency (ISA). Using the proposed measure of sample adjacency

(signed weighted network with β = 2, the sample network interpretation of the density ismean([aij]) ≈∑
i

∑
i6=i cor(Si,Sj)

n(n−1) , if all sample correlations are above 0.6.

Empirical results by these authors, demonstrated that, by removing outliers, data becomes nor-

malized and Z.K and Z.C exhibit a progressively linear, inverse relationship. Through the method

developed by these authors, the standardized C(k) curve is a scatter plot between Z.K and Z.C,

previously defined. A new network concept is introduced, cor(K,C), defined by the Spearman corre-

lation between Z.K and Z.C (where other correlation measures might be used). This correlation may

be look at as an indicator of heterogeneity and is dependent on the network size. When using this

method, one has to study the differences in the C(k) curve (scatter plot of the of the different groups

of samples) to reach conclusions regarding the different behaviours of the groups. This standardized

curve was demonstrated to be able to assess the overall consistency of sample behaviour within a

dataset, identifying distinct groups of samples and important subsets of features. In the present study,

we only have blood samples from the patients and thus this method was used to test the differences

between the four identified datasets.

3.6.4 Module Preservation

Modules consist on cohesive groups of elements in a network that are assumed to be sub-

networks inside the main network. Identifying significant modules in a dataset would be more sig-

nificant if they are preserved across similar datasets and robust to slight changes in its determination

procedure. Besides, this preservation could be used to determine if a module is differently preserved

between two phenotypes, for example, a pathway of genes may be perturbed in a diseased condition

and not in healthy subjects; or to identify non-interesting and possibly outlier modules [62].

Cross-Tabulation The standard and intuitive procedure is to perform a cross-tabulation of module

membership between the two networks. The most commonly used one is to report the number of

clusters that are shared between two modules and use Fisher’s exact test to obtain p-values as a

significant level measurement to more easily identify overlapping [62].

Alternatively, a hypergeometric p-value may be computed to evaluate the significance of the mod-

ule overlap between different networks [35, 44]. Carlson et. al [44] proposed a way to determine the

upper limit of the p-value, depending on the dataset (refer to [44]).
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Finally, Miller et al. [47] proposed a module preservation evaluation that allows module overlap-

ping. Taking two networks, for example, eigengene module membership is computed for every gene

in both networks relatively to both set of module eigengenes found. A threshold is then imposed

based on these module membership values. In this way, a gene in the first network may be assigned

to one or more module in both networks.

Network Based Statistics Making use of the specific definition of module as a sub-network, one

may use network concepts to characterize these elements. The determining difference between this

methodology and the cross-tabulation is that the latter requires module definition in both datasets

whilst the former only requires the definition of modules in the reference network. Network based

statistics may be split into 1) density based, 2) separability based, and 3) connectivity based preser-

vation statistics [62]. Density based preservation statistics infers if the module nodes identified in the

reference network are highly connected in the test network as well. Separability allows to study if the

modules in the test network are significantly separated as in reference network. Connectivity based

preservation statistics determine if the connectivity pattern between nodes is similar between refer-

ence and test network. Langfelder et al. [62] proposed to summarize these statistics into three easily

interpreted Z statistics: Zdensity, Zconnectivity and Zsummary. Where the last one is the average of the

other two and may be used when the density based and connectivity based preservation statistics

are considered equally important for studying module preservation. The density, Zdensity, summa-

rizes the four density preservation statistics related with the mean correlation, mean adjacency, mean

squared module eigengene membership and the mean module eigengene membership. The con-

nectivity, Zconnectivity, considers the information regarding the three connectivity based statistics, the

intramodular connectivity, module membership and the correlation value. These statistics are ob-

tained as correlations between the test and reference network corresponding measures (for further

details on these measures see [62]).

Empirical p-values were studied and proposed by these authors to threshold module preservation

significance. There was consider to exist strong evidence of preservation if Zsummary > 10, weak to

moderated evidence if 2 < Zsummary < 10 and no evidence when Zsummary < 2. This method was

implemented as a R function, modulePreservation() by the same authors [62].
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In the present section, results from applying the previously described methods are presented. The

data used was the one described in Section (3.1), which required some further pre-processing steps.

In the first Section (Section 4.1), it was chosen an appropriate method to pre-process the data as well

as understanding its structure and applying some standard clustering techniques, such as K-Means

and Hierarchical Clustering (section 4.1.2). Interested in studying gene regulatory networks and how

they may be altered in diseased and healthy subjects, it was used Weighted Gene Co-expression

Analysis (WGCNA) described in Section 3.4.2 and with the results presented in Section 4.2. Several

post-processing techniques were applied to these results in order to verify module preservation and

module significance in the context of the problem (Section 4.3).

4.1 Exploratory Results using Clustering Techniques

4.1.1 Pre-Processing

The data had been normalized previously to the present work, as described in Section 3.1. Before

applying more complex processing on this dataset, such as WGCNA, a study of the quality and struc-

ture of the data was considered necessary. Therefore, standard microarray clustering techniques,

such as hierarchical clustering and k-means, were applied.

Four datasets were considered, two with disease samples and two with their matching controls.

From this point further, these datasets will be referred as ALS1 and ALS2, respectively for the first and

second dataset with diseased samples, and C1 and C2 for their matching controls. When grouping

of these subsets occurs, ALS1 and its matching control is referred as dataset 1 and ALS2 and its

matching control as dataset 2.

In this chapter, there are usually presented expression profiles and centroids views of all samples

considered in that analysis generated by the Genesis software. The image representing the expres-

sion profile presents a magenta line symbolizing the mean expression for each sample and a grey

cloud representing the variation of expressions for that sample. The centroid view translates the po-

sition of the centroid (with standard deviation indicated by vertical lines) of the expression for each

sample. On the other hand, when visualizing the expression image for a given cluster, an image with

a gradient from green to red, representing the expression value of each gene (row) in each sample

(column). The color red representing up-regulated genes, whilst green down-regulated.

Missing Data The complete dataset was imported to R and tested for missing values using the R

function goodSamplesGenes() (part of the WGCNA package). No missing values were identified in

the data.

Data Properties Hierarchical clustering was chosen to study the relationship between samples as

it allows simple and intuitive visualization and interpretation of the structure of the data. As distance

metric, it was used the standard distance for this type of clustering, that is the Euclidean distance,

but also, in some cases, the Pearson correlation, as it was the preferred distance in the WGCNA
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approach. In the following steps, regardless of the normalization performed, probe conversion to

gene symbols using [53] as well as averaging of probes corresponding to the same gene was applied

in the end of the normalization procedure. Therefore, only 6777 unique gene symbols of the original

8,000 probes are used from this point further.

When clustering samples using hierarchical clustering, samples that are closer, relatively to the

distance metric chosen, are grouped together first and are connected at a lower height than more

distant samples. Therefore, when cutting the dendrogram at a given height, one obtains branches

of samples that are closer than the given height of cut. The distance obtained between samples,

using the Euclidean distance, is very large (Figure 4.1) and so if one wants to use this or other

clustering methods that takes the Euclidean distance as the similarity measure, further normalization

of the data is required in order to decrease this inter-sample dissimilarities. On the other hand, if one

intends to use the Pearson correlation as the similarity measure, it is observable that the cutting of

the dendrogram would be produced several clusters of samples with the same phenotype, that is the

intended characteristic of the data.

In the present work, both measures will be used as similarity measures and so further normaliza-

tion was considered necessary.
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Figure 4.1: Average linkage hierarchical clustering based on Euclidean distance applied to samples of the four
datasets in their original form. The ALS and control samples are named, respectively, ALS and CON followed by
its identification number.
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Figure 4.2: Average linkage hierarchical clustering with average linkage using Pearson correlation applied to
samples of the four datasets in their original form. The ALS and control samples are named, respectively, ALS
and CON followed by its identification number.

Normalization by Sample Initially, a normalization by sample was performed on the data. When

applying hierarchical clustering with Euclidean distance, the distance between samples is smaller,

as the samples are grouped at a smaller height in the dendrogram (Figure 4.3). On the other hand,

observing the expression values and the centroid position of each sample (Figure 4.4), there are

barely no negative expression values and all samples’ centroids are approximately horizontal align

at zero value. Besides, applying a k-means algorithm (k = 10) with Euclidean distance to the entire

dataset (Figure A.11), one can verify that all clusters present similar expression distributions, either

by their aligned centroids or the expression cloud that varies in an approximately similar way for all

samples. Using this method with the Euclidean distance makes it difficult to determine clusters with

different expression profiles for each of the datasets, as intended to identify differently expressed

genes.
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Figure 4.3: Average linkage hierarchical clustering based on Euclidean distance between expression values of
the four datasets after sample normalization. The ALS and control samples are named, respectively, ALS and
CON followed by its identification number.

Figure 4.4: Expression profiles (left) and centroid view (right) of the complete dataset considering sample nor-
malization. Dataset order from left to right: ALS1, ALS2, C1, C2 (each one corresponds to 1/4 of the image’s
width).
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Figure 4.5: Resulting clustering from applying the K-Means algorithm with k = 10 and using Euclidean distance
to cluster genes in the normalized by sample dataset. Centroid view of the clusters (left) and their mean expres-
sion (right). Dataset order from left to right: ALS1, ALS2, C1, C2 (each one corresponds to 1/4 of the image’s
width).

Normalization by Sample and Gene The normalization used in this work was to first normalize the

data by samples and then by gene (Figure 4.6). The inter-array variation increased (Figures 4.7) but

also the variation between different datasets (Figure 4.8). This normalisation allowed the K-Means

algorithm to be used with the Euclidean distance as similarity measure and to obtain discrimination in

the expression profiles of different datasets (Figure 4.9).
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Figure 4.6: Average linkage hierarchical clustering based on Euclidean distance between expression values of
the four datasets after sample normalization followed by gene normalization. The ALS and control samples are
named, respectively, ALS and CON followed by its identification number.

44



C
O

N
39

C
O

N
41

av
C

O
N

45
C

O
N

46
C

O
N

47
C

O
N

42
C

O
N

53
C

O
N

54
C

O
N

58
C

O
N

44
C

O
N

60
A

LS
57

C
O

N
37

C
O

N
48

C
O

N
49

C
O

N
01

C
O

N
57

A
LS

44
A

LS
48

A
LS

39
A

LS
38

A
LS

54
A

LS
52

A
LS

58
A

LS
46

A
LS

33
A

LS
59

A
LS

56
C

O
N

31
C

O
N

36
A

LS
34

A
LS

51
C

O
N

32
C

O
N

55
C

O
N

34
C

O
N

38
C

O
N

50
C

O
N

52
A

LS
32

C
O

N
51

A
LS

47
C

O
N

33
A

LS
40

A
LS

49
C

O
N

59
C

O
N

08
C

O
N

17
C

O
N

22 C
O

N
10

C
O

N
11

C
O

N
13

C
O

N
15

C
O

N
21

C
O

N
23

C
O

N
28

A
LS

12
A

LS
11

C
O

N
27

A
LS

15
A

LS
10

A
LS

25
C

O
N

07
C

O
N

12
C

O
N

03
C

O
N

04
C

O
N

30
C

O
N

14
C

O
N

02
C

O
N

18
C

O
N

09
C

O
N

24
A

LS
29

A
LS

23
C

O
N

06
C

O
N

16
C

O
N

19
C

O
N

29
A

LS
36

A
LS

50
C

O
N

40
A

LS
37

C
O

N
43

C
O

N
56

A
LS

45
A

LS
60

A
LS

08
A

LS
41

C
O

N
35

A
LS

26
A

LS
42

A
LS

43
av

A
LS

31
A

LS
35

A
LS

21
A

LS
22

A
LS

09
A

LS
07

A
LS

24
A

LS
53

A
LS

55
A

LS
19

C
O

N
25

A
LS

16
A

LS
17

C
O

N
20

A
LS

06
A

LS
30

A
LS

14
C

O
N

05
A

LS
18

A
LS

20
A

LS
27

A
LS

13
A

LS
28

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

Sample clustering to detect outliers

H
ei

gh
t

Figure 4.7: Average linkage hierarchical clustering based on Pearson distance between expression values of
the four datasets after sample normalization followed by gene normalization. The ALS and control samples are
named, respectively, ALS and CON followed by its identification number.

Figure 4.8: Expression profiles (left) and centroid view (right) of the complete dataset considering sample and
gene normalization. Dataset order from left to right: ALS1, ALS2, C1, C2 (each one corresponds to 1/4 of the
image’s width).
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Figure 4.9: Resulting clustering from applying the K-Means algorithm with k = 10 and using Euclidean distance
to cluster genes in the normalized by sample and gene dataset. Centroid view of the clusters (left) and their
mean expression (right). Dataset order from left to right: ALS1, ALS2, C1, C2 (each one corresponds to 1/4 of
the image’s width).

Sample Outliers using Sample Network The standard procedure to detect sample outliers is to

perform hierarchical clustering on the samples [55] as performed in the previous sections. Recently,

Oldham et al. [55] proposed a method to evaluate the relationships between samples by building a

correlation network (described in Section 3.6.3), which was applied to this dataset.

This method was used to study the possible outliers in the dataset, which might be relevant in the

gene network building process. Besides, it is expected to be observable a clear separation between

samples from different phenotypes. By applying this method to the entire dataset (Figure 4.10) some

separation between the four datasets is observable in the dendrogram. The blue dataset correspond-

ing to C1 is the most isolated from the rest. Using this figure to identify sample outliers indicates some

samples that might be considered outliers in the ALS2 and C2 datasets but no clear outlier in the first

dataset.

Then, each dataset was considered in separate and the same procedure was applied (Figures

4.11 and 4.12). First, considering outliers, 3 ALS samples (ALS07, ALS09, ALS24) are indicated as

possible outliers in the first dataset whilst in the second one sample of ALS (ALS56) and two of the

controls (CON31 and CON36) are identified.

Sample network construction also offers the possibility to separate samples corresponding to dif-

ferent phenotypes based on their connectivity differences, that is, by analysing the heterogeneity

indicator given by the relationship between the standardized sample connectivities (Z.K) and the

standardized sample clustering coefficients (Z.C). Considering this heterogeneity indicator, the first

dataset (Figure 4.11) presents a more relevant distinction between phenotypes as the difference be-

tween curve’s slopes of the two phenotypes is more relevant than the same difference in the second

dataset (Figure 4.12).
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Figure 4.10: Sample Network study performed on the four datasets: ALS dataset 1 (black) and 2 (red); control
datasets 3 (blue) and 4 (green). (A - top left) Dendrogram resulting from average linkage hierarchical clustering
using 1 - ISA (intersample adjacency) for a subset of samples. (B - top right) Standardized sample connectivities
(Z.K) for all samples. (C-bottom left) Standardized sample clustering coefficients (Z.C) for all samples (D -
bottom right) Comparison of standardized sample connectivities (Z.C) against standardized sample clustering
coefficients (Z.K).

Figure 4.11: Sample Network study performed on the four datasets: ALS dataset 1 (black) and control (red). (A -
top left) Dendrogram resulting from average linkage hierarchical clustering using 1 - ISA (intersample adjacency)
for a subset of samples. (B - top right) Standardized sample connectivities (Z.K) for all samples. (C-bottom left)
Standardized sample clustering coefficients (Z.C) for all samples (D - bottom right) Comparison of standardized
sample connectivities (Z.C) against standardized sample clustering coefficients (Z.K).
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Figure 4.12: Sample Network study performed on the four datasets: ALS dataset 2 (black) and control (red). (A -
top left) Dendrogram resulting from average linkage hierarchical clustering using 1 - ISA (intersample adjacency)
for a subset of samples. (B - top right) Standardized sample connectivities (Z.K) for all samples. (C-bottom left)
Standardized sample clustering coefficients (Z.C) for all samples (D - bottom right) Comparison of standardized
sample connectivities (Z.C) against standardized sample clustering coefficients (Z.K).

Batch Effects As some of the clusters identified using the K-Means algorithm (Figure 4.9) appear

to be dependent on the dataset considered, some batch effects may be present in the data. As no

information regarding the sample batches was provided by the authors and all samples from the four

datasets were presented in the same file, batch effects correction was not taken into consideration.

Later, batch effects were tested using a R function named ComBat.R. K-Means was re-applied to

this corrected dataset (Figure 4.16) and it is no longer clear the dependence of samples regarding

its dataset. Similar plots to observe the resulting structure of the data were then obtained and may

be observed in Figures 4.13, 4.14 and 4.15. Further studies should be performed to confirm this

intuition. To be noted that this correction was not applied to the present dataset but the separation in

the processing of the two datasets was considered relevant from this point further.
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Figure 4.13: Average linkage Hierarchical clustering based on Euclidean distance between expression values
of the four datasets after sample normalization followed by gene normalization and batch effects correction. The
ALS and control samples are named, respectively, ALS and CON followed by its identification number.

49



A
LS

37
A

LS
36

A
LS

50
C

O
N

03
A

LS
21

C
O

N
43

C
O

N
56

A
LS

45
A

LS
60

A
LS

53
A

LS
55

A
LS

07
A

LS
24

A
LS

04
A

LS
09

A
LS

41
A

LS
26

A
LS

42
A

LS
43

av
A

LS
31

A
LS

35
C

O
N

35
A

LS
08

C
O

N
40

A
LS

19
A

LS
01

C
O

N
25

C
O

N
39

C
O

N
41

av
C

O
N

48
C

O
N

49
C

O
N

37
C

O
N

08
C

O
N

42
C

O
N

17
C

O
N

22
C

O
N

14
A

LS
57

C
O

N
02

C
O

N
18

C
O

N
04

C
O

N
30

C
O

N
53

C
O

N
54

C
O

N
58

C
O

N
16

C
O

N
45

C
O

N
46

C
O

N
47

C
O

N
19

C
O

N
29 C
O

N
44

C
O

N
60

C
O

N
23

C
O

N
09

C
O

N
28

C
O

N
50

C
O

N
24

A
LS

58
C

O
N

34
A

LS
23

C
O

N
06

A
LS

52
C

O
N

27
A

LS
12

A
LS

29
A

LS
33

A
LS

46
A

LS
59

A
LS

56
C

O
N

31
C

O
N

36
A

LS
34

A
LS

14
A

LS
16

A
LS

17
A

LS
06

A
LS

30
A

LS
38

C
O

N
20

C
O

N
57

A
LS

22
A

LS
51

C
O

N
32

C
O

N
38

A
LS

05
A

LS
11

A
LS

44
A

LS
48

C
O

N
13

C
O

N
15

C
O

N
21

A
LS

47
C

O
N

33
C

O
N

52
A

LS
03

A
LS

54
C

O
N

10
C

O
N

11
A

LS
02

C
O

N
55

A
LS

20
A

LS
40 A

LS
18

A
LS

27
C

O
N

59
A

LS
13

A
LS

28
A

LS
32

C
O

N
51

C
O

N
12

C
O

N
05

C
O

N
07

A
LS

39
C

O
N

01
A

LS
49

A
LS

15
A

LS
10

A
LS

25

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

Sample clustering to detect outliers

H
ei

gh
t

Figure 4.14: Average linkage Hierarchical clustering based on Pearson distance between expression values of
the four datasets after sample normalization followed by gene normalization and batch effects correction. The
ALS and control samples are named, respectively, ALS and CON followed by its identification number.

Figure 4.15: Expression profiles (left) and centroid view (right) of the complete dataset normalized by sample
and gene and with batch effects correction. Dataset order from left to right: ALS1, ALS2, C1, C2 (each one
corresponds to 1/4 of the image’s width)
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Figure 4.16: Resulting clustering from applying the K-Means algorithm with k = 10 and using Euclidean distance
to cluster genes in the entire dataset after sample and gene normalization and with batch effects correction.
Centroid view of the clusters (left) and their mean expression (right). Dataset order from left to right: ALS1,
ALS2, C1, C2 (each one corresponds to 1/4 of the image’s width).

4.1.2 Clustering Genes

Two standard clustering techniques were applied to cluster genes: hierarchical clustering and k-

means. Both were used with the standard similarity measure, the Euclidean distance. The purpose

of this clustering analysis was to identify clusters of genes where the expression of ALS samples

is significantly different from that in controls (for instance, up regulation in ALS and down regulation

in controls) and thus a combination of datasets was used. In these steps, all samples were first

considered together, then similar phenotypes were grouped together and finally the two datasets

were considered independently, that is, ALS1 with C1 and ALS2 with C2.

Hierarchical Clustering As already suspected the batch effects present in the data made it difficult

to determine the intended clusters when clustering all samples or combining only one type of pheno-

type. In fact, when using all samples in the dataset (Figure A.1) there is no clear cluster that separates

diseased from control but some clusters do appear to differentiate between datasets, such as Figure

4.17 (and Figure 4.18), which may again indicate the presence of batch effects.

An attempt to identify clusters that were characteristic to a single phenotype was made, by clus-

tering ALS datasets and applying the algorithm. Probably due to the already described differences,

no relevant clusters were identified.

However, in dataset 1, two clusters were considered to present differentially expressed genes be-

tween ALS and controls (Figures 4.19 and 4.20), as they clearly present a different color (representing

the expression values) between these two classes. In the second dataset (ALS2 with C2), no relevant

clusters were identified, with some clusters suggesting the presence of sample outliers (Figure A.2).
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Figure 4.17: Cluster identified with average linkage hierarchical clustering based on Euclidean distance applied
to cluster genes in all samples. Some evidences of dataset dependence is observable. Dataset order from left
to right: ALS1, ALS2, C1, C2 (each one corresponds to 1/4 of the image’s width).

Figure 4.18: Centroid view of one cluster (left) and its mean expression pattern (right) that resulted from the
average linkage hierarchical clustering using Euclidean distance applied clusters genes in all samples. Some
evidences of dataset dependence is observable. Dataset order from left to right: ALS1, ALS2, C1, C2 (each one
corresponds to 1/4 of the image’s width).

Figure 4.19: The two clusters considered containing differentially expressed genes identified with average link-
age hierarchical clustering based on Euclidean distance in the combination of ALS1 and C1. The first (left) and
second (right) cluster are color label as blue and turquoise, respectively. Dataset order from left to right: ALS1,
C1 (each one corresponds to 1/2 of the image’s width).
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Figure 4.20: Centroid view (left) and mean expression pattern (right) of the two clusters considering containing
differentially expressed genes identified with average linkage hierarchical clustering based on Euclidean distance
in the combination of ALS1 and C1. The blue cluster is represented on the top and the turquoise on the bottom
images. Dataset order from left to right: ALS1, C1 (each one corresponds to 1/2 of the image’s width).

The use of the absolute Pearson correlation as a similarity measure in hierarchical clustering

method was studied for the different groups of datasets. Selection of interesting clusters in this type

of clustering is extremely difficult due to the property of, when using absolute Pearson correlation, to

obtain clusters of positive or anti-correlated genes. Therefore, no clusters were selected using this

approach.

K-Means K-Means was applied to the five combinations of datasets previously described (ALL,

ALS1 with ALS2, C1 with C2, ALS1 with C1, ALS2 with C2), making use of Euclidean distance and

using 4 values of k: 10, 20, 50 and 100. The lowest value of k was used to understand if enough

variation was presented in the dataset (Figure 4.9). On the other hand, using the highest values of k,

that is k = 100, resulted in too much splitting of the data and was disregarded. By clustering the entire

dataset, one may understand how the data influence each other. When using all samples (Figure A.3)

and, as expected by previous results, the dataset dependence is observable in some of the clusters

when using this method.

As when hierarchical clustering was used, the interesting clusters in the current problem are the

ones that allow to identify clusters where the expression between ALS samples is significantly different

from that in controls. Therefore, datasets combining ALS and control samples by dataset were used

to obtained such clusters. In the first dataset, 3 interesting clusters were identified when using k = 20
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(Figure A.8) and 6 when using k = 50 (Figure A.10). The expression profile of these clusters are

depicted in Figures 4.21 and 4.22 in the first case, and Figures 4.23, 4.24 and Figure 4.25 in the

second.

Clustering samples from the same phenotype revealed some clusters containing genes with simi-

lar expression across all samples, but also many differentiating between datasets (Figures A.5 and

A.6). Therefore, clusters resulting from grouping similar phenotypes were disregarded in the present

work.

Figure 4.21: Expression profile of 1st and 3rd cluster using k = 20 with Euclidean distance when clustering
genes from samples from dataset 1. These clusters were color named turquoise and blue, respectively. Dataset
order from left to right: ALS1, C1 (each one corresponds to 1/2 of the image’s width).
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Figure 4.22: Expression profile of 18th and 20th cluster using k = 20 with Euclidean distance when clustering
genes from samples from dataset 1. These clusters were color named brown and yellow, respectively. Dataset
order from left to right: ALS1, C1 (each one corresponds to 1/2 of the image’s width).

Figure 4.23: Expression profile of 28th and 37th cluster using k = 50 with Euclidean distance when clustering
genes from samples from dataset 1. These clusters were color named turquoise and blue, respectively. Dataset
order from left to right: ALS1, C1 (each one corresponds to 1/2 of the image’s width).
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Figure 4.24: Expression profile of 40th and 41th cluster using k = 50 with Euclidean distance when clustering
genes from samples from dataset 1. These clusters were color named brown and yellow, respectively. Dataset
order from left to right: ALS1, C1 (each one corresponds to 1/2 of the image’s width).

Figure 4.25: Expression profile of 42th and 46th cluster using k = 50 with Euclidean distance when clustering
genes from samples from dataset 1. These clusters were color named green and red, respectively. Dataset order
from left to right: ALS1, C1 (each one corresponds to 1/2 of the image’s width).
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4.2 Weighted Gene Co-expression Network Analysis

The Weighted Gene Co-expression Network Analysis (WGCNA) was applied in parallel to each

dataset, following the same pipeline.

Type of network As described in the pipeline of the algorithm (Section 3.4.2), the first decision

is regarding the adjacency function applied to the expression matrix. The power function was the

selected one as several papers have indicated it to transform the network into an approximately scale

free one, as desirable.

Soft Power The soft thresholding power, β, was 6 as it provides a good compromise between fitting

the model to an approximately scale-free and not decreasing too much the mean connectivity (Figure

4.26). In the Figure 4.26 it is represented the model fitting of dataset 1 to a scale free topology, but

very similar results were observed for the other 3 datasets and so the same parameter was chosen

for all of them (Appendix section A.2.1). Besides, it was also the value used by the authors [5]. For

any choice of β > 1, large values of the absolute correlation would be emphasized, whilst smaller will

become even smaller.
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Figure 4.26: Fitting of the network to the scale-free topology accordingly to the beta parameter used in the
soft-thresholding procedure for dataset ALS1.

Using β = 1 will correspond to using the absolute Pearson correlation as similarity measure and it

is a common practice in microarray’s clustering [60]. Therefore the resulting network was computed

(Figure 4.27). On the other hand, it was also interesting to use smaller values of beta in order to di-

rectly study the impact of the topological overlap similarity measure over the adjacency matrix (Figure

4.27). It was also tested using a small value of beta (= 2) that is depicted in Figure 4.28.

In the literature, it was demonstrated by Zhang et al. [38] that the modules identified by the

WGCNA method are highly robust to the choice of the parameter beta. Thus these parameters were

only varied to visually observe the differences. Using the topological overlap measure directly on the

adjacency matrix (Figure 4.27) will tend to produce a single branch with several small nested clusters.

Even using the dynamic hybrid branch cutting algorithm, it is difficult to determine large clusters.

When applying the soft-thresholding procedure, using a low soft-thresholding power such as β = 2

will result in more and more defined nested clusters, that will be more easily identified the cutting tree
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Figure 4.27: Average linkage hierarchical clustering dendrogram applied to dataset ALS1, where no soft thresh-
olding was used to threshold the adjacency matrix. Module assignment given by applying dynamic hybrid branch
cutting (deepSplit = 1 and varying the minimumclustersize = 4, 8, 16, 32, 64, 128, 256) is depicted by row color
immediately below the dendrogram, with grey representing unassigned genes.
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Figure 4.28: Average linkage hierarchical clustering dendrogram applied to dataset ALS1, where soft thresh-
olding of 2 was used to threshold the adjacency matrix. Module assignment given by applying dynamic hybrid
branch cutting (deepSplit = 1 and varying the minimumclustersize = 4, 8, 16, 32, 64, 128, 256) is depicted by
row color immediately below the dendrogram, with grey representing unassigned genes.

Color Code Through out this pipeline, modules and clusters are identified through its color name

or simply the color label and thus a matching correspondence of the names and colors is made in

Figure 4.29. Whenever it is required instant conversion of colors, the same label is represented.
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Figure 4.29: Color code used in this work.

How to choose the modules? To obtain modules in an hierarchical clustering procedure, one has

to cut the dendrogram. To do so, branch cutting hybrid method (described in 3.4.1) was used and

two parameters of this method were varied: deepSplit and minimum cluster size. By visual inspection

it is clear that the variation of these parameters result in very different modules (see Figure A.2.2).

Besides, when using WGCNA, we are interested in identifying modules that would correspond to

sub-networks of the gene regulatory network and so, the modules resulting from these cuts should

present good network properties. Therefore, it is reasonable to use network properties to guide

the choice of the group of modules that, in general, present better properties. Some concepts of

the network literature (size, centralization, heterogeneity, mean cluster coefficient and connectivity

- Section 3.6.2) were applied to the entire dataset and for each module in each group of modules

obtained (the average values of these measures are presented in Table 4.1).

In the original paper that used the present dataset, the choice was to obtain few and large clusters,

that were consequently involved in a wide variety of gene functions [5]. Therefore, the reasoning of the

present work was to choose the cut that produces, in general, more cohesive modules, which results

in an higher number of modules and smaller ones. The measure chosen to determine cohesiveness

of modules was the clustering coefficient (Figure A.19 and A.20) although heterogeneity, density and

centralization were also taken into consideration where several options were possible.

It was more troublesome to choose the cut for the dataset 1, both ALS1 and C1, as the structure

of the dendrogram allowed for more nested clusters. First, it is interesting to identify nested clus-

ters in large branches without excessive partitioning of the branch because in dataset 2 less and

larger modules were identified. Therefore, the cuts that apparently followed more this reasoning were

deepSplit = 0, 1 for small values of mininum cluster size (4, 8, 16) for ALS1. Considering that the

mean clustering coefficient for the entire network was of 0.448, it is interesting to identify modules

with higher mean clustering coefficient (Figures A.19 and A.20). For higher values of deepSplit, when

the mininum cluster size is small, over partitioning occurs. On the other hand when mininum cluster

59



size is higher, the overall clustering coefficients are much worse. A good compromise between these

two limitations is obtained for the chosen cut, that is the deepSplit = 1 and minimumclustersize = 4

(the same for 8) represented in Figure 4.30, as it was the one that identified the potential interesting

nested cluster in the turquoise module.

In the case of C1, the mean clustering coefficient of the modules encountered in this network

are lower than in the previous one. However, the network clustering coefficient is also significantly

lower (= 0.316). Therefore, visual inspection of the dendrogram combined with the analysis of the

histograms (Figures A.23 and A.24) lead to the selection of deepSplit = 0 and minimum cluster size

equals to 4 (Figure 4.32) for dataset C1.

The second ALS dataset (ALS2) presented a mean clustering coefficient (0.544) slightly higher

than the ALS1, as well as the other network concepts. Visual inspection of the dendrogram (Figure

A.16) and using the same reasoning, the apparently better cutting is deepSplit = 2 and minimum

cluster size equals to 8. Analysing the clustering coefficient histograms (Figures A.21 and A.22) and

even though only few clusters are above the general clustering coefficient of the network, the selected

one is also one (Figure 4.31) of the best possible cuts.

For the last dataset (C2), it was clear that the deepSplit = 3 produces the best set of modules with

regard to the clustering coefficient (with some exceptions) (see Figures A.25 and A.26). From these

the minimum cluster size equals to 32 was the selected one (Figure 4.33).
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Figure 4.30: Average linkage hierarchical clustering dendrogram applied to dataset ALS1. Module assignment
given by applying dynamic hybrid branch cutting with deepSplit = 1 and minimumclustersize = 4 is depicted
by row color immediately below the dendrogram, with grey representing unassigned genes.
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Figure 4.31: Average linkage hierarchical clustering dendrogram applied to dataset ALS2. Module assignment
given by applying dynamic hybrid branch cutting with deepSplit = 2 and minimumclustersize = 8 is depicted
by row color immediately below the dendrogram, with grey representing unassigned genes.
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Figure 4.32: Average linkage hierarchical clustering dendrogram applied to dataset C1. Module assignment
given by applying dynamic hybrid branch cutting with deepSplit = 0 and minimumclustersize = 4 is depicted
by row color immediately below the dendrogram, with grey representing unassigned genes.
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Figure 4.33: Average linkage hierarchical clustering dendrogram applied to dataset ALS1. Module assignment
given by applying dynamic hybrid branch cutting with deepSplit = 3 and minimumclustersize = 32 is depicted
by row color immediately below the dendrogram, with grey representing unassigned genes.

Table 4.1: Network properties applied to the four original datasets and the comparison with the average (and
standard deviation) for each module present in the selected set of modules (grey module is not taken into con-
sideration). The selected measures include size, density, centralization, Heterogeneity, Mean Cluster Coefficient
and Mean Connectivity within cluster.

Network Mean
Size

Mean
Density

Mean
Central-
ization

Mean
Hetero-
geneity

Mean
Cluster
Coeffi-
cient

Mean
Connec-
tivity

original ALS 1 6777 0.378 0.182 0.293 0.448 2558

selected ALS1 cut 250.4 ±
425.8

0.246 ±
0.12

0.157 ±
0.03

0.378 ±
0.13

0.31 ±
0.13

52.0 ±
92.87

original ALS 2 6777 0.446 0.183 0.330 0.544 3023

selected ALS2 cut 1660.4
± 737.5

0.21 ±
0.11

0.16 ±
0.03

0.479 ±
0.14

0.303 ±
0.10

124.38
± 290.7

original Control 1 6777 0.276 0.135 0.219 0.316 1871

selected Control 1 cut 363.52
± 353.3

0.147 ±
0.11

0.139 ±
0.04

0.520 ±
0.16

0.229 ±
0.13

85.46 ±
228.79

original Control 2 6777 0.431 0.174 0.312 0.521 2921

selected Control 2 cut 957.99
± 366.4

0.227 ±
0.13

0.158 ±
0.03

0.436 ±
0.16

0.312 ±
0.12

31.17 ±
33.44

4.3 Post-Processing Results

We have identified clusters of differentially expressed genes resulting from the clustering tech-

niques (Sections 4.1.2 and 4.1.2) and modules of co-regulated genes resulting from the WGCNA

procedure (Section 4.2). Now we are interested in understanding if these groups of genes are sig-

nificantly related with each other. Then, functional annotation of these sets of genes is performed in

order to identify relevant biological pathways or genes’ functions associated with ALS disease.

62



4.3.1 Module Preservation in WGCNA networks

First, a study of the module preservation between networks of the same phenotype was performed

to verify if the same modules were significantly present in networks of the same phenotype. There-

fore, two approaches are used to determine this preservation: cross-tabulation and network based

statistics.

4.3.1.A Overlapping Matrix/Cross-tabulation

An overlapping matrix was built between the two module assignments of each pair of networks

(identified in Section 4.2) accordingly to the described in Section 3.6.4. As when making use of

the K-Means method, it was considered interesting to study the relationships between the module

assignment of ALS1 and ALS2 (Figure 4.34), C1 and C2 (Figure 4.35) but also of ALS1 and C1

(Figure 4.36).

The WGCNA method produces a group of non-overlapping modules and so, module overlapping

with more than one module in the other network is not unexpected. In fact, this is commonly verified

when using this type of techniques [62]. When overlapping of two modules was verified, the module

correspondence was made with the one presenting a least significant p-value, as used in [35]. By

the analysis of these figures, one may identify a correspondence of each module in one network to

the most significant similar module in the other. It is interesting to verify that in the case of ALS1

compared with ALS2, the grey module (of the unassigned genes) is very significantly overlapped,

whilst in the other two pairwise comparisons, C1 and C2 (Figure 4.35) and ALS1 and C1 (Figure

4.36), this module significantly overlaps with more than one module. This indicates that the genes

assigned to the grey module in one network are considered to have low topological overlap with other

nodes and so are not assigned to any specific module. On the other hand, in the other network, they

are considered to have high topological overlap with a significant number of other genes.
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Figure 4.34: Overlap Table for the comparison of the modules identified in ALS1 and ALS2. (A) Dendrogram
resulting from applying the WGCNA method to ALS1, where the bar code underneath indicates the module
membership obtained by the cutting of this dendrogram (top) and the obtained cut in the ALS2 dendrogram. (B)
Dendrogram resulting from applying the WGCNA method to ALS2, where the bar code underneath indicates
the module membership obtained by the cutting of this dendrogram (top) and the obtained cut in the ALS1
dendrogram (bottom). (C) Cross-tabulation of the ALS1 modules (rows) and ALS2 modules (columns), where
the colors respects the color code defined. In the table, numbers give the number of genes that overlap between
the corresponding row and column module. The color-code in this table is given by the Fisher exact test p value,
−log(p), accordingly to the bar coded given in the right side o the table.
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Figure 4.35: Overlap Table for the comparison of the modules identified in C1 and C2. (A) Dendrogram resulting
from applying the WGCNA method to C1, where the bar code underneath indicates the module membership
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Figure 4.36: Overlap Table for the comparison of the modules identified in ALS1 and C1. Overlap Table for
the comparison of the modules identified in ALS1 and C1. (A) Dendrogram resulting from applying the WGCNA
method to ALS1, where the bar code underneath indicates the module membership obtained by the cutting
of this dendrogram (top) and the obtained cut in the C1 dendrogram. (B) Dendrogram resulting from applying
the WGCNA method to C1, where the bar code underneath indicates the module membership obtained by the
cutting of this dendrogram (top) and the obtained cut in the ALS1 dendrogram (bottom). (C) Cross-tabulation of
the ALS1 modules (rows) and C1 modules (columns), where the colors respects the color code defined. In the
table, numbers give the number of genes that overlap between the corresponding row and column module. The
color-code in this table is given by the Fisher exact test p value, −log(p), accordingly to the bar coded given in
the right side o the table.

4.3.1.B Network Based Statistics

The network based statistics described in Section 3.6.4 were then applied to the selected cuts for

the two ALS WGCNA networks (Figures 4.30 and 4.31) and the two control ones (Figures 4.32 and

4.33), with 50 permutations. The results are summarized by the Figures A.27, A.28, A.29 and A.30.

First, considering the comparison of the two ALS networks (Figures A.27 and A.28). A higher

number of modules was selected for the first dataset, which was determined also by the structure of

the resulting dendrogram (Figure 4.30). As stated, when Zsummary is larger than 10 there is consider-

able confidence in stating that a module is preserved between the two networks. When using dataset

1 as a reference dataset (Figure A.27), most of the modules are above this limit, whilst the others

present some evidence of preservation (as they are above the lower confidence limit). The modules

considered as presenting only with some confidence of being preserved were the blue, turquoise, tan,

salmon and brown (with respect to the ALS1 module labels). When using the dataset 2 as reference

network (Figure A.28), there are stronger evidences of module preservation, which maybe due to the

fact the number of modules identified is considerably less (almost half) as one may observe in Figure

4.31.

Comparing the controls WGCNA modules between the two control networks (Figures A.29 and

A.30) result in better results. Using the same reasoning as above, there is enough evidence to claim

that all modules are preserved regardless the network that is used as reference. Closer to the limit of

the preservation are the tan and blue module (when considering C1 as reference - Figure A.29) and

turquoise and salmon (with C2 as reference module set - Figure A.30).

Although some differences were detected with the standard clustering techniques between the two
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datasets, modules identified with WGCNA technique are considerably preserved between datasets

which motivates the use of the dataset 1 as a reference result in further post-processing methods.

4.3.2 Module Eingengene Network

Genes inside a cluster present, in general, high connectivity when using Eigengene-based Con-

nectivity described in equation 3, which accordingly to the literature provides enough evidences of

the module quality [41, 45]. Analysing the dendrograms or the heatmaps in Figure 4.37, one may

verify that some module eigengenes are highly correlated. Therefore, as the module’s chosen repre-

sentatives, the module eigengenes, present highly correlated expression values with other modules,

one may hypothesize the over-partitioning of the data in the clustering procedure of WGCNA and the

possibility that these would be merged if the parameters of the cutting algorithm would be different.

Merging of similar modules was proposed by [45] by applying a fix height cut of module eigengenes’

dendrogram. An attempt to merge modules using this approach was performed on the ALS1 net-

work (Figure 4.30). However, the correlation between the resulting merged clusters was considerably

higher than be the original ones in such way that not enough discrimination between the expression

profiles was visible in the heatmap. Therefore, to refine the clusters, the previously described variation

of the branch cutting parameters was chosen instead.
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Figure 4.37: Study of the module eigengene relationships in WGCNA modules in ALS1 (left) and C1 (right):
hierarchical clustering with average linkage and using as distance, 1 - (Pearson correlation), (top) and a heatmap
that shows the Pearson correlation between modules in the same ALS network.
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4.3.3 Comparing Partitions

4.3.3.A Clustering Techniques

Before enrichment with functional annotation terms, a comparison of the overlap of the clusters

obtained by the two clustering methods (identified in Section 4.1.2 and 4.1.2) was performed making

use of the cross-tabulation method (Figures 4.38, 4.39 and 4.40). To do so, a vector of colors was

defined for each set of clusters resulting from k-means and hierarchical algorithms, where only the

interesting clusters were considered whilst all other genes were attributed to a grey module. As all the

reasoning so far, all the comparisons were made regarding the dataset 1 (ALS1 and C1). In addition,

it was also in this dataset that the clusters containing differentially expressed genes were identified.

By comparing Hierarchical clustering (HCL) resulting clusters with K-means for k = 20 it is clear

that 3 of the 4 clusters resulting from the latter method are included in the blue cluster of HCL; the

brown cluster of k-means is not identified by the HCL and the HCL turquoise module does not have a

correspondence in the K-Means algorithm.

Further partition of the data occurs when the k is equal to 50 in the K-Means algorithm, leads

to the assignment of the green k-means module to the unassigned HCL cluster. However, the HCL

turquoise cluster is now related with one of the k-means (red cluster).

When comparing the two k-means runs, only three clusters are preserved (with the same labels

on both datasets), which are the brown, turquoise and yellow cluster. Therefore, two clusters of the

k = 50 run and one from the k = 20 are unpreserved.

When analysing the overlapping between HCL and K-Means the only clusters that were not ob-

servable in the the HCL were the brown ones (that is almost the same cluster in both k-means runs)

and the green one using k = 50 that is not identified in the other run of the k-means method.

As a summary of the former comparisons, both runs of the k-means select a yellow and turquoise

cluster that is also identified in the hierarchical clustering algorithm. Besides the turquoise cluster of

HCL is only preserved when using the K-Means with k = 50.
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C. k−means 20 modules (rows) vs. Hierarchical Clusters (columns)
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Figure 4.38: Cross-tabulation of the clusters obtained with k-means algorithm (k = 20) (rows) and clusters
obtained by Hierarchical clustering (columns), where the colors respects the color code defined. In the table,
numbers give the number of genes that overlap between the corresponding row and column module. The color-
code in this table is given by the Fisher exact test p value, −log(p), accordingly to the bar coded given in the right
side o the table.

C. k−means 50 modules (rows) vs. Hierarchical Clusters (columns)
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Figure 4.39: Cross-tabulation of the clusters obtained with k-means algorithm (k = 20) (rows) and clusters
obtained by Hierarchical clustering (columns), where the colors respects the color code defined. In the table,
numbers give the number of genes that overlap between the corresponding row and column module. The color-
code in this table is given by the Fisher exact test p value, −log(p), accordingly to the bar coded given in the right
side o the table.
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C. k−means 50 modules (rows) vs. k−means 20 modules (columns)
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Figure 4.40: Cross-tabulation of the clusters obtained with k-means algorithm (k = 20) (rows) and k-means
algorithm (k = 50) (columns), where the colors respects the color code defined. In the table, numbers give the
number of genes that overlap between the corresponding row and column module. The color-code in this table
is given by the Fisher exact test p value, −log(p), accordingly to the bar coded given in the right side o the table.

4.3.3.B Clustering Techniques against WGCNA

The cross-tabulation of modules was also applied to compare the clusters obtained in the standard

clustering techniques and the WGCNA techniques. As some overlapping is verified in these clusters,

it is expected some redundancy in the results of overlapping.

HCL Comparing the WGCNA modules with the hierarchical clusters produced interesting and easy

to visualize results (Figures 4.41 and 4.42). In the ALS1 network (Figure 4.41), several modules

match the hierarchical clusters, although being split most of them between the two clusters. These

modules are: blue, brown, greenyellow, grey, pink, red and yellow (WGCNA label names).

Less modules of WGCNA control network match the hierarchical clusters (Figure 4.42). In fact,

from a set of 12 modules, only 3 were significantly overlapped with the HCL clusters, which are:

green, grey and yellow (WGCNA label names). Besides, no module from this network significantly

intersects the turquoise HCL cluster, whilst in the ALS case it significantly intersects 4 modules.

To be noted that the number of genes from the WGCNA grey module that overlaps the hierarchical

cluster, in both networks, is a very small subset of the complete module.
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C. WGCNA ALS1 modules (rows) vs. HCL modules (columns)
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Figure 4.41: Cross-tabulation of the ALS1 WGCNA modules (rows) and clusters obtained by Hierarchical clus-
tering (columns), where the colors respects the color code defined. In the table, numbers give the number of
genes that overlap between the corresponding row and column module. The color-code in this table is given by
the Fisher exact test p value, −log(p), accordingly to the bar coded given in the right side o the table.

C. WGCNA C1 modules (rows) vs. HCL modules (columns)
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Figure 4.42: Cross-tabulation of the C1 WGCNA modules (rows) and clusters obtained by Hierarchical clustering
(columns), where the colors respects the color code defined. In the table, numbers give the number of genes that
overlap between the corresponding row and column module. The color-code in this table is given by the Fisher
exact test p value, −log(p), accordingly to the bar coded given in the right side o the table.

K-Means Most clusters that resulted from the k-means method were identified as overlapping the

hierarchical clustering ones. Therefore, most overlaps between these clusters and WGCNA modules

is expected. The only modules that were not overlap between HCL and K-Means are now overlapping

significantly with WGCNA modules both in ALS1 and C1 (Figures 4.43, 4.44, 4.45 and 4.46).

Interestingly, ALS1 WGCNA network modules present better overlapping with clusters containing

genes that present significant expression differences between ALS1 and C1 samples and thus further

exploration of this dataset will be performed.
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C. WGCNA ALS1 modules (rows) vs. k−means 20 modules (columns)
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Figure 4.43: Cross-tabulation of the ALS1 WGCNA modules (rows) and clusters obtained by k-means algorithm
with k = 20 (columns), where the colors respects the color code defined. In the table, numbers give the number
of genes that overlap between the corresponding row and column module. The color-code in this table is given
by the Fisher exact test p value, −log(p), accordingly to the bar coded given in the right side of the table.

C. WGCNA C1 modules (rows) vs. k−means 20 modules (columns)
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Figure 4.44: Cross-tabulation of the C1 WGCNA modules (rows) and clusters obtained by k-means algorithm
with k = 20 (columns), where the colors respects the color code defined. In the table, numbers give the number
of genes that overlap between the corresponding row and column module. The color-code in this table is given
by the Fisher exact test p value, −log(p), accordingly to the bar coded given in the right side of the table.
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C. WGCNA ALS1 modules (rows) vs. k−means 50 modules (columns)
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Figure 4.45: Cross-tabulation of the ALS1 WGCNA modules (rows) and clusters obtained by k-means algorithm
with k = 50 (columns), where the colors respects the color code defined. In the table, numbers give the number
of genes that overlap between the corresponding row and column module. The color-code in this table is given
by the Fisher exact test p value, −log(p), accordingly to the bar coded given in the right side of the table.

C. WGCNA C2 modules (rows) vs. k−means 50 modules (columns)
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Figure 4.46: Cross-tabulation of the C1 WGCNA modules (rows) and clusters obtained by k-means algorithm
with k = 50 (columns), where the colors respects the color code defined. In the table, numbers give the number
of genes that overlap between the corresponding row and column module. The color-code in this table is given
by the Fisher exact test p value, −log(p), accordingly to the bar coded given in the right side of the table.

4.3.4 Study of ALS1 WGCNA network

Analysing complete set of WGCNA modules First, expression plots of the entire set of genes

in WGCNA modules was used in an attempt to observe modules where genes present a different

expression profile between ALS and control samples. Using ALS1 modules, 4 modules present some

evidences of differential expression (Figure 4.47): black, brown, pink and yellow. It is interesting to

verify that all of these modules showed overlapping with clusters resulting from standard clustering

techniques.

Using the same criteria of differential expression, 2 modules present differences in expression

of ALS and control samples although with less evidence as in C1 case (Figure 4.48): green and

yellow. When comparing to the hierarchical clustering clusters, these ones were the only showing

overlapping.
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Figure 4.47: Centroid view of the modules obtained for ALS1 with WGCNA: black(top left), brown (top right),
pink (bottom left) and yellow (bottom right).

Figure 4.48: Centroid view of the modules obtained for C1 with WGCNA: green (left) and yellow (right).

Analysing the most connected genes in the WGCNA modules When making use of WGCNA,

one is interested in the most important genes in the module. Saris et al. [5] used the 100 top most

connected genes in a given module, whilst others [47] enriched the entire modules. Therefore, the

connectivity measure based on the correlation with the module eigengene (Equation 3) was applied to

the genes in the identified modules of ALS 1 network. Then, a rank of the module genes with respect

to this connectivity measure was obtained. The results showed that a large subset of the genes in

a module were highly correlated with the respective module eigengene. Therefore, a relatively high

threshold (= 0.85) was used to select the most connected genes to the module eigengene.

73



The motivation behind the choice of a threshold, in the module assigned genes, from the ranked

gene connectivity was to guarantee that the genes with similar relationships to the module eigengene

are the ones selected. In fact, if one uses a fix threshold by number of genes to include in these

ranked lists, some modules may present only highly connected genes (such as the turquoise module)

while others may contain a wide range of connectivities. On the other hand, the computation was

not extended to the entire gene set as we were interested in comparing the resulting modules from

this approach with clustering techniques, where the same selectivity was not applied. Therefore, for

a fair comparison of methods, the subset of genes used in the next steps are only subgroups of the

identified modules or clusters.

When considering only the most connected genes, two more clusters are identified as presenting

genes with expression significantly different between ALS and control samples (Figure 4.49) that were

not considered before reducing the number of genes (Figure 4.50).
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Figure 4.49: Centroid view of the clusters obtained for ALS1 with WGCNA (described left to right: black, brown,
blue, pink, tan, yellow).

Figure 4.50: Centroid view of the 2 complete modules obtained for ALS with WGCNA: blue (left) and tan (right).
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4.3.5 Functional annotation of clusters

Functional annotation of clusters was then performed by comparing each of them against the

entire human genome and using Babelomics [50]. The results for modules in WGCNA are presented

in Table 4.2, considering only the most connected genes, and for clusters obtained by HCL and K-

means in Table 4.3 and Table 4.4, respectively. Whenever several GO terms are considered, only the

further from the root of the graph are discriminated.

One module from the WGCNA method and one cluster from k-means (using both values of k)

were identified with three neurodegenerative diseases (Alzheimer’s disease, Parkinson’s disease and

Huntington’s Disease), which may indicate the involvement of the same subset of genes in all of them.

In depth study of the present results will be performed as future work.

Module Type of term Term p-value

Yellow GO

regulation of protein metabolic process
(GO:0051246) 1.12e-3

negative regulation of biosynthetic process
(GO:0009890) 3.78e-2

small GTPase mediated signal transduction
(GO:0007264) 1.22e-3

endocytosis (GO:006897) 3.51e-2
nucleocytoplasmic transport (GO:0006913) 9.23e-3
intracellular protein transport (GO:0006886) 6.47e-5

Salmon and Red KEGG Ribosome (hsa03010) 6.03e-7
GO translational elongation (GO: 0006414) 1.57e-6

MidnightBlue GO

chemotaxis (GO:0006935) 3.13e-2
defense response to fungus (GO:00508332) 1.04e-5
defense response to Gram-negative bac-
terium (GO:0050829) 2.33e-3

response to virus (GO:0009615) 6.43e-3
xenobiotic metabolic process (GO:0006805) 1.48e-4

Purple GO DNA recombination (GO:0006310) 1.99e-2

Black KEGG

Ribosome (hsa03010) 1.76e-42
Oxidative phosphorylation (hsa00190) 5.76e-9
Alzheimer’s disease (hsa05010) 5.76e-9
Parkinson’s disease (hsa05012) 4.16e-8
Huntington’s disease (hsa05016) 7.06e-8
RNA degradation (hsa03018) 2.38e-3
Spliceosome (hsa03040) 1.42e-2
Cardiac muscle contraction (hsa04260) 3.66e-2

Table 4.2: GO and KEGG significantly associated with WGCNA modules (considering the most connected genes
only). For 3 modules (tan, pink and blue) no significant terms were identified, whilst in the turquoise module the
relevant GO terms are presented in A.31.
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Cluster Type of term Term p-value

Turquoise KEGG

Phosphatidylinositol signaling system
(hsa04070) 4.12e-2

Glycolysis / Gluconeogenesis (hsa00010) 4.42e-2
Fructose and mannose metabolism
(hsa00051) 4.42e-2

RNA polymerase (hsa03020) 4.42e-2
Huntington’s disease (hsa05016) 4.16e-2
T cell receptor signaling pathway (hsa04660) 8.84e-3
Natural killer cell mediated cytotoxicity
(hsa04650) 4.01e-2

O-Mannosyl glycan biosynthesis (hsa00514) 4.01e-2

GO Several terms are annotated (refer to Figure
A.33)

Blue KEGG
Ubiquitin mediated proteolysis (hsa04120) 1.74e-2
Long-term potentiation (hsa04720) 1.74e-2
RNA degradation (hsa03018) 4.81e-2

GO Several terms are annotated (refer to Figure
A.32)

Table 4.3: GO and KEGG significantly associated with hierarchical clustering results.
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Cluster Type of term Term p-value

Turquoise-k20 KEGG RNA degradation (hsa03018) 2.29e-3

GO Several terms are annotated (refer to Figure
A.34)

Blue-k20 KEGG Spliceosome (hsa03040) 9.41e-3

GO Several terms are annotated (refer to Figure
A.35)

Brown-k20 KEGG

Ribosome (hsa03010) 1.88e-71
Oxidative phosphorylation (hsa00190) 6.56e-23
Cardiac muscle contraction (hsa04260) 1.13e-5
Alzheimer’s disease (hsa05010) 5.89e-16
Parkinson’s disease (hsa05012) 1.18e-19
Huntington’s disease (hsa05016) 1.59e-16
RNA degradation (hsa03018) 2.83e-2
Protein export (hsa03060) 3.8e-3
Proteasome (hsa03050) 1.36e-2
Spliceosome (hsa03040) 1.04e-4

GO Several terms are annotated (refer to Figure
A.36)

Yellow-k20 GO Several terms are annotated (refer to Figure
A.37)

Turquoise-k50 GO Response to wounding (GO:0009611) 1.42e-2

Blue-k50

KEGG RNA degradation (hsa03018) 3.01e-2

GO

protein targeting to membrane (GO:0006612) 1.49e-2
endosome to lysosome transport
(GO:0008333) 4.24e-2

deoxyribonucleotide catabolic process
(GO:0009264) 9.89e-3

histone modification (GO: 0016570) 1.07e-2
negative regulation of transcription
(GO:0016481) 4.76e-2

mRNA processing (GO:0006397) 4.22e-2
RNA splicing (GO:0008380) 4.24e-2

Brown-k50 KEGG

Ribosome (hsa03010) 1.19e-38
Oxidative phosphorylation (hsa00190) 4.281e-12
Alzheimer’s disease (hsa05010) 9.93e-9
Parkinson’s disease (hsa05012) 2.40e-11
Huntingont’s disease (hsa05016) 1.58e-7
RNA degradation (hsa03018) 8.62e-3

GO Several terms are annotated (refer to Figure
A.38)

Green-k50

KEGG

Neurotrophin signaling pathway (hsa04722) 1.34e-4
Graft-versus-host disease (hsa05332) 3.16e-2
Natural killer cell mediated cytotoxicity
(hsa04650) 3.16e-2

Acute myeloid leukemia (hsa05221) 3.73e-2
Toll-like receptor signaling pathway
(hsa04620) 2.76e-2

B cell receptor signaling pathway (hsa04662) 8.76e-3
Insulin signaling pathway (hsa04910) 8.76e-4

GO

protein kinase cascade (GO:0007243) 9.41e-3
regulation of signal transduction
(GO:0009966) 9.41e-3

small GTPase mediated signal transduction
(GO:0007264) 9.94e-3

Ras protein signal transduction
(GO:0007265) 9.94e-3

Table 4.4: GO and KEGG significantly associated with k-means clustering results. Modules of k = 20 and k = 50
are respectively named ’-k20’ and ’-k50’.
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4.4 Conclusions and Future work

The first task of the present work consisted in data preprocessing and enable to identify the pos-

sible presence of batch effects that greatly influence the results when using standard clustering tech-

niques such as k-means. Since WGCNA used Pearson correlation to extract the similarity features

between genes in the dataset a method based on this measure is also more adequate to detect out-

liers as such, other selection procedures were used in this case. A more recent technique, also used

in this work, that takes into consideration the network properties, such as connectivity and clustering

coefficient, was shown to be more appropriate to this work. Moreover, it allows to better select not

only outliers but also the dataset that would better discriminate between the classes under study.

Hierarchical clustering using average linkage was then applied to identify clusters with significant

differences of gene expression profiles between ALS and control samples. Only two large clusters

were identified with this method with the expected properties. K-means with four values of k was then

applied to all samples, dataset 1 and dataset 2. However, only in dataset 1 we observed the desirable

characteristics of discrimination between ALS and controls, and only with k = 20 and k = 50. Four

clusters were identified with the first and six with the higher value of 50.

Finally, WGCNA method was applied to the four subsets of data, two with ALS samples and two

with controls. A variation of the module generating algorithm was studied and network concepts,

namely the clustering coefficient, was used to selected the set of modules with generally more co-

hesive nature. Different numbers of modules were obtained for each network. Therefore, a study

of the overlapping between these modules was first performed with a cross-tabulation and then with

network statistics based method. The second was considered more relevant in the context of study-

ing the module preservation between WGCNA networks and showed a high confidence of module

preservation between networks of the belonging to the same class.

The WGCNA method offers the possibility of using network concepts well studied and applied to

complex networks that aid in the decision process and understanding of the structure of the results.

For each module of dataset 1, a module eigengene was computed, that is considered the module

representative as it describes the dimension that better explains most of the gene expression variation

in that module. The most used connectivity measure in this type of networks, calculates the correlation

of all genes in the module relatively to the module eigengene and was computed. A threshold of 0.85

was set on a list of ranked absolute gene’s connectivity to select the most important, which were then

considered for functional annotation.

A comparison of the modules identified with the latter module and the clusters obtained with the

standard clustering techniques was then performed. The only set of genes that significantly intersects

all other sets is the WGNA modules obtained for the ALS samples in dataset 1.

All these methods resulted in relevant groups of genes, which are functional enriched with several

biological potentially interesting biological functions for the problem under study.

As future work, further study of the terms functional annotated in the resulting clusters and modu-

les may result in interesting contributions to the understanding of this disorder. Further comparisons
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of these methods as well as improvement in the confidence of the results would be possible if a higher

number of samples is considered.
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A
Experimental Results Appendix

A-1



A.1 Clustering of Genes

A.1.1 Hierarchical Clustering

Figure A.1: Average Linkage Hierarchical clustering based on Euclidean distance applied to cluster genes in
all samples. Dataset order from left to right: ALS1, ALS2, C1, C2 (each one corresponds to 1/4 of the image’s
width).

A-2



Figure A.2: Average linkage hierarchical clustering based on Euclidean distance applied to cluster genes in the
combination of ALS2 and C2. Dataset order from left to right: ALS1, ALS2, C1, C2 (each one corresponds to 1/4
of the image’s width).
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A.1.2 K-Means

Figure A.3: Resulting clustering from applying the K-Means algorithm with k = 20 and using Euclidean distance
to cluster genes in the entire dataset after sample and gene normalization and with batch effects correction.
Centroid view of the clusters (top) and their mean expression (bottom). Dataset order from left to right: ALS1,
ALS2, C1, C2 (each one corresponds to 1/4 of the image’s width).
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Figure A.4: Centroid view of the clusters (left) and their mean expression pattern (right) of applying the k-means
algorithm with k = 50 and euclidean distance to cluster genes in all datasets. Dataset order from left to right:
ALS1, ALS2, C1, C2 (each one corresponds to 1/4 of the image’s width).
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Figure A.5: Centroid view of the clusters (left) and their mean expression pattern (right) of applying the k-means
algorithm with k = 10 and euclidean distance to cluster genes in ALS1 and AL2. Dataset order from left to right:
ALS1, ALS2 (each one corresponds to 1/2 of the image’s width).

Figure A.6: Centroid view of the clusters (left) and their mean expression pattern (right) of applying the k-means
algorithm with k = 10 and euclidean distance to cluster genes in C1 and C2. Dataset order from left to right: C1,
C2 (each one corresponds to 1/2 of the image’s width).

Figure A.7: Centroid view of the clusters (left) and their mean expression pattern (right) of applying the k-means
algorithm with k = 10 and euclidean distance to cluster genes in ALS1 and C1. Dataset order from left to right:
ALS1, C1 (each one corresponds to 1/2 of the image’s width).
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Figure A.8: Resulting clustering from applying the K-Means algorithm with k = 20 and using Euclidean distance
to cluster genes in the first dataset (ALS1 with C1). Centroid view of the clusters (top) and their mean expression
(bottom). Dataset order from left to right: ALS1, C1 (each one corresponds to 1/2 of the image’s width).
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Figure A.9: Resulting clustering from applying the K-Means algorithm with k = 20 and using Euclidean distance
to cluster genes in the second dataset (ALS2 with C2) after sample and gene normalization. Centroid view of
the clusters (top) and their mean expression (bottom). Dataset order from left to right: ALS2, C2 (each one
corresponds to 1/2 of the image’s width).
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Figure A.10: Centroid view of the clusters (left) and their mean expression pattern (right) of applying the k-means
algorithm with k = 50 and euclidean distance to cluster genes in ALS1 and C1. Dataset order from left to right:
ALS1, C1 (each one corresponds to 1/2 of the image’s width).
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Figure A.11: Centroid view of the clusters (top) and their mean expression pattern (bottom) of applying the
k-means algorithm with k = 50 and euclidean distance to cluster genes in ALS2 and C2. Dataset order from left
to right: ALS2, C2 (each one corresponds to 1/2 of the image’s width).
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A.2 WGCNA

A.2.1 Soft Power

2 4 6 8 10 12 14

−
0.

5
0.

0
0.

5

Scale independence

Soft Threshold (power)

S
ca

le
 F

re
e 

To
po

lo
gy

 M
od

el
 F

it,
si

gn
ed

		 
R

^2

1

2

3

4

5
6 7 8 9 10 12 14 16 18

20

2 4 6 8 10 12 14

50
0

10
00

15
00

20
00

25
00

30
00

Mean connectivity

Soft Threshold (power)

M
ea

n 
C

on
ne

ct
iv

ity

1

2

3

4

5
6

7
8 9 10 12 14 16 18

20

Figure A.12: Fitting of the network to the scale-free topology accordingly to the beta parameter used in the
soft-thresholding procedure for dataset ALS2. Dataset order from left to right: ALS2, C2 (each one corresponds
to 1/2 of the image’s width).
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Figure A.13: Fitting of the network to the scale-free topology accordingly to the beta parameter used in the
soft-thresholding procedure for dataset C1.

2 4 6 8 10 12 14

−
0.

5
0.

0
0.

5

Scale independence

Soft Threshold (power)

S
ca

le
 F

re
e 

To
po

lo
gy

 M
od

el
 F

it,
si

gn
ed

		 
R

^2

1

2

3

4

5
6

7 8 9 10 12 14 16 18

20

2 4 6 8 10 12 14

50
0

10
00

15
00

20
00

25
00

30
00

Mean connectivity

Soft Threshold (power)

M
ea

n 
C

on
ne

ct
iv

ity

1

2

3

4

5
6

7
8 9 10 12 14 16 18

20

Figure A.14: Fitting of the network to the scale-free topology accordingly to the beta parameter used in the
soft-thresholding procedure for dataset C2.
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A.2.2 Branch Cutting Parameter Variation
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Figure A.15: Dendrogram resulting from applying WGCNA with a soft-threshold of 6 to dataset ALS1. Different
cuts of this hierarchical tree are presented by variation of two parameters of the cutreeHybrid(): minimum cluster
size (4, 8, 16, 32, 64, 128 and 256) and deepSplit (0,1,2,3).
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Figure A.16: Dendrogram resulting from applying WGCNA with a soft-threshold of 6 to dataset ALS2. Different
cuts of this hierarchical tree are presented by variation of two parameters of the cutreeHybrid(): minimum cluster
size (4, 8, 16, 32, 64, 128 and 256) and deepSplit (0,1,2,3).

A-13



27
20

39
32

44
97

46
85

13
72

65
67 44

37
4

17
96

57
14

21
14

63
79

56
27

62
60

45
55

29
57

25
55

66
71

45
49

15
89

17
53

67
29

45
96

66
36

39
78

21
84

28
86

46
53

65
83

60
15

61
04

24
86

36
81

14
35

54
68

26
82

44
30

51
54

22
3

42
50

22
4

52
70

54
41

40
5

27
07

57
77

67
53

64
57

46
29

13
57

25
05

34
11

50
8

91
5

56
11

56
1

11
29

63
16

63
77

77
4

36
30

10
09

12
97

27
72 21

72
21

70
45

10
43

09
52

88
23

96
69

6
45

1
38

41
72

10
58

41
62

61
99

17
62

51
17

57
6

66
05

24
35

14
8

22
26

48
56

11
4

26
06

41
38

92
3

37
12

62
79

55
36

18
26

29
6

61
52

38
67

19
4

41
1

35
38

46
05

68
5

30
84

65
23

28
95

52
71

13
03

10
14

57
58 65

22
30

53
59

89
50

78
52

40
40

92
64

40
56

54
66

66
66

59
37

76
27

66
52

30
17

60
57

2
60

65
38

08
36

61
56

48
30

2
56

79
65

99 6
57

8
22

09
56

67
12

98 51
90

6
57

05
14

7
36

74
60

35
53

87
26

49
16

56
26

48
15

01
36

62 71
3

44
96

62
24

13
83

22
02

55
43

48
02

51
20

52
07 5

62
3

58
90

31
83

38
42 30
7

40
18

18
62

27
56

51
27

67
26

20
49

52
51

46
08

61
34

61
73

28
49

60
13

36
65

78
8

55
46

18
87

38
58

28
65

65
17

63
80

31
06

31
22

51
15 4

04
6

11
53

56
46 60

91
51

75
54

82
81

3
18

46
67

33
55

24
54

23
25

11
36

26
39

43
85

2
12

41
10

67
56

28
12

1
58

22
64

89
19

84
39

85
33

12
61

49
17

3
22

83
25

81
28

26
62

29
24

05
44

13
61

89
24

02
31

23
62

50
31

44
43

99
12

78
20

21
47

53
45

17
51

18
12

63
38

70
20

71
24

57
17

16
60

10
56

7
88

3 66
64

19
66

30
55

27
61

48
74

19
74

26
36 56

43
56

90
11

83
61

09
63

82
12

84
30

50
53

81
96

5
26

17
68

45
30

14
59

21
31

17
48

42
01

15
74

51
92

28
11

52
36

45
18

61
16 64

67
24

17
45

57
31

7
60

95 62
31

23
51

32
98

65
08

63
74

27
80

54
96

64
52

11
70

47
15 2

72
2

79
0

12
90 6

42
9

64
45

31
42

24
47

62
41 2

75
7

41
47

41
23

24
99

30
49 30

05
64

95
64

24
38

65
62

96
36

60
11

31
14

71
31

94 14
32

35
14

37
17

49
86

44
32

38
31

58
06

63
92

31
13

61
29

14
03

10
69

28
79

13
89

36
10 20

62
53

78
25

87
44

40
52

85
64

09
15

23
56

91
12

15
10

64
44

60
64

01
59

68
18

93
19

79
12

89
24

15
28

7
48

26
42

93
46

71
18

99
18

2
99

1
54

27
80

5
10

29
27

24
45

0
37

91
33

16 82
45

97
67

11
30

36
46

54
37

92
49

66
60

02
14

84
39

95
65

32
73

3
27

16
54

3
36

17
30

78
50

00
28

78
60

9
14

34 6
40

37
09

35
54

42
07

36
18

50
48

62
99

49
32

33
45

21
89

66
02

38
38

29
28

29
39

59
58

71
5

38
95

36
56

32
16

58
62

31
97

31
6

66
99

45
99

46
4

11
66

47
7

59
52

31
89

54
21

26
52

81
15

21
58

16
59

2
17

68
12

3
36

5
38

02
94

1
22

90
40

21
95

7
60

97 68
6

27
74

55
35

37
7

43
05

38
25

55
52

34
40

64
25

44
77

35
58

62
25

12
0

83
5 23

69
17

5
14

55
26

15
29

09
22

68
32

08
40

00
61

76
88

1
28

93
23

84
53

00 12
01

66
48

14
74

41
49

15
83

15
13

36
12

29
18

36
46

47
83

15
95

61
30 20

26
57

04 1
88

6
14

20
40

11
23

06
43

96
48

82
53

18
25

18
15

72
34

05
38

39
58

82
34

23
50

41
60

70
10

56
14

17
52

33
60

72
13

25
24

01
38

63
86

9
59

00 46
1

57
97

39
15

39
12

47
56 46

44
16

84
16

64
66

08 25
73

30
99

40
12

67
44

15
33

41
43

14
13

87
4

33
79

13
40

90
9

13
97

17
67

54
80

23
68

65
27

54
35

21
80

47
73

15
77

19
7

33
46

36
58 4

13
2

30
68

14
99

12
47

25
22

46
21

10
21

60
69

52
29

52
97

23
94

17
19

15
80

28
9

11
25

55
90

13
05

11
73

27
52

10
3

67
69

65
75

24
72

39
22

96
1

39
71

51
40

25
24

62
11

28
64

66
49

16
16

48
9

48
6

57
38

42
18

24
70

48
83

44
49

47
84

18
64

47
74 4

84
16

45
52

60
12

23
49

30
51

53
51

96
38

98
43

8
27

63
67

27
15

34
65

89
41

77
20

48
21

52
12

08
20

84
37

43
40

15
12

64
63

75 13
42

44
8

29
4

59
31

14
39

87
44

20
12

13
17

77
27

50
54

14
45

15
21

25
26

09
34

52
12

91
13

28
67

49
17

00
56

25
20

59
49

23
66

46
18

95
59

55 3
57

2
36

29 3
96

8
62

48
35

8
29

53
50

50
58

25
35

52
15

97
54

67
23

2
30

63
13

34
46

35
21

76
46

3
19

19
65

19
16

2
44

45
51

3
17

29
73

0
27

1
39

0
62

80 53
77

24
12

35
78

13
90

28
22

62
86

12
52

14
45

94
8

79
2

25
13

52
67

36
75

12
77

32
62 4

65
0

45
89

63
47

19
35

66
98

60
08

40
48

35
36

25
83

15
92

71
1

29
89

13
29

10
6

36
40

55
17

40
17

41
59

13
00

91
8

42
75

23
0

13
23 3

16
2

32
33

39
1

65
26

17
54

40
72

52
99

61
43

23
56

11
26

54
62

46
99

52
27

37
10

62
87

57
84

32
71

24
0

27
13

42
44

14
67

19
44

22
85

52
68 20

27
20

1
23

46
34

37
23

53 50
35

91
40

36 2
35

8
27

15
58

63
39

23
29

83
45

72
29

88
52

59
14

60
68

4
53

79
18

79
45

6
56

59
12

02
56

45
65

59
32

73
65

50
96 1

00
4

32
37

55
81

34
24

18
28

50
14

12
18

16
60

20
09

48
1

31
08

53
97

45
63

26
70

39
5

93
5

17
0

48
2

39
84 1

07
9

67
37

22
55

26
95 55

73
60

19
18

4
51

57
41

60
98

8
51

97
20

44
31

26
40

14
54

33
60

36
53

36
29

80
32

56
25

2
27

17
60

00
38

16
45

21
50

39
28

03
39

16
39

31 54
48

52
23

16
44

34
10

26
91

48
8

49
2

26
4

58
75

54
08

62
55

64
11 1

39
5

20
43

17
17

29
77 4

22
1

17
03

65
36

57
01

26
00

57
92

18
13

24
90

54
49

45
07

42
81

36
83

40
81

49
5

43
11

47
79

86
1

14
50

31
79

86
6

53
19

23
44

47
05

40
86

59
47

60
4

13
88

14
47

43
78

16
28

90
67

45 6
15

4
59

30
32

58
30

98
48

81
18

70
54

30
29

40
48

37
36

37
43

27 5
73

9
83

1
35

66
66

22
30

76
39

72
41

63
66

70
48

66
38

78
30

85
59

18
17

57
42

91
59

32
15

22
62

27
65

15 47
71

38
33

96
9

38
88

54
54

24
11

40
41

87
7

24
58

43
15

42
11

16
1

54
86

58
53

61
36 79

36
85

57
48

62
08

49
6

54
51

47
72

29
58

58
52

40
4

60
75

73
4

34
86

45
32

64
53

17
2

62
64

48
7

17
51

32
78

31
49

51
73

98
7

50
44

52
2

44
5

18
73

10
65

58
32

19
26

50
71

63
93

59
76

14
41

17
52

49
52

31
21

24
4

53
86 67

03
50

0
22

33
63

84
75

4
48

18
40

1
44

75
27

89
13

27
18

55
44

25
42

90
50

63
40

84
58

04
15

52
34

2
24

5
49

49
42

30
47

46
49

20
30

11
16

5
47

77
66

55
81

8
43

16
59

27
41

84
67

16
21

18
33

65
34

95
69

3
25

5
26

96
11

55
61

57
14

48
63

60
23

54
38

83
38

69
23

76
73

41
29

60
20

48
3

15
79

18
38

27
71

56
44

60
6

10
32

66
9

61
48

58
92

66
97

67
2

36
82

16
86

64
93

65
55

42
84

57
68

53
50

59
56

15
12

11
34

66
30

21
82

21
71

48
25

63
1

13
48

41
40

74
34

75
48

73
53

12
51

02
11

94
45

61
11

71
29

81
14

65
24

59
50

36
62

15
25

99 10
9

13
59

12
81

66
23

99
8

57
93

10
36

39
53

57
65

55
98

35
05

45
36

21
88

12
4

98
3

40
63

46
06

35
77

59
86 13
87

10
70

49
71

22
96

24
08

25
7

51
11

22
39

39
23

6
24

68
59

5
47

75
65

38
51

44
73

5
14

58
17

95
51

52 51
6

18
90

48
34

16
59

23
87

64
98 5

24
5

65
43

41
03

12
76

67
6

25
03

15
60

13
2

59
22

21
43

65
16

55
88

63
11 11

14
23

05
14

96
20

33
37

34
52

72
57

13 9
56

40
73

29
51

45
4

57
35

28
97

58
60

72
3

23
18

32
50

04
38

81
24

94
56

84
63

37
50

42
48

00
63

42
55

26
36

95
65

0
82

8
42

00
21

65
50

17
14

63
48

40
28

34
47

66
23

5
60

55
26

2
27

92
56

96
24

84
25

02
51

12
11

56
55

16
56

47
49

16
14

68
30

38
64

44
56

58
14

1
30

70
62

92
60

80
18

74
67

00
18

25
41

44
26

94
41

16 5
95

4
43

98 41
34

73
66

35 5
43

9
35

59
59

50
50

09
51

59
58

78
50

27
49

51
58

28
61

64
55

3
55

91
18

85
53

43
52

66
19

29
3

67
0

24
40

45
94 5

50
64

04
63

12
53

66
49

56 43
49

7
19

71
45

03
55

62
26

39
27

39 40
7

34
76

22
24

22
60

40
60

49
39

63
90

33
23

42
60

21
26

42
10

43
90

44
66

64
80

48
39

61
00

63
67

20
60

86
16

6
72

4
62

21
66

76
55

21
36

22
14

40
18

14 3
33

7
43

58
59

25
49

10
15

30
21

54
10

5
31

43
34

53
91

24
23

22
51

63
17

40
79

53
02

77
0

25
56

27
88

47
38

14
10

49
4

55
55 6

37
6

27
60

45
64

37
3

21
8

42
13

59
60

98
4

55
96 49

97
59

35
33

32
44

98
25

17
38

68
50

91
34

53
32

74
23

02
63

25
63

30
23

60
90

8
24

14 3
54

9
48

11 47
59

75
3

50
65

49
76

10
11

25
15

46
45

11
99

56
51

29
22

60
90

51
21

30
90

11
90

29
1

44
29

58
80

39
94

54
37

60
37

67
23

48
65

40
06

16
51

58
48

61
88

19
76

19
07

59
42

14
00

18
24

44
87

36
64

34
84

12
57

28
21

33
02

14
9

23
12

94
10

52
10

07
53

28 7
27

47
30

60
12

74
25

04 41
0

58
07 5

18
1

40
9

16
79

58
58

58
36

52
63

53
67

13
14

60
05

47
18

11
13

33
05

11
01

13
68

25
26

30
54

24
31

28
6

18
31

54
58

34
43

43
76

56
00

50
16

52
75

63
52

17
20

64
38 25

35
15

03
42

02
51

06
57

19
57 2

32
3

30
14

34
93

37
28

61
94

63
24

19
0

34
45

62
61 2

20
1

21
00

58
19

44
28

57
07 89

7
46

76
33

71
40

64
99

2
48

31
13

30
65

60
61

12
66

82 3
02

4
25

97
77

89
8

25
60

16
67

39
08

15
55

74
6

18
00

27
55

45
88

26
65

36
04

33
87

34
17

51
91

51
67

21
4

15
39

23
13 52

41
23

91
39

88
28

0
23

86
54

91
34

94
47

23 6
24

9
67

07
27

40
57

3
46

51
58

95
28

80
46

77
28

74
35

9
57

42 22
6

14
23

55
14

21
27

63
15

18
50

19
14

52
00

12
10

53
47

12
53

28
07

12
9

31
02 48

41
70

33
62

59
0

61
05

65
25

26
35

46
36

33
3

49
81

33
18

60
64

60
42

47
97

51
03 66

61
10

81
17

90
36

03
22

72
51

25
57

49
20

78
34

06
44

63
20

90
36

49
50

76
35

11
19

00
23

77
50

30
51

41
33

68
37

26
10

22
62

03
43

4
30

28
62

38 31
30

55
97

25
51

29
32

60
53

24
85

21
96

40
20

25
69

31
68

18
89

65
84

32
27

13
56

32
00

46
96 4

16
4

31
37

16
47

19
16

28
46

15
20

25
6

27
2

39
75

34
8

61
38

62
47

12
95

58
23

24
93

6
38

94 5
56

9
62

62
43

36
16

3
61

32
40

10
32

55
49

57
56

36
19

23
26

66 5
05

31
28

67
43

31
29

36
23

20
75

63
23

32
53

11
61

27
76

50
26

11
58 52

27
02

11
40

50
6

28
01

28
16

47
58

37
21

58
93

59
81

26
16

55
32

21
10

66
93

19
96

53
07

16
52

46
95

56
15

62
43

99
41

95
14

94
37

13
20

70
53

45
11

08
67

50
51

90
53

88
21

06
62

51
49

15
34

51
47

0
63

87
64

34
24

19
46

40
91

7
66

0
45

52
20

7
51

35
47

76
39

81
67

70
63

72
25

90
15

54
59

10
35

01
18

39
30

10
48

62
39

49
54

09 6
09

3
65

42
38

85
40

2
33

19
55

01
18

52
92

0
53

43
22

29
66

12
49

04
42

42 40
17

45
61

70
37

40
48

85
51

31
64

31
47

62
63

45
64

81
40

3
10

98
37

87
38

97
65

62
26

63
24

96
83

2
67

41
35

7
20

98
54

01
39

05
31

31
94

5
90

2
64

06
70

9
21

42
24

07
56

53
91

4
52

04
34

9
54

77
74

9
55

5
53

17
28

57
64

78
54

56
64

15
28

14
59

51
18

32
59

71
22

22
57

09
30

81
29

98
54

74
35

29
21

73
67

56
10

12
24

32
25

36
65

70
66

01
32

46
41

05
31

80
33

47
22

1
10

89
16

76
19

9
58

14
32

85
56

92 91
44

4
42

78
24

80
11

28
46

30
33

28
38

18
20

03
29

55
61

47 4
87

5
45

75
20

86
19

38
19

6
33

60
41

17
37

38
15

5
25

76 2
13

6
32

64
40

32
47

27 5
19

4
17

71
45

74
32

21
35

85 4
58

0
37

04
25

06
29

41
54

75
66

65
16

43
41

51
14

31
31

32
20

46
48

64
32

04
54

34
32 2

61
8

24
18

36
02

38
80

12
49

65
49

12
67

55
29

12
33

35
08

48
61 20

17
17

58
13

36
64

72
45

71
59

14
63

64
63

95
25

75
22

61
41

14
42

23
25

58
28

24
34

61
29

38
12

16
36

55
53

14
21

01
52

80 11
84

66
09

10
94

31
57

44
64

65
6

34
60

42
79

63
44

40
54

42
43 3

63
31

92
21

98
38

10 1
70

8
26

43
96

4
58

17
44

14
65

87
48

30
33

41
39

58
25

46
40

58
61

17
49

25 64
14

53
45

85
49

33
19

63
47

28
50

82
59

43
19

91
67

51
64

87
54

9
33

84
42

73
11

2
22

89
50

88
46

23
47

89
59

62
19

55
55

38
37

72
27

90
24

78
18

9
37

85
29

27
40

61
53

01
14

93
35

30
24

48
60

92
20

28
76

6
41

54
13

63
48

67
99

3
54

12
83

9
26

11
56

97
20

73
43

88
61

37 2
31

9
28

81
57

50
57

85
10

33
35

18
54

85
62

67
64

5
57

32
32

26
33

40
19

64
32

38
82

4
25

39
40

82
43

3
60

29 58
94

18
35

44
91

11
10

57
52

98
6

23
97

24
56

30
75

48
52

42
74

36
86

12
92

57
51

47
49

14
78

52
69

38
91

63
51

57
02

39
77

60
79 49

06
24

60
35

92
35

20
28

40
21

45
63

85
46

82
16

00
36

11
21

47
39

6
13

76
32

44
31

60
26

8
27

30
47

12 1
45

6
32

47
97

2
34

34
13

75
42

85 21
11

34
31

51
36 59

98
52

52
13

06
17

24
46

80
32

20
43

45
28

37
43

86
52

1
61

71
10

10 58
5

80
9

47
01

60
16

41
85

46
22

36
7

55
89

45
20

23
73

41
00

64
56

23
48

34
58

53
7

44
26

17
73

52
53

53
34

65
47 19

17
30

00
10

36
09

64
74

52
38

40
85

49
9

40
19

44
83

11
20

32
59

16
37

35
93 6

49
55

74
67

05
38

19
42

40
49

19
53

03
27

36
37

27
11

50
39

51
61

31
84

6
11

32
53

13 47
61

13
11

20
87

59
78

62
37

64
49

48
05

60
03

59
64

11
67

49
02 95

20
68

10
86

26
72

70
0

56
40

58
39

42
70

42
05

25
49

62
14

47
55

11
09

53
85

62
00

63
81

10
62

34
68

60
59

57
55

53
46

14
64

61
08

45
44

76
7

16
88

21
79

26
71

87
3

12
50

35
87

37
90 7

4
22

59
57

24
24

62
14

08
15

00
21

07
22

44
30

01
35

23 9
53

51
37

99
9

11
79

19
95

24
9

88
7

18
76

38
61

43
68

15
24

37
39

56
12

99
62

36
48

57
30

96
26

80
10

55
12

36
33

53
45

08 9
26

18
08 37

95
76

9
42

95
28

39
40

83
56

49 2
31

7
36

71 6
15

1
11

07
23

78
53

29
47

88
10

82
31

53
29

33
54

15
57

15
57

27
57

91
45

16
48

15
34

57
42

37
31

1
44

15 1
64

9
29

5
19

97
14

22
57

73 4
53

9
53

59
26

53
45

01
57

33
60

74 6
75

5
35

41 11
1

33
06

15
7

57
81 3

31
3

43
65

48
24

64
85 65

66
25

28
48

49 9
37

29
72

10
7

48
58

50
02

28
87

35
32

40
87

31
82

40
51

57
54

42
87

60
1

58
24 53

55
38

07
12

44
64

10
64

76
22

48
85

6
62

53
84

4
61

35
12

80
16

13
56

70
84

8
36

59
10

23
21

77
24

03 6
19

22
22

70
82

5
18

59
25

64
99

6
18

07
29

69
41

48
12

20
33

83
56

0
22

84
39

74
26

05
55

99
58

42
50

99
39

36
18

81
59

04
60

46
63

46
19

60
38

35
11

85
45

34
34

91
11

0
56

95
23

71
24

37
16

14
64

75
32

43
15

1
32

76
25

31
16

7
45

67
51

65 42
49

46
72

15
18

41
82

55
1

51
49

65
96

38
74

34
64

41
81

45
06

59
06

21
85

39
42

18
0

35
12

91
3

44
44 4

48
6

63
83 3

98
9

44
36

42
3

32
13

22
69

32
18 50

73
80

2
15

64
39

86
59

13
11

43
41

9
11

47
58

86
19

50
43

46
67

34
43

33
21

22
34

09
95

0
59

6
40

49
56

04
56

73
58

57
38

62
52

28
47

2
61

5
40

98 78
6

20
34

27
94

50
06

12
7

21
94 5

17
4

19
87

41
06

60
2

98
1

52
17

30
47

21
1

44
02

55
05

66
4

22
32

22
07

41
69

19
59

56
10

56
18

61
8

25
19 18

8
82

3
21

02
55

82
45

90
88

6
55

42
67

1
21

59
67

30 22
18

60
25

20
00

39
10

36
16

29
15

27
77

22
93

54
50

58
91

14
66

28
20

64
47

40
71

28
28

18
45

60
7

17
65

39
33

23
04

46
37

46
87

44
81

21
5

28
05

32
63

35
26

33
20

61
0

32
96

25
91

59
38

64
66

96
7

58
67

61
85

62
16

48
71

59
3

43
56 61

65
06

62
22

17
66

59
07

49
0

61
75

57
45

40
23

52
10

27
25

45
09

51
00

31
51

55
9

48
16

17
40

18
04

49
03

35
24

29
9

81
2

38
52

61
4

36
67

27
44

13
98

53
99 17

88
69

1
36

31
32

68
41

97
47

91
35

86
64

00
34

63
70

1
87

9
86

4
53

74 3
61

4
26

78
65

2
24

41
62

3
85

4
25

30
51

23
79

1
21

95
62

2
75

8
74

4
46

11
14

37
85

9
45

54 50
3

32
83

75
5

19
82

31
33

93
0

42
12

11
37

23
89

59
9

14
02

14
80

26
29

21
64

20
61

35
33

25
53

11
35

66
11

16
92

54
40

47
90

45
9

16
54

49
99

14
82

39
80

63
71 25

43
2

19
61

25
63

60
94

50
33

15
41

38
84

58
96

16
19

41
68

29
82

48
79

56
3

38
54

63
96 5

20
3

34
85

62
52

63
02

29
76

42
47

24
22

55
6

50
2

75
1

15
19

92
4

56
64

57
96

50
54

50
77

56
76

70
5

83
6

54
83

61
20

35
02

75
0

51
66 4

71
28

32 18
43

49
00

59
01

11
05

34
74 51

34
20

64
49

27
51

28 38
6

67
31 4

30
0

20
66

95
2

54
66

65
9

47
86 2

11
15

16
20

50
94

93
2

69
8

51
69 9

54
27

59
48

12
52

39
23

35
45

8
63

9 6
74

57
87 74

2
19

25
19

05
64

65
54

32
95

5
70

7
10

13
61

53
85

7
67

13
27

45
43

47
61

6
62

0
45

7
74

3
85

5
34

48
70

4
72

8
10

16
19

04
92

2
37

76
1

94
2

47
9

34
50

52
58

24
06

57
56

30
58

51
70

35
46

18
72

42
34

47
03

17
78

43
72

27
53

11
22

67
59

43
74

24
16

44
7

38
93

64
70

17
83

25
43

43
02

51
62

60
24

64
99

17
49

21
44

66
72

19
13

35
61

66
32

35
06

58
11

59
19

65
69

33
01

57
26

44
34

95
8

29
21

33
43

36
66

35
52

78
55

19
12

83
17

6
12

05
58

49
50 4

09
3

40
99

43
30

55
78

11
72

54
81

26
26

31
46

28
73

52
42 4

17
9

86
60

77
19

34
14

27
50

62
66

95
23

41
57

71
30

88
40

39
32

06
52

50
26

27
82

6
12

69
27

21
41

39
44

3
63

28
43

67
13

85
25

86
33

58
56

38
43

64
35

14
11

21
24

54
61

21
16

56
69 24

52
49

90
77

7
10

97
53

58
58

74
11

38
64

54
50

90
29

78
60

44 60
89

25
38

30
87

27
46

60
07

39
59

11
65

17
23

18
48

30
21

34
36

46
46

17
84

59
41

61
44

16
70

50
92

49
82

59
93 54

02
28

72
13

96
54

42 2
13

4
42

59
54

47
17

8
79

6 24
77

46
01

54
99

11
17

28
89

13
19

56
42 25

01
18

97
64

82
10

37
31

98
54

16
61

06
93

9
59

16
57

43
19

08
71

2
27

14
14

98
35

48
62

74
15

65
27

51
23

85
41

12
56

02
29

36
15

43
33

96
50

47
26

40
88

9
39

9
26

21
27

62
50

40
50

85
65

88
51

04
33

7
50

55
22

99
36

72
43

63
32

23
10

26
27

97
41

92
37

03
43

19
21

58
67

01
35

68
53

25
58

70
28

88
57

79
63

63
14

83
28

2
59

92 8
68

47
95 79
8

61
72

38
20

14
6

65
37

23
28

51
46 17

82
40

88
48

55
19

56
35

79
60

73
63

88
23

03
30

74 16
69

42
09

55
79

20
39

54
57 12

94
38

45
27

93
54

90 45
02

52
25

21
05

26
33

11
93

39
35

52
56

15
70

12
03

15
61

41
96

38
48

35
35

53
5

34
47

53
42

47
78

30
29

20
96

21
39 22

38
74

5
41

36
27

79
31

63
78

9
67

35
23

82
58

84 5
98

2
22

34
42

33
41

71
68

7
51

86
22

2
37

44
19

81
47

20
11

69
48

48
11

57
55

47
61

81
36

80
66

45
38

41
36

44
78

7
33

35
54

34
14

42
62

35
44

52
57

94 2
22

3
53

96
49

80
65

90
42

1
10

15
48

17
47

37
39

40
48

91
29

49
44

19 1
93

1
22

25
29

73
59

4
13

6
49

24
43

49
11

16
39

64 9
34

42
36

13
3

55
15

35
00

30
17

26
01

62
77

58
69

89
2

51
22

43
61

55
4

66
80

44
88

46
65

13
13

24
91

23
42

64
1

65
72

49
64

58
37

48
78

60
0

64
28

28
91

50
20

76
3

61
28

37
97

52
22

59
26

32
65

45
05

29
0

66
6 56

57
21

0
60

06
12

73
28

18
34

65 4
52

22
27 14

44
44

12
47

21
22

92
54

04
44

18
14

70
47

98
51

0
60

52
44

39
14

72
43

73
36

19
90

0
53

60
82

1
15

81
30

83
67

75
28

76
32

84 41
11

54
43

26
73

27
18

35
6

52
73

38
49

36
87

49
14

47
12

24
42

76
10

31
56

66 31
04

88
5

53
44

57
12 22
31

48
89

10
54

97
9

32
07

14
4

28
66

14
29

56
01

34
81

60
83

43
18

43
54 44

48
10

88
66

44
30

65
43

53
33

25
61

78
30

92
50

18
47

67
35

80
39

19
36

77
20

3
28

68
12

43
15

59
31

77
27

42
58

29
52

54
42

98
19

20
27

81
24

20
66

21
71

6
14

30
24

44
26

38
31

55
16

02
16

39
21

93
34

28
59

83 12
59

45
79

65
05

14
19

78
2

22
82

52
57

54
07 41

25
42

0
21

37
22

73
25

66
47

51
66

31
17

74
60

85
32

19
53

27
32

14
59

28
67

04
33

58
39

97
31

50
58

79
11

30 56
6

32
54

60
76 13
0

44
70

26
85

65
85 25
8

47
31

42
24

64
58

65
39

47
96

35
55

56
20

86
7

20
22

28
90

13
41

55
07

84
9

56
71

46
75

10
42

41
58

56
14

53
22

53
76

56
85

18
63

63
41

53
04

56
89

61
59 5

09
3

16
34

21
28

15
49

43
29

18
57

59
39

49
26

52
34

20
8

33
76

85
1

44
46

32
52

38
71

36
89

55
40

29
11

61
63

67
58 28

13
61

62
95

42
22 18
5

49
73

16
22

35
67

92
9

40
13

67
57 47

40
60

54
14

09
12

75
52

13
59

20
59

97
44

50
11

63
18

05
31

10
19

8
23

33
29

47
43

13
41

19
32

39 22
9

55
39

32
95

38
77 26

28
32

03
55

53
25

77
18

41
11

60
49

53
26

52
66

13
21

58
99

35
45

25
9

52
62

10
8

65
74

46
79

14
85

67
12

20
02

80
8

23
93

78
0

29
61 6

43
7

34
29

50
15 2

74
1

39
92

37
84

51
32

19
39

66
00

45
87

47
94

16
11

56
26

64
16

35
76

73
7

42
97

28
00

32
90

31
0

46
84

48
50

26
58

30
02

14
0

34
27

57
98

56
82 27

16
33

26
98

42
03

5
37

81 56
03

36
48

26
22

58
54

27
73

64
14

20
65

60
04 2

08
3

15
28

14
52

67
62

38
11

29
25

17
28

25
27

77
5

23
11

26
77

61
26 75

6
48

21 6
04

1
15

8
53

33
33

98
42

35 2
16

0
28

35 2
68

1
54

73
37

22
24

42
30

93
34

19
62

20 3
23

6
52

66
60

39
10

20
28

10
12

71
46

97 73
8

59
11

38
57

46
70 5

07
0

45
68

25
10

20
05

19
92

49
85

10
02

60
51 32
6

64
83

45
29

50
11

37
19

37
50

32
87

49
07

63
05

49
68 67
3

51
5

51
51

12
30

13
04

37
18

63
26

59
37

25
41

48
43

57
69

67
15

67
17

70
2

31
03

33
90

67
64 50
7

66
94

21
91

31
86

59
36

13
35

53
61

25
80

61
68

40
57

42
67

32
41

12
54

49
37

10
06

10
34

28
70 20

92
61

14
14

92
21

2
21

68
67

8
60

27
18

02
22

63
49

1
55

13
12 59

32
89

62
78

16
36

62
59

62
89

27
87

49
54

61
93

49
72

12
22

10
1

60
34

42
55

20
9

31
45

41
42 1

09
1

24
39

45
76

67
22

57
50

68
65

07
16

18
15

68
18

06
10

28
15

86
51

30
63

97
51

68
57

74
11

76
18

96
27

96
31

67
51

29
22

00
48

5
11

12
26

03
32

7
38

66
34

02
41

78
92

5
68

0
58

2
14

49
37

80
42

08
58

98
26

64
15

17
22

03
31

66
36

05
54

00
38

2
28

29 39
20

24
33

60
12

39
48

95
35

28
13

69
38

32
66

90
95

9
27

33
57

4
62

58
52

18
15

46
18

51
28

38
44

03
25

37
84

0
47

35
61

56
12

55
53

56
52

7
22

21
40

03
14

16
93

1
29

8
42

5
51

48
78

3
43

69
15

69
64

64
11

81
16

73
29

14
33

77
58

38
45

19
42

65
48

44
48

27
65

73
43

50
52

3
11

19
19

98
36

33
26

02
33

31
41

02
26

68
46

58
15

75
62

10
33

70 12
2

24
25

26
6

24
97

35
50

23
64

10
25

18
71

22
35

12
46

55
57

46
8

20
93

67
76

28
63

60
11

28
09

67
38

28
3

57
10

38
7

40
6

16
57 4

90
8

33
1

22
12

78
4

41
01

50
32

52
11

30
25

41
93

82
7

66
24 3

49
0

35
53

39
62

63
01

26
75

22
49

39
45

23
15

54
38

20
53

61
50

11
00

29
56

67
61

58
26

48
45

13
07

29
71

12
61 97
7

33
22

44
09

85
0

10
57 64
2

51
39

24
76

35
21

21
13

44
11

55
25

18
10

36
39

87
1

55
02

58
85 2

59
6

20
42

51
42 47

42
20

67
60

56 65
02

33
29 19

50
64

21
50

26
24

10
92

45
41

57
59

30
22

33
57

33
42

44
72

57
17

25
33

23
80

49
95 4

96
5

65
24

41
4

46
78

63
56

76
4

11
52

31
64

82
0

39
2

64
59

63
00

55
76

31
4

35
57

31
8

71
4

39
14

59
8

37
0

36
94

47
41

45
91

40
56

66
62

58
31

15
08

49
88

90
3

66
18

41
75

38
56

52
26

14
76

39
46

34
13

63
03

29
59

24
67 99
5

49
98

55
84

62
05

65
14

42
28

37
45

53
82

30
91

30
39 56
8

27
83

11
54

19
86

57
08

19
15

34
77

52
09

41
33

63
14

34
41

21
90

56
74

49
34

52
65

34
20

32
93

30
45

34
35

21
19 56
4

22
05

13
49 81
6

47
11 71
9

39
66

10
95

63
98

27
38

66
16

63
36

58
41

13
92

37
53

40
52

49
92

66
04

35
15

46
68

13
52

16
46

39
41

42
20

40
42

50
59

16
41

30
09

22
81

51
58 1

53
5

16
25

44
68

35
4

12
65

64
46

29
85

35
37

39
76

58
20

45
26

63
2

32
12

64
4

11
06

73
2

54
1

10
63

27
19

47
80

37
59

37
99

66
39

30
06

39
3

16
83

74
0

94
0

26
60 16

66
20

35
58

97
50

9
58

9
17

12
34

03
56

37
19

33
46

88
64

7
88

0
33

33
23

9
13

91
42

9
29

05
15

37
15

57
64

91
33

99
54

65
16

10
15

58
66

86
55

30
67

46
37

46
39

47
52

64 29
48

49
42

38
03

46
27

16
61

61
15

58
3

19
47 47

00
55

68
19

36
16

97
46

74
36

88
19

46
23

45 20
79

39
07

58
59

60
61 3

90
9

53
92

36
53

35
31

73
9

46
38 60

09
76

8
36

52
59

48
24

54
66

40
37

77
52

93
62

12
87

6
36

28
87

2
90

4
66

77
44

9
17

98
14

75
33

11
41

27
13

22
64

21
64

96
96

8
38

04
51

13
34

87
52

20
36

57
46

07
56

81
48

29
41

86
15

96
28

42
42

38
43

10 22
41

55
60

51
76

64
68

13
66

13
84

42
32

42
51

38
82

91
9

38
96

19
11

65
18

10
83

30
19

19
21

18
98

49
35

31
27

34
14

21
08

57
62

65
76

44
58

56
68 93
8

34
82

45
12

53
71

28
02

30
57

47
43 41
6

30
73

57
89

36
41

23
62

65
79 86

3
10

00 4
86

0
52

46
75

9
37

25 67
5

14
07

23
65

32
01

30
03 84

14
36

63
78

37
23

60
87

16
90

43
95

47
8

52
24

32
69

30
86

60
99

12
00

61
02 3

93
8

23
79

51
88

46
81

58
6

31
12

62
88

31
75

22
20

44
27

45
53

34
18 52
9

18
94

15
99

10
76

46
63

11
49

31
76

46
56

61
90

60
63

39
73

63
62

42
48

59
17

31
41

63
99

36
54

52
37 75

2
15

44
23

36
22

08
41

40 72
9

89
6

11
46

57
60

21
29

54
28

89
5

29
12

29
67 8

15
38

17
97

15
88

66
1

23
98

55
2

35
0

46
17

35
99

13
47

60
40

57
19

13
16

36
01 41

66
41

65
34

99
37

37
37

93
28

59
40

28
66

50
16

01
18

44
30

18
19

54
25

72
42

62
39

25
24

64
56

13
65

31
34

21
61

42
32

28
50

08
51

64
60

84
37

94
14

06
36

68
12

35
40

02
11

64
91

6
28

54
13

94
46

24
43

62
33

5
33

56
26

55
37

62
18

20
11

31
16

45
35

15
07

37
16

30
42

41
3

32
91

28
8

13
60

40
22

22
39

58
73

78
57

41
31

74
64

36
10

85
42

69
17

18
42

77 64
33

33
27

20
2

16
04

52
21

29
74

36
8

29
50

50
34

68
2

53
68

33
73

54
19

28
84

84
1

51
89

31
47

10
60

19
67 13

10
33

24
26

89
18

6
32

60
10

40
17

86
49

62
84

7
60

50
54

13
21

7
30

64
43

26
81

4
42

63
10

77
17

55
27

03 52
19

13
65

15
78

25
42

28
77

17
93

14
73

53
4

38
17

61
10

50
52

55
50

31
56

53
54 1

13
6

47
54

51
77

47
85

66
10

81
7

47
32

29
35

16
4

19
52

55
34

56
87

27
27

13
70

55
72

17
92

40
75

45
48

45
78

55
71

15
66

54
22

53
48 96

44
0

23
63

91
1

27
70

31
35

13
31

30
35

58
13

72
18

58
52

16
16

15
41

56
40

50
52

98
21

55
25

94
16

94
29

00
63

39
37

33
45

62
52

86
37

02
22

47
40

53
20

4
53

53
41

89
61

79
35

1
20

30 4
12

6
49

67
34

62
31

40
43

42
17

81
66

74
23

09
10

59
51

2
34

92
12

40
67

52
24

82
59

94
32

48
31

90
50

03
18

66
66

17
58

71
10

87
10

90
21

38 4
94

5
17

50
10

05
52

02
26

1
41

57
14

14
32

25
62

42
44

54
31

48 45
21

63
13

08
88

4
61

86
10

51
15

10
62

17
39

30 36
62

40
26

69
14

39
28

48
70

55
51

11
95

27
05

67
63

19
29

41
04

13
74

19
09

42
71

43
12

28
15

21
32

63
50

36
93

38
22

58
18

11
3

37
64

17
64

46
14

63
68

22
30

12
66

32
31

15
26

31
78 2

84
7

21
21

43
60

14
57

58
12 3

27
0

42
26

22
97

37
75

29
37

58
00

22
79

58
40

20
16

61
23

58
4

15
63

10
39

23
83

47
99 50

24
65

82
47

08
66

38
43

32
11

75
49

3
59

1
39

17
16

53
38

05
34

88
50

10
31

43 70
3

28
60 54
0

45
23

18
84

18
78

23
72

16
48

10
27

46
32

56
16 57

0
35

19
61

84 66
2

41
88

57
75

21
46

39
91

56
61

20
72

60
5

32
99

18
21

51
19

88
54

03
59

29
30

56
28

1
22

28
41

73
54

18
76

43
97

59
61

21
15

19
88

46
67

54
63

26
37

17
56

40
65 25
4

40
44

64
18

41
10

33
97

51
14

45
33

35
97 12
6

40
69 30 36
6

11
96

13
50

29
06

49
94

31
59

63
54

32
94

31
54

15
31 81
9

51
87

35
69 69
5

22
94

55
75

22
50 45
3

27
65

59
70

63
13 32
9

64
03

13
32

53
15

23
08

29
91

11
21

28
45

66
7

30
94

72
1

26
5

33
44

46
48

61
62

82
9

23
49

62
26

54
20

61
39

61
97

72
2

38
0

37
06

49
47

14
51

66
14

24
79 76
0

48
46

53
39

44
59

15
73

44
94

19
10

37
79

23
88 55

17
14

66
84

54
25

29
19

34
22

65
77

51
8

38
36 53
0 1

48
84

63
06

37
51

14
81

43
20

66
89 88
2

18
56

64
55 6

34
8

46
26

62
04

40
01

59
59

64
23 94
3

46
49

22
10

44
08

55
18

46
89

67
74

18
23

23
07

38
37

49
40

48
19

66
42

12
26

12
72

63
33

14
3

26
44

37
8

13
46 4

50
0

36
35

18
92

10
45

52
61

19
02

47
44

19
53

67
73

31
5

89
9

11
59

67
20 3

31
7

42
96

45
38

23
14

22
15

67
18

27
8

62
76

65
57

59
23

56
2

36
25

25
47

57
70

36
32 24
6

30
13 31
9

14
90 78
5

57
78

10
24

57
82

52
06

46
04

44
42

39
27

44
99 4

39
57

34
63

19
31

00
27

35
33

0
65

3
43

91
61

67
21

78
24

69
62

45
42

14
13

67
50

12
65

91
42

66
62

34
63

04
15

90
28

36
29

79 57
7

97
8

20
47

44
07

45
42

63
34

16
65

63
61

37
69

25
61

62
81

16
99

41
91

18
22

30
41

16
80

65
28

35
90

61
77

23
70

18
29

57
37 24
3

24
29

66
63

46
62

53
8

16
21

24
04 40
8

79
5

14
04

31
01

22
91

55
08

41
24

51
72 43
0

52
31

35
64

14
28

33
67

52
79

50
89

40
96

44
78

39
00 23

42
86

39
01

57
76

77
3

64
39

20
15

52
01

25
67

47
25

65
30

25
52

62
01

42
61

44
38

80
4

39
69

22
17

38
59

34
42

19
06

54
89

25
65

28
06

50
45

60
32

44
04

18
34

28
83

26
3

11
42

76
2

65
71

10
46

44
92

55
54

42
46

62
72

17
1

34
12

16
09

48
97 42

31
58

33
10

4
42

57
26

07
29

42
29

52
37

67
63

31
57

95
39

29
47

3
36

1
18

11
31

95
66

06
30

16
33

07
44

23
62

69
57

5
14

79
49

63
99

7
16

42 1
00

31
18

60
12

89
55

11
63

5
29

24
41

30
43

43
26

31
40

30
20

97
24

45
13

44
16

77
44

89
30

12
39

60
11

04
20

89
15

0
43

93
62

71
34

7
51

09
60

14 53
65

17
44

79
9

30
20

27
75

43
31 45

31
20

58
35

96
37

08
12

21
66

91
92

38
51

31
38

28
56

45
14

15
87

31
91

32
11

35
5

20
50

12
45

26
99

20
38

98
2

22
11

51
7

16
82

12
34

34
59

13
39

39
7

26
59

62
82

18
65

29
13

13
20

34
83

46
13

25
44

64
97

11
88

41
53

4
50

28
52

89
55

48
62

02
33

2
43

51
53

95
16

74
55

23
81

1
24

30
16

27
31

58
44

56
16

85
61

03
75

7
10

2
30

46
48

68
30

66
33

94
34

72
17 81

43
85

54
70

51
84

66
54 43

87
65

80
20

24
52

43
23

20
63

43
32

42
40

29
35

71
11

11
18

3
18

09
28

23
28

69
17

05
17

59
36

9
34

70
13

55
26

92
27

58
23

92
37

29
10

38
39

11
12

56
44

05
50

46
56

34 2
37

35
3

62
18

66
37

14
21

18
16

54
17

24
28

10
93

19
27

23
29

62
39 87

0
10

84
27

7
29

45
48

10
27

26
64

42
39

4
50

05
17

21
46

64 4
98

3
65

00
27

4
39

56
43

94 91
0

67
72

36
45

53
89

55
00

18
91

23
30

44
33

64
13

29
64

46
15

15
48

27
68

21
92

16
38

36
70

58
77 26
57

33
81

54
11

42
16

13
93

10
48

41
67

17
9

69
0

55
61

28
71

50
66

21
48

65
03

26
90

30
23

39
06

66
43

62
97

67
21

22
14

59
34

66
69

18
40

38
90

17
13

15
50

65
95

56
08

29
66

38
89

14
54

11
91

22
66

47
50

59
79 67

02
53

90
35

88
13

8
60

18 10
50

61
2

39
67

65
12

53
06

52
4

11
77

53
23 70

30
5

67
28

16
12

43
82

30
82

13
86

13
82

47
07

52
44

13
80

20
31

23
25

33
34

55
31

47
65

64
32

35
89

44
6

89
3

49
93 1

40
1

29
20

62
13

55
64

21
56

63
7

31
70

12
25

48
0

38
27

49
36

97
41

46
15

40
62

56
52

83
17

42
26

51
21

53
21

81
37

63
43

80
31

34
47

13
20

51 19
2

60
66

22
98

13
43

16
62

58
81

35
22

44
24 2

53
2

35
16

64
26

37
48

37
00

48
69

24
73

12
86

53
1

64
43

26
76

61
01

20
32

26
54

48
32

11
39

49
91

59
65

26
45

48
51 50

67
24

63
34

71
47

17
17

87
63

57
13

54
17

75
57

1
20

45
21

49
64

02
23

47
48

96
59

80
21

66
16

05
60

8
85

41
55

53
69

50
53

55
45

47
14

32
79

90
5

43
08

16
63

23
37

61
66

64
92 1

54
44

1
10

18
21

86
13

37
16

17
37

47
46

18
57

20
41

87
34

01
29

90
64

88
52

48
84

5
34

67
63

0
85

3
46

16
30

67
26

84
37

49
62

98
33

48
13

01 86
2

38
34

18
20

46
52

52
95

40
76

19
40

45
86

63
91

13
09

68
8

24
53

65
53

33
51

42
4

45
84

12
07

12
12

24
89

52
32

45
37

32
09

31
07

86
5

40
97

32
67

10
44

29
94 45
5

15
91

30
59

57
22

44
2

27
08

57
66

11
68

53
6

37
30

44
93

27
85

66
83

16
0

33
8

61
55

39
65

39
48

60
3

33
88

38
86

17
33

58
46

51
10

77
8

15
98

43
83

17
38

19
94

62
91

11
6

33
86

45
46

24
13

63
29

23
01

61
92

29
62

27
00

20
55

49
28

54
26

18
53

46
10

98
5

63
4

21
67

50
57

32
66

51
05

17
31

39
37

66
8

34
55

55
22

66
78

11
74

36
08

32
49

45
13 24

27
27

29 32
32

41
50

65
93

54
55

29
93

12
51

50
81

37
15

63
94

16
31

61
24

38
4

22
43

18
80

57
9

92
7

62
5

54
7

43
06 2

81
3

57
57

11
14

46 32
92

26
20

59
77

54
52

83
8

26
56

50
56

48
36

66
13

67
71

32
82

32
22

22
19

12
27

16
23

58
66

31
81

31
20

59
7

63
73

16
29

33
10

38
15

32
05

66
3

23
50

21
12

50
69 1

60
8

54
8

63
32

27
5

22
7

33
59

49
87

62
63

17
25

64
12

15
82

15
27

36
99

51
08

46
94

29
01

19
41

45
92 15

62
30

33
60

28
10

03
15

09
61

25
50

83
37

55
59

84 2
40

9
58

76
65

33
25

16
67

14
11

41
77

6
66

47
48

03
14

18
65

46
40

33
53

32
47

60
32

75
33

4
21

97
51

43
55

03
33

78
21

75
20

56
37

1
44

95
54

29
23

55
27

6
33

49
40

67
54

71
18

61
53

94
30

44
53

72 5
03

8
48

72
67

42
39

04
19

01
47

69
20

69
17

30
65

64
46

55
30

43
42

18
27

53
31

19
12

65
41

35
98

45
11

54
84

10
73

26
47

28
04

32
17

54
64

17
76

77
2

15
16

42
68

61
83

50
84

17
37

66
75

63
86

38
92

13
7

15
51

67
39

56
21

29 34
5

32
57

38
40

93
3

28
99 55

67
67

9
60

01
52

82
57

11
40

08
46

5
64

94
49

96
35

81
49

09
20

19
41

07
59

53
15

67
52

0
49

79
51

60
20

88
49

48
19

48
69

4
81

0
54

87
67

66
29

31
16

93
48

98
52

49
51

95
30

89 46
33

95
17

09
66

26
38

14
47

64
60

33
25

85
40

95
35

27
31

85
24

66
59

73
37

66
39

54
62

83
39

26
29

08
12

62
42

53
30

37
42

88
25

68
12

88
40

68
27

31
10

78
43

5
55

65
32

0
48

06
10

75
19

24
25

40
67

25
35

56
25

88
51

1
30

71
44

84
45

50
20

40
65

09
29

29
13

81
26

12
48

28
11

62
28

85
34

98
18

12
24

81
17

63
61

18
60

38
36

90
39

55
12

68
57

06
33

9
28

48
66

27 47
45

67
60

45
70

54
60

41
90

20
57

79
4

22
58

16
91

37
07

31
84

62
4

22
06

28
31

17
69

55
85

40
40

63
08

60
62

63
55

16
72

54
05

19
43

41
74

23
43

37
82

22
46

27
69

21
9

65
94

66
67

24
51

39
52

60
78 2

02
3

32
45

40
38 16
55

65
01

45
22

30
79

55
37

27
32

13
77

18
37 6

23
3

45
59

14
61

43
41

18
82

49
11

31
99

90
1

40
09 20

07
38

00
20

0
51

99
23

32
44

55
31

09
67

06 39
96

65
52

65
10

64
84

67
08

17
04

19
70

29
97

18
18

28
53

41
13

16
06

34
15

56
78

34
08

26
0

96
0

76
5

29
87

43
07

55
70

13
62

45
73

47
16

26
10

39
8

22
13

62
6

36
96 5

34
0

59
66

37
5

65
58

44
21

71
7

12
70

51
45

62
44

64
20

53
9

15
36

38
46

36
27

23
26

69
22

36
28

92 3
33

0
55

10
38

12
41

8
29

70
17

7
28

43
34

56
48

99
73

6
41

7
18

33
13

51
40

26
37

83
51

24
35

25
59

69
46

25 12
5

44
69

83
0

11
92

25
0

63
18 42
6

63
40

56
31

34
30

37
05

30
08

94
9

40
45

37
9

42
64

46
61

19
69

21
99

22
54 35

82
65

63
59

21
47

47
47

48
57

67 20
5

53
93

53
41

44
71 65
1

18
7

27
11

66
87

27
86

20
14

20
63

50
79

12
19

61
60

64
8

31
73

14
24

40
37

30
95

54
92

60
57 52
5

62
54

19
75

44
76

42
54

30
15 89
0

47
4

46
69

13
24

15
56

10
71

14
69

32
35

43
37

11
97

19
65

55
86

24
46

18
77

58
44

25
54

13
79

32
34 27
3

33
61 42
2

61
45

33
63

43
40 6

26
6

97
3

53
11

51
33

63
6

60
30

15
04

18
54

65
51

52
74

67
36

25
45

67
48

33
38

43
35

17
07

43
79

16
89

65
20

32
02

96
2

21
57

58
35

29
03

34
07

57
99

12
04

14
12 2

90
2

42
29

20
6

24
10

40
0

43
71

34
66

15
32

32
77

62
23

51
61

36
79

55
83

53
20

22
45

53
57

52
55

61
82

67
67

56
65

54
78 34

17
47

40
16

47
09 87
8

63
89 14
5

29
7

15
85

40
91

59
12

49
41

56
77

62
8

22
5

16
95

43
24

35
94

29
84

49
77

63
22

58
03

41
41

14
38

15
84

48
88

48
86

51
78

17
94

54
53

60
45

49
18

67
68

36
47 72
7

50
95

40
55

37
11

26
83

66
15

45
95

66
5

63
59

20
76

61
96

12
96

11
02

52
35

66
41

43
25

65
29

96
6

23
52

19
5

53
37

64
50

22
87

59
96

46
09

94
7

49
38

29
68

18
15

40
78

58
49

49
59

42
58

22
65

77
1

25
71

14
25

17
72

55
77

17
70

23
1

35
40

33
04

53
24

38
47

48
54

68
9

48
35

42
52

58
01

50
61

11
9

66
79

56
07

61
41

53
62

32
72

26
23

51
79

36
24

29
04

27
23

26
86

10
68

12
60

58
08

59
02

30
61

57
36

63
21

10
43

40
05

38
99

35
13

60
96

20
91

40
43

47
30

19
3

17
01

18
30

17
34

43
1

37
70

57
23

15
71

44
10

33
64

81
5

58
27

55
28 31
2

47
52

37
56

51
4

56
86

56
17

57
80

56
33

17
39

21
61

49
58

41
80

22
64

24
65

70
6

25
08

14
87

27
28

54
24

34
78

21
33

47
5

46
33

22
75

12
58

34
1

48
33

10
17

56
63

34
49

69
2

26
41 50
4

67
32

28
12

67
54

37
61

50
13

55
8

58
72

47
06

12
09

66
51

29
60

16
98

40
89

33
08

57
63

46
98

29
75

59
63

20
81

60
26

41
52

10
96 3

43
92

41
99 71

89
1

54
59

11
89

19
49

32
5

66
34

40
66

29
30

56
29

53
16

67
19

35
10

22
56

24
88

40
25

29
17

35
09

35
44

65
68

45
83

23
57

45
04

59
87

59
57

57
40

53
83

30
04

36
20

37
14

44
73

65
40

98
37

73
26

67
11

7
66

07
28

27
31

71
28

52
31

87
16

96
19

42
87

5
72

0
31

52
65

61
19

83
21

30
38

24
24

75
71

0
62

70
26

7
30

1
35

34
24

21
39

34
24

71
24

24
38

21
28

96
51

47
17

99
10

72
28

58
34

69
46

66
36

98
58

02
38

60
56

62
16

07
37

65
43

38
15

29
32

97
64

51 65
5

51
85

38
72

61
21

23
40

32
8

62
68

65
98 11

27
50

29
22

78
30

4
85

8
29

95
46

83
13

45
25

12
54

94
64

71
55

49
15

94
23

99
46

59
32

88
36

63
44

85
44

35
22

80
25

50
16

71
39

70
62

46
55

93
33

15
33

66 80
0

66
92

83
7

61
91

26
13

54
44

57
03

13
58

35
47

49
55

41
83

19
62

64
30

54
4

47
34 9

27
91

60
68

29
34

34
97

26
93

30
26

43
70 67
7

24
43

22
8

28
25

36
51

37
20

56
93

44
41

33
72

27
48

36
07

72
5

13
53

46
12

19
99

54
98

65
50

41
18

45
65

47
24

34
38

64
05

46
47

24
7

48
20

19
68

43
03

48
76

94
6

37
36

28
44

57
72

20
10

30
80

44
80

61
19

59
72

38
5

24
49

32
30

52
8

32
15 2

70
9

44
51

17
02

41
08

54
10

41
09

43
81

34
16

39
03

37
60

56
75

56
09

25
07

29
23

46
31

21
04

42
8

66
03

61
3

51
93

13
33

43
66

48
09

63
38

31
96

37
6

34
6

40
35

15
93

13
78

39
57

27
67

50
74

57
25

23
4

57
64

17
15

51
55

21
62

49
61

41
37

17
89

11
80

50
19

16
75

46
19

46
39 20

85
49

75 4
17

6
31

25
55

04
65

81
63

10
38

29
17

26
63

3
36

13
26

14
19

78
36

84
30

6
63

65
43

6
36

92
11

51
31

19
53

38
14

95
55

44
98

9
34

79
25

3
24

50
46

7
57

29
28

5
36

43
42

7
24

36
38

3
47

29
50

01
44

17
35

62
32

40
31

72
48

42
12

8
43

22
49

8
25

70
15

47
16

50
38

87
53

64
54

69
83

3
30

40
37

42
30

3
54

45
49

84
39

93
39

98
11

23
33

39
46

41
67

09
59

08
53

08
37

88
24

8
49

78
97

4
57

28
24

1
66

57
37

86
62

75
50

49
50

21
59

75
67

10
98

0
26

32
61

46
33

80
45

56
26

87
42

99
59

85
32

10
61

07
58

68
58

30
64

77
34

25
57

83
41

61
22

40
44

57
11

33
11

87
14

26 1
21

1
45

25
10

19
44

37
65

54
19

32
33

69
26

25
23

24
41

2
63

58
15

45
29

96
28

75
26

46
37

78
18

17
23

61
28

98
44

90 4
60

29
07

48
13

19
90

12
82

58
21

33
89

26
62

20
74

30
34

40
04

54
2

63
49

26
97

32
4

40
47

65
34

18
01

22
88

64
19

25
92

27
78

18
67

61
74

62
90

56
88

39
99

46
03

23
67

21
17

15
3

22
67 1

47
7

43
7

31
05

26
34

46
93

56
98 56

06
59

09
22

62
46

02
21

20
21

69
53

80
13

9
58

61
72

6
27

34
25

29
56

41
36

69
65

13
36

78
23

21
55

94
25

00
28

30
42

92
89

4
14

05
43

57
27

06
11

03
99

0
50

07 75
62

32
43

77
34

80
26

74
57

90
16

58
50

87
28

41
38

76
58

15
20

80
59

45
33

54
55

20
51

16
14

97
43

21
56

24
55

09
44

79
56

30
55

59
47

6
39

90
35

42
42

19
58

65
30

27
43

23
52

84
12

29
34

54
39

21
35

63
66

29
66

60
18

69
41

20
83

4
50

58
80

3
11

82
74

1
33

09
62

85
18

42
51

63 5
04

3
17

85
48

80
17

80
41

35
57

16
65

35
27

01
59

24 56
39

29
2

49
12

66
20

26
88

43
17

24
95

40
62

23
31 32
2

19
28

60
31

37
41

35
39

57
53

10
47

10
35

61
98

64
27

65
8

20
08

66
81

13
26

10
74

43
04

47
63

30
69

29
16

31
14

57
47

66
88

46
90

62
9

45
69

54
06

67
65

61
87

32
50

20
52

25
84

45
51

39
24

26
61

35
04

45
82

27
82

34
00

30
72

49
31 46

92
51

9
54

72
52

05
53

2
53

63 5
46

52
12

45
43

20
25

15
9

71
8

17
41

65
04

23
34

28
17 53

09
45

98
80

1
60

23
31

3
43

44
58

55
10

61
27

12
12

14
43

89
38

79
47

10
65

45
16

35
20

41
52

87 46
73

35
73

44
01

55
27

16
78

46
28

27
49

55
12

35
03

30
0

59
05 92

1
42

94
56

83
44

22
58

87
45

66
56

05
62

65 80
38

28
59

03
23

16
35

70
59

90
16

30
79

3
57

31
33

52
48

90 2
09

4
17

4
65

97
28

50
44

67
29

26
53

30
22

77
56

12
13

64
39

44
13

12
11

78
24

98 11
5

19
77

58
88

51
98

58
64

96
3

36
0

10
41

28
55

43
59

53
98

64
62

15
2

15
42

74
8

30
9

44
53

41
31

61
33

29
54

50
25

15
11

10
99

66
58

23
66

25
98

33
00

48
04

51
56

66
56

49
44

46
43

53
70

88
8

31
65 2

00
1

57
44

55
56

11
45

38
30

19
72

32
51

48
77

22
74

48
92

65
65

61
13

51
82

64
48 6

08
2

90
7

36
91

62
19

13
38

10
08 49

25
93

28
62

57
8

18
03

46
6

35
17

39
61

55
33

33
36

33
91

47
02

49
60

33
75

38
9

10
49

58
05

17
61

46
42 64

3
41

28
33

82
47

39 10
80

38
09

53
52

21
03

56
52

21
87

15
76

32
81

49
46 55

58
27

64
62

06
18

19
42

39 5
12

6
32

3
12

06
29

10
39

63
36

50
25

09
60

98
61

58
57

86
19

85
35

65
22

42
42

72
42

15
37

57
27

99
56

32
47

04
42

41 39
41

94
32

24
27

98
40

90
10

53
26

08 5
31

0
44

61
24

83
59

67 19
37

27
9

24
00 4

30
1

19
03

67
24 47

87
43

48
65

86 20
13

52
47

14
33

55
66

64
08

17
79

54
97 54

46
58

51
45

93
52

90 38
26

14
43

49
05 11

24
44

62 4
68

6
31

11
32

29 5
59

2
17

10
20

99
27

95
29

63
50

60
50

37
29

44
65

11 4
82

3
22

0
17

91
47

82
24

38
60

48
55

06
20

06
39

82
64

90 2
31

0
37

96
45

27
55

41
48

22
10

66
20

82
39

02
64

61
47

92
54

79
16

03
17

22
41

34
52

92 35
07

47
22 45

28
32

1
38

06 2
83

3
33

50
24

74
50

75
46

9
24

26
39

18
40

77
20

12
59

49 36
4

11
86

56
60

43
14

20
29

50
51 17

11
47

33 41
5

42
04 38

53
11

44
10

30
58

43
35

43
49

89
60

47
64

17
48

47
97

0
64

22 22
37

36
06 1

74
6

25
82

40
24

32
80

42
27 3

81
3

38
50

27
54

64
41

65
7

15
15 4

85
9

20
36

27
10

45
81

20
18

35
60

37
01

64
69

41
15

33
6

66
53

33
55

60
60

61
27

13
5

23
90

25
95

47
57

63
53

19
1

30
97

32
86

27
04

47
36

44
74

19
89

20
77

39
87

37
98

65
56

68
1

58
10

61
7

69
7

24
93

69
9

26
79

38
55

62
1

60
81

20
95

82
2

19
73

16
40

54
36

20
04

41
22

61
22 3

44
4

58
1

39
50

16
8

42
06

65
4

52
08

64
6

35
74

28
08

15
6

14
89

24
61

61
61

37
54

70
8

52
6

10
01

37
74

13
1

49
29

16
26

21
40

25
23

54
31

59
95

30
62

21
51

44
43

57
00

25
25

92
8

52
96

21
3

43
39

53
26

34
4

50
1

25
20

62
07

15
25

62
93

20
37

40
31 17

36
40

80
31

15
34

04
56

35
53

84
64

79
61

11
80

6
50

22
18

83
41

45
44

47
52

15 20
60

11
98

73
1

13
99

59
40

34
26

64
60

28
61

57
61

12
42

62
09

15
30

77
50

23
26

9
48

07
84

3
64

73
60

21
35

83
23

38
51

71
62

94
54

95
20

54
49

74
68

3
86

0
58

09
15

53
29

86
55

87
30

51
63

35
54

88
14

2
44

06
12

87
36

00
57

88
95

1
65

21
36

36
45

24
65

92
16

31
93

15
02

38
23

31
24

12
85

45
77

36
76

97
5

31
17

18
1

18
68

60
58

52
76

67
40

59
99

50
72

27
0

42
17

48
94

22
71

26
42

23
00

48
93

50
97

36
34

33
14

56
80

18
36

47
19

25
79

48
14

22
86

52
91 19

30
51

01
14

91
56

50
61

1
25

21
52

77
66

28
34

96
62

84
58

50
64

63
34

46
37

71
20

20
54

93
16

9
38

44
61

69
12

48
55

63
21

23
54

5
37

89
58

7
80

7
46

60
43

28
60

71
49

22
12

93
64

07
21

35
22

04 3
75

8
56

99
23

74
35

2
84

2
51

50
66

85
32

61
55

95
24

2
12

17
51

80
14

86
36

38
40

07
56

5
35

84
50

31
63

66
58

45
19

80
23

75
30

31
66

52
43

55
59

33
16

68
50

86
62

73
51

83
19

18
36

21
33

03 56
9

26
50

60
17

13
48

18
88

52
14

57
18

59
88

55
80

33
21

53
73

12
38

66
68

33
92

33
93

22
52

40
27

57
30

29
43

26
19

27
37

34
39

31
39

58
8

45
58

35
75

45
47

25
78

50
98

22
53

33
26

30
52

40
34

13
17

23
59

45
40

47
81

61
80

35
51

62
28

58
0

50
35

46
57

58
89

23
8

30
07

12
31

33
85

28
67

46
00

57
21

63
8

53
49

23
39

34
0

28
94

22
76

45
60

22
16

49
43

25
74

49
69

39
13

17
27

49
13

36
73

19
93

31
36

60
67

43
84

21
49

17
29

92
93

51
38

66
33

15
05

49
70

14
62

38
1

61
40 36

2
47

93
26

04
49

21
50

80
56

22
21

74
56

38
23

95
91

2
42

25
25

59
56

72
31

69
48

87
47

26
11

18
49

01
60

22
97

6
18

75
25

34
40

94
41

98
46

34
18

49
18

60
46

2
60

88
65

48
21

41
66

73
24

55
25

1
30

8
15

06
42

56 3
72

56
94

53
21

30
48

66
25

36
97

62
13

15
63

27 53
05

16
32

17
43

13
02

28
19

38
8

47
68

63
69 4

28
3

56
56

25
62

12
32

43
64

19
45

55
7

63
09

62
7

17
35

17
32

13
71

46
91 48

63
63

20
27

43
13

18
16

87
67

77
25

89
37

32
12

79
59

91
45

45
21

6
13

4
36

15
48

53 34
3

28
4

42
82

44
00

44
82

37
68

17
06

12
37

58
34

62
30

38
01

29
46

63
70

60
49

42
89

52
94

30
30

54
76

14
15

57
46 3

72
4

40
59 35

95
24

34
34

89 5
33

78
1

29
99

27
84

59
46

67
47

37
31

38
75 28

51
66

96
42

45
61

65
38

73
41

21
21

09
37

35
99

4
64

86 18
47

39
83

77
9

28
82

23
27

26
30

11
8

67
22

31
61

94
4

83
61

9
14

88
58

47
19

51
21

83
39

79
48

08
74

7
15

14
43

75
97

1
44

65
11

48
24

92
44

31
12

28
53

35
48

38
63

36
42

31
88

30
32

44
16

79
7

60
43

23
81

16
81

48
01

59
44

33
74

22
95

34
33

59
15

59
74 38

64
37

52
42

80
23

3
56

55
25

57
51

07
29

65
16

24
58

83
65

44
13

73
63

07
53

75
53

51
46

20
40

70
62

57 1
95

8
24

87
56

19
61

95
25

48
47

70
23

22
25

14

0.
5

0.
6

0.
7

0.
8

0.
9

1.
0

hclust (*, "average")
d

H
ei

gh
t

Deepsplit = 0 ; MinSize = 4

Deepsplit = 0 ; MinSize = 8

Deepsplit = 0 ; MinSize = 16

Deepsplit = 0 ; MinSize = 32

Deepsplit = 0 ; MinSize = 64

Deepsplit = 0 ; MinSize = 128

Deepsplit = 0 ; MinSize = 256

Deepsplit = 1 ; MinSize = 4

Deepsplit = 1 ; MinSize = 8

Deepsplit = 1 ; MinSize = 16

Deepsplit = 1 ; MinSize = 32

Deepsplit = 1 ; MinSize = 64

Deepsplit = 1 ; MinSize = 128

Deepsplit = 1 ; MinSize = 256

Deepsplit = 2 ; MinSize = 4

Deepsplit = 2 ; MinSize = 8

Deepsplit = 2 ; MinSize = 16

Deepsplit = 2 ; MinSize = 32

Deepsplit = 2 ; MinSize = 64

Deepsplit = 2 ; MinSize = 128

Deepsplit = 2 ; MinSize = 256

Deepsplit = 3 ; MinSize = 4

Deepsplit = 3 ; MinSize = 8

Deepsplit = 3 ; MinSize = 16

Deepsplit = 3 ; MinSize = 32

Deepsplit = 3 ; MinSize = 64

Deepsplit = 3 ; MinSize = 128

Deepsplit = 3 ; MinSize = 256

Figure A.17: Dendrogram resulting from applying WGCNA with a soft-threshold of 6 to dataset ALS1. Different
cuts of this hierarchical tree are presented by variation of two parameters of the cutreeHybrid(): minimum cluster
size (4, 8, 16, 32, 64, 128 and 256) and deepSplit (0,1,2,3).
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Figure A.18: Dendrogram resulting from applying WGCNA with a soft-threshold of 6 to dataset ALS1. Different
cuts of this hierarchical tree are presented by variation of two parameters of the cutreeHybrid(): minimum cluster
size (4, 8, 16, 32, 64, 128 and 256) and deepSplit (0,1,2,3).
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A.2.3 Network Concepts

A.2.3.A Clustering Coefficient Histograms
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Figure A.19: Clustering coefficient histogram for each cluster set for ALS1, varying the minimum cluster size in
brach cutting algorithm in 4, 8, 16, 32, 64, 128 and 256 and deepSplit equals to 0 (left) and 1 (right).
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Figure A.20: Clustering coefficient histogram for each cluster set for ALS1, varying the minimum cluster size in
brach cutting algorithm in 4, 8, 16, 32, 64, 128 and 256 and deepSplit equals to 2 (left) and 3 (right).
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Figure A.21: Clustering coefficient histogram for each cluster set for ALS2, varying the minimum cluster size in
brach cutting algorithm in 4, 8, 16, 32, 64, 128 and 256 and deepSplit equals to 0 (left) and 1 (right).
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Figure A.22: Clustering coefficient histogram for each cluster set for ALS2, varying the minimum cluster size in
brach cutting algorithm in 4, 8, 16, 32, 64, 128 and 256 and deepSplit equals to 2 (left) and 3 (right).
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Figure A.23: Clustering coefficient histogram for each cluster set for C1, varying the minimum cluster size in
brach cutting algorithm in 4, 8, 16, 32, 64, 128 and 256 and deepSplit equals to 0 (left) and 1 (right).
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Figure A.24: Clustering coefficient histogram for each cluster set for C1, varying the minimum cluster size in
brach cutting algorithm in 4, 8, 16, 32, 64, 128 and 256 and deepSplit equals to 2 (left) and 3 (right).
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Figure A.25: Clustering coefficient histogram for each cluster set for C2, varying the minimum cluster size in
brach cutting algorithm in 4, 8, 16, 32, 64, 128 and 256 and deepSplit equals to 0 (left) and 1 (right).
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Figure A.26: Clustering coefficient histogram for each cluster set for C2, varying the minimum cluster size in
brach cutting algorithm in 4, 8, 16, 32, 64, 128 and 256 and deepSplit equals to 2 (left) and 3 (right).
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A.2.4 Network Based Statistics to study WGCNA Module Preservation
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Figure A.27: Network based statistics summaries accordingly to Langfelder et. al [62] using as reference network
dataset ALS1 and as testing set ALS2. The measure Zsummary is the one translating the general behaviour of
these network statistics. The green line in each subplot defines the empirical determined significance threshold
(=10) obtained in [62] and above each a module is considered preserved. The blue line is the lower limit of
significance (=2), below this line it is considered that there is no enough evidence of that module being preserved
on both networks.
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Figure A.28: Network based statistics summaries accordingly to Langfelder et. al [62] using as reference network
dataset ALS2 and as testing set ALS1. The measure Zsummary is the one translating the general behaviour of
these network statistics. The green line in each subplot defines the empirical determined significance threshold
(=10) obtained in [62] and above each a module is considered preserved. The blue line is the lower limit of
significance (=2), below this line it is considered that there is no enough evidence of that module being preserved
on both networks.
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Figure A.29: Network based statistics summaries accordingly to Langfelder et. al [62] using as reference network
dataset C1 and as testing set C2. The measure Zsummary is the one translating the general behaviour of these
network statistics. The green line in each subplot defines the empirical determined significance threshold (=10)
obtained in [62] and above each a module is considered preserved. The blue line is the lower limit of significance
(=2), below this line it is considered that there is no enough evidence of that module being preserved on both
networks.
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Figure A.30: Network based statistics summaries accordingly to Langfelder et. al [62] using as reference network
dataset C2 and as testing set C1. The measure Zsummary is the one translating the general behaviour of these
network statistics. The green line in each subplot defines the empirical determined significance threshold (=10)
obtained in [62] and above each a module is considered preserved. The blue line is the lower limit of significance
(=2), below this line it is considered that there is no enough evidence of that module being preserved on both
networks.
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A.3 Functional annotation of clusters

Figure A.31: GO terms of the WGCNA Turquoise module.
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Figure A.32: GO terms of Blue HCL cluster.
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Figure A.33: GO terms of Turquoise HCL cluster.
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Figure A.34: GO terms of Turquoise module of k-means using k = 20.
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Figure A.35: GO terms of Blue module of k-means using k = 20.

A-31



Figure A.36: GO terms of Brown module of k-means using k = 20.
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Figure A.37: GO terms of Yellow module of k-means using k = 20.
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Figure A.38: GO terms of Brown of k-means using k = 50.
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