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ABSTRACT

The main objective of this work is the development of novel cancer biomarkers usable in
personalized treatments. To understand why this issue is important, a brief description
of cancer, including statistical results over the past years, is provided. The work also
describes individual methods of light microscopy that can be used in cell analysis and
subsequent image processing consisting of segmentation, tracking, feature extraction
and classification. In this work, the main cell features, such as cell motility and shape,
are presented. These features can be potential biomarkers in the treatment of cancer.

KEYWORDS

cancer, quantitative phase imaging, light microscopy, analysis of variance, image pro-
cessing, principal component analysis, biomarker

ABSTRAKT

Hlavnym cielom tejto prace je vyvoj novych nadorovych biomarkerov vyuzitelnych v
perzonalizovanych liecbach. Pre pochopenie, preco je tato problematika dolezita, slizi
strucny popis rakoviny obsahujlcej aj Statistické vysledky za uplynulé roky. Praca taktiez
popisuje jednotlivé metddy svetelnej mikroskopie vyuzitelné pri analyze buniek a aj na-
sledné spracovanie obrazov pozostavajice zo segmentacie, trackingu, extrakcie priznakov
a klasifikacie. V tejto praci si prezentované priznaky hlavnych vlastnosti buniek, ako je
rychlost a tvar bunky. Prave tieto priznaky mozu byt potencidlne biomarkery pri liecbe
rakoviny.
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Introduction

Cancer is one of the diseases from which humanity has been suffering for a long
time. Some people think it’s a disease of modern times, but the opposite is true.
Recently it has come to the fore because other serious diseases such as pneumonia
or infectious and bacterial diseases are easily curable. Cancer differs from these
diseases because more than 200 types of cancer exist and its early course could be
inconspicuous.

The results of the statistics described in the first chapter show that there are
every year more and more cases of the cancer. Even with the significant progress in
cancer treatment, the morbidity and mortality has been a major burden world-wide.
Further improvement in treatment is required and there is a promising potential in
personalized approach and pre-testing potential chemotherapeutic drugs with biopsy
cells using suitable light microscopy techniques, which are described in the second
chapter. It also describes the topic of the image processing, principal component
analysis method and analysis of variance statistical method.

The third chapter consists of the practical part of this work where potential
biomarkers are described showing the activity of cancer cells after administration of
a particular drug.
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1 Cancer

Cancer represents a group of over 200 individual diseases. Their main trait is ma-
lignant growth - unlimited reproduction within the range of a tissue, and inva-
sion/metastasis - the spread of cancer cells to other parts of the organism.

As time went on with development in medical treatments, knowledge about can-
cer grew exponentially with it. Even though there is no full apprehension of cancer
development at molecular and cellular levels, its overall characteristics and nature

are widely known. [1]

1.1 Cell Biology of Cancer

Cancerogenesis is the term used to describe certain actions that cause a healthy, nor-
mal cell to change into cancerous. It consists of phases called initiation, promotion
and progression. [1]

During cancerogenesis, cells change their behavior, mainly proliferative and motile,
as a results of underlying genetic or epigenetics changes which reprogram signaling
networks of cells.

Throughout the life of a human, about 10 cell divisions will occur in the body
and each one of these could lead to a malignant tumor if it gets out of control. Even
one cell within contact of the carcinogens could develop series of mutations that
could lead to forming the cancer. Types of mutations that may occur are:

o Somatic — Genetic changes may affect cells anywhere in the body, where
they may form a tumor. This mutation remains in the individual, therefore it
cannot be transmitted to its offspring.

e Germinal — This type of mutation occurs in genome of sperm or egg, or in
the precursor of the gonads. Mutated cells are inherited from the individual
to its offspring.

e Chimerisms — Transfer of mutant cells from one organism to another, for

example through the placenta. [2][3][4]

Initiation is the first step towards cancer, which may occur in stem cells. It is the
result of spontaneous cellular change or exposure to a carcinogen. Due to initiation
agent, cells undergoe irreversible change, which in matter of time can be rapid.
Genes responsible for transformation in human DNA are called oncogenes. Every
oncogene has its version in a healthy DNA sequence called proto-oncogene. This
type of gene can change due numerous mechanisms creating active oncogene. It
may be possible that a lot of cells in the body go through the process of initiation
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during the individual’s lifetime, however these cells can either die spontaneously or
stop spreading, or are neutralized by immunologic mechanism.

Promotion is a stage of carcinogenesis which ensue changes of transformed gene.
It may remain harmless until its integrity is damaged resolving in changes of gene
expression, selective clonal expansion, and proliferation of initiated cells. Compared
to initiation stage, the promotion stage exhibits feature such as, its duration is
prolonged, shows some characteristics of reversibility and in matter of visibility,
neoplasm is notably visible. [1] [5]

Progression is name of the last stage of carcinogenesis. Its essential trait is the
enormous increase of primary cancer mass, which can separate itself from its place
of origin to other tissues and organs through the body, process called metastasis.
As seen on Fig. 1.1, the cancer cell division lacks of control. Its effect of apoptosis
is insufficient, damaged cells have developed insensitivity to anti-growth signals and
self-sufficiency in growth signals, and they have limitless replicative potential. [1]
4 [5)

Normal Cell Division Cancer Cell Division

O
O

Damaged cell

Apoptosis

Fig. 1.1: Comparison of difference between normal and cancer cells division.

1.2 Risk Factors for Cancer

Each type of cancer has its cause, but one of the most important cures is prevention,
which is more preferred option than diagnosis and following treatment. With early
detection of cancer, the chance of survival increases. Epidemiologists have concluded
the fact, that major causes of the cancer are in fact the results of a lifestyle of an
individual. [1]
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It is known that tobacco smoke is harmful not even only for a smoker, but also for
non-smokers whose are within reach. It contains a lot of cancer-causing chemicals,
which is why it is responsible for about 33 % of cases, leading to a lung cancer.
Using smokeless products could increase risk of getting cancer of the head, neck and
pancreas. In Southern Asia, chewing of tobacco-containing products is prevailing,
which is the reason of major incidence of oral and pharyngeal cancer. [1] [3] [6]

Another source are numerous factors in the diet, which are mainly leading to dis-
eases of the gastrointestinal tract, such as cancers of colon-rectum, liver or esopha-
gus. For example, high-meat diets could be cause of previously mentioned colorectal
cancer. Chemicals, such as antitoxin, byproduct of fungal intoxication in food, or
nitrosamine, product of a reaction between amino acids and nitrites during high heat
meat cooking, could also cause malignancies. Alcohol beverages containing ethanol
are likewise capable of helping to create carcinomas in body.

Ultraviolet radiation is also part of the environmental causes. Light-skinned
people are more prone to getting skin cancer from excessive sun exposure.

There are few materials that could cause malfunction of healthy cells, for example
asbestos, which is dangerous in high dosage. Inhaling could form a lung carcinoma.

Other than that, some viruses could be origins, such as HBV (Hepatitis B virus),
HCV (Hepatitis C virus), EBV (Epstein-Barr virus), HPV (Human papillomavirus)
and HTLV (Human T-lymphotropic B virus).

One of the major risk factors that cannot be particularly avoided is genetic
disposition through family history. One does not choose or change genome, it is
information coded within body. If cancer has occurred in the family, the best way to
prevent it are regular screening programs. It is not always just one factor responsible
for causing cancer. Incidence of carcinoma can be formed with more than one, which
leads to synergistic effects. Good example is alcohol, which reacts as a solvent for

carcinogens located in tobacco products. [1] [3]

1.3 Cancer Incidence and Mortality Statistics

This disease is spreading worldwide and is therefore very important to monitor its
global impact. The incidence, mortality and prevalence are the most important
factors used in global cancer statistics. [7]

Incidence indicates the ratio of new cases of cancer, in given time period, to the
total number of people in the population. This sum may be in the form of as an
absolute number of cases per year or as a rate per 100,000 people per year. This
number can be obtained from cancer registries.

Mortality is the result of the incidence and the fatality for a given type of cancer.

In other words, it is the ratio of the number of deaths to a specific disease to the total
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population. Its rate is therefore and indicator of the average risk of death caused by
the disease. Mortality data are available via WHO (World Health Organization).
Prevalence is a term used for describing ratio of the number of people, who show
a particular attribute of given disease, within specific time and location. In this
case, it is not easy to determine the symptoms of the cancer, therefore people, who
have been diagnosed with the disease, no matter if it happened long time ago or

they had been cured, they all fall into this category. [7]

The next paragraphs will be dedicated to the statistics gathered by GLOBOCAN
(Global Cancer Observatory) based on global estimates of cancer incidence and
mortality, produced by the IARC (International Agency for Research on Cancer)
for years 2002, 2012 and 2018. [7] [8] [9]

1.3.1 Global cancer statistics of year 2002

Throughout the year 2002, it has been estimated that there were 10.9 million new
cases, 6.7 million deaths, and 24.6 million persons living with cancer, within 5 years
since diagnosed. The most affected area on the body was lungs. The number of
cases associated with lung cancer were approximately 1.35 millions and number of
deaths were 1.18. Fatality of this type of disease gained value of 0.87. The following
type, breast cancer, with number of new cases 1.15 millions and 411,000 deaths,
had fatality only 0.35 due to good diagnostic procedures. Other widespread types
were for example stomach and colorectal cancer. The difference in incidence and
mortality of the most widespread types of cancer among men and women are shown
on Fig. 1.2 [7]

Male Female
963 | ] 386
Lung 847 | [ 320
607 | | 329
Stomach o [ 254
Colon/Rectum 49 | 75 T I 250' a2
Prostate 678 51
Breast | 1150
Cervix uteri
Liver [Jincidence
Esophagus [ Mortaiity
f f f f f f f i
1200 900 600 300 Q 300 600 900 1200
(Thousands)

Fig. 1.2: Estimated numbers of incidence and mortality in 2002 according to sex

and cancer site.
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1.3.2 Global cancer statistics of year 2012

In 2012, the estimated number of new cases were 14.1 million and number of deaths
8.2 million. As seen on Fig. 1.3, the lung cancer is leading with 1.825 million of new
cases worldwide, the fatality still standing at 0.87. Following, the breast cancer with
number of new cases 1.677 million and the colon-rectum cancer with 1.36 million of
new cases. Highest fatality is reached by liver cancer with value 0.95. The incidence

related to women for esophageal cancer was not possible to obtain. [§]

Male Female
1242 | ] 581
Lung 1099 | [ 491
631 320
Stomach 4,|59—|——|—| 254
746 | ] 614
Colon/Rectum ] 520
1112]
Prostate |
Breast =3 | 1677
- - 573
Cervix uteri 56
. 554 228 :
Liver o1 | P [Jincidence
323 =
Esophagus 581 L:: 19 [ Mortaiity
f f f f f f f i
1800 1350 900 450 Q 450 900 1350 1800
(Thousands)

Fig. 1.3: Estimated numbers of incidence and mortality in 2012 according to sex

and cancer site.

1.3.3 Global cancer statistics of year 2018

In comparison with previously stated years, year 2018 is leading in number of cases
associated with cancer, which is 18.1 million. The estimated number of deaths
affected by the disease is 9.56 million. The most reported cases were caused by lung
cancer, approximately 2,094 million. Another widespread form is breast cancer.
Colon-rectal cancer, whose number of new cases is 1.85 million, as seen on Fig. 1.4.
The fatality of liver cancer has dropped, but it still has the highest value of 0.91.

[9]
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Male Female

1369 | ] 725
Lung 1185 [ s76
684 350
Stomach 514 |—|——|—| 269
1026 | ] 823
Colon/Rectum 7] 567
1276 |
Prostate |
Breast — | 2080
Cervix uteri 4,0
- 507 | 245 -
Liver 548 P [ incidence
400 172 . -
Esophagus 257 |::| 157 [ Mortality
f f f ] f f f |
2200 1650 1100 550 0 550 1100 1650 2200
(Thousands)

Fig. 1.4: Estimated numbers of incidence and mortality in 2018 according to sex

and cancer site.
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2 Methods

The analysis of the cells must go through various methods to ensure the required
form for subsequent diagnosis. In this chapter, the light microscopy techniques used
in cell imaging are described, where each type of microscope is being distinguished
by its properties and therefore it is necessary to choose the right technique with
respect to the research requirements. Later on, the image processing with a few
exemplary methods, and ultimately a statistical method that will help interpret the

results.

2.1 Light Microscopy

Light microscope is an optical device that can magnify the image of specimen. The
principle is in visible light beam, which passes through the specimen and afterwards
is bent in the lens system (Fig. 2.1). [10] [11]

Consender lens Objective lens Ocular lens

Specimen

Eye

Fig. 2.1: Principle of Light Microscope.

The structure usually consists of ocular lens, tube, objective lens, stage, con-
denser lens, fine focus, coarse focus, iris diaphragm, light source and base. The
objective lens, is the essential part of the microscope, responsible for resolving small
details of the specimen and quality of the produced image. This structure is very
difficult to construct, because it contains number of lenses of different shapes. An-
other important part is a condenser that focuses light beam into the place, where

the specimen is. [10] [12]

2.1.1 Light Microscopy of Live Cells

There are many types of systems that can show live cells, but each works on a
different principle. For these reasons, it need to be considered which system to use
for imaging living cells. Emphasis is placed on sensitivity of detection, acquisition

rate, and the viability of the specimen. For the system selection is also important
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specimen properties, such as the thickness and characteristics of the process being
studied, such as speed. [13] [14]

In the observation of cells, emphasis is placed mainly on their physiological prop-
erties, such as division, Brownian motion, diffusion, and a lot more. These proper-
ties occur in living cells, which means they cannot be fixed, freezed or dehydrated.
Therefore, the light microscope is used that allows observation of live cells at high

resolution and contrast, using special optical systems. [13]

Contrast Enhancement

Contrast is one of the primary image quality parameters, the source of which is
the interaction of objects with illuminating radiation. One way to improve it, is
staining. Using this technique, in addition to basic information about the physical
morphology of objects, chemical composition is also obtained. There are many types
of dyes and each of them has an affinity for specific cellular structures. Dyes that
react differently to different kinds of cells are called differential colors, the basic
example being the Gram Stain. Another types are fluorescent dyes which, after
irradiation, can emit light in the form of fluorescence. An example is the dye DAPI
(4’,6-diamidino-2-phenylindole), which is used to visualize the cell in its natural
environment. [13] [15]

Obviously, not all cells can absorb light. Cancer cells in tissues culture are
fairly transparent but their components have specific refractive indexes causing a
phase change of light, which can be detected by interference. These objects can be
observed by two methods, namely direct phase shift detection, which is described
in the phase-contrast microscopy, and oblique illumination. The principle of this
method is to shade the condenser so that part of the light aims aside from the
objective lens. Objects that have the property of changing the direction of the
passing light, appear in the resulting image darker or lighter than the background.
This aspect is caused by the part of a light that has either deviated even further

from the objective lens or, on the contrary, has pointed towards it. [15]

2.1.2 Major types of light microscopy
Bright-field Microscopy

This type of microscopy is best known for its simplicity. Light passes through the
specimen, which reduces its intensity under the sample absorption. The outcome is a
dark object on a light background, therefore the name, bright-field microscopy. The

used optics doesn’t alter the color of the specimen, which is one of the advantages.
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The disadvantage is that only a few samples can be observed without additional

staining. [12]

Dark-field Microscopy

By using a special condenser lens and an opaque disc we can observe in dark field.
The principle is in transition of light beam, while the disc is located in the middle of
lens, resulting in removing the central part of light cone, leaving only rays located
in the outer ring. The majority of beam is scattered when passing through the
specimen. Afterwards it enters the objective lens and creates an image. The result
is an bright image against the dark background. The advantage of this technique is
significant increase in contrast compared to bright-field microscopy. It is suitable for
viewing external features of cells, such as outlines, edges. Although, the observed
cell must have the following attributes: it is transparent, doesn’t contain added
stains and absorbs little or no light. A great disadvantage is the tendency to distort
the resulting image, causing inaccuracies. For example the artifacts may be caused
by the insufficient specimen thickness. [10] [12] [13]

Phase-Contrast Microscopy

As seen on Fig. 2.2, a condenser annulus is positioned in the front focal plane of
the condenser, causing parallel light wavefronts emanating from the ring through
the specimen. Phase objects will divert some of the rays from the original direction.
Phase plate located in the rear focal plane shifts phase of rays which have not
changed their direction. The image of the object originates from the interference of
the diffracted light (phase-shifted) and surround light. When the image compared to
its background appears darker - positive phase contrast, when lighter - negative phase
contrast. The main reason using this method is high contrast an image resolution. It
is suitable for obtaining information from living cell in its natural habitat. A serious
lack occurring during method is the presence of so-called halo effect which appears
in materials with a high refractive index. It is a glowing interface between the object
and the surrounding environment, as a result of a light refraction. The limitation
may also be the size of the cell, whereas this method is not ideal for observing thick
structures. [10] [11] [12] [15] [16]

Differential Interference Contrast Microscopy

Also called the Nomarski interference microscope, whose main element is the No-
marski prism. The light passes through a polarizing filter, falls on the Nomarski
prism, where the light separates into two mutually polarized parts. After passing

though the sample, they are shifted and before the impact on the image plate, they
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Fig. 2.2: Principle of Phase-Contrast Microscopy.

are recombined in the same way as they were separated from each other. It is mainly
used in the visualization of living cells, due better image quality. The previously
mentioned halo effect does not occur in this method, which allows better identifi-
cation of external cellular structures. It can also observe extremely thin specimens
and biological processes with additional staining. [12] [16] [17]

Fluorescence Microscopy

Frequently used for substances capable of emitting visible light after being illumi-
nated with light of shorter wavelength, such as UV (Ultraviolet) irradiation. The
light path begins with passing through excitation filter into dichroic mirror where
the change of direction occurs. After light hits the specimen, electrons absorb the
energy, causing them to excite into higher energy level. Being unstable, they return
to basic state, accompanied by photon radiation, which is subject of detection. The
construction is similar to a conventional optical microscope with adaptation to work
with UV light. It is mainly used for observing cellular structures, thanks to its high
sensitivity, which can detect even smaller molecules. The disadvantage is inability

to examine thick structures and almost all cells need to be dyed. [12] [18]

Confocal Microscopy

The major difference between this type of microscopy and the other mentioned, is
presence of the laser using spectrum of visible, UV or IR (Infrared) light. The light
passes through pinhole aperture toward the objective, focusing rays into the focal
plane of the specimen. Subsequently, they are reflected back into the objective lens.
Light rays carrying information about the structure of the specimen are reflected by
the dichroic mirror toward another pinhole aperture to the detector, where the infor-

mation will be processed. Scattered light rays that did not reflect from the structure
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are intercepted by the pinhole aperture, increasing quality of the image. The major
advantage is the imaging speed with high quality. Another important feature is
the ability to display image in three-dimensional resolution. With this method is
possible to observe functions of complex structures such as neural networks. The
disadvantage is that it also needs stained cells. [10][12] [16]

2.1.3 Quantitative Phase Imaging

This method uses the principle of interferometry (Fig. 2.3) to measure the optical
field, using both amplitude and phase information. The output of this method is
the map of the optical path length delays associated with the examined specimen.
This image consists of information about the local thickness and the refractive index
of the structures of the specimen. [19] [20] [21]

Reference wave

Specimen

Interferogram
Transmitted beam (amplitude and phase images)

Incident wave

Fig. 2.3: Quantitative Phase Imaging operating on the principle of interferometry.
[20]

Most biological samples, including cells, biomolecules and tissues, generally nei-
ther absorb nor significantly deplete the light beam. They are transparent, called
phase objects. Meaning, the amplitude information does not provide a sufficient
contrast for imaging, though they provide a phase delay, which serves as contrast
for QPI (Quantitative Phase Imaging).

Unlike microscopic methods using additional dyes, QPI exhibits less phototox-
icity and no photobleaching, it can even measure morphology and cell dynamics
without added dyes. This is a huge advantage since the cells affected by staining
may have altered its physiological functioning and cannot be inserted back into the
patient’s body. Another advantage is its sensitivity in nanoscale, for example, ob-
serving live neurons during electrical activity, is able due this ability. However, one

of the most important reasons why to use this technique is its capability to measure
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single-cell morphology such as volume or mass without damaging it, during any pe-
riod of time. The observed cells may be in either adherent or flowing populations.
It can also observe dry mass, which is the mass of a biological sample from which
the water has been removed. [21]

From a medical point of view, this method has a great use already. Using QPI,
cells do not need to be prepared or fixed by special procedures, also the labeling
agents are not required. The main advantage is the already mentioned ability to
monitor the morphology of the cell, according to which we can distinguish disease in-
fected cells from healthy or even reveal the manifestations of onset diseases, whether
infectious or noninfectious. QPI is also useful in studying the behavior of genetic
diseases, for example, sickle cell anemia. By measuring the mean phase shift of cells,
it is possible to determine whether the cell is dead, due to apoptosis or necrosis, or
live, thus is moving. Another parameter this method can address is cell migration,
for example by detecting the traction force created by fibroblasts during migration.
20 [21]

2.2 Cell Image Processing

Human examination of cells has been routinely used and contributes significantly
to successful treatments. However it may have limited objectivity and accuracy in
detecting small but systematic changes in dynamic cell behavior. That is the reason,
why applications are used nowadays, to facilitate the extraction of quantitative in-
formation from cells that can determine the disease quickly and effectively, resulting
in faster diagnosis. But before all that, it is necessary for the image of the examined
cells to go through several processes. Cell image processing primarily consists of

segmentation, tracking, feature extraction, and classification. [22] [23]

2.2.1 Segmentation

Segmentation is the most important and at the same time the most demanding
process of whole cell image processing. It divides the image into several objects,
regions, distinguishing them from the background. In medical applications, it can
define areas representing, for example, bone structures, organs, cells. The level of
difficulty of this process depends on the type of image being processed. [23] [24]

Segmentation techniques can be divided into the following groups:

o Parametric Image-based

o Region-based

« Edge-based [25]
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Parametric Image-based methods operate on the basis of homogeneity of areas. The
main procedure is thresholding. It is computationally simple and fast, dividing
the gray-level image into binary by threshold, which can be determined by the
histogram of the image. The use of this procedure is possible when the objects are
not in proximal distance of each other and their gray-levels are visually distinct
from the background. The parametric image-based methods naturally have their
limitations, such as modification of the parameters depending on the illumination
or the inhomogeneity of the image sensor. [25] [26]

Region-based methods are formed on the principle of continuity, which classify
pixels based on their similarity to regions, areas characterized by a certain common
characteristic. They use the concept of homogeneity, with more local application
possible, resulting in greater flexibility in segment definitions. Homogeneity is an
important feature that is used as the main segmentation criterion of the region
growing method, which can be based on gray-levels, brightness, texture, etc. The
region-growing method is one of the conceptually easiest methods of region-based
segmentation and also probably one of the oldest segmentation methods. It is based
on expanding areas depending on the fulfillment of a certain homogeneity criterion.
Enlargement continues until the area is surrounded by a region with a different
criterion. In this case, no further expansion is possible. The other method used, is a
region split-and-merge, based on dividing regions, that are not homogeneous in the
sense of the selected criterion, into smaller until all the chosen regions are uniform.
Subsequently, the adjacent regions are merged. [25] [26] [27]

Edge-based methods are another way in image segmentation, using the principle
of discontinuity. Their goal is to find the edges of the segments in the image. When
the boundaries are correctly determined, the edges are formed by closed curves
whose internal area is sought area of the examined segment. The methods also use
homogeneity, but its requirements are low, meaning, the edge is detected in places
where abrupt changes in image properties have occurred, which may be indicative
of the potential boundaries of the region. The created curves should be closed,
describing the circumference of examined the area. There are, of course, problems
associated with edge-based methods, the most common of which are caused by noise
or insufficient information in an image. These causes may result in segmentation
in a way of edge being located where there is no border and vice versa no edge is
located where a real border exist. One of the methods used, where image noise is
present, is edge relaxation, using edges located between pixels, i.e. crack edges. [25]
26
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2.2.2 Tracking

The essential property of each object in the real world is its expansion in time and
space. This feature is especially typical for living organisms that need time to grow,
reproduce or even respond to stimuli. This is the reason why real-time cell analysis is
used in medicine. However, one of the problems that may arise during the analysis of
a large number of cells is object tracking. Imagine exploring hundreds to thousands
of cells in a few hours film. It is almost impossible to manually trace individual cells
in hundreds to thousands of frames. Therefore, sophisticated computer methods
have been developed to fulfill this task. [28] [29]

Cell tracking methods can be generally sorted into two groups:

» Tracking by detection

« Tracking by contour evolution [30]

Tracking by detection is characterized by the principle of segmenting all objects in all
frames in a video which associate objects among frames based on similar properties.
The most commonly used method is the nearest neighbor (NN) algorithm that is
simple, efficient and in many cases effective. The principle is to link each segmented
cell in a given frame to the nearest cell in the next frame. The term nearest may
refer to spatial distance but also to differences in properties such as intensity or
volume. This method works seamlessly if the cells are well separated in at least one
of the dimensions of the feature space. Naturally, limitations are associated with
this method, meaning high memory requirement and high computation complexity,
which led to creating techniques capable of overcoming mentioned limitations. NN
techniques are broadly classified into structure less methods (Reduced NN, Con-
densed NN), overcoming memory limitation and structure based methods (Tunable
NN, Nearest Feature Line), reduction in computational complexity. [28] [31]
Another method we can include in tracking by detection is graph-based opti-
mization, which perceives the image as a graph. Each pixel represents a node and
edges to reflect changes in image properties, such as intensity or color. [32]
Tracking by contour evolution methods begin by segmenting the cells in the first
frame and evolve their contours in the next frame. The advantage of this method is
simultaneous segmentation and tracing of objects, assuming spatio-temporal overlap
of corresponding cellular regions. The method accurately represents the silhouette
of the object and, during frames, directly evolves the contour of the object by min-
imizing energy using direct minimization techniques, such as gradient descent and
the region feature. Simply put, this technique uses the object contours of the pre-
vious frame as initialization in the current frame (Fig. 2.4). Another advantage is

that it handles the deformation of the cells among the frames well, but if a new
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object appears or there is a large displacement between the frames, reinitialization
is needed. [30] [33] [34]

Fig. 2.4: In each frame in the time-lapsed image we see the final contour of a cell
(solid line) obtained by minimization of an energy functional. The initial contour
of a cell (dotted line) is used as initialization in the following frame. In the frames,
mitosis can also be seen, which is detected by monitoring the shape of the contour

function during energy minimization. [29]

2.2.3 Feature Extraction

Features are specific properties of the objects on which we can classify them. Two
of the most informative features in medical image interpretations are shape and
texture that can be quantified by many automated techniques. This allows feature
extraction to be divided into two groups:

o Shape quantification techniques

o Texture quantification techniques

In the case of time-lapse image, dynamic features can also be used.

Shape quantification techniques

Shape quantification techniques can be applied to segmented images in three dif-
ferent ways<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>