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1 ABSTRACT

The advent and widespread use of various technologies for the collection of big data in biotechnology
have led to a variety of omics data types such as transcriptomics, proteomics, and epigenomics data
on the same set of samples. Integrating such multi-omics, including multi-tissue data sets, can provide
an unbiased approach to find biomarkers, causative variants and pathways for diseases ranging from
Alzheimer’s to Cancer.

Wang et al.[34] introduced a novel neural network based method named Multi-Omics gRaph cOnvo-
lutional NETworks (MORONET) to integrate mRNA, miRNA, and methylation data for biomedical classifi-
cation and biomarker identification. Tuncbag et al.[30] implemented the prize-collecting Steiner forest
algorithm on a protein-protein interaction network to identify putative molecular pathways connecting a
set of query proteins (such as protein biomarkers of a disease).

However, scholars in the field have not yet comprehensively addressed how interactions among features
both within and across different omics data types can be harnessed to improve classification performance,
or how to use the learned features (or feature-feature interactions) in the neural network to understand
disease mechanisms. Additionally, many studies are unable to generate all the different omics data due to
limitations of funds or equipment.

The objectives of the proposed project are to improve on the performance and interpretability of the
graph convolutional network approach used in MORONET by using pairwise interactions of the features,
to develop a framework to impute missing omics data types, and to predict biomarkers and causative
pathways.

The following methods will be used to fulfil the objectives mentioned above:

• Deep Learning methods - To implement modified graph convolutional networks, perform hyper-
parameter tuning, and retrieve biomarkers using a feature importance measure.

• Machine Learning methods - To implement a framework for imputing a missing omics data type
(tissue data set) using other available omic data types (tissue data sets).

• Network Analysis - To implement the prize-collecting Steiner forest algorithm on a heterogeneous
multi layered network for improving the interpretability of the neural network.
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2 INTRODUCTION

The -ome suffix in cellular and molecular biology forms nouns with the sense of "all constituents con-
sidered collectively". Genome, transcriptome, and proteome respectively consider all the genes, gene
transcripts, and proteins of an organism collectively. Omics is the study of these collectives, as in, ge-
nomics is the study of the genome, transcriptomics the study of the transcriptome, proteomics the study
of the proteome, and so on.

The first whole genome of a bacterial strain, Haemophilus influenzae, was sequenced in 1995.[8] The first
whole genome of a human was sequenced in 2007. [18] And subsequent genomic data sets sequenced
have been used to elucidate gene functions, metabolic pathways, biomolecular networks, the basic func-
tioning of an organism at the molecular level. But just the knowledge of the genome was not enough to
decipher the complete working of an organism’s molecular biology. More information was required. Thus,
data began being collected on the gene expression and the proteins. Even this was not enough. Data
began being collected on the epigenome and the metabolome. Thus, over the past decade, researchers
have been trying to understand the biological system, its structure and functions, through the various
omes and the corresponding omics. Apart from the now common genome, transcriptome, and proteome,
there exists comprehensive knowledge in epigenome, glyome, lipidome, metabolome, phenome, etc. and
their associated "omics" technologies and data analysis methods.

With the current high throughput nature of the "omics" technologies, researchers are able to collect
several omics data sets on the same experimental samples, i.e., researchers are able to collect genomic,
gene expression, and other information from the same set of sample tissues. This has led to the advent of
what is termed "multi-omics". The heterogeneity of multi-omics can be seen in the non-existence of a
simple one-to-one relation between the features of all the different omics data sets. While the base of the
information is the genome, multi-omics is still a study of heterogeneous data sets. In other words, while
the DNA holds the information for all molecular and cellular processes, there exist numerous regulatory
mechanisms that introduce variables that cannot simply deciphered by the genome alone.

For over a decade, genomics has been used for finding biomarkers to help in diagnosis and progno-
sis of disease or disorder and for finding causative variants and pathways to help in the cure. Now, with
the availability of multi-omics data sets, there is a better opportunity for performing these functions. The
information in the other omics can be used to fill the gaps that remain when only genomics is used. Also,
the use of multi-omics can reduce the noise encountered in the analysis of single omics data. Thus, there
is the need for a reliable multi-omics integration method that combines information across different
omics types to predict better biomarkers and causative pathways. It has largely been accepted that such
an integrative analysis is necessary for a comprehensive understanding of a biological system. [10]

There exist many tools that integrate multi-omics data, but challenges remain. The tools vary either
in the method they use to integrate the data, for example, canonical correlation analysis or machine
learning, or in the purpose of the integration, for example, for the diagnosis/prognosis of a disease or for
the inference of a mechanistic network of molecular interactions, or whether they integrate the omics
data early or late in the pipeline. There are also methods which overlay all of the omics data sets onto a
single layer, like a genomic or metabolic network, and perform the analysis, as opposed to some methods
considering the different omics as independent or heterogeneous data. There are many reviews on
multi-omics integration methods and, consequently, many different ways and labels under which the
methods have been categorized. For example, Nguyen and Wang [22] categorize multi-omics methods as
factorization-based or alignment-based multi-view learning methods.

The existence of so many tools is also an indication that no universally applicable tool is available
yet. Different tools and methods have been necessary for different types of data sets and endpoints. There
are very few tools that can infer cross-omics relations for any given kind of omics input.

The analysis of multi-tissue data aims to identify and elucidate the cross-talk between the different
tissues just as the analysis of multi-omics data aims to identify and elucidate the cross-talk between the
different omics layers. For example, Seldin and Lusis[26] use weighted gene correlated network analysis
(WGCNA) to look at pathway-based interactions between liver and adipose tissue. Their framework,
QENIE, ranks tissue-tissue interactions by global patterns of correlation. This framework and other similar
approaches can be used to integrate quantitative proteomics data using tissue-specific proteomics data
to make cross-tissue predictions or by pairing tissue gene expression and proteomics correlations. Since
the proteome is dependent on the genome, epigenome, and the other omes, those individual omes can
also be integrated across the tissues. The integration of multi-omics and multi-tissue data are abundantly
similar in that they both integrate the data across different phenotypes such as disease states or categories,
for example Alzheimer’s affected or normal control. They differ in what they integrate, i.e., multi-omics
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integration involves integrating different omics data on the same tissue and multi-tissue integration
involves integrating different tissue data on the same omics. Although they are very similar, there isn’t any
tool that performs both of the analyses.

Collecting multi-omics data is expensive. There are many cohorts and groups across the world that
collect biological data but not all of them are equally well funded. Some groups are able to collect 4-5
different types of omics data on the same samples, while some are able to collect only 2-3. While the lesser
funded studies comparatively generate a limited set of data, this data is still valuable and must not go to
waste. Even with the missing omics data, it should be integrate-able in the same multi-omics integration
models. This can be done by imputing the missing omics data based on the features in the other collected
omics types. Another case for the imputation of missing omics types is that integration models/methods
are unable learn all the features from a limited set of samples, and therefore imputing missing data can
increase the performance of the model/method. While the imputed data is not novel data that has been
collected directly from the samples, it can nevertheless provide valuable information to the model. We
will, therefore, implement an imputation framework before multi-omics (or multi-tissue) data enters the
integration pipeline.

Critics of the systems biology field opine that multi-tissue multi-omics is not an independent research
discipline because it is not hypothesis-driven. They undervalue the multi-omics approach as compared
to traditional studies where one begins with a prior hypothesis focusing on a particular gene or protein
or pathway.[39] But such a traditional approach has been insufficient to deal with complex diseases
like cancer and concepts like personalized medicine. Multi-omics integration methods, like the one we
present here, are essential exploratory analyses to elucidate inter-omics and inter-tissue interactions, to
find biomarkers, and to make personalized medicine a reality.

We propose improvements to Wang et. al.’s Graph Convolutional Network based MORONET model[34]
so that it can learn cross-omics relations better, irrespective of the omics data type, and thus improve
the performance of the model. The proposed model will additionally be able to perform multi-tissue
integration and omics imputation. Preliminary results show an improvement in performance over the
MORONET model. Future work will include implementing other ways to integrate pairwise interaction of
features and obtaining biomarkers from the model.

3 LITERATURE REVIEW

3.1 MULTI-OMICS INTEGRATION METHODS

In the early years of the "multi-omics" era, many of the laboratories that generated the data tried to inte-
grate them using basic methods like correlation or co-expression analysis alone. Since then, multi-omics
integration methods have come a long way. The multitude of integration methods can be categorized
based on when in the process the features from different -omics were brought together (early or late),
what the integration level was (conceptual, statistical, or model-based), whether all types of -omics data
can be integrated or not (complete or incomplete), and what the outcome of the method is (visualization,
label prediction, biomarker prediction, etc.)

Jamil et. al. in their review of the systematic multi-omics integration (MOI) approach [13] categorise
the various MOI workflows based on their integration levels. The three levels, in order of increasing
complexity, are "element-based" integration, "pathway-based" integration, and "mathematical-based"
integration. Each of the levels are further discussed in detail in the review.

• Element-based Integration - This level of integration encompasses correlation analysis, clustering
analysis, and multivariate analysis. These methods are simple and intuitive.

• Pathway-based Integration - This level of integration encompasses pathway mapping and co-
expression analysis. Pathway mapping maps the omics data sets to existing metabolic pathway
databases like Kyoto Encyclopedia of Genes and Genomes (KEGG). Statistical correlations between
omics data sets form the backbone of a co-expression analysis. Then, a weighted network of features
is generated.

• Mathematical-based Integration - This level of integration encompasses differential analysis and
genome-scale analysis. These are the most complex integration methods of all. Their primary goal
is to construct a model for systems-level understanding.

Subramanian et. al. in their review of multi-omics data integration, interpretation, and its application
[29] classify each of the integration tools or methods into of the following categories: network, Bayesian,
fusion, similarity-based, correlation-based, and other multivariate methods. They also mention tools

3



like similarity network fusion (SNF) and PARADIGM which use a combination of the above mentioned
approaches. The review however organises all the tools based on the following broad biological questions
that they address:

• "Disease subtyping and classification based on multi-omics profiles" - Diseases like cancer are
heterogeneous. Identifying the subtypes of the disease or classifying samples into known subgroups
to understand the aetiology of the disease and altering the treatment based on the subgroup the
patient belongs to is important. There are many tools like iCluster and mixOmics that perform such
grouping of samples.

• "Prediction of biomarkers for various applications including diagnostics and driver genes for
diseases" - Biomarkers are objectively measurable features, either molecular like gene expression
level or clinical like body temperature, that are indicative of disease processes. The prediction of
biomarkers is vital to diagnosis, prognosis, and treatment of disease. There are fewer methods like
iClusterPlus and multi-omics factor analysis (MOFA) that perform such feature selection.

• "Deriving insights into disease biology" - This category incorporates a variety of tools that help in
diagnosis and treatment by elucidating certain mechanistic details of disease biology. Tools like
sparse multi-block partial least squares (sMBPLS) and thresholding singular value decomposition
(T-SVD) are useful in deriving insights into disease biology.

A table listing various methods/frameworks of multi-omics integration can be found below. They have
been categorised based on method, integration level, output generated, integration stage, and the omics
types that can be combined.

Tool Method Output
Integration
Stage

Omics Type
Involved

Reference

Conceptual Integration

3Omics
Correlation
Analysis

Correlation
Network
and On-
tology
Enrichment

Late
Transcriptomics,
Proteomics,
Metabolomics

Kuo
et.al[17]

Cytoscape +
OmicsAnalyzer

Correlation anal-
ysis

Correlation
network

Late
Transcriptomics,
Proteomics,
Metabolomics

Xia et. al.
[38]

IMPaLA (Inte-
grated Molec-
ular Pathway
Level Analysis)

Pathway enrich-
ment

GO/KEGG
enrichment

Late
Transcriptomics,
Proteomics,
Metabolomics

Kamburov
et. al. [15]

PaintOmics
Pathway enrich-
ment

GO/KEGG
enrichment

Late
Proteomics,
Metabolomics

Garcia-
Alcalde
et.al. [9]

mixOmics

Multivariate
analysis, Clus-
tering, PLS,
rCCA, rGCCA,
PLS-DA

Biomarkers Late
Transcriptomics,
Proteomics,
Metabolomics

Rohart
et.al. [24]

MORONET
Graph convolu-
tional networks

Label pre-
diction,
Biomarkers

Late Any three
Wang et. al.
[34]

Statistical Integration

mixOmics -
DIABLO

Correlation anal-
ysis, Latent com-
ponents, SVD

Label
prediction,
Biomarkers

Early Any
Singh et. al.
[28]

OmicsPLS
Two-way orthog-
onal partial least
squares

Cross-omics
relations

Early Any two
el Bouhad-
dani et. al.
[6]

OmicKrigging
Krigging or
Gaussian pro-
cess regression

Label predic-
tion

Early Any
Wheeler et.
al. [35]

Continued on next page

4



Tool Method Output
Integration
Stage

Omics Type
Involved

Reference

MOTA (Multi-
Omics inTegra-
tive Analysis)

Co-expression
analysis

Heterogene-
ous multi
layered
network,
Biomarkers

Early Any
Fan et. al.
[7]

BIDIFAC+
Matrix factoriza-
tion and decom-
position

Cross-omics
relations,
Sample
clusters

Early Any
Lock et. al.
[19]

INMEX (INte-
grative Meta-
analysis of
EXpression
data)

Meta-analysis
based on p-
values, effect
sizes etc.

Biomarkers,
GO/KEGG
enrichment

Late
Trainscriptomics,
Metabolomics

Xia et. al.
[37]

maui (multi-
omics autoen-
coder integra-
tion)

Deep Learning
Sample clus-
ters

Early Any
Ronen et.
al. [25]

D-CCA

Decomposition-
based canonical
correlation
analysis

Sample clus-
ters

Early Any two
Shu et. al.
[27]

ATHENA (Anal-
ysis Tool for
Heritable and
Environmen-
tal Network
Associations)

Grammatical
evolution neu-
ral networks
and symbolic
regression

Label predic-
tion

Early Any
Holzinger
et. al. [12]

Integrative Net-
work Fusion

Similarity Net-
work Fusion

Label pre-
diction,
Biomarkers

Late Any
Chierici et.
al. [3]

Spectrum
Fast density-
aware spectral
clustering

Sample clus-
ters

Late Any
John et. al.
[14]

Model-based Integration
GIM3E (Gene
Inactivation
Moderated by
Metabolism,
Metabolomics
and Expression)

Genome-scale
metabolic
model construc-
tion

Metabolic
model

Late
Transcriptomics,
Metabolomics

Machado
et. al. [20]

Ingenuity Path-
way Analysis

Proprietary
Information

Metabolic
model,
Causal
network,
Mechanistic
network

-
Transcriptomics,
Proteomics,
Metabolomics

Krämer et.
al. [16]

PARADIGM
(PAthway
Recognition
Algorithm using
Data Integration
on Genomic
Models)

Multivariate
analysis

Label pre-
diction,
Patient-
specific
pathway
model

Early
Metagenomics,
Genomics

Vaske et. al.
[31]

Lemon tree Gibbs sampling

Biomarkers,
Label pre-
diction,
Mechanistic
network

Early Metagenomics
Bonnet et.
al. [1]

Continued on next page
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Tool Method Output
Integration
Stage

Omics Type
Involved

Reference

I-BOOST
Elastic net with
boosting

Label pre-
diction,
Biomarkers

Late
Any,
Clinical data

Wong et. al.
[36]

COMBI (Compo-
sitional Omics
Model-Based
Integration)

Regression with
latent variables

Biomarkers,
Sample
clusters

Early Any
Hawinkel
et. al. [11]

msPLS (multiset
sparse Partial
Least Squares)

Penalized par-
tial least squares
path modeling

Biomarkers,
Cross-omics
relations

Early Any
Csala et. al.
[4]

Table 3.1: A list of various tools used for multi-omics integration, the method they employ, and some other
assorted characteristics of the tools. The tools have been ordered based on their multi-omics
integration level. Conceptual integration tools tend to perform late integration and have fixed
input types. Statistical integration tools tend to perform early integration and have unlimited
input types. Model-based tools tend to perform early integration but have fixed input types.

3.2 CATEGORIZATION OF MULTI-OMICS INTEGRATION TOOLS

The multi-omics integration tools can be categorized based on integration level as follows:

• Conceptual Integration - In this type of integration, the individual omics data sets are analysed
separately and the resulting findings are matched or combined. The data set is not analysed as a
whole. While useful, these methods can miss out on valuable cross-omics relations and associations.

• Statistical Integration - In this type of integration, the individual omics data sets are analysed
together with the aim to find statistical associations between features present in different omics
types. Most multi-omics integration methods fall under this category.

• Model-based Integration - In this type of integration, the individual omics data sets are combined
to form or refine a computational or mathematical model of the system, for example, a metabolic
model. A complete model is unobtainable in most situations, bu there exist many tools that
approximate most parameters of a model.

The multi-omics integration tools can be categorized based on integration stage as follows:

• Early Integration - In this type of integration, the features from different omics types are brought
together and analysed together early in the integration pipeline. This allows for better discovery of
cross-omics relations and associations.

• Late Integration - In this type of integration, the features from different omics types are either
brought and analysed together very late in the integration pipeline or not at all. The omics types
may be analysed independently and the resulting features or inferences combined. This does not
allow for discovery of cross-omics relations and associations.

The multi-omics integration tools can be categorized based on their input as follows:

• Fixed - This type of integration tools can integrate only a specific combination of omics types. Many
of the early tools belong to this category. For example, 3Omics can only integrate transcriptomics,
proteomics, and metabolomics data.

• Limited - This type of integration tools can integrate any type of omics types but are limited to how
many of the omics they can integrate. For example, OmicsPLS can integrate any andonly two omics
data sets.

• Unlimited - This type of integration tools can integrate any type of omics types and are not limited
to the number of omics type inputs either. For example, MORONET can can take any number of
varied omics types as inputs.

3.3 META-ANALYSIS

There are also methods that integrate data across cohorts/studies. This is generally called meta-analysis.
Combining data across cohorts/studies increases the sample size and aids in the construction of reliable
models.
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This integration of data across cohorts or studies is also called horizontal integration. Similarly, in-
tegration of data across different omics types in the same study or cohort is called vertical integration. A
few tools like IMPaLA[15] and mixOmics[24] combine both horizontal and vertical integration within the
same tool.

3.4 DEEP LEARNING BASED METHODS

Deep learning is a subfield of the broader familiy of machine learning that is characterized by artificial
neural networks and representation learning. The adjecitve "deep" in deep learning signifies the multiple
layers of artificial neurons used in these models. Representational learning or feature learning referes to
the ability of the neural networks to discover features or combinations of features in the input data set
that are important to the regression or classification task at hand.

For both of these factors to be useful, a large quantity of samples are required in the inputs. But there
are very few samples present in multi-omics data sets. Thus, one, the use of too many layers leads to
overfitting, i.e., the model becomes too specific to the input data and loses generalizability, and two, the
model is unable to learn all the features present in the data from the limited amount of samples.

Thus, a multi-layered perceptron or a simple fully connected neural network is not ideal for multi-omics
integration. Studies have showed that while deep learning can be used to combine different omics data, in
order to significantly better the performance over simple fully-connected networks, a good framework is
necessary. Researchers have done this by either implementing more elaborate frameworks of neural net-
works or feature engineering, so as to help the model know what features to learn. For example, ATHENA
(Analysis Tool for Heritable and Environmental Network Association) uses grammatical evolution neural
networks. In the following section we will look at a tool called MORONET that uses a complex framework.

4 BACKGROUND

4.1 MORONET

MORONET combines features from different omics-specific data, patient similarity matrices, and cross
omics learning in the label space for supervised learning and classification.[34] MORONET uses Graph
Convolution Networks (GCNs) for learning individual omics-specific features and then uses a View Cor-
relation Discovery Network (VCDN) to combine the individual GCN outputs for learning cross-omics
features in the label space. The structure of the MORONET framework is illustrated in figure 4.1 and
described in detail in the subsections below.

Figure 4.1: The MORONET Model[34]. (Image obtained from https://github.com/txWang/MORONET)
GCNs perform omics-specific learning. They take the individual omics features and the
generated patient similarity network based on these features as input, and generates labels as
output. The VCDN takes these labels from each of the GCNs as input and generates a final set
of labels as output. The GCNs and the VCDN are trained together.

While the primary purpose of MORONET is biomedical classification, an interpretation of feature impor-
tance can be used to identify biomarkers. If we set a particular feature’s value to zero, then the performance
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of the model drops. More the performance drops, more important the feature is to the classification. Thus,
this performance drop provides a way to quantitatively know the importance of the biomarkers in the
classification task.

4.2 GRAPH CONVOLUTION NETWORKS

Graph Convolutional Networks, as described by Manessi et. al.[21], are a special class of neural networks
whose goal is to learn a function of features on a graph G = (V ,E) which takes as input:

• "A feature description xi for every node i , summarized in a N ×D feature matrix X where N is the
number of nodes and D is the number of input features."

• "A representative description of the graph structure in matrix form, typically in the form of an
adjacency matrix A."

and generates Z , an N ×C output matrix, where C is the number of categories or labels.[5]

Each of the individual omics data sets is input into a separate GCN. To convert the omics data into a GCN
input, some processing needs to be done. We have the N ×D feature matrix X where N is the number of
patient or tissue samples and D is the number of omics features. Thus, we now have a list of nodes, but no
edges.

In order to get the adjacency matrix A, Wang et. al.[34] generated a patient similarity network. The patient
similarity matrix is constructed using the cosine similarity measure. If the cosine similarity between a pair
of nodes, here patients, is greater than a threshold ε, then the edge is retained are retained. The adjacency
between nodes i and j , Ai j , is calculated as:

Ai j =
{

s(xi , x j ), if i 6= j and s(xi , x j ) ≥ ε

0, otherwise
(4.1)

where xi and x j are the feature vectors of node i and node j respectively, s(xi , x j ) is the cosine similarity
between node i and j .

Now that we have the input for the graph convolutional network ready, we construct the network itself.
Each GCN is made up of two to three layers. Each layer is defined as:

H (l+1) = f (H (l ), A)

=σ(AH (l )W (l )),
(4.2)

where σ(·) is a non-linear activation function like sigmoid or relu, H (l ) is the input of the l-th layer and
W (l ) is the weight matrix of the l-th layer.

This graph convolutional network is trained on all the training samples together so as to learn cross-
sample relations. And while testing the model, the test sample is appended to the training sample set and
submitted to the model to produce an output label matrix in which the last column of labels corresponds
to the test sample. Therefore, "both the features of the test sample and the correlations between the test
sample and the training samples are utilized in predicting the label of the new test sample."

4.3 VIEW CORRELATION DISCOVERY NETWORK

As each of the graph convolutional networks considers individual omics data and outputs the required
label, the most intuitive next step would be to take a linear combination of these labels to generate a final
set of labels, which will then have been based on the complete multi-omics data set. But, that would be
too simple and not consider any cross-omics correlations. To consider these, cross-omics correlations, a
view correlation discovery network is used. [34]

The original view correlation discovery network[33] was used to generate views between discrete shots of
an object. In simpler words, consider an object on a table and imagine a circle around it with a radius
of one metre. Now take two pictures of the object from two nearby points on the circumference. A view
correlation discovery network aims to integrate the features of the two pictures and thereby imagine a
view of the object from a point between the two points from which the pictures were taken. This requires
the network to learn intra-view and cross-view relations in the label space itself.
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The original work on VCDN[33] was designed for data with two views. MORONET[34] extends the
VCDN framework to three views. They hard-coded the model to take exactly three views’ labels, i.e., mRNA
expression data, DNA methylation data, and miRNA expression data (from the TCGA cohorts), but it was
easily extendable to a variable number of views.

Considering three views, i =1,2,3, let ŷ (i )
j ∈Rc , represent the j -th training sample, where c is the number of

labels. A cross-omics discovery tensor C j ∈Rc×c×c is constructed, where each entry of C j is calculated as:

C j ,abc = ŷ (1)
j ,a ŷ (2)

j ,b ŷ (3)
j ,c , (4.3)

where ŷ (i )
j ,c is the c-th entry of ŷ (i )

j . The tensor so obtained, C j is reshaped to a c3 dimensional vector and
forwarded to the VCDN(·) for final classification.

There are two things of note here:

• The VCDN(·) itself is a two layer fully connected network which outputs the final label predic-
tions, based on the cross-omics discovery tensor formed by integrating the labels predicted by the
individual graph convolutional networks.

• The VCDN(·)’s input, the corss-omics discovery tensor scales exponentially, i.e., it is of the size C N

where C is the number of output labels and N is the number of omics types included in the analysis.

4.4 MORONET CRITIQUE

The MORONET framework as mentioned in the paper[34] and their code available here (https://github.
com/txWang/MORONET) have the following drawbacks:

• While pre-processing the data, the top 200 features were selected using their ANOVA F-values. While
it is necessary to remove redundancy and reduce the number of features, the number 200 arbitrary.
Also, in the process, feature associations across omics are lost.

• The multi-omics integration takes place only in the label space. Individual omics types are analysed
separately in the GCNs and then the labels are brought together in the VCDN

• The VCDN scales exponentially. For a data set with 5 labels and 3 GCNs, the VCDN input has
53 = 125 features, but if the number of GCNs is increased to 6 or 9, then the number of input features
increases to 56 = 15625 and 59 = 1953125 respectively.

5 METHODS

This section consists of methods that have been proposed for this study.

5.1 PAIRWISE INTERACTIONS OF FEATURES

In the MORONET framework, each of the GCNs models individual omics’ features. This is analogous
to the main effects in a linear regression. The pairwise interactions of features is then analogous to the
interaction effects in a linear regression.

Consider a typical linear regression equation without an interaction:

ŷ = b0 +b1X1 +b2X2 (5.1)

where ŷ is the predicted value of the dependent variable, b0, b1, and b2 are regression coefficients, and
X1 and X2 are independent variables. The regression coefficients, b1 and b2 are said to model the main
effects of the independent variables.

Now consider a linear regression equation with an interaction:

ŷ = b0 +b1X1 +b2X2 +b3X1X2 (5.2)

where b3 is a regression coefficient, and X1X2 is the interaction. This two-way interaction is an interaction
between two independent variables.
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Now consider a linear regression equation with a squared term or a self-interaction:

ŷ = b0 +b1X1 +b2X2 +b3X 2
1 (5.3)

where X 2
1 is a squared term. This two-way interaction is an interaction between a variable and itself. Here,

Xi is a scalar variable. In the context of an omics data set, Xi can be the i -th patient/sample’s vector of
features, where X 2

i would then be a vector of products of each feature with every other feature in Xi .

Now, based on the ensuing discussion, let the independent variables Xi s be the different omics types in a
multi-omics data set. Then each GCN is trying to model the main effects of the independent variables. We
propose to use the interaction effects to be input to the GCN so as to perform early integration and learn
valuable cross-omics interaction.

5.1.1 NAIVE INTERACTIONS

The pre-processing of the omics data before being input to the graph convolution networks selects the 200
most variant features in each omics type and scales the feature values to [0,1]. This leads to a simple way
of introducing pairwise feature interactions into the existing MORONET model. This has been illustrated
in the figure 5.1.
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(b) Cross-omics interaction

Figure 5.1: Naive pairwise interactions

As illustrated in figure 5.1a, the squared terms can be introduced as follows:

• Multiplication - For every sample, each feature of the omics type is multiplied with every other
feature of the same omics type.

• Linearization - The products thus formed are linearized such that for an omics type input of N
features, we now have a vector of N×(N+1)

2 interaction features.

• Similarity Matrix Preparation - After linearization, the interaction feature matrix looks similar to
the initial feature matrix, albeit with a much bigger size. This is then used to generate a similarity
matrix based on cosine similarity.

This is then added to the model as a separate GCN. This process can be done for each of the omics data.

As illustrated in figure 5.1b, the interaction terms can be introduced as follows:

• Multiplication - For every sample, each feature of one omics type is multiplied with every feature
of another omics type.

• Linearization - The products thus formed are linearised such that for an omics type input of M and
N features each, we now have a vector of M ×N interaction features.

• Similarity Matrix Preparation - After linearization, the interaction feature matrix looks similar to
the initial feature matrix, albeit with a much bigger size. This is then used to generate a similarity
matrix based on cosine similarity.

This is then added to the model as a separate GCN. This process can be done for each pair of omics data.
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5.1.2 PRUNING EDGES

There are three disadvantages of introducing pairwise interactions as described in the previous subsection
on naive interactions. They are:

• Size increase - The input to the GCN and the GCN itself becomes too large. For instance, the
standard MORONET selects 200 features per omics type to be input to the GCN. When interactions
are introduced naively, each of the new GCN input has 20,100 or 40,000 features. This greatly
increases the computational space and time requirements.

• Redundancy - The interaction features we are creating are not novel features, in the sense that, they
are not obtained experimentally. This can introduce a lot of redundant features that that can reduce
classification performance.

• Biological significance - Beyond drawing analogies to interaction effects in linear regression, there
is little meaning to what the product of two features can signify. While some of the products can be
used to indicate molecular interactions or other similar associations between the features, many of
the products will be meaningless.

These disadvantages can be overcome by pruning the edges of the constructed interaction matrices
using the following methods:

• Utilizing previous knowledge - We can utilize existing knowledge present in the form of molecular
interaction networks or co-expression networks to select which of the interaction terms to include.
For example, mir2gene[23] network obtained from miRNet[2] contains the molecular interactions
between miRNAs and mRNAs.

• Selecting top variants - We can perform some more processing on these interactions before we
form a similarity matrix or input to a GCN. We can use ANOVA F-values to find top variants among
the interaction terms and select only those terms for further processing.

• Finding eigengenes - We can use eigengenes to represent sub-networks or co-expression modules
as shown by Wang et. al.[32] After selecting all the interaction terms based on molecular interaction
networks or co-expression, edges starting from the same node can be averaged over and all the
nodes connecting to this node can be replaced by one eigengene. This way the sub-network is
reduced to a single edge, reducing redundancy, and assuming the noise in the feature quantification
was balanced, signal-to-noise ratio is also improved.

5.1.3 CONCATENATING OMICS

Intuitively, there should be a another way to model these pairwise interactions than to individually mul-
tiply the features together, and that is to concatenate the features of the different omics together and
then input them into a single GCN. The neural network, on its own, learns all the interaction terms of
significance, This should ideally work, but the number of training samples is generally insufficient to learn
all the interaction features. Thus, feature engineering, as mentioned in the previous subsection, become
necessary to improve the accuracy of classification.

5.2 BASELINE METHODS

For the preliminary results presented in this paper, the performance of the original MORONET model as
mentioned in the paper by Wang et. al.[34] is used as a baseline. Upon obtaining further results, these
preliminary results will then be used as baselines for newer results.

Wang et. al. use two methods from mixOmics-DIABLO [28]: block PLSDA and block SPLSDA on the same
data set as baselines because they are at the cutting-edge of multi-omics integration and classification.
These and other classification tools like ATHENA[12] and OmicKrigging[35] can be used as baselines for
our study too.

6 DATA

6.1 BRCA DATA

6.1.1 DATA PRELIMINARIES

The Breast Invasive Carcinoma (BRCA) multi-omics data set was obtained from MORONET’s Github
who obtained it from The Cancer Genome Atlas Program (TCGA) through the Broad GDAC Firehose
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(https://gdac.broadinstitute.org/). The data set consists of gene expression, DNA methylation,
and microRNA data of 770 patients and 115 normal controls. The samples fall under the following 5
categories: Normal, Basal, Her2, LumA, and LumB. ’Normal’ represents the control samples, while the
other 4 labels represent the 4 sub-categories of breast invasive carcinoma.

Normal Basal Her2 LumA LumB
115 131 46 436 147

Table 6.1: Categories in the BRCA data set

mRNA DNA methylation miRNA
20531 20206 403

Table 6.2: Number of features in the BRCA data set

The multi-omics data set, consisting of three omics types, mRNA expression, DNA methylation, and
miRNA expression, are used to classify the samples into the five categories. The mRNA expression, DNA
methylation, and miRNA expression data are matched data, i.e., each of them were obtained from the
same set of samples.

6.1.2 DATA PROCESSING

The data was divided randomly into training and testing data using a 70:30 split, while maintaining the
label distribution. For DNA methylation data, only the features corresponding to coding region of the DNA
were kept. Then the data was filtered. Features with zero mean signal and low variances were removed.

A variance threshold of 0.1 was applied for mRNA expression data, 0.002 for DNA methylation data,
and 0 for miRNA expression data. The variance filtering thresholds were determined based on the ranges
of the data. Zero variance threshold was applied to miRNA expression data because of the limited number
of miRNAs present.

Redundant features can have a negative effect on the classification performance. Thus, ANOVA F-values
were used to select features significantly different across the different categories. Only 200 significant
features were selected for each omics data type.

Finally, each omics data was linearly scaled to [0,1]. The pre-processed data set is available at https:
//github.com/txWang/MORONET/tree/master/BRCA.

6.2 BRAIN TISSUE DATA

6.2.1 DATA PRELIMINARIES

The Human Cerebellum Agilent data set was obtained from the Harvard Brain Tissue Resource Cen-
ter (HBTRC) using University of Tennessee’s genenetwork.org. The data set is available at http://gn1.
genenetwork.org/webqtl/main.py?FormID=sharinginfo&GN_AccessionId=326. The data set con-
sists of mRNA expression data from three brain regions, cerebellum, visual cortex, and dorsolateral
prefrontal cortex. This is a matched data set, i.e., the three brain regions were profiled from the same
individuals.

This multi-tissue data set contains mRNA expression data for three brain regions, cerebellum, visual
cortex, and dorsolateral prefrontal cortex. It has 803 individuals in the data set across three categories:
Alzheimer’s disease (AD) cases, Huntington’s disease (HD) cases, and normal controls (N).

Alzheimer’s Disease (AD) Huntington’s Disease (HD) Normal Control (NC)
388 220 195

Table 6.3: Categories of patients in the data set

6.2.2 DATA PROCESSING

Many of the samples had missing SNP data. These samples were dropped. After the dropping, 323
Alzheimer’s disease samples, 145 Huntington’s samples, and 123 normal samples remained.
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Cerebellum Visual Cortex Prefrontal cortex
19529 19529 19529

Table 6.4: Number of features across the tissues in the data set

7 RESULTS

7.1 MULTI-OMICS INTEGRATION WITH NAIVE SELF-INTERACTIONS IMPROVES TESTING ACCURACY

The models were trained independently three times for 2000 epochs each and the resulting metrics were
averaged and are stated below.

Metric MORONET Baseline Naive Self-Interactions
Training Accuracy 0.9325 (0.002) 0.9243 (0.002)
Training F1 score 0.9307 (0.002) 0.9214 (0.002)
Testing Accuracy 0.7947 (0.005) 0.8112 (0.002)
Testing F1 Score 0.8032 (0.006) 0.8107 (0.003)

Table 7.1: Performance of the model with naive self-interactions of the three omics included in comparison
with the MORONET model baseline with only three omics GCNs. All values were averaged over
three independent training sessions. The standard deviation of the values are presented in
parenthesis.

The MORONET baseline model is the standard model as mentioned in the MORONET study[34]. It has 3
GCNs corresponding to the mRNA expression, DNA methylation, and miRNA expression data. The naive
self-interaction model is a modified MORONET model. It has 6 GCNs corresponding to mRNA expression,
DNA methylation, miRNA expression, mRNA-mRNA interaction, methylation-methylation interaction,
and miRNA-miRNA interaction data.

As can be seen from the MORONET baseline metrics, there is significant overfitting by the model, i.e.,
the model fits well to the training data but generalizes poorly to unseen data. Compared to the baseline
model, the model with naive self-interactions has lower training accuracy and F1 scores, but it also has
lesser overfitting. There is a 2% improvement in the testing accuracy and F1 score in the new model.

Another important observation worth mentioning is that the baseline model takes only 5 minutes
to train for 2000 epochs, but the model with naive self-interactions takes over 15 hours to train for 2000
epochs. This is a very big difference in time complexity and I believe that it can be reduced by pruning the
edges without reducing the testing accuracy.

7.2 MULTI-OMICS INTEGRATION WITH CONCATENATED GCN INPUT INCREASES OVERFITTING

The models were trained independently three times for 2000 epochs each and the resulting metrics were
averaged and are stated below.

Metric MORONET Baseline Concatenated GCN
Training Accuracy 0.9325 (0.002) 0.9423 (0.002)
Training F1 score 0.9307 (0.002) 0.9407 (0.002)
Testing Accuracy 0.7947 (0.005) 0.7922 (0.010)
Testing F1 Score 0.8032 (0.005) 0.7984 (0.009)

Table 7.2: Performance of the model with an additional concatenated input of the three omics included in
comparison with the MORONET baseline model with only three omics GCNs. All values were
averaged over three independent training sessions. The standard deviation of the values are
stated in parenthesis.

The baseline MORONET model is the standard model as mentioned in the MORONET study[34]. It has 3
GCNs corresponding to the mRNA expression, DNA methylation, and miRNA expression data. The model
with the concatenated GCN is a modified model with 4 GCNs corresponding to mRNA expression, DNA
methylation, miRNA expression data, and a concatenated input of the three omics data.
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While the training accuracy and F1 scores have improved for the model with concatenated GCN, the
testing accuracy and F1 score haven’t. This implies that overfitting has increased, i.e., the model is fitting
better to the training data but is not generalizing better to the testing data.

Combined with the results from the previous subsection, we can see that while there is scope for improve-
ment of the model’s performance on the testing data, just providing a concatenated input is not helpful.
The model is not able to learn all the pairwise interaction features on its own. Thus, feature engineering is
necessary.

7.3 MULTI-OMICS INTEGRATION WITH PRUNED INTERACTION INPUT INCREASES OVERFITTING

The models were trained independently three times for 2000 epochs each and the resulting metrics were
averaged and are stated below.

Metric MORONET Baseline Pruned miRNA-mRNA Interaction
Training Accuracy 0.9325 (0.002) 0.9444 (0.001)
Training F1 score 0.9307 (0.002) 0.9430 (0.001)
Testing Accuracy 0.7947 (0.005) 0.8010 (0.012)
Testing F1 Score 0.8032 (0.005) 0.8018 (0.006)

Table 7.3: Performance of the model with an additional pruned miRNA-mRNA interaction input in com-
parison with the baseline MORONET model with only three omics GCNs. (All values were
averaged over three independent training sessions. The standard deviation of the values are
stated in parenthesis.)

The baseline MORONET model is the standard model as mentioned in the MORONET study[34]. It has 3
GCNs corresponding to the mRNA expression, DNA methylation, and miRNA expression data. The model
with the pruned miRNA-mRNA interaction is a modified model with 4 GCNs corresponding to mRNA
expression, DNA methylation, miRNA expression data, and a miRNA-mRNA interaction input whose
edges have been pruned using the mir2gene data set[23].

The pruned miRNA-mRNA interaction data set had only 134 features. This was not enough to increase the
model’s performance on the test data set significantly.

8 FUTURE WORK

Moving forward, I will immediately work toward the tasks stated in subsections 8.1, 8.2, and 8.3.
Later, I will work toward the other goals.

8.1 PRE-PROCESSING

• Rather than select exactly 200 features, which is an arbitrary number, we select a percentage of
features like the top 50% or such.

8.2 PRUNING FEATURES

• Find pre-existing molecular interaction and co-expression networks, like miRNet, for each pair of
omics data. Then use this to prune the features input into the GCN.

• Rather than select for the interactions from pre-selected 200 features, we select for the interactions
from the raw data, and then prune them.

8.3 EIGENGENES OR REPRESENTATIVE FEATURES

• As exemplified by Wang et. al.[32], and mentioned in section 5.1.2, we can use representative
features in place of sub-networks or co-expression modules. This could reduce redundancy and
noise.

8.4 OMICS IMPUTATION

• Implement a machine learning framework for imputing missing omics data.
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8.5 BIOMARKER AND PATHWAY DISCOVERY

• Implement a feature selection procedure to obtain biomarkers from the trained model.

• Construct a Heterogeneous Multi-Layered Network, where each omics type represents a layer, and
use Prize-collecting Steiner Forest algorithm to find molecular pathways across omics.
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