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PREFACE

The second book in the series continues to report recent research and applied solutions
in the area of computational oncology and personalized medicine, being the topic of
the Priority Research Area #I (POBI) of the Silesian University of Technology. The
chapters are the result of the research conducted by the staff of SUT and by the
partners from both the academic world and socio-economic environment. It aims to
present research results and interests and to exchange information on scientific
activities related to the scope of POBI.

The idea behind the monograph is to spread among the scientific community the
recent advances in computational methods in medical applications. We believe that
the new ideas and applications presented within the series would lead to the
implementation of new diagnostic tools, drugs or therapies to assist clinicians in their
practice and eventually would lead to an increase in life quality.

The chapters of this monograph cover mostly the topics that are the response of the
scientific community to the needs raised by clinical partners.

The largest number of chapters represent topics related to bioinformatics, including:
medical image processing and analysis (X-ray microtomography in histopathology;
the algorithm for keratin 10 determining in organotypic cell cultures images; and
still relevant and important issues sourced in COVID-19: chest X-ray images
preprocessing for COVID-19 patients Al-driven classification; denoising autoencoder
model for chest X-ray images preprocessing), classification systems (feature extraction
and dimensionality reduction as the first step of the full hands-free machine learning
analysis; neural network for mixed types big data visualization) as well as cancer-
-related research (clonal evolution/somatic mutations in cancers; unsupervised
algorithms in the gene expression data of different human cancers) and general
applications (recurrence and cross-recurrence quantification analyses of the time
series in pharmacology and physiology).

The second largest group of chapters is focused on (bio)materials engineering
(incl. biofunctionalization of surfaces; polycaprolactone in tissue engineering;
polyhydroxybutyrate accumulation in bioplastic) and tissue properties (subcutaneous
adipose tissue).
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The third group is related to numerical modelling in biomedical applications
(incl. skin tumour freezing; cardiovascular biofluid mechanics).

Finally, one chapter covers the up-to-date problem, especially during the pandemic
time, of e-learning course evaluation methodology.

The publication of the book is one of the activities carried out by the Silesian
University of Technology and it was published, among others, as a result of the
Excellence Initiative — Research University programme. As one of ten Polish universities,
the Silesian University of Technology obtained the status of a research university and
commenced the implementation of the programme aimed at increasing its scientific
excellence and international significance.

Editors would like to express their gratitude to the authors who have submitted their
original research chapters as well as to all the reviewers for their valuable comments.
Your effort has contributed to the high quality of the book that we pass on to the
readers. We also hope that this second volume in the series would not only ignite
a new, joint, interdisciplinary and challenging research but could also result in new
methods and diagnostic tools. Such solutions, in future, could also support both
clinicians and health agencies in better distribution/usage of available health budgets.

Katarzyna Krukiewicz

Michat Marczyk

Monika Bugdol

Sylwia Bajkacz

Ziemowit Ostrowski

(Editors)

August 2022 Gliwice
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Matgorzata SKORUPA'!, Taral PATEL!, Katarzyna KRUKIEWICZ!*

Chapter 1. DIAZONIUM CHEMISTRY AS A ROBUST APPROACH
FOR THE BIOFUNCTIONALIZATION OF TITANIUM
SURFACE

1.1. Introduction

Metallic biomaterials are most commonly used as implants for bone replacement or
support. These metals include stainless steel, cobalt alloys, and titanium and its alloys
which have become widespread since the early 1970s [1, 2]. Titanium is characterized
by an excellent corrosion resistance and high strength-to-density ratio, overcoming
that of steel. Additionally, it is regarded as an inert material in physiological
conditions [2]. This set of conducive, mechanical, physical, and biological properties
has made Ti the most attractive metal for biomedical applications, such as dental and
orthopedic implants [3]. Another advantage of Ti implants is their non-ferrous
character, which allows the patients to be safely examined with magnetic resonance
imaging [1]. The resistance to corrosion is associated with a spontaneous passivation
of Ti surface [4]. Grade V Ti alloy (Ti-6Al-4V) is more prone to corrosion, resulting
in the possible release of cytotoxic vanadium and aluminium in long-term

implantations, whereas commercially pure Ti (Grade [-IV) remains more resistant [2, 5].

Surface properties of Ti implants, including surface chemistry, topography and
wetting angle, have a decisive effect on the process of osseointegration, affecting
cellular response and bacterial colonization [6]. The surface of the implant is
especially susceptible to bacterial infection after the surgery, when the tissue gets
disrupted and has reduced number of blood vessels [7]. Therefore, the immunological

response at the implant/tissue interface is diminished. Additionally, defects in the

! Department of Physical Chemistry and Technology of Polymers, Faculty of Chemistry, Silesian University of
Technology, Gliwice, Poland.

*Corresponding author: katarzyna.krukiewicz@polsl.pl.



14

passive layer and insufficient wear resistance of Ti implants can compromise their
corrosion resistance and durability [8]. All these issues can be addressed by
appropriate surface functionalization. The efforts to modify Ti surface include
chemical and physical methods, e.g. surface texturing, plasma treatment, thermal
oxidation, chemical etching, or physical vapour deposition, especially to obtain
coatings like TiN or CrN [6, 9].

For decades, scientists have paid close attention to the functionalization of different
surfaces in a wide range of applications [10]. Diazonium salts are one of the most
versatile compounds in organic science, also they are frequently utilized in a variety of
reactions [11]. Because of their high reactivity, diazonium salts are now widely used
in surface modification. For instance, Chehimi et al. [12] modified the surface of TiO>
with diazonium chemistry to initiate radical polymerization of methacrylate. Also
Ti6Al4V alloy was modified with diazonium ions to create poly(hydroxyethyl)
methacrylate and polyetheretherketone layers [13]. A number of articles has addressed
electrochemical deposition of various metals on TiN surfaces as a simple and cost-
effective approach [14, 15]. Although there are several coating techniques described
in the literature, a diazonium-based surface modification is preferred over the rest, due
to its ability to form covalently bonded aryl-layers with desired functionalities, such as
alkyl, nitro, cyanide, carboxylic, ester, alcohol, thiol, and halogenated groups [16].
As-formed coatings exhibit good adherence and homogeneity [17]. One of the main
benefits of the diazonium-based surface modification is that it may be used on any

type of surface, regardless of size, shape, or geometry.

In this chapter, we present the process of surface modification of Ti with
a 4-nitrobenzenediazonium salt, resulting in the formation of a layer of nitrobenzene
molecules covalently attached to the surface at para position (denoted as Ti-NO»). To
extend the number of possible biofunctionalization pathways, Ti-NO> surface was
subjected to an additional electrochemical reduction reaction, resulting in the
reduction of nitrobenzene moiety to aniline (Ti-NHz). To verify whether the
functionalization procedure was successful, unmodified and modified Ti discs were
investigated by means of electrochemical impedance spectroscopy. As-formed Ti-NH;
surfaces can be further biofunctionalized by a variety of methods to immobilize
particular biomolecules (DNA, enzymes, proteins, peptides, etc.), metal complexes,
polymers, various nanoobjects and molecular species (carbon nanotubes, fullerenes,
metal nanoparticles, etc.), in order to equip Ti surface with unique biological

characteristics.
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1.2. Materials and methods

1.2.1. Reagents

Ti discs (diameter: 1 in., thickness: 0.02 in., in line with ASTM-B-265/ASME-SB-265
GR 2 specifications), 4-nitrobenzenediazonium tetrafluoroborate, NBF (97%),
potassium chloride, KCl (>99.0%), and tetrabutylammonium hexafluorophosphate,
nBusNPFs (>99.0%), were obtained from Sigma Aldrich (Saint Louis, MO, USA).
nBusNPF¢ was vacuum dried before use. Deionized water (Millipore quality), ethanol
(99.8%, Avantor) and acetonitrile (ACN, HPLC grade, Sigma Aldrich) were used as

solvents.

1.2.2. Surface modification

The electrochemical functionalization of Ti surface was performed by means of
a PARSTAT 2273 potentiostat (Ametek, Berwyn, PA, USA) by a cyclic voltammetry
(CV) scanning. A standard three-electrode setup was used, comprising a Ag/AgCl
(3 M K(l) reference electrode (ET073, EDAQ, Denistone East, Australia), a platinum
plate counter-electrode (1 c¢cm?) (Mennica Polska, Warsaw, Poland), and a Ti disc
working electrode (exposed area of 0.283 cm?) (Sigma Aldrich, Saint Louis, MO,
USA). Ti surface grafting with NBF (5 mM) was carried out in 0.1 M nBusNPFs ACN
solution, within a potential range from -1.0 V to 0.5 V (vs. Ag/AgCl), for 5 CV cycles
at a scan rate of 100 mV/s. Further electrochemical functionalization of Ti was
performed in the 0.1 M KCI ethanol:water (1:9 v/v) solution, within a potential range
from -1.0 V to 0 V (vs. Ag/AgCl), for 5 CV cycles at a scan rate of 100 mV/s.

1.2.3. Surface characterization

Electrochemical characterization of unmodified and modified Ti surfaces was
performed by means of an electrochemical impedance spectroscopy (EIS) by
collecting EIS spectra in 0.1 M KCl solution with frequencies ranging from 100 kHz
to 100 mHz, an AC amplitude of 40 mV (vs. Ag/AgCl) and a DC potential equal to
0V (vs. Ag/AgCl).
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1.3. Results and discussion

Since diazonium chemistry has been known as an efficient approach for
surface functionalization [18,19], grafting and subsequent reduction of
4-nitrobenzenediazonium (NBF) salt was used for the covalent modification of
a surface of model Ti disc electrodes (Fig. 1). The first step of functionalization
involved an electrochemical reduction of NBF at the surface of Ti electrode. A distinct
reduction peak at the potential of -0.4 V (vs. Ag/AgCl) was observed in a cyclic
voltammetric (CV) curve associated with this process. NBF reduction peak, however,
was observed particularly in the first CV cycle, and disappeared in the subsequent CV
cycles, suggesting that Ti surface was successfully modified at the beginning of the
reduction process and subsequent CV cycles did not further affect surface chemistry.
As a result of the first step of functionalization, the surface of Ti disc was coated with
a layer of nitrobenzene molecules covalently attached to the surface at para position
(denoted as Ti-NO2). To extend the number of possible biofunctionalization
procedures, Ti-NO, surface was subjected to an additional electrochemical reduction
reaction in a protic medium (water:ethanol solution), resulting in the reduction of

nitrobenzene moiety to aniline (Ti-NH>).

NO, NO, NO,
= i -
o S o
N, N, N,
—r

Fig. 1. Schematic representation of the process of Ti surface functionalization with diazonium
chemistry (on the example of 4-nitrobenzenediazonium surface grafting)

Rys. 1. Schematyczne przedstawienie procesu funkcjonalizacji powierzchni Ti za pomocag soli
diazoniowych (na przyktadzie szczepienia powierzchniowego soli 4-nitrobenzenodiazoniowej)
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0.3

——RBare Ti
0.2 Reduction of NBF

Current, mA

-0.4 4 T

T T

T T T T
-1.0 -0.8 -0.6 -04 -0.2 0.0 0.2 0.4

Potential vs. Ag/AgCl, V

Fig. 2. Cyclic voltammetric curve collected during the reduction of NBF on Ti surface compared
with the cyclic voltammetric curve collected during the reduction of Ti in the absence of NBF

Rys. 2. Krzywa woltamperometryczna zarejestrowana podczas redukcji NBF na powierzchni Ti,
poréwnana z krzywa woltamperometryczng zarejestrowang podczas redukcji Ti w roztworze
bez NBF

To verify whether the functionalization procedure was successful, unmodified and
modified Ti discs were investigated by means of electrochemical impedance
spectroscopy (EIS). Due to the fact that EIS allows to detect minor changes in the
mechanism of charge transfer, by comparing the shape of EIS spectra (Fig. 3), it is
possible to assess the efficiency of surface modification. EIS data can be analyzed in
three different ways. Impedance vs. frequency plots (Fig. 3A) can be used to compare
the impedance behaviour of investigated samples in a wide frequency range. By
observing the increase/decrease in the impedance values, it could be assessed whether
the modification strategy leads to the decrease/increase in the conductivity of the
surface, respectively. Phase angle vs. frequency plots (Fig. 3B), on the other hand, can
be used to assess the capacitive behaviour of the samples. The number of peaks is
related to the number of capacitive processes taking place in the investigated system,
and the position of the peak is related to the time constant of the system. Finally,
negative imaginary impedance vs. real impedance plots (Fig. 3C), also known as
Nyquist plots, combine both the impedance and phase angle into the one plot in the
complex plane. The semicircles observed in the Nyquist plots are associated with
electrochemical processes such as charge transfer. In general, the larger the diameter
of the semicircle, the less conducting is the investigated system.

EIS data clearly indicated the variation in Ti surface impedance at different stages of
the functionalization procedure. Bare Ti discs were found to be highly electroactive,
exhibiting a low impedance profile and a single phase angle peak at 100 Hz. The
impedance profile was found to be typical for metal electrodes, with a low impedance
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at high frequencies and its increase at low frequencies [20]. The formation of Ti-NO»
at the first stage of functionalization was found to have a deteriorating effect on
surface conductivity by elevating the impedance profile and shifting a phase angle
peak to higher frequencies (decreasing time constant). Interestingly, if the reduction of
Ti was carried out in the absence of NBF, the resulting material (Ti-red) exhibited the
worst electrochemical characteristics among all investigated materials, as evidenced
from the largest semicircle observed in the Nyquist plot. Further reduction of Ti-NO»
to form Ti-NH; resulted in the consecutive changes in impedance (decrease in the
impedance profile) and capacitive (increase in time constant) behaviour of Ti surface.
Basing on the EIS data, it could be concluded that since the electrochemical behaviour
of Ti-NO> and Ti-NH, was different than that noted for bare Ti, both surface
functionalization steps were successful in changing the surface characteristics of Ti.
The presence of NBF-derived organic moiety on the surface of Ti electrodes was
indirectly confirmed by observing the differences in electrochemical behaviour among
Ti-NO», Ti-NH>, and Ti-red samples, since the latter one was formed in the absence of
NBF.
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Fig. 3. EIS data in the form of (A-B) Bode plots showing the frequency-dependent behaviour of the
(A) impedance modulus and (B) phase angle, and (C) Nyquist plots of bare Ti electrodes, as
well as Ti electrodes subjected to reduction, NBF modification and post-modification

Rys. 3. Wyniki EIS w formie (A-B) wykresow Bodego przedstawiajacych zaleznos¢ (A) impedancji
i (B) kata fazowego od czegstotliwosci, oraz (C) wykresy Nyquista dla czystej elektrody Ti,
elektrody Ti poddanej redukcji, modyfikacji NBF oraz post-modyfikacji
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Diazonium-grafted surfaces can be further biofunctionalized by a variety of methods
(Fig. 4), including amide coupling, “click chemistry”, and post-diazotization, among
others [21]. Therefore, the biological properties of Ti-NH> could be easily tailored to
specific needs by the immobilization of particular biomolecules, such as DNA,
enzymes, proteins, peptides, etc., in order to equip Ti surface with unique biological
characteristics. Additionally, the chemistry of Ti-NH> allows for the immobilization of
metal complexes, various nanoobjects, and molecular species, such as carbon
nanotubes, fullerenes, metal nanoparticles, etc. Besides, covalently attached organic
moieties can be used as precursors for surface-initiated polymerization reactions,
leading to the formation of polymer brush-like structures of defined physicochemical
characteristics and a great potential in biomedical engineering, including biosensing,

cell culture and regenerative medicine [22].
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Fig. 4. Further routes of biofunctionalization for Ti-NH, surfaces
Rys. 4. Dalsze mozliwosci biofunkcjonalizacji powierzchni Ti-NH,
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1.4. Conclusions

Diazonium chemistry has been confirmed as an easy and straightforward approach to
modify the surface of Ti by means of an electrochemical grafting procedure. As
a result, two types of surface chemistries have been formed: Ti-NO> and Ti-NH>,
which could be further modified by a variety of methods to immobilize particular
biomolecules (DNA, enzymes, proteins, peptides, etc.), metal complexes, polymers,
various nanoobjects and molecular species (carbon nanotubes, fullerenes, metal
nanoparticles, etc.), in order to equip Ti surface with unique biological characteristics

suitable for particular biomedical needs.
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DIAZONIUM CHEMISTRY AS A ROBUST APPROACH FOR THE
BIOFUNCTIONALIZATION OF TITANIUM SURFACE

Abstract

Due to an excellent corrosion resistance and high strength-to-density ratio, titanium is
most commonly used as an implant material for bone replacement or support. Surface
properties of Ti implants, including surface chemistry, topography and wetting angle,
have a decisive effect on the osseointegration, and can be easily tailored by surface
modification. In this chapter, we present the process of surface modification of Ti with
a 4-nitrobenzenediazonium salt, resulting in the formation of a layer of nitrobenzene
molecules covalently attached to the surface at para position. To extend the number of
possible biofunctionalization procedures, as-formed surface was subjected to an
additional electrochemical reduction reaction, resulting in the reduction of
nitrobenzene moiety to aniline. To verify whether the functionalization procedure was
successful, unmodified and modified Ti discs were investigated by means of
electrochemical impedance spectroscopy.

Keywords: diazonium salts, electrografting, titanium, biofunctionalization
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Chapter 2. ADSC DIFFERENTIATION INTO OSTEOBLASTS IN THE
PRESENCE OF TISSUE SCAFFOLDS OBTAINED FROM
CORE-SHELL MICRO- AND NANOFIBERS WITH
ADDITION OF Cu

2.1. Introduction

Biomaterials in regenerative medicine have a variety of use, but the most common is
to serve as scaffolds. They are providing physical support, delivery of cells and
mobilization of endogenous cells to repair tissues. Thanks to this they play a key role
in the reconstruction and replacement of hard to regenerate tissues lost due to trauma
or disease [1].

Amongst the most challenging to heal injuries are large bone defects as they are
beyond bone’s capacity to completely regenerate without medical ingerence.
Biomaterials in those defects provide required stabilization and support allowing
bones to restore their function. Currently, the gold standards of treatment are bone
autografts and allografts. However, they are burdened with numerous disadvantages,
such as limited sources, risk of immune rejection or disease transmission [2]. To
increase the benefit/risk ratio for the recipient currently used graft could be replaced
with polymer scaffolds. In addition to reducing the risk of immune response, lowering
the cost of procedure and their overall conveniency they bring more treatment
strategies. They allow for performing autologous cell stimulations, stem cell

implantation and differentiation [3].

One of the most widely use biomaterial in tissue engineering is polycaprolactone
(PCL). It is synthetic polymer characterized by high strength, relatively long

! Department of Pathology, Pomeranian Medical University, Szczecin, Poland.
* Corresponding author: mjelos@gmail.com
2 Lukasiewicz Research Network — Institute of Non-Ferrous Metals, Gliwice, Poland.
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degradation time, good biocompatibility, and relatively low cost of production. Its
properties make it a great candidate to produce improved cell scaffolds. Moreover,
with carefully selected additives its features can be easily enhanced making the

therapy more successful and convenient for patient [4].

Lately copper has caught the attention of many scientists as a potential additive to
biomaterials. Its antibacterial properties may prevent post implant sepsis, which also
leads to limitation of antibiotics use during the recovery period. Furthermore, multiple
studies show that copper promotes angiogenesis. It might contribute to the copper
ability to stimulate osteogenesis, which was also show in some studies. Taking in
consideration those properties copper seems to be a good candidate for addition to

biomaterials especially those dedicated for bone regeneration [5, 6].

2.2. Material and methods

2.2.1. Biomaterial production

Biomaterials used in this study were produced in two stages. First the solutions for
nanofibers were mixed, starting with combining tetrahydrofuran and
dimethylformamide with 300 nm copper nanowires in concentration of 1% or 5% in
ultrasonic homogenizer. To this solution polycaprolactone was added to obtain
PCL/Cu solution. Further, obtained solution was combined with 17%
polycaprolactone solution to obtain a core-shell nanofibers called PCL//PCL/Cu/1%
or PCL//PCL/Cu/5%.

In the second stage obtained solutions were used to produce fibers using
electrospinning technique. Fibers obtained in an electrostatic field falling on the
collector surface formed a non-woven fabric. During the works, the conditions for the
production of micro and nanofibers were established/optimized. The following
manufacturing conditions were used in the preparation of the fibers: (i) solution flow:
10 ml/h; (ii) collector type used: rotary, (iii) collector rotational speed 20 rpm, (iv)
voltage: 0.95-1.00 kV/cm; (v) temperature of the solution 24°C, (vi) temperature of
the gas (atmospheric air) flowing through the working chamber: 23°C; (vii) gas
humidity in the working chamber: 35%.
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2.2.2. SEM pictures

The SEM Scanning Electron Microscope was used to study the structure of micro and
nanofibers. The samples were tested at a magnification of 5000 to 10000 x. As the
tested samples are mostly made of polymers, before testing, the samples were placed
in a sputtering machine where, after creating a vacuum, an electrically conductive
silver coating with a thickness of several nm was applied. After the sputtering process,
the samples were placed in the SEM microscope and the structure research was
started.

2.2.3. Cell culture

Experiments were conducted using Adipose Derived Stem Cells (ADSC) which were
cultured in Dulbecco's Modified Eagle Medium (DMEM, Lonza 12-604F/U1) with
10% Fetal Bovine Serum (FBS, Corning 35-079-CV) and 1% Antibiotic-Antimycotic
(AA, Gibco 15240-062) and incubated at 37°C, 5% COa.

2.2.4. Biomaterial extracts preparation

Biomaterials were sterilized by 1h incubation in 70% ethanol, which was followed by
rinsing with Phosphate Buffered Saline (PBS, Lonza 0000708833). Biomaterials were
left to completely dry for 2-3 h and then incubated for 24 h in standard cell culture
medium (DMEM 10% FBS 1% AA) at 37°C, 5% COx.

2.2.5. MTT Assay

For MTT test ADSC were seeded in 96-well plate and incubated for 24 hours. After
the time cells medium was replaced with fresh portion of the standard medium,
biomaterial extracts in concentration of 100% and 50% and 5% DMSO (Corning,
25-950-CQC) solution. The next day media was changed to MTT solution with which
cells were incubated for 2 hours. The MTT solution has been prepared by dilution of
3 mg Thiazozyl Blue Tetrazolium Bromide (Sigma, MKCK7253) in 3 ml DMEM
without phenol red (Gibco, 2036286). The resulting formazan crystals were then
dissolved with isopropanol. The absorbance was measured spectrophotometrically at
570 nm.
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2.2.6. ADSC differentiation into osteoblasts

ADSC differentiation into osteoblasts was carried out by seeding cells into 12-well
cell plate and incubation till the cell’s confluency reached 80%. Then the medium was
changed to Induction Medium with or without biomaterial extracts. Cell media was
changed for fresh portions every 3-4 days for 3 weeks. The Induction Medium consist
of: DMEM, 0.05 mM L-Ascorbic Acid 2-phosphate sesquimagnesium salt hydrate
(Sigma, A8960), 0.1 uM Dexamethasone (Sigma, D4902), 10 mM fS-glycerophosphate
disodium salt hydrate (Sigma, G9422), 10% FBS, 1% AA. Cell morphology was
observed daily.

2.2.7. Alizarin Red staining

To perform Alizarin Red staining cells were fixed with 2% formaldehyde and
incubated with Alizarin Red solution (Millipore, 2003999) for 0.5 h, which was
followed by rinsing with distillated water. Cells were observed using light
microscope. To obtain quantitative results, Alizarin Red dye was extracted from cells
by incubating them with acetic acid, scraping from the bottom of the well, which was
followed by incubation at 80°C. Meanwhile the Alizarin Red standards were prepared.

The absorbance was measured at 405 nm.

2.2.8. Statistical analyzes

The statistic evaluation was performed using R-studio. The data normality was tested
by Shapiro-Wilk test, based on the obtained results Wilcoxon signed-rank test or

Student's t-test were carried out.

2.3. Results

2.3.1. PCL//PCL/Cu/1% and PCL//PCL/Cu/5% fabrics

Uniform microfibers of PCL//PCL/Cu/1% and PCL//PCL/Cu/5% were obtained,

which formed non-woven fabric (Fig. 1).
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Fig. 1. The structure of the non-woven fabric. Images were taken using a scanning electron
microscope (SEM)

Rys. 1. Struktura widkniny. Obrazy wykonano przy uzyciu skaningowego mikroskopu elektronowego
(SEM)

2.3.2. Biocompatibility of biomaterials extracts

The viability of cells incubated in biomaterials extracts was not markedly affected as
at least 94.11% of cells remained viable upon testing (Fig. 2). In other variants of
biomaterial extracts ADSC viability was higher than for cells incubated in standard
cell culture medium reaching up to 119.13% for 50% PCL//PCL/Cu/5% extract and
111.7% for 100% PCL//PCL/Cu/1% extract.
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2.3.3. ADSC differentiation into osteoblasts

As a result of Alizarin Red staining, more stained calcium deposits were observed in
the well, where cells were grown in the induction medium with the addition of
biomaterials extracts than in wells where cells were incubated in induction medium
without extracts (Fig. 3). For cells incubated with PCL//PCL/Cu/5% extract the
amount of stained calcium deposits was higher than for cells incubated with
PCL//PCL/Cu/1% extract. In well where cells were incubated in DMEM 10% FBS

1% AA no calcium deposits were observed.
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Fig. 3. Calcium deposits stained with Alizarin Red

Rys. 3. Ztogi wapnia wybarwione Alizarin Red

The presence of copper significantly (p-value < 0.001) positively affected the
differentiation ADSC cells into osteoblasts, as the staining intensity of Alizarin Red
was three to four times higher for cells incubated with the addition of Cu-doped
biomaterial extracts than for cells incubated without. Moreover, higher Alizarin Red
dye concertation was observed in cells incubated with addition of PCL//PCL/Cu/5%
extracts than for cells incubated with addition of PCL//PCL/Cul% extract (Fig. 4).



30

-value < 0,001
1000 - - - -

900
800
700
600
500

400

Concentration [uM]

300

200 I

100

0 =
PCL//PCL/Cu/1% PCL//PCL/Cu/5% Induction Medium DMEM 10%FBS
1%AA

Fig. 4. The intensity of Alizarin Red staining which semi-quantitatively reflects upon the
transdifferentiation of ADSC into osteocytes
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2.4. Discussion and concussion

Polycaprolactone is a well-known biomaterial that thanks to its desired properties
found a variety of usage in regenerative medicine. Nonetheless, each new variant of it
created by combining it with any additive must be tested for biocompatibility and
changes in properties.

Based on performed analyzes it can be concluded that produced PCL//PCL/Cu/1%
and PCL//PCL/Cu/5% extracts have no toxic effect on ADSC. Furthermore, the
observed increased viability of cells suggests that the addition of copper may stimulate
the proliferation of cells. This assumption can therefore be confirmed by the data
available in the literature, where authors show that copper stimulates the proliferation
of different cell types. Burghardt et al. found that copper in a specific concentration
range stimulates the proliferation of mesenchymal stem cells [7]. Alizadeh et al., have
shown that copper nanoparticles enhance endothelial cell proliferation and Philips et

al. presented that copper cause an increase in dermal fibroblasts proliferation [8, 9].

ADSC differentiation into osteoblasts was performed based on methodology, which

was established by combining two methods in order to achieve sufficient efficiency
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[10, 11]. Obtained results suggest that the addition of biomaterial extracts significantly
stimulates osteogenic differentiation. Taking into consideration numerous reports
from the literature on the stimulating effect of copper on osteogenesis it can be
concluded that an increased number of calcium deposits are caused due to the
presence of copper [12—14]. Observed stimulation may be occurring because of
copper’s ability to enhance the alkaline phosphatase enzyme activity and osteogenic
gene expressions [15, 16].

Taking into consideration all performed analyses it can be concluded that Cu-doped
PCL may serve as a promising proto-material for the development of tissue structures
facilitating the differentiation of ADSC into osteoblasts and it may find potential

application in the production of scaffolds for bone regeneration.
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ADSC DIFFERENTIATION INTO OSTEOBLASTS IN THE PRESENCE
OF TISSUE SCAFFOLDS OBTAINED FROM CORE-SHELL MICRO-
AND NANOFIBERS WITH ADDITION OF Cu

Abstract

Polycaprolactone (PCL) i1s a biodegradable polymer widely used in medicine as
a biomaterial for tissue regeneration. This biomaterial is characterized by high
strength, relatively long degradation time and good biocompatibility. Copper in pure
form 1s highly cytotoxic, but at the same time, it is an element with very good
electrical and thermal conductivity. In this study, the PLC polymer was combined
with copper nanowires and transformed into core-shell fibers upon application of
electro-spinning. The end-product formed a highly porous sheet-like structure suitable
for serving as, an artificial fibrous cell scaffold. Obtained fibrous scaffolds were

examined for the influence on the differentiation of ADSC into osteoblasts.

Here we show shown that: (i) the viability of cells incubated in biomaterial extracts
was not markedly affected as at least 94.11% of cells remained viable upon testing,
(i1) the presence of copper significantly (p-value < 0.001) positively affected the
differentiation ADSC cells into osteoblasts, (iii) the staining intensity of Alizarin Red
was three to four times higher for cells incubated with the addition of Cu-doped

biomaterial extracts than for cells incubated without.

Based on the above results, we conclude that Cu-doped PLC may serve as a promising
proto-material for the development tissue-structures facilitating the differentiation of
ADSC into osteoblasts.

Keywords: polycaprolactone, differentiation, core-shell fibers, copper
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Chapter 3. ATOOL FOR QUANTIFYING THE LEVEL OF ANTIGEN
(KERATIN 10) DETERMINED BY THE IHC METHOD
IN HUMAN EPIDERMAL EQUIVALENTS OBTAINED
IN VITRO

3.1. Introduction

The 3D organotypic co-culture system is an up-to-date culture technique that enables
generation of the reconstructed human epidermis (RHE) in vitro. This culture system
is considered superior to standard two-dimensional in vitro culture of keratinocytes in
plastic dishes. Keratinocytes when grown in air-liquid interface in 3D co-culture with
dermal equivalent form complex tissue that replicates the dermal-epithelial crosstalk,
polarized protein distribution and architectural features characteristic of each cell layer
seen in normal human epidermis in vivo. Despite some drawbacks (lack of immune
system cells and melanocytes), the application of RHE model have enabled to address
previously inaccessible questions on human keratinocyte differentiation and epidermal
regeneration. Furthermore 3D organotypic co-culture method is very powerful when
combined with methods of genetic manipulations of keratinocytes such as genes
knockout (deletion), knockdown (downregulation) or knockin (insertion). Such
a combination provides a strong platform for investigating how the integrity, structure

and functions of human epidermis are connected to protein function.
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One of the steps in the algorithm for evaluation of genetically modified keratinocytes
in RHE model is the detection of keratinocyte differentiation markers. This task is
performed to gain knowledge on how a particular genetic modification made in cells
effects on their potential to differentiate and generate full-length RHE. Alterations in
differentiation marker(s) location or changes in their expression levels in RHE model
usually represent changes in epithelial stratification and reflect aberrant keratinocyte
differentiation. Analysis of differentiation markers expression is routinely executed
using immunohistochemistry (IHC) method in order to detect some of marker proteins
that are specific for an early, moderate or late keratinocyte differentiation stages.
However quantitative analysis of the IHC results in RHE samples can be a challenging
task. One of the available IHC staining analysis programs is Fiji with the
Immunohistochemistry (IHC) Image Analysis Toolbox. This program was designed
for the analysis of images, where the specimen covers the entire photo area. In case of
RHE, the specimen occupies a small part of the image. This fact may have significant
effect on results as the background signal migh biase the IHC staining signal
quantitation. Therefore, this study was undertaken to adress abovementioned issue and
develop a tool that could be used to quantify results of IHC detection of antigens in
RHE samples.

3.1.1. The structure and functions of the skin and the epidermis

The skin is the most external and one of the largest human organs. Human skin is
composed of three layers: epidermis, dermis and subcutaneous tissue. It consists of
glands, hair, nails, blood vessels, lymphatic and nerve endings [1]. The function of the
skin is to protect the inside of the body against the influence of the environment,
physical and chemical damages, infections, UV radiation [1, 2]. This organ is also
required to maintain a stable condition of the internal body environment, protect

against dehydration and regulate body temperature [3].

The epidermis, a type of stratified squamous keratinizing epithelium, constitutes the
outermost layer of the skin. It is composed mainly of keratinocytes organized in
hierarchical manner. Stem cells building the top of hierarchy are located in the basal
layer, their progeny differentiate along with moving towards the epidermal surface.
During epidermal differentiation keratinocytes’ morphology transits from large cells

with large nuclei of the basal layer through polygonal cells with large multi-lobed
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nuclei of the spinous layer into spindle-shaped flattened cells of the granular layer and
ultimately into enucleated spindle-shaped corneocytes of the stratum corneum [1, 4].
Corneocytes are dead cells filled with keratin fibers embedded in the filaggrin matrix.
These cells are built into lipid matrix that form the extracellular shell termed the
corneocyte envelope. The lipid coat on the cells’ surface is the essential component of
the epidermal permeability barrier that protects the body from excessive water loss

and absorption of exogenous substances [1, 4].

Epidermal differentiation is a cycle of transformation that lasts from 26 to 42 days.
During homeostasis, keratinocytes differentiate from basal proliferating cells to
nuclear-depleted squamous corneocytes. The process of keratinocytes differentiation
requires the activation of the genes that are implicated in functional and structural cell
transformation. Genes related to the differentiation process are concentrated in the
Epidermal Differentiation Complex (EDC) [2, 5, 6].

The characteristic components of the epidermis are keratins, a fibrillar protein that
builds intermediate filaments. Some of them are considered as differentiation markers
in the epidermal keratinocytes. Keratin 10 (K10) represents an early differentiation
marker that is expressed in keratinocytes located in the spinous layer. As keratinocytes
leave the basal layer and pass to the spinous layer, they inhibit the production of
keratin 5 and keratin 14, and activate the production of keratin 1 (K1) and K10. The
expression of K1 and K10 is activated under the conditions of the increasing Ca® *
concentration [7]. These structural proteins are crucial for proper function and
structure of epidermis. For example removal of the K10 gene in mouse model resulted
in skin fragility similar to that of patients suffering from epidermolytic hyperkeratosis
[8]. The keratinocytes in the upper spinous layer also produce another differentiation
markers such as involucrin, acomponent of the corneocyte envelope, and
transglutaminase K, an enzyme that catalyzes a critical step in the formation of the

cornified envelope of terminal differentiation [9, 10, 11].

3.1.2. Immunohistochemical reactions

Immunohistochemistry (IHC) is a standard technique that employs antibodies to detect
and quantify a specific protein (antigen) within a given tissue. The method is designed
in a way that allows microscopic observation of the antigen-antibody complexes. The

antigen is specifically recognized by a primary antibody. The detection of a primary
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antibody-antigen complex in an IHC experiment can be either direct or indirect. Direct
detection methods employ primary antibody directly conjugated to a label (dye or
enzyme) [12]. Indirect reactions employs additional usage of a secondary antibody
that is labelled and directed against the host species of the primary antibody

(unlabeled). Indirect reactions are usually used to increase signal (staining) intensity [12].

The color effects in IHC are frequently generated using antibody (primary or
secondary) labelled with an enzyme such as the horse radish peroxidase (HRP).
Addition of a specific substrate (i.e. a chromogen) gives a colored product. One of the
most popular chromogens is 3,3-diaminobenzidine tetrahydrochloride called DAB. To
act as a dye, DAB is oxidised and converted to an insoluble polymer, which
precipitates as a dark brown pigment at the reaction site allowing visualization of the

target molecule [13, 14].

3.1.3. The role of Heat Shock Protein A2 (HSPA2) in the epidermis

HSPAZ2 belongs to the multigene HSPA (HSP70) family of chaperone proteins playing
important roles in the maintenance of cellular proteostasis. HSPA2 was initially
described as a testis-specific protein, which is crucial for spermatogenesis and male
fertility [15]. However, as we showed previously, HSPA2 is also present in selected
human somatic tissues including stratified and pseudostratified epithelia. In the
epidermis HSPA2 accumulates in basal keratinocytes [16]. The role of HSPA2 in the

epidermis and also in other epithelia is poorly understood.

In our preliminary study we showed that HSPA2 can regulate keratinocyte
differentiation. We observed that decrease in the HSPA2 protein levels in
keratinocytes, resulting from partial inhibition of the HSPA2 gene expression by the
RNAi1 mechanism, resulted in a more differentiated but still proliferative cell
phenotype [17]. In order to examine the effect of a total lack of HSPA2 on
keratinocyte differentiation we generated CRISPR/Cas9-mediated knockout of the
HSPA?2 gene expression in immortalized human epiderml keratinocyte HaCaT line.
Histological and THC evaluation showed altered stratification of RHE generated from
HSPA2-null cells. Among other altered pattern of immunostaining with approved
differentiation markers such as K10 and others occured in HSPA2-null RHE.

Therefore, semiquantitive analysis of differentiation markers expression would help to
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describe in more details how a lack of HSPA2 impairs epidermis stratification in RHE
model. Thus in this work we aimed at developing a tool that could be useful to
quantify results of THC detection of keratinocyte differentiation markers in RHE

samples.

3.2. Materials and methods

The reconstructed human epidermis (RHE) samples were generated from
spontaneously immortalized epidermal keratinocyte HaCaT line. We employed
CRISPR/Cas9-mediated genetic modification system to generate cells that differed in
the HSPA2 gene expression levels. The HSPA2 protein was absent in CRISPR-A2.2
cells (gene knockout). Normal endogenous levels of HSPA2 were present in CRISPR-
-CTR control cells. RHE samples were generated in vitro according to protocol
described in Gogler-Piglowska 2018 [17]. RHE were fixed in formalin, embedded in
paraffin according to standard protocol [17]. The 5 um thick RHE sections were cut,
placed on glass slides, deparaffinized and processed for immunohistochemistry [15].
Endogenous peroxidase activity was blocked for 10 min in 1.5% perhydrol solution.
Next, samples were incubated for 45 minutes in 2.5% normal horse serum solution to
block endogenous antigens. The InmPRESS® HRP Universal Antibody (Horse Anti-
-Mouse/Rabbit 1gG) Polymer Detection Kit, Peroxidase, (Vector Laboratories,
Burlingame, California, nr MP-7500) was used for detection of antigen-antibody

complex accoring to manufacturere’s instruction.
p g

The samples were incubated with the primary anty-K10 antibody (BioLegend, San
Diego, California, nr 905401) at 1:3000 dilution at 4°C overnight. DAB chromogen
was used to develop THC staining. Samples were inculated with DAB substrate for
3 minutes at room temperature, and then were counter-stained with hematoxylin for

1 min.

IHC staining was observed using a ZEISS AXIOPHOT light microscope at 200x
magnification (10x eyepiece, 20x lens), the images were taken using a Zeiss Axiocam

503 color camera and a ZEN 2.6 photo archiving system.
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Fig. 1. Flowchart of the IHC quantification program. The program was developed to quantitatively
analyze images from IHC staining. Main steps of the algorithm include color image
deconvolution of double-stained tissue, calculation the average intensity of pixels in
segmented DAB-stained tissue, K-means clustering for nuclei segmentation, counting cell
nuclei and calculation the DAB staining intensity normalized by the number of nuclei. The
aim of this algorithm is to get quantitative determination of protein expression from IHC
images

Rys. 1. Schemat blokowy programu ilosciowego IHC. Program zostal opracowany do ilosciowej
analizy obrazow z barwienia IHC. Gltowne etapy algorytmu obejmuja dekonwolucje obrazu
kolorowego podwojnie zabarwionej tkanki, obliczenie S$redniej intensywnosci pikseli
w segmentowanej tkance zabarwionej DAB, grupowanie K-$rednich dla segmentacji jader,
zliczanie jader komorkowych i1 obliczanie intensywnosci barwienia DAB znormalizowanej
przez liczbg¢ jadra. Celem tego algorytmu jest iloSciowe okreslenie ekspresji biatek na
podstawie obrazow IHC

3.3. Results and discussion

3.3.1. Image Processing

The first step of the algorithm were normalization and deconvolution of images.
Image deconvolution is a technique that relies on transformation of color images of
multiple-stained tissue (Fig. 2A) into images representing one stain concentration
(Fig. 2B, (). The IHC-generated images consisted of three different
staining/convolutions: DAB signal, hematoxylin signal and DAB/hematoxylin
interference signal. Our aim was to breaking down these tangles without damaging
individual signals. Values of parameters P1, P2 and P3 necessary to separate the
information contained in the images were taken from the Fiji program for the DAB
option (Table 1).
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Table
Values of parameters obtained from the Fiji program
Signal P1 P2 P3
Hematoxylin 0.6500286 0.704031 0.2860126
DAB 0.26814753 0.57031375 0.77642715
Residual 0.7110272 0.42318153 0.5615672

The next step was to normalize these values using vector normalization from the
group of one signal. Then, a matrix was made of them and used for splitting the
signals. Tissue surface was segmented and the average value of pixels intensity was

counted. This analysis was conducted using picture in gray scale (Fig. 2).

. v
e X

Fig. 2. Deconvolution of IHC image. First step of IHC image processing is deconvolution of signals
contained in color IHC image (A). The images obtained after dyeing consisted of three
convolutions: DAB signal, hemaotoxylin signal and interference. Implemented program gives
individual signals for: nuclei stained with hematoxylin (B) and antigen stained with DAB (C)

Rys. 2. Dekonwolucja obrazu IHC. Pierwszym etapem przetwarzania obrazu IHC jest dekonwolucja
sygnalow zawartych w kolorowym obrazie IHC (A). Obrazy otrzymane po barwieniu sktadaly
si¢ z trzech splotow: sygnatu DAB, sygnalu pochodzacego z hematoksyliny i interferencji.
Zaimplementowany program daje nam indywidualne sygnaly: barwienia hematoksyling jader
komoérkowych (B) I barwienia DAB (C)

The next step was counting average value of pixels intensity in DAB signal area. To get
an image of DAB-stained tissue picture containing signal of DAB staining (Fig. 3B)
were converted to black and white pixels by image thresholding (Fig. 3A). The next
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step was multiplication of original image which represent the DAB signal (Fig. 3B) by
the black and white mask (Fig. 3A). As a result we get segmented area of DAB signal

in grayscale color (Fig. 3B) and this picture was used to farther analysis.

Fig. 3. Segmented area of DAB signal. First to get this result program takes DAB signal and IHC
image is converted to black and white pixels by image thresholding (A). Next original image
which represent the DAB signal is multiplied by the black and white mask. As a result we get
segmented area of DAB signal in grayscale color (B)

Rys. 3. Segmentowany obszar sygnatu DAB. Jako pierwszy, aby uzyska¢ ten wynik, program pobiera
sygnat DAB, a obraz IHC jest konwertowany na czarno-biate piksele przez progowanie
obrazu (A). Nastgpny oryginalny obraz reprezentujacy sygnal DAB jest mnozony przez
czarno-biala maskg. W rezultacie otrzymujemy segmentowany obszar sygnatu DAB
w kolorze skali szaro$ci (B)

Very important part of the image processing workflow was nucleus segmentation and
counting. For segmentation purposes k-means clustering was used, which allows to
isolate objects by assigning them to one of k groups. The result was an image with
3 colors: black, white and gray. We used three different masks in this step (Fig. 4).
Each picture has different clustering result, so the program automatically selects the

mask for further analysis.
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Rys. 4.
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Results of K-means segmentation and used masks. K-means segmentation was performed
using original RGB image. The result was an image with 3 colors: black, white and gray (A).
Next we used three different masks (B, C, D). Each picture represent different clustering
result. Mask of interest is the one that gives us an image containing blue nuclei (Mask 3).
These steps were necessary to allow nucleus counting

Wyniki segmentacji K-$rednich i stosowanych masek. Segmentacj¢ K-$rednich przepro-
wadzono przy uzyciu oryginalnego obrazu RGB. W rezultacie powstal obraz w 3 kolorach:
czarnym, biatym i szarym (A). Nastepnie uzyliSmy trzech réznych masek (B, C, D). Kazdy
obraz przedstawia inny wynik grupowania. Interesujgca maska to taka, ktora daje nam obraz
zawierajacy niebieskie jadra (Maska 3). Te kroki byty konieczne, aby umozliwi¢ liczenie jader

of interest is the one that gives an image containing blue nuclei (Fig. 4D). Next

step is getting rid of artifacts. Single pixels also can interfere with the results. The size

of the

nuclei was irrelevant for analysis, so the solution was the multiple erosion and

dilatation of objects (nuclei). The results of the algorithm with the selected nuclei

were then visualized (Fig. 5).

Fig. 5.

Rys. 5.

Selected nuclei. After clustering of image, which we get as result of k-means segmentation,
program automatically selected the picture useful for nuclei counting (A). Next image is
converted to black and white pixels and each white shape is detected by the algorithm (B). To
better visualization enlarged section have also been inserted (C, D)

Wybrane jadra. Po zgrupowaniu obrazu, ktore otrzymamy w wyniku segmentacji k-srednich,
program automatycznie wybrat obraz przydatny do zliczania jader (A). Nastepny obraz jest
konwertowany na czarno-biate piksele, a kazdy biaty ksztalt jest wykrywany przez algorytm (B).
Dla lepszej wizualizacji wstawiono rowniez powigkszony przekroj (C, D)
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The last step of algorithm is counting intensity of DAB staining normalized by the
number of nuclei. Immunohistochemical staining showing the presence of the K10
protein in three-dimensional equivalents of the epidermis obtained from HaCaT cells that
differed in levels of the HSPA2 chaperone. The protein was absent in CRISPR-A2.2,
while CRISPR-CTRL cells contained normal endogenous levels of HSPA2.

3.3.2. Analysis of DAB-mediated stainig of K10 in RHE samples

K10 staining, visible as a brown color, was observed in all examined RHE samples.
The results of IHC detection of K10 in RHE corresponded to the typical pattern for
K10 immunostainig in the human epidermis. As expected K10, as an early marker of
keratinocyte differentiation, was detected in the cytoplasm of keratinocytes located in
the suprabasal layers of RHE. However microscopic evaluation of K10-stained
samples showed that K10 staining was clearly stronger in RHE generated from
CRISPR-A2.2 cells without HSPA2 protein (Fig. 6) than from HSPA2-expressing
CRISPR-CTRL cells.

1B CRISPR-CTRL CRISPR-A2.2 2B CRISPR-CTRL CRISPR-A2.2
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Fig. 6. Immunohistochemical staining showing the presence of K10 protein in RHE obtained from
HaCaT cells with varying levels of the HSPA2 chaperone. 1B and 2B are RHE generated in
two irrespective biological replicates. Negative control, images without DAB signal (lack of
primary antibody) (A1, Bl, A2, B2). K10, pictures showing DAB-mediated staining of K10
(C1, D1, C2, D2). CRISPR-CTRL, RHE generated from HSPA2-expressing cells (Al, C1,
A2, C2); CRISPR-A2.2, RHE generated from HSPA2-knockout cells (B1, D1, B2, D2). WP-
basement membrane. K10 immunoreactivity was clearly stronger in RHE obtained from cells
without HSPA2 protein

Ryec. 6. Barwienie immunohistochemiczne wykazujace obecnos$¢ biatka K10 w 3D ekwiwalentach
naskorka uzyskanych z komorek HaCaT o réznych poziomach bialtka opiekunczego HSPA2.
1B i 2B to powtorzenia uzyte w badaniach. WP- warstwa podstawna. Kontrola negatywna
oznacza obrazy bez sygnatu DAB (brak przeciwciata pierwszorzedowego) (Al, B1, A2, B2).
K10 to obrazy z sygnalem DAB w miejscu, w ktérym wystepuje keratyna 10 (C1, D1, C2,
D2). CRISPR-CTRL pokazuje tkanke z biatkiem HSPA2 (A1, C1, A2, C2), a CRISPR-A2.2
pokazuje tkanke bez biatka HSPA2 (B1, D1, B2, D2). Barwienie immunohistochemiczne
wykazuje rdéznice w nat¢zeniu sygnatu DAB (odpowiadajacego na poziom K10) pomiedzy
rownowaznikami uzyskanymi z kontrolnych komorek HaCaT (CRISPR-CTRL) a tymi
uzyskanymi z komorek z niedoborem biatka HSPA2 (CRISPR-A2.2). Immunoreaktywnos$¢
K10 byta wyraznie silniejsza w organotypach uzyskanych z komorek bez biatka HSPA2
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Therefore we used the algorithm for quantitative analysis of K10 staining to assess
potential differences in K10 expression in quantitative manner. The algorithm for
quantitative analysis of DAB-stained RHE was used for two irrespective biological
repeats. The 1B repeat group consisted of 11 images taken for RHE generated from
CRISPR-CTRL cells and 2 images taken for RHE generated of CRISPR-A2.2 cells.
The 2B repeat group consisted of 4 images taken for CRISPR-CTRL and 5 images
taken for CRISPR-A2.2 RHE. The mean value for each replicate was calculated. The
differences in the intensity of K10 staining between CRISPR-CTRL and CRISPR-A2.2
groups were expressed relative to CRISPR-CTRLs. Results in Fig. 7 show that RHE
generated from HSPA2-deficient cells (CRISPR-A2.2) expressed increased level of K10
when compared to RHE generated from CRISPR-CTRL control. This indicates that the

lack of HSPA2 protein correlates with increase in K10 expression in RHE.

This results 1s consistent with our previous findings showing that lowering the level of
the HSPA2 protein due to partial suppression of the HSPA2 gene expression by the
RNA1 mechanism resulted in a set of keratinocyte phenotypic changes associated with
differentiation [17]. The histological and ultrastructural research conducted in parallel
with this engineering work have shown that HSPA2-null keratinocytes in comparison
to control ones form definitely thinner RHE with residual granular layer (A. Gogler-
-Pigtowska, work in preparation). Thus, alterations in K10 expression can reflect
impaired differentiation of HSPA2-null keratinocytes in RHE model. Therefore, these
results confirm that HSPA2 can be an important regulator of keratinocyte
differentiation in the epidermis. However, it can be also speculated that higher level of
K10 in HSPA2-null RHE can be a direct effect of a total lack of HSPA2 chaperone
activity such as abberant K10 folding, altered posstranslational modifications or

decreased degradation. This possibilities can be examined in subsequent study.
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Differences in the intensity of DAB staining with anti-K10 in human epidermal equivalents obtained with 3D culture
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Fig. 7. Differences in the intensity of DAB signal in RHE samples incubated with anti-K 10 antibody.
The diagram shows results of the program operation for CRISPR-CTRL, with HSPA2 protein
CRISPR-A2.2, without HSPA2 protein. Significance was calculated using a one-tailed t-test.
For the 1B repeat p-value was 0.00052 and for 2B repeat — 0.0016

Rys. 7. Roznice w intensywnosci barwienia DAB anty-K10 w ludzkich odpowiednikach naskorka
uzyskanych z hodowli 3D. Diagram przedstawia wyniki dziatania programu dla CRISPR-
-CTRL, z biatkiem HSPA2 i CRISPR-A2.2, bez biatka HSPA2. Srednia zmiana w poziomach
K10 zostata obliczona w stosunku do CRISPR-CTRLs, ktére ustawiono na 1. Jak widzimy,
poziomy K10 wzrosty w porownaniu z kontrolag okoto 2 razy. Istotnos¢ obliczono stosujac
jednostronny test t. Dla powtérzenia 1B p-warto§¢ wyniosta 0.00052, a dla powtoérzenia
2B -0.0016

3.3.3. Evaluation of the possibility of using the algorithm on unstained samples

The program was validated using tissue pictures without DAB staining and without
the use of a primary antibody (Fig. 8). When deconvolving pictures without brown
DAB response, the signals were split incorrectly. The DAB signal was not visible (the
picture is uniformly light gray). This circumstance disturbs the next steps of the
algorithm. The aim of the pictures representing DAB staining is to isolate the stained
tissue from the image. In a case when DAB signal is absent the program segments the
background (Fig. 8 E). It causes an error during calculation of average gray intensity
of the area. In the end we obtain very high values of “normalized intensity of DAB

staining”, which we can reject basis after inspecting the received images.



Fig. 8. Results of processing image without DAB signal. The presented images were obtained as
aresult of the analysis of the image showing no brown color (tissue without primary
antibody). We only see purple hematoxylin (A). The C image should show the DAB signal,
but it was not present on the specimen, so we cannot see it. This is correct. The presented
formulation comes from repeat 1B. Image A shows the original photo. Picture B is the
hematoxylin signal, picture C is the DAB signal. Inimage D we can see image C
segmentation and background detail, and in image E grayscale has been superimposed over it

Rys. 8. Wyniki przetwarzania obrazu bez sygnatu DAB. Prezentowane obrazy uzyskano w wyniku
analizy obrazu nie wykazujacego brazowego zabarwienia (preparate bez uzycia przeciwciala
pierwszorzedowego). Widzimy tylko fioletowa hematoksyling (A). Obraz C powinien
pokazywac sygnat DAB, ale na preparacie go nie byto, wigc go nie widzimy. Prezentowany
preparat pochodzi z powtdrzenia 1B. Zdjgcie A przedstawia oryginalne zdjecie. Obraz B to
sygnal hematoksyliny, obraz C to sygnal DAB. Na obrazie D widzimy segmentacj¢ obrazu C
i szczegoty tta, a na obrazie natozono na niego skalg szaro$ci

3.4. Summary

The created program allowed for quantitative analysis of DAB-mediated IHC staining
in samples of reconstructed human epidermis in vitro that occupy only a small area of
the image. In this case the freewere Fiji program with the Immunohistochemistry
(IHC) Image Analysis Toolbox- IHC Toolbox.jar extension showed a poor
performance in image analysis. The main limitations was that the whole image (the
specimen and background) was analysed by the Fiji program as the test specimen.
Thus, Fiji program generated erroneous results when tissues occupying only
a fragment of the image surface were analyzed. Our program allows to overcome this
limitation and provided the tool to calculate DAB staining intensity in tissues that do
not cover the entire surface of the image taken. Also, our program accelerates the
analysis of the long and narrow specimens (such as the epidermis) that cover only

a part of image because it eliminates a need for cutting the specimen-covered area off
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the each individual photograph. This initial and time-consuming step in image
analysis pipeline with Fiji program is hard to accept when a large set of DAB-stained

specimens need to be analysed.
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IMMUNOHISTOCHEMICAL ASSESSMENT OF THE EXPRESSION
LEVEL OF KERATIN 10 IN ORGANOTYPIC CULTURES OBTAINED
FROM HACAT CELLS DEFICIENT IN HSPA2 PROTEIN

Abstract

Semi-quantitative IHC is a powerful method that allows to assess protein levels and
localization in preserved tissues. This is possible through sophisticated image
processing algorithms, which provide the means to quantify the differences in the
level of stained protein using deconvolution. Fiji software is an example of such
system, however its applications are significantly limited by the requirement to
process only those images which are fully filled with the analyzed tissue. When the
stained tissue is only part of the image, which is typical in studies of human

epidermis, the results are distorted.

The aim of this study was to develop a novel image processing methodology which
allows to conduct semi-quantitative analysis of protein levels, based on images which
are not completely filled with the stained tissue, and use it to investigate how HSPA2

protein deficiency affects the localization of keratin 10 in human epidermal cells.

Using our automated image processing algorithm we were able to determine, the
localization of keratin 10 in organotypic cell cultures. We were also able to assess, the
differences in the intensity of keratin 10 staining in the in vitro grown epidermal
sections, which allowed us to assess its association with the presence of the HSPA2
protein. The semi-quantitative protein analysis which we propose may contribute to
a more detailed understanding of the role of HSPA2 protein in the process of

keranocyte differentiation in human epidermis.

Keywords: Keratin 10, immunohistochemistry, DAB, keratinocytes organotypic
culture, HSPA2
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Chapter 4. INFLUENCE OF VARIOUS PREPROCESSING
TECHNIQUES AND MODEL PARAMETERS ON
NETWORK PERFORMANCE IN COVID-19 DETECTION

4.1. Introduction

SARS-CoV-2 virus, which belongs to the coronaviridae tamily, can attack human
organisms [1]. The result of potential infection is COVID-19 disease. Despite the fact,
that illnesses due to coronaviruses had occurred for at least 50 years [2], SARS-CoV-2
was the first one that caused a pandemic. In the majority of infected people, COVID-19
causes symptoms similar to a cold, however in some cases it can lead to much more
dangerous health changes in the lungs, like consolidations or ground-glass opacities
(Fig. 1). The SARS-CoV-2 infection could be detected by Nucleic Acid Amplification
Tests (NAAT) or antigen tests. An alternative to confirm the disease is by recognizing
the specific changes in the lungs on the chest X-Ray (CXR) or Computed
Tomography (CT) images. Since CXR are much cheaper and easier to obtain, this
imaging procedure is performed more often [3]. Too intense increase in infections
resulting in COVID-19 disease led to the need of studying CXR images on a large
scale, so scientists started to find a way of automatization the process, mostly using

deep learning-based algorithms.
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Fig. 1. Comparison of healthy patient lungs (a) and lungs of a patient with COVID-19 (b)

Rys. 1. Poréwnanie ptuc zdrowego pacjenta (a) oraz ptuc osoby chorujacej na COVID-19 (b)

Deep learning methods are becoming more and more popular, due to their high
efficiency and growing collections of well-annotated data. These methods are using
artificial neural networks, which are comprised of artificial neurons, that learn from
a huge number of data examples. The learning process is choosing the optimal
parameters to model the formula, so the cost function would obtain minimal value.
Images are mostly analyzed using convolutional neural networks, which can recognize
patterns. The performance of the network is primarily evaluated by accuracy, but there

are more measures used, like recall and sensitivity.

Deep learning methods were applied in many works concerning patients with
pulmonary diseases. Some of them extended the approach to non-viral pneumonia [4],
and other solves both, binary and multiclass problems [5, 6]. Researchers in [6]
compared different image preprocessing methods, however, the best results were
obtained for the network learned with original images. In [7-9] the combination of
deep and machine learning methods was checked. The model described in [8] uses
ResNet-50. The features were collected from the first fully connected layer and were

fed as input to four machine learning algorithms, which made decisions by voting.

The goal of this study is to find the best technique and model parameters to improve
the performance of the deep networks for COVID-19 detection. We analyzed the
effect of changing the number of convolution layers, the influence of applying the
Contrast Limited Adaptive Histogram Equalization algorithm, and the segmentation of
the lung region before modeling. Many experiments were performed, from which we
selected two models with the best results: one with and one without the application of

lung segmentation.
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4.2. Materials and Methods

4.2.1. Data

Models were trained with the use of the COVIDx online dataset [10] which contains
other publicly available sets with CXR images. The number of images was equal to
10316. 8 751 of them were images taken on healthy people (no COVID-19
symptoms) and 1 565 were taken on COVID-19 patients, so there was a disproportion
between classes. Some of the images had artifacts induced by medical equipment or

preliminary assessment, associated with adding arrows indicating changes in lungs.

Fig. 2. Example images from COVIDx database w1thout (a) and with artifacts. (b)
Rys. 2. Przyktadowe obrazy z bazy COVIDx bez (a) oraz z artefaktami (b)

Some networks were trained with input data after lung segmentation. In most cases, it
allowed the removal of artifacts from images, because alot of them were located
outside the lung region. Binary image masks were generated with the use of the
U-NET network, which is a part of the CIRCA system [11]. In the case of the positive
class, where lungs are affected by changes, the difference between them and soft
tissues is not sharp, resulting in troubles with segmentation. Therefore, masks with

low quality appeared mostly in the COVID-19 class.

To check model generalization, apart from the COVIDXx test set, networks were also
evaluated using the independent, Spanish clinical dataset (SIIM-Covid19) [12]. We
have used 6 333 CXR images. All of them belonged to the COVID-19 class, however,
4 subclasses were indicating the level of lung occupation: 'Negative for Pneumonia’,

"Typical Appearance', 'Indeterminate Appearance', and 'Atypical Appearance'.
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4.2.2. Preprocessing

All data was loaded as grayscale images and resized to 300 x 300 pixels. The COVIDx
dataset was split into training, validation, and test set. In the beginning, 100 images of
each class were randomly chosen for the test set. The rest was divided into training
(70%) and validation (30%) sets.

In some experiments, the Contrast Limited Adaptive Histogram Equalization
(CLAHE) algorithm was applied. This technique is used to enhance the contrast of
images, so the changes in the lungs could be more visible. CLAHE is an improvement
of standard Histogram Equalization (HE), which only stretches the histogram to obtain
more varying pixel intensities. Nevertheless, it works globally, so HE may result in
too bright or too dark areas. In the case of CLAHE, equalization is adaptive — it works
locally, so the problem mentioned above does not occur. Additionally, the limitation
of contrast enables control of the height of the histogram, which helps with noise
reduction [13].

To enhance the mask quality, the Convex Hull algorithm was used. It finds the
smallest convex set, that contains all points so that the lungs have softer edges and do
not have any gaps. It allows for preserving important information from the inside of
the lungs. The use of this method was necessary because a lot of patients with
COVID-19 disease had advanced changes in their lungs that made segmentation
difficult and resulted in low-quality masks.

The data were standardized with the mean and standard deviation of the training set.
Spanish set was previously scaled from 32-bit to 8-bit images because networks were
trained on 8-bit images from the COVIDx dataset.

AN
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Fig. 3. (a) The effect of using the CLAHE algorithm. Original images are presented in the first row,
the second row shows images after CLAHE. (b) The effect of using the convex hull algorithm
on damaged masks

Rys. 3 (a) Efekt zastosowania algorytmu CLAHE. Obrazy oryginalne przedstawiono w pierwszym
wierszu, wiersz drugi przedstawia obrazy po zastosowaniu CLAHE. (b) Wplyw zastosowania
algorytmu convex hull na uszkodzone maski




54

4.2.3. Experiments

The conducted experiments were divided into two categories: those which were done
using input images without segmentation and with it. In total, 96 models were created,
48 for both categories. Their architecture differs in the number of layers, activation
function, learning rate, dropout coefficient, and the use of the CLAHE algorithm.
Adam Optimizer was used in all cases. In each experiment, the augmentation
technique was applied with horizontal flip and rotation up to 15°. The output of every
convolutional layer was batch normalized and then passed to the pooling layer that
calculates the maximum (max pooling). In the convolutional and pooling layers,
padding was set to ‘same’, the step in the convolutional layers was equal to one, and
in the pooling layers to two. As final models, two networks with the best performance

were selected, one with and one without segmentation.

4.2.4. Evaluation

For network comparison, two metrics were used: accuracy and recall. The first one is
the most used and gives us information about the percentage of cases correctly
classified. A recall is a metric that informs how good the model is in classifying
positive cases. It is especially important in medical image classification because it is
better to double-check a patient that we are not sure about than leave him with the

disease.

For selected models, Grad-CAM (Gradient-weighted Class Activation Mapping) maps
were prepared. Grad-CAMs allow for the visualization of areas that are important for
the network during the prediction [14]. For a time, Neural Networks were considered
black boxes, since the process of learning was not clear to researchers. The input data
were just entered, and the result was recorded, however, we did not know why the
network classified this entry into a specific class. With methods like Grad-CAM, it is
possible to understand better how the model works, as they enable the verification of
network decisions. The influence of changing the number of convolutional layers and
applying CLAHE was checked with the use of statistical tests. Additionally, the effect
size was checked. In the same way, the dependency between mask quality and the

model prediction was verified.
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4.3. Results

The architectures of selected networks are presented in Fig. 4. In panel (a) architecture
of the network without lung segmentation is presented. The CLAHE algorithm with
a clipLimit parameter equal to 2 was used to transform the input data. The network
uses the Adam optimizer with a learning rate equal to 0.001. It consists of 3
convolutional layers with a sigmoidal activation function. After each convolutional
layer, a max-pooling layer was applied. There are 3 fully connected layers, two of
them use a sigmoidal function, and the last one uses a softmax activation function.
This network obtained an accuracy and recall of 95%. The second network shown in
panel (b), which works on images after lung segmentation, also uses the CLAHE with
the clipLimit equal to 2. This network contains 4 convolutional, 4 max-pooling, and 4
fully connected layers. The activation function in all layers, except the last one with
the softmax function, is ReLU. The optimizer used in this network is Adam with
a 0.0001 learning rate. The accuracy obtained by the second network was equal to

93% whereas recall was equal to 87%.

(L * v

Fig. 4. (a) Architecture of network trained without the use of segmentation. (b) Architecture of
network trained with the use of lung segmentation

Rys. 4. (a) Architektura sieci uczonej bez segmentacji ptuc. (b) Architektura sieci uczonej na obrazach
po segmentacji ptuc

Grad-CAM activation maps are shown in Fig. 5. The first column presents original

images and the second one Grad-CAM maps for this image created by the first model.

In the third column are images after lung segmentation, and in the last column, are

Grad-CAM maps for the second model.
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Fig. 5. Grad-CAM activation maps. The first column contains original images, the second one
Grad-CAM maps for the first model, the third column images after lung segmentation and the
fourth column — Grad-CAM maps for the second model

Rys. 5.Mapy aktywacji Grad-CAM. Pierwsza kolumna zawiera obrazy oryginalne, druga mapy
aktywacji dla pierwszego modelu, kolumna trzecia przedstawia obrazy po segmentacji pluc,
a czwarta mapy aktywacji dla drugiego modelu

The difference in results for 3 and 4 convolutional layers and results for networks
trained with and without the use of CLAHE algorithm was tested by U-Mann-Whitney
statistical tests with a 5% significance level and the effect size of those relationships
was checked with Glass rank biserial correlation. The same tests were used to verify if
the model prediction depends on the mask quality (Table 1). There is no statistically
significant difference in medians of the results for 3 and 4 convolutional layers for
COVIDx and SIIM-Covidl19 databases. Nevertheless, the effect size for SIIM-
-Covid19 showed a small, negative correlation between the number of convolutional
layers and the accuracy of the model. There is a statistically significant difference in
medians of the results for networks with the use of CLAHE and without for SIIM-
-Covid19. The effect size showed a large, positive correlation. However, applying the
CLAHE algorithm did not change the accuracy of the model in the COVIDx dataset.
The relationship between mask quality and model prediction (Table 1), showed that in
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both datasets there is a difference between mask quality median for healthy and
COVID-19 predictions. The effect size for the COVIDx dataset is medium and for
SIIM-Covid19 small.

Table 1
Results of conducted statistical tests
Tested parameter Dataset P-value Effect size
No. of COVIDx 0.595 -0.0634
convolutional _
layers SIIM-Covid19 0.05966 -0.224
COVIDx 0.6494 -0.0543
The use of CLAHE
SIIM-Covid19 0.00001176 0.52
_ COVIDx 0.0000172 0.355
The mask quality :
SIIM-Covid19 0.01863 0.112

4.4. Discussion

Artifacts are more likely to occur in the positive group and as a result, the network can
learn that this additional information suggests a positive class, which is not desirable.
We used the activation maps to enable the visual verification of selected models. The
network trained on the original images considered background, body, and artifacts
during model prediction, which may lead to erroneous findings (Fig. 5). After
segmentation, only the lungs remained on the image, so the network could not learn
anything from the background or other body parts. Since a lot of artifacts occurred
outside the lungs, the segmentation also removed them. After that, there were too few
artifacts for the network to learn them as a class-specific pattern. This situation can be

observed in the second row of Fig. 5.

CLAHE algorithm improved results for the SIIM-Covid19 dataset, but there was no
statistical dependency for the COVIDx dataset. The effect size of 0.52 for SIIM-
-Covid19 shows, that there was a large difference — after using the CLAHE, network
performance was better. Applying the CLAHE algorithm in most cases improves
results [15-17] but as presented in [18], where the accuracy dropped from 93.87% to
92.04% and recall from 92.13% to 89.56% after using the CLAHE as a pre-processing

step, the improvement is not the rule. Results for networks with 3 and 4 convolutional
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layers did not show a statistically significant difference. It may be that the difference
of a single layer is not enough to show the dependency and more experiments should
be performed. However, there is a small negative correlation for the SIIM-Covid19
dataset, which indicates better results for networks with 3 convolutional layers. In [19]
comparison of some ready architectures for the problem of COVID-19 detection was
made. VGG16 model was the one with the best performance of 95.88% accuracy. This
network contains 13 convolutional layers. Architectures with more convolutional
layers obtained the worst accuracy, like ResNet152V2 which consists of 152 layers

and obtained an accuracy of 61.76%.

Masks with low quality appeared mostly in the COVID-19 class, so there was
a possibility that the network will make decisions based on this information. U-Mann-
-Whitney statistical tests were conducted in order to verify this hypothesis. They
showed that at the 5% significance level in both datasets there is a difference in
quality mask medians for classes. However, Glass rank biserial correlation showed
that for SIIM-Covid19 this dependency is small, and for COVIDx is medium. The
poorly visible dependence on the Spanish set could be caused by a small number
of masks of poor quality in relation to the entire collection, the number of which
was over 6 000. In the COVIDx set, the relationship was checked on a test set of
200 images.

4.5. Conclusion

Lung segmentation is a very important preprocessing step as it can remove
biologically unimportant information from the image. As a result, the network focuses
on essential areas of the image. The CLAHE improved the generalization of our
models, but there was no dependency on the dataset on which the network was
trained. There was no relationship between the number of convolutional layers and
network results. Therefore, the use of a network with 3 layers appears to be a better
option as the network is less susceptible to overfitting and at the same time faster due
to lower computational complexity. Additionally, it is important to check if there are
no other dependencies, like in our case, the relationship between mask quality and

model prediction.
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INFLUENCE OF VARIOUS PREPROCESSING TECHNIQUES
AND MODEL PARAMETERS ON NETWORK PERFORMANCE
IN COVID-19 DETECTION

Abstract

The COVID-19 pandemic caused a need for an efficient tool to predict patients
infected with SARS-CoV-2. One of the possibilities for recognizing the disease is by
analyzing chest X-ray (CXR) images, as COVID-19 can cause lung consolidations or
ground-glass opacities. However, due to the huge number of infected people,
radiologists could not perform real-time analyses, so computer-assisted methods are
necessary. This work aims to compare the impact of several techniques on the
performance of a deep learning-based approach for COVID-19 prediction. Networks
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were trained using 10 316 CXRs images. Different preprocessing methods and model
parameters were tested, such as the number of convolutional layers, the influence of
applying the Contrast Limited Adaptive Histogram Equalization algorithm, and the
usage of lung segmentation before model building. Finally, two best-performing
networks were selected (one with and one without lung segmentation), which
achieved an accuracy of 95% and 93%, respectively. Additionally, networks were
evaluated on the independent set of 6 333 images reaching an accuracy of 92.9% and
97.6%, respectively. Grad-CAM and statistical tests were used to analyze the model
performance scores. In conclusion, CLAHE mostly improves model generalization.
According to the number of convolutional layers, there were no differences in results.
During lung segmentation, unnecessary information is removed, which increases the

probability of learning only truly important patterns.

Keywords: deep learning, classification, COVID-19, X-ray



DOI:10.34918/85105

Seweryn KALISZ!", Michat MARCZYK !

Chapter S. METHODS FOR REDUCTION OF BLUR EFFECT IN THE
DENOISING AUTOENCODER MODEL FOR RIB
SUPPRESSION IN CXR IMAGES

5.1. Introduction

The development of bioinformatics tools related to image analysis is of high interest
to researchers, medical doctors, and engineers since selected technologies could
improve clinical performance and efficiency and influence the development
of personalized medicine [1]. One of the most widely used medical imaging methods
is X-ray imaging, which is characterized by low cost, short processing time, low
radiation dose, and high availability [1, 2]. The chest X-ray (CXR) is frequently the
first imaging study obtained during a broad range of conditions and remains central to
the screening, diagnosis, and management of the disease [2, 3]. Chest radiography
provides images of soft tissues such as the heart, airways, blood vessels, and lungs,
and additionally the bones of the spine and chest. Overlapping of structures present in
the image can complicate the visual interpretation of the detection of abnormalities in
radiographs by medical doctors leading to false negative results [4]. A major reason is
the presence of bone structures on the radiograph during soft-tissue diagnosis. There
exists a technique that enables the separation of soft tissue from bone called dual-
-energy subtraction (DES) radiography. Some studies showed that suppressing rib
shadows on soft-tissue images by using the DES technique has improved the speed
and accuracy of radiologists in diagnosing pulmonary nodules [5]. However,
compared to traditional imaging, DES requires a higher radiation dose and could

result in noisy images with visual abnormalities due to the patient moving [6]. These
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problems, together with lower availability compared to traditional CXR, have
interested researchers in the field of image processing to search for solutions allowing
the reduction of the presence of bone structures on X-ray images resulting in soft-

-tissue reconstruction.

Deep learning has become the technique of choice for image analysis tasks in recent
years and has had a huge impact on the field of medical imaging [3, 7]. A common
method for suppressing ribs from CXR images is based on autoencoder architecture.
In literature, three [8] or four [9] layer convolutional denoising autoencoder
architectures can be found. Models based on autoencoder architecture are often
characterized by a blurring effect on decoded images, which is mostly caused by the
occurrence of distance metrics in the loss function [25]. Additionally, several
modifications of convolutional neural networks were tested [10, 11], also in the
wavelet domain [12]. There are also approaches based on conditional generative
adversarial networks minimizing the pairwise image difference and adding Haar 2D

wavelet decomposition to improve model convergence [13].

This work aims to review and evaluate methods to improve image quality after the
suppression of bone structures by reducing the blurring effect on the example
of convolutional denoising autoencoder, composed of 4 layers, and introduced earlier
[15]. First, we checked the modification of the image resizing scheme through layers
of the autoencoder. Next, we introduce bridge connections between the coder and
encoder layers. Finally, we modified the a parameter of the loss function, which was
responsible for establishing the weights between the mean square error index and the
multi-scale structural similarity index. Also, we have tested the combination of these

methods.

5.2. Materials and methods

5.2.1. Data

The Bone Suppression dataset contains 35 pairs of standard CXR images and
corresponding soft-tissue images created using DES technology. These data were
gathered from a variety of online sources and made available by Innopolis University

researchers [8]. There are 11 female pairs and 24 male pairs, each with a different
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resolution (the largest being 660 x 775 pixels and the smallest being 424 x 465 pixels).
JPEG images had a quality compression ratio ranging from 85 to 100 (high-quality
images). Several image pairs have arrows or captions superimposed on the CXR
image as artifacts. It can be noted that the images are characterized by varying

brightness.

5.2.2. Image preprocessing

Considering the different sizes of the images in the dataset all images were cropped to
a square to maintain the correct proportion of the structures. The images were then
resized to 512 x 512 pixels resolution. Next, the contrast of each image has been
enhanced by using Contrast Limited Adaptive Histogram Equalization with a clip
limit equal to 2 and grid size equal to 8 x 8 pixels, which specifies the area within
which the contrast is increased so that the input and output histograms for the region
are almost identical. This operation allows an increase of details in the biological

structures shown in medical images [15].

Data augmentation operations were applied to increase the robustness of the model
and to increase the size of training data. The resulting images allow reflection of
patients' behavior (affine transformations) and image property differences between
X-ray scanners (color transformations). In this work, the following operations were
used [16]: (1) translation (£ 10 pixels); (i1) rotation (= 5 degrees); (ii1) scaling (= 10%);
brightness change (£ 20%); contrast change (= 20%). The parameters of each

operation were chosen based on the recent literature [17, 18].

5.2.3. Model architecture

Convolutional denoising autoencoder is the unsupervised learning algorithm that
learns to map corrupted data to uncorrupted data by minimizing the loss function
between pairs of images [19]. The ribs in the images are treated as noise (corrupted
data) which we want to obtain for the soft-tissue image (uncorrupted data). The
architecture used is symmetric and consists of 4 layers with several filters (32, 32, 48,
48) and a window size equal to 4 x 4 pixels on the encoder and decoder part. The
input image should be grayscale, characterized by dimensions of 512 x 512 pixels, and

be normalized to a floating point value in the range <0;1>. Rectified Linear Unit
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(ReLU) in each layer was used as an activation function. The padding property of the
convolutional block has been set to 'same' for all layers.

The loss function minimizes Mean Square Error (MSE) and maximizes Multi-Scale
Structural Similarity Index Measure (MS-SSIM) [20]. MS-SSIM can be defined by
the equation:
M
MS — SSIM(1,G) = [l (1, G)]*™ - H[cj(l, G)]Bj [s;(1, )] (1)
j=1
where /, ¢, and s are the luminance, contrast and structure terms at scale M and j. The
exponents o, P, and y are used to adjust the relative importance of different
components. Two discrete non-negative signals are represented by / and G. [ is
a model output and G is a ground truth image (soft-tissue image).

The mathematical description of the loss function is given by the following equations:

L=q- [MS—SSIM 4 (1 — q) - [MSE (2)
[MS=SSIM([) = %Z 1—MS —SSIM(I(i),G(i)) (3)
iel
1
PP =2 (@) = 6(D)’ (4)
iel

where N is several pixels in /, i is the index of pixels in / and a is a parameter. The
value of parameter o was set to 0.84 in the base model, which was empirically
determined as the best value for image analysis in [21]. The training was run for
300 epochs in all cases. The initial learning rate was 0.001 for the first 100 epochs.
Then it decreased twice every 50 epochs. The model was implemented in Python
3.9.12 using Tensorflow 2.5.0 with CUDA 11.2 and cuDNN 8.2.1 libraries. Figure 1
presents the architecture of the base model. Parameters ABCD in convolutional layers
specifying the strides of the convolution along the height and width of the input

image.
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Input image
(512, 512)
! 32 filters 32 filters 48 filters 48 filters
: ReLU = ReLU e ReLU al ReLU
Coder i | window =4 window = 4 window = 4 7| window =4
strides = A strides = B strides = C strides = D
Compressed image
i 438 filters 48 filters 32 filters 32 filters i
! ReLU = ReLU =] ReLU ol ReLU
Decoder i | window =4 "1 window =4 7| window =4 7| window =4
! strides = D strides = C strides = B strides = A
Output image
(512, 512)

Fig. 1. The base architecture of convolutional denoising autoencoder for bone suppression in CXR
images

Rys. 1. Podstawowa architektura konwolucyjnego autoenkodera odszumiajacego do thumienia kosci
w obrazach rentgenowskich klatki piersiowej

5.2.4. Image resizing

The stride parameter defines the step size for sampling when scanning the input layer
to run convolutional operations [22]. In this study, we tested the effect of changing the
strides parameter in individual layers, which also changed the compressed images.
The compressed image at the input to the decoder is 64 x 64 pixels or 128 x 128 pixels,
where it is then increased to its original size by increasing the size of the stride. Table
1 shows the verified configurations. The name Base refers to the configuration used in
previously published work.

Table 1
Experimental stride parameters
Conlf\ililrﬁ:tion A B C D Corllsrll);zzsed
Base 1 2 2 2 64 x 64

Strides 1122 1 1 2 2 128 x 128
Strides 1212 1 2 1 2 128 x 128
Strides 1221 1 2 2 1 128 x 128
Strides 2121 2 1 2 1 128 x 128
Strides 2112 2 1 1 2 128 x 128
Strides 2211 2 2 1 1 128 x 128
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5.2.5. Bridge Connections

Each convolutional layer learns image features which are called feature maps, which
are passed forward using bridge connections (shortcut connections, skip connections)
to layers that are not directly adjacent. Compared to the ResNet architecture, the
connections are symmetrical between the encoder and decoder. The element-wise
addition of the feature maps from a shortcut connection and the connected
deconvolutional layer follows [23]. The introduction of symmetric skip connections
between the encoder and decoder exhibits two main advantages: (i) improving the
results, in deep networks, composed of many layers, where many details are lost
during image resizing, (ii) solving the optimization challenge posed by gradient
vanishing, resulting in increased performance as the network grows deeper [24]. In
this work, the effect of bridging connections between the extreme layers of the
autoencoder was examined using different configurations shown in Fig. 2.

i 32 filters A 32 filters 435 filters 48 filters |

: RelU N RelU N RelU N RelU !

Coder || window =4 "1 window=4 71 window =4 71 window=4 |

| strides=1 strides =2 strides =2 strides=2 | |

v | |
Compressed image

(64, 64)

! 42 filters 43 filters 32 filters 32 filters |

' RelU L RelU - RelU Y o RelU !

Decoder 1| window=4 7| window =4 7| window =4 7| window=4 |}

| strides=2 strides =2 strides =2 strides =1 !

i i

Fig. 2. The base architecture of convolutional denoising autonecoder extended with bridge connections
Rys. 2. Podstawowa architektura konwolucyjnego autonekodera denoisingowego z uwzglednieniem
potaczen mostkowych

5.3. Experiments and results

The Bone Suppression dataset was divided into a training set containing 25 pairs
of images, a validation set, and a test set containing 5 pairs each. New images were
generated for the training and validation set by applying an augmentation technique
with the same operations for each image in the pair. After this operation, the training
set consists of 1025 images, while the validation set consists of 205 images which is
20% of the training set size. The batch size was set to 16. Adam was chosen as the
optimizer in the model training. The models were trained for 300 epochs. Each model

was trained using the same initial parameters previously generated at random. The
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model with the best validation loss was selected for each run. Calculations were
performed on a desktop computer with an Intel Core 15-10500 CPU, 64 GB Ram, and
RTX 3060 12GB graphics card. A single training took approximately 2 hours.

The value of the loss function, Peak signal-to-noise ratio (PSNR), and Structural
Similarity Index Measure (SSIM) were used as quality indicators to evaluate the
model outcome in comparison to the ground truth image (soft-tissue image measured
using the DES method) on 5 pairs of an independent test set data. The values obtained
are presented in % and refer to the base architecture introduced earlier [14].

5.3.1. Image resizing

The basic architecture resizes the input image three times by half of the current size, and
the compressed image is 64 x 64 pixels. The effect of changing the compressed image
size to 128 x 128 pixels in various configurations was tested. The greatest improvement
for loss function and image quality metrics was obtained for the following configuration:
Strides 2121. Detailed results for all configurations are shown in Fig. 3.
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Fig. 3. Heatmaps with values of the loss function and two measures of image quality, calculated
between model output and soft-tissue image: Peak signal-to-noise ratio (middle) and
Structural Similarity Index Measure (right) for different strides configuration

Rys. 3. Mapy ciepta przedstawiajace wartosci funkcji straty oraz dwoch wskaznikow jakosci obrazu:
PSNR oraz SSIM dla réznych konfiguracji parametru ,,strides”

5.3.2. Loss Function

Parameter o in the loss function is responsible for establishing the weights between the
mean square error index and the multi-scale structural similarity index. The parameter value
was changed from 0 to 1 with a step of 0.1 using the Base configuration shown in Table 1.
The best results were obtained for a parameter o« equal to 0.5. The value of the loss
function for test images presented in the heatmap was calculated for a baseline parameter
o. equal to 0.84 for each of the trained models. Figure 4 shows the results obtained.
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Fig. 4. Heatmaps with values of the loss function and two measures of image quality, calculated
between model output and soft-tissue image: Peak signal-to-noise ratio (middle) and
Structural Similarity Index Measure (bottom) for various a values in range <0;1>

Rys. 4. Mapy ciepta przedstawiajgce wartosci funkcji straty oraz dwoch wskaznikéw jakosci obrazu:
PSNR oraz SSIM dla zmian parametru o w przedziale <0;1>
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5.3.3. Bridge Connections

Bridge connections between the symmetrical encoder and decoder layers were
introduced into the basic architecture. In this work three configurations were tested: (i)
the connection between the outermost layers (connection A in Fig. 2), (ii) the
connection between innermost layers (connection B in Fig. 2), (ii1) the connection
between the outermost layers and the innermost layers (A+B). The best image quality
results were obtained for the variant characterized by 2 skipped connections. The
detailed results are shown in Fig. 5.

LOSS PSNR SSIM Better
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Fig. 5. Heatmaps with values of the loss function and two measures of image quality, calculated
between model output and soft-tissue image: Peak signal-to-noise ratio (middle) and
Structural Similarity Index Measure (right) for different bridge connection configurations

Rys. 5. Mapy ciepta przedstawiajace wartosci funkcji straty oraz dwoch wskaznikow jakosci obrazu:
PSNR oraz SSIM dla réznych konfiguracji potaczen mostkowych

5.3.4. Combination of Multiple Methods

The configurations with the best results were selected from the previously described
methods. An architecture was created with o = 0.5, a strides 2121 configuration, and
the use of the bridge connections shown in Fig. 2 (A+B). The applied operations
allowed for a significant improvement of the used indices. The values of the obtained
results are shown in Fig. 6, while the comparison of the sample images obtained is
shown in Fig. 7.



71

PSNR SSIM Better

-2.09 % EEX:RCN -9.82 % -8.53% SUOFRTN 1.10% 0.75 %

-4.26 % EOPLRCN -2.62 %
-268% -3.81% -5.41 %

-6.77 %

uwy
4 1.10% | 2.88 % | 0.14 %

148% 1.08% 354% 186%

012% 238% 040% 1.11% AR 0.52 % EURER

ge3d Image2 Image1

047 % 0.48 % EPERT

0.68 % 131% 1.11%

-0.28 % | - -0.15% -0.02 %

269% 3.01% 207% 3.01%

127% 0.99% 1.24% -0.39%

-7.33%

BNCGRY -0.27 %

Image5 Image4 Image3 Image2 Image1
Image 5 Image4 Image3 Image2 Image1

Strides  alpha  Bridge  Mixed Strides alpha  Bridge Mixed Strides alpha  Bridge  Mixed
2121 0.5 connection Model 2121 0.5 connection Model 2121 0.5 connection Model
A+B A+B A+B Worse

Fig. 6. Heatmaps with values of the loss function and two measures of image quality, calculated
between model output and soft-tissue image: Peak signal-to-noise ratio (middle) and
Structural Similarity Index Measure (right) for models characterized by the best parameters
described in 1.3.1-1.3.4

Rys. 6. Mapy ciepta przedstawiajace wartosci funkcji straty oraz dwoch wskaznikow jakosci obrazu:
PSNR oraz SSIM dla modeli charakteryzujacych si¢ najlepszymi parametrami opisanymi
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Fig. 7. Comparison of each model based on the output image. Top row: The preprocessed CXR
image no. 4 from a testing set (left), soft-tissue ground truth image (middle left), the output of
base architecture (middle-right), and the output of the model with strides 2121 configuration
(right). Bottom row: output of architecture with a equals 0.5 (left), the output of architecture
with two skipped connections (middle), the output of architecture with all presented
modifications (right)

Rys. 7. Porownanie obrazow wyjsciowych dla kazdego z opisanych modeli. Gorny rzad: Obraz
wejsciowy nr. 4 (pierwszy z lewej), obraz tkanek migkkich DES (drugi z lewej), obraz
architektury bazowej (drugi z prawej), obraz architektury o konfiguracji strides 2121
(pierwszy z prawej). Dolny rzad: obraz architektury o parametrze o rownym 0.5 (z lewe;j),
obraz architektury ztozonej z dwoch polaczen mostkowych (srodkowy), obraz architektury
ztozdnej ze przedstawionych modyfikacji (z prawej)
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5.4. Conclusions

The proposed convolutional denoising autoencoder architecture was updated to
eliminate the blur effect, that occurs frequently. A change in the configuration of the
'strides' parameter increases the image size on the input of the decoder, which
decreases the overall image compression rate, keeping more important details of the
image that are necessary for proper image reconstruction. Adding the bridge
connections improves the quality of output images by transferring feature maps
between symmetrical encoder and decoder layers. Changing the alpha parameter is
needed to tune the loss function for the task-specific images; CXR images in our case.
We have tested these methods separately, however, the combination of them brought
the highest increase in the quality of the rib-suppressed image in comparison to the
base model. An additional advantage of the described methods is the non-impact
number of network parameters. The final designed architecture consists of only
4 convolutional layers on the encoder and decoder side. It is a rather simple structure
with a small number of parameters, which distinguishes it from existing deep-learning
models [9].

The rib-suppressed images presented in Fig. 7 confirm the improved quality of the
output image, for each of the methods presented and the final model. In our opinion,
these results are sufficient enough to be used as a medical diagnostic support system
in a medical facility. An example of the use of the final images obtained with
suppressed ribs may be a classification of different lung diseases or tracking disease

progression over time.

Future work on the proposed algorithm will focus on separating the region of interest,
which in the case of CXRs is the lung region. An architecture consisting of two
independent neural networks is planned to be applied. The first network should be
responsible for the segmentation of the lung region and could be based on a U-net
architecture [26]. The second model will be based on an architecture presented here

but trained on segmented lung images.
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METHODS FOR REDUCTION OF BLUR EFFECT IN THE
DENOISING AUTOENCODER MODEL FOR RIB SUPPRESSION IN
CXR IMAGES

Abstract

The most widespread, low-cost, and highly available diagnostic method for detecting
abnormalities in the cardiopulmonary system is chest radiography. In many cases, the
presence of bone structures on the image makes the correct diagnosis much more
difficult. There exist few computational tools for rib suppression on x-ray images of
the lungs and the denoising autoencoder model seems to be perfect for this task.
However, mostly due to the considerable compression of image size in the model, the
blurring effect of pathological structures occurs. This work aims to improve the
quality of the lung images obtained from a rib bone suppression algorithm based on
a denoising autoencoder. The Bone Suppression dataset, consisting of 35 pairs of
chest x-ray images and corresponding soft-tissue images, was used to develop the
model. Three methods were proposed to reduce the blurring effect: (i) modification of
the image resizing scheme through layers of the autoencoder; (i1) modification of
a parameter of the loss function, which was responsible for establishing the weights
between the mean square error index and the multi-scale structural similarity index;
(i11) introduction of bridge connections between the coder and encoder layers.
Different scenarios of proposed corrections were examined, but in general, all tested
methods showed increased performance in comparison to the baseline model in terms
of peak signal-to-noise ratio and structural similarity. Our results show that these
methods significantly reduce the denoising autoencoder blurring effect, improving the
quality of output image with suppressed ribs, which could potentially influence the

medical diagnosis of the patients.

Keywords: x-ray imaging, blurring effect reduction, bone suppression, autoencoders,

deep learning
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Chapter 6. nUMAP: NEURAL NETWORK BASED UMAP SOLUTION
FOR THE MULTI DATASET VISUALISATION

6.1. Introduction

High-dimensional data is common in the field of biomedicine. It is difficult to
analyze, therefore it is hard to find its flaws and hidden relations. Dimensionality
reduction techniques help researchers to overcome this problem by embedding high
dimensional information into the lower-dimensional space. Such embeddings can be

visualised and then analysed properly.

One of such embedding techniques is Uniform Manifold Approximation and
Projection (UMAP) [1]. Besides embedding it can also be used for clustering and data
pre-processing. This method thrives when used with tabular data as an input and
despite that it can be used with image data [3-5], it has limited use cases. The common
factor of referenced papers is the usage of homogenous image datasets with neutral
backgrounds. It is very rare to stumble upon such data in biomedicine.

In the paper [2], a solution to the problem of image data heterogeneity was proposed
by introducing a novel method capable of robust transformation of X-ray radiogram
into a set of features and UMAP based pipeline capable of embedding features into
low-dimensional space. While the method is valid for X-ray images, it requires
a definition of a region of interest (ROI). For other biomedical datasets, this may not

be possible. In the study, some modifications are introduced to unify the previously
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proposed method. The proposed pipeline consists of neural network (NN) guided
features extraction and UMAP embedding followed by NN universal embedding

learning.

Guided feature extraction relies on the information obtained from the latent vector of
a pre-last layer of a neural network train specifically for this task [6] (latent space with
UMAP in the context of fashion recommendation system), [7] (using latent space
vector for UMAP in clustering of genes). UMAP procedure embeds latent space
features into the two-dimensional space allowing visualisation and relation analysis.
To achieve robust features dependence a regression neural network was trained which
learnt the embedding. The pipeline results in a method capable of dealing with
numerical, image and mixed data types. The goal of the study was to present different
use cases of the proposed method, like discovering the batch effect, analysing the
dataset’s quality, and explaining the neural network prediction, in order to prove its

wide applicability.

6.2. Datasets

6.2.1. Mass cytometry dataset

In the study, a mass cytometry dataset was used that comprised two healthy control
samples with the number of bronchoalveolar lavage cells (BALC) equal to 329,228
and 341,007, respectively. The samples come from studies on drug-resistant
tuberculosis. Bronchoscopies were performed in the bronchoscopy theatre, ward AS,
Tygerberg Hospital (TBH) in Cape Town, South Africa. The cells’ signal was
measured with the CyTOF2 instrument, at the South African Tuberculosis Vaccine
Initiative at the University of Cape Town. For each cell, a set of 32 markers was
collected. The dataset was preprocessed (pre-gated) and arcsinh transformed with

a co-factor of 5.

6.2.2. Chest X-Ray dataset

The chest X-Ray image dataset was composed of POLCOVID database [2] and
COVIDx database [8]. The data from POLCOVID database were collected from 24
Polish hospitals (see POLCOVID Study Group section) during a CIRCA project and
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consists of 2426 healthy patients, 1147 patients with pneumonia and 1236 patients
with COVID-19 (with positive RT-PCR test results). The COVIDx database consists
of 8066 healthy patients, 5573 patients with pneumonia and 1763 patients with
COVID-19. The images were resized to 512x512 pixels resolution, had their lungs

segmented from an images and were scaled.

6.3. nUMAP

The proposed nUMAP method is a modification of the standard UMAP approach
(Fig. 1). Since UMAP only accepts numerical data as input, the limitation can be
solved with a neural network that can take different types of data as input. The final
fully-connected layer provides feature vectors that are combinations of the input data
in a numerical form that can be further analysed by the standard UMAP model.
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Fig. 1. nUMAP pipeline. A) Standard UMAP model trained on numerical data to generate its
embedding that can be visualized in 2D space. B) nUMAP accepts data of mixed types that
are processed into numerical representation by the first neural network (nUMAP feature
extractor). Then the second neural network transforms the numerical data into embedding,
giving identical results to the standard UMAP approach

Rys. 1. Schemat dziatania nUMAP: A) Standardowa metoda UMAP trenowany na danych
numerycznych w celu zwizualizowania ich zredukowanej reprezentacji w przestrzeni 2D.
B) nUMAP akceptuje dane o mieszanych typach dzigki zastosowaniu sieci neuronowej
(ekstraktor cech nUMAP), ktora przetwarza je na dane numeryczne. Nastgpnie druga sie¢
neuronowa transformuje dane numeryczne do reprezentacji o nizszej wymiarowosci, ktora jest
identyczna do rezultatu otrzymanego ze standardowej metody UMAP
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The first neural network is called the nUMAP feature extractor which enables
simultaneous processing of different types of data. The nUMAP feature extractor can
be any model that can process desired input data into numerical features that can be
further analysed. For example, like in the study, it can be a convolutional neural
network that accepts images and numerical features as inputs to combine them into

new numerical features.

The second part of the nUMAP approach is another neural network, the nUMAP
transformer, that learns how to map numerical features into UMAP embeddings. The
network is a multilayer perceptron for regression problems, that accepts numerical
data as input and UMAP embedding as output. The transformer’s architecture used in
the study was a simple neural network with two hidden layers consisting of 100 and
50 neurons, respectively. The number of input neurons was equal to the number of
numeric features and the number of the output neurons was two (for the reduction into

2D space embedding). The learning rate was set to 0.001.

6.4. nUMAP application examples

6.4.1. Use case 1: visualization of a batch effect in mass cytometry data

Mass cytometry datasets are numerical, therefore the standard UMAP approach can be
applied as presented in Fig. 2. The embedding is created and can be visualized in 2D
space. The pink area represents the region with the highest density of cells (50% of

data) from the sample in reference to all cells (grey points).

I Visualization
N i 1 : —
umerical data —— E =
T Standard embedding
SO ()

UMAP,

4.7895  2.3948
3.3546 1.0998
-5.8374 0.9884

1.2345 -0.2387
10.3245 8.2374

Cells

Fig. 2. Standard UMAP approach for mass cytometry data. One sample is transformed into
embedding that allows visualizing the dataset in 2D space. Visualization: grey points — all
cells; pink area — region with the highest density of cells

Rys. 2. Standardowa metoda UMAP dla danych z cytometrii masowej. Jedna probka jest
przetworzona do dwuwymiarowej reprezentacji, ktéra mozna zwizualizowa¢ na wykresie.
Wizualizacja: szare punkty — wszystkie komorki; ré6zowy region — obszar z najwigkszym
zageszczeniem komorek probki
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The problem appears when adding another sample from the same experiment to the
first one to represent new data in the learned UMAP embedding. The existing UMAP
method that transforms new data with the learned model is very time-consuming for
big data. Since mass cytometry datasets may have tens of millions of records (cells),
the standard UMAP transformer is inefficient. Therefore, the second part of the
nUMAP system applies here as presented in Fig. 3. The trained nUMAP transformer

generates embedding quickly and accurately.

Numerical data

Markers ) UMAP Projection
Trained nUMAP . ;
embedding

transformer

Add i n g UMAPl UMAP2 ,,’

second 35678 -2.3452 i %
-7.4853 42315 Ez 8 .
0.2374 93746 |

2.8576  6.3827

Cells

Fig. 3. nUMAP transformer allows fast embedding creation and projection for mass cytometry (big
data). Visualization: grey points — all cells; pink area — a region with the highest density of
cells from the first sample; yellow area — a region with the highest density of cells from the
second sample that was transformed into the same UMAP space as the first sample

Rys. 3. Transformer nUMAP pozwala na szybkie wygenerowanie dwuwymiarowej reprezentacji
danych z cytometrii masowej (duze dane). Wizualizacja: szare punkty — wszystkie komorki;
rézowy region — obszar z najwigkszym zageszczeniem komorek probki pierwszej; zotty
region — obszar z najwigkszym zageszczeniem komorek probki drugiej transformowanej do tej
samej przestrzeni UMAP co probka pierwsza

Adding the second sample reveals the presence of a batch effect in the dataset. The
batch effect is a technical variation in the data that makes it difficult to reveal
biological relationships and should be removed or decreased. Many solutions have

been proposed for batch effect removal for mass cytometry. nUMAP makes it possible

to visualize the effect of such a batch correction algorithm (Fig. 4).
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Visualization of the mass cytometry dataset comprised of two samples before and after batch
effect correction (pink and yellow areas representing the regions of their highest cell
concentration — for better visualization). After batch effect correction a new UMAP
embedding and nUMAP transformer are learned based on the corrected feature values. Since
the samples overlap after the batch correction, it is visible that the batch effect was
significantly reduced

Wizualizacja danych z cytometrii masowej ztozonych z dwoch probek, przed i po korekcie
efektu paczki (rozowe i zoOlte obszary reprezentuja regiony o najwiekszym zageszczeniu
komoérek — dla lepszej wizualizacji). Wykorzystujac wartosci po korekcji efektu paczki
wytrenowano nowy model nUMAP do stworzenia nowej reprezentacji UMAP. Poniewaz po
korekcie probki nakladajg si¢ na siebie, mozna wywnioskowac¢ ze efekt paczki zostal znaczaco
zredukowany

6.4.2. Use case 2: RTG quality assessment

The X-Ray chest dataset consists of image data (radiograms) and clinical data. The

goal was to validate whether the dataset contains hidden biases and flaws which are

not related to the lung disease. Therefore a neural network was created to classify the

data into three classes: normal (healthy), pneumonia and COVID-19. To verify data

robustness, the nUMAP was employed as in Fig. 5. The neural network was used as
the nUMAP feature extractor.
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Fig. 5. Image information is merged with clinical data through the nUMAP feature extractor, and the
standard UMAP method (with cosine distance metric) is used to project received numerical
features on the 2D plane

Rys. 5. Informacja obrazowa jest potaczona z danymi klinicznymi z wykorzystaniem ekstraktora cech
nUMAP, nastepnie standardowa metoda UMAP (z metryka odleglosci cosine) transformuje
otrzymane cechy numeryczne do przestrzeni o nizszej wymiarowosci

Ideally, UMAP embedding would be of compact shape with three fuzzy borders

splitting the data into the three classes. While most of the data points follow

mentioned behaviour, there is a group of COVID-19 data points which are visibly
distinct from the other representatives of the category, forming a separate aggregate of
points. Further analysis revealed that data within this ‘island’ consist of radiograms

with relatively low original resolution (Fig. 6).

—-10 =5 0 5 15 20
ul

B normal I pneumonia I covid

Fig. 6. Example radiograms representing embedded data points on the UMAP 2D plot. The
radiograms were scaled following their original proportions to each other. The two smallest
images of COVID-19 patients come from a separate aggregate of points

Rys. 6. Przyktady obrazow reprezentujacych wartosci UMAP po redukcji wymiarowosci na wykresie
dwuwymiarowym. Radiogramy zostaty wyskalowane wzgledem siebie zachowujac oryginalne
proporcje. Dwa najmniejsze obrazy pacjentow z COVID-19 pochodza z osobnego skupiska
punktow
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A resolution of a radiogram has a big impact on its quality. Lower radiogram
resolution results in a lower number of pixels which represents lung abnormal
changes. Since the neural network input image resolution was 512 x 512 pixels,
it was assumed that the island of points is mainly composed of images below the
512 x 512 resolution. To verify the thesis, points on the UMAP visualization were

coloured according to the calculated radiogram resolutions (Fig. 7).

20
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Fig. 7. UMAP embedding representation of X-ray dataset with colour scale pointing to radiogram
resolution ranging from about 100x100 to nearly 4000x4000 pixels. Shown on a logarithmic
scale

Rys. 7. Reprezentacja przestrzeni UMAP zdje¢ rentgenowskich ptuc z kolorowa skalg wskazujaca na
rozdzielczo$¢ obrazoéw od okoto 100x100 do prawie 4000x4000 pikseli. Skala logarytmiczna

The radiograms contained within the smaller aggregate of points are of much lower

resolution than radiograms in the compact part of UMAP embedding. This indicates

that the neural network converged on the resolution rather than the disease entity.

Showing that the problem is hidden in the dataset and calls for data curation.

6.4.3. Use case 3: Explainability of a classifier’s prediction

nUMAP can work like an Explainability Al method to clarify the model’s prediction.
This behaviour is used in the CIRCA classification system [9]. CIRCA nUMAP
allows for the projection of new data points, that are analysed through the CIRCA
portal, on the learned UMAP visualization. The learned UMAP was created with the
use of X-Ray chest images consisting of three patient categories: normal, pneumonia
and COVID-19. The nUMAP training process is presented in Fig. 8.
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Fig. 8. Training of the CIRCA nUMAP system. A) Training dataset of X-Ray chest images is used to
train the feature extractor. Then numerical features are transformed with the standard UMAP
into embedding to create a 2D visualization. B) Numerical data extracted from the nUMAP
feature extractor are used to train the nUMAP transformer to generate the same UMAP

embedding as the standardapproach

Rys. 8. Trening metody nUMAP systemu CIRCA. A) Zbior treningowy ztozony z obrazéw RTG
klatki piersiowej jest wykorzystany do treningu ekstraktora cech nUMAP. Nastepnie cechy
numeryczne s3 poddane transformacji standardowa metoda UMAP do dwuwymiarowe;j
reprezentacji. B) Dane numeryczne otrzymane z nUMAP ekstraktora cech sa wykorzystane do
treningu nUMAP transformatora w celu wygenerowania takiej samej reprezentacji UMAP jak

z metody standardowej

When a new chest X-Ray image is loaded into the CIRCA portal, it undergoes a series
of preprocessing and classification steps. The goal is to classify the image into the
three mentioned categories based on the visual markers. Since the task is difficult due
to the heterogeneous nature of COVID-19 changes, displaying the resulting category
may not be sufficient. nUMAP tries to explain the prediction by projecting the image
into the UMAP visualization that is comprised of three different areas indicating the
categories. Moreover, nUMAP revealed subcategories within each category that

differentiate the patients based on their degree of advancement of pulmonary changes.

The projection process is visualized in Fig. 9.
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A new image is processed by CIRCA system that consists of an nUMAP part responsible for
projecting the analysis result into learned UMAP representation to visualize it in relation to
the training samples. The image is classified as COVID-19 therefore the embedding is placed
in the red area (regions indicating normal and pneumonia patients are shaded for better
visualization). It can be seen that the result is placed in Subtype 1 of the COVID-19 category,
which is the farthest from normal and pneumonia areas — therefore this is the subtype that
contains patients with typical COVID-19 changes in the lungs

Nowe zdjecie RTG jest przetwarzane przez system CIRCA, ktory zawiera czes¢ nUMAP
odpowiedzialng za projekcje do reprezentacji UMAP wyniku analizy w celu jego wizualizacji
wzgledem zdje¢ ze zbioru treningowego. Obraz zostat zaklasyfikowany do kategorii COVID-19,
dlatego jego dwuwymiarowa reprezentacja zostata umieszczona w rejonie czerwonym
(regiony dla kategorii zdrowe ptuca oraz zapalenie pluc zostaly zacienione dla lepszej
wizualizacji). Wynik zostat umieszczony w rejonie Podtypu nr. 1 kategorii COVID-19, ktory
lezy najdalej od obszaréw kategorii zdrowe ptuca i zapalenie ptuc — w zwigzku z tym jest to
podtyp ktory zawiera obrazy pacjentow z typowymi zmianami COVID-19 w ptucach
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Fig. 10. Examples from CIRCA portal projection of the RTG analysis result in UMAP representation.

A) Chest X-Ray image of normal (healthy) lungs is classified and projected with nUMAP
into the healthy region of the embedding visualization. B) Chest X-Ray image of lungs with
pneumonia changes is classified and projected with nUMAP into the pneumonia region of
the embedding visualization

Rys. 10. Inny przyktad z systemu CIRCA pokazuje projekcje Przyktady z portalu CIRCA, projekcja

wyniku analizy RTG w reprezentacji UMAP. A) Obraz rentgenowski klatki piersiowej
prawidlowych (zdrowych) ptuc jest klasyfikowany i rzutowany za pomoca nUMAP do
rejonu osadzenia kategorii zdrowych. B) Obraz rentgenowski pluc ze zmianami zapalenia
ptuc jest klasyfikowany i rzutowany za pomocag nUMAP do rejonu osadzenia kategorii
zapalenia ptuc
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6.5. Discussion

Big data analysis is a demanding task that requires appropriate and efficient
techniques to gain meaningful insights and results. This often requires presenting data
in a lower-dimensional feature space. Methods like UMAP allow for dimension
reduction preserving hidden structures in the data, however, they have some

limitations.

In the study, a modification of the standard UMAP approach was proposed, that
overcomes its limitations. The nUMAP parts can be linked with the standard UMAP

approach or customized to a specific problem, as needed.

Firstly, the proposed nUMAP transformer can be trained on numerical features and
embedding values from the standard UMAP approach to generate identical embedding
but more effectively, especially in the case of big data, like mass cytometry. It solves
the problem of the standard UMAP projection of new points into the existing low-

-dimensional representation which is time-consuming.

Secondly, nUMAP accepts mixed types of data as input due to the use of a neural
network that works as a feature extractor. Therefore, different data types can be
combined together into a numerical representation that can be used either with the
standard UMAP approach or the nUMAP transformer to generate data embeddings.

The shown examples of X-Ray data projection prove the usefulness of the approach.

The presented use cases of the nUMAP allowed for deeper insight into the data,
revealing problems like batch effect in mass cytometry data or low-quality images of
X-Ray dataset that have a great impact on further analysis results. Moreover, the
method can be used to explain the classifier’s prediction and therefore the usefulness

of the trained classifier.

However, the nUMAP approach also has limitations. Since the feature extractor is
a classification network, the method is no longer fully unsupervised and requires some
knowledge about the labels (categories) of observations. Future work could focus on
the use of a different feature extraction method that accepts mixed types of data as

inputs.
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6.6. Conclusion

nUMAP is a fast and effective method for embedding generation that can help
visualize modifications of big data of mixed types. nUMAP overcomes the standard

UMAP limitations and can be used for various purposes.
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nUMAP: NEURAL NETWORK BASED UMAP SOLUTION FOR
THE MULTI DATASET VISUALISATION

Abstract

High-dimensional data is associated with complex analysis and interpretation of the
results. The problem is particularly relevant to biomedical problems like the analysis
of cell expression profiles or medical imaging data. Big data contains potential noise
that can cause the lack of optimal solutions. One way to deal with the problem is
dimensionality reduction and feature selection. However, most of the methods are
designed to process numerical data and for images, the methods require vectorization
that amplifies the artefacts. Moreover, the techniques accept only one type of data at
a time which could be insufficient to discover the real relationships. In the study,
a novel method is proposed that is based on the UMAP dimension reduction
technique. nUMAP combines the UMAP transformation with neural networks (NN)
allowing for the processing of big data of mixed types. The method is based on
a sequence of NN-UMAP-NN operations that extract features and create an
embedding for effective visualization and inspection of the results. Moreover, the
method can be applied to new data without the need for retraining. In the study, three
real-world use cases of the nUMAP are presented: detection and correction of a batch
effect in mass cytometry data, an inspection of the quality of chest X-Ray images and
an explanation of a classifier’s prediction. The work proves the effectiveness and wide
application of the nUMAP.

Keywords: visualization, UMAP, neural network, embedding, big data
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Chapter 7. MASS CHANNEL SPATIAL DISTRIBUTION AS A TOOL
FOR PEAK DETECTION AND ISOTOPE
IDENTIFICATION IN MALDI TOF MSI DATA

7.1. Introduction

Mass spectrometry (MS) is a powerful tool widely used in medical research to inspect
the molecular composition of samples such as biopsies from patients with suspicion of
cancer. The identification of proteins, which are often drug targets and are present at
low concentration levels in complicated mixtures, is significantly facilitated by the
sensitivity of MS [1]. Information gathered by MS helps with diagnosis, early
detection, and drug development not only for cancer but also for other diseases. This
technique of molecular mass analysis exists for over a hundred years, and consists of
three distinct steps: ionization, ion separation, and ion detection. In the first step,
molecules of the sample are given an electric charge (ionization). This charge is used
to differentiate between molecules of different masses in the next mass spectrometer
module, the mass analyzer (separation). In the final step of MS analysis, the detector
measures the quantity of each distinct ion (detection). This gives information about
the relative abundance of each molecule in the sample. The result is a function of

relative abundance and mass-to-charge (m/z) ratio of ions, called the mass spectrum.

Advances in soft ionization techniques like electrospray ionization (ESI) and matrix-
assisted laser desorption/ionization (MALDI) and improved mass analyzers made it
possible to detect higher-mass molecules such as proteins and peptides, which led to
the wide use of MS in the field of Proteomics, [2] the study of proteins, their

functions, and their compositions within biological structures.

! Department of Data Science and Engineering, Faculty of Automatic Control, Silesian University of
Technology, Gliwice, Poland.
* Corresponding author: wojciech.sikora@polsl.pl.
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Mass spectrometry imaging provides information about the spatial distribution of
molecules at the surface of the sample. The general setup of the MSI experiment
involves defining an (X, y) grid over the surface of the sample. The mass spectrometer
then ionizes the molecules on the surface of the sample and collects the mass spectrum
at each pixel on the sample, with the resulting spatial distribution defined by the pixel
size [3]. Application of this technique to biological samples from a biopsy can provide
information about the spatial distribution of molecules such as peptides and proteins,
which in turn can be used to gain even more insight into the condition of the patient,

causes, and course of the illness.

Matrix-assisted laser desorption/ionization (MALDI) is a key ionization technique in
MS-based proteomics. The advantages of this ionization method are among others
high-throughput, high-speed data acquisition, easy sample preparation, and imaging at
a high spatial resolution [4]. All these properties make it possible to obtain a large
amount of data in a short amount of time. Data that can provide useful insights if
properly analyzed. The volume of the data generated by 2D imaging makes manual
analysis infeasible therefore in recent years there has been a great increase in the

usage of statistics and machine learning methods to analyze such data.

The paper aims to describe a full pipeline for analysis of MALDI time-of-flight (ToF)
MSI data that uses the full potential of its data and produces a set of features that is
nonredundant, small enough for use in various machine learning techniques, consists
of features that can be connected to specific proteins and can be used to rapidly
calculate values of the features given new records. The proposed method starts with
the aggregation of all mass spectra into a single signal. Then the signal is transformed
using a Gaussian filter and divided into small fragments, then considered separately.
Data prepared in this way undergoes a feature extraction process where fragments of
the aggregated signal are fitted with a gaussian mixture model (GMM) using the
expectation-maximization (EM) algorithm, thus generating a representation of all data
as a set of potential features defined by the position and the value of the area of its
normal distribution. In the dimensionality reduction step, the set of normal
distributions describing each fragment is compared using information about spatial
distribution provided by MSI. Spatial distributions are compared using Peacock’s test
statistic [5] and merged if the value of this test statistic is below a data-driven
threshold. Further reduction in dimensionality is done by noise filtering. The final step
of this proposed pipeline is isoform search where isoforms of the same molecule are
reduced to a single feature, once again by comparison of spatial distribution on the

sample.



92

7.2. Analysis of MALDI MSI data

Analysis of MS data can be problematic, especially for MS methods that produce
mass spectra for a wide range of m/z with lower resolution such as MALDI MS. With
this resolution, ions of specific mass on the mass spectrum, give a gaussian-like shape
called a peak. For samples with high complexity (many different molecules in the
mixture) such as biopsy samples, those peaks can overlap making peak detection even
more difficult. Moreover, molecules of the same mass can generate multiple peaks
called isoforms as the result of receiving different charges in the ionization step of
mass spectrometry. Finally, such signals are disturbed by many different sources of
noise both low and high frequency.

Numerous techniques have been used for dimensionality reduction of MS data. In [6]
genetic algorithm is used to iteratively select a small set of m/z values (channels)
which using cluster analysis gives the best split of the data into two classes (cancer vs
noncancer). A similar approach described in [7] used Artificial Neural Network with
backpropagation to classify human tumors. Another heuristic method used for
biological MS data feature selection is the Simulated Annealing Algorithm [8]. Exact
approach commonly used for dimensionality reduction is Principal Component
Analysis (PCA). In [9] PCA is used for dimensionality reduction of MS data, then
clustered using Linear Discriminant Analysis. Yihui Liu in [10] uses discrete wavelet
transform detail coefficients to extract features from the mass spectrum and then uses
support vector machine (SVM) as a classifier. More recently [11, 12] used clustering
with k-means based Divik algorithm. All of the above and other dimensionality
reduction methods, including most filter, wrapper, and embedded methods of the
classical knowledge discovery process, have been used to process and classify MS
data. Nevertheless, none of these methods makes full use of the peak detection

combined with spatial information that MSI provides.

7.3. Data

The data used for this paper comes from patients with head and neck cancer. A total of
4 samples have been used for acquiring the data. The samples were delineated by an
expert pathologist with regions of epithelium and caner (Fig. 1). Each sample has
a different size with a total number of over 150 thousand mass spectra. Each mass
spectrum consists of over 100.000 m/z channels ranging from 800 DA to 4000 DA.
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Fig. 1. Biopsy samples with marked epithelium and caner regions
Rys. 1. Probki biopsji z zaznaczonymi obszarami nabtonka i nowotworu

7.4. Methods

The amount of computations necessary to compare the spatial distribution of two
peaks on the sample and the need for a large number of such tests makes it impractical
to apply the proposed dimensionality reduction process for each mass spectrum
individually. Instead proposed solution is to combine all available data into a single
signal and then try to identify peaks correlated with biomarkers on that representation

of the data. To do that every value for each channel (m/z value) is aggregated.

7.4.1. Aggregation of mass spectra

The type of the aggregate has an impact on the remaining steps of the feature
extraction and dimensionality reduction process. Using average, for example, makes

the signal smooth with clear points of division between peaks, however, it can hide
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meaningful information about potentially very important peaks that have high
intensity only in a small number of mass spectra. (Fig. 2a). This problem is solved by
choosing maximum as an aggregate, however, in this case, the signal is much rougher
and further analysis is harder (Fig. 2b). Therefore intermediate solutions were tired,
using the 95" percentile as an aggregate the trade-off between smoothness and
information loss is more balanced. An interesting option is also combining the final
results derived from each representation. The differences between the representation

of all the data and an exemplary single mass spectrum can be clearly seen in the Fig. 2.
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Fig. 2. Visualization of the entire signal (top) and small fragment (bottom) in average representation
(A), maximum representation (B), and randomly selected single spectrum (C)

Rys. 2. Wizualizacja catego sygnatu (gora) oraz jego niewielkiego fragmentu (dot) dla sredniej (A),
maksimum (B) oraz losowo wybranego pojedynczego spektrum (C)

Since molecules in MALDI MS are represented by gaussian-like shapes in the mass

spectrum or a representation of all mass spectra, the next step of the proposed

workflow is to represent the signal as a set of normal distributions around specific

m/z values instead of as a list of intensities. This is done by dividing the signal into

small parts and fitting them with a gaussian mixture model (GMM).
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7.4.2. Signal division

Division of the signal is done by a simple local minima search. For the purpose of
fitting GMM into parts, optimal points of division of the signal should be local
minima that are relatively close to zero. Parts should also contain a small number of
potential peaks ideally one peak or one set of overlapping peaks. Changing resolution
of the mass spectra with the increase of m/z value can be problematic. In the lower
m/z values, the difference between neighboring channel values is equal to 0.018 DA
and it increases gradually to 0.041 DA at the end of the spectrum. In the higher values
of m/z, the signal has also much more noise. The optimal process of the division was
made by choosing the width of the moving window of the local minima search to be
120 channels. In order to find optimal points of division minima search was done on
the signal first transformed with a gaussian filter of small width. This transform
removed irregularities in the signal on the scale of a few neighboring channels leaving
the shape of peaks unchanged. An additional restriction on the maximal value for the
valley in minima search (restriction based on the local neighborhood) ensured that sets
of overlapping peaks are not separated into additional fragments but considered

together.

7.4.3. Modeling peaks

After splitting the signal into fragments with few potential peaks each, the parts are
fitted with the Gaussian Mixture Model using the Expectation-Maximization
algorithm in which a randomly selected set of starting conditions iteratively
approaches to local optimum. In this case, the starting condition is a randomly
selected GMM and the value being optimized is the log-likelihood of the model.
Iterations of the EM algorithm are repeated until the shift between iterations,
understood as the difference in log-likelthood of iterations is smaller than
€ represented as

Lioy — L;

(M
103

where:
& — threshold value for meaningful improvement in EM iteration,

L; —log-likelihood of iteration i.
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Because the EM algorithm is nondeterministic and highly dependent on starting

conditions, the algorithm is run multiple times and the run with the best likelihood

1s chosen.

This process is then repeated with an increased number of elements of the initial

GMM. The optimal number of normal distributions in the mixture is chosen by

inspecting the gradient of BIC defined as

BIC =log(n) x 3k —1) — 2L

where:

BIC — Bayesian information criterion,
N — number of data points,

k — number of elements in GMM,

L —log-likelihood.

2

BIC is calculated each time and a decision based on the rate of the decrease of this

value is made on whether to stop or add another element. Figure 3 shows some

randomly selected parts with GMM fitted into them with this method.
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Fig. 3. Randomly chosen signal segments with fitted GMM
Rys. 3. Losowo wybrane segmenty sygnatu z dopasowanym GMM
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7.4.4. Spatial distribution based peak detection

At this point, all of the data is described by a set of normal distributions, identified by
their position, sigma, and lambda values. Those distributions are potential features but
many of them describe the same peak. Components 1 and 2 of GMM (Fig. 3c) are
completely overlapping and therefore cannot describe different peaks. In Fig. 3b
components 2 and 3 seem to be possibly part of a single peak. In Fig. 3a however,
components 2 and 3, potentially describe two different, overlapping biomarkers with
similar m/z values. In order to decide whether components are describing the same or
different peaks, spatial distributions on samples are examined. In [5] Peacock
describes a method for comparing spatial distribution by the extension of the
Kolmogorov-Smirnov test into two dimensions. If two components within a segment
are found to have the same spatial distribution on at least one of the samples, the
component with a smaller area is removed from the set, and the area of the larger

component is calculated as a sum of the two.

A statistical test used to decide whether two spatial distributions are the same is as
mentioned the Peacock’s test. However, for this test, no significance levels can be
established [5], and therefore there is a need to define a threshold. In order to find the
threshold value, more than 60.000 pairs of components were compared. The
distribution of those values was fitted with GMM, and the threshold value for
similarity of distributions was found (Fig. 4).
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Fig. 4. Distribution of Peacock’s test statistic and established threshold value for spatial distribution
similarity

Rys. 4. Rozklad statystyki Peacock’a oraz wyznaczona warto§¢ progowa dla podobienstwa rozktadu
przestrzennego
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Fig. 5. Signal segments showed earlier with remaining GMM components after spatial distribution
comparison

Rys. 5. Wczesdniej pokazane segmenty z elementami GMM pozostatymi po poréwnaniu dystrybucji
przestrzennej

Figure 5 shows the results of merging components with a similar spatial distribution.

As predicted, components 1 and 2 from Fig. 3¢ were merged, as seen in Fig. 5c

whereas GMM shown in Fig. 3a remains unchanged.

After comparing differences in the spatial distribution in segments shown earlier, we
observe a clear reduction in their number (Fig. 5). Only Fig. 5a shows no difference in
the number of GMM components. Components 1 and 2 from Fig. 3c were merged as
predicted and Fig. 5f shows the resistance of this method to high-frequency noise
characteristic of the high m/z part of the spectra. After merging, components
associated with noise are also removed based on the signal-to-noise ratio. Finally, one
more step is needed to complete the dimensionality reduction process. This step is the
identification of isoforms.

7.4.5. Spatial distribution based isotope identification

Typically MALDI ionization results in singly ionized molecules, this, however, is not
a rule, and therefore in the mass spectrum, molecules of the same mass can often be
observed as a series of consecutive peaks. A series of peaks associated with isoforms
of a single molecule is characterized by a 1DA distance between peaks and a similar

shape (sigma in the context of normal distributions). The last step of the pipeline is
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aimed at removing such isoforms and representing them in the final set of features as
one feature, described by the localization of the main peak and the combined volume

of all peaks.

In order to detect such isoforms, once again spatial distribution on the samples is
considered. As it was mentioned, by the nature of isoforms, peaks of such series
should be spaced evenly, with 1 DA of the distance between them on the mass
spectrum, and should have similar sigma values. Therefore, when considering a peak
as a potential start of isoform series, firstly the distance between peeks is considered,
and then their shape. Once again thresholds for those values were calculated based on
their distribution. A round-robin test with every peak within the 1 DA range through
the entire signal would be very time-consuming so the narrowing of potential
candidates for isoforms is key.

The search for isoforms starts from the first feature (with the smallest location value)
and continues through the entire set of features. Firstly the condition of 1 DA distance
is checked, once this condition is fulfilled the similarity of sigma values is checked.
When the decision is made that currently considered features could be isoforms, based
on those two conditions, the spatial distribution on the samples is evaluated. Figure 6
shows an example, where components 5 and 6 were preliminarily selected as possible
isotopes by fulfilling distance and shape conditions but the spatial distribution shows
statistically significant differences. Peacock’s test statistic value is above the
calculated threshold and therefore those features remain as separate features in the
final set. Figure 7 shows an example of features for which Peacock’s test statistic
value was below the threshold, and were therefore considered as isoforms of the same

molecule and merged.
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Fig. 6. Visualization of negative outcome of spatial distribution comparison between two features
Rys. 6. Wizualizacja negatywnego wyniku pordwnania dystrybucji przestrzennej pomiedzy dwoma
cechami
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Fig. 7. Visualization of a positive outcome of spatial distribution comparison between two features

Rys. 7. Wizualizacja pozytywnego wyniku porownania dystrybucji przestrzennej pomiedzy dwoma
cechami

One molecule can be represented by many isoforms, each separated by 1DA distance

on the mass spectrum, so the search continues after the first match until no more

matches are found.

7.5. Results and discussion

Computations of the workflo described in this paper,took around 48h to compute on,
a computer with 32 GB RAM and 17-11700K 3,6G Hz processor. Considering the
amount of the data and the large number of steps in the process, this time is reasonable
for this proof of concept and once the features are defined, calculating values for the
new data is a matter of seconds. The time needed for the completion of the full
pipeline can, and will be optimized. Furthermore, with the usage of parallel
computing, this value can decrease drastically, especially for the comparison of spatial

distributions which is the most time-consuming step of the workflow.
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Table 1
Number of elements in the dataset
Number of | Number of
Type of Number of Number of GMM GMM The final set
agoregation segments GMM components | components of features
geres & components after after
merging denoising
Average 3147 10811 4655 2684 1772
Maximum 2414 7939 3485 2060 1405
95th. 3131 10806 4662 2596 1629
percentile

Commenting on the results of feature extraction and dimensionality reduction, the
14 GB of data, describing tens of thousands of records, with tens of thousands of data
points, were reduced to a manageable set of around two thousand features that take no
more than 300 MB of memory. Table 1 describes how the number of dimensions of
the data changed with each step. In this pipeline, the feature modeling is done using
real-life properties of the investigated data, also feature selection and dimensionality
reduction steps are based on the physical properties of the data. Thanks to this, we can
expect that the final dataset consists of meaningful features, correlated with real
properties of investigated data and that this set of features can be a good entry point

for further analysis withfeature selection and machine learning.
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MASS CHANNEL SPATIAL DISTRIBUTION AS A TOOL FOR
PEAK DETECTION AND ISOTOPE IDENTIFICATION IN MALDI
TOF MSI DATA

Abstract

Mass spectrometry imaging provides information about biomarkers and their spatial

distribution on the samples taken from patients. Analyzing this information can lead to

advances in drug discovery and help with diagnosis. The rapid increase in the volume

of the biological data gathered by mass spectrometry imaging made it necessary to

develop new approaches for analysis. In this paper, we present a data-driven, hands-



103

-free approach for feature extraction and dimensionality reduction of MALDI ToF
MSI data that can be used as the first step of the full machine learning analysis. In our
approach, the feature modeling is done using the real-life properties of the
investigated data. Also feature selection and dimensionality reduction are based on the
physical properties of the data. Thanks to this we can expect that the final dataset
consists of meaningful features correlated with real properties of investigated data.
The result of the proposed pipeline is a nonredundant set of features small enough for

further analysis for example with feature selection and machine learning.

Keywords: MALDI ToF MSI, feature extraction, peak modeling, dimensionality

reduction, spatial distribution
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Chapter 8. AUTOMATIC ALGORITHM TO MEASURE PHB
ACCUMULATION AND SIMILAR STRUCTURES

8.1. Introduction

Along with the rapid technological progress, social awareness and demand for
innovative materials, there is a growing need for environmentally friendly alternative
to conventional plastics. One of the promising biopolymers is PHA
(polyhydroxyalkanoate) and its derivatives, which depending on the hydroxy acid
length, can create materials with extremely different properties, from hard and brittle
to elastic and sticky. The main advantage is the ability to regulate their features, such
as their resistance to mechanical factors or degradation rate, by introducing
modifications in the monomer ratio or by combining them with other materials [1].
An additional superiority in ecology terms is the possibility of using waste
materials as a substrate. As a result, modern biopolymers are more often used in
numerous industry and medicine sectors. The high biocompatibility of PHB
(polyhydroxybutyrate) contributes to the great interest in its use for the controlled
drug release into the patient's body. The most important aspect in this matter is that
the foreign body insertion made of the above-mentioned biopolymer does not cause
strong defense reactions in the organism, and its response is mild [2]. Currently, PHA
derivatives are also used in the treatment of bone defects and cartilage tissues,
cardiovascular engineering [1], as well as in dressing material production and fine

powder as a lubricant for surgical gloves [2]. The biocompatible surfactant allowed to
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use the hydrophobic PHB fiber to produce a material that can replace cotton swabs
during surgical procedures. This invention eliminates the risk of complications
resulting from leaving a fiber fragment inside a patient, as it degrades without
accompanying reactions that could be dangerous for the human body. The list of
biomaterial applications is growing every year, leading to the emergence of new
solutions in terms of production and processing. The process of obtaining biopolymers
as a microbial metabolism product also involves quantitative control and microscopic
observations to confirm their efficiency. Due to the lack of a tool that may greatly
facilitate and control the PHB production process, there is a need to create an
algorithm that provides information that allows for the assessment of the material

production efficiency.

8.2. Materials and methods

8.2.1. Culture of microorganisms

The culture of Pseudomonas fluorescens, capable of biopolymer accumulation under
certain conditions, was maintained in two bioreactors operated respectively in a batch
and continuous modes. The research was aimed at optimizing the PHB production
process, which is one of the intracellular metabolites. To increase the fatty acid
conversion into a PHA derivate, it was necessary to maintain stressful conditions for
microorganisms and this could be achieved by preventing the microorganisms from
gaining access to a carbon source. In the first bioreactor, a fed-batch culture was
carried out, involving cyclic metabolite exchange and nutrient additions. For this
purpose, each day an amount of reactor medium was decanted and replaced with
a freshwater containing the nutrient. The supernatant obtained was taken for further
analysis. Homogenous concentrations of oxygen and nutrient were maintained in the
entire vessel by using mechanical stirrer and aeration system. Continuous culture
experiments were performed in a 5-liter Sartorius Biostat A + bioreactor, providing
optimal conditions for Pseudomonas fluorescens. The optimal temperature 30°C was
controlled by using a heating blanket and deviations from the optimal pH = 7 were
adjusted by adding a buffer solution (NaHCO3) to the vessel. Continuous control of
breeding parameters was possible due to computer monitoring equipment, which

included level sensors, dissolved oxygen, pH, and temperature sensors.
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In both bioreactors, the stressful conditions necessary for the production and
subsequent accumulation of PHB were maintained by using a medium consisting
of peptone and olive oil in varying proportions. The peptone was the main carbon
source, while the fatty acid esters contained in the oil were crucial in terms of cell
stress, and their presence was evidenced by the increase in lipase activity. Periodic
measurements of ammoniacal nitrogen, chemical oxygen demand, lipase activity,
and biomass concentration were performed to determine favorable conditions for the
target process. The culture condition was controlled on the basis of the concentration
of ammoniacal nitrogen. A progressive extinction of microorganisms was manifested
by its low value and low nutrient degradation. The degree of nutrient consumption
was determined based on lipase activity, as this enzyme is responsible for fat
digestion. Measurements on a spectrophotometer were made on a Secoman Uvi Light
XT 5 using a p-Nitrophenol. The procedure assumed recording the values at intervals
of 15, 25, and 35 minutes from the start and the final result in the form of a waveform
for 410 nm and 290 nm. The high lipase activity observed in connection with the
determination of the high COD result was interpreted as the significant amount of

organic substances and the presence of residual oil in the reactor.

8.2.2. Acquisition of microscopic images

In order to confirm the PHB accumulation in the activated sludge a series of
microscopic observations were made. A standard fixation method in the flame was
used to prepare the collected sample, then the sample was stained by using two
developed methods. The first of staining method uses Sudan III dye and is aimed at
the identification of lipids, triglycerides, and lipoproteins. The fixed plates are placed
in a humidity chamber, thoroughly rinsed with dye, and left for 30 minutes. The
Sudan III (0.1% dye solution in 90% ethyl alcohol solution) is a fat-soluble, nonpolar
substance that interacts hydrophobically with hydrocarbon lipid chains, dyeing them
red. The second staining procedure was used to observe the PHB granules that are
stained in a light orange color. The staining reaction takes place due to the water-
-soluble substance Nile Blue A (0.05 g of Nile Blue sulfate, 100 ml of 96% ethanol),
which is a fluorescent dye from the oxazine group. The procedure involves incubating
the samples for 10 minutes in a Coplin staining jar placed at 50°C. Both procedures
were terminated by carefully washing the excess dye from the plates and allowing

them to dry. For the continuous control of the PHB accumulation process, samples
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were prepared each day, followed by observations under fluorescence and confocal
microscopes. The FV1000 microscope from the Olympus company was used for PHB
observations. Figure 1 is an exemplary image obtained during the observation of

a specimen, stained with Nile Blue A.

Fig. 1. Comparison of the microscopic images in visible light, and after using a red filter, and
excitation with a blue laser. Nile blue A — stained sample was observed using a 60x objective

Rys. 1. Porownanie obrazu prébki mikroskopowej w §wietle widzialnym 1 po zastosowaniu filtra
czerwonego oraz wzbudzeniu laserem niebieskim. Probke wybarwiona bigkitem Nilu
A obserwowano przy uzyciu obiektywu 60x

8.2.3. Tools and methods used to create the algorithm

The algorithm determining the percentage of PHB in the observed area was written in
Matlab programming language, which provides wide packages range for digital image
processing. The fact that PHB in the photos is present in the form of the regular
objects, similar in shape and color was used. The appropriate RGB channel
binarization and morphological operations and filters were applied to identify the
background, floc, and granules. To prevent dye misidentification as PHB not rinsed
out, the circularity factor was calculated. Too divergent results were treated as
misdiagnoses. The main algorithm result is the polymer percentage calculated in the
floc and the processed image with identified object's contours marked on it. To
visualize the size distribution of the PHB granules, granulometry analysis was
performed. Finally, the program returns two charts. The first one is a histogram that

shows the area relation of the identified objects, their number with the marked mean,
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standard deviation, and median. It also presents the surface area distribution. Then, the
boxplot displays additional information about outliers. The operation of the algorithm

is shown in Fig. 2.
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Fig. 2. Operating scheme of the algorithm
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8.3. Results and discussion

The confocal microscopy allows for image generation in three channels, spatial PHB
granules observation, and other structures. The proposed algorithm is applied to
analyze the microscopic image obtained. In this case, it was used to confirm the
presence of PHB granule in the stained samples. The microscopic images show
clusters of regular objects with high fluorescence, identified as biomaterial granules.
When there are characteristic areas in the image, the algorithm returns a histogram
describing the PHB amount over the entire surface, an image with detected, selected
objects, and a box plot showing the expected value and standard deviation. In this
case, for this image, changing the bins on the histogram will not make the distribution
closer to the normal distribution. The program allows for determining the percentage
of polymer granules in the identified structure. The algorithm improves the subsequent
stages of planning experiments. The result of the microscopic image analysis is shown
in Fig. 3. This is a simple way to confirm the accumulation of PHB and estimate its

amount in bacterial cells.

Fig. 3. The microscopic image processed by the proposed algorithm (Fig. 1)
Rys. 3. Rezultat dzialania algorytmu na obrazie mikroskopowym (Rys. 1)
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Fig. 4. Histogram showing the percentage of polyhydroxybutyrate in the microscopic image (Fig. 1)
and marked with vertical lines: m — median, X — mean, + s — standard deviation

Rys. 4. Histogram przedstawiajacy procent polihydroksymaslanu na obrazie mikroskopowym (Rys. 1),
zaznaczono liniami pionowymi: m — mediang, x — $rednig, = s — odchylenie standardowe
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Fig. 5. Box plot showing the percentage of identified polyhydroxybutyrate in the microscopic image
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The algorithm is universal in a certain way. It can also be used to detect and perform
the described operations on objects similar to PHB granules. An example of its
application can be the results of an experiment with HELA cells. Carefully prepared
HELA tumor cells with fluorescently labeled histone H2B were introduced into the
system to assess their cell cycle length and to record monitoring of the movements of
individual daughter cells. The research sample was treated with the drug doxorubicin.
The experiment was made observations on a fluorescence microscope with automatic
image acquisition software. Figure 6 — Fig. 9 present the operations performed on the

above-mentioned example to identify cells and their percentage in the photos.
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Fig. 6. Sample microscope image with HeLa cells
Rys. 6. Przyktadowy obraz mikroskopowy z komérkami HelLa

Fig. 7. The processed image after applying the proposed algorithm for the microscopic image (Fig. 6)
Rys. 7. Wynik dziatania algorytmu na obrazie mikroskopowym (Rys. 6)
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(Rys. 6)
Biomaterials are a promising alternative to plastics used so far, both in application
versatility, waste management, and minimizing their generation terms. Some by-
products from industrial processes can be used to produce PHA, thus it is possible to
reduce problem needed to produce PHA processing costs by up to about 50%. One of
the promising alternatives to an expensive substrate are waste substances from the oil
industry, which are classified as attractive carbon sources for microorganisms.
Another potential suppliers are agriculture and the food industry. By-products or
materials rejected during individual processes can be reused in environmentally
friendly biopolymer fabrication while reducing their production costs. Potentially
suitable for ecological alternative production are banana parts and the peel of
numerous fruits, sugar cane fragments discarded in various processing steps, and algae
biomass [3]. In the research, olive oil was used for this purpose but leftover fry oil can
also be used. Optimizing the PHB production process by reducing the raw materials
and energy consumption while maximizing the biosynthesis efficiency requires
continuous observations and polymer accumulation control. The proposed algorithm
makes it possible to facilitate and automate these tasks, and to estimate the percentage
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of granules in microscopic images. On this basis, the solutions legitimacy, the
microorganism breeding system, or the supplying substrates method was determined.
Visualizing the results in graph form showing the object number with size within
a given range facilitates work and helps in determining the systematization of the
characteristics of the granules. The need to conduct long-term observations generates
large amounts of data for analysis. Using a program that performs some of the tasks
not only relieves the research team but often enables control activities to be carried out
in time, allowing for a quick response to changes observed in the results. In addition,
the universality of the algorithm allows it to be used in subsequent studies. The
biomaterials topic, and especially PHA and its derivatives, has not been sufficient, and
the work continuation may bring huge profits to medicine. Biopolymers have
numerous applications in many areas, such as bone and cartilage tissue engineering.
One in vivo study on the bone treatment defects has shown that PHB can be applied in
implant production and other bone marrow scaffolds. It was a positive tissue adaptive
response to the polymer. In addition, a 12-month follow-up showed no chronic
inflammatory response. Other applications of PHA derivatives are, for example,
devices for the repair of meniscus, articular cartilage, or tendons, as well as bone
plates, bone plating systems, orthopedic pins, ligament and tendon grafts, and bone
graft substitutes [1]. The antibacterial properties of some biomaterials application in
the prophylaxis and postoperative infection treatment have also been shown. For this
purpose, a connecting PHB spheres method containing antibiotics with poly(ethylene
glycol) (PEG) and titanium, which can be the base material for implants, was
developed. Titanium surface with antimicrobial properties in surgical procedures
reduces bacteria adhesion and eliminates some of the infection risks [5]. Another
department that eagerly uses biopolymer solutions in cardiovascular tissue
engineering, deals with a health problem group that is at the forefront in incidence
terms. Unfortunately, many cases of cardiovascular disease require surgical treatment,
part of which is the patch applied to the patient's body. The material from which the
patch is made must meet several requirements, including not being toxic or
immunogenic, and also characterized by high durability and flexibility [1]. PHB is
a polyester whose thermal and mechanical properties can be compared with
conventional plastics [4]. Again, biopolymers can meet the requirements and their
application can greatly improve treatment methods and overcome the problems
associated with conventional solutions. One of them is the need to repeat the heart
valve replacement procedure because if the patient was a child at the first operation

time, the implanted implant becomes a mismatch with the organ after some time. By
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using the PHB to impregnate the valve, an increase in its volume was observed in
vivo. In this way, the idea of an implant that adapts to the recipient's body was born,
which would exclude the additional risk of postoperative complications. Biopolymers
are commonly used mainly in surgery, but not only. In addition to the examples
described above, the biopolymers are also useful in the production of sutures and
suture fasteners, staples, rivets, screws, surgical meshes, fillers, repair patches,
adhesion barriers, guided tissue repair or regeneration devices, nerve guides,
pericardial patches, vein valves, ocular cell implants, spinal fusion cages, skin
substitutes, and many more [1]. Due to the strength and properties similar to
conventional plastics, some biopolyesters can also be a material for film production
that is a part of food packaging and the production of disposable cutlery [4]. The wide
range of possibilities offered by PHA application derivatives only confirms the belief
that biopolymers will be one of the key materials in the field of medicine, health
protection and environmental engineering. Thus, optimizing their production process
is inevitable. Thanks to the proposed algorithm, it is possible to facilitate the

production process and automate some tasks.
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AUTOMATIC ALGORITHM TO MEASURE PHB ACCUMULATION
AND SIMILAR STRUCTURES

Abstract

Over the years, biomaterials have become more and more popular and find a new
applications huge number. This is due to the growing social awareness and the need to
implement ecological solutions. Environmentally-friendly production and the
possibility of using industrial waste are just some of the biopolymer advantages.
A wide property range and modification potential allow them to be used in many
industry and medicine sectors. Biomaterials are applied both in surgical tools and
accessories production as well as implants permanently inserted into the patient's
body. Features such as biocompatibility and high durability eliminate the problems
associated with conventional solutions. One of the most widely used biomaterials is
PHA derivatives, which can be obtained as a metabolic product of Pseudomonas
fluorescens bacteria. Process optimization requires the maintenance methods and
control procedures necessary for breeding development to determine its effectiveness.
One way to confirm the accumulation of PHB is by microscopic observation. An
algorithm was developed that automated the identifying polymer granule step. It also
improved the process of estimating the PHB amount in an image and allowed for
convenient results visualization. The script is also used in other studies where data of

this type is analyzed.

Keywords: polyhydroxybutyrate (PHB), polyhydroxyalkanoates (PHA), bioplastic,

PHB accumulation, measure PHB accumulation
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Chapter 9. X-RAY MICROTOMOGRAPHY IMAGING OF FRESH AND
FORMALIN-FIXED POULTRY HEART

9.1. Introduction

X-ray microtomography (LCT) is an X-ray technique whose popularity and area of
application have been increasing in recent years [1]. This imaging allows obtaining
three-dimensional images with a resolution of up to micrometers (thus the technique's
name). During the imaging, a set of two-dimensional cone-beam projections is
acquired. The final three-dimensional (3D) image is reconstructed from the
projections. The pCT technique combines features of both classical X-ray (cone beam,
planar projections, image magnification) and computed tomography (3D
reconstruction). The main feature that distinguishes this technique is the acquisition
geometry (Fig. 1), which involves a rotating table with a sample between the X-ray
tube and the flat detector. The closer the table is to the tube, the higher the
magnification on the detector and the better the final image resolution. Thus, the
highest resolution (on the single micrometers level) is only possible with small

samples of dimensions up to few centimeters.

uCT is commonly used in life science studies, especially in tissue engineering. Other
areas of interest include botany, biotechnology, or chemistry. Besides, it is employed
in biomedical engineering, materials science, electronics, and physics. A survey on the
application of uCT in these fields was given in [2, 3].
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* Corresponding author: bartlomiej.pycinski@polsl.pl.
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Fig. 1. pCT device components: X-ray source — specimen — detector. The closer the sample is to the
source, the greater the magnification of the image
Rys. 1. Elementy aparatu pCT: zrédlo promieni X — probka — detektor. Im blizej zrodta jest probka,
tym wigksze powigkszenie obrazu
pCT imaging can also be achieved using a parallel beam of X-rays generated in
a synchrotron. Since the X-rays in such machines are monochromatic, the detectors
not only measure the intensity of the radiation but also detect the gradient of the phase
shift or the transverse Laplacian of the phase [4]. This type of measurement allows for
obtaining much higher contrast, especially for soft tissues. [5]. The former pCT
technique (based on the X-ray tube) in animal tissue imaging is mainly used for hard
tissues (bones, cartilages) or assessment of focal lesions (calcifications, stiff tumors,
fibrosis etc). The remaining part of this paper discusses only classical pCT imaging

generated by the tube.

It remains an open question whether nCT can — to some extent — replace or
complement histopathological imaging. The latter is the gold standard for diagnosing
many diseases, but it also has drawbacks: it irreversibly destroys the specimen during
preparation and is expensive, and time-consuming. Moreover, few slides are obtained
during the preparation, and they are evaluated only in two dimensions. Pathologists

have no information about the tissue architecture in 3D space. A solution to this
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problem could be so-called 3D histopathology, in which consecutive slices are aligned

[6]. However, this is still a relatively uncommon technique [7].

During histological preparation, the specimen is processed in numerous consecutive
steps [8]. Immediately after being collected, it is fixed in formaline (4% buffered
water solution of formaldehyde). The next steps contain immersion in increasing
solutions of propanol or ethanol, then in 100% xylene. The final step is embedding in

paraffin, which leads to formaline-fixed, paraffin-embedded (FFPE) samples.

This study aims to compare pnCT images of fresh and formalin-fixed (FF) poultry
heart specimens. These are preliminary measurements that are currently being
developed. Other similar studies have focused on imaging FFPE samples alone or
comparing FFPE with FF images [8-11] or on involving staining to enhance tissue
contrast [12-14].

9.2. Materials and methods

9.2.1. X-ray imaging

All the images were acquired with the ProCon X-Ray CT-Compact plus system
(https://procon-x-ray.de), deployed and adjusted by Casp System. The machine is
controlled by a dedicated software provided by the manufacturer. The application
allows the manipulation of a wide range image acquisition parameters. The parameters
selected for this study are given in Table 1, they follow the Standard Operating
Procedure of Microcomputed tomography [15]. No pixel binning was applied. The
acquired projections were reconstructed using X-AID v. 2020.3.3, the software that
the device manufacturer recommends. The FDK algorithm, the ring artifact correction,
and the Hamming filter were used for both examinations to reconstruct final 3D images.

The resolution of the reconstructed images was 19.2 pum in all three dimensions.

Table 1
Details of X-ray uCT machine
Total
Voltage | Current Power Exposure FOD No of duration
[kV] [nA] [W] time [s] [mm] | projections
[h:m:s]
40 160 6.4 2 100.15 2880 3:12:29
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9.2.2. Intensity range of pCT reconstructions

In the employed system, the obtained intensity values are represented as 16-bit
unsigned integers ranging from 0 to 65 535. They do not directly map onto the
Hounsfield scale. Therefore we can directly compare only the results obtained with

exactly the same acquisition parameters. In this study, this requirement was fulfilled.

To convert intensity values to Hounsfield units (HU), the uCT system has to be
calibrated with a calibration phantom [16]. The phantom consists of a container with
water and air. After obtaining final images, HU can be determined according to the

equation:

HU(x) = 1000 - % _HHz0 (1)
Hu,0 — Hair
where ., pn,o, Hair are the linear attenuation coefficients for the examined voxel, the

water and air, respectively.

The values of HU are computed for a specific acquisition parameter set and when they
changes, the calibration shall be repeated. The detector’s response linearity should

also be verified.

9.2.3. Poultry tissue

In the experiments, we used a poultry (hen) heart obtained from a meat store. The
organ was stored for 24-48 hours at 4-6°C after the preparation of the hen. Two pCT
examinations were performed. The first, without additional preparation, in the
horizontal position of the specimen. Then, immediately after imaging, the heart was
placed in formalin (4% buffered water solution of formaldehyde) at 20°C for 48 hours.
After this time, the heart was picked up, rinsed with tap water, and mildly dried. The
second imaging was then performed with identical acquisition parameters as before

(Fig. 2). The specimen was disposed of after use.
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Fig. 2. The FF heart on a table. On the right side, there is an X-ray tube
Rys. 2. Serce stabilizowane formaling na stoliku. Po prawej stronie przedstawiona jest lampa RTG

9.3. Experiments and results

The reconstructed 3D volumetric images were statistically analyzed in a Python 3.9.6
environment and visualized in 3D Slicer (https://slicer.org) software. The following
parameters of the fresh and FF specimen were assessed: the heart volume, its
dimensions along main axes (defined as the longest vertical and horizontal axes, and
the longest axis perpendicular to the previous two), and average as well as extreme
intensities. Additionally, signal-to-noise ratio (SNR) and contrast-to-noise ratio (CNR)

were assessed according to the following equations [17]:
SNR = ()
(&)

_ Ih =1 3)

where /, I;, and /> indicate the mean intensities of homogeneous components within

CNR

the specimens, and o, 61 and o are the standard deviations of these components.

In both images the heart was segmented, and its volume was classified as one of two
main tissues: muscle or fat. The Otsu segmentation method was employed. Basic
descriptive statistics were calculated for the tissues and background. CNR and SNR

were calculated for arbitrary chosen homogenic volumes of size 2 x 2 x 2 mm.
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The fresh heart’s volume was equal to 9.67 cm?, while the FF specimen was 8.54 ¢cm?
(decrease of 11.67%). Muscle took 92.94% of the fresh heart and 92.50% of the FF.
The remaining part of the heart was classified as fat. The dimensions of the fresh and

FF organ are given in Table 2. Descriptive statistics for the image intensities were

calculated and summarized in Table 3. The reconstructed voxel intensity values were

not converted to the Hounsfield scale, hence the reported values remain dimensionless

and their significance is useful for mutual comparison only.

Table 2
Dimensions and volumes of the specimens
X Y V4 volume
Fresh 41.36 mm 16.61 mm 27.65 mm 9.67 cm?
gizg’a“n 37.65 mm 16.12 mm 26.78 mm 8.54 cm’
Change -8.96% -2.99% -3.12% -11.67%
Table 3
Descriptive statistics of the reconstructed volumes
Fresh heart Formalin-fixed heart
muscle fat background | muscle fat background
mean 43 396 37 697 25307 40 049 33 561 19 067
std 1276 1 145 8 643 1434 1 494 7 245
min 36 120 31896 0 31906 26 448 0
max 63 057 43 893 39227 64 550 41 457 34 194
median 43 422 37799 28 084 40 062 33 642 21 588
SNR 1156 1 084 9 780 505 7

Experiments revealed that all average values of the tissue intensity decreased in the FF

specimen. Additionally, the differences between the mean values (i.e., the intensity

contrast) increased. These features are presented in Fig. 4. Values of SNR are smaller

in the FF specimen. CNR values between muscle and fat equal to 3.32 and 3.13 for

fresh and FF specimens, respectively.
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Fig. 3. Volumetric rendering of the fresh heart

Rys. 3. Wizualizacja wolumetryczna §wiezego serca

The obtained results indicate that the process of formalin fixation of the poultry heart
does not negatively affect the imaging of the tissue. Muscle and fat can be
distinguished clearly in both images, as presented in Fig. 4 and Fig. 5. Fresh tissue is
more flexible than FF specimen, hence there are motion artifacts in the reconstruction

Fig. 4. Images of fresh (left) and FF (right) heart. In the FF heart, higher contrast and smaller volume
may be noted. In the fresh image, movement artifacts in the most lower part of the tissue are
visible.

Rys. 4. Obrazy serca s$wiezego (strona lewa) i stabilizowanego w formalinie (strona prawa).
W obrazie serca stabilizowanego widoczny jest wigkszy kontrast i mniejsza objetosc.
W obrazie serca §wiezego widoczne sg artefakty ruchowe w najnizszym fragmencie tkanki.
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Fig. 5. Histograms of intensities of the fresh and FF heart tissues
Rys. 5. Histogram intensywnosci wokseli tkanek serca §wiezego i stabilizowanego w formalinie (FF)

9.4. Conclusion

In the paper, 3D puCT imaging of a poultry heart was presented. The images were
acquired from fresh and FF tissues. Fixation was performed in a standard way in
a formaline solution. The results show that stabilization does not decrease the quality
of imaging, yet slightly improves the contrast. FF images also feature significantly
reduced motion artifacts. The change in the organ volume is small and regular, and

does not affect the quality of the images.
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X-RAY MICROTOMOGRAPHY IMAGING OF FRESH AND
FORMALIN-FIXED POULTRY HEART

Abstract

X-ray microtomography (uCT) is an imaging technique of growing popularity in
recent years. It can visualize small samples with a resolution of the final image
reaching micrometers. It remains an open question whether pCT can — to some extent —
replace or complement histopathological imaging. This study aims to compare pCT
images of fresh and formalin-fixed poultry heart specimens. The following features
were calculated: the heart volume, its dimensions along main axes, distributions of
voxel intensities. The obtained results indicated that the process of formalin fixation
of the poultry heart did not negatively affect the imaging of the tissue, and muscle and
fat can be distinguished clearly in the images. Fixation also reduces the severity of
motion artifacts related to the shrinkage of the sample.

Keywords: X-ray microtomography, formalin-fixed tissue sample, in-vitro study
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Chapter 10. AN APPLICATION OF THE LOCAL BINARY PATTERN
ALGORITHM AND ITS UNIFORM VARIANT TO
IMPROVE THE RECURRENCE AND CROSS-
-RECURRENCE QUANTIFICATION ANALYSES OF THE
PHARMACOLOGICALLY AND PHYSIOLOGICALLY
IMPORTANT TIME SERIES

10.1. Introduction

Since its introduction in 1987 by J.-P. Eckmann et al. [2] and the development of
several quantification approaches, the so-called recurrence plots (RPs) were widely
used for the study of complex systems in a variety of scientific disciplines, as
physiology, ecology, finance or earth sciences [10]. The RP and related methodologies
are aimed to visualize and quantitatively assess the recurrences of nonlinear
dynamical systems. For instance, if we consider a trajectory {X;}~; of some
dynamical system in its phase space, then it is straightforward to realize that the
evolution of this system can be described by a time series whose components are the
above vectors. The corresponding RP efficiently visualizes recurrences of the
analyzed system and can be formally obtained from the following recurrence matrix

(R) [10]:

Rij(e) =0 (e = [ - 3l,) M)
for i,j = 1,...,n where n is the number of measured time points, € is a threshold
distance, O(*) is the Heaviside function (i.e., O() =0 if x <0 and O(x) =0
otherwise) and ||*||, is the Euclidean norm. For e-recurrent states, i.e., for states which
are in an e-neighbourhood, it is possible to introduce the subsequent condition [10]:

! Computer Laboratory, Poznan, Poland.
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Then, the RP structure is obtained by plotting a black dot at the coordinates (i, ) if
R;; = 1 and a white dot if R; ; = 0. Both axes of the RP are identified with time axes.
Since R;; = 1 by convention, the RP has always a black main diagonal line, 1.e., the
line of identity (LOI). Moreover, the RP is symmetric by definition with respect to the
main diagonal, i.e., R; ; = R;;. Roughly speaking, the RP object juxtaposes the states
of a nonlinear system at times i and j, i.e., if states are similar, then R;; = 1 and
otherwise R; ; = 0.

In turn, the cross-recurrence plot (CRP) can be understood as a bivariate extension of
the RP and was proposed in order to analyze the dependencies between two different
nonlinear dynamical systems by comparing their states [10]. Namely, if we consider
two systems, each one represented by the trajectories X; and y; in the same phase

space, then the cross-recurrence matrix (CR) is defined by the condition [10]:

CREY(e) =0 (e — |7 — 7], 3)

fori =1,..,nandj = 1, ..., m where the length of the trajectories of both dynamical
systems is not required to be identical and, consequently, the CR matrix is not
necessarily square. Then, for e-recurrent states, i.e., for states which are in an

e-neighbourhood, it is possible to introduce the subsequent condition [10]:
X ~ )_’)j © CR;j = 1. 4)

Finally, the CRP is obtained by plotting a black dot at the coordinates (i, j) if CR; ; = 1
and a white dot if CR; ; = 0. Thus, it can be easily observed that the CRP structure

compares the states of two nonlinear systems at times i and J, i.e., if states are similar,
then CR; ; = 1 and otherwise CR; ; = 0. In other words, the CRP object detects those
time points when a state of the first system recurs to one of the second system. There
is usually not a black main diagonal line on the CRP structure because the values of

the main diagonal CR; ; are not necessarily equal to one.

In the present paper, we will show the usefulness of the recurrence quantification
analysis (RQA) in investigating the pharmacological and physiological nonlinear time
series. Moreover, we will propose to apply the local binary pattern (LBP) algorithm
and its uniform variant (ULBP) to improve the performance of the RP and CRP
methodologies. The paper is structured as follows: Section 3 details the RQA
complexity descriptors, Section 4 presents the novel (U)LBP-based RQA complexity
indices, Section 5 describes the datasets and computational procedure whereas Section
6 includes the results of the analysis of the exemplary time series. Finally, Section 7
concludes the paper.
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10.2. The RQA complexity descriptors

A crucial parameter of the RP algorithm is the threshold distance € [10]. According to
J.P. Zbilut and coworkers, it is possible to choose € with respect to the recurrence rate
(RR(¢)) of the R matrix [21]. For the time series of the length n, this matrix-

-theoretical index is expressed by the formula [10]:
1 n
RR(e):=ﬁ2__ Ry, (e). 5)
1,j=1

It was suggested to select € such that the RR(¢€) coefficient is approximately equal to
1% [21]. Moreover, the RQA developed several complexity descriptors in order to
analyze nonlinear time series data and to extract meaningful statistics and other
characteristics of the data [10]. All listed below RQA indices refer to the RP object

obtained from a time series of the length n.

10.2.1. The complexity measures based on diagonal lines

The histogram of diagonal lines of length | (P (¢, 1)) has the form [10]:

-1

n
PeD=)  (1=Riyja®)(1=Rutju@)| | Runju@.  ©
,j=1 k=0
In the rest of the present article, the symbol € will be omitted from the RQA measures
for the sake of simplicity (i.e., P(1) = P(g,1)). Then, the determinism (DET) of the
RP structure is identified with the ratio of recurrence points that constitute diagonal
structures (of at least length L,,,;,,) to all recurrence points [10], i.e.,
e IP(D) 7
DET =S min )
2= P(D)
This descriptor is aimed to quantify the predictability of the dynamical system. In
turn, the average diagonal line length (Ly,.q.n) Of the RP structure, the length of the
longest diagonal line (L,4,) found in the RP and its inverse (i.e., the so-called

divergence — DIV) are expressed by the subsequent conditions [10]:
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L Sy, PO
mean ;’;lmin P(l) ) (8)
Lipax = max({li}:;l1) 9)
and by
DIV = (10)
Linax

where n; == %5, . P(1) refers to the total number of diagonal lines, respectively. If

in the computation of the L,,.,, index, we exclude the main diagonal line, then the

resultant descriptor is denoted by the symbol L;, ... If we identify the probability of

finding a diagonal line of the length [ in the RP structure with the formula p(l) = il),

n
then the Shannon entropy of this distribution (ENTR) is defined as [10]:

n 11
ENTR = — Z p(D)Inp(D). (h

I=lmin

A further descriptor used to quantitatively assess the RP object is the ratio (RATIO)
defined as the ratio between DET and RR. Formally, this index has the form [10]:
o P
RATIQ = n? Smin —__ -
iz P(D)?
The RR measure computed for a certain line parallel to the LOI with the distance
from the LOI is called the t-recurrence rate (t — RR). The T — RR for the diagonal

(12)

lines with the distance 7 from the LOI is given by the formula [10]:

1 n—-t 1 n—-t
RR, = Rijpy = ——
= Rippe = —— > 1R (D) (13)

where the symbol P,(1) refers to the number of diagonal lines of the length [ on each
diagonal R; ;.. parallel to the LOI. Namely, T = 0 corresponds to the main diagonal,
7 > 0 to diagonals above and 7 < 0 to diagonals below the LOI (i.e., R;;|7;)- Then,
a linear regression coefficient over the T — RR of the diagonals parallel to the LOI as

a function of the distance between these diagonals and the LOI is called the trend
(TREND) and is defined as [10]:
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7 (1= 2) (RR, — (RR.))
1(T nZ)(T_E)Z (14)
=1 2

where 1 < n and the symbol (-) denotes the average value.

TREND :=

10.2.2. The complexity measures based on vertical lines

The total number of vertical lines of the length v in the RP is calculated from the
following histogram [10]:

P(v) = 2 (1-R;;))(1—Ryjv) nRi,j+k- (15)
k=0

ij=1
Then, the ratio between the recurrence points constituting vertical structures and the
entire set of recurrence points is known as the laminarity (LAM) of the RP object.
Formally, this descriptor is defined as [10]:
n vP(v)

LAM = =2 Jmin :
Z;l:l vP(v)

Moreover, the maximal length of vertical lines (V,,4,) in the RP structure as well as

(16)

the average length of vertical lines (V,.,,) in the RP object are given by the
conditions [10]:

Vinax = max({vl}?g1 (17)
where n,, is the absolute number of vertical lines and
L Db, vPO) )
mean Ll=vmin P(v) )

respectively. Equivalently, the V.., complexity descriptor is called the trapping time
[10].

10.3. The novel (U)LBP-based RQA complexity descriptors

The recurrence and cross-recurrence matrices whose definitions include the threshold
distance € can be regarded as the thresholded recurrence and cross-recurrence two-

-dimensional arrays. Besides these thresholded objects, it is possible to define the
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unthresholded recurrence matrix (UR) as well as the unthresholded cross-recurrence
matrix (UCR) [10]. Formally, for a nonlinear dynamical system, its UR matrix has the
form [10]:

URy; = ||% = 3, (19)

for i,j = 1, ...,n where n is the number of measured time points. In turn, if we study
two dynamical systems, each one represented by the trajectories X; and y; in the same

phase space, then their UCR matrix is given by the condition [10]:

vk = -3, e

fori =1,..,nandj = 1, ..., m where the length of both trajectories is not required to
be identical and, therefore, the UCR array is not necessarily square. Moreover, the
entries of both untresholded matrices can be transformed according to the following
rules [3]:

URL',]' = e_URi'j (21)
and

xy
i.Jj

UCR}Y = e VFiT, (22)

respectively. The resultant negatively exponentially transformed matrices are denoted
by the calligraphic letters. Thus, for very similar states, the values of the entries of
both matrices near one and for identical states they are exactly equal to one. In turn,
for very dissimilar states, the values of the entries of both two-dimensional arrays
approach zero [3]. Moreover, in the present paper, we propose to divide the values
of the entries of both transformed matrices into ten equivalence classes. These classes
are identified with the values 0.1, 0.2, ..., 0.9, 1 and the resultant coarse-grained
unthresholded recurrence and cross-recurrence matrices are denoted by the symbols
cgUR and cgUCR, respectively. In details, using the notation of the form
M € {UR, UCR} and cgM € {cgUR,cgUCR}, the equivalence classes, i.c., the
entries of both coarse-grained matrices are defined by the conditions included in Table
12. Next, we propose to run the local binary pattern (LBP) algorithm and/or its
simplified counterpart on both unthresholded matrices and their coarse-grained
counterparts in order to obtain the novel arrays whose entries are 8-digit binary

numbers usually converted to decimal numbers for convenience. Recall that the LBP

2 In Table 1, the symbol A refers to the logical conjunction.
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technique is a type of visual texture descriptor used for classification tasks in the
realm of computer vision [1, 8, 11, 12]. Although the LBP methodology started in
1994 [12], the present contribution can be regarded as a first attempt to apply the LBP
algorithm and its modified variant in the analysis of the nonlinear dynamical systems,

for instance, in studying the dose-response time series data.

Table 1

The formal conditions defining the coarse-grained unthresholded matrices

ENTRY CONDITION ENTRY CONDITION
cgM;; = 0.1 M;; < 0.1 cgM;; =06 | M;; 205AM;; <0.6
cgM;; =02 |M;; 201AM,;; <02 |cgM;; =07 |M;; 206AM,;; <0.7
cgM;; =03 |M;; 202AM,;; <03 |cgM;; =08 |M;; =207AM,;; <0.8
cgM;; =04 |M;; 203AM;; <04 |cgM;; =09 |M;; =08AM,;; <09
cgM;; =05 | M;; 204AM;; <05| cgM;; =1 M;; =20.9

More specifically, our paper proposes to scrutinize the recurrences of the studied
dynamical system by extracting from its (coarse-grained) unthresholded recurrence
and cross-recurrence matrices the (uniform) local binary patterns in the form of
feature vectors. The LBP procedure can be run on any real matrices (for instance, on
the UR, UCR or on their coarse-grained analogues) whose entries are interpreted as
pixels. A single instantiation of the LBP procedure is defined on 3X3 submatrix (of
the input n X m two-dimensional real array) consisting the central pixel at the position
(2,2) and eight neighboring pixels. Formally, this type of neighborhood is called the
Moore neighborhood, i.e., all eight neighboring pixels are located at the Chebyshev
distance equal to one from the central pixel. In the LBP algorithm, all neighboring
pixels that have the values higher than or equal to the value of the central pixel are set
to one otherwise they are set to zero. Then, starting from the pixel located at the cell
(1,2) and moving clockwise to the pixel located at the cell (1,1), we obtain the 8-digit
binary number. For convenience, the resultant binary number is converted to the
corresponding decimal number. This decimal value is regarded as the LBP pattern of
the central pixel. Consequently, if we repeat the same process for all 3X3 submatrices
of the input n X m real matrix, then we obtain the histogram of all LBP values.
Moreover, this histogram can be treated as the feature vector. From the fact that the
number of 8-digit binary words is 28 = 256, it follows that the dimensionality of the
output feature vector is equal to 256. In turn, its length is equal to nm — 2n — 2m + 4.
We will denote this numeric object by the symbol VB,c,. Alternatively, the VB,cq

vector can be matricized into the (n — 2) X (m — 2) matrix denoted by the symbol B,s.
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This matricization is performed column-wise, i.e., the first (n — 2) values of the
VB, object constitute the first column of the B,s, matrix and the last (m — 2) values
of the VB, object form the last column of the B,5¢ matrix. Some useful extension of
the original LBP algorithm is the so-called uniform local binary pattern (ULBP)
operator. This modified procedure can be used to reduce the length of the original
feature vector. The conceptual idea of this modified procedure is motivated by the fact
that some binary patterns are more frequent in texture images than other. The LBP is
called uniform if it contains at most two 0-1 or 1-0 transitions. For instance, the word
0001000 includes two transitions and is treated as uniform, but the word 01010100
includes six transitions and, consequently, can not be regarded as uniform. In the
computation of the ULBP histogram, the resultant histogram has a separate bin for
every uniform pattern whereas all non-uniform patterns are assigned to one bin. It can
be easily observed that among 256 8-digit binary words, it is possible to single out 58
uniform words. Consequently, by using the ULBP algorithm, the dimensionality of the
resultant feature vector is reduced from 256 to 59. In this case, for the input n X m
two-dimensional real array, the output 59-dimensional feature vector has also the
length equal to nm — 2n — 2m + 4. In the ULBP approach, all uniform words are
indexed by the decimal number from 0 to 57 whereas all non-uniform words are
assigned to the decimal value equal to 58. Therefore, the obtained 59-dimensional
vector 1s denoted by VBgg whereas its matricized form is denoted by Bsg. In the
remainder of the present article, the both types of feature vectors, i.e., VBsq and VB,
as well as their matricized forms, i.e., Bgg and B,sg derived from the arrays UR, UCR
are denoted by the symbols: VBIR, VBYER VBIR VBUCR and by BLR, BUR BIR

BYCR respectively. In turn, the feature vectors and their matrix counterparts derived

from the coarse-grained structures are denoted by the symbols: VB;:;’UR, VBscgguaR

cgUR cgUCR cgUR cgUCR cgUR cgUCR .
VB,ce . VB, andby Beg , Bgg ,Byce . Byzg ,respectively.

9

Example 1. For the 6-clement time series ts = (2,6,4,9,0,5), its UR matrix and its
negatively exponentially transformed UR derivative have the forms

1 2 3 4 5 6

1 0 4 2 7 2 3

2 4 0 2 3 6 1
UR=1|3 2 2 0 5 4 1}

4 7 3 5 0 9 4

5 2 6 4 9 0 5

6 3 1 1 4 5 0
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1 2 3 4 5 6
1 1 0.018 0.135 0.001 0.135 0.05
2 0.018 1 0.135 0.05 0.002 0.368

UR=|3 0.135 0.135 1 0.007 0.018 0.368],
4 0.001 0.05 0.007 1 0 0.018
5 0.135 0.002 0.018 0 1 0.007
6 0.05 0368 0368 0.018 0.007 1
respectively.

The entries of the coarse-grained counterpart of the UR array are given below

1 2 3 4 5 6
1 01 02 01 02 01
01 1 02 01 01 04
02 02 1 01 01 04
01 01 01 1 01 01
02 01 01 01 1 01
6 01 04 04 01 01 1

The feature vectors obtained by the LBP and ULBP approaches have the forms
VBY? = {58,58,58,56,58,58,58,58,58,58,58,57,56,58,57,58},

cgUR =

Ul W N -

VBIR = {17,226,197,254,142,17,235,93,71,175,17,255,254,117, 255,17},
VBI"* = (58,58,57,57,58,58,57,57,57,57,58,57,57,57,57, 58}
and

cgUR
VB 256

= {17,226, 255, 255,142,17, 255, 255, 255, 255,17, 255, 255, 255, 255,17},

respectively. The corresponding matricized counterparts are given below

| 1 2 3 4 | 1 2 3 4
1 58 58 58 56 1 17 142 71 254
B¥¥*=|2 58 58 58 58|,Bii=12 226 17 175 117
3 58 58 58 57 3 197 235 17 255
4 56 58 57 58 4 254 93 255 17
and
| 1 2 3 4 | 1 2 3 4
1 58 58 57 57 1 17 142 255 255
BS"™ =12 58 58 57 57[,BS2 =12 226 17 255 255,
3 57 57 58 57 3 255 255 17 255
4 57 57 57 58 4 255 255 255 17

respectively.
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For the unthresholded non-square cross-recurrence matrices and their coarse-grained

derivatives the above algorithm is identical.

In the current paper, to improve the performance of the RQA methodology, we
propose to introduce the several novel LBP-based and ULBP-based RQA descriptors
to analyze nonlinear time series. These newly suggested complexity indices are
classified as vector-based and matrix-based complexity measures. Namely, the vector-
based metrics are extracted from the feature vectors obtained by the action of the
(U)LBP algorithm on the arrays given by the formulae (21) and (22) as well as on
their coarse-grained analogues. In turn, the matrix-based metrics are extracted from
the matricized versions of these vectors. Accordingly, for any feature vector VB

instantiated by the cases

VB € (VBYR,VBIE, VBES™™, VB, VEL, VBYE VBN VIR ()

and its matricized derivative B instantiated by the cases
cg’LtR cgUR pUCR pUCR pCdUCR pcgUCR
B € {BY}, B¥%, Bsd ™", B2, BYCR BICR BLI™“" B9, (24)

we suggest to consider two types of complexity indices whose formulae are included
in Subsections 4.1 and 4.2, respectively.

10.3.1. The vector-based complexity measures

For the feature vector whose elements are indexed by i € {1, 2, ..., |VB|}, we will test
the following complexity descriptors

10.3.1.1. The arithmetical mean ({-)), i.c.,
|VB|

1
(VB) = Wz VB, (25)

where () refers to the arithmetical mean and |V B]| is the length of the studied vector.

10.3.1.2. The variance (Var), i.e.,

[VB|

Var(VB) == — Z(VB — (VB))2. (26)

[VB|
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10.3.1.3. The coefficient of variation (CV) also known as the relative standard
deviation, 1.e.,

+/ Var(VB). 27)

CV(VB) == VB)

10.3.1.4. The Gini index (Gi), i.e.,

2yVElLiver  |vB| +1

Gi(VB) = -
IVB| Y2l VB, |VB|

(28)

where VB, denotes the vector of the VB; values arranged in non-decreasing order, i.e.,
VB; < VBj,1.

10.3.1.5. The structural information content (I(VB)) also known as the parametric
entropy [16, 19]. To present this index, the subsequent auxiliary notions must be
introduced: First, we define the following quantity [16, 19]:

p(VB) = Sppr—— (29)

ZIVBIVB

In Chemical Graph Theory, the quantity expressed by the condition (29) is known as
the information functional and is identified with a positive and monotonous function
that captures structural information included in a chemical graph by defining the finite
probability value for each graph node. In this case, the input feature vector is

identified with some sequence of the vertex invariants [16, 19]. Next, from the reason
that the following equation p(VB;) + p(VB,) + -+ + p(VB|VB|) = 1 is a priori valid,
it follows that the vector P(VB) = (p (VB,),p(VB,), ..., p(VB|VB|)) constitutes

a finite probability distribution. Its structural information content is expressed by the
following formula [16, 19]:

[VB|
VB, VB,
I(VB) == — Z S log (ZIVBI - ) (30)

10.3.1.6. The mean information content (I(VB)) [16, 19]. First, we define the

equivalence relation =~ on the analyzed vector given by the condition: VB; = VB; &

VB; = VB;. Therefore, it is possible to obtain the partition of VB, where the resultant
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partitions are symbolized by VB',VB?,...,VB", ...,VB* where k < |VB|. In this

h
context, the quantities p, = % for h € {1,2, ..., k} can be regarded as probabilities

for each singled out partition VB". Moreover, it is apparent that 0 < p, < 1 as well as
YK _.pn =1. Accordingly, the vector P(VB) = (py, P2, o) Ph» -, P) can be also
treated as a finite probability distribution over the VB object. Its mean information

content is given by the expression [16, 19]:

k
[(VB) == ) pylog; pr. (31)
h=1

Thus, for any feature vector VB which can be partitioned into k many disjoint subsets
of the cardinalities equal to |[VB"| for h € {1,2,...,k}, we obtain the following

information-theoretical complexity measure [16, 19]:

_ ‘ |VB"| |VB"|
= - . 32
I(VB) 2, V] 10g2<|VB|> (32)

Note that the structural and mean information content complexity indices defined on
the graph centrality measures were successfully used to quantify the intricacy of the

complex networks with respect to these vertex invariants [19].

10.3.2. The matrix-based complexity measures

For the matrix B whose rows and columns are indexed by i € {1,2,...,n — 2} and by
j€1{1,2,..,m— 2}, respectively, we will test the following matrix-based complexity
descriptors

10.3.2.1. The Frobenius norm (||Bl|¢), i.e.,

Bl = ytr(B"B) (33)

where tr(-) refers to the trace function whereas the subscript T denotes the matrix
transposition.

10.3.2.2. The maximum norm (||B||nax), 1-€.,

”B”max = H}?X|Blj| (34)
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10.3.2.3. The maximum absolute column sum norm (||B||,), i.e.,

n—2
I1B1l; = max (ZIBi,,-|>. (35)
i=1

10.3.2.4. The maximum absolute row sum norm (||B||), i.¢.,
m-—2
1Bl = max| > [By,] | (36)
j=1

10.3.2.5. The spectral norm (||B||,), i.e.,

1Bl = Umax(B) (37)

where o,,,,, 1S the largest singular value of B.

10.3.2.6. The rank (rk(B)), i.e.,

rk(B) = the number of non — zero singular values. (38)

The performance of the above descriptors will be quantitatively assessed in the time
series classification task experiments presented in Section 6.

10.4. The datasets and computational methodology

In the pharmacological time series analysis, the use of time-dependent measurements
of the cell proliferation can relate drug-responses to cell phenotypes. The HTS007
dataset downloaded from https://demo.thunor.net includes a panel of eight breast
cancer cell lines treated with 27 anticancer drugs at several different concentrations.
The cell proliferation was quantified over 5 days [9]. All time series contained in the
above dataset consist of 24 measured time points and they have two class labels:
control and non-control. In our computational experiments, we selected eight dose-
response time series corresponding to the following anticancer drugs: abemaciclib,
alpelisib, bleomycin, cediranib, dasatinib, etoposide, everolimus and ipatasertib
whose efficiency was tested on the BT20 cell line. In sum, our numerical experiments
were performed on 393 time-dependent cell proliferation measurements. Moreover,
for a comparative purpose, we tested our improved RQA methodology on the
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ECG200 dataset composed of 200 time series. This dataset was downloaded from
https://www.timeseriesclassification.com. Each time series in this dataset contains 96
measured time points. All time series contained in the ECG200 dataset have also two
class labels: normal heartbeat and myocardial infarction. In the numerical
classification experiments, we perform the 10-fold cross validation using /-nearest
neighbors classifier (1-NN classifier). In the traditional RQA experiments, we
followed the proposal of J.P. Zbilut and coworkers and we set the threshold distance ¢
such that the RR coefficient is approximately equal to 1% (cf. Table 2) [21].
Moreover, the RQA parameters [10], i.e., lyin, Vmin, the embedding dimension and
the time lag were set to two, two, one and to zero, respectively. All computations were

performed in the R programming language [4, 6, 7, 13—15, 18].

10.5. Results and discussion

The LPB and ULPB algorithms were run on the matrices (21) and (22). The matrix
(21) was obtained from the raw time series whereas the matrix (22) was obtained from
the raw time series and its first differenced variant. In our numerical classification
experiments, we try to predict the class labels of the time series contained in the
HTS007 and ECG200 datasets. The results of the performance of the 1-NN classifier,
i.e., the number of correctly classified time series are recorded in percentage (scaled to
the range from zero to one). In the tables below, the names of time series are identified
with the names of tested anticancer drugs. In all cases, the best results are in bold.

Table 2
The RQA results for five time series

INDEX | ABEMACICLI | ALPELISI | BLEOMYCI | CEDIRANI | DASATINI
B B N B B
RR 0.784 0.674 0.608 0.625 0.562
RATIO 0.765 0.696 0.549 0.688 0.646
DET 0.647 0.435 0.471 0.604 0.562
DIV 0.689 0.674 0.647 0.688 0.667
Linax 0.745 0.674 0.647 0.708 0.667
Linean 0.686 0.652 0.451 0.562 0.583
Lrvoan 0.6 0.522 0.471 0.667 0.604
ENTR 0.725 0.565 0.608 0.688 0.771
TREND 0.667 0.543 0.647 0.729 0.542
LAM 0.667 0.696 0.588 0.667 0.5
Voo 0.725 0.696 0.627 0.708 0.771
Vooan 0.706 0.587 0.549 0.688 0.604
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Table 3
The RQA results for four time series

INDEX | ETOPOSIDE | EVEROLIMUS | IPATASERTIB | ECG
RR 0.64 0.66 0.612 0.575
RATIO 0.64 0.62 0.612 0.56
DET 0.48 0.6 0.51 0.595
DIV 0.72 0.72 0.592 0.64
Lonax 0.7 0.7 0.551 0.615
Looan 0.54 0.54 0.429 0.585
Lrean 0.64 0.66 0.469 0.67
ENTR 0.6 0.6 0.51 0.59
TREND 0.6 0.62 0.571 0.6
LAM 0.58 0.62 0.571 0.59
Vo 0.66 0.66 0.612 0.66
Vooan 0.72 0.72 0.551 0.63

Table 4
The (U)LBP-based RQA results for Abemaciclib using the vector-based descriptors

Index | VBYF | VBIE [ ypedU® [ ypedU® [ vBUCR | yBUCR | ypedUcR [y peglicR

(VB) 0.667 0.608 0.667 0.745 | 0.765 0.608 0.608 0.667
Var(VB) | 0.569 0.745  0.608 0.804 | 0.706 0.667 0.412 0.706
CV(VB) | 0471 0.647 0.627 0.843 | 0.667 0.706 0.569 0.784
Gi(VB) | 0.608 0.608 0.686 0.745 | 0.647 0.706 0.627 0.667
I(VB) 0.451 0.627 0.706 0.745 | 0.706  0.608 0.471 0.725
I(VB) 0.706 0.706  0.608 0.824 | 0.647 0.765 0.667 0.392

Table 5
The (U)LBP-based RQA results for Abemaciclib using the matrix-based descriptors

UR UR cgUR cgUR UCR UCR cgUCR cgUCR
Index B58 3256 BSS B256 BSS BZS6 B58 B256

IBll | 0.647 0.706 0.706 0.784 | 0.49 0.686 0.608  0.706
IBIl, |0.588 0.569 0.647 0.784 | 0.824 0.549 049  0.686
IBllmax | 0.608 0.824 0.608 0.608 | 0.608 0.765 0.608  0.608
IBll, | 0.627 0.549 0.608 0.686 | 0.725 0.667 0.608  0.647
IBIl, | 0569 0.745 0471 0549 | 0.667 0.686 0.608  0.647
rk(B) | 0.608 0.608 0.608 0.608 | 0.725 0.745  0.49 0.49

Table 6
The (U)LBP-based RQA results for Alpelisib using the vector-based descriptors

Index | VB | VBIR | VBEIUR | vBSIM® | VBES® | VBIGR | yBEIUCR | ypeaicR

(VB) 0.565 0.522  0.543 0.5 0.609  0.587 0.739 0.5
Var(VB) | 0.478 0.565 0.587 0.565 | 0.457 0.652 0.543 0.674
CV(VB) | 0.522 0.478 0.587 0.63 0.609  0.587 0.565 0.717
Gi(VB) | 0391 0.457 0.63 0.522 | 0.587 0.5 0.522 0.5
I(VB) 0.543 0.522  0.587 0.587 0.5 0.5 0.5 0.63
I(VB) 0.630 0.652 0.478 0.565 | 0.565 0.587 0.543 0.565
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Table 7
The (U)LBP-based RQA results for Alpelisib using the matrix-based descriptors
Index B;USR B%lsﬂg B ch‘w% B chgng B;UBCR B ngCéR B ch‘uc.‘R B ch;)u CR
||B| ¢ 0.587 0.478 0.717 0.587 | 0.522 0.587  0.63 0.543
IB]], 0.63 0565 0.5 0.609 | 0.543 0.739 0.609 0.543
|Bllmax | 0.674 0.717 0.674 0.674 | 0.674 0.522 0.674 0.674
| Bl oo 0.609 0.609 0.522 0.652 | 0.63 0.587 0.674 0.674
1B, 0.652 0.63 0.543 0.609 | 0.543 037 0.609 0.609
rk(B) |0.674 0.674 0.674 0.674 | 0.609 0.63  0.609 0.609
Table 8
The (U)LBP-based RQA results for Bleomycin using the vector-based descriptors
Index | VB | VB3gg | VBSI'™® | vBSZ™™® | VBag™ | VB | vBSIU® | vBSIVR
(VB) 0.451 049  0.549 0.51 0.608 0.529 0.627 0.725
Var(VB) | 0.627 0.588  0.392 0.765 | 0.588 0.471 0.627 0.667
CV(VB) | 049 0.529 0.608 0.608 | 0.667 0.529 0.451 0.706
Gi(VB) 0.51 0.608 0.647 0.627 | 0.608  0.51 0.549 0.608
I(VB) 0.549 0.549 0.627 0.431 | 0.549 0.529 0.451 0.549
I(VB) 0.529 0.529 0.529  0.549 | 0.333 0.471 0.431 0.471
Table 9
The (U)LBP-based RQA results for Bleomycin using the matrix-based descriptors
Index Bglé'R B;lgg Bscg'UR Bzcsg;UR B;UBCR B;USC“SR Bscg'UCR B zcg;zcaz
| B|| ¢ 0.549 051 0569 0.647 |0.529 0.51 0.647 0.608
|B]l, 0.627 0.647 0.627 0.667 |0.627 0.451 0.627 0.529
[|Bllnax | 0.608 0.647 0.608 0.608 |0.608 0.608 0.608 0.608
|Bllo |0.51 0.588 0.588 0.569 |0.588 0.667 0.608 0.647
1Bl 0.608 0.471 0.49 0.588 10.529 0.451 0.431 0.588
rk(B) ]0.608 0.608 0.608 0.608 |0.725 0.686 0.51 0.451
Table 10
The (U)LBP-based RQA results for Cediranib using the vector-based descriptors
Index vV Bglgz vV B%lsﬂg VB ch’UR VB zcg;u]e vV B;UBCR vV B;LlS%R VB SCéq’UCR VB chg;UCR
(VB) 0.562 0.604 0.604  0.521 | 0.646 0.583 0.646 0.604
Var(VB) | 0.729 0.792  0.542 0.729 | 0.583 0.5 0.625 0.792
CV(VB) | 0.688 0.646  0.688 0.646 | 0.729 0.583 0.604 0.729
Gi(VB) |0.771 0.604 0.792 0.562 | 0.562 0.542 0.479 0.625
I(VB) 0.646 0.646  0.75 0.542 | 0.729 0.542 0.583 0.562
I(VB) 0.562 0.542  0.667 0.5 0.5 0.562 0.688 0.458
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Table 11
The (U)LBP-based RQA results for Cediranib using the matrix-based descriptors

UR UR cgUR cgUR UCR UCR cgUCR cgUCR
Index | Bsg B3se | Bsg B, Bsg B;ss BSg 3256

IBll- | 0.604 0625 0625 0646 | 0.5 0458 0.646  0.688
IBIl, |0.646 0.708 0.667 0.667 | 0.625 0.5 0438  0.583
1Bl | 0.646 075  0.646  0.646 | 0.646 0.688 0.646  0.646
IBllo |0.708 0.604 0583 075 | 0.458 0.625 0.688  0.708
IBIl, |0.604 0562 0438 0.688 | 0.625 0542 0.542  0.562
rk(B) | 0.646 0.646 0.646 0.646 | 0.667 0.604 0.75  0.729

Table 12
The (U)LBP-based RQA results for Dasatinib using the vector-based descriptors

Index | VBER [ VBIR | ypca™® | ypcdUR [ vBUCR [ VBYSE | ypcdUcR | ypeauck

(VB) 0.604 0.688 0.646 0.458 | 0.729 0.667 0.562 0.542
Var(VB) | 0.729 0.708 0.5 0.625 | 0.562 0.604 0.417 0.667
CV(VB) | 0.562 0.688 0.604 0.562 | 0.604 0.667 0.438 0.75
Gi(VB) | 0.646 0.562 0.479 0.5 0.521 0.562 0.438 0.479
I(VB) 0.667 0.688 0.667 0.583 | 0.646 0.521 0.521 0.583
1(VB) 0.562 0.625 0.604 0.646 | 0.521 0.625 0.625 0.562

Table 13
The (U)LBP-based RQA results for Dasatinib using the matrix-based descriptors

UR UR cgUR cgUR UCR UCR cgUCR cgUCR
Index | Bgg Base Bssg B25g6 Bss Base Bsg Bzéq6

IBll- |0.625 0.562 0.583 0.583 | 0.5 0.625 0.562 0.5
IBll, |0562 05 0542 0542 | 0562 0542 0396  0.583
IBllmax | 0.646 0.771 0.646 0.646 | 0.646 0.729 0.646  0.646
IBllo | 0.604 0.583 0.625 0.604 | 0.854 0.562 0.604  0.729
IBll, | 0.604 0.542 0.625 0.625 | 0.417 0.667 0562  0.542
rk(B) | 0.646 0.646 0.646 0.646 | 0.625 0.625 0.625  0.625

Table 14
The (U)LBP-based RQA results for Etoposide using the vector-based descriptors

Index | VB | VB3Eg | VBSI'™® | vBSI™® | VBag™ | VB | vBSIUR | vBSIVR
(VB) | 0.64 05 044 056 | 06 056  0.64 0.54
Var(VB) | 0.62 0.66 056 056 | 052 052  0.46 0.58
CV(VB) | 0.62 054 0.6 056 | 05 068 0.2 0.56
Gi(vB) | 078 0.7  0.54 0.5 0.6  0.58 0.5 0.48
IVB) | 062 052 068 056 | 05 054 038 0.66
IvB) | 042 04 064 058 | 052 07 0.54 0.48
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Table 15
The (U)LBP-based RQA results for Etoposide using the matrix-based descriptors
Index Bglgz Béusjg B Scsg"UiR B chgm B;UBCR Bgl5c63€ B 5c8gUC7€ B chgglCR
|B]| 0.64 0.5 0.52 0.56 0.4 0.6 0.5 0.62
| B[l 0.6 0.5 0.5 0.54 0.7 0.62 0.34 0.64
1Bl max | 0.62 0.7 0.62 0.62 0.62 044 0.62 0.62
1Bl 0.66 042 0.58 0.56 0.68 0.62 0.62 0.62
1B, 0.6 068 044 0.48 046  0.62 0.58 0.5
rk(B) 0.62 0.62 0.64 0.64 0.78 0.8 0.52 0.48
Table 16
The (U)LBP-based RQA results for Everolimus using the vector-based descriptors
Index V Bglé'R vV B;Ltsﬂg VB ch’u.‘R VB chgm 114 BngCR 14 Bglscé'R VB SCSg’UCiR VB zcsggwiR
(VB) 0.66 0.5 0.42 0.56 0.6 0.56 0.62 0.54
Var(VB) | 0.62  0.66 0.56 0.56 0.52 0.52 0.46 0.58
CV(VB) | 0.62 0.54 0.6 0.56 0.5 0.68 0.52 0.56
Gi(VB) 0.78 0.7 0.54 0.5 0.6 0.58 0.5 0.48
I(VB) 0.62 0.52 0.68 0.56 0.5 0.54 0.38 0.66
I(VB) 0.42 0.4 0.64 0.58 0.52 0.7 0.54 0.48
Table 17
The (U)LBP-based RQA results for Everolimus using the matrix-based descriptors
Index B;ugaz B%lsﬂé B Scsg‘UR B zcsg;lﬂz Bgzgcvz B;lscge B chUCR B chg;u CR
1Bl 0.64 0.5 0.52 0.56 0.4 0.6 0.5 0.62
1B, 0.6 0.5 0.5 0.54 0.7 0.62 0.34 0.64
|Bllmax | 0.62 0.7 0.62 0.62 0.62 044 0.62 0.62
Bl 0.62 038 054 0.5 0.66 0.6 0.6 0.62
1B, 0.6 072 054 0.48 042 0.64 0.56 0.54
rk(B) 0.62 062 0.64 0.64 0.8 0.82 0.56 0.52
Table 18
The (U)LBP-based RQA results for Ipatasertib using the vector-based descriptors
Index | VB | VB3Eg | VBI'™® | vBSI™™® | VBag™ | VB | vBSIU® | vBSIVR
(VB) 0.449 0367 0.592 0.592 | 0.612 0.633 0.714 0.51
Var(VB) | 0.592 0.531 0.408 0.633 | 0.571 0.653 0.449 0.612
CV(VB) | 0.571 0.429 0.571 0.612 | 0.347 0.531 0.469 0.592
Gi(VB) |0.612 049 0.449 0.612 | 0.592 0.571 0.571 0.551
I(VB) 0.551 0.429 0.449 0.49 0.51 0.49 0.388 0.571
I(VB) 0.551 0.551 0.612 0.571 | 0.429 0.531 0.469 0.449
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Table 19
The (U)LBP-based RQA results for Ipatasertib using the matrix-based descriptors
Index B ngiR B%lsﬂg B ScBgUiR B chggﬂ% B;UBCR B ngCéR B Scsg‘u CR B chg;l CR
||Bl| ¢ 0.429 0408 0.633 0.653 | 049 0.714 0.531 0.714
|1B]|, 0.531 0.429 0.551 0.449 | 0449 0.531 0.429 0.571
|Bllmax | 0.633  0.735 0.633  0.633 | 0.633 0.673  0.633 0.633
| Bl 0.551 0.551 0.612 0.551 | 0.551 0.653 0.592 0.633
1B, 0.633 0.612 049  0.551 | 0.449 0.449 0.673 0.653
rk(B) | 0.633 0.633 0.633 0.633 | 0.531 0.551 0.571 0.49
Table 20
The (U)LBP-based RQA results for ECG200 using the vector-type descriptors
Index | VB | VB3gg | VBI"™® | vBSI™™® | VBag™ | VB | VBT | vBSIVR
(VB) 0.565 0.59 0.61 0.645 0.61 0.52 0.54 0.61
Var(VB) | 0.605 0.615  0.61 0.66 0.74  0.635 0.63 0.605
CV(VB) | 0.62 0.64 0.6 0.61 0.6 0.58 0.62 0.64
Gi(VB) 0.69 0.57 0.58 0.635 0.58 0.61 0.6 0.73
I(VB) 0.655 0.675  0.59 0.595 0.61  0.635 0.585 0.64
I(VB) 0.655 0.6 0.59 0.625 0.62 0.55 0.54 0.585
Table 21
The (U)LBP-based RQA results for ECG200 using the matrix-type descriptors
Index B;USR B;lsﬂg B chUR B chgwe BngCR Bglscgz B ch’LlCR B chgl CR
|B]| 0.62 0.51 055 0.595 | 0.675 0.585 0.515  0.605
[|B]|, 0.61 0.57 0.59 0.61 |0.645 0.535 0.62 0.645
|Blmax | 0.665 0.665 0.665 0.665 | 0.665 0.665 0.665  0.665
1Bl 0.72 0.59 0.665 0.56 |0.645 0.58 0.605 0.61
1B, 0.6 0615 0.54 0.62 | 0.585 0.625 0.535  0.535
rk(B) 0.66 0.66 0.66 0.66 | 0.64 0.67 0.68 0.68
Table 22

The parameters of the traditional RQA algorithm
and the improvement attained by the novel (U)LBP descriptors

Time series | Radius | Mean RR coefficient | Improvement
Abemaciclib | 0.07 0.1 6.7 %
Alpelisib 0.13 0.1 5.82 %
Bleomycin 0.13 0.11 15.42 %
Cediranib 0.11 0.1 7.95 %
Dasatinib 0.12 0.1 9.72 %
Etoposide 0.11 0.1 10 %
Everolimus 0.11 0.1 12.2 %
Ipatasertib 0.13 0.11 16.73 %
ECG200 0.11 0.11 9.46 %




147

From the above results, it follows that the newly proposed ULBP-based and LBP-
based complexity descriptors are more or significantly more efficient in the
classification tasks of pharmacokinetical and physiological data than their original
counterparts. This regularity is observed for the relatively short dose-response time
series as well as for the longer ECG time series. Specifically, in our numerical
experiments, the improvement achieved by the newly suggested (U)LBP-based
indices ranges from 5.82% to 16.73%.

In the second measurement, we perform the principal component analysis (PCA) [5]
on the ECG200 dataset in order to visualize the mutual relationships between the
tested complexity descriptors. In Fig. 6.1 and 6.2, the analyzed indices are labeled as
follows: 1 — RR, 2 — RATIO, 3 — DET, 4 — DIV, 5 — Lygx» 6 — Liean> 7 — Lmeans
8 —ENTR,9 —TREND, 10 — LAM, 11 — Vipux» 12 = Vipean» 13 —(VB), 14 — Var(VB),
15 — CV(VB), 16 — Gi(VB), 17 — I(VB), 18 — I(VB), 19 — ||Bllz, 20 — |IB]l5,
21 — |IBllinaxs 22 = l|1Blleos 23 — ||Bll1, 24 — rk(B) where the instantiations of the VB
vector and the B matrix are listed by the conditions (23) and (24), respectively.
Moreover, in both .s, the complexity descriptors derived from the coarse-grained
derivative arrays are labeled as cgULBP or as cgLBP.

From eight PCA projections presented in Fig. 1 and 2, it follows that all standard
RQA complexity measures are concentrated almost in one point. Also, the PCA
projections from Fig. 1 demonstrate that four matrix-based descriptors, i.e., ||B||g,
|Bll2, ||IBllo and ||B||; as well as one vector-based index, i.e., Var(VB) carry very
specific information. Moreover, from four two-dimensional projections presented in
Fig. 2, it can be seen that two vector-based central tendency metrics, i.e., (VB) and
Var(VB) as well as two vector-based information-theoretical metrics, i.e., Gi(VB)
and I(VB) together with one matrix-based coefficient, i.e., ||B||, do not duplicate the

structural information contained in the original RQA metrics.
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Fig. 1. The PCA projection results of the novel (U)LBP-based descriptors derived from the
matrix (21)

Rys. 1. Wyniki analizy gtownych sktadowych nowych (U)LBP wspotczynnikéw otrzymanych
z macierzy nr 21

Accordingly, it can be concluded that the collection of the newly suggested
(U)LBP-based RQA complexity descriptors is overwhelmingly more informative than
the set of the original RQA indices. In our opinion, the above phenomena can (to

some extent) elucidate the enhanced performance of the novel (U)LBP complexity
descriptors in comparison with the standard RQA metrics.

10.6. Conclusions

Recent pharmacological and biochemical technologies have permitted scholars to
collect a large number of pharmacokinetical data in the medical domain. For this
reason, the development of reliable methods for automated analysis of
pharmacologically and physiologically important time series extracted from medical
databases is a very important research topic. Moreover, in the recent years, several
authors tried to use the LBP methodology to study medical images [11, 17, 20]. The
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present contribution proposes to apply the local binary pattern algorithm as well as its
uniform variant to analyze the physiologically and pharmacologically significant time
series. Our preliminary results demonstrated that the LBP and ULBP methodologies
applied to the unthresholded recurrence and cross-recurrence matrices are very
promising as sensitive metrics enabling to characterize the structural patterns in the

medical data under consideration.
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Fig. 2. The PCA projection results of the novel (U)LBP-based descriptors derived from the
matrix (22)

Rys. 2. Wyniki analizy gtéwnych sktadowych nowych (U)LBP wspdtczynnikow otrzymanych
z macierzy nr 22

Therefore, it can be conjectured that not only medical images but also medical
numerical data can be analyzed by the (U)LBP techniques.
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AN APPLICATION OF THE LOCAL BINARY PATTERN
ALGORITHM AND ITS UNIFORM VARIANT TO IMPROVE THE
RECURRENCE AND CROSS-RECURRENCE QUANTIFICATION

ANALYSES OF THE PHARMACOLOGICALLY AND
PHYSIOLOGICALLY IMPORTANT TIME SERIES

Abstract

The recurrence and cross-recurrence matrices are recognized as a very efficient tool
allowing to visualize the recurrences of nonlinear dynamical systems. The complexity
of the structural patterns detected in these matrices is quantified by the RQA
descriptors. The purpose of the present work was to introduce several novel RQA
complexity descriptors based on the local binary pattern (LBP) operator and its
uniform version (ULBP). These operators label the pixels of an image by thresholding
the neighborhood of each pixel and report the results as binary numbers. In our
approach, we consider the (coarse-grained) unthresholded recurrence and cross-
-recurrence matrices as images on which the LBP and ULBP operators can be defined.
The usefulness of the newly suggested RQA complexity descriptors in the time series
classification tasks 1is tested on the selected 393 time-dependent cell proliferation
measurements extracted from the (publicly available) HTS007 dataset as well as on

one (also publicly available) ECG dataset containing 200 time series. In all exemplary
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cases, our results showed that, in comparison to the traditional RQA indices, the
classification accuracy attained by the novel (U)LBP-based RQA descriptors is higher
or significantly higher. Moreover, by using the multivariate technique (PCA), we
demonstrated that some of the newly proposed complexity descriptors carry very
specific structural information which can not be obtained by means of the original
RQA procedure. Accordingly, it can be conjectured that, in the realm of
pharmacokinetics and physiology, the novel (U)LPB-based RQA complexity indices
will be regarded as a valuable statistical tool in analyzing nonlinear time series.

Keywords: nonlinear time series, pharmacokinetics, RQA methodology, LBP and
ULBP algorithms
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Chapter 11. IMPROVING GILLESPIE SIMULATION ALGORITHM
FOR FITNESS IN CLONAL EVOLUTION

11.1. Introduction

Neoplastic transformations in human tissues are consequences of accumulating
somatic, clonal mutations. In the ongoing research on cancers, observations on
occurrences of somatic mutations are collected and then their roles in neoplasm are
explained in biological and physiological terms. A strong impulse in studies on
somatic mutations in cancers are provided by large, experimental projects of DNA and
RNA sequencing of cancer tissues leading to creation of large databases of cancer
mutations, such as TCGA project, TCGA database [1] and COSMIC database [2].
These researches led to significant advance in understanding cancer development as

well as improving tools for diagnosis and therapy.

Large volumes of data and its detailedness encourages elaborating mathematical
models, which would correspond to scenarios of cancer initiation and development.
Mathematical modelling of tumor growth is based on probabilistic description of
events seen in the neoplastic processes, cellular replications and deaths and
occurrences of somatic mutations. Mathematical models most often used are Markov

birth - death processes, branching processes or multitype branching processes [3—5].

Variety of possible, potentially complicated laws for probability distributions of
events in mathematical models of neoplastic transformations motivate for developing
stochastic simulations algorithms. Numerous papers devoted to simulation systems of
evolution of cancer cell populations already appeared in the literature, e.g., [6—8]. The

basic approach for simulation of events occurring in neoplastic processes is by using

! Silesian University of Technology, Poland.
*Corresponding author: jaroslaw.gil@polsl.pl.
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Gillespie algorithm [9], i.e., the algorithm of successive updates of processes state
vector and reactions / events propensities on the basis of simulated times of reactions /
events. Application of Gillespie’s algorithm to clonal evolution of populations was
described e.g., in [4] and [10]. In [4] a very simple version of Gillespie’s algorithm for
simulating clonal evolution of cancer cells was used, with the state vector containing
two components. However, it enabled simulating evolutionary effects of mildly
deleterious passenger mutations leading to shrinking population size versus strongly
advantageous driver mutations causing selective sweeps. In [10] a high-resolution
simulation tool was presented with high dimensional state vector and mutations with
different effects on fitness was presented. It enabled observing various scenarios of

cancer clonal evolution but required substantial amount of computational power.

In this study we present Gillespie simulation algorithm for generating evolutionary
events in developing cancer cells populations, with ability of simulating growth of
cancer cells population detailed enough for observing moving wave of fitness of
cancer cells. Mutations in our model have equal, mildly advantageous fitness effects.
We pay attention to efficiency of simulation, aiming to achieving populations of sizes
of millions of cells on desktop computer. We compare efficiency of two algorithms,
one with the state vector containing components corresponding to each of the cells of
the population, and another with smaller state vector built of bins corresponding to

groups of cells with equal number of mutations.

11.2. Model description

The idea of the Gillespie algorithm provides methodology to simulate population
evolution analyzing it cell by cell. For small population sizes that algorithm is very
good but for large cell number it causes long simulation time. Improvement can make

simulation faster with keeping results of calculations the same or similar.

11.2.1. Possible events in clonal evolution

Genetic forces behind clonal evolution are replications, mutations, selection and
genetic drift. Mainly can be highlighted cell death, division and mutation. In Fig. 1

were presented phenomena simulated by Gillespie algorithm.
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Death

| Division and mutation

|

Division

Fig. 1. Events analyzed in model

Rys. 1. Zdarzenia analizowane w modelu

Cell death is dependent on population capacity. If number of cells is greater than
population capacity death probability coefficient should be larger. Equation for

intensity of cell death process has the following form:

N

Up =E (1)

where N denotes population size and K stands for environment capacity.

Cell mutation can occur while cell is dividing. Cell division is dependent on fitness
coefficient which increase while cell is mutating. Mutation can cast positive, neutral
or negative effect on fitness coefficient. In clonal evolution process cell fitness should
be mostly increasing to provide fast population growth. For simulation purposes
mutation effect is assumed as positive value. Intensity of cellular divisions/births is

different for each cell and is given by
up(D) = (1 +)! (2)

where s is the fitness effect of a single mutation and [ is the number of mutations
accumulated in the cell. Probability of occurrence of a mutation is denoted by p so the

intensity of mutations process is

wp (D =pA+ 9" 3)
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11.2.2. Gillespie algorithm

The first approach involves simulating evolution process cell by cell treating cell
division or death as two reactions and using first reaction or next reaction version of
Gillespie’s algorithm [11]. After analysis, the time value is subtracted from all other
cells and for updated cell new death or division time is generated as random variable
with exponential distribution. Event kind depends on which time variable is the
smallest. For death cell is simply erased from population but while division cell
mutation probability is checked. If cell mutates clone with one more mutation is added

to population. Fig. 2 contains block diagram of that algorithm.

Finding the smallest time variable in population needs to compare all cells to each
other. In worst case computational complexity of algorithm is equal to O((2n)!). In
every loop one variable is compared to every other time variable in whole population
composed of n cells. For small population this complexity is not a problem but for

large initial size simulation time will be very long.

Yes

Delete cell if DhT is smallest
get initial parameters
add cell clone with Yes
one more mutation to if cell mutates
population

generate death time
(DhT) and divide time
(DwWT)

add cell clone to
l population

find smallest time %

value Mo

'

N

Fig. 2. Original Gillespie algorithm block diagram
Rys. 2. Schemat blokowy podstawowego algorytmu Gillespiego

If end of simulation

End
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11.2.3. Tau leap algorithm

To simplify algorithm complexity in one simulation cycle can be analyzed more cells.
Specifying tau value — time step, limits number of iterations to population size. Fig. 3
contains block schema for tau loop algorithm. After time generation for all cells two
comparisons are made — if death time or divide time is smaller than tau. First
phenomena kind is determined by smaller number for one cell. Algorithm idea is the

same as that of the original approach.

To update all cells analyzed in one cycle it is needed to compare both times to tau. For
one cell two comparisons are done so the algorithm complexity can be described as
O(2n). That mean simulation time is linear dependent on population size and one

cycle time is smaller than in original approach.

| Stat |

!

get initial parameters

Add cells clones with
DT smaller which

mutates with mutates
number + 1

generate death time l
(DhT) and divide time
Add cells clones with
(OvT) DvT smaller

l 1

find cells where DhT
and DvT is smaller No _ )
than time step if end of simulation
Delete cells with End

OhT smaller

1
N

Fig. 3. “Tau loop” algorithm block diagram
Rys. 3. Schemat blokowy algorytmu ,,tau loop”
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11.2.4. Binned Gillespie algorithm

Still lowering original Gillespie algorithm cause loss of data accuracy. More
assumptions are needed to take which can provide false simulation data. To simplify
Gillespie algorithm, we propose its binned version. For large initial population basic
algorithm is very slow cause of iteration through whole population. Every cell can be
characterized by mutation number which can provide method for cell grouping. In one

cycle than would be much less groups than cells in population.

Bin Algonthm

Start

hJ

pet initia! paramsiers

o
h

generate number of

dizing cells, dividing
cells and mutating
cells for one mutate

bin

l

population(ly = populationi) -

deaths + dwides - mutates
populstion(i+1) = population{+1})

+ mutates

l

Mo

if end of simulation

End

Fig. 4. Binned algorithm block diagram
Rys. 4. Schemat blokowy grupowanego algorytmu
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Fig. 4 contains block schema for binned Gillespie algorithm. In each simulation cycle
all mutation groups are updated by generating random probabilities based on
population parameters. Death probability depends on population size and population
capacity, division probability depends on fitness factor of each group. For cell

mutation constant probability is assumed — part of dividing cells is mutating.

The complexity of that approach is equal to O(n) where n is interpreted as number of
bins. For large population size number of mutation groups is much smaller then

number of cells so simulation time is also smaller than cell-based algorithm.

11.2.5. Simulation parameters

To properly simulate population evolution few parameters are taken in consideration.
Fig. 5 contains model initial parameters which are base for calculating events

probability.

% Imitial population
pop = 1*%10"6;
cap = 1*10™6;

% Simmlation time
steps = 1000;

% Tau time step — mini step in one time step
tau = 0.005;
skip = 20;

% mutation ratio
mutRatioc = 0.2;

% new divide probability
diwProk = 1%10"(-3);

Fig. 5. Model initial parameters

Rys. 5. Poczatkowe parametry modelu

Death probability is calculated based on population size and population capacity.
Divide probability depends on bin fitness. Mutation probability is assumed as constant
value describing mutation-division ratio. In each simulation cycle only, events for
cells with death/division time smaller than tau are occurring. In large population tau
value can be interpreted as probability that event for cell will occurs. In simulation
every calculated parameter is multiplied by tau. That describes how many cells should
be updated.
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11.3. Results and discussion

Introduced algorithm modification reduce algorithm complexity and simulation time.
To analyze impact on data accuracy few experiments were made.

11.3.1. Algorithms comparison

To prove that binned version of Gillespie algorithm result accuracy does not differ
from original and tau loop version comparison of results after 10 cycles is presented.
Experiment was performed multiple times, for all attempts results were as described.
Fig. 6 shows result of “tau loop” algorithm and binned algorithm. Simulation
parameters assumed in that experiment are shown on Fig. 5.

Simulation time for one cycle is eight times greater for the “tau loop” approach. The
complexity of binned version is better. Distribution of mutated cells are very similar.
Can be assumed the differences between both results are neglectable and could occurs
because of randomness in coefficient generation.

« 104 tau loop vs binned

I tau loop: 393.74 s
[ binned: 45.26 s

cell count

1 20 25 30 35 40 45 50 55 60 65
mutations

Fig. 6. “Tau loop” and binned algorithm comparison after 10 cycles of simulation
Rys. 6. Porownanie wynikow algorytmoéw “tau loop” i zbinowanego po 10 cyklach symulacji
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11.3.2. Mutation wave

Accumulation of somatic mutations in cancer clone can be seen a traveling wave of
increasing numbers of mutations in cancer cells [12]. The mutation wave obtained in
our simulations is presented on Fig. 6 for “tau loop™ algorithm and binned algorithm.
Clonal evolution can be described as chaotic process with causes very fast population
growth and cell mutations. To analyze that phenomena experiments with simulation
parameters were made. Fig. 7, Fig. 9 and Fig. 11 shows mutation wave speed while

capacity, mutation/division ratio and fitness modifier were change.

15 T T T T T T T T T
—capacity: 1000000
— capacily: 100000
14 | capacity: 500000
—capacity: 2000000
—— capacity: 5000000
12
10

Py

=]
T

mutation wave velocity [mutations/generation]
o

0 5 10 15 20 25 30 3/ 40 45 50
generation

Fig. 7. Mutation wave speed versus population capacity
Rys. 7. Predkos¢ fali mutacji wzgledem pojemnosci populacji
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Fig. 8. Population statistics across 50 generations for capacity equal 2000000
Rys. 8. Statystyka populacji przez 50 generacji dla pojemnosci 2000000

Population capacity seems to have no impact on mutation wave. Independently on its

value mutation wave velocity rise with number of generations. When cells population

mutates, fitness factor changes in positive way. The cells are mutating and dividing

more spontaneously providing wave velocity rise and population growth. Fig. 8 shows

population statistics for capacity two times larger than initial population. The number

of cells at the very beginning doubles and still rises. Mutation number also rises — at

simulation beginning slowly then faster.
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Fig. 9. Mutation wave velocity versus mutation/division ratio
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Fig. 10. Population statistics across 50 generations for mutation/division ratio equal 0.4
Rys. 10. Statystyka populacji przez 50 generacji dla wspotczynnika mutacji 0.4

Mutation-division ratio can be interpreted as chance for cell to mutate while dividing.

Its value has the highest impact on mutation probability what is shown on Fig. 9. For

small ratio values wave velocity rise slowly. Small rose of ratio causes enormous

change in wave speed and population growth. High velocity of mutation wave causes

many mutations in cells what is shown on Fig. 10. Also, population size is growing

rapidly.

mutation wave velocity [mutations/generation]
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Fig. 11. Mutation wave velocity versus fitness factor modifier

Rys. 11. Predkos¢ fali mutacji wzgledem modyfikatora wspotczynnika dopasowania



164

population

cycle
4D0 T T T T T T T T T T T
ses mean e
5300 | | ———max el
3 min i oy
5200 2 s 4
5 PR _agia
2 100 | T e 1
0 j— _-_I_'_ 1 1 i I 1 1 1 I
0 8 10 15 20 25 30 35 40 45 50
cycle

Fig. 12. Population statistics across 50 generations for fitness modifier equals 0.0005

Rys. 12. Statystyka populacji przez 50 generacji dla modyfikatora dopasowania 0.0005

In Fig. 11 is presented mutation wave velocity while changing division probability
modifier — fitness factor modifier. Every mutation has impact on cell division
probability. In experiment was assumed only positive effect. When its value rise,
wave velocity also rises. For small values wave velocity seems to stay constant.
Population size, as have been shown on Fig. 12, rises slowly for small modifier value.

Mutation number changes nearly linear.

11.3.3. Fitness wave

The moving mutation wave can also be interpreted as the wave of fitness moving in
the population of cancer cells. Fitness factor provide information about population
adaptation. If its value is higher cell division probability also is higher. Fig. 13, Fig. 14
and Fig. 15 contains fitness waves of few generations dependent on capacity,
mutation/division ratio and fitness factor modifier. Data present on these figures

complements information from O.
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Fig. 13. Fitness wave for population capacity 2000000
Rys. 13. Fala dopasowania dla pojemnosci populacji 2000000
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Fig. 14. Fitness wave for mutation/division ratio 0.4
Rys. 14. Fala dopasowania dla wspotczynnika mutacji 0.4
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Fig. 15. Fitness wave for fitness modifier 0.0005

Rys. 15. Fala dopasowania dla modyfikatora dopasowania 0.0005

Moving fitness wave provide information about population adaptation so also about
population growth. If fitness wave is steady, population evolution should be slow and
random. For positive movement of fitness wave can be observed growing cell number

and also mutation number.

11.4. Conclusions

Studying clonal evolution of tumor cells reveals changing dynamics of the size of
tumor as well as of numbers of somatic mutations in cancer cells. These dynamics is
a derivative of acquisition of somatic mutations in the cells and is related with
mutations wave moving forward. In principle, the occurring mutations may alter cell
fitness/adaptation in different ways: if the point mutation occurs at a gene causing the
cell to divide or survive more likely, this mutation gives an advantage for the cell and
the underlaying gene. Likewise, the mutation can occur at gene with little to none
effect on cell fitness/adaptation or it can cause deterioration of evolutionary fitness of

the cancer cell carrying it.

In this study we analyzed simulation scenarios of evolution of cancer clones with each
somatic mutation causing small increase of fitness of cancer cells. We have elaborated
and implemented two versions of Gillespie’s algorithm and we have pursued several

computational/simulation experiments.
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We have observed phenomena in genomic clonal evolution of cellular populations

described in the literature, population growth in response to increasing adaptation of

cells and traveling wave of advantageous mutations and fitness in the cancer cells

population.
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IMPROVING GILLESPIE SIMULATION ALGORITHM FOR FITNESS
IN CLONAL EVOLUTION

Abstract

Haploidal clonal evolution governs adaptation dynamics of many populations to
environmental conditions. Importantly, clonal evolution stands behind growth of
cancer cells populations in human tumors. Genetical forces behind haploidal evolution
are replications, mutations, selection and genetic drift. Due to the lack of
recombination in the process of haploidal evolution of a population one observes
formation of population clones, i.e., subpopulations of identical/similar genetic
profiles.

Important area of studying evolution of clones in haploid evolution is mathematical
modelling. Due to nonlinearity, interference of several forces and large scale of
models mathematical modelling is often supported by computer simulations. In this
study we present a simulation system for modelling clonal evolution of haploidal
populations based on Gillespie scenario of generating evolutionary events. Due to
large cellular/bacterial population we propose modifications of the algorithm based on
binning subgroups of cells with equal number of mutations and generating
distributions of times of cellular divisions, deaths and mutations in subgroups. We
demonstrate results of simulations and improvements in efficiency of modelling due
to introduced mutations.

Keywords: clonal evolution, mutation waves, numerical model, stochastic simulation,
Gillespie algorithm
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Chapter 12. FEATURE SELECTION METHODS FOR
CLASSIFICATION PURPOSES

12.1. Introduction

Nowadays, the development of the needs to generate larger and larger data sets
is undoubtedly related to the development of technology and equipment that generates
this data. It would seem that the more data we collect in a research problem, the more
precise the description of the studied phenomena becomes. However, it often turns out
that instead of generating more and more accurate and useful information in the
analysis of high-dimensional data, we receive redundant and highly distorted
information. Without a careful selection of these data, we expose our research to
unwanted use of more and more computational resources and the time necessary to
analyze even unnecessary and without practical information features. The problem of
large amounts of data for analysis occurs with automated text and language analysis.
As described by Justin Grimmer et al. [1] in the analysis of a large number of texts, it
is not possible to manually read all the articles related to the problem. It is connected
not only with a physical lack of time, but also with limited finances. Therefore, there
is a need for automatic text analysis, with the use of complex algorithms dedicated to
this problem. This phenomenon of data redundancy very often occurs also in the
problem of generating data from single-cell sequencing experiments, where as a rule
we get a lot of complex information about gene expression. This data is made up of
tens of thousands of cells and hundreds or even thousands of features. The need for in-
depth analysis and the use of automated methods to search for patterns relevant to the
research problem for these data is of key scientific importance [2]. The use of decision
support algorithms is therefore of great importance in healthcare, where artificial
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intelligence analyzing real data is able to significantly assist healthcare workers
in making decisions, and what is more, such systems can also warn about detected

irregularities [3].

However, cooperation with self-learning artificial intelligence algorithms requires
careful consideration of the analyzed features. The lack of control over these factors
may lead to a significant extension of the waiting time for learning the predictive
model, disturbances in the learning process and, consequently, to making wrong
decisions [2]. The natural process of generating high-dimensional data is the
formation of irrelevant and redundant features. Keeping control over them is therefore
particularly important from the point of view of the analysis and computational costs.
Due to the high significance and the need to eliminate features, undoubtedly adversely
affecting the processes of machine learning and attempts to solve the research
problem. In 1997 the first studies on feature selection (FS) were described, based on
large data sets [4—5]. Since then, many FS techniques have been developed, and their
development continues to this day. Particular workload is focused on the field of
machine learning, where the appropriate selection and analysis of features describing
the domain, classifying and recognizing significant patterns is the key to obtaining
practically useful and interpretable results. The development of these techniques is of
particular importance nowadays, when analyzing often tens of thousands of features at
the same time [6]. Removal of worthless features enables a significant reduction in the
costs and computational resources necessary to conduct an appropriate study. An
alternative solution is also the introduction of ensemble feature selection (EFS)
algorithms, i.e. a combination of several single FS techniques, which enables the
integration of the advantages of many FS techniques while eliminating their

disadvantages [6].

12.2. Overviev of irrevelant and redundant features removal techniques

A very frequently used technique in the initial stages of high-dimensional data
analysis is dimensional reduction. Dimensionality reduction refers to the reduction of
the number of features in a data set while maintaining information relevant from the
point of view of the research problem. This technique can be divided into feature
extraction and feature selection. The concept of feature extraction refers to the
generation of completely new features, which are a combination of original features

present in the input data set. This allows you to limit the dimensionality of the data by
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selecting only those newly created features that will explain the problem to the
greatest extent. However, it is very difficult to associate the newly created features
with the input features later. The new features are in no way physically interpretable,
as was the case with the original features. Feature extraction techniques are very well
developed in a machine learning environment and include Principle Component
Analysis (PCA), Linear Discriminant Analysis (LDA), and Canonical Correlation
Analysis (CCA), among others [7]. On the other hand, feature selection techniques are
based on selecting an appropriate number of features without transforming them. The
problematic aspect in the case of FS techniques is the selection of this appropriate
number of features. With the use of new methods of generating a very large amount of
data, we obtain much more information that is important to us, but it should also be
remembered that redundant and irrelevant features also arise to a much greater extent.
The selected features should constitute a proportionally small part of the set of input
features, and at the same time retain as much information relevant as possible from the
point of view of the research problem. Feature selection as compared to feature
extraction maintains the readability and interpretability of the data, because no
transformations combining many features into one are used here. This is an undoubted
advantage of the FS techniques, because the obtained sets of selected features have
a physically interpretable meaning, which is particularly important when looking for,
for example, expression patterns or genes influencing specific diseases [7]. Therefore,
further considerations in this manuscript regarding dimensional reduction techniques
will focus on feature selection techniques. Among them, we can distinguish three

main types: wrappers, filters, and embedded techniques.

12.2.1. Wrappers

Wrapper is a method of selecting the optimal set of features by a learning algorithm.
The choice of the classifier is arbitrary, but it is a method that requires a large amount
of computational expenditure, and thus a large amount of time, due to the need to run
the classifier repeatedly based on different feature subsets [6]. Due to the fact that
computing the objective function is a computationally demanding task, wrappers are
not a perfect solution for data with a high complexity of features [2]. In a very general
approach, this method consists in using the quality of the prediction provided for the
selected classifier to determine the usefulness of the analyzed subsets of features. The
applied feature search strategies can be divided into a range of searching strategies
e.g. hill-climbing , best-first, branch-and-bound, or genetic algorithms [8]. However,
the most promising in terms of robust against overfitting, and at the same time the
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most computationally complex, are greedy search strategies [7]. They are divided into
two techniques of features selection: forward selection and backward elimination.
Forward selection is the gradual addition of features to a subset of features that ensure
the achievement of better and better classification results. In this type of feature
selection, the subset of features begins at the empty subset of features and grows with
each successive step, until the point where adding more features does not significantly
affect the classification process. The opposite effect is seen in the case of backward
elimination. In this case, in the following steps, from the full set of features, those
with the least promising effect on the quality of the classifier are removed from the
feature subset. In the case of the two methods described above, i.e. forward selection
and backward elimination, one can often find different opinions about which method
gives the best results. Which method we use can of course be defined by the purpose
of the research being carried out. The use of forward selection allows us to choose
from the set of features the one feature that best allows the separation of variables —
the forward selection selects the best differentiating feature in the first step, adding the
next one in the next step, which in cooperation with the first one gives better results.
On the other hand, backward elimination, due to the fact that it starts on the full set of
features, rejects the one feature that contributes the least to the interaction of the
remaining features in the set [8]. The earlier dimensionality reduction could seem to
be a solution that allows to significantly reduce the time of FS procedures using
wrappers methods. However, the selection of a significant, in terms of a complex and
difficult research problem, subset of features on a previously limited subset may
adversely affect the results of this method. The features that were previously
eliminated could potentially be included in a subset selected with the use of wrappers
methods, significantly improving the quality parameters of the classifier. In this case,
the dimensionality of the data can be reduced using simple linear data transforms such
as PCA or LDA, as well as more sophisticated ones, such as the Fourier transform,
while (as mentioned in the introduction) it deprives the possibility of a physical
interpretation of a selected subset of features [§8].

The problem of selecting features is not only based on the selection of the smallest
possible subset of features that will enable the achievement of average classification
results. Particularly in areas where machine learning is intertwined and cooperates
with genetics or health care, one of the most important aspects is data interpretability,
finding disease patterns, connections of individual features, signal pathways, and
recreating a certain biological history that stands behind the actual state of health.
However, in the case of data with very large dimensions, and we have to deal with
such data very often, the feature selection path should be very seriously considered.
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As Isabelle Guyon et al. writes [8], this path is based on using a linear predictor of
choice, and consists in the first step of preselecting features using simple statistical
methods such as correlation and ranking of features, and in the second step using
forward selection or backward elimination methods. Choosing such a path with
several thousand features may significantly accelerate the computational processes,
and does not have to deteriorate the results for the selected subset of features in
a statistically significant way.

12.2.2. Filters

The second FS method are filters. Filters as a method of FS is not based on
classification, as was the case with wrappers [9]. Therefore, they allow to perform the
necessary, to select a subset of the features, analysis in a shorter time, so they can be
utilized in the case of high-dimensionality datasets [6]. These methods are quite
simple in terms of computational complexity and generally consist of two basic steps.
In the first step, features are ranked using an appropriate criterion. This step can be
performed both on individual features and on sets of features. In the next step, features
with the highest ranks are selected for a subset of features, on the basis of which
further analysis and inference are possible [7]. Many algorithms have been developed
that play an important role in selecting filters as FS methods. Moreover, these
methods can be divided into unsupervised and supervised [2]. Among the
unsupervised methods, we can distinguish: term-variance (TV) criterion [10],
Laplacian score (LS) [11], and Fisher score. TV score sorts the features according to
their variance in the given samples. LS use the local geometric structure to assess the
significance of a feature [2]. In the Fisher score, individual features are treated
separately, so it is not able to detect the relationship between the individual features.
Thus, it is unable to detect redundant features [7]. In order to solve this problem,
Gu et al. [12] proposed a generalized Fisher score in which features are selected
together and it is possible to maximize the lower bound of traditional Fisher score.
Another approach to using filters in FS methods is the mutual based information
method. This method is based on counting the information gain between successive
features and labels. The feature is significant if it has a high information gain. In this
method, as in the traditional Fisher score approach, features are selected in univariate
way and it is not possible to determine redundant features. The second group of filters
are supervised methods such as Relief [13]. It is an algorithm based on the measure of

significance of features, the value of which is related to how well the values of this
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feature distinguish instances of the same and other classes. This method is very useful
in the analysis of data of high complexity, but it does not allow the removal of
redundant features [2]. In the ReliefF method, extended by the multiclass problem,
compared to the Relief, which was used to handle two-class problems, the features are
selected in such a way as to separate the individual randomly selected, in the
subsequent stages of the algorithm's operation, elements of the data set coming from
different classes [13]. In this case, the quality of the features is calculated on the basis
of how well their values are able to distinguish between individual instances located
close to each other [14]. Another, also well known, FS algorithm is the fast
correlation-based filter (FCBF) [15]. This method is based on the significance of
features, but cannot be successfully applied to high-dimensional data [2]. For this
reason, a new solution was introduced, such as the minimum redundancy maximum
relevancy (mrMR) criterion [16]. It focuses both on redundancy between features and
the importance of each feature. As Artur J. Ferreira et al. [2] writes, many algorithms
do not work well with high-dimensional data. They proposed a new filter-based
procedure dedicated to the large-dimension data approach. The first proposed
algorithm uses the dispersion measure to determine the relevance of each feature, and
then sorts them in descending order to preserve the selected number of features with
the highest value of the measure used. The second algorithm, however, when more
than one feature turns out to be redundant, is responsible for selecting only one of
them, making comparisons of subsequent features. These comparisons, for the sake of
saving computing time, are performed only for the top relevant features. As the
authors write, this method removes the most redundant features from a subset of the
most relevant features. What is worth emphasizing, both algorithms can work in

unsupervised or supervised mode.

12.2.3. Embedded methods

Embedded methods are another method used in FS procedures. Their main goal is to
derive the best results from the learning process based on a subset of features. For this
reason, these are methods that combine the previously described wrappers and filters
[6]. The feature selection algorithm is integrated as part of the learning algorithm.
A learning algorithm takes advantage of its own features selection process and
performs FS and classification at the same time. Embedded methods combine the

advantages of wrappers, i.e. they take into account interactions with the selected
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classification and filter model, i.e. they are much less computationally demanding than
wrappers [7, 17-19]. Currently, there are many variants of embedded methods for the
FS problem. These are, for example, C4.5 programs [20] to create decision trees,
random forest [21], as well as algorithms based on multinomial logistic regression
with its variants [22]. The random forest methodology is based on the combination of
many decision trees. Each individual tree is created on the basis of a random sample
selected from the input data set. For each tree, in each node, successive divisions
occur on the basis of randomly selected traits, which are used as candidate traits to
make the best division. In the course of subsequent divisions, the statistics of the
significance of features are calculated, among others [23]. Other methods are based on
regularization models which by minimizing the matching errors in a short time make
it possible to set some feature coefficients to very small or even exact zero values [24,
25]. Methods that penalize features that do not affect the model's performance are
typically those that work with linear classifiers (for example, SVM [26]), such as
LASSO [24]. LASSO is the Least Absolute Shrinkage and Selection Operator method
utilized in linear models, but can be applied in another statistical models including
tree-based and generalized regression models [27]. LASSO uses a regularization
procedure to reduce the value of the regression coefficients. In the process of selecting
features after regularization, variables with non-zero values are selected for the model.
In this case, the lambda parameter is of great importance, as it is used to control the
strength of penalties, and thus affects the number of zero regression coefficients [28].
Despite the many advantages of embedded methods, it should be noted that we are not
able to calculate the significance value of features for all types of machine learning

algorithms, for example for nearest neighbors method [19].

12.3. Classification problem

The selection of traits mainly affects the training phase of the classification process.
The FS process can be completely independent of the learning process (filters), but it
can also be built into an algorithm that iteratively evaluates the significance of
individual selected features (wrappers) [7]. The feature selection is of key importance,
because its task and assumption is to select a subset of features that in the best
possible way discriminates against observations belonging to different classes. Thus,

the significance of a given trait can be described by its ability to distinguish between
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classes. When trying to define the concept of classification itself, it can be concluded
that it is a problem of assigning an unknown observation to a specific class, based on
the training set for which the belonging of observations to particular classes is known.
In the learning process, the algorithm uses information about selected features and
belonging of individual observations to specific classes to build the function of
assigning observations to classes. Having this function, in the prediction process, the
classifier assigns new observations to membership classes based on the previously
collected information. A very important element related to the classification problem
is the validation set, which should not participate in any of the stages of teaching the
classifier. This set should be randomly selected before the information is introduced
into the learning process. This will ensure the independence of this set and enable
a real assessment of the quality of the final classifier performance. An additional
advancement in the learning process is the drawing from the rest of the training set
dataset and repeating the training procedure on randomly selected subsets. This
procedure can be essential for very small sample sizes. The assessment of what
proportion of the input data should be the test set and which part of the training set is
unclear. In the case of small sets, it is possible to apply leave-one-our cross-validation,
which consists in drawing one observation from the set and then testing it. The rest of
the set is for training. This method, due to a very large generalization in the selected
observation, is burdened with a very large evaluation error [8, 29]. In the case of
classifiers, we can of course use both supervised and unsupervised methods. The
supervised selection of features determines their significance based on information
about the class affiliation of observations, but for the learning process to be
successful, there is often a need to provide a large number of observations with
assigned affiliation labels, which is time-consuming. On the other hand, unsupervised
selection works, of course, based on observations without assigned labels, but in this
case the assessment of the significance of the features is not straightforward and is
difficult [7].

In general, there are four basic and necessary steps to consider [17]: feature selection,
feature evaluation, stop criterion, and validation. In the first step, using an appropriate
method, a subset of features is selected, which in the next step is assessed according to
a specific criterion. The selection of significant features is completed when the
assumed stop criterion is reached. The selected subset is evaluated against the

validation set.
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12.4. Proposed method

The process of selecting a subset of features, that will be utilized to build a final
model for heterogeneous data set, proposed in this manuscript is a two-step process.

The first step is to use the wrapper method, more specifically the forward selection.

if BF <1012
Y
Forward |
- Features
Features set » selection else |Features rank
» subset
procedure »

Fig. 1. General outline of presented method for features selection problem
Rys. 1. Ogolny zarys zaprezentowanej metody selekcji cech

The second stage is the use of the filter methodology and the introduction of the
feature ranking measure on the subset previously pre-selected by the forward selection
algorithm. A general diagram showing the individual steps of this method is presented
in Fig. 1. In the forward selection procedure, Bayes Factor (BF) was used as
a measure informing about the profitability of keeping the model with a higher degree
of complexity (more features included in the proposed model). The BF value was

calculated from (1).

BF = e (LogLikelihood; — LogLikelihood;_4) (1)

where:

i means the level of models’ complication.

In the initial set subjected to the FS procedure, there were 406 features. The initial
data consisted of 4,214 items, among which two classes were distinguished. In the
control class, there were 2,252 elements, and in the class subjected to the research
procedure, hereinafter referred to as the procedural class, 1,962 elements. A very
important step, which was carried out in the initial phase of the analysis, was to
determine the elements representing the validation set. These elements were randomly
selected from both classes, maintaining the dependence of 20% of the number of
elements in these classes. The remaining part of the input data created a set which was
subjected to the procedure presented in Fig 1. The numbers of elements broken down

into classes and generated sets are presented in Table 1.
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Table 1
Number of elements in both randomly generated sets
FS procedure Validation
Control class 1800 452
Procedural class 1571 391
Overall 3371 843

12.4.1. Forward selection procedure

The selection of a subset of features consists in running the model building, logistic
regression (LR) methods based, algorithm 50 times. In the initial phase of the
procedure, the training and test set are drawn. Importantly, the test set is balanced,
each time the algorithm is run, in terms of the number of elements from the control
and procedural class. 1012 elements were randomly selected for the test set
(506 elements from each of the two classes). The remaining part of the set subjected to
the feature selection, i.e. 2359 elements (1294 from the control class and 1065 from
the procedural class), was the training set. This set was then subjected to the feature
selection stage using forward selection methods. In the first stage of model building,
single-element models were created taking into account each of the available features.
The values of the N parameters of the generated models were calculated until
a sufficiently small difference was obtained between successive likelihood value
estimates for the model with a given set of parameters. All N univariate models were
then compared using the Bayesian Information Criterion (BIC) measure described
by (2). The best model, with the lowest BIC value, was recorded along with the
estimated log-likelihood value. In the next step, we started building models composed
of two features.

BIC = Nparameters X In(Neeys) — 2 X LL (2)
where:
LL is the log-likelihood function.

For this purpose, each of the remaining N-1 features was attached to the feature
selected in the previous step, which resulted in the generation of N-1 two-element
models. The procedure for selecting the best two-factor model remained the same as
for the one-factor models. The BIC values of each of the generated models were
compared and the best one was selected. The BF measure was used to determine
whether the previously selected one-factor model or the two-factor model calculated
in the current iteration will be kept. A threshold indicating strong evidence in favor of




a more complex model was selected as the value determining the next stages of the
procedure (the exact value of the BF threshold is shown in Fig. 2). If a two-factor
model is selected, the three-factor model building procedure is started and the
procedure is the same as that described above. If a model with a less complexity is
selected, the procedure of adding further features to the model is completed. In
a critical case, the procedure can also be completed when all available features in the

input set are used.

After receiving 50 models generated in this way, testing is carried out with the use of
randomly selected, in subsequent runs of the algorithm, balanced test sets. The
entirety of the described procedures leading from the input set of features to model

testing is presented in Fig. 2.

Features set

179

Fig. 2. Forward feature selection procedure. Where: £ is the algorithm run ID, N is the total number

Test set

Features set
(N-i+1)

A A

-~

Build (N-i+1)
models

~

Model
parameters

estimation

A A

Choose best
model: BIC

else

at least 2

Choose best
model: BF

[compare model(i)
vs model(i-1)]

features in the model

BF <1015

else

A A

A 4

STOP

Y

kth model

Features subset
+

A 4

Accuracy estimation

of features, and i is the number of genes in model

Rys. 2. Procedura selekcji cech w przod. Gdzie: k to identyfikator uruchomienia algorytmu, N to

catkowita liczba cech, i to liczba gendw w modelu
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12.4.2. Features rank

In the second step of FS, the filters method was used, based on the ranking of features.
The ranking was created on the basis of 50 models generated with the use of logistic
regression methods. The FeatureRank measure from (3) is based on 3 key elements
related to individual features across all generated models: classification quality for
a given feature related to the test set, number of features in the longest model, and the
position of a feature in the model. Each feature that appeared at least once in one of
the 50 models was taken into account in the ranking. The enumerated FeatureRank

values were then normalized to a range of 0 to 1.

ACCUTACYpest; X (k j+1)

N
FeatureRank Z (3)

where:
N is the models’ ID, & is the number of features in the longest model, i is specified
features’ position in the model, and accuracy:s is the estimated accuracy value for

testing set for specified model.

With the use of the ranking of features, there has also been a need to determine the
appropriate number of features that are important. For this purpose, the cut-off
threshold was set before the features that showed a decrease in the differences in the
estimated FeatureRank values. In other words, the features were rejected which not
only had very low values of the measure assigned, but also the differences between

these values for the following features were insignificant.

12.5. Feature selection results

Table 2
Estimated accuracy values based on testing set
Model Testing Number of | Model Testing Number of
ID accuracy [%] features ID accuracy [%] features
1 91.25 31 26 91.87 31
2 92.27 33 27 92.20 31
3 90.32 27 28 89.57 32
4 92.99 30 29 90.81 37
5 90.35 26 30 90.43 33
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cont. table 2

Model Testing Number of | Model Testing Number of
ID accuracy [%] features ID accuracy [%] features
6 91.31 34 31 90.63 22
7 90.24 31 32 91.65 29
8 91.51 30 33 89.37 25
9 92.61 28 34 91.22 23
10 93.59 37 35 89.95 21
11 90.13 21 36 89.88 34
12 91.32 28 37 91.95 28
13 91.09 24 38 90.43 31
14 91.99 30 39 91.38 24
15 91.24 23 40 91.22 28
16 90.52 29 41 91.60 36
17 91.54 30 42 90.91 31
18 91.61 29 43 91.12 36
19 92.31 39 44 91.40 22
20 93.58 32 45 93.43 33
21 91.57 39 46 91.13 28
22 89.97 29 47 92.69 28
23 9243 36 48 90.82 33
24 91.04 26 49 9191 35
25 91.91 27 50 90.24 29

After using the logistic regression-based classifier on the input set of 406 features the
average value of the classification quality, for the test sets for 50 models, was obtained
at the level of 91.33% with the 95% confidence interval (91.05+91.61). The minimum
value for quality is 89.37% and the maximum is 93.59%. Table 2 describes the
obtained classification qualities for the test sets for all the created models.
Importantly, in this case, the quality of the classification was not counted as the
weighted quality of the classification due to the fact that the test set was balanced in
each subsequent draw in terms of the number of elements from the control class and
the procedural class. Additionally, there was also estimated the 95% confidence
interval for the mean number of features included in specified models which equals
(28.51+31.05).

After receiving a set of 50 models with information on selected features, the
FeatureRank values were calculated for each feature that appeared in any of the
models at least once. Calculations of this measure were performed for all models

simultaneously. 159 features entered this stage of feature selection, based on filter
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methods. Each of them was assigned a FeatureRank value ranging from 0 to 1, and
then the features were ordered in descending order of significance measure. The

ranking of the features is presented in Fig. 3 below.

FeatureRank for FS

1.00«
L]

0.757 | m

FeatureRank
(]
3]
o

0.25 -

QM

0.00

Fig. 3. Ranked FeatureRank metric with marked threshold for the number of selected features

Rys. 3. Miara FeatureRank z oznaczonym progiem odcigcia dla liczby wyselekcjonowanych cech
Importantly, the first feature in the ranking (the highest FeatureRank value) obtained
the value of the measure equal to 1. This means that this feature always appeared in
the first place in each of the 50 created models, i.e. the implemented algorithm each
time, regardless of the selected training set, considered this feature as the most
important, enabling the best division of the two classes in the set. Figure 3 also shows
the cut-off point for the number of features selected for the model. Below this
threshold, the features are characterized by insignificant differences in the value of the

determined FeatureRank significance measure.

By first using the wrapper method with the use of a classifier based on logistic
regression, and then the filter method based on the entered significance measure, the
dimensionality of the data set was significantly reduced from 406 input features to

29 selected features.
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Table 3
Parameter values for final model
Feature ID Intercept 1 2 3 4
Parameter -2.4687 0.7876 0.2519 -0.2097 0.7381
5 6 7 8 9
1.2674 0.7112 0.4770 -0.6276 | -0.2917
10 11 12 13 14
0.8514 0.3900 -0.2118 0.3395 0.8966
15 16 17 18 19
-0.1732 | -0.6903 | -0.3346 | -0.4697 | -0.2658
20 21 22 23 24
-0.1970 | -0.1940 | -0.0599 | -0.4010 | -0.3079
25 26 27 28 29
0.2947 -0.2597 | -0.2527 | -0.4715 | -0.1366

In the next step, the quality of selected features was assessed in a given research
problem, i.e. the ability to separate elements from the control class and procedural
class. For this purpose, parameter values were determined for individual features
included in the final model, maintaining the order of features resulting from the
obtained FeatureRank metric values. The values of the estimated parameters are

shown in Table 3.

In order to determine the threshold value of the classification probability, the Youden
index method was used. This method finds a trade-off between the sensitivity and
specificity of the classification, and the computation is stepwise for each possible
value of the classification probability. For this purpose, the ROC curve was
determined and the value of the threshold classification probability was estimated as
the point farthest from the diagonal of the plot. The new probability threshold value

for the classification, determined with the use of the Youden index, was 0.7047.

In the last step of the study, the quality of the constructed classifier based on logistic
regression methods was determined, based on the validation set. It is worth
emphasizing that this set was not used at any stage of constructing the classifier and

was completely randomly selected from the set of input data.
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Table 4

Classification quality metrics based on the validation set
Quality metric Result
PPV 0.9385
NPV 0.9147
Sensitivity 0.8977
Specificity 0.9491
Weighted 0.9253

accuracy

The following measures of classification quality were used: Positive Predictive Value
(PPV), Negative Predictive Value (NPV), Sensitivity, Specificity, and the weighted
quality of the classification, which takes into account the disproportions in the
representation of individual classes Table 4 shows the results related to the

classification quality of the validation set.

12.6. Discussion

The application of the proposed approach, taking into account the use of the forward
selection technique as the leading method, requires large computational resources and
is quite time-consuming, especially when considering large-scale data sets.
Undoubtedly, a very big benefit resulting from the use of a time-consuming and
computationally complicated methodology of forward selection on a full set of
features is its potential to reveal often hidden relationships between successive
features. By using filters, as the first FS method, we are able to significantly limit the
input set of features to the most important ones, in other words allowing to capture the
greatest differentiation between the studied groups. However, by using such a scheme,
we can remove the hidden connections between the features in the first stage. It is
particularly important when building classifiers to distinguish various biological
complexities, in very heterogeneous data sets, related to gene expression, e.g. healthy
tissue and cancer tissue, control cells and irradiated cells, distinguishing types of
cancers, etc. In very complex biological problems, it is important to capture any
differences, but also the connections and cooperation of individual features and their
common, cumulative ability to evaluate a given phenomenon. Hence, the applied

approach based on the use of wrapper techniques in the first phase of feature selection,
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which is much more time-consuming and computationally complicated than filters,
allowed for the capture of many hidden inter-features dependencies. The further
methodology, i.e. the use of a simple metric to determine the significance of
individual selected features, allowed for a further reduction in dimensionality and the
selection of only the most essential features. The proposed method is not only able to
capture what is seemingly invisible in the analyzed sets of features, but also allows
you to select features that separate classes of elements present in the given classes
with very satisfactory results, which was confirmed in this work. What is more, using
the proposed integration methodology, we are able to build the final model that can be

successfully used to classify elements from highly heterogeneous data sets.

12.7. Conclusions

The presented results concerning the classification quality measures for 29 selected
out of 406 features unambiguously allow to state that the selected features allow, with
satisfactory results, to separate the elements from the control and procedural groups.
The constructed classifier is characterized by a very high specificity, i.e. the ability to
correctly classify elements from the control group, and a slightly lower, but still high
value of sensitivity, i.e. the ability to correctly classify elements from the procedural
group. The very good results of the classification are clearly evidenced by the high
value of the weighted quality at a level above 92.5%, while the 95% confidence
interval for mean weighted accuracy value for 50 build models was equal
(91.05+91.61).

Referring to the applied FS methodology, it allowed for a significant reduction in the
dimensionality of the data. The first stage of FS, i.e. the application of the method
belonging to the wrapper group - a classifier using the forward selection procedure,
allowed for the identification of 159 important features from the point of view of the
classification problem. Already this stage allowed for a significant reduction in the
number of features that were subjected to the second stage of FS, i.e. the use of the
methodology from the group of filters. Describing each of the 159 features, using
a measure based on the previously calculated values of the classification quality on the
test sets and the order of attaching subsequent features to individual models, allowed
for the selection of features that have a significant impact on the quality of the

classification. At this stage, there was another dimensionality reduction from 159 to
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29 features that were incorporated into the final model. What is also worth
emphasizing, the final model for heterogeneous data set classification, was built from
29 features, while the 95% confidence interval for the average value of the number of
features over the 50 built models was (28.51+31.05).

The presented method, integrating the methodology of wrappers and filters, allows for
a significant reduction in dimensionality (the number of features), while maintaining

a very high quality of classification, in relation to a very heterogeneous set of data.
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FEATURE SELECTION METHODS FOR CLASSIFICATION
PURPOSES

Abstract

Feature selection methods are nowadays more and more developed. Modern and very
accurate techniques that allow for the generation of very extensive data sets are also
becoming more popular. Text analysis sections and the new, promising single-cell
sequencing technique are specific areas with the privilege of high-dimensional data.
A very large amount of expenditure on the continuous improvement of feature
selection methods is widely appreciated by scientists and analysts, especially now.
Methods combining two popular techniques of feature selection — wrappers and filters —

are becoming more and more popular. The method proposed by us, combining the
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effectiveness of wrappers techniques and the speed of filters techniques, allows you to
choose the features important from the classification point of view with great
efficiency. These features are capable of carrying significant information about the
differences between elements coming from different classes. What is more, our
method also allows us to capture many invisible, without complicated analyzes,
relationships between the analyzed features. The effectiveness of the proposed
methodology is supported by a very high quality of heterogeneous data set
classification at the level above 92.5%, as well as very satisfactory sensitivity and
specificity metrics.

Keywords: feature selection, logistic regression, machine learning, heterogeneous

data sets classification
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Chapter 13. UNSUPERVISED CLUSTERING FOR DETECTION
OF GENE EXPRESSION PATTERNS IN HUMAN
CANCERS

13.1. Introduction

Cancer evolution is a complex dynamical process of uncontrolled growth of
tissues/cells with dysregulated signalling, metabolism, and replication mechanisms. It
is caused by somatic alterations/mutations of DNA, which can cumulate during
mitotic replication of cells. Some studies report that somatic mutation might influence
gene expression levels. Our study provides reliable, highly statistically significant
support for gene expression pattern occurrence in human cancer. Our analysis is based
on the Cancer Genome Atlas (TCGA) (Genomic Data Commons) database.

Our data is focused on gene expression levels in cancer since the matter of gene
expression itself is still an extensively researched topic. We are studying the
hypothesis that gene expression profiles would allow us to distinguish between
different types of cancer. Another goal is to decide which unsupervised clustering
algorithms will perform the best in the given task. The criterion performance in

various metrics is calculated using clustering results and the ground truth.

13.2. Methods

For the experiment, we used the data from cBioportal, a portal for cancer genomics
data. It is related to TCGA (The Cancer Genomic Atlas) being an interactive resource

for the exploration of multivariate cancer genomic data. Moreover, cBioPortal

! Department of Computer Graphics, Vision and Digital Systems, Silesian University of Technology, Gliwice,
Poland.
* Corresponding author: mateusz.kania@polsl.pl.



191

provides open access to molecular profiles and clinical attributes of different cancer
genomic studies.

The resources of cBioPortal contain but are not limited to DNA methylation data,
mRNA and microRNA expression or phosphoprotein level data (RPPA). We have
used mRNA (messenger RNA) expression data for our analysis. mRNAs are the
product of DNA transcription. The central role of messenger RNA is to function as
a template for translation. During this process, mRNA sequences are first translated to
amino acids, which then build functional proteins. Increased or decreased mRNA
levels might be related to various diseases, including cancer. We wanted to determine
if this kind of data contains enough information to distinguish between different types
of cancer. The data we have used consisted of the median expression level of RNA
sequencing data. We parsed the data to the format presented in Table 2. In rows, we
gathered different cancer types mentioned in Table 1.

Table 1
Types of cancers

Cancer type

Stomach adenocarcinoma

Glioblastoma multiforme

Lung squamous cell carcinoma

Lung adenocarcinoma

Breast invasive carcinoma

Ovarian serous cystadenocarcinoma

Brain lower grade glioma

Thyroid carcinoma

Prostate adenocarcinoma

Pancreatic adenocarcinoma

Each row contains a subject, and each column describes the case using gene
expression information. Next, we mixed gene expression information from all selected
cancer types in possible combinations without repetitions. We created 50 mixtures of
2, 3,4, 5 and 6 components. Each mixture was created ten times, containing different
types of cancer. In addition, each set consisted of almost 20 000 features, and the
number of observations ranged between 500-4000. Since the data is categorical and
data points belong to real numbers, we assumed that this type of data might be

described by a mixture of gaussian distributions.
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Table 2
Input data — simplified example
Gene 1 Gene 1 Gene 2
Cancer 1 15.4 15.4 5.2
Cancer 1 11.67 10.6 2.57
Cancer 2 18.67 12.64 1.8
13.2.1. Pipeline

The very first step in the analysis was data preprocessing. The data was parsed to
fixed matrix format N x M where N indicates the number of patients and M number of
genes, our variables of interest. Since we had to analyze more than 20 000 features,
we used the decomposition method based on a Gaussian mixture of variances.
According to the model, the features with the highest variance were left in the dataset,
and the rest was treated as noise. In our comparison, we used four unsupervised
algorithms: k-means, hierarchical agglomerative clustering, fuzzy c-means, and
Gaussian EM. The listed algorithms are based on distance metrics, while the last uses
a mixture of Gaussian distributions. To measure algorithms efficiency, we combined
a few approaches. One was to prepare a binomial test for each algorithm. The other
one was calculating Adjusted Rand Index, Simple Matching Coefficient, its weighted
version and Averaged Jaccard Index. We applied the Hungarian algorithm, for the
SMC index, which allowed us to assign classification results to their respective

clusters.

13.2.2. Hierarchical clustering

Hierarchical clustering (HC) is called such because of the way it creates the clusters.
HC results are a series of partitions with a visible hierarchy resembling tree branches.
In the analogy, each branch is a cluster. The bigger branch consists of many smaller
branches; at the end, it becomes a trunk, that incorporates all the data. However, there
are two ways to cluster the data. We can start from a single point up to the whole data
set or the complete data and successively build clusters up to one point. It is called
agglomerative and divisive clustering. In our analysis, we are using the agglomerative
method [3].
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Hierarchical Agglomerative Clustering (HAC) is the most popular way to cluster the
data. We first must decide upon the distance and linkage methods we will use during
the analysis. The distance method explains how the distance or similarity between
points will be measured. Some commonly known measures are Euclidean, Manhattan,
Minkowski and others. The second choice is the linkage method. It determines how
data points will be grouped in consecutive clusters. The few examples here will be
single, complete or average linkage. The hierarchical clustering model allows us to
choose any number of clusters without the need to repeat the calculations. It is
a unique attribute of HC, not present in other unsupervised algorithms. Initially, we
need to determine the metric that describes a relation between the data points. To do
that, we can use similarity (e.g., Jaccard index) or distance (e.g., Euclidean) measure.
The choice depends on scientific questions and the data itself. Next is the choice of
linkage method. It will determine the way of how the data will be clustered together. It
has a heavy impact on the results.

Last but not least thing to do is choose the number of clusters. We can do it in two
different ways. The first one is to choose the number of groups exactly. Another way
is to cut the branches at a specific tree height. The tree's height depends on the largest
distance or similarity between two clusters in the data. We can also base our choice of

clusters on this metric [2].

de(X,Y) = (1 —y1)2 + (g = y2)2 + - (xp —y)* =

dp(X,Y) =dg(X,Y)
where:
dg — Euclidean distance
X, Y — probability distributions
Xi, yi — realizations of X and Y
As for the linkage method, we used Ward's method that is based on minimizing error

sum of squares (ESS).

Nx 2

ESS (X) = Z

i=1

Nx

)
Xi—— ) Xj
TN LY

]=

d(X,Y) = ESS(XY) — [ESS(X) + ESS(V)]




194

13.2.3. k-means

K-means algorithm is an iterative, distance-based algorithm. It is easy on resources,
quick and computationally effective. Because of the low usage of memory, k-means is
suitable for clustering huge data sets. It is a significant advantage over hierarchical
clustering methods. Apart from their informative tree structure, they are

computationally heavy.

Moreover, a k-means algorithm might be used to initialize other algorithms, for
example, those based on Expectation-Maximization. From the mathematical
perspective, k-means is similar to the normal mixture model. Estimation of parameters
is done by the maximum likelithood method. The primary idea behind the k-means is
that observations are gathered around artificially introduced centres, called centroids.
Centroid can be treated as a mean generalization, a geometric centre of a convex
object. In general, the distance between centres and observations should be minimal.
Data points closest to the particular centre are part of its cluster [3]. The initial number
of centroids is equivalent to the number of clusters k in the data. The number of initial
groups is required to start the algorithm. There are different ways to choose the
number of clusters beforehand, but we can also use expert knowledge or assumptions.
The algorithm stops in a few cases. The most desirable one is the occurrence of
convergence. For example, the creation of clusters with the highest similarity of points
within a given cluster and the lowest between different ones. In the commonly used
Hartigan-Wang algorithm, the stop criterion is based on minimizing the total sum of

variance within clusters (WCSS). It is given by the formula [5].

kK
1l II2
1X;; — Cill
=1 1

WCSS = Z

l

]:
There are a few k-means algorithms: Lloyd, Forgy, MacQueen and the one already
mentioned, Hartigan-Wong. The last one is the default k-means algorithm in the

R software, used in the study.

13.2.4. Multivariable Gaussian mixture clustering (GaussEM)

Fitting the multivariable Gaussian mixture model to data can be done using the
Expectation-Maximization algorithm was (Dempster, Laird and Rubin [1]). It is

commonly used in a situation when the observations can be viewed as incomplete.
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Some examples of cases when it is used are: missing data, truncated distributions,
censored or grouped data [7]. The usual requirement to start EM for Gaussian mixture
is to provide a k number of clusters. Knowing the number of subgroups in the data, we
can initialize parameters in the next step. Initialization During initialization, we need
to create a first guess of the parameters. In the case of Gaussian mixture, we need to
initialize mixing proportions (o), mean (p), and variance ¢ 2 for each mixture
component k € {1..K}. Mixing proportions indicates how much of the mixture space

belongs to K. Depending on the number of K, we need to provide equal number of ox.
0!1 az Ol3 oo (XK

Assume that we have a mixture where k = 3. In that case, we need to create three
o parameters. We can use uniform distribution ax ~ U(0.1, 1) to obtain initial alphas.
We advise to keeping the interval within [0.1, 1] because shallow values might cause
over dominance of larger o during the estimation step. After choosing values from

a uniform distribution, they should be standardized.

K

~ a1+a2+”°+ak ~

ag = andZak=1
k=1

Zf:l ak
The Gaussian probability density function is expressed as:

_ (X - #k,m)2
207 m

fiem(x) =

exp

V2T o m

The E-step utilizes Bayes Theorem. Likelihood of data, given model is multiplied by

prior value, alpha. Alpha is treated as a mixing proportion value.

a =1 fim Ot p°)

1 M ,,old) —
p(k | xTU ""xn ’p ) - K 1d M 1d
K=1 CZ,% Hm:l fK,m(x;Lnl po )
p is equal to the vector of required parameters, p = [Wi,1, . . ., WM, -+« » UK 15 « - MK M
wOlly--esOIlMy.verOK,1y...,O0KM |

The M-step is used to update parameters o, p and o?, according to the presented

equations.

new _ Zrl\{:l P(k | x3, ...,x%’pold)

ay N
N 1 M Id
‘ulr;'e% — n=1 xrrlnp(k I xn} "';xn Ipo ), k — 1‘2’ ".‘K

n=1 Pl | xp, ., 2y, po)
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w2 _ Zaes (o= ) p(k 1, bl po4)

o k=12,..,.Km=1,...M
(o5 n=1 Pk | X3, ., xp, po)

The algorithm finishes its iterations when the absolute difference between old and new

parameters is less than 1e-6.

13.2.5. Adjusted Rand Index

To determine efficiency of algorithms, we compared them using the Adjusted Rand
Index (ARI) index. We have implemented the version that was proposed in [13].

_ n ()G Q6
3= )+ ()]-= ()= (2)/6)

ARI

where:
where: | ¥; Y, e Y sums
Xy N1 Niz Nis az
X N1 N2z Nas a
XT' nTl nTZ nTS aT
sums by b, by

13.2.6. Simple Matching Coefficient and its weighted version

To calculate Simple Matching Coefficient (SMC) and Weighted Simple Matching
Coefficient (WSMC), we have used the Hungarian algorithm. However, instead of
finding a minimal value for each row/column, we were looking for a maximal value.
In this way, the maximal value was considered a true positive. The Simple Matching
Coefficient is a straightforward metric. We divide the sum of true positives by the
number of all values. The downside of this solution is that it does not impose any

weights [10]. The green colour in Fig. 1 indicates matching groups.
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Y
0 1 sums
0 N1o a
X

1 N01 a
Fig. 1. Cross-table of clustering results
Rys. 1. Tabela krzyzowa wynikoéw grupowania
Simple Matching Coefficient equation:

Noo + N1y

SMC =

Noo + Ni1 + No1 + Nyg

To mitigate the problem with unequal groups, we can use the WSMC metric that

addresses this issue:

Nog N
WSMC = —2 11
aq a;

13.2.7. Averaged Jaccard index

The Jaccard index is a popular metric [4]. Here we are using its simple variation to

take two and more clusters.

_ Noo Niq
= + /2
Ni; + No1 + Nig - Noo + No1 + Ny

With the increased number of clusters, we have more terms in brackets and the

denominator changes accordingly.

13.2.8. Binomial test

We used a binomial test to test hypotheses about correctly classifying cancer. It was
possible since the classification result might have two outcomes: success or failure.

The probability p was scaled accordingly to the number of clusters with p = 1/k.
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13.3. Results and discussion

To show the efficacy of algorithms from diverse perspectives, we present results using

various index values.

We start with the classical one, the Adjusted Rand Index.

Boxplots of ARI value across clusters
In four unsupervised learning algorithms

Tl

Algorithm BE Fuzzy c-means EBE GaussEM BB Hierarchical Clustering BB k-means

ARl value
o
(9]
o

" Clusters

Fig. 2. Performance of four algorithms in various number of clusters

Rys. 2. Wydajnos¢ czterech algorytméw przy zmiennej ilosci grup

In Fig. 2, in the case of HC, k-means and fuzzy c-means, we observe that the
ARI index decreases with the increased number of groups. This trend is barely
observed in the case of the GaussEM algorithm. Here, the median value oscillates
between 0.74 and 0.60.

We can use violin plots to make the results more compact (Fig. 3). In addition to the
values, violin plots show their density. The first three algorithms are denser. In the
case of Gauss EM, the values are more concentrated in the upper parts of value

indexes.
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Various index values in different algorithms

Adjusted Rand Index Averaged Jaccard
1.00 - q . -

0.751
0.50 4
0.25 ~
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T “"\ T T T T ‘n T
kmeaS e, sy C‘E%?Q?cnica\ ClustegalssEM kmean® e 72y C'E%?gfchica‘ ClustegssEM
Algorithm

Fig. 3. Violin plots showing different quality measures

Rys. 3. Wykresy skrzypcowe pokazujace rozne miary jakosSci

Fig. 4 shows results from the binomial test. The p-values are scaled to the power of
1/60 to make the results visible. We can see that majority of the values are below the
p = 0.05. What is worth noticing is that even after raising results to the power of 1/60,

the median value of GaussEM remains close to zero.

We compared the performance of four different unsupervised clustering methods that
were based on distance metrics and maximum likelihood. For the comparison, we
used the gene expression data from the TCGA portal. To assess the efficacy of the
algorithms, we used various metrics, like Adjusted Rand Index, Jaccard, Simple
Matching Coefficient, Weighted Simple Matching Coefficient, and binomial test. All
of the compared algorithms showed statistically significant results. HAC performed as
second best. Although computationally heavy, it is not very useful for big data in its

original form.
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Binomial test p-values of different algorithms
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Fig. 4. Scores from the binomial test, raised to the power of 1/60

Rys. 4. Wyniki testu dwumianowego, podniesione do potegi 1/60

Fuzzy c-means, a bridge between distance and maximum likelihood-based methods,
performed better than k-means. Perhaps results might be improved using different
parameters, e.g. fuzzyfied value. K-means scored the lowest both in the binomial test
and other metrics. Although its simplicity, and low computational power, the
requirement makes it still valuable, whether it is data exploration or starting point for
the Expectation-Maximization methods. Finally, the multivariable Gaussian mixture
with Expectation-Maximization algorithm obtained the highest score in all the
presented metrics. It indicates that GaussEM is a good approach to finding gene

expression patterns in human cancers.
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UNSUPERVISED CLUSTERING FOR DETECTION OF GENE
EXPRESSION PATTERNS IN HUMAN CANCERS

Abstract

In this study, we compare four unsupervised algorithms in the gene expression data of
different human cancers. We based our analysis on openly available data from Cancer
Genome Atlas (TCGA) (Genomic Data Commons) database. We tested two
properties. The first is if there is a clear pattern in the gene expression data. The other
was to select the algorithm which performs the best. Our results suggest that an
expression pattern exists in different types of human cancer. As for the algorithm, the
EM algorithm based on multivariate Gaussian mixtures showed the most promising

performance.

Keywords: unsupervised clustering, GMM, k-means, HC, cancer, gene expression, EM
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Chapter 14. NUMERICAL ANALYSIS OF SKIN TUMOR FREEZING
USING DUAL-PHASE LAG MODEL

14.1. Introduction

Low temperature can lead to cell necrosis. When the temperature is low enough to
freeze water, ice crystals appear in extracellular spaces. Hence, a hyperosmotic
extracellular environment is created, which draws water from cells, leading to the
shrinkage of cells and destruction of their membranes [1]. As the temperature
decreases, ice crystals appear within the cells. During thawing recrystallisation occurs,
that is, ice crystals fuse and form larger crystals. When the ice melts, a hypotonic
extracellular environment is created, and water flows back into cells. Their volume
increases, leading to additional cell damage. Cryobiological research proved that any
part of the freeze-thaw cycle may be injurious. Skin tumor (e.g. melanoma) is treated

with cylindrical cryoprobe, which is applied directly to its surface (Fig. 1).

Rapid cooling is more destructive, so the cooling rate should be as high as possible
[1]. Experimental data vary from 22°C / min to 50°C / min to even 220°C / min [1, 2].
However, in vitro research reports significant cell damage in a cooling ratio of as low
as 1°C / min [3]. It should be noted that rapid cooling appears only near the cryoprobe,
and the cooling rate is reduced as the distance from the probe increases. Taking these

variances into account, the cooling rate has a low impact on injury production [1].

In cancer treatment, there is a difference between lethal and surely lethal tissue
temperature. The lethal tissue temperature can be achieved in the range of —15°C to

—20°C [1, 4, 5]. The cell survival rate should be minimalised; therefore, the surely

! Department of Computational Mechanics and Engineering, Faculty of Mechanical Engineering, Silesian
University of Technology, Gliwice, Poland.
* Corresponding author: ewa.majchrzak@polsl.pl.
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lethal tissue temperature can be established below —40°C [1, 4, 5]. In some
experiments, the lethal dose is defined as low as —60°C with the requirement of
repetitive freeze-thaw cycles [6]. However, the temperature —40°C nowadays is
defined as a lethal dose in a variety of research, connecting this temperature with the

physics of water (the crystal growth is highest in the range from 0°C to —40°C [1]).

cylindrical cryoprobe

cancerous tumor, e.g. melanoma
subdomain where cell necrosis will occur
frozen subdomain (tissue remains viable)

tissue in a normal state

Fig. 1. Considered domain
Rys. 1. Rozwazany obszar
The thawing rate is a key destructive factor. Cell damage increases greatly with
prolonged thawing and the thawing rate should be as low as 1°C / min [7]. Rapid
thawing increases cell survival ratio very highly. In fact, slow thawing is more

important in cell destruction than rapid cooling [1, 7, 8].

Repetition of the freeze-thaw cycle increases previously frozen volume and intensifies
cell necrosis. For example, in the treatment of facial basal cell carcinomas, the cure
rate for the double freeze-thaw cycle is 95.3% compared to only 79.4% for the single
freeze-thaw cycle [9]. The effect of repeated freeze-thaw cycles has a greater impact

on cure rates when the freeze temperature is relatively warm, e.g. —20°C.

Mathematical modelling methods are extremely helpful in planning cryosurgical
procedures. They allow for the analysis of many variants of freezing with different
cooling rates, number of freeze-thaw cycles, and different durations of the process. In
this paper, the freezing process is described by the dual-phase lag equation

supplemented with appropriate boundary and initial conditions. The problem is solved
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using the finite difference method both in the explicit and implicit schemes. Using an
in-house computer program, the temperature distribution in the domain analysed is
calculated, the subdomain of the frozen region is determined, and the effectiveness of

freezing the tumor is estimated.

14.2. Mathematical model

In 1995 Tzou [10] proposed the introduction of two time lags in Fourier law,
representing a macroscopic lag (delayed response) between the temperature gradient
and the heat flux as a result of microstructural effects, governing the following

formula

q(x,t +15) = —AVT(x,t +17) (1)

where q is the heat flux vector, x = {r, z} denotes geometrical coordinates, t is the
time, A is thermal conductivity, 1, and 7 are the phase lags (called relaxation and

thermalization time respectively).

The following first-order (linear) approximation can be obtained with the use of

Taylor series expansions

aq(x,t) _ aVT(x,t)

qx,t) + 14

Both phase lags are assumed to be small, so nonlinear orders are negligible [10].
Introducing formula (2) to the well known macroscopic energy equation one obtains

[10, 11]

T (x, t 0°T(x,t
gt )+rq 652 ) =V[WT(x,t)]+rTv[x

oVT(x,t)
= 3

d
where c is the volumetric specific heat.

In biological tissue, internal heat sources should also be considered, which gives the

following dual-phase lag equation (DPLE) [11]
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c

6T(x,t)+ 0°T(x,t)
ot K rre

— VAV (x, )] + 1,V [x aVTa(:’ t)] Q& D) + 1 aqg:, Droxt ()
aQF (X, t)
K rr

Internal heat source Q (X, t), related to blood perfusion and metabolism, is defined as

the following sum

Q(x, ) = wep [Ty — T(% )] + Qe (T) (5)

where w 1s the blood perfusion rate, c;, is the specific heat of the blood, T, is the

arterial blood temperature, Q,,.; is the metabolic heat source.

The internal volumetric heat source Qr (X, t), related to the phase change, is defined as

aS(xt)  dS(T)aT(x0)
& t) =L——=L—r—75; (6)

where L is the volumetric latent heat of freezing and S(x, t) is the frozen state fraction.

After determining the derivatives and some transformations, one can obtain

00(x,t) 00r(x,t)
T-l‘QF(X,t) + 14 Fat

dw(T d T)10T
=14 [% ¢ (T, —T) —w(T)c, + Q";;( ) ETA +w(T)c, (T, — T) (7)
ds(T) aT [dZS(T) <6T)2 dS(T) 02T
. L)

+ Qmee (D + L= Fr + 1ol | =502 \57) * a7 32

Q(x,t) + 14

and by denoting the derivative of the blood perfusion rate and the derivative of the

metabolic heat as

v =20 ) = HneD) (8)

the dual-phase lag equation (4) can be written as follows

oT 92T dC(T) /9T\?
[C(T) + T4w(Tcp — v(T)cp (T, = T) — Pree(T}] ot 1,C(T) 5z T g (E) o)
oT
— VO(T)VT) + 1,V [A(T)v (E)] +W(T)ey(Ty —T) + Qppoe (T)
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where C is a substitute thermal capacity of the intermediate region [11]

_ ds(T)
C(T)—C(T)—Ld—T (10)

In this paper, the following functions have been assumed that describe the dependence

of the blood perfusion rate and the metabolic heat source on the temperature

Wy T>T;
_ — 12
W(T) = WOTl—TZ Tz STSTl (11)
0 T<T,
Qmeto T > T1
_TZ
Qme:(T) =10 —F T,<T<T 12
0 T <T,

where T; is the beginning temperature of freezing and T, is the ending temperature of
freezing. If part of the tissue is frozen and thawed, then the blood perfusion rate and
the metabolic heat source are permanently equal to zero due to the destruction of

blood vessels in that region [11]. The derivatives of these two parameters are given as

follows
0 T>T,
v(T)=<WOT1_T2 T2 STSTl (13)
\ 0 T<T,
0 T>T,
Pt (T) =<0 —— T,<T<T 14
met( ) l met0 Tl_TZ 2 1 ( )
0 T<T,

where w, and Q,,,.+o are the values determined for the tissue in its natural state.

In the temperature range [T,, T;] a linear function was assumed to describe the frozen

state fraction

T —
S =7 (15)

Therefore, the substitute thermal capacity can be written as
Cy T>T,

C = CP+

n-r, ='=h (16)

Cr T<T,
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where ¢y, cp, and ¢y denote the thermal capacity of tissue in its natural, intermediate,
and frozen state, respectively. Substitute thermal capacity (eq. (16)) in this article is
a step function, thus eq. (9) can be written in the following form
aT 0%T
[T+t w(Dey = v(Dey (Ta = T) = Pree (M} 51 + 7€M 57

o (17)
= VOT)VT) + 1,V [x(T)v (E)] + W(T)ey(Ty —T) + Qe (T)

Also, the thermal conductivity is a step function given as

w  T>T,
e | T<T,

where Ay, Ap, Ap denote the thermal conductivity of the tissue, in its natural,

intermediate and frozen state, respectively.

On the contact surface between the tip of the cryoprobe and the skin tissue, the

Dirichlet condition is assumed

T =Tp(t) (19)

and on the other surfaces the adiabatic boundary condition is assumed

- [n VT (x,t) + 17 W =0 (20)

where n - VT (x, t) is the normal derivative.

The initial conditions are given as follows

t=0: T=T ot
o P atl—

=u (21)
where T, is the initial temperature and u is the initial cooling rate.

As mentioned earlier, the phase lags 1, and 1 are small constant values [10]. DPLM
can be reduced to thermal wave equations (hyperbolic model) for 1 = 0 s [10, 12].
The classic Fourier equation (parabolic model) can be obtained by substituting

T, = Tr = 0 s. It should be noted that the dual-phase effect in biological tissue is

important even for 1, = 17 [13].
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14.3. Numerical model

In a cylindrical coordinate system eq. (17) can be written as

2
[C(T) + tgw(T)e, — (T (T, — T) — Pmet(T)}] +qu(T)

- lk(T) [a—T +1rs ( ] MT)[ TT%(Z_D]

2% /0T
D) a ot (2) |+ W (T =) + Qe (D)

(22)

Numerical computations are carried out using the finite difference method (FDM)

[14]. The time grid with the constant time step At is introduced. The quadratic mesh

with the constant grid step / is applied.

Using the explicit FDM scheme eq. (22) can be written as

f-1 f-1 f-1 f-1 f—l
M P RY: s/ .
f L _pf-1 ij f-1 i,j f-1 ij f-1 f-1 i,j
T/ = T /71 4 /7 4 (T. +T )
i f-1"14j f-171j+1 f-1°14j-1 f-1\"i-1,j i+1,j f-1
ij Ki,j ki, ki, ki,
where
[Cf_1+r {Wf_lc Y (T —Tf_l) P }]At+rC
Kf_1 _ i,j q i,j b i,j b\‘a i,j m€t1] q
ij (At)2
f-1 f-1 f-1 f-1 f-1
Mf_l_[ci,j t+tg (Wl ey = vl ep(Ta = T/7) = Preed 2} At + 21,C
i,j - (At)z
Mt
n2ar u b
it _ Mitae+ ) W+ )
Lj N hZAt Zhri']‘At
= Mitac+) Ao+ )
Lj N hZAt Zhri,jAt
o1 Mt + 1)
LT R2At
f-1 f-1 f-1 f-1
wlt = My tr Tqli; 2 | hj tr My Tr /-2
L h2at (AD)? | 2hryjAt  h2At | W

Wl AT S
J TR T nf-2 Mg T f-2 f-2 f-1
[ZhrijAt h2At Ti,j—l + h2At (Tz 1,j +Tl+1]) Wi,j CbTa

-1
+ Qmet{:j

and using the FDM implicit scheme eq. (22) can be written as

(23)

(24)
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g/t f-1 1 ¢/t
f _u f L] f 129) f f L]
Tij _Af— Tij 1+ f-1 Ti,j+1 f-1 (T +TL+1])+Af—1 (25)
ij ij ij ij

where

[C[j_1 +14 {w{j_lcb — vif_j_lcb(Ta - Ti{;._l) Pmet” }] At + C.’fj_qu o1

f-1_
Ai,j =

02 +WL-J- Cp
AN+
h2At
e Mt@ac+t) NNt + )
W h2At 2hr; jAt
i1 _ Mtac+t) MMt + )
o h2At 2hr; At
. (26)
Fo1 _ki_j (At +17)
By == e
f-1 -1 f-1 f-1 f- 1

e el g {wl ey = vl e (Ta = T7) = Prneel Y] At + 2601, e
i,j (At)Z i,j

AVt

Tr
, f-1 f-1 f—1 f-1 f-1
h2At (Ti,j 1 Tl}+1 T‘ T1+1] _4T )

A1 cf 1c

f-1 f-1 ij ta,.f-2 f 1 Fo1
- Zth]At (Ti,j+1 - Ti,j—l) (At)z Ti, + W CbTa + Qmeti,j

The system of linear equations in the implicit scheme is solved iteratively.

Both schemes presented must be supplemented by boundary conditions. In an explicit
scheme, stability condition must be fulfilled [15]. The implicit scheme of the finite
difference method for the DPLE is always stable [16].

14.4. Results of computations

The cylindrical tissue domain of dimensions R = 0.04 m, Z = 0.04 m at initial
temperature T, = 37°C is considered. The tip of the cryoprobe of diameter D = 0.025 m
is subjected to the skin. Thermophysical parameters are as follows: thermal
conductivities Ay = 0.52 W/(m K), A, = 1.26 W/(m K), Az =2 W/(m K), volumetric
specific heats ¢y = 3.6 MJ/(m? K), ¢, = 2.78 MJ/(m? K), ¢z = 1.93 MJ/(m* K), blood
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perfusion rate in natural state w, = 0.5 kg/(m? s), metabolic heat source in natural state
Qmeto = 245 W/m?, specific heat of blood ¢, = 3770 J/(kgK), arterial blood
temperature T, = 37°C, volumetric latent heat of freezing L = 330 MJ/m?, intermediate
zone [-8°C, —1°C], that is T, =—-8°C and T; =—1°C [11].

Stage III malignant melanoma is considered. The diameter of tumor infiltration is
30 mm (approximately 20 mm of the main tumor accompanied by satellite tumors)
and its depth is 5 mm [17, 18]. The initial cryoprobe temperature is 37°C. The final
temperature of the cryoprobe is —160°C and four freeze-thaw cycles are considered
[19]. The cooling rate is set at 120°C / min and the thawing rate is set at 5°C / min.
After the cooling stage, the constant temperature is maintained for 5 min. The

dependence of the cryoprobe temperature on time is shown in Fig. 2.

Four cases of phase lags values were considered. Case 1 in which 1, = 0 s and
1r = 0 s represents the Pennes model. Case 2 in which 7, = 0.48 s and 17 = 0.48 s is
based on the results published in [13]. Case 3 in which 1, =3 s and 17 = 0.1 s is
discussed in more detail in [11, 12]. Case 4 in which 1, = 15 s and 17 = 10 s is taken

from [20].

40 T T T

20 .

Fig. 2. Temperature of the cryoprobe
Rys. 2. Temperatura kriosondy
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The influence of delay times on the obtained results was tested on the first freezing
(Fig. 3). Explicit (solid line) and implicit (dashed line) schemes were compared. The
results were obtained for: the number of nodes 51 x 51, grid step h = 0.0008 m, time
step At = 0.05 s. The results are similar for both schemes for all cases. The differences
between the Pennes model and the DPLM are most notable near the axis of symmetry
and near the cryoprobe.

The next calculations were performed using the implicit scheme of the finite
difference method under the assumption that the time step is equal to At = 1 s and
phase lags are equal to T, = 3 s, 17 = 0.1 s, respectively (case 3). As shown in Fig. 4,
this time step gives results similar to those for At = 0.1 s and At = 0.05 s, but the

computation time is much shorter.

In Fig. 5-7 the temperature distributions after first, second, and fourth freezing are
shown. The red dashed line marks the area of tumor infiltration.

Fig. 8 presents a temperature history at the selected points. Two points along the axis
were chosen, r = 0 m, z = 0.004 m (blue line), r = 0 m, z = 0.008 m (red line), and
one point near the necrosis temperature border, r = 0.008 m, z = 0.008 m (orange
line). The temperature history is similar for each freezing.

40
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20
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0
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-20

T °C
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-40
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-60

T =087 =10s
T, =048 s, 77 = 0.48 8
0 —3s =0l
—_—Ty =158 17 =10s
80 I I i
50 75 100 125 150 175 200

ts

Fig. 3. Temperature history at the points 1 (0, 0.004 m), 2 (0.012 m, 0.004 m), 3 (0.008 m, 0.008 m)
from 50 s to 200 s

Rys. 3. Historia temperatury w punktach 1 (0, 0.004 m), 2 (0.012 m, 0.004 m), 3 (0.008 m, 0.008 m)
od 50 s do 200 s
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Fig. 4. Temperature history points 1 (0, 0.004 m), 2 (0.012 m, 0.004 m), 3 (0.008 m, 0.008 m)
depending on the time step in the implicit scheme for case 3, from 50 s to 200 s

Rys. 4. Krzywe stygniecia w punktach 1 (0, 0.004 m), 2 (0.012 m, 0.004 m), 3 (0.008 m, 0.008 m)
w zaleznosci od kroku czasowego w schemacie niejawnym dla przypadku 3, od 50 s do 200 s

0 0.008 0.016 0.024 0.032 0.04
r,m

Fig. 5. Temperature distribution after first freezing (t = 6 min 40 s)
Rys. 5. Rozktad temperatur po pierwszym zamrazaniu (¢ = 6 min 40 s)
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Fig. 6. Temperature distribution after second freezing (t = 52 min 42 s)
Rys. 6. Rozktad temperatur po drugim zamrazaniu (t = 52 min 42 s)
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Fig. 7. Temperature distribution after fourth freezing (¢ = 2 h 24 min 46 s)
Rys. 7. Rozktad temperatur po czwartym zamrazaniu (t = 2 h 24 min 46 s)
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After the third and fourth freezing, a slight increase in the frozen subdomain and the

necrosis subdomain is observed (Tab. 1).

The numerical analysis carried out shows that for the considered malignant melanoma,

a fourth (and possibly a third) freezing during the cryosurgical procedure is not

necessary.
Table 1
Frozen and necrosis volume after each freezing
After Frozen volume | Necrosis volume tgﬁxéizltlun:e Is the entire
. (below —8°C) (below 40°C) | . . P tumor below the
freezing 3 3 inside the tumor,
cm cm oC lethal dose?
1 6.17 3.45 -32.1 N
2 8.46 4.29 —42.5 Y
3 9.32 4.59 453 Y
4 9.66 4.71 —46.4 Y
40 I I I I I
/ / /
20 1
O "
-20 H |
O
°. -40 1
]_
-60 1
-80 _
-100 | 1
_1 20 1 | 1 | 1 |
0 0.5 1 15 2 28 3
t, h

Fig. 8. Temperature history at selected points
Rys. 8. Krzywe stygni¢cia/nagrzewania w wybranych punktach
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14.5. Conclusions

Numerical modeling of biological tissue freezing can be used as a supporting tool in
planning the cryosurgery treatment procedure. Using numerical modeling, one can
select the appropriate cryoprobe diameter, tip temperature, freezing and thawing time,
cooling rates, number of freezes, predict the size of the necrosis area and determine
whether the lethal temperature can reach the entire tumor. The frozen subdomain can
also be determined, allowing one to estimate the risk of freezing surrounding healthy

tissue.
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NUMERICAL ANALYSIS OF SKIN TUMOR FREEZING USING
DUAL-PHASE LAG MODEL

Abstract

In the paper, the freezing of skin tumors (e.g. malignant melanoma) is considered. The
tissue damage mechanism and the freeze-thaw cycle are presented. The thermal
interaction between the cryoprobe and tissue is described using a dual-phase lag
model (DPLM) in which two phase lags are defined: the relaxation time (associated
with the heat flux) and the thermalization time (the temperature gradient lag).
Numerical calculations were carried out with the finite difference method (FDM).
Implicit and explicit schemes are derived and compared. Finally, numerical modeling

of an exemplary cryosurgical procedure is described and analyzed.

Keywords: bioheat transfer, dual phase lag equation, freezing of biological tissue,

finite difference method



DOI:10.34918/85115

Michat BERNYS!, Bartlomiej MELKA!", Maria GRACKA', Ziemowit OSTROWSKI,
Marek ROJCZYK!, Krzysztof PSIUK-MAKSYMOWICZ?, Damian BORYS?,
Jarostaw WASILEWSKI?, Jan GEOWACKT?, Ryszard BIALECKI!

Chapter 15. NUMERICAL MODELING OF BLOOD FLOW IN
BIFURCATION AND TRIFURCATION GEOMETRIES USE
OF DIFFERENT BOUNDARY CONDITIONS

15.1. Introduction

The study on 50 million people showed that the world's leading cause of death is
ischemic heart disease, which is responsible for 11.3% of deaths, followed by a stroke
with an 11% mortality rate [1]. Over the past 19 years, the World Health Organization
and CDC reported a growing trend in the increasing number of deaths caused by heart
diseases [2, 3].

New methods have been introduced in medicine to a patient-specific. The physicians
in fighting the increasing trend of heart disease incidence to protect human life. One
of the techniques introduced is patient-specific numerical modelling. Computational
Fluid Dynamics (CFD) is the most frequently used simulation method used in the field
of blood flow simulations. Nowadays, such methods are used routinely in a variety of
applications ranging from modelling vessel prosthetics to the operation of artificial
heart valves [4]. CFD is also frequently used to model heart malefactions. Such an
approach was used in the case of chronic stenosis of the blood artery [5]. The research
objective was to study the ill effects on blood flow. To increase the accuracy of the
results, the 3D CT scan was made to reproduce the actual vessel geometry used in the
simulation [6, 7].
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The building up of plaque deposition may be one of many reasons for coronary artery
disease (CAD), which causes abnormalities in blood flow resulting in a reduced
supply of oxygen and other vital nutrients to the heart. Studies show that the left
coronary artery (LCA) is more prone to plaque formation compared to the right
coronary artery (RCA) [8]. It is caused mainly by uniform flow in RCA compared to
LCA. The local wall shear stress in the LCA is low and intensively oscillating,

especially in areas of bifurcation [9].

The presented study aims to perform a blood flow through two LCA geometries and
analyze the differences in the flow behaviour for a typical LCA case with bifurcation
and a rarer case where trifurcation is present. As a result, it will be possible to identify
locations prone to plaque deposition, the determination of which may be necessary for

proper patient diagnosis and, in the future, for an effective treatment or prevention.

15.2. Mathematical model

Every fluid moving within the model boundaries is subjected to general mass and
momentum conservation equations. Such an approach is used to ensure the

simulation's proper course.

The mass conservation equation:

dp R
e TVPY) = Su (1)

The momentum conservation equations:

d > > > _)
T (pv) +V(pv) = -Vp+ VT +pg+F 2)
where: p is a fluid density, ¢ is time, v'represents velocity vector field, T is stress

tensor, p is static pressure, pg and F are the gravitational body force and external

body forces

When performing simulation in ANSYS Fluent package, choosing the most suitable
model is essential to obtain the intended effect and reflect the flow behaviour
occurring in blood vessels. To carry out the simulation, it is necessary to correctly
identify the principles of flow behavior in biofluids. The viscosity value depends on

the share rate and shear stress. In this study, the Carreau model has been selected [12].
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The Carreau model's viscosity and parameters 1, k, and n are fluid dependents. k is
the time constant; n is the power-law exponent (described in non-Newton power-law),
and n, and n,, are the upper and lower viscosity limits, corresponding to low and high

shear stresses, respectively

The Carreau viscosity ( n.) can be calculated as:

n—1
Ne =N + (o — Ne)[1 + K2y 2
where: (3)
Y= 12

The two coefficients, k, and n are empirically determined [15] and II denotes the
second invariant strain tensor. The values of the coefficients are taken as: n, = 0.056 Pa s,
noo =0.00345 Pa s, k=3.313 s and n=0.3568

The OSI measures the oscillation of shear stresses at the arterial wall and is computed
from Eq. (4).

=

4)

0SI =—|1
Zl

|f0TTWdt|]

Jy Irwldt

where T is the cardiac period and t,, is the stress at the artery wall. Wall Shear Stress

(WSS) represents the mean shear stresses at the artery wall obtained from Eq. (4).

Wall shear stress was calculated on the base of Eq. (5).

WSS = %[1 - fOT|TW|dt] (5)

These indicators are essential since they are believed to give an idea of locations that

tend to develop atheroma plaque deposition and, therefore, stenosis growth [17, 18].

The model should accurately perform both near-wall calculations and core fluid
motion in the presented research. The shear wall stress (WSS) has a vital role in the
flow of blood morphotic elements. Therefore it is unacceptable to omit WSS [10] in
the computed simulation so that the standard k—& model could not be used, due to

imperfect near-wall computations. To meet the need for both requirements, the model
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of k—w was proposed however in the current reseach the laminar flow was assumed.

The estimated Re number during the cycle did not exeed 3000.

A time-varying velocity profile was used to represent the actual pulsatile nature of
blood flow [11]. This implementation provides more detailed results that could reflect
the actual heart behaviour. Figure 1 represents the used velocity temporal profile,
which was determined by dividing data published in [12] into five parts. The
equations of curves describing changes in velocity were adjusted using the sixth-order
polynomial. Moreover, the blood flow rate delivered to LCA was estimated as a 2%
value of the patient's stroke volume. The user-defined function (UDF) implemented
the velocity profile as the inlet boundary condition. UDF will set the proper
polynomial for the given time step in running the simulation. Figure 2 shows that the
velocity profile has been adjusted so that one cycle lasts about 0.83 s, and it was

consistent with a patient pulse of 72 bpm.
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Fig. 1. Inlet velocity and outlet pressures change in a blood vessel
Rys. 1. Zmienny profil predkosci na wlocie oraz zmienny profil ci§nienia na wylocie

A variable velocity profile shown in Fig. 1 was used for the first set of calculations
while maintaining constant outlet pressures. The same velocity variable profile at the

inlet was used for the second set of calculations. The various pressure was used for the
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outlets, which was presented in Fig. 2 using a blue dotted curve. The results obtained
from such a procedure allow an estimate of the influence of the pulsatile character of

the pressures in the domain on OSI and WSS indicators.

15.2.1. Geometry and discretization procedure

In the simulation, two geometries were examined. The first is a bifurcation geometry
shown in Fig. 2 with blunt green. While the second geometry includes trifurcation,
and in Fig. 2, it is a geometry with blunt and vibrant green colour. The CT images
have been segmented [16]. Produce STL files were later used to define the fluid

domain.

Properties. Mesh was created in ANSYS Mesher, using tetrahedral cells. The

discretization and the comparison of the parameters of mesh quality for both

geometries are shown in Table 1.

Fig. 2. Geometry comparison in between bifurcation and trifurcation
Rys. 2. Porownanie geometri pomiedzy bifurkacja a trifurkacja
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Table 1
Mesh metrics comparison
* Bifurcation mesh Trifurcation mesh

Average Element Size 0.25 mm 0.25 mm
Number of Elements 1319788 1338590
Number of Nodes 244986 248878
Average Orthogonal Quality 0.78489 0.78439
Minimal Orthogonal Quality 0.14816 0.31457
Maximal Orthogonal Quality 0.99487 0.99517

15.3. Results and discussion

For both geometries with bifurcation and trifurcation, calculations were performed for
two scenarios. The first scenario assumed a constant outlet pressure of 0 Pa, while the
second scenario remaining boundary conditions were listed in Section 1.2. As a result
of the performed calculations, contours corresponding to WSS and OSI indicators

were created.

The resulting OSI and WSS contours show a high probability of atherosclerotic plaque
deposition. In the case of OSI, special attention should be paid to locations with a high
value of this factor. On the contrary, in the case of WSS, attention should be paid to

low values, as the high values will suggest sweeping off the plaque [17, 18].

In Fig. 3 a), a black circle can indicate the site of the plaque diagnosed at the stage of
performing geometry scans. This means that the performed calculations indicated the

probability of new plaque deposition in the area where calcification was diagnosed

During the calculations, no significant differences were found in the cases for variable
and constant outlet pressure. The only difference was the case of bifurcation. Slightly
increased OSI values can be observed at 0.32 compared to 0.28 in trifurcation
geometries. A similar characteristic can be seen in the WSS values. Lower values at
the level of 2.21 Pa occur in the domain with bifurcation and in the domain with
trifurcation of values at 2.30 Pa. The flowing blood has more drainage possibilities
than trifurcation, so it does not accumulate in the branch with the largest cross-section

arca.
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Fig. 4 and Fig. 5 show the magnitudes of the mass flow rates in case of changing
velocity profiles. The flows are distributed accordingly to cross-section areas of
a different branch. For example, for the outlet with the largest cross-section area, the
blood flow is 7.25 ml/min compared to 1.57 ml/min in the smallest cross-section area.
The mass balance remained at the level of 0.01 ml/min, which proves that the blood

mass 1s conserved

Outlets = 0 Pa Outlets =0 Pa

deposition

c) d)

Qutlets = 0 Pa Outlets =0 Pa

g

WSS

I
0.44 035 0.27 0.22 0.13 0.07 0.00 | 10.98 8.80 6.63 5.54 3.37 1.84 0.00

\AY

Fig. 3. Wall contours of OSI (left) and WSS (right): a) and b) bifurcation geometry with constant
pressure outlets, c) and d) trifurcation geometry with constant pressure outlets, e) and
f) bifurcation geometry with pulsatile pressure outlets, g) and h) trifurcation geometry with
pulsatile pressure outlets

Rys. 3. Kontury OSI (po lewej) i WSS (po prawej): a) i b) geometria bifurkacji ze statym profilem
cisnienia wylotowego, c¢) i d) geometria trifurkacji ze stalym profilem ci$nienia wylotowego,
e) i f) geometria rozgatezienia ze pulsacyjnym profilem cisnienia na wylocie, g) i h) geometria
trifurkacji z pulsacyjnym profilem ci$nienia na wylocie
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15.4. Conclusions

The work was aimed at numerical simulations for two different geometries, which
were then used to test the calculations on two different boundary conditions. One of
the conditions was to set a variable velocity profile with the simultaneous setting of
constant outlet pressures. The second case was the setting of variable inlet and outlet

pressures.

The obtained OSI and WSS contours identify areas with a high potential for plaque
deposition. The indexes, as mentioned above, indicated, among other things, where
the atherosclerotic plaque was deposited in the patient's coronary arteries. The tool

could potentially be used to predict the sites of plaque deposition

The obtained results are the basis for the master thesis. It is worth mentioning that the
results need to be refined. Particular emphasis should be placed on the quality of the
mesh in future calculations and the improvement of the UDF to better reflect the

conditions prevailing in the heart.
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NUMERICAL MODELING OF BLOOD FLOW IN BIFURCATION
AND TRIFURCATION GEOMETRIES W USE OF DIFFERENT
BOUNDARY CONDITIONS

Abstract

The presented work compares the flow through the coronary vessels under different
boundary conditions. The geometries were developed as a result of patient scans. It is
a modern and non-invasive diagnostic method to achieve highly accurate results. The
simulations' results will allow us to identify places susceptible to plaque deposition,

which causes collapses or death.

The obtained results for the cases with constant and variable pressure turned out to be
similar. The only difference was the case of bifurcation. Slightly increased OSI values

result from a lower number of outflows from the domain. The flowing blood has more
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drainage possibilities than trifurcation, so it does not accumulate in the ebb with the
largest cross-section area. Other than the conclusion, there were no significant

discrepancies indicative of inaccuracies in any of the methods.

For future simulations, the generated mesh should be refined, and the model's
sensitivity should be assessed. The next step is to improve the UDF to give the most

accurate results compared to those measured.

Keywords: bifurcation, trifurcation, blood, coronary vessel, CFD
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Chapter 16. INVESTIGATION OF ADIPOSE MECHANICAL
PROPERTIES UNDER COMPRESSION LOADING FOR
IMPROVING HUMAN BODY ARMOR MODELING

To improve blast absorption characteristics of personal protection equipment (PPEs),
understanding the effects of blasts on the human body itself is a critical step toward
improving protective device design. Adipose tissue mechanical properties were
investigated under quasi-static and dynamic compression loading at varying strain
rates on specimens made from porcine subcutaneous adipose tissue. The specimens
were subjected to a uniaxial compression test on an MTS universal testing machine to
obtain stress versus strain response data. The tests were carried out at three strain rate
regimes: 0.05%/s, 0.5%/s, and 5%/s. For modeling the passive behavior of
subcutaneous adipose tissue, three-term QLV and one-term Ogden models were
chosen. Python codes were used to numerically simulate experimental data.
The hyperelastic material parameters obtained were as follows: u = 16.4, a = 8.41,
C1=-136.980, C, =-225.60, and C3 = 3636.85.

To simulate adipose tissue, a finite element model was created. The average elastic
and shear modulus for strain rates ranging from 0.05 to 5% were determined to be:
Initial E = 12.71 £ 10.93 kPa, final E = 1300 £ 66.60 kPa. Initial modulus of rigidity
G = 4.23 £ 2.30 kPa, final G = 433.30 + 22.20 kPa. For the Ogden and quasilinear
viscoelastic models, the correlation coefficients were R? = 0.9809 and R? = 0.9986,
respectively. When comparing the model to the experimental data at a 0.5% strain
rate, these were the coefficients of determination. A comparison of experimental and
simulation results revealed that the QLV model could reproduce the stress-strain curve

with acceptable accuracy.
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Under steady loading, it was discovered that subcutaneous adipose tissue is strain rate
dependent and exhibits a non-linear stress-strain response. Because it is soft and
compliant under quasi-static loading but stiff and resilient under dynamic loading, it

exhibits both viscous and elastic behavior.

16.1. Introduction

Technology advancement has not only helped to improve counterterrorism measures,
but it has also enabled insurgent bomb makers to develop new, more sophisticated
explosives used on battlefields to attack. Blast injuries are more common than not
encountered on battlefields. In such a blast situation, severe injuries are frequently
accompanied by traumatic effects throughout the body. Post-traumatic effects, such as
ear injuries, lung injuries, abdominal injuries, brain injuries, and soft tissue damage,

occur more frequently than death [1].

A blast wave is generated from an explosion by the sudden release of a large amount
of energy in a very small volume. A blast wave is commonly comprised of a shock
wave and blast wind [2]. When a bomb explodes, the area around the explosion
becomes over-pressurized, resulting in highly compressed air particles that travel
faster than the speed of sound. This wave will dissipate over time and distance and
will exist only for a matter of milliseconds. This initial blast wave inflicts the most
damage. When this blast wave reaches a human body, the body will feel the force of
the blast, which is the primary and initial impact of the shockwave [3]. This damages
the body on impact. The force with which a blast occurs is called its load. Blast
loading can inflict enough stress on the body to cause it to be flung onto a structure.
After a blast wave strikes the body, high-velocity shockwaves, or stress waves, will
continue to pass through it. Then travel through the organs and tissues. Shockwaves
carry energy through the medium they pass through; they're supersonic and transport
more energy than sound waves. At the explosion site, a vacuum is created by the rapid
outward movement of the blast. This vacuum will almost immediately refill itself with
the surrounding atmosphere. This creates a very strong pull on any nearby person or
structural surface after the initial push effect of the blast has been delivered. As this
void is refilled, it creates a high-intensity wind that causes fragmented objects, glass

and debris to be drawn back in toward the source of the explosion [3]. Therefore,
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in a blast scenario, two parts namely positive and negative sections are created. Blast

wave leads to injury through spalling, implosion, and inertia [4].

Blast injuries have been categorized into four major types: primary, secondary,
tertiary and mutilating [2, 4, and 5]. Primary blast injury is caused by a blast wave
striking the body and transmitting energy directly into the body. Currently, there are
no effective ways to prevent shockwaves from passing through protective clothing,
and in some cases protective measures may even amplify the destructive effects [6].
Secondary blast injury occurs by debris propelled onto or into the body by the blast or
its blast wave. The most common cause of death in a blast event is secondary blast
injuries. These injuries are caused by flying debris generated by the explosion.
Terrorists often add screws, nails, and other sharp objects to bombs to increase
injuries. Soft tissue injuries are one of the most common types of secondary blast

injuries. Thus, it is of substantial interest in this research.

Following blast dynamics, Personal protection equipment (PPEs) have continually
been designed. However, to date, military-grade armor materials designed to mitigate
ballistic and shrapnel attacks are less effective in resisting blast impacts. In order to
improve blast absorption characteristics of armors, the first key step is thoroughly
understanding the effects of blasts on the human body itself. In literature, an extensive
study on the effects of blast on some parts of a human body has been conducted using
experimental and computational modeling techniques. Abundant computational
models to study blast effects on the human head were developed by Ganpule et al. [7, §].
Arnab Chanda et al. modeled skin and bone sections from six locations of the body
1.e. the elbow, figure, wrist, cheek bone, forehead and skin basing on the knowledge of
human anatomy and eye estimation of three subjects [1]. Subcutaneous adipose tissue,
like other soft tissues in human body, is vulnerable to blast loading and shrapnel
penetrations among other impacts. Furthermore, studies have shown that subcutaneous
adipose tissue plays an important role as a mechanical load absorbing and distributing
member that absorbs shock and protects against local stresses [9, 10]. However, there
is a paucity of studies characterizing biomechanical response of adipose to loading
conditions. This provides adequate grounds to study the mechanics of adipose tissue

loading, which will be a vital step towards improving the design of protective devices.

Most experiments have been conducted on surrogates, animal models, cadavers and
few on live human subjects [10, 11]. Adipose tissue is commonly characterized using

human heel pad tissue, human breast and porcine subcutaneous [9—11] whereby its
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biomechanics have been studied experimentally and numerically using finite element
methods. In this case, a pig’s subcutaneous adipose tissue specimen was used
as a model for studying human subcutaneous tissue because comparatively, pigs have
genetical, physiological and anatomical traits similar to humans, which make them
one of the most useful and versatile animal models. Owing to these similarities, data
generated from porcine models are more likely to lead to viable human treatments
than those from murine work. In addition, the similarity in size and physiology to
humans allows pigs to be used for many experimental approaches not feasible in mice.
Research areas that employ pigs range from neonatal development to translational
models for cancer therapy [30]. Specimen(s) were subjected to varying strain rates
[10—12] to demonstrate different loading conditions. Adipose, as with most biological
tissues, exhibits heterogeneous, rate-dependent, viscoelastic behavior and experiences
large non-linear deformations [15]. It is suggested that adipose is approximately
isotropic in structure and due to the large lipid content, is almost incompressible [11].

Notwithstanding, a recent study by [14] observed some anisotropy in the specimen.

This work aims to future look into adipose tissue mechanics by investigating its
mechanical properties under quasi-static and dynamic compression loading at varying
strain rates so that important factors that affect its physical properties are understood.

Thus, give an insight into predicting the behavior based on the components it is made of.

16.2. Materials and methods

MTS machine was used to perform the uniaxial compression hence obtaining the
stress versus strain response data of porcine fat tissue from the material testing

mechanical laboratory.

16.2.1. Specimen preparation and Experimentation

A pig’s subcutaneous adipose tissue was obtained from the nearby market, fresh and
succulent with the skin on. The skin was dissected off the adipose tissue using
a scalpel blade so that preloading conditions are not altered much by the cutting force.
More so, correct measurements and the right shape are maintained on the surfaces of

the specimen. This was to ensure the consistency of all the samples. The resulted
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block of adipose was cut accurately into cubes of 10mm in dimensions. The
measurement of dimensions in the specimens’ unloaded state was done using
a conventional ruler. To enable the generation of data consistent with the specified

specimen shape, the dimensions of every specimen were confirmed prior to loading.

Fig. 1. (a) MTS universal testing machine (b) Specimen placement (c) Computer data generation and
Rys. 1. (I;l)oijtlrllligwersalna maszyna wytrzymato$ciowa MTS (b) umieszczenie probki (¢) generowanie
i komputerowe kreslenie danych
The specimen was placed on the center of the lower platen and oriented so its
remaining four surfaces were perpendicular to both the platens. This allows the
compression to be uniaxial without limiting shear loading because the test was
unconfined. The upper platen was lowered down to partially touch the top surface of
the specimen. This point was assumed to be the datum. The two platens were made
sure that they were frictionless to avoid lateral stresses. A compressive loading regime
was programmed into the software i.e. zero load, zero position and find contact. The
test was executed using the software program where the sample was loaded under
compression. These tests were performed over 3 strain rate regimes which is 0.05%,
0.5% and 5%. The same procedure was followed for all the specimens. The ambient

temperature was 10°C.

It was assumed that the experiment occurred under symmetric conditions, with
a homogeneous, isotropic and incompressible material, and that imposed deformations

were small compares to the original size of the cubic specimen.

16.2.2. Experimental data analysis

The experimental engineering stress was found by dividing the reaction force at every
sample point by the un-deformed contact area. The engineering strain corresponded to
the displacement of the platen divided by the un-deformed (original) height of the

specimen. Nominal stress and strain were also calculated.
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Unlike traditional solid materials that are typically described with a linear elastic or
hyperelastic behavior, most soft tissues are inhomogeneous, anisotropic, and
frequently have integral nonlinear viscoelastic mechanical behavior because they
consist of significant amounts of interstitial fluids. Therefore, this mechanical
behavior involves a response that changes with time as a product of tissue relaxation.
All the above-mentioned characteristics together with a nonlinear stress-strain
relationship make the characterization of biological tissues complicated [23]. Three-
-term QLV and one-tern Ogden models were selected for modeling the passive
behavior of subcutaneous adipose tissue. The equation below expresses the Ogden
hyperelastic material law.

W= 3L (7 + 25+ 25 = 3) + KU — 1= In]) (1)

Where W is the strain energy of the model, p is the initial shear modulus, a is the
strain hardening exponent, A; is the stretch ratio in three directions: x, y and z and
J represents the bulk modulus. Subcutaneous AT was considered incompressible, in
this way, J equals to 1. Consequently, one-order Ogden law simplifies a can be

expressed as follows,
W =220¢+2% + 15 -3) ()

Quasilinear viscoelastic (QLV) constitutive model is perhaps the most common
viscoelastic constitutive model used to characterize biological soft tissues. It has the
capability of modeling materials with time-dependent viscoelastic behavior that
undergo large deformation. The constitutive equation, which is defined as the
convolution integral of the time-dependent reduced relaxation function with the time
derivative of the elastic response function, can be used to fit the experimental data and
to estimate the QLV parameters [25, 26].

QLYV theory models the viscoelastic response of a material based on a stress relaxation

function and the instantaneous stress resulting from a ramp strain as:
o(t) = G(t) * o°(e) 3)

Where o (t) is the stress at any time t, 6°(€) is the stress corresponding to an
instantaneous strain, G(t) is the reduced relaxation function representing the stress of

the material divided by the stress after the initial ramp strain noted that * represents
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the convulsion of G and ¢°(€), which is G(t) multiplied by 6°(¢) and then integrated

over time. G(t) is defined as:

haG(6) = 20 and G(0%) = 1 )

The complete stress history at any time is then the convolution integral:

80°(t) 8¢

a®)=["_G(t-1) 0= (5)

80°(t)

€

Where G is the reduced relaxation function, represents the instantaneous elastic

8¢ . o .
response, and i is the strain history. It can be assumed that t starts at zero instead of

negative infinity for the exponential situation. The reduced relaxation function is:
G(t) = ae Pt + ce 4 + ge
Or G(t) =Y, Gefit (6)

Where a, b, ¢, d, g, h are all constants to be determined experimentally. B; is the decay

constant.

The instantaneous stress response is assumed to be represented through the nonlinear

elastic relationship:
g¢(e) = A(ePf - 1) (7)

In the nonlinear elastic function, A and B are constants that must be determined by
experiment. They are also constants to be fit with experimental data. Three terms of

coefficients are adopted in this study.

16.2.3. Analytical solution

To determine the strain rate dependent material properties, an inverse FE algorithm
was used. Selected models (Ogden and QLV) were simulated numerically in python
using the available package weave namely: matplotlib, numpy and scipy. Parameter
optimization was carried out using a pycham optimization package. Thus, material
parameters were calibrated by minimizing the square of the absolute error between the

stress-strain data obtained numerically with the experimental measurements. This
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produced optimal material parameters. The use of absolute errors instead of relative
errors is justified as it provides a better fit for large deformations [27]. Since the main
output of numerical and experimental tests was the compressive force measured over
time on the adipose tissue specimen by the load cell, the objective function was
formed to calculate and minimize the difference between the experimental and

numerical force measurements.

n

n . — 2
f(x) — \/Zl=1(J’LExp YiNum) (8)

Where f(x) is the objective function, yiexp is the value of experimental force, yinum 1S
the responsive numerical force and n is the number of data points in experimental

tests.

Hyperelastic material parameters; p, a, C1, C2, and C3 were obtained from the

numerical inverse process.

16.2.4. Modelling and Simulation

Commercial solver LS-DYNA SMP R11.0.0x64 was used in conjunction with
Ls-prepost(R) V4.5.24 for modeling and simulations of the adipose tissue. Ls-prepost
can be used to model simple components that do not have intricacies in its parts. This

version of the software have Implicit and Explicit finite element codes.

Platen

Tissue

Model

Platen

Fig. 2. Adipose tissue model between two steel platens
Rys. 2. Model tkanki thuszczowej pomigedzy dwiema stalowymi ptytami

The model was meshed to obtain accurate results. Automatic surface to surface
contact type was chosen with segment sets between the slave and/or master and the

specimen. Static coefficient of friction (FS) was set to 0.01 for both cases.
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16.2.5. Boundary conditions

The model setup is that all translational and rotational degrees of freedom (DOF)
about the bottom platen are constrained while on the top platen, the translational DOF
in compression direction was unconstrained. This allows the top platen to move
downwards during compression. The specimen model remains unconfined in the
middle of the top and bottom platens thus, undergoing uniaxial compression. To
execute the compression work, top platen (slave) was given a prescribed motion of

0.5%/s and the load curve scale factor set to negative 1.

16.2.6. Hyperelastic Material models

Ls-dyna present material models that can be used to analyze biological materials.
However, few can reasonably be used to analyze the constitutive properties of adipose
tissue. The models that can be used for this particular one are: MAT 077-O
OGDEN_RUBBER and MAT 176 QUASILINEAR VISCOELASTIC.

The former is a hyperelastic nearly incompressible model in principal directions and
the latter is a quasi-linear, isotropic, viscoelastic material which represents biological
soft tissues, such as the brain. Therefore suitable for simulating adipose tissue because

it undergoes finite deformation when stressed.

16.2.7. Inverse finite element method/analysis

To implement finite element analysis in lIs-dyna, material parameters found
experimentally were input into the respective material models. Ogden material model
(Fig. 4) required the input of parameters: density of material, Poisson’s ratio, mu (p),
alpha (o) and optional relaxation shear modulus (G) and relaxation constant(s) (B).
QLV material model (Fig. 5) required: density of material, Poisson’s ratio, bulk
modulus, relaxation shear modulus (G) and relaxation constant(s) (B) and elastic
constants C, C2 & Cs. The experimentally acquired parameters can be substituted with

load curve ID in the material model keyword cards.
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Table 1
Parameters input to material model cards
Density (p) 920 kg/cm®
Poisson’s ratio (v) 0.499983
Bulk modulus (k) 5e5 Pa
Relaxation shear modulus (G) G1=3000, G2=2770
Relaxation constants (p) Bi=310, P2=100
Ogden parameters p=16.40, o=8410
QLY parameters C1=-136.98, C,=-225.60, C3=13636.85

The parameter values of p, v, Gi and Pi used above were obtained from [46]

simulation of the calibration experiment with low strain rate (0.2%/s).

During the simulation, the specimen was compressed at a strain rate of 0.5%/s until
50% of its initial length as demonstrated in Fig. 3 below. Ogden model simulation was
carried by invoking implicit solver while QLV simulation used explicit solver because

it cannot be simulated in implicit solver. Both simulations converged successfully.

Stress-strain data from the elastic response of the material during simulation was
obtained by plotting designated node(s) and/or element(s) stress-strain responses that
were enabled by invoking in DATABASE HISTORY NODE/SOLID _ID. The data
was saved to excel files for later analysis.

a b

§

Fig. 3. (a) Tissue sample before compression (b) After compression
Rys. 3. (a) Prébka tkanki przed kompresja (b) po kompresji

| t=0ms t=20ms t=50ms t=100ms 1=145ms

n

Fig. 4. Demonstrates simulation using Ogden material model
Rys. 4. Demonstracja symulacji z wykorzystaniem modelu Ogdena

| Ob0ha=-80
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' t=0Oms t=20ms t=50ms t=100ms t=145ms

Fig. 5. Demonstrates simulation using quasilinear viscoelastic (QLV) material model

Rys. 5. Demonstracja symulacji z wykorzystaniem kwaziliniowego modelu lepkosprezystego

From the above demonstrations, it’s observable that the material models respond to
the applied load differently. This is depicted by change of stress colorations and shape
with respect to time. Ogden model gives almost immediate response to the load
compared with QLV model. On examining further, the specimen during the
compression test, lateral elongation was observed proving the presents of Poisson’s
ratio in the material. Poisson’s ratio contributes to the form of stress-strain diagram.
The initial and final cross-sectional area of the specimen in compression changed. In
this way, nominal and true strain diagrams cannot be identical. Until 50%

compression, the volume of the material was conserved.

The experimental curve at 0.5%/s was chosen for comparison with the developed
finite element model. The reason for choosing only one curve is that there is not
always a continuous increasing stiffness from lower to higher strain rates within the
levels, lower, intermediate and high of strain rate, hence one curve is sufficient. More

curves would not increase the accuracy [27].

16.3. Results

16.3.1. Experimental results

Experimental data obtained from compression of adipose tissue (see Table 1 above) in
the mechanical laboratory were represented graphically using OriginPro 2019b.
It is a graphing and data analysis software. Curves of the three samples are plotted
for each strain rate regimes i.e. 0.05/s, 0.5/s and 5/s as shown in Fig. 6 (a), 6 (b) and 7
(a) below.
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Rys. 6. (a) Trzy probki przy odksztalceniu 0.05%. (b) Trzy probki przy odksztalceniu 0.5%

500
——S1 400 J—0.05%
—— 52 ——0.5%
a00 ] S3 5%
& & a0
= = [
@ 300 o
e < :
™ : ]
= O TN S O =
£ = £
S 5
= 4
100 -
100 4~
0 7 T T ° 7 T T r
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.4 0.2 0.3 0.4 0.5
Nominal Strain (g) MNominal Strain (g)
(a) ()]

Fig. 7. (a) Three specimen samples at 5% strain rate. (b) Average of 0.05%, 0.5% and 5% strain rates
from figure 6 (a), 6 (b) and 7 (a) respectively
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Fig. 8. (a) Increasing stiffness as strain rate increases. (b) Average from figure 3.3
Rys. 8. (a) Wzrastajaca sztywnos$¢ przy wzrastajacym odksztatceniu. (b) Srednia z rysunku 3.3

The values of elastic modulus and modulus of rigidity shown in the table below was
obtained from calculating the slope of the curve in Fig. 8 (b) above.
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Table 2

Average approximate elastic and shear modulus with standard deviations
for strain rates between 0.05% and 5%

Initial (A) Final (B)

(kPa) STD (kPa) b STD (kPa)
Elastic modulus 12.71 10.93 1300 66.60
(E)
Shear modulus (G) 4.23 2.30 433.30 22.20

The graph describes the stress-strain relationship of the adipose tissue and more so
clearly depicts the strain rate dependence of the tissue. The elastic modulus is within
the range reported in [9, 11, 20, 21] and the shear modulus calculated from the curve

slope is in agreement with the values reported in [11].

16.3.2. Analytical results

Using python algorithm parameters i.e. p, @ and Cy, Cz, & C3 from Ogden law and

Quasilinear-Viscoelastic law respectively, are obtained as tabulated in Table 3 and 4

below.
Table 3
Ogden parameters for the listed strain rates
Strain Rates i a R? RMSE
0.05% 7.820 8.763 0.9973 2.090
0.5% 16.062 8.330 0.9870 8.804
5% 25.380 8.331 0.990 13.91
Table 4
QLYV parameters for the listed strain rates
Strain Rates | C; C> Cs R? RMSE
0.05% -124.36 840.40 -15.280 0.990 4.251
0.5% -32 593.20 1041.14 0.9993 2.032
5% -51.11 937.26 1645.00 0.9993 3.210
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Table 5
Averaged Ogden parameters
u a R? RMSE
16.40 8.410 0.9809 11.195
Table 6
Averaged QLV parameters
Ci(-) Ca(-) Cs R? RMSE
136.980 225.60 3636.85 0.9986 3.90

These averaged parameters are used in the respective material models for simulations.

16.3.3. Inverse FEM results
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Fig. 9. (a) Stress-Strain response of Ogden material model. (b) Stress-Strain response of quasilinear
viscoelastic material model
Rys. 9. (a) Krzywa naprezenie-odksztalcenie dla modelu Ogdena. (b) Krzywa naprezenie-odksztatcenie
dla kwaziliniowego modelu lepkosprezystego

Ogden model depicts some sensitivity to applied load even from the beginning and

increasingly non-linear from 0 to 0.5 Strain. According to Is-dyna material selector,

Ogden material model is in the family of rubber (RB). This can explain the low

viscoelasticity and stress sensitivity seen at initial stages of stress application as shown

on Fig. 9 (a) above. Apart from the graphical representation, its stress-strain responses

can be observed in Fig. 4.
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QLYV finite model curve shows pliability of the specimen during compression as seen
in the graph above, from 0 to 0.1 strain. QLV material model is in the family of
biological materials (BIO). Stress response of this model can also be described by Fig. 5.
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Fig. 10. (a) Experimental and finite element models data comparison. (b) Models deformation and
curves under compression loading

Rys. 10. (a) Poréwnanie danych eksperymentalnych I modelu elementow skonczonych. (b) Modele
deformacji I krzywych pod obciazeniem $ciskajacym

A clear understanding of the relationship among model compression, load-

-deformation curves and effective stresses can be obtained from the figure below.

16.4. Discussion

Uniaxial compression test was conducted in the laboratory to obtain the stress-strain
data when the specimen was subjected to three different loading rates as mentioned
earlier on in the previous chapter(s). The compiled data were represented graphically
to bring into perspective the stress-strain response when subcutaneous adipose is
loaded at varying rates. Three specimen samples were tested at every strain rate. That
1s: 0.05%, 0.5% and 5%. At 0.05% strain rate, it is observed that the curves are less
inclining and the stress for deforming the specimen to 50% of its initial shape is also
low as shown by Fig. 6 (a). Curves at 0.5% strain rate are more inclined and its
deformation stress is higher than the one for 0.05%. The slope of curves at 5%/s
increased further than for the first two strain rates. The three samples in each strain
rate are averaged into one as illustrated in Fig. 7 (b). These clearly show the stress-

-strain response with changing loading rate. The elastic modulus and stress strain
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curve were found to be dependent on the strain rate. As the strain rate increases, the

elastic modulus increases and the stress strain curve becomes stiffer.

The general behavior of the curve shows that from 0 to 0.1 strain, the material
deforms with low sensitivity to the applied load - it remains viscous. From 0.1 to 0.2,
sensitivity to loading rises. From 0.2 to 0.3, a sharp stiffness is observed and between
0.3 and 0.5, the material’s stiffness increases significantly. This behavior gives a non-
linear stress strain curve. The viscous behavior of subcutaneous adipose can be
attributed to the 3D foam cell structure of interlobular septa and large amount of
interstitial fluids that fill the spaces between cells. Whereas the elasticity is attributed
to the existence of adipose ECM in varying degrees of stiffness and elasticity which is
a property primarily dependent on collagen and elastin concentration(s). The
combination of these properties yields a viscoelastic material that is manifested in

adipose tissues.

Regression analysis was conducted on stress-strain data from experiment to obtain the
constitutive hyperelastic parameters of the tissue. Ogden and QLV models were
employed to characterize the hyperelastic properties and are presented in Table 5 and
6 respectively. Strain hardening exponents remained relatively same for all the strain
rates. The value of shear response (n) see table 3.2, depicts that the material’s
deformation behavior under steady loading is strain rate dependent because it
increases with strain rate. The negative values of p is attributed to artifacts of the
fitting. It is magnified when some of the powers in the Ogden model are negative. In
such case, a small but positive shear modulus can artificially appear as negative. This
could be experienced more often when the material undergoes finite deformation. In
this study, the values of p were taken as positive. QLV elastic constants Ci, C; and C3

were used as they are in material model keyword cards.

Stress-strain data from finite element model analysis were plotted. Ogden model and
QLV model showed different responses during compression test, see Fig. 9 (a) and
9 (b) The major difference is that curve from Ogden data shows instant sensitivity to
loading whereas QLV curve shows low sensitivity to loading initially as observed on

experimental curves.

To validate the results of the experiment, the stress strain curve at a strain rate of
0.5%/s was compared to the stress strain curves from finite element simulation. As

observed in Fig. 10 (a), there is a pronounced difference between Ogden curve and
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experimental curve but slight difference between QLV and experimental curve.
The correlation coefficients for Ogden and quasilinear viscoelastic models were
R2=0.9809 and R?= 0.9986 respectively.

A Comparison between the experimental and simulation results shows the capability
of QLV model to reproduce the stress strain curve with acceptable accuracy.
Therefore, the suggested material parameters are capable of fairly predicting the load

and deformation of subcutaneous fat tissue.

16.4.1. Conclusions and recommendation

Subcutaneous adipose tissue is strain rate dependent and shows a non-linear stress-
strain response under steady loading. It manifests both viscous and elastic behavior by
the virtue that, it is soft and compliant under quasi-static loading but stiff and resilient

under dynamic loading.

Quasilinear viscoelastic model gives a better prediction of the load-deformation
response of subcutaneous fat tissue than Ogden. Model validation was performed
employing the coefficients of determination in which the one for QLV nears 1 and its

RMSE is small compared to Ogden.

A fresh sample of porcine can possibly give better results especially when all
conditions are recorded prior to testing. Therefore, it is recommended that fresh
samples be used in future to investigate the mechanical properties of subcutaneous

adipose tissue so that comparative results can be obtained.
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INVESTIGATION OF ADIPOSE MECHANICAL PROPERTIES UNDER
COMPRESSION LOADING FOR IMPROVING HUMAN BODY ARMOR
MODELING

Abstract

Adipose tissue mechanical properties were investigated under quasi-static and
dynamic compression loading at varying strain rates on specimens made from porcine
subcutaneous adipose tissue. The specimens were subjected to a uniaxial compression
test to obtain stress versus strain response data. The tests were carried out at three
strain rates: 0.05, 0.5, and 5%/s. For modeling three-term, QLV and one-term Ogden
models were chosen. Python was used to numerically simulate experimental data. The
hyperelastic material parameters obtained were as follows: p = 16.4, a = 8.4, C; = -137,
C, =-225.6, and C3 = 3636.85 To simulate adipose tissue, a finite element model was
created. The average elastic and shear modulus for strain rates ranging from 0.05 to
5% were determined to be: For the Ogden and quasilinear viscoelastic models, the
correlation coefficients were R? = 0.9809 and R? = 0.9986, respectively. When
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comparing the model to the experimental data at 0.5% strain rate, these were the
coefficients of determination. A comparison of empirical and simulation results
revealed that the QLV model was capable of reproducing the stress-strain curve with
acceptable accuracy. Results showed that subcutaneous adipose tissue is strain rate
dependent and exhibits a non-linear stress-strain response. It was found to be soft and
compliant under quasi-static loading but stiff and resilient under dynamic loading, it

exhibits both viscous and elastic behavior.

Keywords: subcutaneous adipose tissue, strain rates, finite deformation, viscoelastic,

uniaxial compression, Is-dyna
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Chapter 17. FUNCTIONAL EVALUATION IN PHYSIOTHERAPY
EDUCATION. INTERNATIONAL RESEARCH WITH USE
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17.1. Introduction

One of the important health challenges of the 21st century is facing with development
of civilization diseases and decreasing quality of life associated with it. In this regard,
the gradual ageing of the population will be one of the crucial social change agents.
According to Eurostat [1] the impact of demographic ageing within the European
Union (EU) is likely to be of major significance in the coming decades. Additionally,
low birth rates and higher life expectancy are changing the shape of the EU-28’s age
pyramid. It is estimated that the share of people aged 65 years or over will account for
28.7% of the EU-28’s population by 2080 and people aged 80 years or above in the
EU-28’s population is projected to more than double between 2015 and 2080, from
5.3% to 12.3%.

While most people are aware that successive generations are living longer, less is
known about the health of the EU’s ageing population. In 2014, the number of healthy
life years at birth was estimated at 61.4 years for men and 61.8 years for women in the
EU-28; this represented approximately 79% and 74% of total life expectancy for men
and women [2]. According to Eurostat [3] more than one-quarter of the EU-28

population which was self-reported regarding health experienced long-standing
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limitations due to health problems. Moreover, 26.9% of the population aged 16 and
over reported some (moderate or severe) long-standing limitations in their usual
activities due to health problems in 2013; 18.3% reported moderate long-standing
limitations and 8.7% reported severe long-standing limitations. Taking into account
severe long-standing limitations regarding the individual EU Members States, the
highest shares of people reporting them were registered in Slovakia, Austria, Italy,
Latvia, the United Kingdom, Germany and Greece, all 10% or higher. It can be
concluded that the problem of heavy functional and activity limitations of (even young

people) is present in countries regardless of level development.

Another research namely the European health interview survey (EHIS) conducted
between 2006 and 2010 surveyed persons aged 15 and over and included questions
about any physical or sensory limitations indicated that in all of the participating EU
Member States, among people aged 6574, around two thirds or more reported
physical and sensory limitations, a share that peaked at close to 90% in Latvia and
Romania. Moving to the oldest age group for which data are available, persons aged
85 and over, the share of people reporting physical and sensory limitations exceeded
95% in 11 of the 12 Member States for which data are available, the exception being
Hungary (91%).

The presented data above and results of research on healthy life years are strictly
linked to the quality of life, and represent those years that may be enjoyed by
individuals free from the limitations of illness or disability. Chronic disease, frailty,
mental disorders and physical disability tend to become more prevalent in older age,
and may result in a lower quality of life for those who suffer from such conditions.
The consequences are not only addressed for people suffered but also for healthcare
system and economy (increased social expenditure related to population ageing, in the
form of pensions, healthcare and institutional or private (health) care). In fact, the
healthy life years monitor health as a productive or economic factor. Hence an
increase in healthy life years is one of the main goals of EU health policy, given that
this would not only improve the situation of individuals (as good health and long life
are fundamental objectives of human activity) but would also lead to lower public
healthcare expenditure and would likely increase the possibility that people continue
to work later into life. If healthy life years increase more rapidly than life expectancy,
then not only are people living longer, but they are also living a greater proportion of

their lives free from health problems [2].
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Taking into account this problematic background the important question is how to
improve the extra years of life gained through increased longevity to spend them in

good health and how to predict and prevent functional impairments of people.

The crucial areas, through which this improvement is feasible, are: learning new or
supplemented competencies of physicians and creating new or supplemented
healthcare procedures, the aim of which is to predict and prevent functional and
activity limitations of people of different ages. Nowadays most medical students are
trained to deal with structure and physiology and not function and disability. Actually,
according to the research, it can be stated that function, impairment or disability are
words in which many physicians have little interest or are ignored [4, 5].

Another problem of today’s approach to diagnosing and treatment of physical
impairments is focusing particularly on the musculoskeletal system (physical health)
and lack of including in the evaluation model an integration approach taking into
account also neurological, cognitive system (mental health) and social environment
(social integration). According to research, such an approach is confirmed as equally
important [6].

EU countries should be obligated to health promotion policy, however, it is needed the
creation of new knowledge on how age, disability onset/duration, and type of
limitation influence health and quality of life across adulthood. According to recent
research this could identify when and for whom health promotion services are most
critical in greater to optimize health and quality of life and reducig the risk of
disability [7, 8].

As confirmed in research, the knowledge and technological innovation reached in the
field of health sciences have grown considerably in recent years. Particularly, the
scientific and technical advances achieved in the field of Functional Evaluation (FE)
have become a revolution in the way practitioners identify, treat and assess many of
the syndromes and pathologies with the highest impact on the quality of life of people.
FE scope goes beyond the physical dimension, and it takes into account perceptions,
needs and preferences. Particularly, FE collects the required technologies and methods
to assess how people perform daily life activities (DLA), focusing on (1) the
musculoskeletal system (physical health), (2) the neurological and cognitive system
(mental health), (3) social environment (social integration).

It is believed that FE is an appropriate way to address current and future socio-sanitary
challenges in Europe because FE supports the diagnosis. Sometimes, conventional

diagnostic techniques do not allow clinicians to make objective decisions because
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diseases have an indeterminate origin or an organic lesion cannot be found to justify
their occurrence. In other cases, results from FE methodologies complement
conventional diagnostic techniques and help clinicians gain a broader and more
realistic picture of patients' conditions. FE improves monitoring of patient
development and treatment effectiveness. Because FE collects quantitative methods,
by comparing their results, it is possible to quantify the development of patients or the
impact that each type of treatment has on them. As a result, patients will receive better
health care based on more accurate diagnoses and improved treatments. Healthcare
assistance will be more focused on what patients are doing and how they are doing it,
thus improving their quality of life. As FE enables more accurate diagnosis and helps
improve treatments, national health systems will increase their efficiency and
sustainability. FE supports the prediction of possible diseases and problems related to
functional limitations and activity restrictions, making it possible to prevent them at
an early stage of diagnosis.

Taking into account the proposition of including FE in the educational path, the
original e-learning course was developed as a part of the international project
"Development of innovative training solutions in the field of functional evaluation
aimed at updating of the curricula of health sciences schools" and disseminate within
students and lectures of health sciences schools as well as physiotherapists. Based on
this, the paper aims to present research outcomes on the interest level of people who
participated in the course, especially from point of view of the FE approach to

diagnosis and treatment.

17.2. E-learning course evaluation methodology

The course was created taking into account the progressing phenomenon of population
aging and the related problem of long-term functional limitations (physical, mental
and social) affecting an increasing number of people, especially the elderly.

The main objective of the course was to familiarize participants with FE issues and, in

particular, with elements of biomechanics that are one of the areas of interest in FE.

An online course integrated into the web has consisted of four basic modules divided
into chapters: (i) Functional Evaluation: Concept and Methodology; (ii) Foundations
of Biomechanics applied to the Locomotor System; (iii) Biomechanics of Spine;
(iv) Biomechanics of Gait.
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The view of the e-platform is shown in Fig. 1.

;ea.ch HOME PROJECT CONTENTS GUIDE CONTACT US MODULES E

T

Existing modules

A complementary module of basic
knowledge that the student should
know in the area of functional
evaluation in a holistic approach to
human health.

Student acquires comprehensive
knowledge, skills and... [Read more]

[@Mfree ™ 6units @ 25hours

Fig. 1. View of the e-learning platform

Rys. 1. Widok platformy e-learnig

https://teach.ibv.org/

Every module includes from 4 to 6 topics with comprehensive and general
information presenting the most important aspects of biomechanics, anthropometry
and physiology. A module contains theoretical content with elements of practice, that

formats are video and pdf as a script ready for download.

The expected study time for a module is 25 hours, which corresponds to 1 ECTS
credit.

The course was dedicated to students, lecturers and physiotherapists. The course was
very popular among students all over the world, even from India, Bolivia, Mexico and
Georgia, however, the largest number of participants came from Europe. Classifying
participants in terms of universities, the largest number were students of the
University of Bydgoszcz — 535 participants, David Tvildiani Medical University —
36 participants, University of Valencia — 45 participants, Medical University
in Lublin — 4 participants, Bydgoszcz University Enterprise of Knowledge —
2 participants. The geographical location map of participants and the percentage from

universities are shown in Fig. 2 and Fig. 3 respectively.
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Fig. 2. Territorial coverage of the TEACH course countries
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Fig. 3. The percentage of participants from all universities
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For the verification study, a questionnaire form was developed to measure course
participant satisfaction, particularly interest in the topics and the relevance of each
module, that overall look is presented in the Fig. 4.

Feach

Development of innovative training solutions in the field of functional evaluation aimed at
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STUDENTS' SATISFACTION SURVEY

Maxt, we will ask your opinion about the mataerials and activities carried oul in the class you
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Thiz survey is completely anonymous and includes a tetal of 7 guestions. The estimated lime
it will take to answer this survey is 5 min.

Academic training
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2. Univarsity

3. Carear/Dagree

4. Subject in which the contents of the TEACH project have been used

5. Which OME of the following didactic units are you going to evaluate?
Module Biomechanics: foundations of biomechanics applied to the locomotor system
Unit & Movements |

Unit B: Forces and pressures| |

Unit C: Physiological signs and morphometric paramatmsD

Unit D: Technigues o the instrumeantal analysis of movamants and lorces. Includes D1 and
b2 []

Unit E: Technigues for the instrumental analysis of physiological signs and anthropomelric
and marphamatric parametars. Includes E1, E2, E3 and E4 |__"|

Unit F: Requirements of a biemechanical assessment system. concepts of validity, reliability
and accuracy. Includes F.1.and F2.[ ]

Fig. 4. An excerpt from the prepared questionnaire
Rys. 4. Fragment ankiety weryfikacyjnej
https://teach.ibv.org/
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17.3. Results and discussion

The results of the survey allowed for quantitative analysis of interest in the course.
Moreover, the obtained data allowed for the assessment of the attractiveness of

individual modules and the topics included in them.

As illustrated by the data presented in Fig. 5, the module on concepts and methodology
in the functional evaluation was the most popular course (Module 1). This course was
evaluated by 255 students of health sciences schools. Important information from the
point of view of quantitative analysis of the received data would be the information
about the course and the semester studied. Then the number of questionnaires of
respondents per 100 students of a given course would allow us to obtain absolute values
indicating the actual interest in the chosen course (for future use).

The second group that participated in the survey was the academic staff, who, like the
students, were asked to complete a survey on how they rated their satisfaction with the
course. The first question on the survey was which module you rated. The number of
responses in terms of course evaluations mapped the degree of interest in a particular
course. Figure 5 presents quantitative data in terms of course modules evaluated. As
can be seen from the data presented, the module on the foundations of the
biomechanics of the locomotor system "Module Biomechanics: foundations of
biomechanics applied to the locomotor system" was the most popular among the
group of academic teachers.

300
250
200

150

255
148
110
100 75
49
) : B . I .
i ] = =

Module 1 Module 2 Module 3 Module 4

W Students M Lectuers

Fig. 5. Number of participants by choice of course modules

Rys. 5. Liczba uczestnikow w podziale na wybor modutéw kursu

Legend: Modul 1: Functional Evaluation: Concept and Methodology; Module 2 Foundations of
Biomechanics applied to the Locomotor System; Module 3: Biomechanics of Spine; Module 4:
Biomechanics of Gait.
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As can be seen from the data presented in Table 1, the greatest interest among students
was: Classification of activities and functions according to the International
Classification of Functioning, Disability, and Health (ICF) — 28%, The importance of
cognitive abilities in performing motor tasks and why it is important to include
biomechanical analysis in cognitive impairments — 19%; Importance of functional
assessment and its application — 18%; Classification of functional impairments and
disabilities — 16%; Socio-health impact of disability. Disability in the workplace —
11%; Functional assessment analysis: classical assessments versus instrumental
analysis — 8%.

Table 1

Results of interest for individual chapters of Module 1 "Functional Evaluation:
Concept and Methodology"

. Country
Name of units
Colombia | Georgia | Poland | Spain | Total

Unit A: Classification of activities and ) 63 3 73
functions according to the ICF
Un1t‘B: Importgnce of functional assessment 1 1 5 45
and its applications
Unit C: Classification of functional
impairments and disability 2 36 2 40
Unit D: Socio-health impact of disability.

T . 1 26 1 28
Disability in working places
Unit E: Importance of cognitive abilities in the
performance of motor tasks and why it is
. . . . .. 1 1 23 24 49
important to include biomechanical analysis in
cognitive impairments
Unit F: Functional evaluation assessment:

. . . 19 1 20

classical assessments vs instrumented analysis
Total 1 7 214 33 255

As in the case of lecturers, the Module Functional Evaluation: Concept and
Methodology were chosen as the second most interesting. The first one was Module

Foundations of Biomechanics applied to the Locomotor System.
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As can be seen from the data presented in Table 2, the most interesting chapter in
module one was the chapter on the mechanics of body motion (dynamics). Among all
the chapters in this module, the first chapter was selected most often — 21 times, which
is 43% of the submitted evaluations.

Table 2

Results of lecturers' interests in particular chapters of Module 2 "Biomechanics:
foundations of biomechanics applied to the locomotor system"

Country

Name of units
Poland | Spain | Total

Unit A: Movements 11 10 21
Unit B: Forces and pressures 4 4 8
Unit C: Physiological signs and morphometric parameters 3 2 5

Unit D: Techniques for the instrumental analysis of movements
and forces. Includes D1 and D2

Unit E: Techniques for the instrumental analysis of physiological
signs and anthropometric and morphometric parameters. Includes 4 1 5
El, E2, E3 and E4

Unit F: Requirements of a biomechanical assessment system.

Concepts of validity, reliability and accuracy. Includes F1 and F2 6 6

Total 30 19 49

Among students, the FE module was the most popular, which may be due to the
growing interest in patient diagnosis, which is based on the overall functioning of the
body, rather than on a selected disease entity.

It is quite surprising that teachers' interest is directed towards aspects of the
biomechanics of movement rather than FE approaches. This may be related to
a certain pattern of education developed over the years in which FE topics were not

popular.

17.4. Conclusion

The utilitarian goal of the e-learning course of FE is to update and reinforce the skills
of the next generation of graduates in health sciences schools. The specific innovative
training program was developed taking into account the wide spectra of needs and
requirements of health sciences teachers from all over Europe and always regarding

the future scenario of European health.
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As indicated by the results of the international survey with the participation of
students and teachers, the most interesting topic among students was Modul
containing knowledge about Functional Evaluation: Concept and Methodology.
It means that the FE area is a desirable component for future medics. For this reason,
FE should be implemented into the curricula of health sciences schools.
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FUNCTIONAL EVALUATION IN PSYCHOTHERAPY
EDUCATION. INTERNATIONAL RESEARCH WITH USE
E-LEARNING PLATFORM

Abstract

This paper presents findings on the importance of functional evaluation (FE) as one of
the teaching topics for therapists against the background of an international European
project. The problem of the aging population becomes the basis for activities in
predicting and preventing functional limitations and activity limitations of people of
different ages. From the point of view of health sciences, it seems reasonable to
implement FE as an element of the educational path integrating a comprehensive
approach to diagnosis and treatment of physical disability. Presented results indicate
interest in the mentioned topics among students, lecturers and physiotherapists from

many European countries and others.

Keywords: functional evaluation, physiotherapy, e-learning, education



POSTEPY W ONKOLOGII OBLICZENIOWEJ
I SPERSONALIZOWANEJ MEDYCYNIE

TOM 2
WYZWANIA PRZYSZEOSCI

Streszczenie

Druga ksigzka z serii wydawniczej Postgpy w Onkologii Obliczeniowej i Spersonali-
zowanej Medycynie kontynuuje raportowanie doniesien o najnowszych badaniach
1 rozwigzaniach stosowanych w obszarze onkologii obliczeniowej 1 medycyny sperso-
nalizowanej. Zaprezentowane rozdziaty sa wynikiem badan prowadzonych zaréwno
przez pracownikéw Politechniki Slaskiej jak i partneréw zaréwno ze $wiata
akademickiego i otoczenia spoteczno-gospodarczego. Poruszana tematyka obejmuje
badania zwigzane z bioinformatyka (m.in. przetwarzanie obrazéw medycznych,
klasyfikacja, badania zwigzane z nowotworami), modelowaniem numerycznym

w zastosowaniach biomedycznych, e-learningiem (bio)inzynierig materialowa.

Nowe idee i aplikacje prezentowane w ramach serii ukierunkowane sg na wdrozenia
nowych narzedzi diagnostycznych, lekow oraz terapii, ktore pomoga klinicystom
w ich praktyce 1 ostatecznie doprowadza do wzrostu jako$ci zycia.

Niniejsza wieloautorska monografia podaza za najnowszymi trendami inzynierii
biomedycznej, w szczegolnosci zwigzanymi z onkologia obliczeniowa 1 medycyna
spersonalizowang. Praca zawiera 17 rozdziatow, w ktérych Autorzy dzielg si¢
z Czytelnikiem swoim do$wiadczeniem i wiedzg w odniesieniu do nast¢pujacych
zagadnien:

a) bioinformatyki: przetwarzanie obrazow medycznych (m.in. mikrotomografia
w badaniach histopatologicznych, analiza obrazéw hodowli komorkowych,
przygotowanie obrazow medycznych pacjentow COVID-19 do klasyfikacji Al);
systemy klasyfikacji (np. wyodrebnianie cech, wizualizacja wielkich zbiorow
danych); onkologiczne (np. mutacje komodrek rakowych, algorytmy ekspresji
gendw); analiza rekurencyjna,
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b) modelowania numerycznego (m.in. mrozenie komorek rakowych, mechanika ptynéw
uktadu krazenia),

c) biomateriatow (m.in. biofunkcjonalizacja powierzchni) oraz okre$lania wlasciwosci
tkanek,

d) e-learningu (w zastosowaniu do ewaluacji kursoéw e-learningowych w warunkach

pandemicznych).

Publikacja monografii jest jednym z dziatan realizowanych przez Politechnike Slaska.
Wydawana jest m.in. w ramach programu Inicjatywa Doskonatosci — Uczelnia
Badawcza, a jej tematyka doskonale wpisuje si¢ w temat Priorytetowego Obszaru
Badawczego 1 (POBI; Onkologia Obliczeniowa i Spersonalizowana Medycyna)
Politechniki Slaskie;.
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related research), (bio)materials engineering, numerical
modelling in biomedical applications and e-learning.
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