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Annotation

The aim of this thesis was to design new algorithms for processing image
data from microscopes and demonstration of the possibilities of their use on
standard samples (latex particles of different diameter). Results were used
for the analysis of real objects inside the living mammalian cell.

For the design of these algorithms was necessary to first understand how
the image in the microscope is build, including a variety of lens aberrations.
It was necessary to start with simulations of ideal case displaying one point
(simulation PSF). Images of Airy discs in the plane of focus, or simulations
using the ENZ theory. Available ENZ simulations provide only a few sections
of different focal planes. It was necessary to adjust them to a usable form
for generating a full 3D view. Using these algorithms, it was examined the
behavior of the basic lens aberrations, and the behavior of two particles
(objects) at different distances from each other. At the conclusion of these
observations, it was necessary to redefine the terms Focus and resolution.
Furthermore, the definitions have been introduced for discriminability and
distinguishability of objects in an image.

Thanks to the new definitions and new viewing (information entropy)
to challenge the discriminability /distinguishability problem of objects in the
image was possible to design and develop algorithms for image processing
that enable to detect objects below the Abbe resolution condition using stan-
dard optical bright field microscopy. It has been found experimentally that
the limiting factor for resolution using this method is the size and resolu-
tion of the camera chip. When using a chip with a higher density of points,

we can achieve better results (detection of smaller objects) using the same



algorithms.

Anotace

Cilem této disertacni prace bylo navrhnuti novych algoritmt pro zpra-
covani obrazovych dat z mikroskopt a demonstrace moznosti jejich vyuziti na
standardnich vzorcich (latexové ¢astice o rizném priuméru). Vysledky byly
vyuzity pro analyzu realnych objektti uvnitt zivé savéi bunky. Pro navrzeni
téchto algoritmt bylo nutné nejprve pochopit, jak vznika obraz v mikroskopu,
vcetné rtznych aberaci cocek. Bylo nutné nejprve zacit se simulacemi idedl-
nitho pripadu zobrazeni jednoho bodu (simulace PSF). Zobrazeni Airyho
diskti v roviné zaostfeni, pfipadné simulace pomoci ENZ teorie. Dostupné
ENZ simulace poskytovaly pouze fezy nékolika rovinami zaostfeni a bylo
nutné je upravit do pouzitelné podoby pro kompletni 3D zobrazeni. Pomoci
téchto algoritmt bylo zkouméano chovani jednotlivych zakladnich aberaci
¢ocek a také chovani dvou ¢astic (objektti) v rtiznych vzdalenostech od sebe.
Na zavér téchto pozorovani bylo nutné znovu definovat terminy zaostieni
(fokus) a rozliSeni. Dale byly zavedeny definice pro rozlisitelnost a odlisitel-
nost objektit v obraze. Diky novym definicim a novému nahlizeni (infor-
macni entropie) na problém rozlisitelnosti/odlisitelnosti objekt bylo mozné
navrhnout a vytvorit algoritmy pro zpracovani obrazu a jejich logickych sérii,
jez nam umoznuji detekovat objekty pod hranici danou Abbého rozliSenim za
pouziti standardni optické mikroskopie ve svétlém poli. Bylo experimentalné
zjisténo, ze limitujicim faktorem pro rozliseni pomoci této metody je velikost
bodu kamerového ¢ipu a velikost objektu, ktery na je na né projektovan. Pii
pouziti ¢ipu s vyssi hustotou bodti, jsme schopni dosdhnout lepsich vysledkgu

(detekce mensich objektii) za pouziti stejnych algoritmii.
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Motto

"Some hypotheses are dangerous, first and foremost those which are
tacit and unconscious. And since we make them without knowing them, we

cannot get rid of them.’

H. Poincaré, Science and Hypothesis, 1905.
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1 Introduction

Important questions of the current science and technology are related
to micro- and nanoworld. In biology, the micro(nano)scale observations are
utilized in biocompatibility assays for finding new drugs, cures, and materials
(e.g., implants). These observations can be done using different techniques
such as computer tomography, magnetic resonance, X-rays, and microscopy,
each of them with different problems and limits.

In this thesis are presented limits of the optical microscopy. In relation
to terms like resolution, focus, and focal plane, I introduce how to under-
stand, measure, and simulate the phenomenon of Point Spread Function
(PSF).

If we want to interpret a microscopic measurement in the form of an
image or image series, we have to consider the microscope’s transfer func-
tion which describes changes of the light properties during passing the light
through the microscope. Every image obtained by microscope is not the
image of the reality. We can see the image of the interaction of the light with
a real object, further transferred through the system of optical elements.
Each element contributes to the changes the image little bit. That means if
anything in the light path is changed the resulting image can be different.
If the real object is point, sum of all these changes is called a Point Spread
Function (PSF), a system impulse response or transfer function of the optical
system. This thesis describes experimental evidence of factors which influ-
ence the PSF in the most standard version of the optical microscope. All
interactions of the light with the microscope’s optical system and the sample
are projected on the camera chip (Fig.1.1).

The microscope’s transfer function consists of the interaction of the
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[ A - Sample ] |=';>[B - Objective]|=:>[ C-Camera ]I=2>

[ Noise 2 ] [ Noise 3 ]

Figure 1.1: Information transfer scheme — A — Sample (cells or other objects),
B — Objective (first lens), C — Camera, D — Digital image, Noise 1 — Interac-
tion of the light with the sample, slide and cover glass, Noise 2 — Interaction
of the light with the objective lenses, Noise 3 — Introducing of digital noise
(sampling of signal, projection on the camera pixels); Information transfer
from the sample (A) to our observation (D)

light with the sample and the imaging process which is described by the
PSF. Knowledge of the PSF can help us to understand what we see and
what can be seen in the microscope. This knowledge can be used also in
the image processing and analysis. Simulated or measured PSF can be used
as a deconvolution kernel in the deconvolution function to obtain images
with better resolution and sharpness. Since an input for the deconvolution
function is an original image and the PSF [1, 2, 3], knowledge of PSF gives

us also another possibility to define terms like resolution and focus.

While the PSF has been studied extensively since 1940’s [4, 5, 6], the
interaction of the light with the sample is still, to a large extent, a subject of
the individual experimental evidence. In this thesis is discussed the problem
of the observation in scattered light. Although the concept of Mie scattering
has been known for more than 100 years [7], most of the available theoretical
analyses still rely on the Rayleigh scattering [8, 9, 10, 11]. The problem comes
from the complicated outcome of the Mie[7] approach, even for a spherical
object, which makes it practically impossible for its combination with the
PSF. Thus, it is rather difficult to predict the outcome of the microscopy in
the scattered light theoretically, despite the fact that surprisingly detailed

2



Tomas Nahlik Introduction

structures may sometimes be detected [12, 13].

The aim of this thesis is to contribute to the recognition of the differ-
ence between the theoretically described and understood PSF and the real
microscope transfer function. The microscope’s transfer function is under-
stood as a process by which the microscope delivers information about the
sample. Understanding the microscope as the information source opened the
route towards examining this information. The subsequent aim of this thesis
is thus to introduce algorithms and processing techniques of microscopic
image series. All proposed techniques will be verified on nanoparticles of
different size and applied to reconstruction of organelles inside an unlabelled
living cells.

Here, primarily experimental results are presented and confronted
with existing simulations. A point source of light of the finite size is used in
theoretical simulation, whereas, in a real experiment, is substituted by small
latex and gold particles. The obvious difference between these two cases lies
in samples’s, e.g., non-zero thickness, non-ideal shape, and non-homogeneous
optical properties. Besides these commonly understood factors, effects of the

changing light intensity are to a limited extent also observed [12, 14].



2 State of the art

Microscopy is a technique for observation of the objects under the
resolution of human eyes. There are three main branches of the microscopy
techniques used in the life sciences: The optical microscopy, which is
discussed in this thesis, the electron microscopy, and the scanning probe
microscopy. Optical microscope deals with the interaction of light with the
sample. There are various ways how to obtain images using light microscopes.
In biology, fluorescent and diffracting techniques are the most frequently
used. In many cases, the sample is modified for better recognition of objects
which are generally transparent and do not exhibit any fluorescent emis-
sion. Modification techniques in biological microscopy include a chemical or
even molecule-biological modification of the sample. The question has to be
always asked to which extent the sample after the modification represents
the original object of interest. This thesis deals with techniques which do

not include any sample modification.

2.1 Basic physical principles

2.1.1 Emitting vs. light diffracting imaging techniques

The most recent works performed in the field of microscopy were
about fluorescent microscopes which utilize an object emanating light, fluo-
rescent probes, nanodots etc [15]. In case of fluorescence techniques, it is
necessary to excite an excitable molecule — a fluorophore — contained natu-
rally in the sample or artificially inserted into the sample. After the excitation

(light absorption), the fluorophore emits light (photons) of a lower energy (a

4
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longer wavelength). This means that the sample itself is a source of light and
the fluorophore, i.e., the actual chemical bonds whose de-excitation gives rise
to the photon emission, can be consider as a point source of the light. The
emitted light consequently interact with the surroundings of the sample (e.g.,
medium, cover glass, etc.) and with the microscope’s optics. However, due
to the better coherence of the emitted light, the light interaction analysis is

much simpler than that for the light diffraction.

Microscopy in diffracted light is the basic, elementary, and simplest
technique with no special requirements for samples. It is a non-invasive tech-
nique which can be used for observation of “true” unchanged living samples.
The interactions of the diffracted light are more complicated in comparison
to the fluorescence. When light hits the sample, a part of it can be absorbed,
a part of it can go through the sample, and the rest is scattered. Light which
goes around the sample remains untouched. Each point of the sample is a
source of the second wavefronts according to the Huygens-Fresnel principle
(Fig. 2.1). This new wavefronts interact with the original light either posi-
tively (constructive interferences) or negatively (destructive interferences).
These interferences can be observed as the Airy discs in the image plane.
Due to the interference it can happen that the size of the smallest region in
the resulting wavefront which may be discriminated from its surrounding is

smaller than the object which gives rise to the diffraction itself.
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Figure 2.1: Image of the ideal diffraction of the laser light on the particle
with positive and negative interferences of light wavefronts. The direction of
the light is from the left to the right. [16]

All these generated wavefronts interact with the surroundings and
when they hit another object they start to generate new and new wavefronts.
All these wavefronts reach the lenses of the microscope and are transferred
to the imaging system (camera chip). The characteristics of the scattering
depends on the particle’s (object’s) size. The light which interact with large
particles behaves according to the Mie scattering model. If the particle is
smaller than the light wavelength, light is scattered according to Rayleigh
scattering model (Fig. 2.3).

Mie scattering

In 1908 Gustav Mie [7] described the solution of the problem of the
light scattering at the interface of the homogeneous spherical particle of any
size. Mie’s solution is described in terms of two parameters — n,., z. Param-
eter n, is defined as the ratio of the refractive indices of the particle (n,) and

medium (neq):

(2.1)
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The second parameter x is described as the fraction of the meridional circum-

ference of the sphere and the wavelength of the light in medium.

: (2.2)

where a is a diameter of the particle.

These equations give the efficiency of the scattering which is explained
as the ratio of the cross-sectional area of the scattering to the true geomet-
rical cross-sectional area of the particle (Fig. 2.2). The size of the scattering
shadow is called the effective cross-section og and, related by the dimension-
less constant of proportionality called the scattering efficiency (g, can be

smaller or larger than the geometrical size A of the scattering particle:

Og — QsA (23)

A is defined as A = ma?, where a is the radius of the spherical particle.

The medium containing many scattering particles can be described

by the scattering coefficient j1g, which depends on the density of the medium
ps:

Hs = PsOg. (24)



Toméas Nahlik State of the art

Figure 2.2: Dependency of the Mie scattering patterns on the size of the
particle and type of scattered light. Light is incident from the left on a
sphere located at the center of the plots. Relative size of the particle to the
light wavelength A = 500 nm is 0.2 (a 100 nm particle; first row), 1 (a 500
nm particle; second row), and 5 (a 2.5 pum particle; third row). Graphical
visualizations of the same processes: a polar graph (first column), a polar
graph with a radial distance in a log scale (second column), a log-linear
graph of the scattering as a function of angle between entrance and exit
rays (third column). Types of light scatter: unpolarized, natural (red plots),
parallel (green plots), perpendicular (blue plots). The maximal magnitude
was normalized to 10.
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Rayleigh scattering

The Rayleigh scattering [9] is an elastic scattering of light on particles
which are much more smaller than the wavelength of the light. It is the

approximation of the Mie scattering for small particles:

1 + cos*© o\ /n2 —1\? /d\°
en(C)(3) o) B) e

where I is the intensity of the light before any interaction with the particle,

R is the distance between particle and observer, A is the light wavelength, n
is the refractive index, © is the scattering angle and d is the diameter of the

particle.
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Rayleigh

scattering

Mie Scattering,
small particle

Mie Scattering,
large particle

Figure 2.3: Comparison of the Rayleigh and Mie scattering. Rayleigh scat-
tering (upper image) is scattering on the particle of the diameter d ~ 0.2\.
The size of the particle in Mie scattering, small particle (middle image), is
d ~ 1)\. Size of the particle in the bottom image, Mie scattering, large
particle, is d &~ 10\ [16].

Other microscopy techniques

Electron microscopy is in some aspects similar to the light microscopy,
however, it uses electrons instead of the photons (light). From the point of
view of the wave nature, electrons are particles of a very short wavelength and
high energy (i.e. electron with energy of 10 keV means wavelength 12.2 pm,
200 keV means 2.5 pm). Due to this fact, the point spread function negligible
and observations done using electron microscopy suffer from a relatively small
image distortion. However, electron microscopy has also many principal and

technical limitations. The principal limitations are the large electron-sample
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cross-section (many electrons interact with the sample, sometimes more than
once) and low scattering efficiency of carbon atoms. The former limits the
intelligibility of the structural details of thicker samples, the latter often
leads to the need of labelling. The technical limitations cause that, in most
cases, electron microscopy cannot be used for observation of living samples,
because sample preparation usually includes a special manipulation (e.g.,

freezing, metal coating, cutting to very thin slices, etc.).

The microscopy in electron diffracting beam has basically most of the

same problems of reproduction of the original object shape.

Scanning probe microscopy uses an interaction of the probe with
the sample. The example of the scanning probe microscopy is the AFM
(Atomic Force Microscopy)[17] or NSOM/SNOM (Near-Field Scanning
Optical Microscopy) [18, 19]. This technique can influence the behaviour
of the living sample due to the interaction with the probe. The case that a
living cell does not have to be chemically fixed to the sample support is also
very seldom. Using the AFM, no information about the sample interior is

also obtained.

Many experiments were done and described in the field of confocal and
deconvolution microscopy and by using special optics, also many simulations
were introduced for confocal microscopy [1, 2, 3, 20, 21]. Also techniques
like SIM (Structured Ilumination Microscopy) [22, 23, 20, 21, 24, 25], 4Pi
[26, 27, 21], STORM (Stochastic Optical Microscopy) [28, 29, 20|, PALM
(Photoactivated Localization Microscopy) [30, 31, 20, 21] , STED (Stim-
ulated Emission Depletion Microscopy) [32, 33, 20, 21, 34] can help with

improving of the quality of the final microscopy image.

The problem is that most of these techniques use special equipment or
needs special treatment of the sample. We are introducing methods which are
based on image processing and primarily designed for bright-field microscopy

35, 36].

11
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Distortions of image obtained by optical lenses

Unfortunately, images obtained by light microscopy suffer from many
image distortions. Image distortion is a form of the optical aberration [37]. In
mathematical sense, it may be understood as a deviation from the rectilinear
projection. This can be due to the imperfection of the lenses, where different
parts of the lenses focus the image to the different point. As discussed
below, the approaches to understanding the distortion of the image by the
microscope’s imaging system are available for light sources of various kinds
(38, 39, 40, 41].

A major problem of light microscopy of samples comes from the
sample thickness. From the lens through the focus to infinity, elements from
various focal planes of the sample contribute to the signal at any level of
the light path. During the observation in light diffraction, apparent inten-
sity maxima and minima, which may be mistaken for the recognition of the
focus, are observed at several levels along the optical path.

Microscopic image of the real diffracting structure is composed of
many individual diffracting elements. Their diffracting properties vary with
size and surface properties|7]. In this work are demonstrated diffraction
patterns of standard balls and way of their analysis. The microscopic images
of these simple objects are complicated and any attempt of their reconstruc-
tion into elementary objects is beyond reality. What remains is technical,
empirical analysis based only on few simple assumptions about the course
of the imaging function along the optical axis. Outlines of the use of these
assumptions is presented in the manuscript which accompanies this disserta-

tion.

Type of lens’ distortions

Modern lens systems are widely assumed to produce, to a large extent,
aberration-free images. This assumption is close to the truth for very thin
samples in which majority of observed objects is very close to the focal plane
or the microscope’s optical axis. For an object placed in a less favourable

position, the complicated composition of optical elements may paradoxically
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lead to higher, or at least less intelligible, distortion than that observed in
a more traditional optical path [42; 43, 44]. The general positions prevail
mainly in biological sample.

In order to understand how each object is imaged by the lens, the
main distortion properties of lenses must be firstly explained. Effects of

different distortions are shown on the example of the simple square net (Fig.
2.4 A).
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Figure 2.4: Example of lens’ distortions. A - Image without any distortion.
B - Pincushion Distortion. C - Barrel Distortion. D - Moustache Distortion.

The pincushion distortion cause the increase of the image magni-
fication with the distance from the optical axis. The lines that do not go
through the centre of the image are bowed inwards, towards the centre of the
image (Fig.2.4 B). It is the opposite effect to the barrel distortion.

The barrel distortion leads to the decrease of the image magnifica-
tion with distance from the optical axis. Only lines which goes through the
optical axis are straight. Other lines are curved in the way that the central
part of the lines goes out of the image, whereas the ends of the lines point
into the image (Fig. 2.4 C). The barrel distortion, known also as a “fish-eye”,
is the way how to map an infinitely wide object’s plane into a finite image

area. For a zoom lens, barrel distortion appears in the middle of the lens’
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focal length range and is worst at the wide-angle end of the range.

The moustache distortion is a mixture of both previously
mentioned types. It can be called a complex distortion and is less common
but not rare. It starts out as a barrel distortion close to the image center
and turns gradually into a pincushion distortion towards the image periphery.
(Fig.2.4 D)

2.1.2 Focus, Focal Plane, Depth of focus

The shape of the PSF is related to the terms focus, depth of focus,
depth of field, and circle of confusion.

The focus is a special distance between sample and objective. It
is a focus (image) point, where, in ideal case, all light rays meet (in the
geometry optics approximation) or the electromagnetic field intensity of light
emanating from a flat light source is the highest (in Maxwell’s theory) after
transition through the lens. The focal length is a distance between the focus

point and the center of the lens (Fig. 2.5).

Figure 2.5: Scheme of light passing through the lens. The point F' where the
light rays meets is called a focal point, the distance f is a focal length.

The depth of focus has different meanings. The definitions are
often subjective or depend on a model or convention. The first meaning
is the distance over which the image plane can be displaced while a single
object plane remains in acceptably sharp focus. The second meaning is the

image-side conjugate of depth of field. If the depth of focus is related to a
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single plane in object space, it can be calculated as
v
f ?

where t is the depth of focus, N is the lens f-number, ¢ is the circle of

t=2Nc (2.6)

confusion, v is the image distance, and f is the lens focal length. Eq. 2.6

can be expressed in terms of magnification m (Eq. 2.7) as

t=2Nc(1+m) (2.7)

The definition of the depth of focus in digital microscopy is simple
and connected to the PSF. We demonstrate the case when the image of the
nanoparticle in the focus is only one pixel (i.e., element of the CCD area
detector) in the camera chip. When optical slices (Z-stack) are made, the
image of this particles is enlarged. The section along the optical axis within
which the image of this particle does not overflow to the neighbouring pixel

is called the depth of focus (2.6).

15



Toméas Nahlik State of the art

Figure 2.6: Digital definition of the Depth of Focus. Black points are projec-
tions of the object on the camera chip, which is shown as a net. Green color
represents pixels which correspond to the signal (black points). The red lines
are the Z-Steps. The black arrow is the Depth of Focus.

The depth of field (DoF) is the distance between the sharp nearest
and farthest object in the scene. The lens can, of course, focus only at one
distance at the same time but the non-sharpness in the image can be invisible

under standard viewing condition.

The circle of confusion (CoC) is known also as a disk of confusion,
circle of indistinctness, blur circle, or blur spot (Fig. 2.7). CoC is an image
of the point of the light which comes through the lens not in the perfect
focus. CoC is used for the definition of the depth of focus in a traditional

microscopy.
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Figure 2.7: Scheme of Circle of Confusion.

2.1.3 Resolution, Distinguishability, Discriminability

One of the basic singular numbers which characterizes any optical
system is the resolution. The angular resolution (or spatial resolution) is a
property of the optical system which describes its ability to distinguish small
details of an object. It can be considered as a size of the smallest observable
object or a distance between two objects to be seen separately. Provided
two peaks (signals) separated by the valley of the lowest point of at least
5% of the higher peak (Dawes’ limit), the resolution is defined as a distance
between peaks’ maxima (Fig. 2.8).

Commonly used definition of the resolution was defined by Abbe [45] as the

separation between two sharp lines on a grid:

A

= Onsind’

(2.8)

where D is resolution (distance between to lines), 6 is used wavelength (reso-

lution is wavelength dependent) and nsina is numerical aperture (NA) of
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the system.

The angular resolution © can be calculated using wavelength A and

diameter D of the lens’ aperture as

0 = 1.220=. (2.9)

This equation can be transform to spatial resolution (eq. 2.10)

)
=1.220°2 2.1
Al =1.2207, (2.10)

where Al is the spatial resolution and f is the focal length of an objective.
The constant 1.220 in Egs. 2.9 and 2.10 comes from the calculation of the

position of the first minimum of Airy Disc.
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Figure 2.8: The example of the resolved signals. The upper graph shows
a cumulative (superimposed) signal of two individual signals in the bottom
graph. R is the resolution and h is the height of the valley between two
peaks, which varies from 5% to 10% of the value of the maximum of the
higher peak [46].

The resolution in microscopy is usually defined as a function of wave-
length of the light (illuminating or emanating) A and numerical apertures

NA
1.220\

- , 2.11
NAcondensor + NAobjective ( )

R

where the numerical aperture for each lens (the condensor or objective) is

expressed as
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NA = nsin®©, (2.12)

where 7 is refractive index of the medium between the lens and the specimen
and © is a half of the included lens’ angle «. This depends on the focal
length and the diameter of the lens.

Heisenberg [47, 48] claimed that if resolution of position was

A
Ax = —— (2.13)

. 6’
SZTL2

then the electron’s momentum in the x direction was determined up to

h . €
Ap, ~ 2—sin—. 2.14
D 3 St (2.14)
Egs. 2.13 and 2.14 gives [48]
A h . €
AxAp, ~ 2—sin— | = 2h 2.1
TP (sm%) ( )\sm2> (2.15)

Further, we defined another two terms — discriminability and distigu-

ishability [46] — which are related to the resolution by the term
discriminability < resolution < distinguishability. (2.16)

The term distinguishability of an object means that there exists at least
one element of the object which is uniquely assigned only to this object.
It the microscopic image can be defined as a distance between two signals
(peaks, intensity maxima or minima) such that there exists a valley between
them. In the case of the image this means that two points of equal intensity
are distinguishable if between them exists at least one point with lower inten-
sity (Fig. 2.9 A). In contrast, two points in the image are discriminable if
there exists any condition which each point of the object uniquely assigns
only to this object and not to the neighbouring one. This means that two
point objects in the microscope image are discriminated at the condition of
different color, intensity or position (Fig. 2.9 B).

Two distinguishable values are already discriminable. However, only
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some discriminable values are distinguishable (those with the valley)[46].

175 175]170]170§160

A |180 175|170

175 175]170]170}160

175§170)175|1801175

Figure 2.9: Definition of terms distinguishability, discriminability a and reso-
lution for the image. The numbers represent intensity values.

A - The pixels of the same value (marked by blue, green and red) are discrim-
inable due to their different positions. All these pixels can be part of one
object but pixels itself are discriminable. This means that property called as
resolution of the camera (or image) is not resolution but it is the number of
discriminable points.

B - Two pixels with intensity values of 200 and 210 (blue and red) are
distinguishable due to their separation by green points of lower intensity.
This means that between two peaks (highest values) there is a valley (lower
values). We can guess that this can be two separated objects with overlap-
ping PSF (resp. OSF).

C - Two pixels (red - value 100 and green - value 120) are in distance of
resolution if between them there is at least one pixel with the minimal value
(in case of intensity it is a 0). This means that resolution is not the minimal
distance. The maximal resolution of the image has quarter value (half in
both direction) than the value which is given by standard meaning.
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2.2 Models

There are two possibilities how the behaviour of the light on its path
through the microscope can be understood. The first option is by simulation.
Simulation of Airy disc for diffracting light or ENZ theory for fluorescent
microscopy can be used. The second option is via experiments with particles
of defined properties, i.e. latex or gold nanoparticles.

Airy disc simulation describes the behaviour of light in the sense of
the ray optics. The simulation according to ENZ theory describes the light

as waves.

2.2.1 Airy Disc Simulation — Diffraction

The simplest way how to simulate the PSF is the simulation of Airy
Disc. Airy disc is named after the English astronomer and mathematician Sir
George Biddell Airy. Airy Disc and Airy Pattern are description of diffraction
of the light in the best focal plane and using perfect lens.

“iaiier) = ()

u@:h< (2.17)

Creation of Airy disc is described by equation 2.17. Where /(O) final
intensity, /y is maximum intensity (Intensity of original light beam), .J; is
21

Bessel function of the first order, £ = 5F is the wave-number, a is radius of

aperture and O is angle of observation.

2mra q  mq
AR AN

Where ¢ is radial distance in focal plane, R is observation distance and

r = kasin(©) = (2.18)

N = % = % is f-number of the system. F-number is dimensionless number
and it is also known as focal ratio, f-ratio, f-stop or relative aperture. It
describes optical system by the ration between focal length and size of the
entrance pupil. It is quantitative measure of the lens speed.

Airy discs are caused by the diffraction of the light on the circular

aperture. Diffraction is described by Huygens-Fresnel principle. This prin-
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ciple says how the light is diffusing in the space. It means that each point of
advancing wave (electromagnetic, acoustic, mechanic, etc.) is considered as
a source of new waves. Huygens-Fresnel principle provides us better under-
standing of the wave propagation and behaviour near the obstacles. In such
simple case we can look at the light just from the view of ray optics but it
is not correct. Due to the wave-particle dualism we have to think about the

light also from quantum mechanical point of view.

2.2.2 ENZ Simulation — Fluorescence

Another way how to simulate PSF is using Extended Nijboer Zernike
(ENZ) theory. Application of this theory allows us to simulate PSF under
different condition [49, 50, 51]. We used MATLAB® codes that can be down-
loaded from http://www.nijboerzernike.nl/ [51]. These codes were proposed
for simulation of the confocal microscope but we were also able to use them
for simulation of standard light microscope. Theoretical behaviour of PSF

can be described by following equation.

1 1 0 oy
Utrof) = [ [ PPl @)mmpipie (219)

Where Ul(r, ¢, f) is intensity at point described by polar coordinates
r, ¢ in distance f (defocus parameter) and P(p, ©) is pupil function.

P(p,0) = A(p, ©)e ) (2:20)

Where p and © are cylindrical coordinates, ¢ is aberration phase
function A(p,©) is transfer function of the system. For simulation we are

using discrete version of equation 2.19

Ulr,, f) =2 3" BVr, feos(mo) (221)

n,m

Where V" (r, f) is power-Bessel series, m, n are defining type of aber-
ration and 3" is power or “weight” of aberration. Using equation 2.21 we can

set-up many different parameters in the MATLAB® scripts. Basic param-
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eters are type of aberration expressed by Zernike polynomials, distance of
focal plane, and size of simulated area.
In mathematics, the Zernike polynomials are a sequence of polyno-

mials that are orthogonal to unit disk. They are normalized according to eq.

2.22
27 1
/ /prdpdezw (2.22)
0 0

Where Z is Zernike polynomial and j is Noll’s index.

2.2.2.1 Aberration

Optical aberration occurs in an optical system when light from a point
source does not converge to (or does not diverge from) a single point after
transmission through this optical system. Optical aberration is caused by
different optical properties of the part (or whole) of the optical system.

There are two different types of optical aberrations - monochromatic
and chromatic [37]. Monochromatic aberrations are caused by the geometry
of the lens and occur both when light is reflected and when it is refracted.
They appear even when using monochromatic light. Chromatic aberrations
are caused by dispersion, the variation of a lens’s refractive index with the
wavelength. Chromatic aberration does not appear when the monochromatic

light is used.

Tilt

Tilt is a deviation in the direction a beam of light propagates. This
can be caused when the axis of the lens is not parallel to the plane of the
sample. Tilt quantifies the average slope in both X and Y directions of a
wavefront or phase profile across the pupil of an optical system (Fig. 2.10).
Tilt can be expressed as Zernike polynomials (Eq. 2.23, 2.24):

X —Tilt : Zy = 2pcos(6) (2.23)
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Y — Tilt : Zy = 2psin(6) (2.24)

Es

Figure 2.10: Scheme of Tilt Aberration. Green line is our plane of interest
and red line is actually focused position.

Defocus

Defocus simply means shift along the optical axis (Fig. 2.11). This
means that object is not in perfect focus. Defocus aberration blurs the image,
reduce the sharpness and contrast of the image. The sensitivity of the optical
system to the defocus parameter depends on the depth of focus. If the focus
depth is very shallow (typically in high magnification) the system is very
sensitive. Even small shift causes big blurring. Defocus can be modelled by

Zernike polynomial (Eq. 2.25)

Zy=3(2p% — 1) (2.25)
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Figure 2.11: Scheme of defocus aberration. Green line is our plane of interest
and red line is actually focused position.

Astigmatism

The optical system has astigmatism aberration if the lens is not
symmetric and the rays are propagated differently in two perpendicular
planes. In case of astigmatism there are two different focal point one for
horizontal and one for vertical plane. There are two different form of astig-
matism. First one occurs for objects away from optical axis and even if the
optical system is perfectly symmetrical. This one is the third-order aber-
ration. Second type of astigmatism occurs when the optical system is not
symmetrical about the optical axis (This one is usual in human eyes). This
aberration can be corrected by using cylindrical lenses. Following equations
are describing the case of symmetrical optical system (third-order aberra-

tion).

Zs = \6p*sin(26) (2.26)

Zs = V6p*cos(20) (2.27)
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Coma

Coma (comatic aberration) is caused by imperfection of lenses and
it is created by off-axis light source (Fig. 2.12). The light rays entering
the lens are diffracted irregularly this means that the object will have tail.
Coma can be also function of wavelength, in that case it is a type of chromatic

aberration.

Z7 = V8(3p* — 2p)sin() (2.28)

Zs = V8(3p> — 2p)cos () (2.29)

Figure 2.12: Scheme of Coma Aberration

Spherical aberration

Spherical aberration is caused by different refraction of light rays in
the central part of the lens and on the edge (Fig. 2.2.2.1). The effect of
spherical aberration can be minimized by using of the combination of convex
and concave lenses or by using so called aspheric lenses. Zernike polynomial

for spherical aberration:
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Zy = V5(6p* — 6p* +1) (2.30)

Figure 2.13: Each part of lens in different distance from optical axes has
different focal point. F1, F2 and F3 are different focal points.

Results of simulation of given aberration are in section 5.2.

Field curvature

Field curvature is optical aberration which projects flat plane on the
curved plane. This means that we are not able to focus whole flat object,

but only the center or the edge.

Chromatic aberration

Chromatic aberration (achromatism, chromatic distortion) is type of
distortion when the lens does not transfer correctly all wavelengths. Each
color of spectrum is transferred through the lens differently and has different
focus (Fig. 2.14).

This aberration can be corrected by using two lenses, usually one
concave lens of flint glass and second convex lens made of crown glass.
Another correction of chromatic aberration can be done by using some
diffraction elements with exactly opposite aberration.

It is possible to combine simulations of different aberrations to obtain
complex behaviour of the optical system. Using these combinations we can

try to obtain the same shape of the PSF by the simulation as we obtained

28



Tomas Nahlik Image processing and analysis

Figure 2.14: Different wavelength has different focal point. Shorter wave-
lengths have shorter focal length.

by real measurement. It is not easy to find exact combination of aberration
to simulate real behaviour of microscope because of many different optical

elements.

2.3 Image processing and analysis

2.3.1 Segmentation algorithms

The task of segmentation algorithms is to separate object(s) of our
interest from its background on the basis of their different properties. These
algorithms usually results in black-and-white (logical) images where pixels
of intensity 1 (white color) and 0 (black color) correspond to the detected

object and background, respectively.

Different colors

The easiest way of the object’s detection is in case of the object’s

different color (intensity), where the proper color channel is only selected

2.15.
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B C

Figure 2.15: Detection based on the different color channel. A — Red and
blue channel together, B — blue channel separated (mainly cell walls), C —
red channel separated (mainly cell nuclei).

Clustering methods

Clustering methods are based on the assumption that objects’ and
background’s pixels belong to different clusters. One of these methods is K-
mean clustering, which iteratively divides an image into K clusters [52]. The
first step of this algorithm is a selection of cluster centres. This can be done
randomly or by some analysis. In the second step, each pixel is assigned into
one of the clusters due to the minimization of the distance between the pixel
and the cluster’s centers. In the third step, the centres are recalculated by
averaging the position of all pixels in the cluster. Steps two and three are
repeated while changes of pixels in the clusters occur (i.e., until convergence
is attained).

The basic questions of this algorithm is the setting the number of
clusters (i.e., the number of possibly detected objects) and position of the
clusters’ centres. These initial conditions can influence the results of the

clustering.

Compression-based methods

There are two compression methods, which work in different way. The
loss compression is based on replacing pixels of the same or similar properties

(color and intensity) by block of pixel. The similarity of the pixels is given
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by the level of compression (or vice versa). The lossless compression finds
the way how to encode regions of the same property without describing all
pixels and without any loss of data. These regions can be taken as separated

objects.

Histogram-based methods, thresholding of intensities

These methods are fast and effective because they do not require to
go through all pixels repeatably. The information on the number of pixels
of the same intensity is given by the histogram. By the analysis of peaks
and valleys of histogram we can separate image into several clusters by the

similarity in intensity.

One of Histogram-based methods is an intensity thresholding of the
image. If the object and the background have the same color but different
intensity some of thresholding methods has to be used(2.17). That means
that all pixels with value lower (in case of dark object and light background)
or higher (in case of bright object and dark background) than the threshold
belong to the object and the others are located in background.
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Figure 2.16: Histogram of image 2.17B. Black line shows value of Otsu
threshold and arrow shows values that remain in the image 2.17C

B C

Figure 2.17: Example of threshold. A - original image, B - green channel, C
- green channel below Otsu threshold.

There are several methods how to select the threshold in the
histogram. One of the mostly used methods is Otsu thresholding [53] (2.17,
2.16), another is balanced histogram or looking for maximum or minimum

value in histogram or looking for some valley in it.
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Edge detection

On the edges (borders of the object) there are intensity gradients.
The object can be detected by its borders. The problem is that the edges
can be disconnected, but the object is closed (border of the object is one
line). So when the edge detector is applied on the image further processing

(like morphological operation) of the result must be done.

Watershed Transformation

The grayscale image can be consider as a topological surface. The
watershed transformation is based on flooding of this surface. Flooding starts
from the minima and it is forbidden to mix the water coming from different
sources (2.18). What will remain after these operation are the borders of
different regions [54]. There are several modification of this algorithm like
waterfall and others [55].

Watcrshed Line

\

Catchment Basins

\

\J

Figure 2.18: Illustration of watershed algorithm

Minima

Trainable segmentation

Under the trainable segmentation can be hidden different algorithms
like active shape model (ASM), genetic algorithms or neural network algo-

rithms. This trainable segmentation is based on machine learning.
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In case of ASM you manually define the shape of the object in training
image and the algorithm is trying to search for the same shape in other
images. This can be used on the images where the objects have significant
borders and they can vary in size and very little in their shape. [56]

Genetic algorithms in image processing can be used for different
purposes, for example for image segmentation [57], clustering [58] or thresh-
olding [59].

Opposite to this can be neural networks. For their utilisation it is
necessary to have training set manually annotated by some user and some
basic settings of the weights on each neuron. Neural network learning involves
the changes of the initial weights on each neuron to obtain the same results

as in testing set [60].

2.3.2 Deconvolution

Every image can be consider as combination of the original image and
image distortion (for example PSF). This combination can be described by

the equation 2.31.

f-g=nh (2.31)

where f is original image, ¢ is convolution function and A is obtained image.
Usually the situation is little bit complicated by the noise (Eq. 2.32).

(f-9)+e=h (2.32)

where € is noise. Deconvolution is process of removing of the distortion from

1'in case

the image. In mathematical way it is looking for the function ¢~
of eq. 2.31. In case of eq. 2.32 it is necessary firstly remove noise ¢ and
then find the ¢g~! function. In microscopy (and in other imaging techniques
such as astronomy) we can consider that the g function (convolution kernel)
is the PSF. If there is a possibility to measure the PSF we can use this for
deconvolution. If not there exist technique called blind deconvolution. This

is mathematical technique where the convolution kernel is estimated. Blind
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deconvolution is iterative method where the estimated deconvolution kernel
is improved in some steps. Improving of the deconvolution kernel continues

until there is no statistical improvement of the final image.

2.3.3 Entropy

Advanced image processing methods are based on calculation of
entropy values. Different types of entropy can be used for different purpose.
Edges in the images can be detected by calculation of Havrda and Charvat’s
entropy [61] or Shannon entropy [62] or Rényi entropy [63]. Calculation of
Tsallis entropy can be used for thresholding of image [64, 65] or for image
segmentation [66]. Calculation of Shannon’s and Renyi information entropy
can be used for measuring of the information content of the images.

Information entropy approach to image processing was developed on
our institute by Jan Urban [67, 68]. It was used for image enhancement and
especially for improving visibility of borders of the objects. It also can be
used for enhancing or extraction of different features in the image [69, 70,
71, 72, 73, 74]. It was based on Shannon Information Entropy [75] (equation
2.33).

ZP )log, P(s;) (2.33)

We decided to extend this approach by using Rényi Entropy(equation
2.34) because the Shannon Entropy is special case of Rényi Entropy for o = 1.

1 ~ .
T— o log (; s ) (2.34)

Calculation of different entropies can be used for statistical texture

Ho(X) =

feature extraction [76]
Comprehensive description of the Rényi entropy for extraction of

details of the image is reported in [77].

35



3 Aims

Aim of this thesis is to introduce methods for better discrimination of
the objects in the microscopic images. These methods will be demonstrated
on the nanoparticles.

The way to develop and describe methods for analysis of microscopy
images starts with the understanding how the image in the microscope is
created. It is necessary to make simulation of different aberrations and
analyse this results. Comparison of the simulations and real experiments
must be done.

Next step is to develop algorithms for advanced image analysis using
information entropy and also algorithms for image conversion. It was also
necessary to develop algorithms for automatic detection of PSF and apparent
PSF core.

Different models of PSF has to be created for better understanding
behaviour of PSF.

All gained knowledge will be applied on the results from real experi-

ments.
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4 Methods and Materials

4.1 Equipment

Nanoscope

Microscopy was performed using a versatile sub-microscope: a
nanoscope, developed for the School of Complex Systems FFPW by the
company Optax Ltd. (Czech Republic). The optical path consisted of two
Luminus 360 light emitting diodes, the condenser system, a firm sample
holder, and an objective system made of two complementary lenses that
allow a change of distance between the objective lens and the sample. Next,
a projective lens magnified the image to project on the 4872 x 3248 point
camera chip. The latter arrangement was necessary to achieve the expected
resolution without losing the size of the observed scene. The size of the
original camera pixel using 60x primary magnification was 20 x 20 nm,
and the size of the final pixel after de-mosaicing was 40 x 40 nm. During
the experiment, the optical system was facilitated by an infrared and UV
filter. The z-scan was performed automatically by the programmable piezo
mechanics, and the step size was 100 nm. The microscope driving soft-
ware was programmed for the given experimental setup and allowed complete
mechanical control over the experiment as well as over storing the primary

signal from the camera.
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Confocal Laser Scanning Microscope (CLSM)

The fluorescent images were obtained by using Leica TCS SP5 DM-
6000 CS which is located in Core Facility Cell Imaging and Ultrastructure
Research, Faculty of Life Sciences at University of Vienna. Protocols of

experiments can be seen in Appendix A.

4.2 Materials

Nanoparticle — 0.14um

Fluoresbrite Carboxylate microspheres 2.5% solid latex, size

0.14pm, sd = 0.01, polyscience, inc. Warrington, pa, cat. number = 17146

Nanoparticle — 0.22um

FluoSpheres, carboxylate-modified microspheres, 2% solids, crimson
fluorescent (625/645), size 0.22pm, Molecular Probes, Eugene, Oregon, USA,
Leiden, The Netherlands

Nanoparticle — 0.53um

Fluoresbrite Carboxylate microspheres, size 0.53um,sd = 0.009,

polyscience, inc. Warrington, pa, cat. number = 18339
Nanoparticle — 1.17um

Fluoresbrite Carboxylate microspheres 2.5% solid latex, size
1.17um, sd = 0.04, polyscience, inc. Warrington, pa, cat. number = 17458

Agarose specification

1% concentration Agarose Type I-A Low EEO Sigma chemical
company, St. Louis, MO 63178, USA
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4.3 Software

Matlab

All algorithms were developed and tested in Matlab® developed by
MathWorks Inc [78]. Two different versions were used — Version 7.0.4.365
(R14), service pack 2, January 29, 2005; and Version R2014b (8.4.0.260532),
64-bit, September 15, 2014.

Entropy Calculator

Ofiznout obrazek

0 pix
] pix

€ soubory

vordl MAT + Pfevratit pofa

Entropie

Entropie

Figure 4.1: Screenshot of Entropy Calculator GUI.
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One of the software developed on our institute during this work is
Entropy Calculator. It is designed for calculation point information gain and
derived quantities [77] of single image or series of images. On Fig. 4.1 it is
shown that it has many different settings. It can works with different types
of images — coloured (RGB) images, greyscale or black and white images
or RAW images. Images can also have different bit depth — 1 bit (Black-
White images), 8 bits, 12 bits or 16 bits. When raw images are used proper
Bayer mask of the camera can easily selected. It is possible also to crop the
images or to omit intensities with exceptionally low occupancy (designed for
removing of defect camera pixels). In the settings of Entropy calculation
there are also different parameters to set up. PDG or PIG can be selected
(see more details about Information Entropy Calculation in section 5.1). For
calculation of syntactic entropy different neighbourhood can be selected —

cross, rectangle, elliptic.
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LIL Convertor

ace: Jednoduchy LIL
Kardy z

Protokol:

0 aplikadi. . Ulodit. ..

Figure 4.2: Screenshot of LIL Convertor GUIL.

LIL Convertor allows to convert images with bit depth than higher 8
down to 8 bit. Algorithm is described in details in the section 5.1.

On the Fig. 4.2 is shown the the graphical user interface(GUI) of the
software. It is possible to load RGB images, grayscale images even RAW
images. If RAW images are loaded appropriate Bayer mask can be selected.
Images can be cropped or (and) threshold and normalization of color channels
can be applied. It is possible to normalize color channels either separately

or together. The program is optimized for using multi core CPUs.
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There are several possibilities how LIL (Least Information Loss)
conversion can be applied on the image or series of images.

Color channels can be normalized together for keeping the same ratio
between color channels. This means that the empty (unoccupied) levels are
removed only in case that they are empty in all channels.

If color channels are normalized separately more information in the
image are preserved but information about color is completely destroyed.

Part of the LIL Convertor is also algorithm for debayerisation for
processing of RAW image. There are five options, four for different bayer
mask and one for grayscale image.

Threshold can be applied on images in case of removing defect camera
pixels - both bright or dark.

Last option is cropping of the image. Camera use some rows or
columns for calibration of digital noise. This part of the image should be
removed because it does not contain any relevant information. This can be

used also for selection of part of the image that will be processed.

4.4 Experiment Description

The experiments were planned according to results of the simulations.
All experiments were done on our microscope (which was described above,
sec. 4.1) with different settings and with different samples. First step was
the preparation of the samples. In the analogy to the use substitute for light
point, i.e. fluorescent particle, source small latex particles were used. Latex
particles had 0.22pm in diameter and were obtained in dense solution from
our partner institute - University of Vienna, Core Facility Cell Imaging and
Ultrastructure Research (See the specification of all used particles in Section
4.2).

It was necessary to dilute these solutions to obtain images of separate
particles. Dilution ratio was 1:9. High resolution camera was used. Size of
the image was 4872x3248 pixels before applying Bayer mask. Size of the pixel
in the original grayscale image is 19nm x 19nm,p after RGB conversion is one

half of the original. This means that in original image the size of the particle
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of 0.22um is diameter should be around 10 x 10 px and after the conversion
approx 5 x 5 px. Best results were obtained with using dried samples. After
drying nanoparticles are stable and do not move during experiments. This
state allows to scan the same particles on the same position under different
light conditions. The intensity of the light was changed via changing current
on the LEDs. Current was changed from 1000mA to 3500mA with the step
of 500mA to see the real dependency on the light intensity. The LED diode
current is used instead of any light intensity units as we do not have any
independent way for the calibration of the microscope camera and there is
also no way to calculate the light intensity after the passage through the
camera optics. Main experiments described in this article were done with
0.22pum particles. Further image series of 0.14um, 0.53um and 1.17um latex
particles were also performed. Experiments using 0.02um nanogold particles
were not reported as we have never been able to achieve sufficient stability
of the object on the microscope glass and it was also difficult to discriminate
between the real object and, perhaps, non-idealities in the glass itself. Image
series were taken as z-scans in bright field microscopy.

In all cases the point divergence gain entropy calculation was
performed to extract maximum information from every image[77]. After
this processing MATLAB ® script for 3D reconstruction was applied. Due
to construction of our microscope different wavelengths of light cannot be
used. Instead of using different wavelengths illuminating light images were
processed according to sensitivity of the camera chip to different wavelengths
(separation to color channels - R, G, B).

Experiments on Confocal Laser Scanning Microscope (CLSM) were
made to have the comparison between bright field and fluorescent microscopy.
These experiments were done on equipment of our Vienna partner under
supervision of Mag. Dr. Wolfram Adlassnig, MBA and Mag. Stefan Sass-
mann. The CLSM was Leica TCS SP5 DM-6000 CS. Different sample prepa-
rations were tested. The best results were obtained when particles were stabi-
lized by using agarose (See the specification in Section 4.2, see the results in
section 5.4.2).
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5 Results

5.1 Developed Algorithms

Nowadays the limit for the discriminability of object by the micro-
scope is ultimately the size of a projected area on a pixel at the camera chip.
If there is no possibility to change camera to increase resolution it is need to
use another techniques.

The physical limits considered so far certainly apply. The use of
using monochromatic (single wavelength) light exercises the superposition of
various PSF geometries which limits the intelligibility of the image. For this
effect you can imagine superposition of images on the figure 5.14.

Next step is using lower wavelength contributes the slimness of he
PSF which was in according to equation 2.9.

The effect of microscopy with videoenhancement (VEM) is less clear.
The method is based on increase of the intensity of light in the brightfield
microscopy [12, 14]. Effect of VEM can be seen on the figure 5.26. It is quite
clear that the effect can not be attributed solely to the improvement of the
signal to noise ratio [12] but some effects in the realm of quantum mechanics
should be considered. A rough explanation was proposed by Lipson [14], but
it is quite likely that proper interpretation should be sought by the weak
experiment theory [79].

If these methods provide still not sufficient to detect desired image
details there exist respective image processing algorithms. One of them is
based on series of images with sub-pixel shift. If there were some object just
on the border of two or four pixels after sub-pixel shift the object is on one

pixel resp. on the border of two pixels depending on the direction of the
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shift. When we make shifts in all possible direction and then combine all

images together the resulting image will have better resolution.

Entropy Calculation

The area corresponding to one particles is small (as mentioned in
section 4.4) which in effect means that it deviates from the rest of the image
in relatively negligible way. It is necessary to use some image enhancing
approach. One of the ways is to use point information gain, the information
contribution by one pixel, to measure information carried by each pixel in

the image.

Principle of calculation of information carried by the image point
was described in a few articles [80, 81, 77]. It can be calculated as simple
difference of the information calculated from the whole image and from the

image with out that particular pixel.

1 N 1 N
PIG, .y = - aln <mey> 1= aln <sz> (5.1)
i=1 i=1

s o o -
Where « is Rényi parameter, pf, , and p{* are probabilities of occurrence of

given intensity in the image without and with the examined point.

PIE, = i i PIGa.., (5.2)

j=0 i=0

Where m is number of points in = direction and n is number of points in y

direction and PIG, ., is calculated according equation 5.1

See the example of entropy transformation on Fig. 5.1.
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Figure 5.1: This image shows PSF reconstruction of 220nm on the left,
original images in the first column. Entropy transformed images are in the
right column. The Rényi parameter o was 0.5.

Calculation of PDG (Point Divergence Gain, eq. 5.3), calculation of
the change of information between subsequent images, was also introduced.
This calculation quantifies the diversity, uncertainty, and randomness in 3D

space.

PDG&,I, = lOgQ n o
Yl-a > ic1 Di z(141),y(1+1)
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Sometimes the resulting image of calculation of information entropy
has dense histogram. This means that intensities in same regions are almost
the same. In this case human eyes may not be capable to discriminate the
difference but for automatic (computer) processing is a solution. And the
calculation of the point information gain using different o coefficients not
only allows to discriminate and enhance all possible discriminable regions
but also may be used for quantification of local discriminability, i.e. by
calculation of minimal « step which lead to resolution of two least different
intensity occurrences.

In this thesis the calculation of the point information gain may also
be understood as a tool for image transformation allowing visual comparison
of images of diffracting objects and light emitting objects. This is usually
a complicated task. While the image of the light emitting object exhibits
the smallest projection of the point spread function and the highest electro-
magnetic field intensity at the same position in space, in the image of the
diffracting object the smallest object should coincide with the lowest electro-
magnetic field intensity (not in all cases, but at least in the case of very small
objects exhibiting Rayleigh diffraction rules). In the image transformed into
point information gain levels the smallest object - i.e. rarest, contributing
by highest information, - is the most intensive and the apparent focal plane
is also attributed to the most intensive object. The discrepancy mentioned
above is, in fact, overlooked even by the major microscope producers and
leads to different results of the autofocusing software for fluorescent and

diffracting detection of the same object.

Least Information Loss (LIL)

Camera can usually provide some kind of RAW image. This should be
information with minimum changes read from the camera chip. Such image
is often unavailable for visual inspection on the computer screen. In order
to preserve maximum of the information for visual inspection we developed

the LIL algorithm.

In our case information obtained by the camera is 12bit grayscale
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(intensity) image. First step is applying the Bayer mask on the grayscale
image. Each pixel in the image is formed from 4 camera pixels, one is dedi-
cated to blue color, one to red and two others are green. Standard processing
of the image gives the same resolution as the camera chip has but some pixels

are interpolated.

The idea of LIL conversion is not to introduce any information to the
RAW image, no interpolation is used (see Fig.5.2). The resulting image has
quarter size(half resolution in both X and Y direction). RGB image, still
12bit in our case, is obtained after applying of the Bayer mask. Last step is
the 12bit to 8bit conversion which is necessary for displaying of the image

but not for processing.
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Figure 5.2: Scheme of LIL Conversion. First row shows processing of the
image obtained directly from camera chip. First image shows information
from camera chip, second image shows applying of the Bayer mask. Third
images is creation of RGB image from Bayer mask. Fourth image shows RGB
image of quarter resolution of the original image. Graphs in the second rows
shows principle of LIL conversion. First graph is histogram of original 12bit
image. Second graph is histogram of the image after removing unoccupied
intensity levels. The last graph in the second row is histogram of the LIL
converted 8bit image. Bottom row shows standard conversion of the 12bit
image to 8bit image.

The main idea of the algorithm is based on the assumption that in
images with bit depth higher than 8 are usually some levels unoccupied
(Tab.5.1,5.2, Fig. 5.4,5.6). In standard conversion all levels are converted,
regardless to their occupancy. We suggested that the number of converted
intensity levels can be lowered if unoccupied levels are removed. Then the

merging of intensity levels follows. This will change the color of the image
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but this is not relevant for automatic image processing. In the worst case
when all intensity levels in the 12bit image are occupied the result of the LIL

conversion will be the same as standard conversion.

Information about removed and shifted intensity levels are stored in

EXIF in each image file. This can be used for backwards conversion.

Theoretical example of conversion

12bit image has 2'?(= 4096) intensity levels in each color channel. 8bit

912

image has 2°(= 256) intensity levels. During standard conversion 16(% =

% = 16) levels must be merged to one level. Usually not all levels in 12bit

image are occupied.

If the image has for example half occupied levels (2048 = 2'!) only 8
levels are merged into one. This means that in the image converted by the

LIL approach more information is preserved.

Practical example of conversion

Applying LIL conversion on real image will results in image with
changed colors (Fig.5.3,5.5). In case that color information in the image is
needed LIL conversion cannot be applied. When the camera is used as a
kind of spectrometer (images taken by camera have the pseudo-colors) LIL

conversion can helps.
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Figure 5.3: Example of LIL Conversion. A Standard 12bit to 8bit conversion,
B LIL Conversion
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Figure 5.4: Histograms of images: A-C Histograms of Original 12bit image,
D-E Histograms of 8bit image with standard conversion, G-I Histograms of
LIL Converted 8bit image. All rows from left to right: Red channel, Green
channel and Blue channel of the image.

Table 5.1: Occupied levels - HeLa Cell

Red
Channel

Green
Channel

Blue
Channel

Original
12bit Image

805

1735

956

8bit Image
Standard
Conversion

84

132

89

8bit Image
LIL
Conversion

256

256

256
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Figure 5.5: Images of different conversion of images of BZ reaction.
Standard conversion, B - LIL conversion, C - NEF to PNG conversion
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LIL Converted 8bit image, J-L. Histograms of NEF to PNG conversion. All
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Also standard RAW images can be used. As an example the NEF
(Nikon RAW format) was converted(Fig. 5.5). On the Fig. 5.6 can be seen
how standard procedures transform the image. The number of occupied level

in each image is shown in Tab. 5.2.

Table 5.2: Occupied levels - BZ Reaction

Red Green Blue
Channel Channel Channel
Original
12bit Image 524 648 633
8bit Image
Standard 37 42 41
Conversion
8bit Image
LIL 256 256 256
Conversion
8bit Image -
NEF to
PNG 187 214 244
Conversion

Detection of Apparent Point Spread Function Core

Detection of the core is based on calculation of the PDG and analysis
of the images. If the object is compact and the step between two images is
smaller than the size of the object we can say that image of this object will
not change between two steps. Because PDG calculates information changes
between two images only points with PDG value zero are considered as valid
points. These points are used for creating binary mask. Next step is making
3D model using binary masks - PDG model. Once the PDG model is created
the core of the object can be found. The assumption is that the image of
borders of the object will have the same intensity. This means that after the
contour plot of the image is made the most darkest contour of the model can
be selected. The darkest part is selected because diffraction of the light on

the object is registered.
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The complete interpretation of observed structures is, nevertheless,
rather complicated. Even in the case of single object they of finite size the
are result of Mie scattered wavefronts imaged by the lens system. Although
it is still true that the darkest point lies behind the center of the object, the
interference pattern behind the object may be rather complicated and their
projection by the lense is basically unpredictable. Thus the apparent PSF

core is the best option for the interpretation of the result.

Principle of the detection of core in one image is shown on Fig. 5.7
in 3D it is on Fig. 5.8. The position of the detected core is inside region in
which the PSF is most compact (Fig. 5.10) and is analysed with respect to
the intensity.

Figure 5.7: Principle of PSF Core detection. Left image is the original image.
Latex particle 220nm in diameter and at light intensity 2000mA. Second
image from the left shows which part of the original image is stable (has no
changes) during the PDG analysis. Third image is contour plot of the stable
part. The right image shows area inside the contour 60.
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Figure 5.8: Principle of PSF Core detection 3D image. Latex particle 220nm
in diameter and at light intensity 2000mA. Left image is the original PSF.
Second image from the left is 3D PDG model Third image is 3D reconstruc-
tion of the core at contour 60. The right image shows all three images in
one.

It can be proven that selection of the darkest contour in the PDG
model corresponds to the center of the object image(Fig. 5.10). The calcu-
lated volume of the 220nm latex particle and the measured volume of 3D
reconstruction of it’s detected core shows that the smallest contour has
smaller diameter than the ball (Tab. 5.3).

Results of 3D reconstruction of PDG models under different light
intensity are shown on Fig. 5.9. These PDG models were used for detection
of the cores and calculation of their volumes(Tab. 5.4). The Tab. 5.4 shows
the light dependency.
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Figure 5.9: PDG model under different light condition. Intensity of the light
on the left image is 1000mA. Intensity is increasing from left to right with
step 500m A till 3500mA on the right image.
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Table 5.3: Volume (um?) of detected PSF, PDG and CORE at intensity
2000mA. Comparison with size of the real particle.

Volume
(pm?)
PSF 1469.961
PDG 27.13051
CORE at
cont. 60 0.956652
CORE at
darkest 0.00297
cont.
Real
Particle 0.005575
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Figure 5.10: Detection of PSF core - detailed view. Red part is whole PSF,
blue part is detected core (real particle).

5.2 Models

Airy Disc

This simulation gives us information how the PSF looks like in the
plane of the particle (Fig.5.11). This plane may be called as Airy focal
plane. But problem of this method is that we cannot simulate behaviour of
the microscope and we are not able to obtain simulation in different focal

plains. Shape of PSF in different focal planes can help us to find objective
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Models

Table 5.4: Dependency of Volume (um?) of detected PSF, PDG and CORE
at different light intensity.

| | 1000mA | 1500mA | 2000mA |
PSF 1071.518 1364.693 1469.961
PDG 20.4241 22.6521 27.1305
CORE at 1.920807 1.045922 0.956652
cont. 60
CORE at
darkest 0.189329 0.007504 0.00297
cont.
| | 2500mA | 3000mA | 3500mA |
PSF 1817.626 2106.781 1909.721
PDG 25.0918 24.8955 32.7061
CORE at 0.280789 0.052687 0.003909
cont. 60
CORE at
darkest 0.002345 0.052687 0.003909
cont.

definition of focus.

o8



Tomas Nahlik Models

Airy disc Simulation

Intensity
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Figure 5.11: Airy disc simulation - top image - 3D view, left bottom image
- top view, right bottom image - intensity profile

ENZ

PSF was simulated according to knowledge presented in section 2.2.2.
All simulation used codes from http://www.nijboerzernike.nl/. Codes were
changed to produced complete 3D simulation instead of sections.
PSF without any aberration can be simulated using Zernike polynomial Zg,
where m = 0 and n = 0. This settings will simulate the ideal situation where

no aberration is present (Fig. 5.12).
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3D model of No aberration
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Figure 5.12: ENZ simulation of PSF without any Aberration. Upper left
image shows 3D reconstruction of PSF without any aberration, upper right
shows image in focus position, bottom row shows side view. Left image XZ
section and right image YZ section in the centre of the particle.

Using this basic example the dependency of the size and the shape
of PSF on the size of the particle (Fig. 5.13) and on the wavelength (Fig.
5.14,5.15) can be shown.

Figure 5.13: This set of images describes changes of PSF with changing of the
particle’s size. Parameters of simulation were A = 200nm, NA (numerical
aperture) was 0.5, and without any aberration (m = 0,n = 0). A -d =
200nm; B - d = 300nm; C - d = 400nm; D - d = 500nm
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A B C D
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Figure 5.14: This set of images describes changes of PSF with changing of the
light wavelength. Parameters of simulation were diameter was 400nm, NA
(numerical aperture) was 0.5, and without any aberration (m = 0,n = 0). A
- A =200nm; B - A =300nm; C- X =400nm; D - A = 500nm

Figure 5.15: ENZ simulation — Wavelength dependency. Top row shows
3D model of ENZ simulation, middle row shows view in focus, bottom row
shows side view. Each column shows different wavelength. From left to right
= 0.2pum; 0.3pum; 0.4pm; 0.5um; 0.6pum; 0.7um; 0.8um.

Other parameters which can help us with simulation of specific micro-
scope and experiment are numerical aperture of objective, diameter of light
source (in our case diameter of our particle, Fig. 5.13), wavelength of used
light (Fig. 5.14), and rotation of aberration. Equations 2.19 and 2.21 tell us
that PSF is periodical function and also if there are some aberrations PSF
can be non-symmetrical.

According to eq. 2.21 it is possible to simulate different types of
aberrations.

Simulation of Tilt aberration using eq. 2.23,2.24 shows the symmetry along
the central XY plane (Fig. 5.16).

Defocus aberration describes by eq. 2.25 shows shift of the image of the
object along Z axis (Fig. 5.17) The PSF in this case is symmetrical along
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central X7 and YZ plane.

Also Astigmatism shows the symmetry along same planes (Fig. 5.18), but
here it depends on parameter 6 in eq. 2.26, 2.27.

Coma aberration (Fig. 5.19) shows symmetry along central XY and XZ
planes, but again is the symmetry 6 dependent (eq. 2.28, 2.29).

Spherical aberration (Fig. 5.2) shows symmetry along central XZ and YZ

planes.

3D model of Tilt aberration

Figure 5.16: ENZ simulation of Tilt Aberration. Upper left image shows 3D
reconstruction of Tilt aberration, upper right shows image in focus position,
bottom row shows side view. Left image X7 section and right image YZ
section in the centre of the particle.

Parameters of the simulation: na = 0.5, d = 0.2um, A = 0.2um, Z (power of
aberration) = 0.3, m =1, n = 1.
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3D model of Defocus aberration

= &

Figure 5.17: ENZ simulation of Defocus Aberration. Upper left image shows
3D reconstruction of Defocus aberration, upper right shows image in focus
position, bottom row shows side view. Left image XZ section and right image
YZ section in the centre of the particle.

Parameters of the simulation: na = 0.5, d = 0.2um, A = 0.2um, Z (power of
aberration) = 0.3, m =0, n = 2.
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3D model of Astigmatism aberration
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Figure 5.18: ENZ simulation of Astigmatism. Upper left image shows 3D
reconstruction of Astigmatism aberration, upper right shows image in focus
position, bottom row shows side view. Left image XZ section and right image
YZ section in the centre of the particle.

Parameters of the simulation: na = 0.5, d = 0.2um, A = 0.2um, Z (power of
aberration) = 0.3, m = =2, n = 2.
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Figure 5.19: ENZ simulation of Coma Aberration. Upper left image shows
3D reconstruction of Coma aberration, upper right shows image in focus
position, bottom row shows side view. Left image XZ section and right
image YZ section in the centre of the particle.

Parameters of the simulation: na = 0.5, d = 0.2um, A = 0.2um, Z (power of
aberration) = 0.3, m = —1, n = 3.
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Figure 5.20: ENZ simulation of Spherical aberration. Upper left image shows
3D reconstruction of Coma aberration, upper right shows image in focus
position, bottom row shows side view. Left image XZ section and right
image YZ section in the centre of the particle.

Parameters of the simulation: na = 0.5, d = 0.2um, A = 0.2um, Z (power of
aberration) = 0.3, m =0, n = 4.

5.3 Resolution, Discriminability, Distin-

guishability

In order to understand origin of physical limits of discriminability and
distiguishability as defined in the section 2.1.3 we may use available models.
The most appropriate for this purpose seems to be the ENZ theory (Fig.
5.21) and Airy disc simulation. The Airy disc simulation may, in fact, be
understood as a section of ENZ model in the focal plane (Fig. 5.22, 5.23).
At Fig. 5.24 and Fig. 5.25 is shown the experimental reality.
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Figure 5.21: First and second column show discriminable particles. Third
column show particles in distance of resolution. Upper row shows top view,
bottom row shows side view.

Parameters of the simulation: na = 0.5, d = 0.2um, A\ = 0.2um, m = 0,
n = 0.

Figure 5.22: Left image shows particles not discriminable, there is no valley
between maxima. Particles on the middle image are discriminable. Particles
on the right are in the distance of resolution.

Parameters of the simulation: na = 0.5, d = 0.2um, A\ = 0.2um, m = 0,
n = 0.
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Figure 5.23: First column shows particles (peaks) not discriminable, there
is no valley between maxima. Particles (peaks) in the second column are
discriminable. Particles (peaks) in the third column are in the distance of
resolution. Upper row shows cumulative peaks, bottom row shows individual
peaks.
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Figure 5.24: This image shows situation were 2 220nm latex particles are
closer than resolution. A and C shows different particles from the side view,
B and D shows same particles as A and C but from different side. Red circle
show position of real particle. X and Y axis are in pixels, Z axis show number
of layers, distance between layers is 100nm.
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20

Figure 5.25: Part A shows 3D reconstruction of situation when 3 220nm
latex particles are in one row. Part B is the top view on situation A. Part C
show 3D reconstruction of 4 particles in one cluster, on part D you can see
how the same situation looks in microscope. Red circle show position of real
particle. X and Y axis are in pixels, Z axis show number of layers, distance
between layers is 100nm.
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5.4 Experiments

5.4.1 Bright field microscopy

Due to conflicts between the physical interpretation and known exper-

iments described above we have decided to analyse a few basic experiments.

0.2 um particle - Intensity 1000mA 0.2 ym particle - Intensity 1500mA 0.2 um particle - Intensity 2000mA 0.22 um particle - Intensity 2500mA 0.22 jim particle - Intensity 3000mA 0.2 m particle - Intensity 3500mA

@

“ “

2 position [jum]

position [um]
position [jm]
2 position [um]
/ ~ | 5
\ %
8\
A

Figure 5.26: Real PSF under different light condition. Intensity is increasing
from the left (1000mA) to the right (3500mA) with the step of 500mA.

We, indeed, found out that there is dependency of the size and shape
of PSF on size of the particle and on light intensity (Fig. 5.26). The reality is
indeed much more complex than the simplified predictions of the influence of
light intensity, where Mizushima [12] predicts sole increase of the signal - to
noise ratio and Lipson [14] predicts - in real terms - increase of the slimness
of the PSF. We see overall change of the shape of the PSF.

Part of the problem may originate from non-ideality of the latex
particle, more likely, however, the problem comes from its scattering as
described by the Mie simulation 2.3. The particle scatters light into distorted
wavefront which is consequently translated by the lens into the image. The
interference pattern thus becomes practically non-intelligible. Upon increase
of the light intensity on the PSF certainly changes. We observe a complicated
change of the point spread function. As for the size of the darkest object in

the image interior we observe a minimum at the 3000 mA diode current fig.

5.27.
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0.22 um particle - Intensity 3000mA 0.22 jum partice - Intensity 3000mA 0.22 jum particle - Intensity 3000mA.
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Figure 5.27: Core of PSF at 3000mA in three different channels (from left
to right - red, green, blue)

The simple prediction of signal to noise origin of the increase of
discriminability of objects in the brightfield microscope was not confirmed.
The proposition that the point spread function becomes slimmer with
increasing light intensity is realistic to a certain limit. It needs to be consid-
ered that it was developed for the microscopy of light emitting point sources
and it relies on a very simplified interpretation of quantum mechanics. The
ENZ theory, not talking about any simplified versions of the resolution, are
not applicable on this simplest possible experiment. On the other hand,
it was confirmed that upon appropriate choice of light conditions we may
observe signal from an object which is localised in one camera pixel, in fact

the discriminable signal is smaller than the size of the object itself.

According to simulation we should also analysed the dependency on
the wavelength. We used different color channels on camera for partial
discrimination between wavelengths. But still each color channel contains
set of different wavelengths. The dependency of measured PSF and detected
core can be seen on Fig. 5.28. This figure (5.28) shows intensity and wave-
length dependency. The effect which is examined here is the analogy of
the term chromatic aberration of the microscope. Indeed this aberration is

changing with the light intensity differently for each group of wavelengths.
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Figure 5.28: Wavelength dependency of real PSF under different light condi-
tion. Intensity is increasing from the left (1000mA) to the right (3500mA)
with the step of 500mA. First row shows red channel, second row shows
green channel, third row shows blue channel.

5.4.2 Fluorescent microscopy - CLSM

The fluorescent microscopes’ software usually has some automatic
procedures to suppress the PSF and to eliminate the errors (such as elon-
gation in the Z axis direction). Such software represents certain minimal
approximation to the PSF too.

Method used for improving images obtained by the bright field
microscopy gives us better results than the CLSM techniques. The CLSM
experiments were done using the same particles as for the bright field images.
The only difference was in the preparation of the sample, for the CLSM
experiments was necessary to stabilize the particles by using the agarose.
This means that the results are fully comparable. Complete experimental

setup can be seen in Appendix A.

73



Tomas Nahlik Experiments

The smallest particle is almost not visible even in fluorescence micro-
scope (Fig. 5.29).

On the figures 5.29, 5.30, 5.31 and 5.32 can be seen how the size of
the particle affects the size and the shape of PSF.

The size of PSF is not affected only by the size of the particle but
also by the wavelength of the light as can be seen on ENZ models (fig.5.15).

3D image of 0.14;:m latex praticles

Z Position [;:m]

9.63 14.445

4.815 "

Y Position [p:m]

Figure 5.29: CLSM 3D image of 0.14um particles. Red circle marks the
position of the particle.
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3D image of 0.22;:m latex praticles
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Figure 5.30: CLSM 3D image of 0.22um particles.
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Figure 5.31: CLSM 3D image of 0.53um particles.
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3D image of 1.17um latex praticles
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Figure 5.32: CLSM 3D image of 1.17um particles.

5.5 Focus - new definitions

From the results presented above it follows that focusing in real exper-
iment significantly differs from the theory. In diffracting samples, the PSF
exhibits multiple maxima and minima of the area of projection into the XY
plane. But also the fluorescence emission microscopy needs to be considered
carefully to obtain the true "focal to be” plane. Thus if we want to observe
image at one plane instead of focusing through the object, we have to re-
define the notion of focusing. This is particularly important since many
systems contain automatic focusing software which can focus on different
position in fluorescence and in BF mode. On the contrary, proper focusing
algorithm my help the acquisition of images, namely in case of sensitive

samples, significantly.

In our new definition the goal of finding the best focus is to see
maximum of details on the image. This requires a new definition of optimal
focal plane. Different types of focus can be defined (Fig. 5.33, 5.34). In this
case results of experiments with 0.5um particle were used because of using

phase contrast. On fig. 5.34 experiments with 220nm particles are shown.
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Figure 5.33: Different focal planes - A - focus by human eye (“expert” focus) -
position Oum, B - Airy focus - +18um, C - Information focus (entropy image)
-a=0.1-0.9 - position +14um; al1.0 — 3.1 - position —34pum;a = 3.2 —4.0
- position —36um; , D - 3D graph of distance of different focuses
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Figure 5.34: Entropy Focus at light intensity 2000m A in different color chan-
nels (red, green, blue). Violet lines show position of particles detected by
algorithm for finding the core of PSF. Black stars are position of entropy
(information) focus. In graphs the X axis are values of parameter «, Y axis
show position in z-scan, and 7Z axis show value PIE.
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One of the focal planes can be called Airy focus. The position of
this focus corresponds to the definition by the optics. We call it Airy focus
because the imaging of the point looks same as the simulation of Airy disc.
Airy focus is objectively defined focus for one separate object. This position
can be obtained by matching the intensity profile of the latex particle with
simulation of Airy disc as mentioned in part 2.1. This focal plane corresponds
to the position where we are observing real particle. Indeed for diffracting
objects we may obtain several apparent Airy focus planes.

Second focus, called as Expert focus, is the position where the
maximum details can be seen by human eyes. It is called Expert focus
because the position is find by the operator of the microscope. Problem is
that every man or woman can consider this focal plane in different z-position.
This means that this position is subjective but good for manual analysis.

Third focus called as Entropy (or Information) focus can be defined
as the position where we can obtain maximum information from the image.
The Entropy focus was obtained by using the point information gain (PIG)
approach and defines the position of lowest point information gain entropy
[80, 82, 81]. This focus is objective and good for automatic analysis.

Depending on what should be analyse different value of parameter
a in eq. 2.34 and eq. 5.1 should be selected. Value of the o parameter
determines parts of image which will be enhanced. « lower than 1 enhance
rare points, a higher than 1 enhance common points (large areas of the same
colour). We used different o parameters from 0.1 to 4.0 with step 0.1. We find
maximum for each «. This maximal value of PIFE,, is maximum information
we can obtained from the image. Therefore we call this position Information
focus. Airy focus was in our case 18 micrometers from “expert” focus. This
difference between Airy and “expert” focus is given by the size and shape of
PSF, so this distance will be different for each experiment. Summary of the
focusing experiments is shown in the Tab. 5.5.

The information focus differs from both of previously defined focuses
due to the principle of calculation of information content of the image.
However we can consider the information focus as equally objectively

achieved focal plane as Airy focus. Advantage of this method is indepen-
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Focus

Table 5.5: Size of the object in different focal plane. Real size of the object

is 0.5pum. Size of the pixel is approx. 0.1um.

Focus Size in px pr[.)rox.
size in pum
A -
“Expert” 12 px 1.2 uym
focus
B - Airy
focus 8 px 0.8 um
C -
Information 6 px 0.6 um
focus

dence on the observed object. This means that this method can be used for

all samples and not only for nanoparticles. Entropy focus is a dependent,

this means it depends on which part of the image we are focusing.

There are also other terms related to the focus; Focal length, depth

of field and depth of focus. Focal length characterize the strength of optical

system. It describes how strongly the optical system focus light. System

with shorter focal length has more optical power.
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Figure 5.35: This image shows comparison of ENZ simulation and real PSF.
The left part shows ENZ simulation and with appropriate section. Param-
eters of the simulation are na = 0.5, d = 0.2um, A = 0.2um, m = 0,
n = 0. The central section shows focus position. Right part shows measured
PSF with appropriate section. First column shows real RGB images and the
second column shows entropy transformed images. The central section shows
focus position.

On the figure 5.35 is shown how the focusing works. If we consider
only the focus defined by ray optics (red lines) we can say that on this position
is the diameter of the PSF minimal. This means that image of really small
object is only point or circle. If we will use the knowledge of the PSF we can
use for the focusing some higher position (positions 184, 150 on the figure
5.35). On this position will be the shape of the object more visible. This
effect is caused by behaviour of Airy rings. Maxima of Airy disc in the focus
defined by the ray optics are close to the image of the particle, in higher (or
lower) positions the maxima of Airy discs are farther from the image of the

object.

5.6 Example of complete analysis

As a proof of presented method I show complete analysis of images of
0.22um latex particle. On the following images (Fig. 5.36, 5.37, 5.38, 5.39,
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5.40, 5.41) are presented results of this analysis. Each of this images shows
complete description of imaging of one particle at certain light intensity. Set
of these images presents dependency of results of observation of the small
particle on the light intensity. It shows that there is some optimum of the
light intensity which allows us to observe really small details in the image.
Each image also presents dependency of the size and shape of PSF on the
wavelength of the light. In this case this is presented as analysis in separated
color channels. Each color channel still contains different wavelength but
differences between channels can be easily observed.

The analysis is based on Z-scan of the latex particle in the brightfield
mode. Images were transformed by PIG algorithm afterwards for better
visualisation of PSF 3D reconstruction. Next step is the PDG transformation
and core analysis. Data for PSF visualization were thresholded to have better
overview of the PSF. The problem is how to define proper threshold. In
this case Otsu method [53] were used. If the PDG and thresholded PSF is
compared the PDG model can looks bigger. This is caused by the principle of
calculation of the PDG model. The PDG model is created on the comparison
of two consecutive images. On the positions were pixels have the same value
the PDG model is defined. This means that PDG model can be defined also
out of the PSF.

Core of the PSF is located inside of the PDG model as the darkest
points. If we will look for the darkest points in the PSF, repetition of the
image of the object can be found. So it is necessary to use the PDG model
for finding of the core.

This simple experiment can be used also for defining of the focus.
It is easier to define proper focus due to using small a and well defined
particle. The position of the particle in the 3D reconstruction can be find
as the narrowest part of the PSF or the round part of the thresholded PSF
or as the darkest part of the PDG model. The position of the particle is
shown in violet color on the Fig. 5.34. The black stars on the Fig. 5.34
shows the position of entropy (information) focus. The position of this focus
corresponds with the position of the particle when the information focus is

calculated with value of o parameter from 1.0 to 1.5, in some case from 0.5
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to 1.5. In the worst case information focus gives the lowest Z position of the

particle.
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Figure 5.36: 3D reconstruction of PSF (first row), Tresholded PSF (second
row), PDG (third row) and Core of PSF (bottom row) at 1000mA light
intensity. Columns show different color channels (red, green, blue).
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Example of complete analysis
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Figure 5.37: 3D reconstruction of PSF (first row), Tresholded PSF (second
row), PDG (third row) and Core of PSF (bottom row) at 1500mA light
intensity. Columns show different color channels (red, green, blue).
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Example of complete analysis
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Figure 5.38: 3D reconstruction of PSF (first row), Tresholded PSF (second
row), PDG (third row) and Core of PSF (bottom row) at 2000mA light
intensity. Columns show different color channels (red, green, blue).
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Figure 5.39: 3D reconstruction of PSF (first row), Tresholded PSF (second
row), PDG (third row) and Core of PSF (bottom row) at 2500mA light
intensity. Columns show different color channels (red, green, blue).
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Figure 5.40: 3D reconstruction of PSF (first row), Tresholded PSF (second
row), PDG (third row) and Core of PSF (bottom row) at 3000mA light
intensity. Columns show different color channels (red, green, blue).
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Figure 5.41: 3D reconstruction of PSF (first row), Tresholded PSF (second
row), PDG (third row) and Core of PSF (bottom row) at 3500mA light
intensity. Columns show different color channels (red, green, blue).

89



Tomas Nahlik Example of complete analysis

Figure 5.42: Each row shows different light condition -
1000mA, 1500mA, 2000mA, 2500mA, 3000mA. Each column shows
different color channel (red, green and blue). Violet lines show position of
particles detected by algorithm for finding the core of PSF. Black stars are
position of entropy (information) focus. In graphs the X axis are values of
parameter o, Y axis show position in z-scan, and 7Z axis show value PIE.
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6 Analysis and Discussion

I presented in this thesis new insight into a few of the crucial prob-
lems of optical microscopy. Especially problems around observing very small
objects - problems of resolution, discriminability, distinguishability and focus.
In these days are limits for detecting of small objects given by resolution
(number of pixels) of used camera. Problems how to find focus usually
depends on the operator of the microscope. This means that everyone who
is using microscope should make experiments for measuring of the PSF. The
knowledge of PSF will lead us to definition of optimal focus.

I also presented method for objective detection of focus using infor-
mation entropy. We would like to use this method for setup our microscope
and controlling of the microscope during experiments.

I explained some of the basic features of the distortion of the simple
image of a light emanating object. Explanation of the influence of scattered
light on the distortion is individual for each size and optical property of the
observed object. The projection of the scattered light at the given optical
axis’ level reaches a lens and is then projected along the optical axis. The
observed image then results from the interference of inhomogeneous wave-
fronts which brings about a very complicated pattern with several light inten-
sity minima and maxima. The only general assumption which may be made
is that at the position of focus, there should be the smallest discriminable
image of the object accompanied by the minimal intensity of the electrical
field.

Measurement of the PSFs was done using the microscope developed
at the Institute of Complex Systems FFPW USB (see Chapter 4.1). Instead

of the usage of a light point source we used 200-nm latex and 15-nm gold
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nanoparticles (see 4.2). Size of the gold particles was beyond the theoretical
resolution (for more information about the resolution, see Chapter 2.1.3)
of the microscope and for its visualisation is necessary to use some special
technique. A known method for the visualisation of sub-resolution objects is
the video-enhanced microscopy (VEM) which is a special case of the ordinary
bright field microscopy through the processing of images by the information

entropy approach. [12; 83|

I was able to measure the PSF on our microscope under different
condition and identify several parameters which are influencing the PSF. I
compare theoretical parameters given by ENZ theory with parameters that I
was able to identify from the results of experiments. I was not able to measure
PSF under different wavelength due to construction of our microscope but
this was substituted by analysis of individual color channels. It is not the
same as using different wavelengths because the color channels still contains
lot of different wavelengths (Fig. 6.1).
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Figure 6.1: Spectral response of Canon 450D. Each color show sensitivity
to different light wavelengths [84]. On the graphs is shown that blue pixels
response also to signal from red and near infra-red (IR) part of spectra. The
same case is with the green pixels. Red pixels also react on the signals from
blue part of spectra.

This knowledge of the PSF can be used to improve our experiments.
Also it can be used for image enhancement and for critical interpretation of
its limits. It is possible to use measured PSF as a criterion for estimation of
deconvolution kernel in blind deconvolution function. This knowledge was
also used for definition of the focus and resolution (Fig. 2.8, 5.21, 5.33).

I also bring in the question about the resolution. The resolution is
the feature of the experiment not of the measuring device. I showed that
resolution is not the crucial for understanding of the image. Instead of using
resolution as the measure of the quality of the image I suggest to use term
discriminability.

I introduced several algorithms and procedures how to deal with
presented problems. Calculation of information entropy can help with iden-

tifying more detailed structures in the image. Information entropy is also
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one of the answers to definition of the objective focus.

When images with higher bit depth are acquired but cannot be
processed as they are LIL conversion can helps. In the worst case the result
of LIL conversion will be the same as conversion using standard methods but
usually it preserves much more information.

Algorithm for detection of core in combination with difference algo-
rithm is now used for analysis of living cells. This analysis allows to detect
organelles and in-organelles structures. Next step in this analysis is prepa-
ration of 3D model of the cell.
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7 Conclusion

New algorithms for the image analysis were developed and presented.
Using these algorithms I was able to measure the information content of the
image. Due to usage 12bit camera it was necessary to develop algorithm
for transformation of 12bit images to 8bit to be able to visualize them and
to preserve maximum information. This algorithm (LIL, sec: 5.1) can be
basically used for every image not only for microscopy image. There was a
need to find real position of the particle in Z-scan. To satisfy this need the
algorithm for finding of the core of PSF was developed. This function allows
us to find and detect real position of the object and even discriminate object
(7.1) which should not be visible according to Abbe’s definition.

These algorithms, developed mostly in collaboration with Renata
Rychtarikova and Dalibor Stys form a basis for new concept of acquisition
of images and analysis of their information content in brightfield microscopy.
They substantiate respective patent application and are a basis of profes-

sional software whose usage may be extended into all fields of digital imaging.
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Figure 7.1: Image of Hela cell with detected organelles inside. PDG,—5 = 0,
intensities darker (upper row), and brighter (bottom row) than modus of
background. Each column corresponds to different color channel. Height of
the cell in Z axis is approx. 4.8um.

Algorithm for detection of the organelles and 3D reconstruction consists of
acquiring Z-scan raw images with 12bit depth, detection of cell, detection
of images in focus, export detected organelles and modelling of organelles
and structure analysis. RAW images are debayerized without any inter-
polation to preserve images unchanged. Image is automatically separated
to background and the cell. Point Information Entropy Density (PIED) is
calculated for images of the cell. Images in focus are detected using clustering
methods. Images of cell in the focus are processed by PDG calculation. PDG
images, background and images of the cell are used as inputs for the script
for organelles detection. Detection is based on the assumption that PSF (or
Object Spread Function - OSF) of the stable object bigger than two z-steps
is do not change in two consecutive images. This means that if difference
between these two images gives zero on the position where the object is. This
gives us the PDG model of the object.
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To get image of the real object it is necessary to find the darkest part in
detected object. This procedure is called finding the core of PSF (or OSF).
When the object is detected in all possible images the 3D reconstruction
follows.

Figure 7.2: Cell detection. A - cumulative image, B - dilated cumulative
image, C - mask with filled holes, D - mask after removing undesired objects.
Automatic detection of the cell is based on on subtractive images. Binary
mask is created from the subtractive image where the values of pixels are
equal to zero. Binary mask is applied on the original image and dark inten-
sities are taken into account. Cumulative image is made from the whole
Z-scan. Cumulative image is dilated, holes are filled and undesired objects
are removed.
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I showed new approach for definition of the focus. Information focus
defined as the position in which the image has maximum information content.
For analysis of the whole object in 3D it is necessary to make a Z-scan. If the
Z-scan contains enough image the position of the object can be find properly
(PSF Core detection).

Models of PSF are mostly done for fluorescent (light emitting)
microscopy due to this are not directly useful for bright-field (light
diffracting) microscopy. They provide some information how the PSF looks
at all levels along the z-axis, an aspect which is often overlooked in the
interpretation of microscopic images.

Models and 3D reconstructions of real PSF’s give us possibility to
define proper focus. It is also possible to use models and 3D reconstructions
to answer the question of resolution. I claim that the resolution is not the
crucial parameter of the image. The crucial parameter is discriminability,
because distance between two discriminable objects can be smaller than the
distance between objects in the distance of resolution (eq. 2.16). Discrim-
inable object can be still clearly seen as separated objects (Fig. 5.21, 5.22,
5.23).

Applying presented algorithms on the data from real experiment with
nanoparticles results in the well positioned image of that particle (sec. 5.6).
When are these algorithms applied on the image of the cell we are able to

obtain almost complete 3D model of the mammalian living cell (Fig. 7.1).
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Image: 0.14_Z-Series-1
Size: 17.04 MB

File Location: -
D:\users\Wolfram\Microbeads_14102014.lif

Start Time: 10/14/2014 2:27:17 PM.571 MICRDSYSTEMS
End Time: 10/14/2014 2:55:15 PM.018

Total Exposures: 65 (1 channels, 65 frames)

Dimensions

Dimension Logical Size Physical Length Physical Origin
X 512 49.21 um 71.34 um
' 512 49.21 um -1.32 ym
z 65 -8.06 pm -1.00 pm
Scanner Settings

SuperContVisible Shutter 0

UV Shutter 1

Visible Shutter 0

ScanMode Xyz

Pinhole [m] 102.9 um

Pinhole [airy] 1.00

Size-Width 49.2 um

Size-Height 49.2 um

Size-Depth -8.1 um

StepSize 0.13 pm

Voxel-Width 96.3 nm

Voxel-Height 96.3 nm

Voxel-Depth 125.9 nm

Voxel-Volume 1167557.571 nm?

Zoom 5.0

Scan-Direction 1

SequentialMode 0

Frame-Accumulation 1

Frame-Average 1

Line-Average 5

Resolution 8 bits

Channels 1

Format-Width 512 pixels

Format-Height 512 pixels

Line-Accumulation 1

Sections 65

Scanner Settings Details (Show)

Hardware Settings

file:///E:/Work/Dizertace/Microbeads Vienna 14102014/Microbeads 14102014/0.14... 21.10.2014



Stranka ¢. 2z 5

WLL AOTF (470) 0.00 %
WLL AOTF (471) 0.00 %
WLL AOTF (472) 0.00 %
WLL AOTF (473) 0.00 %
WLL AOTF (667) 0.00 %
WLL AOTF (668) 0.00 %
WLL AOTF (669) 0.00 %
WLL AOTF (670) 0.00 %
AOQTF (405) 70.00 %
AOTF (458) 0.00 %
AQTF (476) 0.00 %
AOTF (488) 0.00 %
AOTF (496) 0.00 %
AOQTF (514) 0.00 %
PMT 1 Active
PMT 1 (Offs.) 02 %
PMT 1 (HV) 1029.1
PMT 1 (HV_Unit) Y,

PMT 1 (Preamp) Direct
PMT 2 Inactive
PMT 3 Inactive
PMT 4 Inactive
PMT Trans Inactive
System Number 5100001358
Laser (405 Diode, UV) On

Laser (Argon, visible) Off

Laser (Argon, visible) (Power) 1%
Laser (WLL, WLL) Off

Scan Field Rotation 0 degrees
Z Scan Actuator (POS) 0.000 pm
Scan Speed 100 Hz
Objective HCX PL APO CS 63.0x1.30 GLYC 21°C UV
Numerical aperture (Obj.) 1.30
Refraction index 1.45
DM6000 Stage Pos x 0.00386012009393

DM6000 Stage Pos y

0.01516290727565

Emission bandwidth PMT 1: begin - end

425nm - 610nm

Hardware Settings Details (Hide)

AOBS (0) Intensity
AOBS (1) Intensity
AOBS (2) Intensity
AOBS (3) Intensity
AOBS (4) Intensity
AOBS (5) Intensity
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AOBS (6) Intensity 0
AOBS (7) Intensity 0

AOBS (0) Intensity 0

AOBS (1) Intensity 0

AOBS (2) Intensity 0

AOBS (3) Intensity 0

AOBS (4) Intensity 0

AOBS (5) Intensity 0

AOBS (6) Intensity 0

AOBS (7) Intensity 0

Constant Power Lambda Begin ConstantPowerLambdaBegin 0

Constant Power Lambda End ConstantPowerLambdaEnd 0

Constant Power Mode ConstantPowerMode 0

AOTF (470) Intensity 0.00
AOTF (471) Intensity 0.00
AOTF (472) Intensity 0.00
AOTF (473) Intensity 0.00
AOTF (667) Intensity 0.00
AOQTF (668) Intensity 0.00
AOTF (669) Intensity 0.00
AOTF (670) Intensity 0.00
AOTF (470) CheckState 0.00
AOTF (471) CheckState 0.00
AOTF (472) CheckState 0.00
AOQTF (473) CheckState 0.00
AOQOTF (667) CheckState 0.00
AOTF (668) CheckState 0.00
AOQTF (669) CheckState 0.00
AOTF (670) ChecksState 0.00
AOTF (470) UlVisibleState 1.00
AOTF (471) UlVisibleState 0.00
AOQTF (472) UlVisibleState 0.00
AOTF (473) UlVisibleState 0.00
AOTF (667) UlVisibleState 0.00
AOQTF (668) UlVisibleState 0.00
AOTF (669) UlVisibleState 0.00
AOTF (670) UlVisibleState 0.00
AOTF (470) Intensity 0.00
AOTF (471) Intensity 0.00
AOTF (472) Intensity 0.00
AOTF (473) Intensity 0.00
AOTF (667) Intensity 0.00
AOTF (668) Intensity 0.00
AOTF (669) Intensity 0.00
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AOTF (670) Intensity 0.00

AOTF (405) Intensity 70.00
AOTF (405) Intensity 0.00

AOTF (458) Intensity 0.00

AOTF (476) Intensity 0.00

AOTF (488) Intensity 0.00

AOTF (496) Intensity 0.00

AOTF (514) Intensity 0.00

AOTF (458) Intensity 0.00

AQTF (476) Intensity 0.00

AOTF (488) Intensity 0.00

AOTF (496) Intensity 0.00

AOQTF (514) Intensity 0.00

PMT 1 State Active

PMT 1 (Offs.) VideoOffset -0.2

PMT 1 (HV) HighVoltage 1029.1

PMT 1 (HV_Unit) HighVoltageUnit \%

PMT 1 (Preamp) PreampMode Direct

PMT 2 State Inactive
PMT 3 State Inactive
PMT 4 State Inactive
PMT Trans State Inactive
Galvo Slider Filter Galvo X Normal
Polarization FW Filter Empty 1
Reson. Galvo Pan Filter Galvo X Pan Center
Target Slider Filter Target Park
UV Lens FW Filter Lens 63x/1.30 GLYC
Hardware Type No. Machine_Type 7

System Number System_Number 5100001358
Laser (405 Diode, UV) Power State On

Laser (Argon, visible) Power State Off

Laser (Argon, visible) (Power) Output Power -1 %

Laser (WLL, WLL) Power State Off
TLD_Settings TLD_Settings 100
RLD_Settings RLD_Settings -1

Scan Field Rotation Scan Rotation 0

Rotation Direction Rotation Direction 1

X Scan Actuator ScanPlane Active

X Scan Actuator (POS) IsWholeRangeOfSuperZEnabled 0

X Scan Actuator (Gain) Gain 5.00000476837613
X Scan Actuator (Offs.) Offset 0.00449420584077
Y Scan Actuator ScanPlane Active

Y Scan Actuator (POS) IsWholeRangeOfSuperZEnabled 0

Y Scan Actuator (Gain)

Gain

5.00000476837613

Y Scan Actuator (Offs.)

Offset

-8.32592249976755E-05
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Z Scan Actuator ScanPlane Inactive
Z Scan Actuator (POS) IsWholeRangeOfSuperZEnabled 0
Z Scan Actuator (POS) Position 0.000
Scan Speed Speed 100
Phase Phase -34.346532387274
Y-Phase Y-Phase 0
SMD-Phase SMD-Phase 0
SP Mirror Channel 1 (left) Wavelength 425.0
SP Mirror Channel 1 (right) Wavelength 610.0
SP Mirror Channel 2 (left) Wavelength 616.8
SP Mirror Channel 2 (right) Wavelength 669.0
SP Mirror Channel 3 (left) Wavelength 669.0
SP Mirror Channel 3 (right) Wavelength 721.3
SP Mirror Channel 4 (left) Wavelength 7213
SP Mirror Channel 4 (right) Wavelength 773.8
Magnification-Changer Magnification SCANXx
Position Position 1
HCX PLAPO CS
Objective Objective 63.0x1.30 GLYC 21°C UV
Order number (Obj.) OrderNumber 11506194
Numerical aperture (Obj.) NumericalAperture 1.30
Refraction index Refractionindex 1.45
DM6000 Stage XOrigin XPosOrigin 0
DM6000 Stage YOrigin YPosOrigin 0
DM6000 Stage ZOrigin ZPosOrigin 0
DM6000 Stage Pos x XPos 0.00386012009393
DM6000 Stage Pos y YPos 0.01516290727565
Emission bandwidth PMT 1: begin - end Bandwidth 425nm - 610nm
DM6000 Stage Pos z ZPos 0

Time Stamps:

Frame (Show All) Relative Time (s) Absolute Time (h:m:s.ms) Date
1 0 2:27:17 PM.571 10/14/2014
65 1677.447 2:55:15 PM.18 10/14/2014
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Image: 0.22_2Z-Series-1
Size: 14.42 MB

File Location: -
D:\users\Wolfram\Microbeads_14102014.lif

Start Time: 10/14/2014 10:42:13 AM.172 MICAOSYSTEME
End Time: 10/14/2014 10:56:22 AM.595

Total Exposures: 55 (1 channels, 55 frames)

Dimensions

Dimension Logical Size Physical Length Physical Origin
X 512 49.21 um 86.93 pm
' 512 49.21 um -87.74 pm
z 55 6.80 pym -13.85 ym
Scanner Settings

SuperContVisible Shutter 0

UV Shutter 1

Visible Shutter 0

ScanMode Xyz

Pinhole [m] 102.9 um

Pinhole [airy] 1.00

Size-Width 49.2 um

Size-Height 49.2 um

Size-Depth 6.8 pm

StepSize 0.13 pm

Voxel-Width 96.3 nm

Voxel-Height 96.3 nm

Voxel-Depth 125.9 nm

Voxel-Volume 1167557.571 nm?

Zoom 5.0

Scan-Direction 1

SequentialMode 0

Frame-Accumulation 1

Frame-Average 1

Line-Average 3

Resolution 8 bits

Channels 1

Format-Width 512 pixels

Format-Height 512 pixels

Line-Accumulation 1

Sections 55

Scanner Settings Details (Show)

Hardware Settings
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WLL AOTF (470) 0.00 %
WLL AOTF (471) 0.00 %
WLL AOTF (472) 0.00 %
WLL AOTF (473) 0.00 %
WLL AOTF (667) 0.00 %
WLL AOTF (668) 0.00 %
WLL AOTF (669) 0.00 %
WLL AOTF (670) 0.00 %
AOQTF (405) 60.00 %
AOTF (458) 59.00 %
AQTF (476) 0.00 %
AOTF (488) 0.00 %
AOTF (496) 0.00 %
AOQTF (514) 0.00 %
PMT 1 Inactive
PMT 2 Active
PMT 2 (Offs.) 0.1 %
PMT 2 (HV) 841.9

PMT 2 (HV_Unit) v

PMT 2 (Preamp) Direct
PMT 3 Inactive
PMT 4 Inactive
PMT Trans Inactive
System Number 5100001358
Laser (405 Diode, UV) On

Laser (Argon, visible) On

Laser (Argon, visible) (Power) 25%
Laser (WLL, WLL) Off

Scan Field Rotation 0 degrees
Z Scan Actuator (POS) 0.000 pm
Scan Speed 100 Hz
Objective HCX PL APO CS 63.0x1.30 GLYC 21°C UV
Numerical aperture (Obj.) 1.30
Refraction index 1.45
DM6000 Stage Pos x 0.0087295853742

DM6000 Stage Pos y

0.01131119538054

Emission bandwidth PMT 2: begin - end

425nm - 609nm

Hardware Settings Details (Hide)

AOBS (0) Intensity 0
AOBS (1) Intensity 100
AOBS (2) Intensity 0
AOBS (3) Intensity 0
AOBS (4) Intensity 0
AOBS (5) Intensity 0
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AOBS (6) Intensity 0
AOBS (7) Intensity 0

AOBS (0) Intensity 0

AOBS (1) Intensity 0

AOBS (2) Intensity 0

AOBS (3) Intensity 0

AOBS (4) Intensity 0

AOBS (5) Intensity 0

AOBS (6) Intensity 0

AOBS (7) Intensity 0

Constant Power Lambda Begin ConstantPowerLambdaBegin 0

Constant Power Lambda End ConstantPowerLambdaEnd 0

Constant Power Mode ConstantPowerMode 0

AOTF (470) Intensity 0.00
AOTF (471) Intensity 0.00
AOTF (472) Intensity 0.00
AOTF (473) Intensity 0.00
AOTF (667) Intensity 0.00
AOQTF (668) Intensity 0.00
AOTF (669) Intensity 0.00
AOTF (670) Intensity 0.00
AOTF (470) CheckState 0.00
AOTF (471) CheckState 0.00
AOTF (472) CheckState 0.00
AOQTF (473) CheckState 0.00
AOQOTF (667) CheckState 0.00
AOTF (668) CheckState 0.00
AOQTF (669) CheckState 0.00
AOTF (670) ChecksState 0.00
AOTF (470) UlVisibleState 1.00
AOTF (471) UlVisibleState 0.00
AOQTF (472) UlVisibleState 0.00
AOTF (473) UlVisibleState 0.00
AOTF (667) UlVisibleState 0.00
AOQTF (668) UlVisibleState 0.00
AOTF (669) UlVisibleState 0.00
AOTF (670) UlVisibleState 0.00
AOTF (470) Intensity 0.00
AOTF (471) Intensity 0.00
AOTF (472) Intensity 0.00
AOTF (473) Intensity 0.00
AOTF (667) Intensity 0.00
AOTF (668) Intensity 0.00
AOTF (669) Intensity 0.00

file:///E:/Work/Dizertace/Microbeads Vienna 14102014/Microbeads 14102014/0.22... 21.10.2014



Stranka ¢. 4z 5

AOTF (670) Intensity 0.00

AOTF (405) Intensity 60.00

AOTF (405) Intensity 0.00

AOTF (458) Intensity 59.00

AOTF (476) Intensity 0.00

AOTF (488) Intensity 0.00

AOTF (496) Intensity 0.00

AOTF (514) Intensity 0.00

AOTF (458) Intensity 0.00

AQTF (476) Intensity 0.00

AOTF (488) Intensity 0.00

AOTF (496) Intensity 0.00

AOQTF (514) Intensity 0.00

PMT 1 State Inactive

PMT 2 State Active

PMT 2 (Offs.) VideoOffset -0.1

PMT 2 (HV) HighVoltage 841.9

PMT 2 (HV_Unit) HighVoltageUnit \Y%

PMT 2 (Preamp) PreampMode Direct

PMT 3 State Inactive

PMT 4 State Inactive

PMT Trans State Inactive

Galvo Slider Filter Galvo X Normal
Polarization FW Filter Empty 1

Reson. Galvo Pan Filter Galvo X Pan Center
Target Slider Filter Target Park

UV Lens FW Filter Lens 63x/1.30 GLYC
Hardware Type No. Machine_Type 7

System Number System_Number 5100001358

Laser (405 Diode, UV) Power State On

Laser (Argon, visible) Power State On

Laser (Argon, visible) (Power) Output Power 25%

Laser (WLL, WLL) Power State Off

TLD_Settings TLD_Settings 100

RLD_Settings RLD_Settings -1

Scan Field Rotation Scan Rotation 0

Rotation Direction Rotation Direction 1

X Scan Actuator ScanPlane Active

X Scan Actuator (POS) IsWholeRangeOfSuperZEnabled 0

X Scan Actuator (Gain) Gain 5.00000476837613
X Scan Actuator (Offs.) Offset 5.47652057191767E-03
Y Scan Actuator ScanPlane Active

Y Scan Actuator (POS) IsWholeRangeOfSuperZEnabled 0

Y Scan Actuator (Gain) Gain 5.00000476837613
Y Scan Actuator (Offs.) Offset -5.52738889114062E-03
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Z Scan Actuator ScanPlane Inactive
Z Scan Actuator (POS) IsWholeRangeOfSuperZEnabled 0
Z Scan Actuator (POS) Position 0.000
Scan Speed Speed 100
Phase Phase -34.346532387274
Y-Phase Y-Phase 0
SMD-Phase SMD-Phase 0
SP Mirror Channel 1 (left) Wavelength 385.0
SP Mirror Channel 1 (right) Wavelength 400.6
SP Mirror Channel 2 (left) Wavelength 4253
SP Mirror Channel 2 (right) Wavelength 609.2
SP Mirror Channel 3 (left) Wavelength 669.0
SP Mirror Channel 3 (right) Wavelength 721.3
SP Mirror Channel 4 (left) Wavelength 747.8
SP Mirror Channel 4 (right) Wavelength 800.0
Magnification-Changer Magnification SCANXx
Position Position 1
HCX PLAPO CS
Objective Objective 63.0x1.30 GLYC 21°C UV
Order number (Obj.) OrderNumber 11506194
Numerical aperture (Obj.) NumericalAperture 1.30
Refraction index Refractionindex 1.45
DM6000 Stage XOrigin XPosOrigin 0
DM6000 Stage YOrigin YPosOrigin 0
DM6000 Stage ZOrigin ZPosOrigin 0
DM6000 Stage Pos x XPos 0.0087295853742
DM6000 Stage Pos y YPos 0.01131119538054
Emission bandwidth PMT 2: begin - end Bandwidth 425nm - 609nm
DM6000 Stage Pos z ZPos 0

Time Stamps:

Frame (Show All) Relative Time (s) Absolute Time (h:m:s.ms) Date
1 0 10:42:13 AM.172 10/14/2014
55 849.423 10:56:22 AM.595 10/14/2014
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Image: 0.53_2Z-Series-2
Size: 17.56 MB

File Location: -
D:\users\Wolfram\Microbeads_14102014.lif

Start Time: 10/14/2014 10:27:11 AM.387 MICAOSYSTEME
End Time: 10/14/2014 10:34:23 AM.852

Total Exposures: 67 (1 channels, 67 frames)

Dimensions

Dimension Logical Size Physical Length Physical Origin
X 512 49.21 pm 0.00 um
' 512 49.21 um 0.00 ym
z 67 8.31 um -1.85 pm
Scanner Settings

SuperContVisible Shutter 0

UV Shutter 1

Visible Shutter 0

ScanMode Xyz

Pinhole [m] 102.9 um

Pinhole [airy] 1.00

Size-Width 49.2 um

Size-Height 49.2 um

Size-Depth 8.3 pm

StepSize 0.13 pm

Voxel-Width 96.3 nm

Voxel-Height 96.3 nm

Voxel-Depth 125.9 nm

Voxel-Volume 1167557.571 nm?

Zoom 5.0

Scan-Direction 1

SequentialMode 0

Frame-Accumulation 1

Frame-Average 1

Line-Average 5

Resolution 8 bits

Channels 1

Format-Width 512 pixels

Format-Height 512 pixels

Line-Accumulation 1

Sections 67

Scanner Settings Details (Show)

Hardware Settings
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WLL AOTF (470) 0.00 %
WLL AOTF (471) 0.00 %
WLL AOTF (472) 0.00 %
WLL AOTF (473) 0.00 %
WLL AOTF (667) 0.00 %
WLL AOTF (668) 0.00 %
WLL AOTF (669) 0.00 %
WLL AOTF (670) 0.00 %
AOQTF (405) 25.00 %
AOTF (458) 59.00 %
AQTF (476) 0.00 %
AOTF (488) 0.00 %
AOTF (496) 0.00 %
AOQTF (514) 0.00 %
PMT 1 Inactive
PMT 2 Active
PMT 2 (Offs.) 0.1 %
PMT 2 (HV) 939.4

PMT 2 (HV_Unit) v

PMT 2 (Preamp) Direct
PMT 3 Inactive
PMT 4 Inactive
PMT Trans Inactive
System Number 5100001358
Laser (405 Diode, UV) On

Laser (Argon, visible) On

Laser (Argon, visible) (Power) 25%
Laser (WLL, WLL) Off

Scan Field Rotation 0 degrees
Z Scan Actuator (POS) 0.000 pm
Scan Speed 400 Hz
Objective HCX PL APO CS 63.0x1.30 GLYC 21°C UV
Numerical aperture (Obj.) 1.30
Refraction index 1.45
DM6000 Stage Pos x 0.0238330444381

DM6000 Stage Pos y

0.02511813655357

Emission bandwidth PMT 2: begin - end

425nm - 605nm

Hardware Settings Details (Hide)

AOBS (0) Intensity 0
AOBS (1) Intensity 100
AOBS (2) Intensity 0
AOBS (3) Intensity 0
AOBS (4) Intensity 0
AOBS (5) Intensity 0
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AOBS (6) Intensity 0
AOBS (7) Intensity 0

AOBS (0) Intensity 0

AOBS (1) Intensity 0

AOBS (2) Intensity 0

AOBS (3) Intensity 0

AOBS (4) Intensity 0

AOBS (5) Intensity 0

AOBS (6) Intensity 0

AOBS (7) Intensity 0

Constant Power Lambda Begin ConstantPowerLambdaBegin 0

Constant Power Lambda End ConstantPowerLambdaEnd 0

Constant Power Mode ConstantPowerMode 0

AOTF (470) Intensity 0.00
AOTF (471) Intensity 0.00
AOTF (472) Intensity 0.00
AOTF (473) Intensity 0.00
AOTF (667) Intensity 0.00
AOQTF (668) Intensity 0.00
AOTF (669) Intensity 0.00
AOTF (670) Intensity 0.00
AOTF (470) CheckState 0.00
AOTF (471) CheckState 0.00
AOTF (472) CheckState 0.00
AOQTF (473) CheckState 0.00
AOQOTF (667) CheckState 0.00
AOTF (668) CheckState 0.00
AOQTF (669) CheckState 0.00
AOTF (670) ChecksState 0.00
AOTF (470) UlVisibleState 1.00
AOTF (471) UlVisibleState 0.00
AOQTF (472) UlVisibleState 0.00
AOTF (473) UlVisibleState 0.00
AOTF (667) UlVisibleState 0.00
AOQTF (668) UlVisibleState 0.00
AOTF (669) UlVisibleState 0.00
AOTF (670) UlVisibleState 0.00
AOTF (470) Intensity 0.00
AOTF (471) Intensity 0.00
AOTF (472) Intensity 0.00
AOTF (473) Intensity 0.00
AOTF (667) Intensity 0.00
AOTF (668) Intensity 0.00
AOTF (669) Intensity 0.00

file:///E:/Work/Dizertace/Microbeads Vienna 14102014/Microbeads 14102014/0.53... 21.10.2014



Stranka ¢. 4z 5

AOTF (670) Intensity 0.00

AOTF (405) Intensity 25.00
AOTF (405) Intensity 0.00

AOTF (458) Intensity 59.00
AOTF (476) Intensity 0.00

AOTF (488) Intensity 0.00

AOTF (496) Intensity 0.00

AOTF (514) Intensity 0.00

AOTF (458) Intensity 0.00

AQTF (476) Intensity 0.00

AOTF (488) Intensity 0.00

AOTF (496) Intensity 0.00

AOQTF (514) Intensity 0.00

PMT 1 State Inactive
PMT 2 State Active

PMT 2 (Offs.) VideoOffset -0.1

PMT 2 (HV) HighVoltage 939.4

PMT 2 (HV_Unit) HighVoltageUnit \Y%

PMT 2 (Preamp) PreampMode Direct

PMT 3 State Inactive
PMT 4 State Inactive
PMT Trans State Inactive
Galvo Slider Filter Galvo X Normal
Polarization FW Filter Empty 1
Reson. Galvo Pan Filter Galvo X Pan Center
Target Slider Filter Target Park
UV Lens FW Filter Lens 63x/1.30 GLYC
Hardware Type No. Machine_Type 7

System Number System_Number 5100001358
Laser (405 Diode, UV) Power State On

Laser (Argon, visible) Power State On

Laser (Argon, visible) (Power) Output Power 25%

Laser (WLL, WLL) Power State Off
TLD_Settings TLD_Settings 100
RLD_Settings RLD_Settings -1

Scan Field Rotation Scan Rotation 0

Rotation Direction Rotation Direction 1

X Scan Actuator ScanPlane Active

X Scan Actuator (POS) IsWholeRangeOfSuperZEnabled 0

X Scan Actuator (Gain) Gain 5.00000476837613

X Scan Actuator (Offs.) Offset -1.84774134482507E-08
Y Scan Actuator ScanPlane Active

Y Scan Actuator (POS) IsWholeRangeOfSuperZEnabled 0

Y Scan Actuator (Gain)

Gain

5.00000476837613

Y Scan Actuator (Offs.)

Offset

8.67361737988404E-19
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Z Scan Actuator ScanPlane Inactive
Z Scan Actuator (POS) IsWholeRangeOfSuperZEnabled 0
Z Scan Actuator (POS) Position 0.000
Scan Speed Speed 400
Phase Phase -34.346532387274
Y-Phase Y-Phase 0
SMD-Phase SMD-Phase 0
SP Mirror Channel 1 (left) Wavelength 385.0
SP Mirror Channel 1 (right) Wavelength 400.6
SP Mirror Channel 2 (left) Wavelength 4253
SP Mirror Channel 2 (right) Wavelength 604.5
SP Mirror Channel 3 (left) Wavelength 669.0
SP Mirror Channel 3 (right) Wavelength 721.3
SP Mirror Channel 4 (left) Wavelength 747.8
SP Mirror Channel 4 (right) Wavelength 800.0
Magnification-Changer Magnification SCANXx
Position Position 1
HCX PLAPO CS
Objective Objective 63.0x1.30 GLYC 21°C UV
Order number (Obj.) OrderNumber 11506194
Numerical aperture (Obj.) NumericalAperture 1.30
Refraction index Refractionindex 1.45
DM6000 Stage XOrigin XPosOrigin 0
DM6000 Stage YOrigin YPosOrigin 0
DM6000 Stage ZOrigin ZPosOrigin 0
DM6000 Stage Pos x XPos 0.0238330444381
DM6000 Stage Pos y YPos 0.02511813655357
Emission bandwidth PMT 2: begin - end Bandwidth 425nm - 605nm
DM6000 Stage Pos z ZPos 0

Time Stamps:

Frame (Show All) Relative Time (s) Absolute Time (h:m:s.ms) Date
1 0 10:27:11 AM.387 10/14/2014
67 432.465 10:34:23 AM.852 10/14/2014
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Image: 1.17_2Z-Series-1
Size: 20.97 MB

File Location: -
D:\users\Wolfram\Microbeads_14102014.lif

Start Time: 10/14/2014 10:04:39 AM.677 MICAOSYSTEME
End Time: 10/14/2014 10:08:06 AM.855

Total Exposures: 80 (1 channels, 80 frames)

Dimensions

Dimension Logical Size Physical Length Physical Origin
X 512 49.21 um -28.30 pm
' 512 49.21 um 7.84 pm
z 80 9.94 um 4.88 pm
Scanner Settings

SuperContVisible Shutter 0

UV Shutter 1

Visible Shutter 0

ScanMode Xyz

Pinhole [m] 102.9 um

Pinhole [airy] 1.00

Size-Width 49.2 um

Size-Height 49.2 um

Size-Depth 9.9 pm

StepSize 0.13 pm

Voxel-Width 96.3 nm

Voxel-Height 96.3 nm

Voxel-Depth 125.9 nm

Voxel-Volume 1167557.571 nm?

Zoom 5.0

Scan-Direction 1

SequentialMode 0

Frame-Accumulation 1

Frame-Average 1

Line-Average 2

Resolution 8 bits

Channels 1

Format-Width 512 pixels

Format-Height 512 pixels

Line-Accumulation 1

Sections 80

Scanner Settings Details (Show)

Hardware Settings
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WLL AOTF (470) 0.00 %
WLL AOTF (471) 0.00 %
WLL AOTF (472) 0.00 %
WLL AOTF (473) 0.00 %
WLL AOTF (667) 0.00 %
WLL AOTF (668) 0.00 %
WLL AOTF (669) 0.00 %
WLL AOTF (670) 0.00 %
AOQTF (405) 25.00 %
AOTF (458) 0.00 %
AQTF (476) 0.00 %
AOTF (488) 0.00 %
AOTF (496) 0.00 %
AOQTF (514) 0.00 %
PMT 1 Inactive
PMT 2 Active
PMT 2 (Offs.) 00 %
PMT 2 (HV) 780.6

PMT 2 (HV_Unit) v

PMT 2 (Preamp) Direct
PMT 3 Inactive
PMT 4 Inactive
PMT Trans Inactive
System Number 5100001358
Laser (405 Diode, UV) On

Laser (Argon, visible) On

Laser (Argon, visible) (Power) 25%
Laser (WLL, WLL) Off

Scan Field Rotation 0 degrees
Z Scan Actuator (POS) 0.000 pm
Scan Speed 400 Hz
Objective HCX PL APO CS 63.0x1.30 GLYC 21°C UV
Numerical aperture (Obj.) 1.30
Refraction index 1.45
DM6000 Stage Pos x 0.00779222745569

DM6000 Stage Pos y

0.02373198003672

Emission bandwidth PMT 2: begin - end

423nm - 605nm

Hardware Settings Details (Hide)
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AOBS (0) Intensity 0
AOBS (1) Intensity 0
AOBS (2) Intensity 0
AOBS (3) Intensity 0
AOBS (4) Intensity 0
AOBS (5) Intensity 0
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AOBS (6) Intensity 0
AOBS (7) Intensity 0

AOBS (0) Intensity 0

AOBS (1) Intensity 0

AOBS (2) Intensity 0

AOBS (3) Intensity 0

AOBS (4) Intensity 0

AOBS (5) Intensity 0

AOBS (6) Intensity 0

AOBS (7) Intensity 0

Constant Power Lambda Begin ConstantPowerLambdaBegin 0

Constant Power Lambda End ConstantPowerLambdaEnd 0

Constant Power Mode ConstantPowerMode 0

AOTF (470) Intensity 0.00
AOTF (471) Intensity 0.00
AOTF (472) Intensity 0.00
AOTF (473) Intensity 0.00
AOTF (667) Intensity 0.00
AOQTF (668) Intensity 0.00
AOTF (669) Intensity 0.00
AOTF (670) Intensity 0.00
AOTF (470) CheckState 0.00
AOTF (471) CheckState 0.00
AOTF (472) CheckState 0.00
AOQTF (473) CheckState 0.00
AOQOTF (667) CheckState 0.00
AOTF (668) CheckState 0.00
AOQTF (669) CheckState 0.00
AOTF (670) ChecksState 0.00
AOTF (470) UlVisibleState 1.00
AOTF (471) UlVisibleState 0.00
AOQTF (472) UlVisibleState 0.00
AOTF (473) UlVisibleState 0.00
AOTF (667) UlVisibleState 0.00
AOQTF (668) UlVisibleState 0.00
AOTF (669) UlVisibleState 0.00
AOTF (670) UlVisibleState 0.00
AOTF (470) Intensity 0.00
AOTF (471) Intensity 0.00
AOTF (472) Intensity 0.00
AOTF (473) Intensity 0.00
AOTF (667) Intensity 0.00
AOTF (668) Intensity 0.00
AOTF (669) Intensity 0.00
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AOTF (670) Intensity 0.00

AOTF (405) Intensity 25.00
AOTF (405) Intensity 0.00

AOTF (458) Intensity 0.00

AOTF (476) Intensity 0.00

AOTF (488) Intensity 0.00

AOTF (496) Intensity 0.00

AOTF (514) Intensity 0.00

AOTF (458) Intensity 0.00

AQTF (476) Intensity 0.00

AOTF (488) Intensity 0.00

AOTF (496) Intensity 0.00

AOQTF (514) Intensity 0.00

PMT 1 State Inactive
PMT 2 State Active

PMT 2 (Offs.) VideoOffset 0.0

PMT 2 (HV) HighVoltage 780.6

PMT 2 (HV_Unit) HighVoltageUnit \Y%

PMT 2 (Preamp) PreampMode Direct

PMT 3 State Inactive
PMT 4 State Inactive
PMT Trans State Inactive
Galvo Slider Filter Galvo X Normal
Polarization FW Filter Empty 1
Reson. Galvo Pan Filter Galvo X Pan Center
Target Slider Filter Target Park
UV Lens FW Filter Lens 63x/1.30 GLYC
Hardware Type No. Machine_Type 7

System Number System_Number 5100001358
Laser (405 Diode, UV) Power State On

Laser (Argon, visible) Power State On

Laser (Argon, visible) (Power) Output Power 25%

Laser (WLL, WLL) Power State Off
TLD_Settings TLD_Settings 100
RLD_Settings RLD_Settings -1

Scan Field Rotation Scan Rotation 0

Rotation Direction Rotation Direction 1

X Scan Actuator ScanPlane Active

X Scan Actuator (POS) IsWholeRangeOfSuperZEnabled 0

X Scan Actuator (Gain) Gain 5.00000476837613

X Scan Actuator (Offs.) Offset -1.78262693983039E-03
Y Scan Actuator ScanPlane Active

Y Scan Actuator (POS) IsWholeRangeOfSuperZEnabled 0

Y Scan Actuator (Gain)

Gain

5.00000476837613

Y Scan Actuator (Offs.)

Offset

4.93901261470897E-04
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Z Scan Actuator ScanPlane Inactive
Z Scan Actuator (POS) IsWholeRangeOfSuperZEnabled 0
Z Scan Actuator (POS) Position 0.000
Scan Speed Speed 400
Phase Phase -34.346532387274
Y-Phase Y-Phase 0
SMD-Phase SMD-Phase 0
SP Mirror Channel 1 (left) Wavelength 385.0
SP Mirror Channel 1 (right) Wavelength 400.6
SP Mirror Channel 2 (left) Wavelength 423.0
SP Mirror Channel 2 (right) Wavelength 604.5
SP Mirror Channel 3 (left) Wavelength 669.0
SP Mirror Channel 3 (right) Wavelength 721.3
SP Mirror Channel 4 (left) Wavelength 747.8
SP Mirror Channel 4 (right) Wavelength 800.0
Magnification-Changer Magnification SCANXx
Position Position 1
HCX PLAPO CS
Objective Objective 63.0x1.30 GLYC 21°C UV
Order number (Obj.) OrderNumber 11506194
Numerical aperture (Obj.) NumericalAperture 1.30
Refraction index Refractionindex 1.45
DM6000 Stage XOrigin XPosOrigin 0
DM6000 Stage YOrigin YPosOrigin 0
DM6000 Stage ZOrigin ZPosOrigin 0
DM6000 Stage Pos x XPos 0.00779222745569
DM6000 Stage Pos y YPos 0.02373198003672
Emission bandwidth PMT 2: begin - end Bandwidth 423nm - 605nm
DM6000 Stage Pos z ZPos 0

Time Stamps:

Frame (Show All) Relative Time (s) Absolute Time (h:m:s.ms) Date
1 0 10:04:39 AM.677 10/14/2014
80 207.178 10:08:06 AM.855 10/14/2014
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Zpusob porizovani mikroskopickych snimki a jejich nasledného zpracovani a zarizeni

k provadéni tohoto zptisobu

Oblast techniky
Vynalez se tyka vytvareni detailntho mikroskopického obrazu pomoci snimki
mikroskopovaného vzorku a nasledného zpracovani snimki s vysokou mirou odlisitelnosti

objektli pii daném zvétSeni a zafizeni k provadéni tohoto zptisobu.

Dosavadni stav techniky

V souc¢asné mikroskopii se vyuziva nékolik principialné odlisnych mikroskopli. Mezi

nejznamgjsi typové kategorie patii optické mikroskopy a elektronové mikroskopy.

Elektronové mikroskopy dosahuji velmi vysokého zvétSeni, nebot’ pouzivaji k promitani
obrazu elektrony, jenz vykazuji pti svém Sifeni prostorem mensi vinovou délku a proto vyssi
rozliSeni pii zvétSeni obrazu, nezli fotony viditelného svétla. Nevyhody elektronovych
mikroskopll spocivaji v tom, ze jsou konstrukéné velmi slozité a jejich vyroba a provoz
vyzaduje vysoké investice financnich prostfedkii. Vzorky pro mikroskopovani se museji
velice precizné, pracné a zdlouhave piipravovat, pticemz pro nékteré védecké metody a typy
vzorkid je tento ptistup nevyhovujici, napiiklad v biologickych aplikacich dojde k nevratné

modifikaci vzorku.

Soucasné optické mikroskopy pouzivaji svételné paprsky k zobrazovani mikroskopovaného
vzorku. Principidlni skladba optického mikroskopu zahrnuje optickou ¢ast a mechanickou
¢ast. V mechanické ¢asti je zahrnut ochranny kryt (tubus) pro optické prostiedky optické ¢asti
mikroskopu a polohovatelny stolek pro neseni mikroskopovaného vzorku. V dnesni dobé
dosahuji polohovatelné stolky velmi jemného posunu v fadech desitek nanometrii po sméru

hlavnich os (X, Y, Z) kartézské soutadnicové soustavy.

Optické &ast mikroskopu zahrnuje alespoii jednu ¢ocku objektivu. Cocka pouzitd ke zvétseni
pozorovaného vzorku se také nékdy nazyva piimo objektiv. V optické ose se nachazi vzorek

umistény na stolku ozafovany bilym svétlem (bilé svétlo je svételny svazek kombinujici



svételné paprsky riznych vinovych délek), a objektiv. Svétlo se Sifi pres vzorek k objektivu,
ktery piendsi obraz vzorku, piipadné dale k okularu, jenz zprostfedkuje zvétSeny obraz
lidskému oku, ¢i snimaci obrazu. V prub¢hu desetileti se optické mikroskopy zdokonalovaly

tak, aby dosahovaly nejvyssiho mozného zvétSeni pii zachovani rozlisitelnosti obrazu.

Nevyhody optickych mikroskopt spocivaji v tom, ze ackoliv bylo vynalozeno usili pro
ziskani nejvétsiho zvétseni s dostateénym rozlisenim v podobé soustav dokonalych optickych
cocek, v podob¢ vyladénych svételnych zdroju, v podob¢ uprav mechanické Casti optickych
mikroskopti a dalSich technickych uprav, je tento zpisob vytvareni zvétSené¢ho obrazu

limitovan fyzikalnimi zékony.

Vroce 1873 Ernst Karl Abbé stanovil, ze maximalni limit dosaZitelného rozliSeni pomoci
optického mikroskopu je ur€en vztahem d = 1/2n sina, kde 4 je vinova délka pouzitého svétla,
n je index lomu ¢ocky a a je polovina vrcholového thlu kuzele paprskii vstupujicich do cocky
objektivu. Tento vztah vztazen na bilé svétlo znamenda maximalni mozné rozliSeni

d = cca 200 nm.

V nedavné dobé doslo k prolomeni Abbého difrakéniho limitu modifikovanim postupu
optického mikroskopovani a Gpravou parametrii mikroskopti a mikroskopie. Bylo vyvinuto
tzv. fluorescen¢ni mikroskopovani vysokého rozliseni. V mnoha piipadech musi byt do
vzorku vpraveny fluorescenéni latky, které po dopadu svétla emituji fotony a které umoznuji
pouziti metod piekondvajicich difrak¢éni limit. Mezi znamé zplisoby fluorescencniho

mikroskopovani Ize zatadit napt. zptisob z prihlasky vynalezu JP2014202514 (A).

Nevyhody fluorescencnich mikroskopt tedy spocivaji v tom, ze vpraveni fluorescenéniho
prostiedku do sledovaného vzorku jej vzdy modifikuje. Je-li vzorek tvofen napf. zivou
bunikou, ma modifikace vliv na fyziologicky stav bunky, jeji pfirozené reakce, atp. Jinymi
slovy, neni sledovan jiz pGvodni vzorek, ale vzorek jiny, chemicky nebo molekularné-

biologicky pozménény, véetné jeho optickych vlastnosti.

Jsou znamy i dalsi zplisoby mikroskopie pracujici na principu uUpravy parametrl
prochézejiciho svétla optickou soustavou napf. fdzovy posun svételnych paprski, holografie,

atp. Nevyhoda téchto mikroskopd spociva vtom, Zze provedené Upravy parametrti svétla



pouzitého pro mikroskopovani soucasné zpusobuji vznik artefakti v digitalnim obraze
vzorku, které se museji pracné odstranovat pomoci softwarovych moduli obsahujicich
program s naro¢nymi matematickymi a analyza¢nimi operacemi. V mnoha pftipadech je
informace o vzorku nesena fotony natolik pozménéna, Ze ji nelze zadnym zplsobem ziskat

Zpét.

Ve vynalezu popisovana metoda analyzy ziskaného signalu na digitalni kamete se soustiedi
na maximalni vytézeni informace a identifikaci vSech topologicky odlisitelnych objektt. Tato
metoda je principidln¢ jinda a podoba se vice zpusobu analyzy objektd prostiednictvim
lidského vnimani tak, jak je napiiklad vniméana informace pfi mikroskopii s videozesilenim.
Mikroskopie s videozesilenim téz umoziuje odlisit objekty mnohem mensi, nez predpoklada

Abbého difrakeni limit, 1ze i zjednodusené fici, Ze jej prekonava.

Ukolem vynélezu je vytvofeni zptisobu pofizovani snimki mikroskopovaného vzorku pomoci
mikroskopu s jejich naslednym zpracovéanim, ktery by umoziioval vyuzivani znamych druht
mikroskopti a ktery by vedl kvytvofeni obrazii a modeli uspofdadani objektd uvniti
mikroskopovaného vzorku ve vysokém rozliSeni s rozpoznatelnosti vnitinich struktur objekt,

pficemz by nebyl ovlivnén stav sledovaného objektu znacicim agentem.

Zatizeni vyuzivajici zplsob podle vynalezu by méla byt jednoduse zkompletovatelna a

snadno rozsititelna do laboratofi a pracovist’ Siroké skaly védnich obori.

Podstata vynalezu

Vytéeny ukol je vyfeSen vytvofenim zpisobu pofizovani snimki mikroskopem
v prochazejicim elektromagnetickém vinéni, vybaveného alespon jednou cockou a
zaznamovym zafizenim snimkd mikroskopovaného vzorku a jejich nasledného zpracovani pro
vytvoreni trojrozmérného modelu alespon ¢asti mikroskopovaného vzorku tvofeného alespoil

jednim objektem zajmu vcetné jeho struktury podle tohoto vynalezu.

Pfi provadéni zptisobu pofizovani snimkt z mikroskopu v prochazejicim elektromagnetickém
vinéni, ktery je vybaven alespoii jednou CoCkou a zafizenim pro zaznam snimku

mikroskopovaného vzorku, a pii jejich nasledném zpracovani se nejprve vlozi



mikroskopovany vzorek na polohovatelny stolek mikroskopu. Nasledné se polohovatelny

stolek se vzorkem nastavi do optické osy cocek mikroskopu a poté se vzorek osviti

elektromagnetickym vInénim. Soucasné se vytvori digitalni zaznam alesponi dvou snimku

mikroskopovaného vzorku a poté se pofizené snimky mikroskopovaného vzorku datové

zpracuji.

Podstata vynalezu spoc¢iva v tom, ze se v prubchu provadéni zpusobu provedou nasledujici

kroky:
(a)

(b)
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(d)

(©

®

®

nejprve se nalezne rozsah ohniskovych rovin cocek, ve kterém se nachazi
alespon jeden objekt zajmu vzorku v roviné ostrosti,

se poridi alesponn dva odlisné digitalni snimky mikroskopovaného vzorku
v obrazovém formatu s minimalnim zpracovanim dat v nejvys$$im dostupném
digitalnim pixelovém rozliSeni odpovidajicim rozmisténi a poctu aktivnich
zaznamovych prvkil zdznamového zafizeni, snimky se systematicky odlisuji
polohou vzorku od zaznamového zafizeni, nebo Casem pofizeni v ptipadé
Casosbérné mikroskopie,

digitdlni snimky mikroskopovaného vzorku se podle moznosti technického
usporadani rozd€li na spektralni slozky, rozd€lené snimky se uspotadaji do
formy datové 3D matice s respektovanim potadi jejich pofizeni a datova 3D
matice se analyzuje po jednotlivych pixelech v jednotlivych po sobé jdoucich
urovnich datové 3D matice odpovidajicich pofadi digitalnich snimku
zatazenych do datové 3D matice,

naleznou se pixely v ramci pfesnosti méfeni neménné intenzity pro soubor
digitalnich snimkti mikroskopovaného vzorku uspofadanych v datové 3D
matici,

vytvoii se referencni histogram intenzit spektralnich slozek alesponl c¢asti
pozadi kolem objektu zajmu,

pozice alesponi jednoho objektu zdjmu je nalezena pomoci detekce pixelt
neménné intenzity mezi alesponn dvéma po sobé jdoucimi digitalnimi snimky
mikroskopovaného vzorku a porovnaji se hodnoty intenzit celého fezu 3D
datovou matici s alespon jednou hodnotou intenzit histogramu pozadi,

béhem porovnani je analyzovana a klasifikovana i vnitini struktura objektu

zajmu, pficemz rozptylujici, absorbujici a destruktivné interferencni



podobjekty zajmu jsou slozeny z pixeld tmavsich nez referenc¢ni hodnota, nebo
rozsah hodnot, definujici pozadi kolem objektu zajmu a (auto)fluoreskujici
podobjekty a podobjekty vzniklé pozitivni interferenci elektromagnetického
vinéni se skladaji z pixelt svétlejsich nez je uvedena referencni hodnota,

(g)  nazavér se vytvori model trojrozmérné struktury objektu zajmu.

Vyhodné je, ze se vytvori model struktury objektu zajmu, ktery obsahuje odlisitelné detaily
mens$i, nezli limit udany Abbého rovnici. Objekt zdjmu byl nasniman na zakladeé
mikroskopovani prochazejicim elektromagnetickym vInénim. Zptsob vyuziva dostupna
zafizeni, kterd diky zpracovani digitalnich snimkid vedou k detekci a tfidéni neznacenych
difraktujicich, autofluoreskujicich podobjektii velikosti 1 voxelu. Tim je mozné postihnout
dynamiku uvnitt bunky a rekonstruovat jeji model. Builkka nemusi byt nijak ovlivnéna
znacicimi agenty nebo jinymi chemikaliemi. Vyuziti barvicich technik se ale nevylucuje a

zpusob analyzy snimki je dokaze odlisit.

Ve vyhodném provedeni zpuisobu podle vynalezu je elektromagnetické vinéni tvofeno okem
viditelnym spektrem, nebo ultrafialovym spektrem, nebo infracervenym spektrem, mikroskop
je opticky mikroskop, zdznamové zatizeni je tvofeno digitalni kamerou. Vynalez ale neni
omezen pouze na tyto vinové délky, lze pouzit elektromagnetické vInéni jiné vinové délky
zvolené pro konkrétni druh mikroskopovaného vzorku a aplikaci. Elektromagnetické vinéni
nachazejici se voku viditelném spektru, tzv. bilé svétlo, je velice snadno pouzitelné a
bezpecné. Optické mikroskopy na prochézejici bilé svétlo jsou snadno dostupné a rozsifené na
pracovistich celého svéta. Digitadlni kamery a jiné digitalni detektory zaznamenavajici
rozlozeni intenzity elektromagnetického vinéni v roviné a prevadéjiciho jej do digitalni formy
jsou rovnéz dostupné v mnoha typech a provedenich. V jinych aplikacich pouziti zplsobu
v pribéhu mikroskopovani mize byt vyhodné pouzit ultrafialové, infracervené nebo jiné

spektrum.

V dals$im vyhodném provedeni zptisobu podle vyndlezu je hodnota intenzity prochazejiciho
elektromagnetického vinéni nastavitelnd. Diky nastavitelné intenzité, lze zpiisob naprosto
pfesné prizplisobit typu mikroskopovaného vzorku, ¢imz je udrzena vysoka mira rozliSeni

vysledkt mikroskopovani.



V dals$im vyhodném provedeni zpisobu podle vynélezu se pro skenovani biologickych a
jinych na elektromagnetické vinéni citlivych vzorki v pribéhu polohovani stolku se vzorkem
a v prib¢hu mikroskopovani elektromagnetické vinéni kontrolované rozsvécuje a zhasina pro
snizeni jeho negativniho vlivu na vzorek, snimani kamery se synchronizuje s kontrolovanym
blikanim elektromagnetické¢ho vinéni. Dopadajici elektromagnetické vinéni ma degradabilni
vliv na mikroskopovany vzorek, zejména u biologickych vzorkd a dalSich vzorka
obsahujicich organické molekuly. Zaroven je ale odliSitelnost objektll zavisla na intenzité
elektromagnetického vinéni a maximalni odliSitelnosti je dosazeno pifi jeho pomérné
vysokych intenzitach. Intenzita elektromagnetického vinéni ma tedy vliv nejenom na
mikroskopovany vzorek, ale i na datovou informaci obsazenou v digitalnich snimcich
zpracovavanych zptisobem vyse uvedenym. Aby byla Zivotnost vzorku prodlouzena a zaroven
dosazeno maxima odliSitelnosti objektl, je vzorek ozafovan pouze v intervalech pfi prvnim

polohovani stolku, nebo pfi potfizovani snimkd.

Soucasti vyndlezu je rovnéz zafizeni, které umoznuje provadéni zplsobu pofizovani a

zpracovani snimku z mikroskopu s prochazejicim elektromagnetickym vinénim.

Zatizeni pro pofizovani snimkt mikroskopem v prochazejicim elektromagnetickém vinéni a
jejich nasledné zpracovani zahrnuje alespon jeden polohovaci stolek polohovatelny ve sméru
os (X, Y, Z) kartézskych soufadnic. Dale alespon jeden mikroskop sestavajici se ze zdroje
elektromagnetického vinéni, alespon z jedné cocky objektivu a alespon z jedné kamery pro

zaznam digitalnich snimkd.

Podstata vynalezu spoc¢iva v tom, Ze zafizeni je opatfeno fidici jednotkou pro nastaveni
polohy stolku, pro ovladani zdroje elektromagnetické vinéni, pro ovladani funkce kamery a
pro ukladani pofizenych mikroskopickych snimkd, kterd zahrnuje alespoit jedno datové
uloziste, ve kterém je uloZen alespon jeden softwarovy modul pro fizeni funkce zafizeni a

zpracovani pofizenych snimk.

Je vyuzito znamého mikroskopu, ktery je ovladan fidici jednotkou pro provadéni zpisobu
podle vynalezu. Ridici jednotka je uzptisobena k synchronizaci prace jednotlivych soudasti

zafizeni.



Cocka objektivu vykazuje pokud mozno co nejmensi zkresleni optické drahy pro viechny
pozorované objekty studovaného vzorku. V piipadé mikroskopie ve viditelném zafeni to tedy
neni nezbytné¢ tzv. plné¢ apochromaticky objektiv, svyhodou lze pouzit napiiklad

reflektorovou optiku, ktera minimalizuje barevnou vadu.

V dalsim vyhodném provedeni zafizeni podle vynalezu obsahuje softwarovy modul pro fizeni
funkce zafizeni a zpracovani pofizenych snimki alespon jeden softwarovy program pro
zpracovani pofizenych snimki, pro synchronizaci polohovéani stolku s nastavovanim a
rozsvécovanim zdroje elektromagnetické¢ho vinéni a spousténim kamery. Softwarovy program
pro pofizovani a zpracovani snimki@i mikroskopovaného vzorku podle tohoto vynalezu
zahrnuje algoritmy pro
- nastavovani a krokovou zménu polohy polohovatelného stolku,
- nastavovani intenzity elektromagnetické vInéni emitovaného zdrojem
elektromagnetického vinéni,
- pro fizené rozsvécovani a zhasinani zdroje elektromagnetické vinéni,
- pro synchronizaci polohovani stolku, blikani elektromagnetického vinéni,
spousténi kamery a pofizeni snimku,
- pro zpracovani série snimkti mikroskopovaného vzorku,

- pro vytvoreni 3D obrazu struktury objektu zajmu.

Je vyhodné, ze =zafizeni je slozeno ze standardniho mikroskopu s prochdazejicim
elektromagnetickym vInénim odpovidajicim pouzité optice. Tyto mikroskopy jsou na

pracovistich velmi rozsifené a jsou snadno dostupné.

Pro pripad mikroskopie ve viditelné oblasti jsou digitalni kamery a polohovatelné stolky
rovnéz pii soucasném stavu techniky velmi dobfe dostupné. Vyhoda zafizeni spociva v jeho
mimoiadné jednoduchosti a dostupnosti, kdy jsou vyse uvedené b&ézné dostupné Casti fizeny
fidici jednotkou tvofenou napiiklad pocitacem. Pocita¢, diky svému programu s ulozenym
zpusobem prace, synchronizuje praci jednotlivych soucasti zatizeni a diky digitdlnimu
zptisobu zpracovani snimki je schopen pfipravit vystup s trojrozmérnym modelem objektu
zajmu vcetné jeho vnitini struktury s miniaturnimi podobjekty. Model obsahuje pro optické
mikroskopy s prochazejicim svétlem odlisitelné struktury tak daleko za limitni hranici

Abbého difrakéniho limitu, jaky je pomér této teoreticky vypoctené hodnoty k velikosti



objektu projektovaného na jeden bod Cipu digitalni kamery. Jinymi slovy v trojrozmérném
obraze je pro topologicky odlisitelné objekty dosazeno stejné odliSitelnosti jako pfi

dvourozmérném pozorovani pomoci mikroskopie s videozesilenim.

Objasnéni vykrest

Uvedeny vynalez bude blize objasnén na nasledujicich vyobrazenich, kde:

obr. 1 znazoriiuje schéma zafizeni a jeho funkce podle vynalezu,

obr. 2 znazoriiuje schéma funkce zptisobu zpracovani snimkt mikroskopovaného vzorku,

obr. 3 znazoriuje schéma zpisobu segmentace podobjektii.

Piiklad uskute¢néni vynalezu

Rozumi se, ze dale popsané a zobrazené konkrétni piipady uskutecnéni vynalezu jsou
predstavovany pro ilustraci, nikoliv jako omezeni vynalezu na uvedené ptiklady. Odbornici
znali stavu techniky najdou nebo budou schopni zajistit za pouZiti rutinniho experimentovani
veétsi ¢ mensi pocet ekvivalentli ke specifickym uskute¢nénim vynalezu, kterd jsou zde

popséna. I tyto ekvivalenty budou zahrnuty v rozsahu nasledujicich patentovych narokd.

Vlastni matematické zpracovani je vyuzitelné prakticky ve vSech piipadech, kdy je
mikroskopem pozorovan vzorek obsahujici obrazové roviny alesponl na dvou krocich posunu
stolku v ose shodné s optickou osou mikroskopu. Optickd osa se shoduje se svislou osou
Z podle kartézského soutadnicového systému (X, Y, Z). Zaroven matematické zpracovani
snimkti mikroskopovaného vzorku neni omezeno na mikroskopii v prochazejicim bilém
svétle, 1ze je pouzit ve vSech piipadech, kdy je zobrazeni dosazeno rozptylem jakychkoliv vin
na prostorovém vzorku, nebo jakymkoliv jinym postupem, pfi némz vznika dvourozmérna
mapa signalu, kterou je mozno reprodukovatelné systematicky ménit. Matematicky,
z hlediska matematické topologie, neni omezen ani pocet rozmért signalu. V uvedeném
ptikladu je prostor detekce fakticky 3 x N rozmérny. To znamena 3(X, Y, Z) x 3(N =pocet
kanalt — vybrané barvy viditelného spektra svétla, pro piiklad provedeni praveé 3 = zelena,

cervend, modra).



Na obr. 1 je znazornéno schéma pracovniho postupu zatizeni 1, piti kterém se provadi zdznam
sady snimka mikroskopovaného vzorku 2 z optického mikroskopu 3 a jejich zpracovani dle
zpusobu tohoto vynalezu. Z fidici jednotky 4 jsou odesilany pokyny ke zdroji 5
elektromagnetického vinéni, ktery emituje tzv. bilé svétlo = svétlo ve viditelném spektru
vinovych délek kombinujici vinové délky nékolika barev. Mezi pokyny je nejenom informace
o intenzit¢ emitovaného svétla, ale i pokyn ke sviceni, ¢i zhasnuti. Dale je fidici jednotkou 4
polohovéan polohovatelny stolek 6, ktery nese mikroskopovany vzorek 2. Ridici jednotka 4
polohuje stolek 6 ve sméru os X, Y, Z kartézské souradnicové soustavy. Nejprve se stolek 6
nastavi tak, aby vzorek 2 lezel v optické ose mikroskopu 3. V pribchu nastavovani pozice
stolku 6 je ze svételného zdroje 5 blikano, aby nebyl vzorek 2 exponovan ve svétle po dobu
vEtsi, nez nezbytné nutnou, pti¢emz kazdy moment osviceni zaznamena digitalni kamera 8 za

¢ockou 7 objektivu a sva data odesle do fidici jednotky 4.

Jakmile je vzorek 2 na svém misté v optické ose mikroskopu 3, najde se rozsah ohniskovych
rovin ¢ocky 7 objektivu takovy, ze v ném je alespon jeden objekt zajmu v rovin€ ostrosti.
Vramci tohoto rozsahu se vtomto konkrétnim piikladu provedeni vzdalenost mezi
polohovatelnym stolkem 6 a cockou 7 ve sméru vertikalni osy (rovnobézné s optickou osou
mikroskopu) méni o definované malé useky o velikosti v fadu desitek az 150 nm, pficemz se
v kazdé zménéné vzdalenosti potidi alespon jeden digitalni snimek mikroskopovaného vzorku
2.

Snimky jsou pfeneseny do fidici jednotky 4, kde jsou ulozeny na datovém ulozisti 9 a odtud je
posléze soubor dat nahran pro zpracovani snimkd a v nich se nachazejicich dat. Zpracovani je
provedeno bud’ v fidici jednotce 4, nebo v nevyobrazeném externim zafizeni s dostateCnym

vypocetnim vykonem.

Mikroskopovani je realizovano pomoci zafizeni 1, které zahrnuje opticky mikroskop 3
v prochazejicim svétle. Opticky mikroskop 3 ma zdroj 5 bilého svétla pro ozafovani vzorku 2
umisténého na polohovatelném stolku 6. Dale ¢ocku 7 objektivu a ¢ocku okularu. V ohnisku
okularu je umisténa digitalni kamera 8. Polohovatelny stolek 6 je ovladan krokovymi motory,
které jsou fizeny zfdici jednotky 4. Ridici jednotka 4 je piipojena ke viem sou¢astem

optického mikroskopu 3. Na rozdil od bézného piistupu je kladen diraz na co nejjednodussi
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optickou drahu a co nejmensi zkresleni ¢ockou. Z dalSich optickych prvki se pouziji pouze

pripadn¢ hranové filtry odstranujici svétlo v ultrafialové a infracervené oblasti.

Ridici jednotka 4 je tvofena pogitatem, ktery ma ve svém datovém uloZisti 9 softwarovy
modul obsahujici program pro nastaveni mikroskopu 3, zejména nastaveni pozice stolku 6 se
vzorkem 2 do optické osy a nastaveni funkce zdroje 5 svétla. PocitaC umoznuje zpracovani
snimkl a vytvofeni modelu 10 objektu zajmu vcetné jeho wvnitini struktury zahrnujici

podobjekty dle nize uvedeného zptsobu.

Na obr. 2 je schematicky vyobrazen zptisob zpracovani snimka. V ramci zptisobu je vykonana
fada operaci, které¢ vedou k ziskani trojrozmérného modelu 10 konkrétniho objektu zajmu,
vcetné jeho struktury. Pokud bude zkouman biologicky vzorek 2, Ize si pro lepsi predstavu
propojit termin vzorek 2 sterminem tkan, termin objekt zdjmu s terminem bufika, termin

podobjekt s terminem organela.

Krok Al zahrnuje pfevzeti snimkd v nepozménéné podobé, tak jak byly snimacim ¢ipem
zdigitalizovany (v RAW formatu), tedy podle moznosti soucasné kamerové technologie v 8,
12 nebo v 16 bitové matici pivodniho digitalizovaného signalu. Dulezité je, ze zadny ze
snimkll neni nijak komprimovan a upravovan jinymi interpola¢nimi metodami. V ptipadé
pouziti bézné barevné digitalni kamery 8, ktera je opatfena Bayerovym filtrem, se dopadajici
elektromagnetické vinéni zaznamenava na miizku aktivnich prvkd na Cipu (pixeld) citlivych
ve tfech rtznych spektralnich rozsazich odpovidajicich ¢astecné tfem zakladnim barvam
vnimaného viditelného elektromagnetického vinéni (zelena, Cervena a modra). Pixeld pro
zaznam zelené barvy je na snimaci dvakrat vice, nezli pixelti pro kazdou ze dvou zbyvajicich
barev. V jiném piikladu provedeni je mozna kombinace Sedotonové kamery s pouzitim
barevnych filtrii, nebo svételnych lasert, pfi snimani vzorkt. Vystupem musi byt digitalni

snimek v nepozménéném formatu digitalniho zapisu.

V kroku Al je snimek rozdélen na barevné slozky. Nasledné se stejny krok Al udéla pro
sousedici snimek, ktery je k pfedchazejicimu snimku zafazen do datové 3D matice. Snimky se
zatadi v matici pod sebe, aby bylo eliminovano nezadouci posunuti, ¢i chvéni, nasledné se
analyzuji, pixel po pixelu, pfi¢emz se porovnaji a naleznou se pixely s intenzitou, kterd se

v ramci digitalniho rozliSeni nezméni. Pfesnost provedeni je dana bitovou hloubkou kamery,
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Sumem kamery a spravnym zarovnanim snimku v sérii ve sméru optické osy. Tyto zdanlivé
neménné pixely slouzi k uréeni pozice objektu zajmu, pfi¢emz se u n¢j interakce se svétlem a
nasledna zobrazovaci funkce nezméni v ramci daného kroku v ose posunu stolku 6 ve
vertikalni ose. Pixely zobrazujici pozadi objektu zajmu se vylouci a ponechaji se pro jinou
cast analyzy. Toto se provede pro vSechny barevné varianty jednoho snimku a dale pak pro

celou sérii snimkd, které byly zatazeny do datové 3D matice.

Po uskutecnéni kroku Al je zndma pozice objektu zajmu na vSech pofizenych snimcich
v sadé dle pohybu ve sméru vertikalni osy. Objekty zdjmu se promitnou do sebe pro ziskani
konkrétniho 2D modelu objektu zajmu. Tento krok je oznacen na obr. 2 jako krok B.
V prubéhu kroku B se vytvoii 2D model objektu zdjmu kombinaci dat vSech znamych pozic

objektu z4jmu ziskanych vypoctem informace nesené v kazdém snimku.

Nasleduje krok C1, pii kterém se mlze i dale redukovat rozsah ohniskovych rovin

vyuzivanych pro konstrukci 2D modelu objektu zajmu.

V kroku D se na fezy ohniskovou oblasti aplikuje metoda vyhodnoceni rozdilu svételnych
intenzit v po sobé jdoucich snimcich pro vytvofeni vnitini struktury modelu objektu zajmu.
Soucasné jsou s krokem D provedeny kroky A2, C3 a E3, pfi kterych se vytvoii histogramy
kolem pozadi ohniskové oblasti objektu zajmu na snimcich. Tyto informace o pozadi objektl
zdjmu jsou vybrany pro konkrétni ohniskové roviny. Tim dojde k rozd€leni zobrazeni
podobjektl podle intenzit na zobrazeni podobjekti difraktujicich, podobjektd fluoreskujicich
(at’ jiz autofluorescence nebo fluorescence vnesena uméle) a zdanlivych podobjektti vzniklych

produktivnim skladanim svételnych vin.

Dalsi na tfadu ptichazeji kroky E1 a E2, které vedou k vyznaceni jednotlivych podobjekti
vnitini struktury objektu z4jmu. Podobjekty jsou zkombinovany z informaci o pozadi objektu
zajmu, zinformaci rozdili svételnych intenzit mezi pixely sousedicich snimkd a to

z informaci pro celou zaostfenou sérii snimkti ve sméru vertikalni osy.

Na obr. 3 je vyobrazeno detailni schéma algoritmu z obr. 2 v krocich D a E3, véetné tfidéni
podobjektt. V kroku Al1¢ je snimek objektu zidjmu rekonstruovan do barevné podoby.

V kroku A2¢ jsou Kklasifikovany podobjekty na zakladé porovnani histogramu svételné
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intensity objektu zajmu s histogramem pozadi snimku na difraktujici a autofluoreskujici
podobjekty. Podobjekty vzniklé¢ konstruktivnim skladanim svételnych vIin neni v ramci

popisované metody mozné odlisit od objektt autofluoreskujicich a je nutno pouzit bud’ ru¢ni

vvvvvv

maska pomoci prekryvajicich se pixeld dvou po sobé jdoucich snimkd.

V kroku C¢ se oddéli jednotlivé difraktujici podobjekty. Poté je v kroku D¢ zrekonstruovan

trojrozmérny model podobjektl rozmisténych v prostoru.

Prumyslova vyuzitelnost

Zpusob pofizovani snimkt mikroskopem v prochazejicim elektromagnetickém vInéni a jejich
nasledného zpracovani podle vynalezu je vhodny pro univerzalni pouziti prakticky ve vSech
laboratotich zabyvajicich se sledovanim mikroskopickych objektl. Naptiklad v laboratotich
zabyvajicich se fyziologickym a morfologickym stavem bunék a vyvojem bunck a tkani,
rovnéz je vhodny pro pouziti v materidlovém inzenyrstvi, zejména pii studiu optickych

vlastnosti transparentnich materialii, hodnoceni kvality mikro- a nano- granuli apod.
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Piehled vztahovych znacek

—_

zafizeni pro mikroskopovani v prochéazejicim svétle a vyhodnoceni snimki
mikroskopovany vzorek

mikroskop

tidici jednotka

zdroj elektromagnetického vinéni

polohovatelny stolek

¢ocka objektivu

zaznamové zatizeni/digitalni kamera

O 0 9 N L B WD

datové ulozisté

10 trojrozmérny model objektu zajmu

Al prevzeti snimku v digitalni podobé bez jakékoliv Gipravy dat formatu ulozeni snimku,
vylouceni pozadi, nalezeni pozice objektu zajmu

B kombinace pozic objektu zajmu na snimcich, do kone¢ného modelu

C1 redukce ohniskovych rovin pro konstrukei kone¢ného modelu

D pouziti metody vyhodnoceni rozdili svételnych intenzit v po sobé jdoucich snimcich
A2 vytvoreni histogramil z pozadi okolo objektu zajmu kazdého snimku

C3 vybér pro konkrétni ohniskové roviny

El, E2, E3 vytvofeni modelu objektu zajmu s podobjekty ve vnitini struktuie

A1 rekonstrukce objektu zajmu do barevné podoby

A2° klasifikace podobjekti

B* vytvoreni binarni masky z ptekryvajicich se pixelti dvou po sobé jdoucich snimkii

C odstranéni difraktujicich podobjektd

D¢ rekonstrukce 3D modelu objektu zajmu s vnitini strukturou
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PATENTOVE NAROKY

Zpusob pofizovani snimkd mikroskopem (3) v prochdzejicim elektromagnetickém
vinéni, vybavenym alesponn jednou cockou (7) a zaznamovym zafizenim (8) pro
zédznam snimki mikroskopovaného vzorku (2), a jejich nasledné¢ho zpracovani, pfi
kterém se nejprve vlozi mikroskopovany vzorek (2) na polohovatelny stolek (6)
mikroskopu (3), polohovatelny stolek (6) se vzorkem (2) se nastavi do osy
prochézejiciho vinéni sméfujiciho do ¢ocky (7) mikroskopu (3), néasledné se vzorek
(2) ozafi, pricemz se vytvoii digitadlni zaznam alesponn jednoho snimku
mikroskopovaného vzorku (2) zaznamovym zafizenim (8), a poté se pofizeny snimek

mikroskopovaného vzorku (2) zpracuje,vyznacujici se tim,ze

(a) nejprve se nalezne rozsah ohniskovych rovin ¢ocky (7), ve kterém se nachazi
alespon jeden objekt zajmu vzorku (2) v roving ostrosti,

(b)  poridi se alesponl dva odlisné digitalni snimky mikroskopovaného vzorku (2) v
obrazovém formatu s minimalnim zpracovanim dat v nejvyssim dostupném
digitdlnim pixelovém rozliSeni odpovidajicim rozmisténi a poctu aktivnich
zaznamovych prvkil zaznamového zafizeni (8), snimky se systematicky odlisuji
polohou vzorku (2) od zaznamového zafizeni (8), nebo Casem pofizeni
v ptipadé casosbérné mikroskopie,

(©) digitalni snimky mikroskopovaného vzorku (2) se rozd¢€li na spektralni slozky,
rozdélené snimky se uspotadaji do formy datové 3D matice s respektovanim
poradi jejich potfizeni a datova 3D matice se analyzuje po jednotlivych pixelech
v jednotlivych po sobé jdoucich trovnich datové 3D matice odpovidajicich
poradi digitalnich snimka zafazenych do datové 3D matice,

(d)  naleznou se pixely v ramci pfesnosti méfeni neménné intenzity pro soubor
digitalnich snimkd mikroskopovaného vzorku (2) usporadanych v datové 3D
matici,

(e)  vytvori se referencni histogram intenzit spektralnich slozek alespon casti
pozadi kolem objektu zajmu,

) pozice alesponi jednoho objektu zajmu je nalezena pomoci detekce pixelt

neménné intenzity mezi alesponn dvéma po sob€ jdoucimi digitadlnimi snimky
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mikroskopovaného vzorku (2) a porovnaji se hodnoty intenzit celého fezu 3D
datovou matici s alespon jednou hodnotou intenzit histogramu pozadi,

69} béhem porovnani je analyzovana a klasifikovana i vnitini struktura objektu
z4jmu, pricemz rozptylujici, absorbujici a destruktivné interferencni
podobjekty zajmu jsou slozeny z pixeld tmavsich nez referenc¢ni hodnota, nebo
rozsah hodnot, definujici pozadi kolem objektu zajmu a (auto)fluoreskujici
podobjekty a objekty vzniklé pozitivni interferenci elektromagnetického vinéni
se skladaji z pixelt svétlejsich nez je uvedena referencni hodnota,

(g)  nazavér se vytvori model (10) trojrozmérné struktury objektu zajmu.

Zpusob podle naroku 1, vyznacujici se tim, Ze elektromagnetické vinéni je
tvofeno okem viditelnym spektrem, nebo ultrafialovym spektrem, nebo infraervenym
spektrem, nebo elektromagnetickym zafenim jiné vinové délky, mikroskop (3) je
opticky  mikroskop nebo jiny mikroskop  vytvafejici obraz = pomoci
elektromagnetického vinéni, zaznamové zafizeni (8) je tvoieno digitalni kamerou nebo
jinym zafizenim zaznamenavajicim rozlozeni intenzity elektromagnetického vInéni

v roviné a prevadéjiciho jej do digitalni formy.

Zpusob podle naroku 2, vyzmadujici se tim, ze hodnota intenzity

prochazejiciho elektromagnetického vinéni je nastavitelna.

Zptsob podle naroku 2 nebo 3, vyznacujici se tim, ze pro skenovani
biologickych a jinych na elektromagnetické vinéni citlivych vzorkt (2) se v prib&hu
polohovani stolku (6) se vzorkem (2) a v pribéhu mikroskopovani elektromagnetické
vinéni kontrolované rozsvécuje a zhasind pro snizeni jeho negativniho vlivu na
vzorek (2), sniméani zdznamového zafizeni (8) se synchronizuje s kontrolovanym

blikanim elektromagnetického vinéni.

Zatizeni pro pofizovani snimkti z mikroskopu v prochazejicim elektromagnetickém
vinéni a jejich nasledné zpracovani zahrnuje alespoi jeden polohovaci stolek (6)
polohovatelny ve sméru os (X, Y, Z) kartézskych soufadnic nebo jiny prostfedek
umoznujici zménu vzdjemné polohy vzorku a svazku elektromagnetického vInéni,

alespoit jeden opticky nebo jiny mikroskop (3) sestavajici se ze zdroje (5)
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elektromagnetické vinéni, alesponn jedné ¢ocky (7) a alespon jednoho zaznamového
zafizeni (8) pro zaznam digitalnich snimkl, vyznacujici se tim, Ze je
opatreno fidici jednotkou (4) pro nastaveni polohy stolku (6), pro ovladani zdroje (5)
elektromagnetick¢ého viInéni, pro ovladani funkce kamery (8) a pro ukladani
potizenych mikroskopickych snimkd, ktera zahrnuje alespon jedno datové tloziste (9),
ve kterém je ulozen alespon jeden softwarovy modul pro fizeni funkce zafizeni a

zpracovani potizenych snimka.

Zatizeni podle naroku 5, vyznacujici se tim, Ze alespon jedna objektivova
cocka (7) je usporadana v reflektorovém objektivu, nebo je uspotfadana v reflektorové

optice.

Zatizeni podle naroku 6, vyznacujici se tim, ze softwarovy modul pro
fizeni funkce zafizeni a zpracovani pofizenych snimkii obsahuje alespon jeden
softwarovy program pro zpracovani porizenych snimkt, pro synchronizaci polohovani
stolku (6) s nastavovanim a rozsvécovanim zdroje (5) elektromagnetického vinéni a

spousténim kamery (8).

Softwarovy program pro pofizovani a zpracovani snimka mikroskopovaného vzorku

(2),vyznacdujici se tim,zezahrnuje algoritmy pro

- nastavovani a krokovou zménu polohy polohovatelného stolku (6),

- nastavovani intenzity elektromagnetické vInéni emitovaného zdrojem (5)
elektromagnetického vinéni,

- pro fizené rozsvécovani a zhasinani zdroje (5) elektromagnetické vinéni,

- pro synchronizaci polohovani stolku (6), blikani elektromagnetického vInéni,
spousténi kamery (8) a pofizeni snimki,

- pro zpracovani série snimkti mikroskopovaného vzorku (2),

- pro vytvoreni 3D modelu (10) struktury objektu zajmu.
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Anotace

Zpisob porizovani mikroskopickych snimki a jejich nasledného zpracovani a zafizeni

k provadéni tohoto zptisobu

Problém k feSeni: V soucasné dobé je rozliSeni mikroskopovani provadéného za pomoci
elektromagnetického vInéni bez nebo za pouziti barvicich agenti omezeno fyzikalnimi

vlastnostmi §ifeni elektromagnetického vinéni, napiiklad Abbého difrakénim limitem.

Reseni: Je vytvoren zpiisob pofizovani a vyhodnoceni snimk v priibéhu mikroskopovéni, pii
kterém se poridi série odlisSnych snimki mikroskopovaného vzorku (2). VSechny nebo
vybrané snimky se v digitalni podobé pod sebe vyrovnaji a naskladaji do datové 3D matice,
ktera je analyzovana pixel po pixelu, Groven po urovni. Na zaklad¢ existence pixell
s neménnou intenzitou vramci presnosti méfeni a na zakladé porovnani s intenzitou
histogramu pozadi jednotlivych snimkd, je nalezen objekt zajmu, urcena jeho piesna poloha
na snimcich a je vytvofen trojrozmérny model (10) struktury vném se nachazejicich

podobjekt.
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C Matlab Scripts

List of Listings C.1: Airy Disc Simulation

% function for Airy Disc simulation in the focus plain

function AiryDiscSim

x=—20:0.1:20;

10=1;

airyCircle=zeros (401,401);
I=zeros(length(x) ,1);
c=201;

for i=1:length(x)
I(1)=10*(2*besselj(1,x(i))/x(i))"2;

end

% plot Airy Disc — intensity profile

figure;

plot(x,I,’b=");

hold on;

plot (x(1):0.01:x(end),0, k=");

for r=0:200
for phi=0:0.0001:2xpi()
airyCircle (round(c+rxcos(phi)) ,round(c+r+sin(phi)))=I(r+200);
end

end
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Matlab Scripts

% plot Airy Disc — top view
figure;
imagesc(airyCircle );

axis equal;

axis tight;

% plot Airy Disc — 3D view
figure;surf(airyCircle)
view (45 ,45);

axis tight

colormap(’jet ’);
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List of Listings C.2: ENZ Simulation

function ENZ_Dizertace
% Enz Simulation — Thesis

% Settings — Parameters of ENZ Simulation

aberration="No’; % serves only for name

m=0; % m, n can be changed for simulation
n=0; % of different aberrations

7=0.3; % Z — 7power” of aberration

r_list=0:0.005:1;
f_list=-3:0.03:3;

na=0.50; % the numerical aperture

diam=0.2; % diameter in microns

lambda=0.200; % wavelength in microns

eps=0.00001; % a small offset epsilon, to avoid deviding by

radius=diam /2;
ap=2%pix(na/lambda)*radius;
d=1/8«ap"2+1/384xap 4+1/10240%ap " 6; % optimal d.

scale_z=lambda/(2+pi)*1/(1—sqrt(l—-na"2)); % scaling factor for

[r, f]=meshgrid ((r_list+eps)«2xpixna/lambda, f_list /scale_z);

% by wusing a complex defocus parameter, the finite diameter
% is taken into account.
f=f+1ixd;

[x,y]=meshgrid([—r_list (end: —1:2) r_list],[—r_list (end:—1:2) r_

phi=angle (x+1ix*y);

u_0=Vom(r,f,0,0);
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u_aber=Vnm(r,f ,n,m);
image3D=zeros ([size (phi),length(f_list )]);
% calculations

for foc=1:length(f_list)
u_Oxy=interpl (r_list ,u_0(foc,:) ,sqrt(x(:)."2+y(:)."2));
u_Oxy=reshape(u_0Oxy ,size(x));
u_aberxy=interpl (r_list ,u_aber (foc,:) ,sqrt(x(:)."24+y(:)."2));
u_aberxy=1i"(m+1)*2+«pixZ«reshape (u_aberxy ,size(x)).* cos(m«phi);
field=u_Oxy+u_aberxy ;
intensity=real(field .xconj(field));
intensity (isnan(intensity))=0;
image3D (:,:,foc)=intensity;

end

% Plotting graphs
% 3D image

image3D=image3D /max(max(max(image3D )));

figure(’units’, ’normalized’, outerposition’ ,[0 0 1 1]);

h = vol3d(’cdata’,image3D, 'texture’,’2D’);

view (3);

vol3d(h);

alphamap (’vup’);

alphamap (.075 .x alphamap );

grid on;

view (—10,5);

title ([ ’3D_model_of_’ ,aberration ,’_.aberration’], ’FontSize’ 16,

"FontWeight’, "bold ") ;
xlabel (’X_Radius.[\mum] ’,’FontSize’ ,14);
ylabel (’Y_Radius.[\mum] ’,’FontSize’ ,14);
zlabel ('Focus.[\mum] ’,’FontSize’ ,14)

XTicks=get (gca, 'XTick’);
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YTicks=get (gca, 'YTick’);
ZTicks=get (gca, 'ZTick’);

set (gca, 'FontSize’ ,12,’FontWeight’, "bold 7 );

set (gca, 'XTickLabel ’ ,( XTicks /max(XTicks)*2*max(r_list)—max(r_list )));
set (gca, "YTickLabel ’ ,( YTicks/max(YTicks)*2*max(r_list)—max(r_list )));
set (gca, 'ZTickLabel’ ,(ZTicks /max(ZTicks)*2+max(f_list)—max(f_list )));

hgexport (gef, [aberration,’ 3D’ ’.png’|, hgexport(’factorystyle’),
"Format’, ’png’);

hgsave (gcf, [aberration,’ 3D’ ’.fig’],’—v7.3"7);

close(gcf);

% 2D section in focus

figure (’units’, ’normalized’, outerposition’,[0 0 1 1]);
imagesc (image3D (:,:,101));

title (’View.in_Focus’, FontSize’ ,16, FontWeight’, ’bold’);
xlabel ('X_Radius.[\mum] ', ’FontSize’ ,14);

ylabel ('Y_Radius.[\mum] ', ’FontSize’ ,14);

axis equal;

axis tight;

XTicks=get (gca, 'XTick’);

YTicks=get (gca, "YTick’);

set (gca, "FontSize’ ,12, "FontWeight ’, "bold ’, ’LineWidth’ ,2);

set (gca, 'XTickLabel ’ | ( XTicks /max(XTicks)*2*«max(r_list)—max(r_list )));
set (gca, 'YTickLabel ’ ,( YTicks/max(YTicks)*2smax(r_list)—max(r_list )));

grid on;

hgexport (gef, [aberration,’_Focus’ ’.png’], hgexport(’factorystyle’),
"Format’, ’png’);
hgsave (gcf, [aberration,’_Focus’ ’.fig’], —v7.3"7);

close(gcf);
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% 2D section in through centre of particle YZ plane

figure (’units’

, 'normalized’, ’outerposition’ ,[0 0 1 1]);
imagesc(squeeze (image3D (201 ,:,:))7);

title ('YZ_View_in_centre’,’FontSize’ ,16, FontWeight’, bold’);
xlabel ('Y_Radius.[\mum] ', ’FontSize’ ,14);

ylabel (’Focus.[\mum] ’, ’FontSize’ ,14)

axis equal;

axis tight;

XTicks=get (gca, 'XTick’);
YTicks=get (gca, 'YTick’);

set (gca, 'FontSize’ ,12, "FontWeight ’, "bold ’, ’LineWidth’ ,2);
set (gca, ’XTickLabel ’ ,(XTicks /max(XTicks)*2«max(r_list)—max(r_list )));

set (gca, ’YTickLabel’ ,( YTicks /max(YTicks)*2«max(f_list)—max(f_list )));

grid on;

hgexport (gef, [aberration,’YZ’ ’.png’], hgexport(’factorystyle’),
"Format’, ’png’);
hgsave (gcf, [aberration,’ YZ’ ’.fig’],’—v7.3");

close(gcf);

% 2D section in through centre of particle XZ plane

figure (’units’, ’normalized’, outerposition’,[0 0 1 1]);
imagesc(squeeze (image3D (: ,201,:))7);

title (’XZ_View_in_centre’,’FontSize’ ,16, FontWeight’, bold’);
xlabel (’X_Radius.[\mum] ’,’FontSize’ ,14);

ylabel (’Focus.[\mum] ’, ’FontSize ’,14)

axis equal;

axis tight;

XTicks=get (gca, 'XTick’);
YTicks=get (gca, 'YTick’);
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set (gca, "FontSize’ ,12,’FontWeight’, "bold ’, "LineWidth’ ,2);
set (gca, 'XTickLabel’ ,( XTicks/max(XTicks)*2+max(r_list)—max(r_list)));

set (gca, 'YTickLabel’ ,( YTicks/max(YTicks)«2+max(f_list)—max(f_list)));

grid on;

hgexport (gef, [aberration,’ XZ’ ’.png’]|, hgexport(’factorystyle’),
"Format’, ’png’);

hgsave(gcf, [aberration,’ XZ’ ’.fig’'], —v7.37);

close(gcf);
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List of Listings C.3: ENZ Simulation Wavelength Dependency

function ENZ _Dizertace_Light_Dep
% Enz Simulation — Thesis
% Light wavelength dependency

% Settings — Parameters of ENZ Simulation

aberration="No’; % serves only for name

m=0; % m, n can be changed for simulation
n=0; % of different aberrations

7=0; % Z — 7power” of aberration

r_list=0:0.005:1;
f_list=-3:0.03:3;

na=0.50; % the numerical aperture

diam=0.2; % diameter in microns

lambda=0.800; % wavelength in microns

eps=0.00001; % a small offset epsilon, to avoid deviding by zero

radius=diam /2;
ap=2%pix(na/lambda)*radius;
d=1/8%ap"2+1/384xap"4+1/10240%ap "6; % optimal d.

scale_z=lambda/(2+pi)*1/(1—sqrt(l—-na"2)); % scaling factor for defocus
[r, f]=meshgrid ((r_list+eps)*2xpixna/lambda, f_list /scale_z);

% by wusing a complexr defocus parameter,

% the finite diameter is taken into account.

f=f+1ixd;

[x,y]=meshgrid([—r_list (end: —1:2) r_list],[—r_list (end:—1:2) r_list]);
phi=angle (x+1ix*y);

u_0=Vom(r,f,0,0);
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u_aber=Vnm(r,f ,n,m);
image3D=zeros ([size (phi),length(f_list )]);
% calculations

for foc=1:length(f_list)
u_Oxy=interpl (r_list ,u_0(foc,:) ,sqrt(x(:)."2+y(:)."2));
u_Oxy=reshape(u_0Oxy ,size(x));
u_aberxy=interpl (r_list ,u_aber (foc,:) ,sqrt(x(:)."24+y(:)."2));
u_aberxy=1i"(m+1)*2+«pixZ«reshape (u_aberxy ,size(x)).* cos(m«phi);
field=u_Oxy+u_aberxy ;
intensity=real(field .xconj(field));
intensity (isnan(intensity))=0;
image3D (:,:,foc)=intensity;

end

% Plotting graphs
% 3D image

image3D=image3D /max(max(max(image3D )));

figure(’units’, ’normalized’, outerposition’ ,[0 0 1 1]);

h = vol3d(’cdata’,image3D, 'texture’,’2D’);

view (3);

vol3d(h);

alphamap (’vup’);

alphamap (.075 .x alphamap );

grid on;

view (—10,5);

title ([ ’3D_model_of.’ aberration ,’_aberration’], ’FontSize’ ,16,...

"FontWeight’, "bold ") ;
xlabel (’X_Radius.[\mum] ’,’FontSize’ ,14);
ylabel (’Y_Radius.[\mum] ’,’FontSize’ ,14);
zlabel ('Focus.[\mum] ’,’FontSize’ ,14)

XTicks=get (gca, 'XTick’);
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YTicks=get (gca, 'YTick’);
ZTicks=get (gca, 'ZTick’);

set (gca, 'FontSize’ ,12,’FontWeight’, "bold 7 );

set (gca, 'XTickLabel ’ ,( XTicks /max(XTicks)*2*max(r_list)—max(r_list )));

set (gca, "YTickLabel ’ ,( YTicks/max(YTicks)*2*max(r_list)—max(r_list )));

set (gca, 'ZTickLabel’ ,(ZTicks/max(ZTicks)*2*max(f_list)—max(f_list )));

hgexport (gef, [aberration,’_ 3D_’ num2str(lambda), ’.png’],...
hgexport (’factorystyle’), 'Format’, ’png’);

hgsave (gcf, [aberration,’_3D_’ ,num?2str(lambda), ’.fig’],’—v7.3"7);

close(gcf);

% 2D section in focus

figure(’units’, ’normalized’, outerposition’ ,[0 0 1 1]);
imagesc (image3D (:,:,101));

title (’View.in_Focus’, FontSize’ ,16, FontWeight’, ’bold’);
xlabel ('X_Radius.[\mum] ', ’FontSize’ ,14);

ylabel ('Y_Radius.[\mum] ', ’FontSize’ ,14);

axis equal;

axis tight;

XTicks=get (gca, 'XTick’);

YTicks=get (gca, "YTick’);

set (gca, "FontSize’ ,12, "FontWeight ’, "bold ’, ’LineWidth’ ,2);

set (gca, 'XTickLabel ’ | ( XTicks /max(XTicks)*2*«max(r_list)—max(r_list )));
set (gca, 'YTickLabel ’ ,( YTicks/max(YTicks)*2smax(r_list)—max(r_list )));

grid on;

hgexport (gef, [aberration,’_Focus_’ ,num2str(lambda), ’.png’],...
hgexport (’factorystyle’), 'Format’, ’png’);
hgsave (gcf, [aberration,’_Focus_.’ ,num2str(lambda),’.fig’], —v7.3");

close(gcf);
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% 2D section in through centre of particle YZ plane

figure (’units’

, 'normalized’, ’outerposition’ ,[0 0 1 1]);
imagesc(squeeze (image3D (201 ,:,:))7);

title ('YZ_View_in_centre’,’FontSize’ ,16, FontWeight’, bold’);
xlabel ('Y_Radius.[\mum] ', ’FontSize’ ,14);

ylabel (’Focus.[\mum] ’, ’FontSize’ ,14)

axis equal;

axis tight;

XTicks=get (gca, 'XTick’);
YTicks=get (gca, 'YTick’);

set (gca, 'FontSize’ ,12, "FontWeight ’, "bold ’, ’LineWidth’ ,2);
set (gca, ’XTickLabel ’ ,(XTicks /max(XTicks)*2«max(r_list)—max(r_list )));
set (gca, ’YTickLabel’ ,( YTicks /max(YTicks)*2«max(f_list)—max(f_list )));

grid on;

hgexport (gef, [aberration,’_ YZ_’ ,num?2str(lambda),’.png’],...
hgexport (’factorystyle’), 'Format’, ’png’);

hgsave (gcf, [aberration,’_YZ_’ ,num2str(lambda), ’.fig’],’—v7.3"7);

close(gcf);

% 2D section in through centre of particle XZ plane
figure(’units’, ’normalized’, outerposition’ ,[0 0 1 1]);
imagesc(squeeze (image3D (: ,201,:))7);

title (’XZ_View_in_centre’,’FontSize’ ,16, FontWeight’, bold’);
xlabel (’X_Radius.[\mum] ’,’FontSize’ ,14);

ylabel (’Focus.[\mum] ’, ’FontSize ’,14)

axis equal;

axis tight;

XTicks=get (gca, 'XTick’);
YTicks=get (gca, 'YTick’);
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set (gca, "FontSize’ ,12,’FontWeight’, "bold ’, "LineWidth’ ,2);
set (gca, 'XTickLabel’ ,( XTicks/max(XTicks)*2+max(r_list)—max(r_list)));

set (gca, 'YTickLabel’ ,( YTicks/max(YTicks)«2+max(f_list)—max(f_list)));

grid on;

hgexport (gef, [aberration ,’ XZ_’ num2str(lambda), ’.png’],...
hgexport (’factorystyle’), 'Format’, ’png’);
hgsave(gcf, [aberration ,’ XZ_’ num2str(lambda),’. fig’],’—v7.3");

close(gcf);
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List of Listings C.4: ENZ Simulation Size Dependency

function ENZ _Dizertace_Size_Dep
% Enz Simulation — Thesis
% Size Dependency

% Settings — Parameters of ENZ Simulation

aberration="No’; % serves only for name

m=0; % m, n can be changed for simulation
n=0; % of different aberrations

7=0; % Z — 7power” of aberration

r_list=0:0.005:1;
f_list=-3:0.03:3;

na=0.50; % the numerical aperture

diam=0.1; % diameter in microns

lambda=0.200; % wavelength in microns

eps=0.00001; % a small offset epsilon, to avoid deviding by zero

radius=diam /2;
ap=2%pix(na/lambda)*radius;
d=1/8%ap"2+1/384xap"4+1/10240%ap "6; % optimal d.

scale_z=lambda/(2+pi)*1/(1—sqrt(l—-na"2)); % scaling factor for defocus
[r, f]=meshgrid ((r_list+eps)*2xpixna/lambda, f_list /scale_z);

% by wusing a complexr defocus parameter,

% the finite diameter is taken into account.

f=f+1ixd;

[x,y]=meshgrid([—r_list (end: —1:2) r_list],[—r_list (end:—1:2) r_list]);
phi=angle (x+1ix*y);

u_0=Vom(r,f,0,0);
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u_aber=Vnm(r,f ,n,m);
image3D=zeros ([size (phi),length(f_list )]);
% calculations

for foc=1:length(f_list)
u_Oxy=interpl (r_list ,u_0(foc,:) ,sqrt(x(:)."2+y(:)."2));
u_Oxy=reshape(u_0Oxy ,size(x));
u_aberxy=interpl (r_list ,u_aber (foc,:) ,sqrt(x(:)."24+y(:)."2));
u_aberxy=1i"(m+1)*2+«pixZ«reshape (u_aberxy ,size(x)).* cos(m«phi);
field=u_Oxy+u_aberxy ;
intensity=real(field .xconj(field));
intensity (isnan(intensity))=0;
image3D (:,:,foc)=intensity;

end

% Plotting graphs
% 3D image

image3D=image3D /max(max(max(image3D )));

figure(’units’, ’normalized’, outerposition’ ,[0 0 1 1]);

h = vol3d(’cdata’,image3D, 'texture’,’2D’);

view (3);

vol3d(h);

alphamap (’vup’);

alphamap (.075 .x alphamap );

grid on;

view (—10,5);

title ([ ’3D_model_of.’ aberration ,’_aberration’], ’FontSize’ ,16,...

"FontWeight’, "bold ") ;
xlabel (’X_Radius.[\mum] ’,’FontSize’ ,14);
ylabel (’Y_Radius.[\mum] ’,’FontSize’ ,14);
zlabel ('Focus.[\mum] ’,’FontSize’ ,14)

XTicks=get (gca, 'XTick’);
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YTicks=get (gca, 'YTick’);
ZTicks=get (gca, 'ZTick’);

set (gca, 'FontSize’ ,12,’FontWeight’, "bold 7 );

set (gca, 'XTickLabel ’ ,( XTicks /max(XTicks)*2*max(r_list)—max(r_list )));
set (gca, "YTickLabel ’ ,( YTicks/max(YTicks)*2*max(r_list)—max(r_list )));
set (gca, 'ZTickLabel’ ,(ZTicks /max(ZTicks)*2+max(f_list)—max(f_list )));

hgexport (gef, [aberration,’_ 3D _rad_’ num2str(diam), ’.png’],...
hgexport (’factorystyle’), 'Format’, ’png’);
hgsave (gcf, [aberration,’_ 3D_rad.’ , num2str(diam), ’.fig’'],’—v7.37);

close(gcf);

% 2D section in focus

figure(’units’, ’normalized’, outerposition’ ,[0 0 1 1]);
imagesc (image3D (:,:,101));

title (’View.in_Focus’, FontSize’,16, FontWeight’, ’bold’);
xlabel ('X_Radius.[\mum] ', ’FontSize’ ,14);

ylabel ('Y_Radius.[\mum] ', ’FontSize’ ,14);

axis equal;

axis tight;

XTicks=get (gca, 'XTick’);

YTicks=get (gca, "YTick’);

set (gca, "FontSize’ ,12, "FontWeight ’, "bold ’, ’LineWidth’ ,2);

set (gca, 'XTickLabel ’ | ( XTicks /max(XTicks)*2*«max(r_list)—max(r_list )));
set (gca, 'YTickLabel ’ ,( YTicks/max(YTicks)*2smax(r_list)—max(r_list )));

grid on;

hgexport (gef, [aberration,’_Focus_.rad_’ ,num2str(diam), ’.png’],...
hgexport (’factorystyle’), 'Format’, ’png’);
hgsave (gcf, [aberration,’_Focus_rad_’ , num2str(diam),’.fig’], —v7.3"7);

close(gcf);
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% 2D section in through centre of particle YZ plane

figure (’units’

, 'normalized’, ’outerposition’ ,[0 0 1 1]);
imagesc(squeeze (image3D (201 ,:,:))7);

title ('YZ_View_in_centre’,’FontSize’ ,16, FontWeight’, bold’);
xlabel ('Y_Radius.[\mum] ', ’FontSize’ ,14);

ylabel (’Focus.[\mum] ’, ’FontSize’ ,14)

axis equal;

axis tight;

XTicks=get (gca, 'XTick’);
YTicks=get (gca, 'YTick’);

set (gca, 'FontSize’ ,12, "FontWeight ’, "bold ’, ’LineWidth’ ,2);
set (gca, ’XTickLabel ’ ,(XTicks /max(XTicks)*2«max(r_list)—max(r_list )));

set (gca, ’YTickLabel’ ,( YTicks /max(YTicks)*2«max(f_list)—max(f_list )));

grid on;

hgexport (gef, [aberration,’_ YZ_rad_’ ,num2str(diam),’.png’],...
hgexport (’factorystyle’), 'Format’, ’png’);

hgsave (gcf, [aberration,’_YZ_rad.’,num2str(diam), ’.fig’], —v7.3");

close(gcf);

% 2D section in through centre of particle XZ plane
figure(’units’, ’normalized’, outerposition’ ,[0 0 1 1]);
imagesc(squeeze (image3D (: ,201 ,:))7);

title (’XZ_View_in_centre’,’FontSize’ ,16, FontWeight’, bold’);
xlabel (’X_Radius.[\mum] ’,’FontSize’ ,14);

ylabel (’Focus.[\mum] ’, ’FontSize ’,14)

axis equal;

axis tight;

XTicks=get (gca, 'XTick’);
YTicks=get (gca, 'YTick’);
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set (gca, "FontSize’ ,12,’FontWeight’, "bold ’, "LineWidth’ ,2);
set (gca, 'XTickLabel’ ,( XTicks/max(XTicks)*2+max(r_list)—max(r_list)));

set (gca, 'YTickLabel’ ,( YTicks/max(YTicks)«2+max(f_list)—max(f_list)));

grid on;

hgexport (gef, [aberration ,’ XZ rad_’ ,num2str(diam), ’.png’],...
hgexport (’factorystyle’), 'Format’, ’png’);
hgsave(gcf, [aberration,’ XZ rad_’ num2str(diam),’.fig’],’—v7.37);

close(gcf);
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List of Listings C.5: 3D reconstraction of fluorescent particles

function fluorPart

input=["E:\ Work\ Dizertace\Microbeads_Vienna_14102014\" ,...
"Microbeads_14102014\ " |;
diam=0.22;

files=dir ([input ,num2str(diam ), . tif ' |);

img=(imread ([input, files (1).name]));
[x,y]=size (img);

image3D=zeros (x,y,length(files)—1);

for i=1:length(files)—1
img=(imread ([input, files (i).name]));
image3D (:,:,1)=img;
end
figure(’units’
h = vol3d(’cdata’,image3D (100:300,100:300,:), texture’,’2D”);
% h = vol3d(’cdata’,image3D, "texture ’, ’2D’);
view (3);

vol3d(h);

, 'normalized’, ’outerposition’ ,[0 0 1 1]);

alphamap (’vup’);
alphamap (.075 .x alphamap );
grid on;

view (30,10);

title ([ ’3D.image_of_.’ ;num2str(diam ), ’\mun.latex_praticles’] ,...

"FontSize’ ,16, 'FontWeight’, bold ");
xlabel ('X_Position._[\mum]|’,’FontSize’ ,14);
ylabel ('Y_Position._[\mum|’,’FontSize’ ,14);
zlabel ('Z_Position.[\mum] ', ’FontSize’ ,14)

XTicks=get (gca, 'XTick’);
YTicks=get (gca, 'YTick’);

166



Toméas Nahlik Matlab Scripts

ZTicks=get (gca, 'ZTick’);

set (gca, 'FontSize’ ,12,’FontWeight’, "bold 7 );
set (gca, ’XTickLabel ’ ,XTicksx0.0963);

set (gca, ’YTickLabel’ ;Y Ticks*0.0963);

set (gca, "ZTickLabel’ ;ZTicks*0.125);

hgexport (gef, [aberration,’ 3D’ ’.png’],...

hgexport (’factorystyle’), 'Format’, ’png’);
hgsave (gcf, [aberration,’ 3D’ ’.fig’],’—v7.3");
close(gcf);
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List of Listings C.6: 3D reconstruction of real PSF

function make3D

% 8D reconstruction of manopraticles based on

% entropy recalcultaion of BF images

intensity="1000mA’ ;

input=[’E:\ Data\Nanoparticles ——_0—22um\’ ,...
"PreparedData\1000mA\ Cut\2\ Entropy -RGB-RGB—-0,5—Whole_image\ ’ ] ;

pxsize=39.54;

channel=2;

limits =[98,317,100,324];
coor=[98,317,100,324,22845,0.4,22886,0.6];

step=100;

files=dir ([input, ’*.png’]);

img3D=zeros (limits(4)—limits (3)+1,limits(2)—limits(1)+1,length(files));
for i=1:length(files)

img=imread ([input, files (i).name]);

temp=img(coor (3):coor(4),coor(1):coor(2),channel);

img3D (:,:,1i)=temp;
end
figure(’units’, ’normalized’, outerposition’ ,[0 0 1 1]);
h = vol3d(’cdata’,img3D, "texture’,’3D’);
view (3);
% Update view since ’'texture = ’'2D’
vol3d (h);

alphamap (’vup’);

alphamap (.075 .x alphamap );
axis tight;

daspect ([ pxsize pxsize step]);
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grid on;

zoom (0.5);

title ([’0.22 \mum_particle —_Intensity.’,intensity ,] ,...
"FontSize’ ,16, FontWeight’, ’bold ’);

xlabel ('X_position._[\mum|’,’FontSize’ ,14);

ylabel ('Y_position._[\mum|’, ’FontSize’  14);

zlabel (’Z_position.[\mum] ', FontSize’ ,14)

XTicks=get (gca, 'XTick’);
YTicks=get (gca, 'YTick’);
ZTicks=get (gca, 'ZTick’);

set (gca, 'FontSize’ ,12, "FontWeight’, ’bold ");
set (gca, 'XTickLabel ’ ,XTicks*pxsize *0.001);
set (gca, 'YTickLabel’ , YTicks*pxsize*0.001);
set (gca, 'ZTickLabel’ ,ZTicksxstep*0.001);
hgexport (gef, [aberration,’ 3D’ ’.png’],...

hgexport (’factorystyle’), 'Format’, ’png’);
hgsave (gcf, [aberration,’ 3D’ ’.fig’],’—v7.3"7);
close(gcf);

169



Toméas Nahlik Matlab Scripts

List of Listings C.7: 3D reconstruction of PSF Core

% function make3DCore

% 8D reconstruction of PSF Core
intensity="2000mA’ ;
level="Lev_60";

inputCore=["E:\ Data\Nanoparticles ——_0—22um\PreparedData\’ ,...
’2000mA\ Cut\2\ RoiSelection\ All_Objects\’ ,...
'I1-1.x.110-301_y_127 —302\’,level , "\’ |;

pxsize =39.54;

channel =2;

coor=[110,301,127,302,22845,0.2,22886,—0.02];

limits=coor (1:4);

step=100;

filesCore=dir ([inputCore, ’*.png’]);

core3D=zeros (limits(4)—limits (3)+1,limits(2)—limits (1)+1,...
length (filesCore));

for i=1:length(filesCore)
imgCore=imread ([inputCore , filesCore (i).name]);
tempCore=imgCore (: ,: ,channel);
core3D (:,:,i)=tempCore;

end

img3D=core3D ;

figure(’units’, ’normalized’, outerposition’ ,[0 0 1 1]);
h = vol3d(’cdata’,img3D, ’texture’,’3D’);
view (3);
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% Update view since ’texture’ = 2D’

vol3d (h);

axis tight;

grid on;

zoom (0.5);

title ([’0.22 _ \mum_particle_—_Intensity.’,intensity ,...

" ,num2str(channel )] ,...

’_—._Channel —.

"FontSize’ ,16, FontWeight’, ’bold ’);
xlabel ('X_position._[\mum|’,’FontSize’  14);
ylabel ('Y_position._[\mum|’,’FontSize’  14);

zlabel ('Z_position.[\mum] ', ’FontSize’ ,14)

XTicks=get (gca, 'XTick’);
YTicks=get (gca, 'YTick’);
ZTicks=get (gca, ZTick’);

colormap (jet)

set (gca, 'FontSize’ ,12, 'FontWeight’, "bold ");
(gca, ’XTickLabel’ ,XTicks*pxsize*0.001);

set (gca, 'YTickLabel ’ , YTicks*pxsize *0.001);
(gca, ’ZTickLabel’ ,ZTicks*step*0.001);

set

set

% hgexport(gcf, [intensity,’ -3D_Core_Level—",level,’—Channel— ",...

% num2str (channel ), ".png '] , ...

% hgexport(’factorystyle ’), ’Format’, ’png’);

% hgsave(gcf, [intensity,’-3D_Core_Level—",level,’—Channel— ",...
% num?2str(channel ), ’. fig ], " —v7.37);

% close(gcf);
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List of Listings C.8: 3D reconstruction of PDG Model

% function make3DPDGModel

% 8D reconstruction of PDG Model

intensity="1000mA’ ;

input=["E:\ Data\ Nanoparticles .——_0—22um\ PreparedData\’ ,...
intensity , ’\Cut\2\ RoiSelection\ All_Objects\’|;

pxsize=39.54;

channel=2;

coor=[111,312,124,283,22845,0.72,22886,0.5];

limits=coor (1:4);

step=100;

files=dir ([input, ’*.png’]);

img3D=zeros (limits(4)—limits (3)+1,limits(2)—limits(1)+1,length(files));
for i=1:length(files)

img=imread ([input, files (i).name]);

temp=img(coor (3):coor (4),coor(1):coor(2),channel);

img3D (:,:,1i)=temp;
end
figure (’units’, ’normalized’, outerposition’ ,[0 0 1 1]);
h = vol3d(’cdata’,img3D(:,:,l:end—7), texture’,’3D");
view (3);
% Update view since ’'texture = ’'2D’
vol3d(h);

axis tight;

daspect ([ pxsize pxsize step]);
grid on;

zoom (0.5);

title ([70.22 _\mum_particle_—_Intensity.’,intensity ,] ,...
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"FontSize’ ,16, FontWeight’, ’bold ’);
xlabel ('X_position._[\mum|’, ’FontSize’  14);
ylabel ('Y_position._[\mum|’, ’FontSize’ ,14);
zlabel ('Z_position._[\mum] ', FontSize’ ,14)

XTicks=get (gca, 'XTick’);

YTicks=get (gca, 'YTick’);

ZTicks=get (gca, 'ZTick’);

set (gca, "FontSize’ ,12,’FontWeight’, "bold 7 );
set (gca, 'XTickLabel’ | XTicks*pxsize «0.001);
set (gca, 'YTickLabel’ ,YTicks*pxsize «0.001);
set (gca, 'ZTickLabel’ ,ZTicks*step*0.001%2);

% hgexport(gef, [intensity,’  8D_.PDG’ ’.png’],...

% hgexport(’factorystyle ’), ’Format’, ’png’);
% hgsave(gcf, [intensity,’ 8D_PDG’ ’.fig’], —v7.3"7);
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List of Listings C.9: 3D reconstruction of PSF Core shells with different

intensities

function particleShells3D
% 8D reconstruction of PSF Shells of different intensity levels

% coordinates of particle in the image
coor=[111,312,124,283,22845,0.72,22886,0.5];

limits=coor (1:4);

img3D=zeros (limits(4)—1limits (3)+1,limits(2)—1limits (1)+1,399);
h=waitbar (0, Levels’);

% preprocessing of data
for level=60:20:140
waitbar (level /140);
intensity="3500mA’ ;
input=[’E:\ Data\Nanoparticles .——_0—22um\ PreparedData\3500mA\ "’ ,...
"Cut\2\ RoiSelection\ All_Objects\I—-1_x_111-312_y 124 —283\"’ ,...
"Lev_’ ,num2str(level),’\’];

pxsize=39.54; % definition of the size of the pixzel
channel=2; % wusing green channel

step=100;

files=dir ([input,’*.png’]);

for i=1:length(files)

img=imread ([input, files (i).name]);

[x,y,"]=size (img):

img3D (coor(3)—limits (3)+1:coor(3)—limits (3)+x,...
coor(1l)—limits(1)+1:coor(l)—limits(1)+y,i)=...
double (img3D (coor (3)—limits (3)+1:coor(3)—limits (3)+x,...
coor(l)—limits(1)+1:coor(l)—limits(1)+y,i))...
+double (img (: ,:,channel)xlevel /10);
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end
end
close (h)

% 3D image

figure (’units’, 'normalized’,’outerposition’ ,[0 0 1 1]);

h = vol3d(’cdata’,img3D(50:end—50,50:end—50,:), ’texture’,’3D’);
view (3);

% Update view since ’'texture’ = 2D’

vol3d (h);

axis tight;

% Changing ration of the axis according to real sizes

daspect ([ pxsize pxsize step]);

grid on;

zoom (0.5);

title ([’0.22 _\mum_particle_—_Intensity.’, intensity ,...
".—_Shells .60_.—.140_"], FontSize’ ,16, FontWeight ', "bold ) ;

( 14);
ylabel ('Y_position._[\mum]|’,’FontSize’  14);
zlabel ( 14)

xlabel ('X_position.[\mum]’, FontSize’
'Z_position . [\mum] ', FontSize’,

XTicks=get (gca, "XTick’);
YTicks=get (gca, 'YTick’);
ZTicks=get (gca, ZTick’);
set (gca, 'FontSize’ ,12, 'FontWeight’, "bold ");
set (gca, 'XTickLabel ’ ,XTicks*pxsize*0.001);

(gca, ’YTickLabel’ , YTicks*pxsize*0.001);
set (gca, 'ZTickLabel’ ,ZTicksxstep*0.001);
alphamap (’vup’);

set

alphamap (.075 .x alphamap );

view (50,20)

colormap (hsv);

hgexport (gef, [intensity ,’_shells.60—-140" ’.png’],...
hgexport (’factorystyle’), 'Format’, ’png’);
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hgsave(gcf, [intensity ,’ _shells_.60-140" ’.fig’], '—v7.3"7);
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D Other results

Image D.1 shows results of first preliminary experiments.

- ‘
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Figure D.1: Real PSF - Different Light Intensities. Upper row - 15nm
gold particle, bottom row - 200nm latex particle. From left to right -
1000mA, 1500mA, 2000mA, 2500mA, 3000mA

According to our measured data I tried to simulate the PSF of our
microscope however I was not able to gain complete matching of simulation
and our experiments. What is shown on Fig. D.2 is comparison of simulated
and real PSF. Parameters of the simulated PSF was estimated based on the

visual comparison with real PSF.
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Figure D.2: Comparison of simulated and real PSF - Left part - Simulated
PSF, Right part - Real PSF
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Abstract:

Time-lapse microscopic movies are being increasingly utilized for
understanding the derivation of cell states and predicting cell future. Often,
fluorescence and other types of labeling are not available or desirable, and cell
state-definitions based on observable structures must be used. We present
the methodology for cell behavior recognition and prediction based on the
short term cell recurrent behavior analysis. This approach has theoretical
justification in non-linear dynamics theory. The methodology is based on the
general stochastic systems theory which allows us to define the cell states,
trajectory and the system itself. We introduce the usage of a novel image
content descriptor based on information contribution (gain) by each image
point for the cell state characterization as the first step. The linkage between
the method and the general system theory is presented as a general frame
for cell behavior interpretation. We also discuss extended cell description,
system theory and methodology for future development. This methodology
may be used for many practical purposes, ranging from advanced, medically
relevant, precise cell culture diagnostics to very utilitarian cell recognition in

a noisy or uneven image background. In addition, the results are theoretically
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justified.
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F Article - The State
Trajectory of Cell Using Rényi
Entropy Coeflicients

Tomas Nahlik, Jan Urban, Dalibor Stys, Petr Cisar, Aliaksandr
Pautsina, Jan Vanek
Abstract:

The construction of state trajectory of the cell is not a simple task. It
must be decided what are the state variables. Since we work with coloured
images, it sounds logical to start with the trajectory in RGB colour space.
Each axis is then processed via several Rényi entropies. The value of Rényi
coefficient spread or collapsed the trajectory along the axis of the state
space. Each combination of Rényi coefficients gives us one subtraction of the
whole trajectory. The major issue is how to choose the proper combination.
However, all subtractions are correct. The single cell trajectory should be
divided into several clusters, once the trajectory is constructed. Each cluster
of the trajectory represents an event or subset of the states of the cell. Size
and position of clusters depends on the trajectory and on number of clusters.
We proposed eight clusters now as a first estimation, satisfied by the results:
Clusters are well separated; images in transitions between clusters show some
changes. Changes are also observable in images at the borders of the clusters.
If we compare content of the clusters in different trajectories some images
stay in the same cluster but some images may change the cluster. This is
caused by the method of acquisition of the trajectory. The different coef-
ficient in the Rényi equation highlights different part of the image so the
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trajectory can be little bit different as well as size, position and content of

clusters.
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G Article - Entropy based
approximation to cell

monolayer development

T. Nahlik, J.Urban, P. Cisar, J. Vanek and D. Stys
Abstract:

Our analysis is based on the assumption that the metabolic and signal
pathways substantiate non-linear dynamic processes which are responsible for
asymptotic stability of biological systems. Observed events, not pathways
themselves, are the elementary asymptotically stable objects to be studied.
This assumption is theoretically supported by observed structures in a rela-
tively simple pseudo-chemical agent-based model. The state space is given
by coefficients of Rényi information entropy. Each combination of Rényi
coefficients gives us one subtraction of the whole trajectory. The single
cell trajectory should be divided into several clusters, once the trajectory
is constructed. Each cluster of the trajectory represents an event or subset
of the states of the cell. Size and position of clusters depends on the trajec-
tory and on number of clusters. We propose a recipe, using the rules of the
generalized stochastic system theory, how to extract individual trajectories
of the multifractal system the biological stochastic attractor. This set of
trajectories is then utilized for thermodynamic representation of the biolog-
ical chaotic attractor. Our analysis is strictly based on experiment with all
its practical limits. We present implementation of analysis of development

of cell monolayer observed by microphotography.
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H Article - Microscope point
spread function, focus and
calculation of optimal

microscope set-up

Tomas Nahlik and Dalibor Stys
Abstract:

If we are observing very small objects in the microscope the infor-
mation appears somehow distorted. This distortion is called point spread
function (PSF) and it can be measured and simulated as we show in this
article. Many experiments and simulations were done in the field of confocal
or deconvolution microscopy, but we want to present 3D reconstruction and
measurement of PSF in the bright field (or phase contrast) microscopy. Our
goal is to use this knowledge about PSF to estimate objective focus.We want
to use this method for automatic focusing of the microscope.We measured
the PSF on our microscope in bright field using a 100x objective. We used 15
nm gold and 200 nm latex particles as point sources. We used two different
simulations; first one was Airy disc simulation; the second one was Extended
NijboerZernike theory. Both approaches were used for description of PSF
and finding the position of the focus.
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I Manuscript - Super-resolved
3-D imaging of live cells
organelles from bright-field

transmission micrographs

Renata Rychtarikovd!, Tomés Nahlik!, Kevin Shi?, Daria
Malakhova!, Petr Machac¢ek!, Petr Cisai', Jan Urban' & Dalibor Stys!
Abstract: Current biological and medical research is aimed at obtaining a
detailed spatiotemporal map of a live cell’s interior to describe and predict
cell’s physiological state. This can be fulfilled by our algorithm for a
complete 3-D modelling of cellular structures from a z-stack obtained using
label-free bright-field light-transmitted microscopy. The computation is
based on searching for pixels of unchanged intensities between two consec-
utive images of object spread function. These pixels represent strongly
light-diffracting, light-absorbing or light-emitting objects. To reach that,
variables derived from the Rényi entropy was used for the suppression of
camera noise. The method visualizes 3-D objects of the volume that is a

multiple of a camera pixel size with a z-height.
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