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Abstract

The final diagnosis of most types of cancers is performed by an expert clinician
in anatomical pathology who examines suspicious tissue or cell samples extracted
from the patient. Currently, this assessment largely relies on the experience of the
clinician and is accomplished in a qualitative manner by means of traditional imaging
techniques, such as optical microscopy. This tedious task is subject to high degrees
of subjectivity and gives rise to suboptimal levels of discordance between different

pathologists, especially in early stages of cancer development.

Fourier Transform infrared (FTIR) spectroscopy is a technology widely used in
industry that has recently shown an increasing capability to improve the diagnosis
of different types of cancer. This technique takes advantage of the ability of mid-
infrared light to excite the vibrational modes of the chemical bonds that form the
biological samples. The main generated signal consists of an absorption spectrum
that informs of the chemical composition of the illuminated specimen. Modern FTIR
microspectrometers, composed of complex optical components and high-sensitive
array detectors, allow the acquisition of high-quality hyperspectral images with
spatially-resolved chemical information in a common research laboratory. FTIR
images are information-rich data structures that can be analysed alone or together
with other imaging modalities to provide objective pathological diagnoses. Hence,
this emerging imaging technique presents a high potential to improve the detection

and risk stratification in cancer screening and surveillance.
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VIII Abstract

This thesis studies and implements different methodologies and algorithms
from the related fields of image processing, computer wvision, machine learning,
pattern recognition, multivariate analysis and chemometrics for the processing
and analysis of FTIR hyperspectral images. Those images were acquired with a
modern benchtop FTIR microspectrometer from tissue and cell samples affected
by colorectal and skin cancer, which were prepared by following protocols close to
the current clinical practise. The most relevant concepts of FTIR spectroscopy are
thoroughly investigated, which ought to be understood and considered to perform
a correct interpretation and treatment of its special signals. In particular, different
physicochemical factors are reviewed and analysed, which influence the spectroscopic
measurements for the particular case of biological samples and can critically affect

their later analysis.

All these knowledge and preliminary studies come into play in two main
applications. The first application tackles the problem of registration or alignment of
FTIR hyperspectral images with colour images acquired with traditional microscopes.
The aim is to fuse the spatial information of distinct tissue samples measured by
those two imaging modalities and focus the discrimination on regions selected by
the pathologists, which are meant to be the most relevant areas for the diagnosis of
colorectal cancer. In the second application, FTIR spectroscopy is pushed to their
limits of detection for the study of the smallest biomedical entities. The aim is
to assess the capabilities of FTIR signals to reliably discriminate different types of
skin cells containing malignant phenotypes. The developed studies contribute to the
improvement of objective decision methods to support the pathologist in the final
diagnosis of cancer. In addition, they reveal the limitations of current protocols and
intrinsic problems of modern FTIR technology, which should be tackled in order to

enable its transference to anatomical pathology laboratories in the future.



Resumen

El diagnéstico final de la mayoria de tipos de cancer lo realiza un médico experto en
anatomia patoldgica que examina muestras tisulares o celulares sospechosas extraidas
del paciente. Actualmente, esta evaluacién depende en gran medida de la experiencia
del médico y se lleva a cabo de forma cualitativa mediante técnicas de imagen
tradicionales como la microscopia 6ptica. Esta tarea tediosa estd sujeta a altos grados
de subjetividad y da lugar a niveles de discordancia inadecuados entre diferentes

patologos, especialmente en las primeras etapas de desarrollo del cancer.

La espectroscopia infrarroja por Transformada de Fourier (siglas FTIR en inglés)
es una tecnologia ampliamente utilizada en la industria que recientemente ha
demostrado una capacidad creciente para mejorar el diagnéstico de diferentes tipos
de cancer. Esta técnica aprovecha las propiedades del infrarrojo medio para excitar
los modos vibratorios de los enlaces quimicos que forman las muestras bioldgicas.
La principal senal generada consiste en un espectro de absorcién que informa sobre
la composicién quimica de la muestra iluminada. Los microespectrometros FTIR
modernos, compuestos por complejos componentes 6pticos y detectores matriciales
de alta sensibilidad, permiten capturar en un laboratorio de investigacién comun
iméagenes hiperespectrales de alta calidad que atnan informaciéon quimica y espacial.
Las imagenes FTIR son estructuras de datos ricas en informacion que se pueden
analizar individualmente o junto con otras modalidades de imagen para realizar
diagndsticos patoldgicos objetivos. Por lo tanto, esta técnica de imagen emergente
alberga un alto potencial para mejorar la deteccion y la evaluacion del riesgo del

paciente en el cribado y vigilancia de cancer.
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X Resumen

Esta tesis estudia e implementa diferentes metodologias y algoritmos de los campos
interrelacionados de procesamiento de imagen, vision por ordenador, aprendizaje
automdtico, reconocimiento de patrones, andalisis multivariante y quimiometria para
el procesamiento y andlisis de imégenes hiperespectrales FTIR. Estas iméagenes se
capturaron con un moderno microscopio FTIR de laboratorio a partir de muestras de
tejidos y células afectadas por cancer colorrectal y de piel, las cuales se prepararon
siguiendo protocolos alineados con la practica clinica actual. Los conceptos mas
relevantes de la espectroscopia FTIR se investigan profundamente, ya que deben ser
comprendidos y tenidos en cuenta para llevar a cabo una correcta interpretacion y
tratamiento de sus senales especiales. En particular, se revisan y analizan diferentes
factores fisicoquimicos que influyen en las mediciones espectroscépicas en el caso

particular de muestras biolégicas y pueden afectar criticamente su analisis posterior.

Todos estos conceptos y estudios preliminares entran en juego en dos aplicaciones
principales. La primera aplicacion aborda el problema del registro o alineacién de
iméagenes hiperespectrales FTIR con imégenes en color adquiridas con microscopios
tradicionales. El objetivo es fusionar la informacién espacial de distintas muestras
de tejido medidas con esas dos modalidades de imagen y centrar la discriminacion en
las regiones seleccionadas por los patdlogos, las cuales se consideran mas relevantes
para el diagnéstico de cancer colorrectal. En la segunda aplicacion, la espectroscopia
FTIR se lleva a sus limites de detecciéon para el estudio de las entidades biomédicas
mas pequenas. El objetivo es evaluar las capacidades de las senales FTIR para
discriminar de manera fiable diferentes tipos de células de piel que contienen fenotipos
malignos. Los estudios desarrollados contribuyen a la mejora de métodos de decisién
objetivos que ayuden al patdlogo en el diagnodstico final del cédncer. Ademds,
revelan las limitaciones de los protocolos actuales y los problemas intrinsecos de la
tecnologia FTIR moderna, que deberian abordarse para permitir su transferencia a

los laboratorios de anatomia patoldgica en el futuro.



Resum

El diagnostic final de la majoria de tipus de cancer ho realitza un metge expert en
anatomia patologica que examina mostres tissulars o cel-lulars sospitoses extretes del
pacient. Actualment, aquesta avaluacié depen en gran part de I’experiencia del metge
i es porta a terme de forma qualitativa mitjancant tecniques d’imatge tradicionals com
la microscopia optica. Aquesta tasca tediosa esta subjecta a alts graus de subjectivitat
i déna lloc a nivells de discordanga inadequats entre diferents patolegs, especialment

en les primeres etapes de desenvolupament del cancer.

L’espectroscopia infraroja per Transformada de Fourier (sigles FTIR en angles)
és una tecnologia ampliament utilitzada en la indistria que recentment ha demostrat
una capacitat creixent per millorar el diagnostic de diferents tipus de cancer. Aquesta
tecnica aprofita les propietats de linfraroig mitja per excitar els modes vibratoris
dels enllagos quimics que formen les mostres biologiques. El principal senyal generat
consisteix en un espectre d’absorcié que informa sobre la composicié quimica de
la mostra il-luminada. Els microespectrometres FTIR moderns, compostos per
complexos components optics i detectors matricials d’alta sensibilitat, permeten
capturar en un laboratori d’investigacié comu imatges hiperespectrals d’alta qualitat
que uneixen informacié quimica i espacial. Les imatges FTIR sén estructures de dades
riques en informacié que es poden analitzar individualment o juntament amb altres
modalitats d’imatge per a realitzar diagnostics patologics objectius. Per tant, aquesta
tecnica d’imatge emergent té un alt potencial per a millorar la deteccié i la avaluacié

del risc del pacient en el cribratge i vigilancia de cancer.
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XII Resum

Aquesta tesi estudia i implementa diferents metodologies i algoritmes dels
camps interrelacionats de processament d’imatge, visid per ordinador, aprenentatge
automatic, reconeizement de patrons, analisi multivariant i quimiometria per al
processament i analisi d’imatges hiperespectrals FTIR. Aquestes imatges es van
capturar amb un modern microscopi FTIR de laboratori a partir de mostres de teixits
i cel-lules afectades per cancer colorectal i de pell, les quals es van preparar seguint
protocols alineats amb la practica clinica actual. Els conceptes més rellevants de
Pespectroscopia FTIR s’investiguen profundament, ja que han de ser compresos i
tinguts en compte per dur a terme una correcta interpretacié i tractament dels seus
senyals especials. En particular, es revisen i analitzen diferents factors fisicoquimics
que influeixen en els mesuraments espectroscopiques en el cas particular de mostres

biologiques i poden afectar criticament la seua analisi posterior.

Tots aquests conceptes i estudis preliminars entren en joc en dues aplicacions
principals. La primera aplicacié aborda el problema del registre o alineacié d’imatges
hiperespectrals FTIR amb imatges en color adquirides amb microscopis tradicionals.
L’objectiu és fusionar la informacié espacial de diferents mostres de teixit mesurades
amb aquestes dues modalitats d’imatge i centrar la discriminacié en les regions
seleccionades pels patolegs, les quals es consideren més rellevants per al diagnostic
de cancer colorectal. En la segona aplicacié, I’espectroscopia FTIR es porta als seus
limits de deteccié per a ’estudi de les entitats biomediques més xicotetes. L’objectiu
és avaluar les capacitats dels senyals FTIR per discriminar de manera fiable diferents
tipus de cel-lules de pell que contenen fenotips malignes. Els estudis desenvolupats
contribueixen a la millora de metodes de decisié objectius que ajuden al patoleg en
el diagnostic final del cancer. A més, revelen les limitacions dels protocols actuals i
els problemes intrinsecs de la tecnologia FTIR moderna, que haurien d’abordar per

permetre la seva transferéncia als laboratoris d’anatomia patologica en el futur.
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1.1 Cancer

According to the World Health Organization (WHO), cancer is a generic term which
includes a large group of pathologies that may affect any part of the body [1]. Cancer
is a genetic disease caused by mistakes or mutations during Deoxyribonucleic Acid
(DNA) replication. The likelihood of suffering these remaining mutations is mainly
determined by environmental factors and lifestyle (around 90-95% of all cancer cases)
and in a lower degree by inherited genetic defects (only 5-10% of all cancer cases) [2].
The key characteristic of cancer is the rapid growth of abnormal cells capable of
dividing out of control and spreading beyond their natural boundaries. This invasion

of other tissues is called metastasis and it is the first cause of death in cancer patients.

Tumour is the common word to refer to neoplasms, that is, abnormal growths of
tissue with an increase in volume [3]. Tumours can be generally classified in two major
types: benign and malignant. Benign tumours only grow in a local and restricted
region without invading nearby tissues, meanwhile malignant tumours can spread to
adjacent and distant tissues (metastasis). Despite these differences, the word tumour
is commonly used with implicit malignant connotations. Most primary tumours in
humans are benign and do not cause any harm, unless their expansion presses a vital
organ and affects its correct operation. The majority of deaths connected with cancer

are caused by malignant tumours in the more advanced metastatic state.

Tumours are created by malfunctioning cells, which are incapable of building
tissues with normal morphology and functioning, disobeying the rules that control
the correct construction and maintenance. Cancer cells only have one target: making
more copies of themselves [4]. They can achieve this purpose by acquiring new
capabilities (Sec. 1.1.2) as a result of accumulated genetic mutations, which are

transferred to their descendants [5].

Some of these unsuitable alterations are the deactivation of apoptosis and the
invisibility to immune system. Apoptosis is the programmed mechanism of cellular
suicide by which all normal cells destroy themselves when they perform an incorrect
biological functioning. When this mechanism fails the immune system is responsible
for killing the defective cells. However, cancerous cells are able to hide from
immune system through different processes or remain unaffected by their defence

mechanisms [6].
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1.1.1 Development of cancer

The development of a malignant tumour is a slow process comprising different steps
where proper mutations get accumulated. In most cases the progression of a tumour
requires several years, in the order of decades. That is why cancer is considered as a

chronic disease more associated with old people.

The typical steps of cancer can be illustrated with the evolution of carcinoma.
Carcinoma is a cancerous lesion that begins in the epithelial tissue and is the most
common malignant tumour. Epithelial tissue is a sheet of cells that forms the inner
and outer surfaces of the body, such as the external layers of the bowel or the skin.

As illustrated in Fig. 1.1, the main stages in the development of carcinoma are [4,7]:

1. Genetically altered cell: the tumour development starts when a normal cell

undergoes a genetic change that increases its predisposition to proliferate.

2. Hyperplasia: is the result of an unconstrained division of one altered cell into
a high number of cells in a limited region of tissue. The structure in these
cells is not altered and they look normal although their size may be larger.
Hyperplasia is a reversible process and is normally produced as a response to
an irritant stimulus. After years in this stage, one cell in a million suffers an

additional mutation that makes it grow more uncontrollably.

3. Dysplasia: literally means disordered growth and is the result of an excessive
proliferation of cells in hyperplasia, which lose their normal structure and get
disorganised due to additional genetic changes. In this stage, cells keep growing
in an abnormal way. Just as hyperplasia, cells in dysplasia can recover their
normal state but sometimes, after a time, a rare mutation occurs that changes
the cell behaviour. Therefore, tissues in dysplasia must be specially controlled

and, in some cases, receive treatment.

4. In situ cancer: this stage is reached when cells do not recover their normal state
and accumulate more and more alterations. The tumour presents an irregular
structure. In this state, the cells are not able to invade other tissues and remain
confined in the primary location, maybe indefinitely. However, in situ cancers
must be promptly resected or treated before they acquire invasive properties

because of further mutations.
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5. Invasive cancer: is the final stage of tumour formation. Cells become malignant
and invade adjacent tissue and even spread to distant sites through the
blood vessels or the lymphatic system. The spread cells can get attached to
different tissues and create new tumours, producing metastasis. This stage
normally becomes lethal because spread cells, which typically cannot be totally

eradicated, finally invade and disrupt a vital organ.

INVASIVE CANCER

v : »/,45 .
T

GENETICALLY
ALTERED CELL

IN SITU CANCER

HYPERPLASIA DYSPLASIA

Blood Vessels )

Fig. 1.1: Ilustration of the development of a cancerous lesion in the epithelial tissue.
Reproduced from [7] with permission by courtesy of Scientific American, Inc.

1.1.2 The characteristics of cancer
The cell cycle

Before explaining the main properties that distinguish cancer at the cellular level,
it is interesting to describe the cell cycle. All living cells reproduce by dividing
in two daughter cells following a coordinated cell cycle that tries to guarantee the
conservation of the genome. As depicted in Fig. 1.2, in most human cells this cycle is

composed of four main stages [8]:

1. G1 phase (Gap 1): the cell grows in volume by synthesising proteins and making
copies of its subcellular components called organelles, but excluding the nucleus,
which contains DNA.

2. S phase (Synthesis): the chromosomes, the macromolecules of DNA that

encodes the genetic information, are replicated into two identical entities called
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sister chromatids that remain attached. This is the longest stage of the cycle.

Once entered this phase of replication, cells must finish the complete cycle.

3. G2 phase (Gap 2): the cell growth continues by making more proteins and
organelles. The cellular content is also reorganised in preparation for the next

step. In particular, the chromatids of chromosomes become more compact.

4. M phase (Mitosis): the replicated chromosomes and the cytoplasm (the non-

nuclear part of the cell) finally split to produce two identical new cells.

Beginning
Cell of cycle
divides
(mitosis) —

Cell enlarges

- / and makes

Cell prepares new proteins

to divide
Cell rests
/ %
/ R _ ’
Cell \/Restrlctlon point: cell
replicates S decides whether
its DNA to commit itself to

the complete cycle

Fig. 1.2: Stages of the cell cycle. Reproduced from [7] with permission by courtesy of
Scientific American, Inc.

The whole cycle is strictly regulated by specific signals both coming from outside
and inside the cell, which ensure a correct cell division. For instance, at the end of
G phase there is a specific period called restriction point (R) [9] where cells must
receive from the outside the so-called growth factors to trigger the DNA replication.
In normal tissues, these growth factors are not supplied if, for example, a nutritional
deficiency exists in the region. From this point, cells do not depend on extracellular
stimuli to finish the cell cycle. If growth factors are not supplied, cells enter in a
quiescent or still stage called Gg, in which they have an active metabolism but they
do not keep on growing and synthesising more proteins. In addition, each phase of

the cell cycle has specific checkpoints [10], which prevent entering into the next phase
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if the preceding phase is not correctly completed. In particular, multiple checkpoints
try to guarantee that incomplete or damaged chromosomes are not replicated. As
detailed below, cancer cells can break the strict rules governing the cell cycle by

complex and interrelated pathways that benefit their sustained proliferation [11-15].

The hallmarks of cancer

In the past, tumours were considered as accumulations of relatively homogeneous
cancer cells whose biology only depended on autonomous properties. However, now
it is widely recognised that tumours are not just isolated masses of proliferating
cancer cells but heterogeneous mixtures of different cell types interacting with one
another and constructing a tumour microenvironment of high complexity, as depicted

in Fig. 1.3a.

As commented, cancer is a very complex and diverse disease but research
discoveries in the last decades have revealed that this diversity may be reduced to
a small number of principles. Hanahan and Weinberg [16, 17] suggested a series of
hallmarks or distinctive characteristics (illustrated in Fig. 1.3b) that allow cells to
survive, proliferate and disseminate and which differentiate cancer cells and their
microenvironment from normal cells and tissues. In 2000 [17], they initially proposed

six complementary hallmarks or functional capabilities:

o Sustaining proliferative signaling: cancer cells can develop different mechanisms
to maintain a supply of growth factors, which allow them to circumvent the
restriction point (Fig. 1.2) and favour their chronic proliferation. In some
cases, they can produce these substances themselves or they can stimulate other

normal cells to provide the growth factors to them.

e FEvading growth suppressors: cancer cells can elude regulatory circuits of cellular
proliferation from extracellular and intracellular sources. For instance, they
abolish the signals generated by cell-to-cell contacts that prevent excessive

propagation in dense populations of normal cells.

e Resisting cell death: cancer cells do not follow apoptosis, the programmed
cell death induced by physiologic stresses and DNA damage associated with

hyperproliferation. The most common way is inactivating the production of the
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Fig. 1.3: The characteristics of cancer. (a) Illustration of a tumour microenvironment,
which is composed by a complex mixture of different cell types. (b) Illustration of
the hallmarks and enabling characteristics that distinguish cancer cells and their tumour
microenvironment. Reproduced from [16] with permission by courtesy of Elsevier.

protein p53, nicknamed the guardian of genome [18], which triggers apoptosis
when irreparable damage to the genome or other crucial subcellular subsystems
are detected in the different stages of the cell cycle [19]. Autophagy is another

mechanism that cancer cells develop to survive in the highly-stressed and
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nutrient-limited environments of tumours by which they can break down their
cellular components and recycle the obtained metabolites. Finally, a surprising
characteristic is that cancer cells seem to be able to conveniently induce cell
death by necrosis. Whereas apoptosis is an organised process which breaks cells
into compact pieces that are consumed by neighbours, necrotic cells explode
and release all their content into the local microenvironment. This release of
cellular debris attracts immune inflammatory cells (Fig. 1.3a), which generate
stimulating signals that promote the growth and invasiveness of the remaining
cancer cells (see below). Therefore, some tumours may tolerate some degree of

necrotic cell death in order to favour the surviving cells.

e Enabling replicative immortality: chromosomes have protective ends called
telomeres, which give them structural stability. In most adult normal cells,
telomeres shorten during successive replications as a programmed ageing until
reaching a non-proliferative state called senescence or suffering apoptosis.
However, cancer cells can produce enzymes that regenerate telomeres and get

an unlimited number of replications, becoming immortal.

e Inducing angiogenesis: cancer cells can stimulate endothelial cells (Fig. 1.3a) to
construct new blood vessels around the tumour region even in the early stages
of development. With this ability they guarantee the supply of nutrients and
oxygen and the evacuation of metabolic waste and carbon dioxide, which is

essential for the tumour expansion.

o Activating invasion and metastasis: this is the most dangerous and lethal
characteristic of cancer cells. They develop alterations that modify their
attachment to other cells and to the extracellular matrix. However, the
mechanisms that empower cancer cells to colonise other tissues and travel to
other distant parts of the body remain quite unknown. The development of
a secondary malignant tumour requires a permissive microenvironment in the

new colonised zone.

Experimental advances during the first decade of this century confirmed and
further clarified the described traits and allowed to add two emerging hallmarks in

2011, whose workings are not well understood yet [16]:
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e Reprogramming energy metabolism: cancer cells can reprogram their glucose
metabolism, and thus their energy production, in order to fuel cell growth and
replication. The uptake of glucose is highly increased in many tumours and the
modifications in its utilization seem to be key in the hypoxic conditions existing

in the tumour microenvironment.

e Fvading immune destruction: immune system constantly monitors all the body
components and quickly recognise and eliminate the majority of altered cells
that may become cancer cells. By still-unresolved mechanisms, cancer cells

seem to manage to hide from immune system or limit its killing response.

In addition, two enabling characteristics that make possible the acquisition of the

described hallmarks were identified:

e Genome instability and mutation: cancer cells often accelerate their rates of
random mutations by showing an increased sensitivity to mutagenic agents.
This instability is translated into a high heterogeneity between different tumour

types and an extreme adaptability to new conditions.

o Tumor-promoting inflammation: tumour microenvironment is rich in inflam-
matory cells belonging to the immune system, which try to eradicate tumours.
Unfortunately, inflammatory cells not only attack cancer cells without success
but also produce growth factors that favour proliferation and promote angio-

genesis, invasion and metastasis.

Understanding these hallmark principles and their underlying mechanisms is
playing and will play a crucial role in identifying therapeutic targets that effectively

stop and eradicate malignant tumours without hurting normal tissues excessively [20].

1.1.3 Colorectal cancer

Colorectal cancer is a very common human malignancy that starts in the walls of
the large intestine. Before summarising some facts of this type of cancer, it is worth

describing some concepts of the anatomy and physiology of the large intestine.
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Fig. 1.4: Structures of the human large intestine, rectum, and anus. Reproduced from [22]
with permission by courtesy of Encyclopaedia Britannica, Inc., copyright 2003.

Anatomy and physiology of the large intestine

The large intestine is the last part of the alimentary tract. It is about 1.5 meters long
and, as shown in Fig. 1.4, can be divided into several regions namely cecum, colon
(ascending, transverse, descending and sigmoid), rectum, anal canal and appendiz.
As a part of the digestive system, the main functions of the large intestine are the
absorption of electrolytes, fluids and gases, and the conversion of undigested materials

and dead bacteria into faeces [21].

As can be appreciated in the detail view of Fig. 1.4, the walls of most regions of
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the large intestine (excluding the anal canal and the appendix) are composed of four

main layers of tissue [23]:

1. Mucosa: is the inner part of the wall and constitutes the lining of the intestine.

Mucosa consists of three sub-layers of tissue:

(a)

Epithelium: is the external layer, which is composed of different types
of cells in a simple columnar configuration. The epithelium together with
the lamina propria build invaginations in the form of simple tubular glands
or crypts. The rectum contains fewer and deeper crypts than the colon.
Between the cells composing the epithelium, goblet cells have an important
role because they secret mucus into the central hole of the crypts, called
lumen. Mucus lubricates the lining of the intestine and facilitates the

movement and evacuation of faeces.

Lamina propria: is composed of loose connective tissue whose main

function is to give structural and nutritional support to the epithelium.

Muscularis mucosae: is a thin outer layer of smooth (involuntary) muscle
cells, which gently contract to promote the evacuation of the crypts’

content.

2. Submucosa: is composed of fibroelastic connective tissue and contains blood,

lymphatic vessels and nerves. It gives support to the rest of tissue layers.

3. Muscle layer: consists of two layers of smooth muscle, the inner one is circular

and the outer one is longitudinal. The involuntary contraction and relaxation

of these layers generate a movement called peristalsis that pushes the content

of the intestine onwards.

4. External layer: is formed by connective tissue and is called adventitia in the

ascending and descending portions of the colon, where it has a structural

function. In the cecum and remainder colon, it is called serosa and is composed

of a layer of connective tissue and another one of epithelium, which secretes

lubricating fluid to reduce the friction with the muscle layer.
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Main facts of colorectal cancer

Colorectal cancer [24], also referred to as bowel cancer [25] or sometimes differenced
as cancer of the colon [26] and the rectum [27], originates in the epithelial cells of
the mucosa that form the glands or crypts. This type of malignant tumour is called
adenocarcinoma (adeno- is the Greek term for gland) and accounts for more than
90% of cancer cases whose primary site is the wall of the large intestine [28]. Another
precursors of cancer in other layers of tissue are muscle cells (produce sarcomas), cells
of the lymphatic system (give rise to lymphomas) or specialized hormone-making cells
(produce carcinoid tumours), but these subtypes are normally included in categories

different from colorectal cancer.

As was described in Fig. 1.1, several mutations are accumulated in the epithelial
cells that develop a tumour. When these tumours appear in the lining of the colon

or the rectum, they are called polyps. Polyps can be divided in two main types :

e Hyperplastic polyps: present, in general, little potential to become an invasive

cancer. They are relatively common and are normally considered as benign.

o Adenomatous polyps or adenomas: are known as the main precursors of cancer
lesions and constitute a premalignant condition. Adenomas have characteristics
associated with cancer development (Sec.1.1.1), such as epithelial overgrowth,
dysplasia and abnormal differentiation. Nevertheless, few adenomas progress to

invasive cancer and the process can take over one to three decades.

Several genetic pathways are already known to be responsible for the change from
premalignant polyps to invasive lesions. In fact, the family history of colorectal cancer
and other hereditary syndromes have relevant influence in this change. Apart from
the inherited predisposition, the main risk factors associated with colorectal cancer
are: obesity and sedentary life, smoking, alcohol, high-caloric diet, high red meat
consumption, overcooked red meat and high-saturated fats. On the contrary, high
level of physical activity and diets high in fibre, low in red and processed meat, and

rich in fresh fruit and vegetables, seem to decrease the risk of colorectal cancer.

Different tests are applied in screening programs in order to detect colorectal
cancer in undiagnosed individuals. The three most common tests are fecal occult

blood tests and two endoscopy alternatives: sigmoidoscopy (endoscopy of the left side
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of the colon) and colonoscopy (endoscopy of the entire colon). Endoscopy is also used
to extract small biopsies from small portions of tissue or even remove whole polyps.
It also gives valuable complementary information to perform a final diagnosis, which

is accomplished by histological examination (Sec.1.1.6).

The clinical management of colorectal cancer differs depending on the location
of the tumour and its spread [25]. If tumours are localized in the colon, the
involved bowel segments including the local lymphatic drainage area are normally
removed by laparoscopic surgery, with high curative potential (Sec.1.1.5). Cancers
in the rectum, especially in carcinomas below the mid-sigmoid region, may also be
treated with radiation therapy apart from surgical resection. In advanced stages of
spread, complementary adjuvant treatments, such as chemotherapy or other systemic
therapies, can also be applied to prevent the formation of new tumours in the primary

or secondary sites.

1.1.4 Skin cancer

Melanoma is the most aggressive subtype of skin cancer. As in colorectal cancer, some
concepts of the anatomy and physiology of the skin and its relevant constituents must

be explained prior to describe some general facts of skin cancer and melanoma.

Anatomy and physiology of the skin

The skin is the outer covering and the largest organ of human body. Its functions
are: to protect the body against injury, desiccation and infection; to regulate body
temperature; to absorb Ultraviolet (UV) radiation; and to contain receptors for touch,
temperature and pain stimuli from the external environment [23]. The skin is divided
into two main layers: the epidermis (upper or outer layer) and the dermis (lower
or inner layer) (Fig. 1.5). These two tissue layers are separated by the basement

membrane.

The epidermis is composed of stratified keratinised squamous epithelium, whose
predominant cell type is the keratinocyte [21]. Keratinocytes are arranged in five
layers or strata, where they acquire different characteristics. In the deepest layer of

epidermis, keratinocytes are also called basal cells and are mitotically active, that
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Fig. 1.5: Illustration of the anatomy of healthy skin. Reproduced from [29] with permission
by courtesy of Terese Winslow (Illustrator).

is, they are in continuous cell division to regenerate the upper layers. In the rest
of epidermis layers, keratinocytes are called squamous cells and they evolve towards
the surface until becoming flattened dead cells filled with impermeable keratin in the

most superficial layer.

Melanocytes are cells also present in the deepest layer of the epidermis. The
mission of melanocytes is to synthesise a dark brown pigment called melanin and to
transfer it into nearby keratinocytes (see detail view of Fig. 1.5). Melanin protects
against tissue damage caused by UV radiation and its synthesis is promoted by

continuous exposure to sunlight.

The dermis is formed by connective tissue that supports different structures, such
as blood and lymph vessels, nerves, sweat and oil glands, and hair follicles. Connective
tissue plays an important role in immune and inflammatory responses, tissue repair

after injury, as well as delivering nutrients to the avascular epidermis through the
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basement membrane [30]. Fibroblasts are the resident cells of connective tissue, whose
mission is to elaborate fibres, such as collagen and elastin, and other components of

the extracellular matrix.

Main facts of skin cancer

Skin cancer can be divided into two main groups: mon-melanoma skin cancer and
melanoma skin cancer. Among non-melanoma skin cancer, two subtypes are more

common [31]:

e Basal cell carcinoma: is a slow-growing neoplasm that originates from
keratinocytes in the basal cell layer of the epidermis. This carcinoma rarely
produces metastasis but its local recurrence and invasiveness result in significant
tissue destruction. As depicted in Fig. 1.6a, basal cell carcinoma normally
remains confined in the epidermis and does not expand to other tissues. It

typically develops on sun-exposed regions of people with lighter skin.

e Squamous cell carcinoma: is a neoplasm that has malignant characteristics, such
as local invasion and metastatic potential. It originates from kerotynocytes of
epidermis in squamous cell configuration and can invade nearby tissues like
the dermis, as illustrated in Fig. 1.6a. Most lesions of this cancer type do not
cause pain and remain undetected, growing slowly until they become invasive

carcinomas.

Melanoma is a neoplastic disorder that starts with the transformation of normal
melanocytes [35-37]. Although melanocytes are also present in other body locations
(e.g., meninges, upper oesophagus or eyes), their malignant transformations are more
common in the skin. Melanoma is the most aggressive type of skin cancer, that is why
it is normally considered as an individual category. In fact, it is one of the most violent
and therapy-resistant human cancers, mainly due to its high mutation capability and
heterogeneity. Compared with other skin cancers, melanoma is characterised by its
superior ability to grow and spread both radially and vertically, finally invading inner

tissues in a very aggressive way (Fig. 1.6a).

Melanoma occurs mainly in white people with fair skin. Although not necessary

occurring in all cases, some melanomas start from common accumulations of
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Fig. 1.6: Skin cancer. (a) Illustration of the most common types of skin cancer. Reproduced
from [32] with permission by courtesy of Mayo Foundation for Medical Education and
Research. All rights reserved. (b) Photographs of five common benign moles. Reproduced
from [33]. (c¢) Photograph of a malignant melanoma. Reproduced from [34].
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melanocytes called nevi or moles (Fig. 1.6b). Individuals with a high number of
melanocytic nevi (more than 50) have higher odds of developing melanoma [38]. A
famous rule to distinguish the features of a malignant melanoma (Fig. 1.6¢) is the
mnemonic ABCD method [39,40]: Asymmetry, Border irregularity, Colour variation,

Diameter >6mm.

The common major risk factor in skin cancers is sun overexposure with inadequate
protection even in the absence of sunburn, especially in childhood and adolescence,
or other cumulative exposures to UV radiation as artificial tanning lamps and beds.
Other risk factors include inherited genetic susceptibility, immunosuppression and
viral infections. The clinical management of skin cancers depends on the tumour
aggressiveness and stage, and also on the current status and medical record of
the patient. The common treatments expand from traditional surgical excision to
destructive modalities that include cautery or electrodesiccation, cryosurgery, laser
surgery, radiation therapy and chemotherapy. In the excisional surgery, the borders
of the extracted mass of tissue can be studied to assess the completeness of the tumour
ablation. However, the destructive techniques do not provide any information to know

if the cancer has been completely removed.
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1.1.5 Cancer statistics
Cancer burden

GLOBOCAN project, elaborated by the International Agency for Research on Cancer
(TARC), the specialized cancer agency of WHO, provides the most updated and
reliable estimates of the global cancer burden, which can be retrieved from [41,42].
These statistics correspond to 2012 and are given in terms of estimated incidence,

mortality and prevalence [43,44]. In this case, these terms are defined as follows [45]:

e Incidence: is the number of new cases arising in a specified population within a
given period of time. Here it is expressed as the absolute number of new cases

per year (2012).

e Mortality: is the number of deaths occurring in a specified population within a
given period of time. Here it is also expressed as the absolute number of deaths

per year (2012).

e Prevalence: is a function of both incidence and survival. It is defined as the
number of individuals within a specified population who have been diagnosed
with a specific cancer and who are still alive at a given point in time (i.e. the
survivors). In this case, it is presented as partial prevalence, which limits the
number of patients to those diagnosed during a fixed time in the past, 5 years
in particular. In most types of cancers, patients still alive at 5 years after
diagnosis are usually considered cured because the death rates of such patients
are similar to those expected in the general population [46]. Therefore, the 5-
year prevalence is an estimate of the cure rate of a specific cancer. Here it is
presented the number of estimated cases diagnosed since 2004 who were still
alive at the end of 2008 [44].

Fig. 1.7 graphically summarises the described measures for the corresponding top
10 cancer sites worldwide and in Europe, for both sexes. Roughly more than 14
million new cases of all cancers were diagnosed in the world in 2012 and 3.4 million
of them were registered in Europe. WHO foresees a rise of 70% in this value over
the next 2 decades due to population increase and ageing [47], which will result in

almost 24 million new cases diagnosed worldwide per year. Regarding the relevant
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Fig. 1.7: Estimated incidence (first row), mortality (second row) and 5-year prevalence
(third row) of the corresponding top 10 cancer sites worldwide (first column) and in Europe
(second column), for both sexes in 2012. The relative values for each cancer site with respect
to the corresponding total number of cases are shown in parentheses. The relevant cancer
sites for this PhD thesis (colorectum and melanoma of skin) are highlighted with bold letters.
Adapted with the graphs produced from [42].
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cancer sites for this PhD thesis, colorectal cancer was the 3rd most diagnosed cancer
worldwide in 2012 (9.7% of all new cases) and melanoma of skin occupied the 19th
position (1.7%). The relative incidence in Europe for these types of cancer is higher,
with colorectal cancer in the 2nd place (13%) and specially melanoma in the 9th
position (2.9%). Some factors that may explain these local differences could be the
characteristics of population (e.g., people with white skin for melanoma), their habits

or the screening programs which are mainly applied in more developed countries.

Cancer is the second leading cause of mortality, just after cardiovascular diseases,
both worlwide with around 8.2 million deaths and in Europe with more than 1.7
million deaths in 2012. Lung cancer deserves special mention since it is clearly the
most lethal type of cancer, causing around 20% of all cancer deaths. These data
are even more shocking when they are compared with the corresponding incidence.
Colorectal cancer is also a very lethal cancer, ranking the 4th worlwide (6.4%) and the
2nd in Europe (12%). For its part, melanoma is in the 22nd place worlwide (0.7%)
and in the 19th position in Europe (1.3%).

The estimated 5-year prevalence of all cancers rises to almost 32.5 million patients
worlwide and more than 9 millions in Europe. By comparing the values for each cancer
type with the respective incidence, an idea of the survival rate can be extrapolated.
Again the lethality of the lung cancer can be confirmed by this way, especially in
Europe. Colorectal cancer is the third most prevalent cancer both worlwide (11%)
and in Europe (13%), meanwhile melanoma ranks the 11th worlwide (2.7%) and the
6th in Europe (4.3%).

According to the described figures, cancer constitutes a major public health
problem. In particular, colorectal cancer and melanoma can be considered as very
serious diseases with a high general impact on the population. Further details and
analyses of the cancer statistics from GLOBOCAN can be found in [48].

Cancer survival by stage of diagnosis

As commented, the 5-year prevalence compared with the incidence can be used as a
rough estimate of the survival rate for a specific cancer. However, knowing the exact
survival rate, especially by the stage at which cancer was diagnosed, is very valuable

to develop appropriate screening programs and surveillance guidelines.
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These values are not easy to get because not many countries have enough resources
to record high-quality national data with such richness. Despite that, some national
agencies have aggregated data where diagnosed cancers are broadly classified in few
categories depending on the spread of the lesion. Two main staging systems are

commonly used for all types of cancer:

o TNM Staging System: was developed and is revised jointly by the American
Joint Committee on Cancer (AJCC) [49] and the Union for International Cancer
Control (UICC) [50]. It specifies five stages in Roman numerals (0-IV).

e SEER Summary Staging: is promoted by the Surveillance, Epidemiology, and
End Results (SEER) Program of the National Cancer Institute of the United
States (US) [51]. It specifies four categories: in situ, localized, regional and

distant.

An additional stage or category called unknown is also considered in both staging
systems to catalogue those cases without enough evidence to be assigned to the other
stages. Although each cancer type may have its own variants, the overall stages are
common and can be illustrated for the particular case of colorectal cancer (Fig.1.8).
In the case of melanoma, the transition from the first abnormal melanocytes to
metastatic melanoma can be divided into the same stages or categories, which are
mainly characterised by the vertical growth of the tumour. The stages of the TNM
Staging System, related to the categories from the SEER Summary Staging, are:

e Stage 0: abnormal cells appear in the first tissue site, but they have not
spread to other tissues. In the case of colorectal cancer, these cells appear
in the epithelium of the mucosa layer without penetration of the basement
membrane (Fig. 1.8). This stage is equivalent to the in situ category of the

SEER Summary Staging.

e Stage I: cancer acquires invasive properties and spreads to nearby tissue
layers. In colorectal cancer, the malignant cells spread from the mucosa to
the submucosa and muscle layer (Fig. 1.8). In this stage, the cancer is still in
the localized category of the SEER Summary Staging because it is limited to

the organ where it started.
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e Stage II: cancer manages to spread through all the layers of organ (all the
intestine wall, including the external layers, in the case of colorectal cancer,
Fig. 1.8), and even invades nearby organs. According to the SEER Summary
Staging, this is an intermediate stage where the lesion may be defined as localized
or regional depending on whether the lesion does or does not remain confined
to the organ of origin, respectively.

e Stage III: this stage is more complicated and have a variety of different sub-
stages. In them, the cancer may or may not have locally spread from the original
organ, but it manages to access the lymphatic vessels and spread to nearby
lymph nodes. In the SEER Summary Staging, the cancer clearly reaches the
regional level but is still limited to a specific area of the body.

e Stage IV: cancer finally produces metastasis and spreads to other parts of the
body through the lymphatic or circulatory systems, giving rise to secondary
tumours. This phase corresponds to the distant category in the SEER Summary

Staging.

Spread to other organs

Normal
Blood

esSs

Fig. 1.8: Stages of colorectal cancer. Stages from the TNM Staging System are specified
in black fonts and the corresponding categories from the SEER Summary Staging in white
fonts. Adapted from [52] with permission from Terese Winslow (Illustrator).
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To the author’s knowledge, only two sources provide survival statistics specified by
stage of diagnosis for the two cancer types of interest here (colorectal or bowel cancer
and melanoma). The first source is Cancer Research UK [53], which summarises
the records of the adult cancer patients (aged 15-99 years), separated by sex, from
the Former Anglia Cancer Network in the period 2002-2006. The staging of this
source uses the TNM Staging System. The second source is the SEER Program [54],
which uses the SEER Summary Staging to distinguish the data obtained from the US
population in the period 2007-2013. The most relevant data from these sources are

graphically presented in Fig. 1.9.

The survival statistics in both sources are given in terms of 5-year relative survival.
It compares the survival during five years or more after diagnosis of a cohort of cancer
patients with the survival of another cohort of people from the general population with
similar characteristics (same age, race, and sex) but not diagnosed with cancer. If
this relationship is greater than 100%, it indicates that cancer patients in a specific
group have a better chance of surviving five years after diagnosis compared with the

studied general population.

As can be seen in Fig. 1.9.a and Fig. 1.9.c (top graph), colorectal or bowel cancer
has good expectancies of 5-year survival when it is detected at early Stage I or is still
localized (90-100% relative survival). The survival gradually decreases in intermediate
stages of spread (~85% in Stage II, ~63% in Stage III and ~71% in regional stage).
But there is an abrupt drop in survival when the cancer produces metastasis (roughly
10% or less in Stage IV and distant stage). The data from US population (Fig.1.9.c,
bottom graph) also inform about the percent of patients diagnosed at each stage.
According to them, colorectal cancer does not have good records of early diagnosis
with 39% of cases detected in the localized stage and 35% with regional spread. Sadly,
more than 20% of cases were diagnosed in the distant stage, with the worst prognosis.

Only 4% of cases could not be classified in a specific stage.

Similar survival trends can be observed in melanoma (Fig.1.9.b and Fig. 1.9.d,
top graph). Cases diagnosed during first stages of localized primary tumours have
a high cure rate with almost and even more than a 100% 5-year relative survival.
The survival also gradually decreases in stages with intermediate spread (~80% in
Stage II, ~50% in Stage III and ~63% in regional stage). However, patients whose

cancers have advanced up to metastatic stages only reach a 5-year relative survival
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Fig. 1.9: Survival by stage of diagnosis. First row: 5-year survival rate by stage in the period
2002-2006 of the adult cancer patients (aged 15-99 years), separated by sex, from the Former
Anglia Cancer Network who were diagnosed with (a) bowel cancer and (b) melanoma (Data
retrieved from [53] using the TNM Staging System; no significant differences were found
between men and women at any stage or type of cancer). Second and third row: 5-year
survival rate by stage (second row) and percent of cases per stage (third row) in the period
2007-2013 of the US population diagnosed with (c) colorectal cancer and (d) melanoma (Data
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from around 10 to 20%. Again, the percent of patients diagnosed at each stage in
the US population is shown for melanoma (Fig. 1.9.d, bottom graph). The early
diagnosis in melanoma seems to be much more effective than in colorectal cancer in
this population: 84% of cases detected in the localized stage, 9% with regional spread
and just 4% with distant metastasis. In this case, just 3% of cases were not properly

catalogued.

As main conclusion of these figures, early diagnosis is the key factor to reduce
mortality. Current diagnosis protocols seem to have a low rate of early diagnosis
for colorectal cancer but a high rate for melanoma. Finally, it must be noticed that
these statistics correspond to two leading countries in screening programs and cancer

treatments.

1.1.6 Cancer diagnosis and research

Although some cancer lesions show different observable signs that allow its detection
in vivo (directly in the patient), ultimate diagnosis and staging is currently established
ez vivo by analysing biological samples extracted from the patient. Histopathology and
cytopathology are the main medical disciplines that analyse the ez-vivo specimens with
diagnostic purposes. On the other hand, in-vitro techniques, such as cell culture, play

a crucial role in cancer research and in the development of new diagnostic technologies.

Histopathology

Histopathology is the branch of anatomical pathology that uses histology (the science
that studies tissues) to diagnose diseases. Histopathology is considered the gold
standard or reference test to perform a final diagnosis of cancer. That is, although
different techniques such as endoscopy, radiology or blood test are used to detect the
lesion or even obtain complementary diagnostic information, the final evaluation and

staging depend on the histological findings.

In histopathology, small portions of tissue extracted from suspicious regions of
the patient are examined under a microscope to assess different properties, especially
their morphology. The pathologist must follow a series of steps in order to prepare
the sample for examination under a microscope. The main steps of a typical tissue

preparation are detailed below [55] and some of them are illustrated in Fig. 1.10:
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Fig. 1.10: Tissue processing for histopathology. (a) Fresh biopsy extracted from a patient.
(b) Fixation of the tissue. (c) Chemically processed tissue is placed into a metal mould
and embedded in molten paraffin. (d) Solidified block of paraffin with the embedded tissue.
(e) Cut of thin serial sections with a microtome. (f) Paraffinated sections are placed in
a warm bath to flatten them and then they are mounted on a microscope slide. (g) The
mounted tissue sections are stained, typically with Hematoxylin and Eosin (H&E). (h) The
final stained and mounted slides are ready to be examined with a microscope by an expert
pathologist. Images (a), (b), (e), (f) reproduced from [56]. Images (c), (d), (g), (h)
reproduced from [57].

e Biopsy extraction: a piece of tissue called biopsy is extracted from a patient;
for example, during surgery or endoscopy (Fig.1.10a). The fresh biopsy must

be processed quickly to avoid its breakdown.

e Fization: the fresh tissue is treated in order to harden it and preserve its
morphological structure with the time (Fig. 1.10b). Although fixation can be
accomplished by physical methods (e.g., heating, microwaving, or freeze-drying),
liquid chemical fixatives are commonly used. In particular, the most typical
fixative used in diagnostic pathology is formaldehyde in aqueous solution, which

is normally called formalin.

e Dehydration: water and aqueous fixatives are removed from tissue components
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by hydrophilic substances, such as ethanol. Immersion of specimens into
dehydrating reagents is performed through a series of baths of increasing

concentration in order to prevent cell distortion.

e (learing: this is a necessary intermediate step because dehydration reagents are
not miscible with infiltrating solutions. The clearing substance must be miscible
with both the dehydration and infiltrating solutions. They normally have a
refractive index similar to protein and they produce a translucent appearance
in the tissue: hence the term clearing agent. One of the most used clearing

substance is xylene.

o Infiltrating and embedding: the clearing agent is replaced by an infiltrating
substance, typically molten paraffin wax. The specimen is placed in a metal
mould with a proper orientation and embedded in molten paraffin (Fig.1.10c).
When the paraffin solidifies, the block with the embedded tissue gains rigidity,

which prevents distortion of its structure during microtomy (Fig. 1.10d).

e Cutting: the block of paraffin is cut with a microtome into very thin sections of
around 5 pum thickness (Fig.1.10e). The cut sections are put into a warm water
bath in order to flatten them and then recovered with a microscope slide where
they get attached (Fig. 1.10f).

e Staining: the mounted slices of tissue are treated with chemicals to remove the
paraffin and then immersed in different stains (Fig.1.10g). The excessive stains
are removed with water and the final slides get ready for observation with a

microscope (Fig.1.10h).

Tissue processing is a complex procedure which employs chemical and physical
processes that can potentially alter and distort the characteristics of the tissue. For
diagnostic pathology, it is important to guarantee that induced undesired artifacts
are at least consistent. Therefore, a strict and repeatable protocol should be followed

during the whole tissue processing.

As described, the last step of the tissue processing is the staining. Processed tissues
are transparent in the visible light and they must be coloured with stains. Stains or

dyes are substances that have affinities with particular components of the tissue,



28 Chapter 1. Introduction

Fig. 1.11: Histopathological images of colorectal biopsies with different pathological
conditions and stained with H&E. Green scale bars represent 200 pm. (a) Normal sample.
(b) Hyperplastic polyp (benign). (c¢) Adenoma (precancerous). (d) Adenocarcinoma
(cancer).

promoted by specific chemical interactions. They have also absorptive properties to

electromagnetic radiation, typically in the visible light range, which give them colour.

Hematoxylin and Eosin (H&E) stain is by far the most used dye in anatomical
pathology and is actually considered the gold standard technique to diagnose tissue
diseases. Its popularity is based on its relative simplicity and its ability to reveal a
high number of different tissue structures. H&E is a combination of two chemical
substances with complementary properties. Hematoxylin is a basic dye that binds
to acidic (or basophilic) structures, such as cell nuclei, and colours them in dark
blue or violet. By contrast, eosin is a dye with varying shades and intensities of
pink, orange and red, which has an acidic nature and, therefore, it binds to basic
(or acidophilic) substances, such as proteins in the cytoplasm of cells or fibres of the
extracellular matrix. With these two dyes, the main tissue structures are revealed
and, by interpreting their morphological arrangement, the pathologist can assess the

underlying condition of the tissue and establish a diagnosis.

As an example, Fig. 1.11 shows four H&E histopathological images of colorectal
biopsies from lesions with different pathological conditions.  These kinds of
histopathological samples will be employed in Ch. 4. Some typical characteristics

of each condition [28,58] can be identified in these images:

(a) Normal sample: nuclei of epithelial cells in the mucosa layer, stained with

hematoxylin in dark shades of violet, are aligned in the outer border of glands
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or crypts. As can be seen in Fig. 1.11a, glands have approximately round or
elliptical shapes, depending on their orientation with respect to the microtome’s
cutting plane. Cytoplasms of epithelial cells, coloured in a light purple, are
placed inward the glands enclosing the lumen, which mainly has white tones.
This spatial orientation is called polarity and facilitates the secretion of mucus
and other fluids into the lumen. Outside the glands, nuclei from different types
of cells of the rest of layers are surrounded by their cytoplasm and extracellular
matrix stained with pink eosin. Some breaks in the tissue can also be observed

in white.

Hyperplastic polyp (benign): as in the normal state, epithelial nuclei are small,
regular and round. However, hyperplastic tissue presents increased cellularity
and mitotic activity, which can be mixed up with adenoma. In fact, they have
some mutations in common that make them adopt similar features. Hyperplastic
polyps have also simple tubular architecture with elongated and straight crypts,
which cannot be properly visualised in Fig.1.11b due to the cutting orientation.
Nonetheless, this view allows to identify the serrated (saw-tooth or star-
shaped) morphology of the glands, which characterises this abnormal and benign

condition.

Adenoma (precancerous): this precursor lesion is defined by the presence
of intraepithelial neoplasia, which is characterized by hypercellularity with
enlarged, hyperchromatic nuclei, varying degrees of nuclear stratification, and
loss of polarity [28]. In some types of adenoma, glands also present a serrated
configuration if they are observed with a low magnification microscope, but the
epithelial cells are dysplastic unlike in hyperplastic polyps. Dysplastic cells lack
morphological uniformity, lose their architectural orientation and often contain
large hyperchromatic nuclei with a high nuclear-to-cytoplasmic ratio [3]. In
adenoma, dysplastic glandular structures normally occupy a great portion of

the luminal surface, as can be observed in the bottom-left region of Fig. 1.11c.

Adenocarcinoma (cancer): its defining feature is invasion through the mucosa
into the submucosa, where it has higher risk of metastasis. The grade of
adenocarcinoma is mainly determined by the extent and appearance of the
glands, which become more heterogeneous and distorted. Depending on whether

the glands can be identified, the lesions can be divided into well, moderately and
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poorly differentiated adenocarcinoma. Fig.1.11d is an example of a moderately
differentiated adenocarcinoma, where the epithelial cells are large and tall, and

the gland lumina have almost disappeared or contain cellular debris.

Tumours present a great histological diversity, showing different regions with
various degrees of differentiation, proliferation, vascularity, inflammation and/or
invasiveness [16]. Histopathological comparison of normal tissue and tumours,
although reveals morphological differences, also confirms common features in their
microarchitecture. The pathologist must be able to identify these (sometimes subtle)
differences in order to define the grade of cancer and then choose the best clinical
management. This assessment is even harder in intermediate phases of development,
when lesions are localised in small regions of the sample and may not show clearly

distinctive characteristics.

Cytopathology

In a similar way to histopathology, cytopathology studies and diagnoses diseases at
the cellular level [59-61]. In certain types of cancer, individual cells are examined
as a complementary test to histopathology or even as the main diagnostic tool. The
most typical examples are leukaemia, cervical cancer and bladder cancer, where cells
can be collected in a relatively simple way. However, a significant amount of cells
can be extracted from less accessible regions, for example, by fine needle aspiration
as in lymph nodes. Cytopathology gives valuable information about molecular and
morphological changes that helps in the diagnosis of precancerous and malignant

lesions.

Cytopathology, as well as a science, is considered an art even more challenging
than histopathology because changes in cells can be subtler or more hidden than
in tissue samples [59]. The quality of the preparation of cytological samples is
crucial to perform an accurate interpretation. As done with tissues, cell specimens
collected from suspicious sites by exfoliative procedures, fine needle aspiration or
even endoscopy, must be processed in different steps that typically include [62]:
cytocentrifugation, to separate cells; fization, to maintain morphology; and staining,
to facilitate cell visibility, detection and interpretation with classical light microscopes.
A famous dye in cytopathology is the Papanicolau stain, which is a mixture of five

dyes including hematoxylin and eosin.
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Cell culture

In parallel with traditional cytopathology, where ez-vivo cells collected from
humans are directly studied for diagnostic purposes, cell culture consists of creating
cytological samples under controlled laboratory conditions (in witro). Cell culture is
becoming more important in both academic research and industry to develop new
diagnostic technologies, to generate and use test or model systems, or to produce
biopharmaceuticals or other oncological products [63]. The main advantage of cell
cultures is the homogeneity of replicated samples, which normally belong to a specific
cell line. This is specially useful in the development of screening systems for diagnosis
and drug testing because the pathological conditions of the cell lines are known and
the obtained results can be potentially consistent and reproducible [64]. As main
limitations, culture techniques require high levels of expertise and relatively expensive
equipments in order to guarantee the quality of the cell culture. In addition, not only
for quality but also for safety reasons, people working with cultured cells must follow

standard protocols and specific practical guidelines [65-67].

As commented, cell cultures normally employ catalogued cell lines with known
properties that were originally extracted from human or other animal tissues. Fig.1.12
illustrates the evolution with the time, in terms of cumulative number of cells, of a
hypothetical cell line. After tissue removal or explantation, cells are isolated and
placed into a suitable culture environment to create the primary culture. These
original cells grow and proliferate until reaching confluence, that is, cells occupy all the
available substrate and make close contact with one another. At this point, cells are
detached from the substrate with enzymes and moved to a new substrate to produce
the first subculture or passage and give rise to the cell line. The process is repeated in
a series of passages where the most proliferative cell lineages gradually predominate

and the cell line becomes more stable.

Cell lines created from normal tissue, unlike malignant cells (Sec. 1.1.2), have a
limited number of replications due to the shortening of telomeres and finally undergo
senescence (non-proliferative state). The population of these finite cell lines reaches
a maximum and then decreases when the non-proliferative existing cells gradually
die (Fig.1.12). However, some cultured cells experiment genetic transformations and
originate a continuous cell line capable of replicating infinitely. This transformation

or immortalisation may occur spontaneously or be chemically or virally induced. Not
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Fig. 1.12: Evolution of a cell line. The vertical axis represents total cell growth (assuming
no reduction at passage) for a hypothetical cell culture. Total cell number (cell yield) is
represented on this axis in a logarithmic scale, and the time in culture is shown on the
horizontal axis on a linear scale. Although a continuous cell line is depicted as arising at 14
weeks, with different cells it could arise at any time. Likewise senescence may occur at any
time. Reproduced from [64] with permission by courtesy of John Wiley & Sons Inc.

all types of cells have been successfully immortalised. The most famous case is normal

human fibroblasts, which never give rise to continuous cell lines [64].

Established cell lines can be cryopreserved and stored with liquid nitrogen,
perpetuating their characteristics indefinitely. A great diversity of cell lines are
available from recognised cell banks, which guarantee their authenticity and freedom
from microbial contamination [67]. Specialised laboratories, which must have trained
personnel and appropriate equipment (e.g., microbial safety cabinets, incubators,
autoclaves, water filtration units, etc.), can acquire batches of catalogued cell lines
from recognised cell banks or distributors and create their own cell cultures for

research purposes.

When culturing animal cells, it is essential to consider that they only survive
under relatively constant physiological conditions, which must simulate blood plasma
or interstitial fluids and avoid contamination with external microorganisms. They also
require a strict control of the physicochemical microenvironments in order to develop
their specific phenotype (distinguishable characteristics or traits). In particular, some

factors that determine the correct development of cultured cells are: the incubation
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temperature; the concentration of nutrients and growth factors in the supplied media;
the nature of the substrate, especially for cell adhesion; and the interaction and

contact between cells.

Cell proliferation is governed by the cell cycle (Fig. 1.2), which is regulated
by growth factors that must be artificially supplied and other signals from the
microenvironment. For instance, normal cells stop proliferating in highly dense
cultures due to cell contact inhibitions, whilst cancerous and other transformed cell
lines may keep dividing (Sec. 1.1.2). Each cell line, mainly specialised cells such as
epidermal keratinocytes, needs specific culture conditions and handling in order to

proliferate and keep differentiated.

Four different skin cell lines will be analysed in this thesis (Ch.5): two of them
(HaCaT and NIH-3T3) derived from normal or healthy skin (Sec.1.1.4) and the other
two (A-375 and SK-MEL-28) from different melanoma lesions. Fig.1.13 shows images
from specific regions of cultures of each cell line, which were acquired with a phase
contrast microscope. Some characteristics of these skin cell lines can be described in

alphabetical order:

(a) A-875: is a cell line derived from a 54-year-old female of unknown ethnicity
with malignant melanoma, which was established in 1973 [68]. When inoculated
subcutaneously in immunosuppressed mice in vivo, these cells rapidly develop

tumours resembling amelanotic melanomas.

(b) HaCaT': is an immortal cell line that was spontaneously transformed in vitro
from normal keratinocytes extracted form a 62-year-old Caucasian male in
1988 [69]. It presents unlimited growth potential but remains nontumorigenic
and is capable of reproducing the orderly structure of normal epithelial
tissue. Therefore, HaCaT cells tend to join together and form densely packed

monolayers in cultivations in vitro.

(¢) NIH-3T3: is an immortal non-pathological cell line created from NIH Swiss
mouse embryo fibroblasts in 1969 [70]. It is considered a standard fibroblast cell
line and has been used in numerous cytological studies as a substitute of human
fibroblasts, which have not been successfully immortalised and present critical

problems of instability in vitro [64].
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Fig. 1.13: Phase contrast microscopic images (with corrected background) from cell cultures
of four different skin cell lines, including melanoma. Green scale bars represent 100 pm.
(a) A-375 (Malignant melanoma). (b) HaCaT (Non-tumoral keratinocytes). (c) NIH-3T3
(Non-tumoral mouse fibroblasts). (d) SK-MEL-28 (Malignant melanoma).

(d) SK-MEL-28: is a malignant melanoma cell line that was established from an
axillary lymph node of a 51-year-old male of unknown ethnicity in 1976 [71].
SK-MEL-28 cells cultivated in vitro tend to grow as a monolayer and normally

present a polygonal morphology.

As can be observed in Fig. 1.13, each cell line has different morphological and
growing properties. HaCaT cells form the most organised and connected monolayer,
whereas NIH-3T3 fibroblasts and specially melanoma cells grow in a more disorganised
way with frequent areas of overlapping cells. In addition, individual melanoma
cells present more compact and rounded shapes, as a sign of their enhanced mitotic
activity (Sec.1.1.2).

Finally, as in traditional cytopathology, cell cultures can be processed after growing
to be visualised with specific imaging methods and allow their storage for posterior
studies. In particular, they can be chemically treated with fixatives to keep their
morphology with the time. However, these treatments may alter the chemical

characteristics of the cells.

1.2 Motivation

As was described and supported with official statistics in Sec.1.1.5, cancer in general,

and colorectal cancer and melanoma in particular, are major health problems with
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high incidence and mortality. Besides, the survival of cancer patients dramatically
decreases when the lesion is not diagnosed at early stages of development. As also
commented before, histopathological (and in some cases cytopathological) analysis

remains the gold standard for the diagnosis of most types of cancer.

Nowadays, the final assessment of suspicious biopsies is still performed by an
expert pathologist, who visually inspects the prepared samples with a traditional
optical microscope and gives a qualitative judgement. This lengthy and tedious
methodology possesses a high degree of subjectivity and heavily relies on the
experience and skills of the clinician. Several studies, involving pathologists with
many years of experience, have revealed a suboptimal inter-observer variability in
the differentiation and reporting of both colorectal polyps [72-75] and melanocytic
neoplasms [76-79]. This diagnostic discordance is normally higher (even surpassing
30% of studied cases [78]) in early stages when abnormal tumours do not show clearly
discriminant signs yet. This circumstance leads to changes in clinical management
and gives rise to situations where a region of benign tissue is removed (overdiagnosis)
or, even worse, a malignant lesion is not properly treated (underdiagnosis). The
controversy in the diagnosis mostly disappears in advanced stages, but the lesion
is already lethal in most of those cases. Most reported studies conclude that more
objective criteria should be applied for risk stratification in screening and surveillance

guidelines.

1.2.1 Infrared spectroscopy and cancer diagnosis

One of the main targets in cancer research is the discovery and validation of new
biological markers (biomarkers), which are representative of the pathology. A cancer
biomarker is any functional entity that can be objectively measured, such as genes,
proteins, metabolites, morphological, cytogenetic or cytokinetic parameters, as well
as any other physical feature or detectable change in body fluids or tissues that can
be significantly related to a specific cancerous disease [80]. Infrared (IR) spectroscopy
(Ch.2) takes advantage of the ability of IR light to excite the vibrational modes of the
chemical bonds that form the biological matter. Its main generated signal provides
rich and concise information about the biochemical composition and the omics of the
illuminated specimen, fitting all the characteristics to become a useful biomarker of

cancer in clinical practice [81].
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Unlike other imaging techniques well-established in medical practice, such as
Computed Tomography (CT) and Magnetic Resonance Imaging (MRI) [82,83], IR
spectroscopy is still an emerging technology in the biomedical field. IR spectroscopic
techniques have been successfully used since the last century in chemical and
pharmaceutical industry, e.g., in the characterisation of polymers and drugs [84, 85].
Some attempts were made since the 1950’s to investigate biological specimens,
although they are far more complex than industrial material. But it has been
mainly in the current century when new advances in instrumentation, data acquisition
and data analysis have shown the potential of IR spectroscopy for biomedical

applications [86].

Many proof-of-concept studies have demonstrated the diagnostic capabilities of
IR spectroscopy in different types of cancer over the past decades [81, 87—89].
This incipient technology potentially offers objective and automated analyses of
biological specimens, which could even be adapted to routine screening. Therefore,
IR spectroscopy can play a significant role at different levels of cancer diagnosis
and research, from in-vitro applications such as analysis of cell cultures, ez-vivo
diagnosis such as histopathology and cytopathology, and even in-vivo screening
such as non-invasive early detection of skin cancer [90]. Nevertheless, translation
to clinical practice still must be justified with statistically relevant studies of
increasing complexity that gradually incorporate the current existing variability in the

instrumentation, sample preparation, measurement protocol and data processing [91].

1.2.2 MINERVA project

MINERVA is a project funded by the European Commission through its Seventh
Framework Programme (FP7) that brings together thirteen partners from across
Europe with the common objective of developing mid-IR technology to improve the
diagnosis and research of cancer [92,93]. MINERVA pursues several targets in parallel,
from developing new IR instrumentation, such as fibre lasers, Acousto-Optic (AO)
modulators, supercontinuum sources and detectors in the mid-IR range, to explore
the performance and limitations of current IR spectroscopic technology in cancer

identification.

The spectral region studied in MINERVA covers the so-called fingerprint region

(Sec. 2.4.1), which includes the most distinctive absorption peaks of biomolecules.
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By studying the pattern of IR spectroscopic signals it is possible to deduce
valuable information for disease diagnosis. But this process is not straightforward
because the useful molecular information is buried in the interrelated distribution
of biological species, which only differ in subtle biochemical changes. In addition,
IR spectroscopic signals are affected by different kinds of spectral artifacts, which
may arise from the preparation of the sample, the acquisition procedure or other
undesirable physicochemical effects. Therefore, advanced mathematical techniques,
such as multivariate analysis and machine learning, are required to extract the
relevant information from the large amount of spectral data in order to identify and

differentiate cancer.

This thesis has been developed within the framework of MINERVA project.
Universitat Politecnica de Valencia (UPV), as a partner of MINERVA, has
collaborated in the acquisition, processing and analysis of IR spectra from biomedical

samples. In particular, two applications related to cancer diagnosis have been explored
in MINERVA:

e Histopathology: the main aim is to evaluate the capabilities of IR spectra to
discriminate colon cancer in tissue biopsy samples. In this task, UPV has
collaborated with University of Exeter (UoE) and Gloucestershire Hospitals
NHS Foundation Trust (GHFT), both from the United Kingdom (UK). A
significant number of tissue samples, extracted from patients with colon cancer
in different pathological conditions, was provided by GHFT. Hyperspectral
Fourier Transform Infrared (FTIR) images from all these samples were acquired
at UoE by using a state-of-the-art benchtop FTIR microspectroscope. Expert
spectroscopists from UoE and GHFT have been in charge of the acquisition
and analysis of this relevant dataset of hyperspectral FTIR images. UPV has
mainly played a supporting role in this application, by adapting and developing
algorithms from the fields of image processing and computer vision in order to
fuse the information of hyperspectral FTIR images and conventional microscopic
images (Ch. 4).

e (Cytopathology: the aim is to assess the potential and limitations of IR
spectroscopy to distinguish different types of catalogued skin cell lines including
melanoma. To accomplish this task, UPV has collaborated with Westfélische
Wilhelms-Universitdt (WWU), from Miinster (Germany). WWU provided the
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biomedical support by preparing the cell cultures of skin cell lines. UPV has
played a more significant role in this application by acquiring most of the
hyperspectral FTIR images from the cell cultures at UoE, as well as processing
and analysing them (Ch.5). During this process, UPV counted on the valuable
help and supervision of experts from UoE and GHFT.

1.3 Objectives

This thesis aims at contributing to the improvement of the final diagnosis of cancer,

a real and relevant problem in the biomedical field, by means of new optical

technologies and analytical methodologies. In particular, the main aim is to contribute

to the development and assessment of objective decision support systems based

on images captured from tissue and cell samples with modern benchtop FTIR

microspectrometers. In order to fulfil this global and generic task, several specific

objectives are derived:

e Reviewing and synthesising the most relevant concepts from the biomedical field

which are essential to correctly deal with pathological samples.

Reviewing and synthesising the most updated knowledge concerning the technol-
ogy of IR spectroscopy, including its instrumentation and the physicochemical
phenomena involved in the creation of FTIR spectral signals for the special case
of biological samples. These concepts are needed to collaborate in the correct
acquisition of FTIR hyperspectral images and to perform a sounder processing

of the spectral data.

Reviewing and identifying the most relevant methods and algorithms currently
employed for the processing and analysis of the recorded hyperspectral FTIR
images. These methods belong to different interconnected areas, such as image
processing, computer vision, machine learning, pattern recognition, multivariate
analysis, chemometrics, as well as specific techniques from the spectroscopic
field.

Applying all the concepts and methodologies together with preliminary studies

to real diagnostic problems based on histopathological and cytopathological
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samples. Special emphasis will be given to the correct assessment of the
obtained results and the possible limitations of the employed technologies and

methodologies.

1.4 Outline

In this chapter the most relevant notions from the biomedical field related to cancer
and its final diagnosis have been reviewed. This background helps to understand the
necessity for the studied technology. In addition, its knowledge is essential to perform
a correct treatment, measurement and analysis of the involved biological samples.

The rest of chapters focus on the technological concepts and their applications.

Ch. 2 will present the most relevant theoretical an practical aspects concerning
Infrared spectroscopy, which must be considered and understood to proceed correctly

in the later applications.

Ch. 3 will describe several techniques connected with the preprocessing of FTIR
spectra acquired from biological samples as well as the methods commonly used to

extract the most relevant information in these high-dimensional datasets.

Ch. 4 will thoroughly detail the first of the two main applications of this thesis,
which aims at helping to improve the diagnosis of histopathological samples. This
application consists of the development of a methodology that automatically aligns
different histological sections measured by two imaging modalities in order to combine
the spatial information extracted from those two techniques. To that end, the
theoretical background of FTIR spectroscopy described in previous chapters will be
fused with modern methodologies from the fields of image processing and computer
VISLON.

Ch.5 will present the second main application of this thesis, this time with the goal
of improving the diagnosis of cytopathological samples. Its main objective is to assess
the generalisation capabilities of FTIR signals to reliably discriminate different types
of skin cells containing malignant phenotypes. The followed methodology, which fuses
techniques described in previous chapters with new methods from the areas of machine
learning and pattern recognition, will be detailed together with the main reasoning
behind each applied step. In addition, the final results will be quantitatively assessed
and thoroughly discussed.
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Finally, Ch. 6 will summarise the most relevant conclusions derived from
the previous chapters with special attention to the most important findings and

limitations identified in the two main applications.
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2.1 Introduction

In this chapter, the fundamental concepts of Infrared spectroscopy, its practical
instrumentation, and the key ideas related to the signal and image formation will
be described. Special emphasis will be made in the practical aspects that will affect
the later applications. In particular, the main sources of artifacts and errors that may

hamper the posterior analysis of the measured signals will be detailed.

2.2 Infrared spectroscopy

Infrared spectroscopy together with Raman spectroscopy constitute the field
of analytical chemistry called wvibrational spectroscopy.  This field has many
diverse applications in biomedicine, biochemistry, forensic sciences or food and

pharmaceutical industry [94].

IR band covers the wavelengths (\) of the electromagnetic spectrum which are
immediately superior to the visible spectrum (A ~380-780 nm). The division of the
IR band is not precise and can vary depending on the field of application or the
related publication. Considering the definitions of spectral bands specified by the
International Organization for Standardization (ISO) [95], IR band can be divided
into three main regions of increasing wavelength: near-IR, (A ~780 nm-3 pm), mid-IR
(A ~3-50 um) and far-IR (A ~50 pm-1 mm). Fig. 2.1 illustrates the most useful
bands of the electromagnetic spectrum with an enlarged view of th