[ Preface

Although the industry once suffered from a lack of qualified targets and
candidate drugs, lead scientists must now decide where to start amidst
the overload of biological data. In our opinion, this phenomenon has
shifted the bottleneck in drug discovery from data collection to data anal-
ysis, interpretation and integration.

. —Life Science Informatics, UBS Warburg Market Report, 2001

One of the most promising tools available today to researchers in life sci-
ences is the microarray technology. Typically, one DNA array will provide
hundreds or thousands of gene expression values. However, the immense po-
tential of this technology can only be realized if many such experiments are
done. In order to understand the biological phenomena, eXpression levels need
to be compared between species or between healthy and ill individuals or at
different time points for the same individual or population of individuals. This
approach is currently generating an immense quantity of data. Buried under
this humongous pile of numbers lays invaluable biological information. The
keys to understanding phenomena from fetal development to cancer may be
found in these numbers. Clearly, powerful analysis techniques and algorithms
are essential tools in mining these data. However, the computer scientist or
statistician that does have the expertise to use advanced analysis techniques
usually lacks the biological knowledge necessary to understand even the sim-
plest biological phenomena. At the same time, the scientist having the right
background to formulate and test biological hypotheses may feel a little un-
comfortable when it comes to analyzing the data thus generated. This is be-
cause the data analysis task often requires a good understanding of a number
of different algorithms and techniques and most people usually associate such
an understanding with a background in mathematics, computer science, or
statistics.

Because of the huge amount of interest around the microarray technology,
there are quite a few books available on this topic. Many of the few available
texts concentrate more on the wet lab techniques than on the data analysis
aspects. There are several books that review the topic in a somewhat super-
) ficial manner, covering everything there is to know about data analysis of
microarrays in a couple of hundred pages or less. Other available books focus
on excruciating details that only developers of analysis packages find useful.
Others are simple proceedings of conferences, gathering together unrelated
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papers that focus on very specific aspects and topics. Overall, I felt there
was a need for a good, middle-of-the-road book that would cover topics in
sufficient details to make it possible for readers to really understand what is
going on, but without overwhelming details or intimidating heavy formalisms
or notations.

At the same time, the R environment has started to dominate heavily
everything that is done in terms of data analysis in this area. Again, while
many good books on R as a programming and analysis language are available,
I felt that a book that would allow the reader to become competent in the
analysis of microarray data by providing: i) everything needed to learn the
basics of R, ii) the basics of the microarray technology, as well as iii) the
understanding necessary in order to apply the right tools tﬂthe right problems
would be beneficial.

Audience and prerequisites

The goal of this book is to fulfill this need by presenting the main computa-
tional techniques available in a way that is useful to both life scientists and
analytical scientists. The book tries to demolish the imaginary concrete wall
that separates biology and medicine from computer science and statistics and
allow the biologist to be a refined user of the available techfiiques, as well as
be able to communicate effectively with computer scientists and statisticians
designing new analysis techniques. The intended audience includes as a cen-
tral figure the researcher or practitioner with a background in the life sciences
that needs to use computational tools in order to analyze data. At the same
time, the book is intended for the computer scientists or statisticians who
would like to use their background in order to solve problems from biology
and medicine. The book explains the nature of the specific challenges that
such problems pose as well as various adaptations that classical algorithms
need to undergo in order to provide good results in this particular field.

Finally, it is anticipated that there will be a shift from the classical com-
partmented education to a highly interdisciplinary approach that will form
people with skills across a range of disciplines crossing the borders between
traditionally unrelated fields, such as medicine or biclogy and statistics or com-
puter science. This book can be used as a textbook for a senior undergraduate
or graduate course in such an interdisciplinary curriculum. The book is suit-
able for a data analysis and data mining course for students with a background
in biology, molecular biology, chemistry, genetics, computer science, statistics,
mathematics, ete.

Useful prerequisites for a biologist include elementary caleulus and alge-
bra. However, the material is designed to be useful even for readers with
a shaky mathematical foundation since those elements that are crucial for
the topic are fully discussed. Useful prerequisites for a computer scientist or
mathematician include some elements of genetics and molecular biology. Once
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again, such knowledge is useful but not required since the essential aspects of
the technology are covered in the book.

Aims and contents

The first and foremost aim of this book is to provide a clear and rigorous
description of the algorithms without overwhelming the reader with
the usual cryptic notation or with too much mathematical detail.
The presentation level is appropriate for a scientist with a background in life
sciences, Little or no mathematical training is needed in order to understand
the material presented here. Those few mathematical and statistical facts that
are really needed in order to understand the techniques are completely ex-
plained in the book at a level that is fully accessible to the non-mathematically
minded reader. The goal here was to keep the level as accessible as possible.
The mathematical apparatus was voluntarily limited to the very basics. The
most complicated mathematical symbol throughout the book is the sum of s
terms: Y7 x. In order to do this, certain compromises had to be made. The
definitions of many statistical concepts are not as comprehensive as they could
be. In certain places, giving the user a powerful intuition and a good under-
standing of the concept took precedence over the exact, but more difficult to
understand, formalism. This was also done for the molefular biology aspects.
Certain cellular phenomena have been presented in a simplified version, leav-
ing out many complex phenomena that we considered not to be absolutely
necessary in order to understand the big picture.

A second specific aim of the book is to allow a reader to learn the
R environment and programming language using a hands-on and
example-rich approach. From this perspective, the book should be equally
useful to a large variety of readers with very different backgrounds. No previous
programming experience is required or expected from the reader. The book
includes chapters that describe everything from the basic R commands and
syntax to rather sophisticated procedures for quality control, normalization,
data analysis and machine learning. Everything from the simplest commands
to the most complex procedures is illustrated with R code. All analysis results
shown in the book are actual results produced by the code shown in the text
and therefore, all code shown is free from spelling or syntax errors.

A third specific aim of the book is to allow a microarray user to be
in a position to make an informed choice as to what data analysis
technique to use in a given situation, even if using other analysis
packages. The existing software packages usually include a very large num-
ber of techniques, which in turn use an even larger number of parameters.
Thus, the biologist trying to analyze DNA microarray data is confronted with
an overwhelming number of possibilities. Such flexibility is absolutely crucial
because each data set is different and has specific particularities that must be
taken into account when selecting algorithms. For example, data sets obtained
in different laboratories have different characteristics, so the choice of normal-
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ization procedures is very important. However, such wealth of choices can be
overwhelming for the life scientist who, in most cases, is not very familiar with
all intricacies of data analysis and ends up by always using the default choices.
This book is designed to help such a scientist by emphasizing at a high level
of abstraction the characteristics of various techniques in a biological context.

As a text designed to bridge the gap between several disciplines, the book
includes chapters that would give all the necessary information to readers with
a variety of backgrounds. The book is divided into two parts. The first part is
designed to offer an overview of microarrays and to create a solid foundation
by presenting the elements from statistics that constitute the building blocks
of any data analysis. The second part introduces the reader to the details of
the techniques most commonly used in the analysis of microarray data.

Chapter 2 presents a short primer on the central dogma of molecular biol-
ogy and why microarrays are useful. This chapter is aimed mostly at analytical
scientists with no background in life sciences. Chapter 3 briefly presents the
microarray technology. For the computer scientist or statistician, this consti-
tutes a microarray primer. For the microarray user, this will offer a bird's-
eye view perspective on several techniques emphasizing common as well as
technology-specific issues related to data analysis. This is useful since many
times the users of a specific technology are so engulfed in the minute details
of that technology that they might not see the forest for the“trees.

Chapter 4 discusses a number of important issues related to the reliabil-
ity and reproducibility of microarray data. This discussion is important both
for the life scientist who needs to understand the limitations of the technol-
ogy used, as well as for the computer scientist or statistician who needs to
understand the intrinsic level of noise present in this type of data.

Chapter 5 constitutes a short primer on digital imaging and image pro-
cessing. This chapter is mostly aimed at the life scientists or statisticians who
are not familiar with digital image processing.

Chapter 6 is an introduction to the R programming language. This chap-
ter discusses basic concepts from the installation of the R environment to the
basic syntax and concepts of R.

Chapter T presents the Bioconductor project and briefly illustrates its
capabilities with some simple examples. This chapter was contributed by one
of the founders of the Bioconductor project, Vincent Carey, currently an As-
sociate Professor of Medicine (Biostatistics) at Harvard Medical School, and
an Associate Biostatistician in the Department of Medicine at the Brigham
and Women's Hospital in Boston.

Chapters 8, 9, and 11 focus on some elementary statistics notions. These
chapters will provide the biclogist with a general perspective on issues very
intimately related to microarrays. The purpose here is to give only as much
information as needed in order to be able to make an informed choice during
the subsequent data analysis. The aim of the discussion here is to put things in
the perspective of somebody who analyzes microarray data rather than offer a
full treatment of the respective statistical notions and techniques. Chapter 9
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discusses several important distributions, Chapter 11 discusses the classical
hypothesis testing approach, and Chapter 12 applies it to microarray data
analysis. Chapter 10 uses R to illustrated the basic statistical tools available
in R for descriptive statistics and basic built-in distributions.

Chapter 13 presents the family of ANalysis Of VAriance methods in-
tensively used by many researchers to analyze microarray data. Chapter 14
discusses the more general linear models and illustrates them in R. Chapter
15 uses some of the ANOVA and linear model approaches in the discussion
of various techniques for experiment design.

Chapter 16 discusses several issues related to the fact that microarrays
interrogate a very large number of genes simultaneously and its consequences
regarding data analysis.

Chapters 17 and 18 present the most widely used tools for microarray
data analysis. In most cases, the techniques are presented using real data.
Chapter 17 includes several techniques used in exploratory analysis, when
there is no known information about the problem and the task is to identify
relevant phenomena as well as the parameters (genes) that control them. The
main techniques discussed here include box plots, histograms, scatter plots,
voleano plots, time series, principal component analysis (PCA), and indepen-
dent component analysis (ICA). The clustering techniques described in Chap-
ter 18 include K-means, hierarchical clustering, biclustering, partitioning-
around-medoids, and self-organizing feature maps. Again, the purpose here
is to explain the techniques in an unsophisticated yet rigorous manner. The
all-important issue of when to use a specific technique is discussed on wvar-
ious examples emphasizing the strengths and weaknesses of each individual
technique.

Chapter 19 discusses specific quality control issues characteristic to
Affymetrix and Illumina data, These are illustrated using R functions and
packages applied on real data sets. Tools such as intensity distributions, box
plots, RNA degradation curves, and quality control metries are used to il-
lustrate problems ranging from array saturation, to RNA degradation, and
annotation issues. Plots illustrating various problems are shown side-by-side
with plots showing clean data such that the reader can understand and learn
what to look for in such plots.

Chapter 20 concentrates on data preparation issues. Although such is-
sues are crucial for the final results of the data mining process, they are often
ignored. Issues such as color swapping, color normalization, background cor-
rection, thresholding, mean normalization, ete., are discussed in detail. This
chapter will be extremely useful both to the biologist, who will become aware
of the different numerical aspects of the various preprocessing technigues, and
to the computer scientist, who will gain a deeper understanding of various bio-
logical aspects, motivations, and meanings behind such preprocessing. Again,
all normalization issues are illustrated using R functions and packages applied
on real data sets,
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Chapter 21 presents several methods used to select differentially regu-
lnted genes in comparative experiments.

Chapter 22 discusses the Gene Ontology, including its goal, structure, an-
notations, and some statistics about the data currently available in it. Chap-
ter 23 shows how GO can be used to translate lists of differentially expressed
genes into a better understanding of the underlying biological phenomena.
Just when you think this is easy, Chapter 24 comes to tell you about the
many mistakes and issues that could appear in this GO profiling. Chapter 25
reviews more than a dozen tools that are currently available for this type of
functional analysis,

Chapter 26 somehow reverses the direction considering the problem of
how to select the microarrays that are best suited for investigating a given
biological hypothesis.

Chapter 27 discusses some of the problems that can be caused by the
fact that the same biological entity may have different IDs in different public
databases. Some tools that allow a mapping from one type of 1D to another
are discussed and compared.

Chapter 28 takes the analysis to the next level, using a systems biology
approach that aims to take into consideration the way genes are known to
interact with each other. This type of knowledge is captured in collections
of signaling pathways available from various sources. This chapter discusses
various approaches currently available for the analysis of signaling pathways.

Chapter 29 is a brief review of several machine learning techniques that
are widely used with microarray data. Since unsupervised methods are dis-
cussed in Chapter 18, this chapter focuses on supervised methods including
linear discriminants, feed-forward neural networks, and support vector ma-
chines.

Finally, the last chapter of the book presents some conclusions as well as
a brief presentation of some novel techniques expected to have a great impact
on this field in the near future.

Road map

This book can be used in several ways, depending on the background of the
reader and the goals pursued. The chapters can be combined in various ways,
allowing an instructor to tailor a course to the specific background and expec-
tations of a given audience,

Some of the courses [with or without a laboratory component) that can
be easily taught using this book include:

1. Introduction to statistics: Chapters 8, 9, 11, 12, 13, 14, 15, 16

2. Introduction to R and Bioconductor: Chapters 6, 7, 10, 14, 17, 18, 29
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3. Microarray data analysis for life scientists: Chapters 3 — 30

4. Microarray data analysis for computer scientists (including R and Bio-
conductor): Chapter 2 — 30

5. Quality control and normalization techniques: Chapters 18, 20

6. Interpretation of high-throughput data: GO profiling and pathway anal-
ysis: Chapters 22 — 28

This book focuses on R and Bioconductor. The reader is advised to install
the software and actually use it to perform the analysis steps discussed in the
book. The accompanying CD includes all code used throughout the book.
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