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BI®OGMATH

www.biomathforum.org/biomath/index.php/biomath

The journal Biomath is a companion publication to the conference series Biomath
as it is available for publishing work presented at the conference. Specifically many
of the keynote presentation appear as original or review papers in the journal.
However, the journal is independent from the conference and submission of any
manuscripts within its scope are welcome.

Scope: Mathematical results relevant to applications of mathematical methods or
mathematical models in biosciences or embedded in such applications. These re-
sults should include deeper and substantial involvement of mathematical theory and
non-routine mathematical methodologies. Furthermore, the journal publishes pa-
pers on novel applications of more familiar mathematical techniques and analyses
of biological problems, which indicate the need for new mathematical approaches.
Special attention is given to approaches that are outside the scope of mainstream
journals on mathematical and theoretical biology.

Fair Open Access: The journal does not charge publication fees and offers free
open access to the online publication. Printed copies can be ordered for a fee. Free
printed copies of Biomath 8(1) are available for BioMath2019 conference partici-
pants.

Biomath is indexed since its inception in 2012 by Mathematical Reviews (Math-
SciNet), ZentralblattfuerMathemathik (zbMATH), EBSCO, Directory of Open Ac-
cess Journals (DOAJ). As from 2019 the content will be indexed by Scopus.



SPECIAL SESSION

The session in honour of Professor Jacek Banasiak

Jacek Banasiak is a Professor and DST/NRF SARChI Chair in Mathematical Mod-
els and Methods in Biosciences and Bioengineering at the University of Pretoria,
Professor at ¥.6dz University of Technology and Visiting Professor at the University
of Strathclyde.

His scientific work concentrates on relations between microscope approach based
on linear transport problem and microscope description represented by diffusion,
fragmentation and coagulation processes as well as the phenomenon of chaos in in-
finitely dimensional linear dynamical systems. During 35 years of academic career
he has published almost two hundred publications, promoted ten doctors and has
been a member of editorial board of three international journals. Personally, Jacek
Banasiak is a big enthusiast of mountaineering and other forms of travelling. Al-
though he is living in South Africa he is actively taking part in life of mathematical
society both in Poland and in other European countries.

The session celebrating the birthday of Professor Jacek Banasiak is organized on
Thursday, June 20th, 15:00 - 18:00. Not only will it be an occasion to meet among
the group of close friends and co-workers, but also to present main results of the
celebrant for those who have not had an opportunity to get acquainted with them
before.



MINI SYMPOSIUM

MATHEMATICAL METHODS IN CANCER IMMUNOLOGY AND
INFECTIOUS DISEASES

SESSION 1
Grzegorz Rempata
Title: Stochastic vs deterministic models of imicro and macro biological systems.

Abstract: This talk will introduce the methods of modelling biological phenom-
ena via simple Markov processes under mass action law and their aggregate limits
(mean field equations). Examples from immunology and epidemiology will be pre-
sented.

SHORT TALKS
Harsh Jain

Title: Intracranial pressure dynamics in brain cancer: A biomechanical perspec-
tive

Abstract: Brain tumor growth and tumor-induced edema result in increased in-
tracranial pressure (ICP), which, in turn, is responsible for brain cancer symptoms
and, ultimately, death.Therefore, it has been hypothesized that tracking ICP dy-
namics may offer improved prognostic potential in terms of early detection of brain
cancer and better delimitation of the tumor boundary. However, translating such
theory into clinical practice remains a challenge, in part because of an incomplete
understanding of how ICP correlates with tumor grade. In this talk, I will present
a multi-phase mixture model that describes the biomechanical response of healthy
brain tissue—in terms of changes in ICP —to a growing tumor. The model captures
ICP dynamics within the diseased brain and accounts for the ability /inability of
healthy tissue to compensate for this pressure. Parameter regimes that distinguish
brain tumors by grade will be presented, thereby providing critical insight into
how ICP dynamics vary by severity of disease. In particular, the model offers an
explanation for clinically observed phenomena, such as a lack of symptoms in low-
grade glioma patients versus a rapid onset of symptoms in those with malignant
tumors. Our model also takes into account the effects tumor-derived proteases may
have on ICP levels and the extent of tumor invasion.



Bismark Singh

Title: Optimization Based Decision-Support Tools for Influenza Pandemic Pre-
paredness

Abstract: To better prepare for future influenza pandemics, the Texas Depart-
ment of State Health Services collaborated with academic researchers to build the
Texas Pandemic Flu Toolkit (TPFT). These Web-based decision-support tools in-
clude novel optimization and epidemic simulation models with user-friendly inter-
faces, and are freely and publicly available at http://flu.tacc.utexas.edu/. Here,
we describe three TPFT tools that are designed to guide critical medical resource
stockpiling, allocation and distribution.

SESSION 2
Grzegorz Rempata

Title: Estimating parameters and model reduction in biological micro and macro
systems

Abstract: This talk will introduce some basic methods for parameter estimation
and scale-based model reductions available in the presence of intrinsic and extrinsic
noise and possible multiple scales of the observables. Examples from simple biolog-
ical systems will be given.

SHORT TALKS
Celeste Vallejo

Title: Using Markov mixture models to calculate continuous-time rates from discrete-
time data

Abstract: Sampling a continuous time two-state stochastic process at discrete times
and calculating transition probability matrices for each pair of consecutive obser-
vation times yields a time series of two-wave panel data; i.e. interval censoring.
Estimating transition rates for the underlying continuous time process requires that
we identify a time series of continuous time models whose transition probabilities at
the observation times match those in the observed transition matrices. Empirical
and theoretical literature over the past 43 years assesses whether or not the observed
transition matrices are embeddable in the class of continuous time Markov chains,
and if so, transition rates are calculated within that class of models. We show that
non-Markov embeddable matrices are embeddable in the class of two-component
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mixtures of continuous time chains, but that aprioriconstraints are required to es-
timate transition rates in the resulting under-identified system. Depending on the
imposed constraints, the rates in the mixture model may either be identified, or
partially identified with resulting restricted ranges of non-uniqueness of transition
rates. We apply this methodology to estimate incidence and recovery rates from
malaria infection in the Garki district of northern Nigeria in the 1970s. We are
able to assess the impact of combinations of indoor residual spraying and distinct
drug administration regimens where such evaluations had previously been regarded
as not doable as a consequence of non-Markov embeddability of observed transition
matrices.

Mondal Hasan Zahid

Title: Decoys and dilution: the impact of incompetent hosts on prevalence of Cha-
gas disease

Abstract: Biodiversity is commonly believed to reduce risk of vector-borne zoonoses.
This study focuses on the effect of biodiversity, specifically on the effect of the de-
coy process (additional hosts distracting vectors from their focal host), on reducing
infections of vector-borne diseases in humans. Here, we consider the specific case
of Chagas disease and use mathematical population models to observe the impact
on human infection of the proximity of chickens, which are incompetent hosts for
the parasite but serve as a preferred food source for vectors. We consider three
cases as the distance between the two host populations varies: short (when farmers
bring chickens inside the home to protect them from predators), intermediate (close
enough for vectors with one host to detect the presence of the other host type),
and far (separate enclosed buildings such as a home and hen-house). Our analysis
shows that the presence of chickens reduces parasite prevalence in humans only at
an intermediate distance and under the condition that the vector birth rate asso-
ciated with chickens falls below a threshold value, which is relative to the vector
birth rate associated with humans and inversely proportional to the infection rate
among humans.

Wasiur Rahman KhudaBukhsh

Title: Quasi-steady-state approximations derived from the stochastic model of en-
zyme kinetics

Abstract: The talk outlines a general approach to deriving quasi-steady-state ap-
proximations (QSSAs) of the stochastic reaction networks describing the Michaelis—
Menten enzyme kinetics. In particular, we explain how different sets of assumptions
about chemical species abundance and reaction rates lead to the standard QSSA,
the total QSSA, and the reverse QSSA. These three QSSAs have been widely studied



in the literature in deterministic ordinary differential equation settings, and several
sets of conditions for their validity have been proposed. With the help of the
multiscaling techniques introduced in Ball et al. (Ann ApplProbab 16(4):1925-1961,
2006), Kang and Kurtz (Ann ApplProbab 23(2):529-583, 2013), it is seen that the
conditions for deterministic QSSAs largely agree (with some exceptions) with the
ones for stochastic QSSAs in the large-volume limits. We also illustrate how the
stochastic QSSA approach may be extended to more complex stochastic kinetic
networks like, for instance, the enzyme-substrate-inhibitor system. (Joint work
with Hye-Won Kang, Heinz Koeppl, and Grzegorz A. Rempata.)
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SCHOOL FOR YOUNG SCIENTISTS

The School for Young Scientists (SYS) is an integral part of the Biomath confer-
ences. It consists of meetings with the keynote speakers and SYS coordinators,
SYS dedicated lectures of introductory nature giving foundations and insight into
the respective topic and facilitating engagement with the keynote talks to follow
and participation in the conference. The aims of SYS are:

- to bring closer established researchers and young scientists;

- to broaden the scientific horizon and facilitate meaningful participation of young
scientists in the conference;

- established scholars have the opportunity to know good students and students
have the opportunity to make contacts with prestigious professors;

- students receive useful practical information related to their work and career.
The specific content in 2019 is as follows:

1) First meeting of SYS and introduction of some keynote speakers: 18:00-19:00,
16 June

2) The following lectures in the minisymposium are SYS lectures

Prof. Grzegorz Rempala

e Stochastic vs deterministic models of micro and macro biological systems

e Estimating parameters and model reduction in biological micro and macro sys-
tems

3) Final meeting and handing out of certificates and prizes: 9:00-9:45, 22 June.
Certificates

Certificates for successful completion of the School for Young Scientist (SYS) are
issued to participants who

(i) attended the above meetings and lectures,

(ii) who have made a conference presentation (talk or poster),

(iii) attended all conference activities, specifically all keynote talks. PhD students
are further expected to have taken part in the PhD Presenters Competition.
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PLENARY SPEAKERS

VINCENZO CAPASSO, University of Milano, Italy

JEAN CLAIRAMBAULT, Laboratoire Jacques-Louis Lions, France

NELI DIMITROVA, Bulgarian Academy of Sciences, Bulgaria

JACEK KUBIAK, Institute of Genetics and Development of Rennes, France
ANNA MARCINIAK-CZOCHRA, Heidelberg University, Germany

RAcHID OUIFKI, University of Pretoria, Republic of South Africa
RyszarD RUDNICKI, University of Silesia, Poland

ANDRZEJ SWIERNIAK, Silesian University of Technology, Poland

HIrOKI UEDA, University of Tokyo/RIKEN, Japan
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BioMATH 2019

ON THE REGIONAL CONTROL OF SPATIALLY
STRUCTURED EPIDEMIC SYSTEMS.
APPLICATION TO A MALARIA MODEL

Vincenzo Capasso
ADAMSS (Interdisciplinary Centre for Advanced Applied Mathematical and Statistical
Sciences), Universita degli Studi di Milano “La Statale”, Milano, Ttaly

The talk will concern a unified review of a set of previous papers by the same
author and collaborators concerning the mathematical modelling and control of
malaria epidemics. The presentation moves from a conceptual mathematical model
of malaria as a spatially structured system. Significant model reductions have been
introduced, in order to make the resulting reaction-diffusion system mathematically
affordable. Only the dynamics of the infected mosquitoes and of the infected humans
has been included, so that a two-component reaction-diffusion system is finally
taken.

The spread of the disease is controlled by three actions (controls): killing mosqui-
toes, treating the infected humans and reducing the contact rate mosquitoes-humans.
The public health concern consists of providing methods for the eradication of the
disease in the relevant population, as fast as possible. On the other hand, very often
the entire domain of interest for the epidemic, is unknown, or difficult to reach for
the implementation of suitable environmental sanitation programmes. This has led
the authors to suggest that implementation of such programmes might be done only
in a given subregion, conveniently chosen so to lead to an effective eradication of
the epidemic in the whole habitat (“Think globally, act locally”).

To start with, the problem of the eradicability of the disease is considered. We
have proven that it is possible to decrease exponentially both the human and the
vector infective population everywhere in the relevant habitat by acting only in a
suitable subdomain. Later the regional control problem of reducing the total cost
of the damages produced by the disease, of the controls and of the intervention in
a certain subdomain is treated for the finite time horizon case. In order to take the
logistic structure of the habitat into account the level set method is used as a key
ingredient for describing the subregion of intervention.

REFERENCE

[1] Anita S., Capasso V., A stabilizability problem for a reaction-diffusion sys-
tem modelling a class of spatially structured epidemic model, Nonlinear
Anal. Real World Appl. 2002; 3: 453-464.



[2] Anita S., Capasso V., Stabilization of a reaction-diffusion system modelling
malaria transmission. Discrete and Continuous Dynamical Systems, Series

B, 2012; 17: 1673-1684.

[3] Anita S., Capasso V., Demetriu, G., Regional Control for a spatially struc-
tured malaria model. Mathematical Methods in the Applied Sciences 2019;
42: 2909-2933.



BioMATH 2019

MODELLING PLASTICITY OF CANCER CELLS AND
EMERGENCE OF DRUG-INDUCED DRUG RESISTANCE
USING ADAPTIVE CELL POPULATION DYNAMICS, WITH
PERSPECTIVES IN THERAPEUTICS

Jean Clairambault
Sorbonne Université, Jacques-Louis Lions Lab, UMR CNRS 7598, Paris, France
& MAMBA Inria team, Paris, France
jean.clairambault@inria.fr, http://who.rocq.inria.fr/Jean.Clairambault /

I will present an evolutionary viewpoint on cancer, seen at the two time scales of
(large-time) evolution in the genomes and of (short-time) evolution in the epigenetic
landscape of a constituted genome. These views, based on works by Lineweaver,
Davies and Vincent (cancer as backward evolution in multicellular organisms, aka
atavistic theory of cancer) and by Sui Huang and collaborators (revisited Wadding-
ton epigenetic landscape), respectively, may serve as guidelines to propose a global
conception of cancer, including towards possible innovating therapeutic strategies.

Drug-induced drug resistance, the biological and medical question we are tack-
ling from a theoretical point of view, related to the plasticity of cancer cells, may be
due to biological mechanisms of different natures, mere local regulation, epigenetic
modifications (reversible) or genetic mutations (irreversible), according to the ex-
tent to which the genome of the cells in the population is affected. In this respect,
the modelling framework of adaptive dynamics we will present is more likely to
correspond biologically to epigenetic modifications, although eventual induction of
emergent resistant cell clones due to mutations under drug pressure is never to be ex-
cluded. From the biologist’s point of view, we study phenotypically heterogeneous,
but genetically homogeneous, cancer cell populations under stress by drugs.

The built-in targets for theoretical therapeutic control present in the phenotype-
structured PDE models we advocate are not supposed to represent well-defined
molecular effects of the drugs in use, but rather functional effects, i.e., related to
induction of cell death (cytotoxic drugs), or to proliferation in the sense of slowing
down the cell division cycle without killing cells (cytostatic drugs). We propose that
cell life-threatening drugs (cytotoxics) induce by far more resistance in the highly
plastic cancer cell populations than drugs that only limit their growth (cytostatics),
and that a rational combination of the two classes of drugs - and possibly others,
adding relevant targets to the model - may be optimised to propose therapeutic
control strategies to avoid the emergence of drug resistance in tumours. We address
this optimal control problem in the context of two populations, healthy and cancer,
both endowed with phenotypes evolving with drug pressure, and competing for



space and nutrients in a non-local Lotka-Volterra-like way, taking thus into account
a constraint of limiting unwanted adverse effects.

Finally, I will present some transdisciplinary challenges of cancer modelling that
should concern mathematicians, cell biologists, evolutionary biologists and oncolo-
gists, aiming to go beyond the present state of the art in the treatments of cancer.

REFERENCE

1]

Nguyen, T.N., Clairambault, J., Jaffredo, T., Perthame, B., Salort, D.
Adaptive dynamics of hematopoietic stem cells and their supporting stroma:
A model and mathematical analysis. To appear in Mathematical Biosciences
and Engineering (2019).

Clairambault, J., Pouchol, C. A survey of adaptive cell population dynamics
models of emergence of drug resistance in cancer, and open questions about
evolution and cancer. To appear in BIOMATH (2019).

Pouchol, C., Clairambault, J., Lorz, A., Trélat, E. Asymptotic study and
optimal control of integrodifferential systems modelling healthy and cancer

cells exposed to chemotherapy. Journal de Mathématiques Pures et Ap-
pliquées, 116:268-308 (2018).

Goldman, A., Kohandel, M., Clairambault, J. Integrating Biological and
Mathematical Models to Explain and Overcome Drug Resistance in Cancer,
Part 1: Biological Facts and Studies in Drug Resistance, Current Stem Cell
Reports, 3:253-259, and Part 2: From Theoretical Biology to Mathematical
Models, Current Stem Cell Reports, 3:260-268 (2017).

Chisholm, R.H., Lorenzi, T., Clairambault, J. Cell population heterogeneity
and evolution towards drug resistance in cancer: biological and mathemati-

cal assessment, theoretical treatment optimisation. BBA General Subjects,
1860:2627-2645 (2016).

Chisholm, R.H., Lorenzi, T., Lorz, A., Larsen, A.K., Almeida, L., Escar-
gueil, A., Clairambault, J. Emergence of reversible drug tolerance in cancer
cell populations: an evolutionary outcome of selection, non-genetic instabil-
ity and stress-induced adaptation. Cancer Research, 75(6):930-939 (2015).

Lorz, A., Lorenzi, T., Clairambault, J., Escargueil, A., Perthame, B. Effects
of space structure and combination therapies on phenotypic heterogeneity
and drug resistance in solid tumors. Bull. Math. Biol., 77(1):1-22 (2015).

Lorz, A., Lorenzi, T., Hochberg, M.E., Clairambault, J., Perthame, B. Pop-
ulational adaptive evolution, chemotherapeutic resistance and multiple anti-
cancer therapies. Mathematical Modelling and Numerical Analysis, 47:377-
399 (2013).



BioMATH 2019

MODEL-BASED CONTROL STRATEGIES
FOR ANAEROBIC DIGESTION PROCESSES

Neli Dimitrova
Institute of Mathematics and Informatics
Bulgarian Academy of Sciences, Sofia, Bulgaria

Mikhail Krastanov
Faculty of Mathematics and Informatics
Sofia University “St Kl. Ohridski”;
Institute of Mathematics and Informatics
Bulgarian Academy of Sciences, Sofia, Bulgaria

Anaerobic digestion (AD) is a biological process in which organic degradable mate-
rial is converted into biogas by microorganisms. Recently, AD has been evaluated
as one of the most promising processes for waste recovery, environmental protection
and bioenergy production. At laboratory or industrial scales the AD process oc-
curs inside an anaerobic digester (bioreactor). Biological processes are known to be
highly unstable due to the high complexity of the ecosystem itself or to the presence
of disturbances. A good management and control of the AD process can be achieved
via validated mathematical models—an area, which is extensively studied in recent
years [2].

We consider here a four-dimensional nonlinear model [1], describing anaero-
bic degradation of soluble organic wastes in a continuous bioreactor with methane
production. Different control strategies for asymptotic stabilization of the dynamic
system are presented, like input control, output feedback control, extremum seeking
control, open-loop control. Numerical simulation results are included as illustration
of the theoretical studies.

REFERENCE

[1] O. Bernard, Z. Hadj-Sadok, D. Dochain, A. Genovesi and J.-P. Steyer, Dy-
namical model development and parameter identification for an anaerobic

wastewater treatment process, Biotechnology and Bioengineering, 75, 424—
438 (2001).

[2] J. Jimenez, E. Latrille, J. Harmand et al, Instrumentation and control of
anaerobic digestion processes: a review and some research challenges, Re-
views in Environmental Science and Bio/Technology, 14, 4, 615-648 (2015).
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MATHEMATICAL MODEL OF THE ROLE OF CDC6
IN CDK1 ACTIVATION UPON M-PHASE ENTRY

Mateusz Debowski
Faculty of Mathematics, Informatics and Mechanics, Institute of Applied Mathematics
and Mechanics, University of Warsaw, Poland

Jacek Z. Kubiak
UnivRennes, UMR 6290, Institute of Genetics and Development of Rennes, Cell Cycle
Group, Faculty of Medicine, F-35000 Rennes, France
Department of Regenerative Medicine and Cell Biology, Military Institute of Hygiene
and Epidemiology (WIHE), Warsaw, Poland

Mirostaw Lachowicz
Faculty of Mathematics, Informatics and Mechanics, Institute of Applied Mathematics
and Mechanics, University of Warsaw, Warsaw, Poland

Zuzanna Szymanska
Institute of Mathematics, Polish Academy of Sciences, Warsaw, Poland
ICM, University of Warsaw, Warsaw, Poland

We focus our research on a clarification of the role of CDC6 protein in the en-
try into mitosis. In our biochemical experiments we have shown before that CDC6
acts as inhibitor of the major enzyme triggering the entry into mitosis, namely
the kinase Cyclin-CDK1, during the activation of this protein complex upon mi-
totic entry. Moreover, CDC6 determines not only the dynamics of Cyclin-CDK1,
but also a characteristic inflection of the activation curve at early stages of this
process. This shape of the curve of Cyclin-CDK1 activation resembles the curve of
microorganisms growth upon changing culture conditions known as diauxic growth.
Thus, CDC6 seems to be the only factor responsible for the diauxic-type of growth
of the activity of Cyclin-CDK1 kinase. The mathematical model, which we pro-
pose here concerns the relationship of the mentioned above proteins and CDC25
phosphatase, known as a major activator of CDK1 during mitotic entry. Thus, all
regulatory proteins referred to herein are: kinase CDK1, its regulatory subunit cy-
clin B, the activator phosphatase CDC25 and the recently identified by us inhibitor
CDC6. Our mathematical model is based on mass action kinetics. This model al-
lows us to formulate a new hypothesis on a mutual interaction between CDC6 and
CDKI1, which determines the correct, diauxic-like dynamics of CDK1 activation
upon mitotic entry.
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NEW MODELS FOR PATTERN FORMATION,
MECHANO-CHEMICAL INTERACTIONS
AND MULTISCALE ANALYSIS

Anna Marciniak-Czochra
Heidelberg University, Germany

Hydra has been a fruitful model system in developmental biology for over 100 years.
Even before the empirical discovery of morphogens, their existence was hypothe-
sised in 1952 by Alan Turing. He proposed a simple model of reacting and diffusing
“morphogens” as a plausible mechanism for spontaneous pattern formation in bio-
logical tissue, mentioning Hydra patterning as a prominent example. In this talk, I
will show how Turing and other pattern formation concepts stand challenges arising
from the current experimental research. In particular, I will introduce new models
to investigate interactions between pattern formation subsystems controlling devel-
opment of different body structures such as head and tentacles. Another aspect
these models cover is dynamics of formation of complex and overlapping patterns of
different genes (such as multiple Wnts). The Turing-style morphogen-based models
will be compared to a mechano-chemical model exhibiting de novo pattern forma-
tion. The latter will use geometric singular perturbation allowing separating fast-
and slow-scale subsystems. Model simulations will be compared to the current ex-
perimental results.

The presentation is based on joint works with Moritz Mercker and Frits Veer-
man (IAM, Heidelberg University), and the experimental group of Thomas Holstein
(COS, Heidelberg University).
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MATHEMATICAL MODELLING OF TUMOR-IMMUNE
INTERACTIONS AND ONCOLYTIC VIROTHERAPY

Rachid Ouifki
University of Pretoria, South Africa

In this talk T will present and discuss some mathematical models that investigate
the interaction dynamics between tumor cells, oncolytic viruses and the immune
system.

I will start by presenting and analyzing a mathematical model that addresses
some mechanisms by which tumors escape detection and control by the immune
system. This will be followed by a mathematical model that is aimed at exploring
how oncolytic virotherapy can be enhanced by using nonspecific oncolytic viruses
(i.e. viruses that are able of infecting, in addition to tumor cells, some normal cells
in the vicinity of the tumor). Then, I will present a mathematical model dedicated
to (oncolytic) virus delivery, whereby some cells are used for the delivery of oncolytic
viruses to the tumor site. The aim of this model is to investigate how this method
of virus delivery enhances outcomes of oncolytic virotherapy. Finally, I will present
a model of oncolytic virotherapy with two delays; an intercellular delay in the viral
replication and a second delay for the immune’s response to viral infection. The aim
here is to investigate possible trade-offs between these delays that will eventually
help resolve some challenges faced with virus delivery in oncolytic virotherapy.
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ONE AND TWO-PHASE CELL CYCLE MODELS

Ryszard Rudnicki
Institute of Mathematics Polish Academy of Sciences Katowice, Poland

Katarzyna Pichér
Institute of Mathematics University of Silesia Katowice, Poland

In the lecture we present deterministic and stochastic one and two-phase models of
the cell cycle. The deterministic models are given by partial differential equations
of the first order with time delay and space variable retardation. The stochastic
models are given by stochastic iterations or by piecewise deterministic Markov pro-
cesses. We study asymptotic stability and sweeping of stochastic semigroups which
describe the evolution of densities of these processes [?]. We also present some re-
sults concerning chaotic behaviour of models and relations between different types
of models.

REFERENCE

[1] K. Pichér and R. Rudnicki, Applications of stochastic semigroups to cell
cycle models, Discrete Contin. Dyn. Syst. B 24 2365-2381.
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MODELING AND OPTIMIZATION OF COMBINED
ANTICANCER THERAPIES

Andrzej Swierniak
Silesian University of Technology, Gliwice, Poland

Piotr Bajger
Warsaw University, Warsaw, Poland

Rafat Suwinski
Centre of Oncology M.Sklodowska-Curie Institute branch Gliwice, Gliwice, Poland

Jarostaw Smieja
Silesian University of Technology, Gliwice, Poland

The use of optimal control theory in mathematical modeling of cancer therapies has
had more than five decades of history (see e.g. [1] for survey). The early literature
is mainly focused on cancer chemotherapy, then modeling has been applied for
novel cancer treatments such as anti-angiogenic therapy, immunotherapy, and gene
therapy, and, recently, combination of chemotherapy and these modern modalities
has become a subject of multi-input control optimization. Surprisingly, the most
frequent form of combined therapy, which contains chemotherapy as a systemic
treatment and radiation as a local therapy, is almost absent in the literature on
system theory application to planning a war against cancer. One of the reasons is
that both radio- and chemotherapy protocols are completely standardized. On the
other hand, it is not clear how they should be combined to obtain the best effects
in terms of patient survival. We present an explicit solution to the multi-input
optimal control problem formulated for a simple model of cancer growth under the
combined therapy. Then we extend this model with additional equations, describing
pharmacokinetics and DNA repair of adjacent strand breaks and study alterations
in optimal control strategies resulting from these processes. Ultimately, we compare
the outcomes of the protocols found with the actual clinical ones, defined by Kaplan-
Meier survival curves obtained with in silico tests. We discuss both structural and
parametric sensitivity of the models and results obtained by our analysis and the
role of parameter estimation for tumor growth models. Although the models taken
into account are quite simple, we conclude that a careful judgment on a case-by-
case basis is necessary to determine, if drug metabolism and/or DNA repair may be
ignored in mathematical models. On the other hand, we have found that the role
of parameter estimation for tumor growth models in the case of realistic protocols
is the essential for prediction of efficiency of different therapy schedules. The talk
is based on results presented in [2] and [3].
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The detailed molecular and cellular mechanisms underlying NREM sleep (slow-wave
sleep) and REM sleep (paradoxical sleep) in mammals are still elusive. To address
these challenges, we first constructed a mahematical model, Averaged Neuron Model
(AN Model), which recapitualtes the electrophysiological characteristics of the slow-
wave sleep. Comprehensive bifurcation analysis predicted that a Ca?T-dependent
hyperpolarization pathway may play a role in slow-wave sleep. To experimentally
validate this prediction, we generate and analyze 26 KO mice, and found that im-
paired Ca?"-dependent K+ channels (Kcnn2 and Kenn3), voltage-gated Ca®T chan-
nels (Cacnalg and Cacnalh), or Ca?*/calmodulin-dependent kinases (Camk2a and
Camk2b) decrease sleep duration, while impaired plasma membrane Ca®" ATPase
(Atp2b3) increases sleep duration. Genetical (Nr8a) and pharmacological inter-
vention (PCP, MK-801 for Nr1/Nr2b) and whole-brain imaging validated that im-
paired NMDA receptors reduce sleep duration and directly increase the excitability
of cells. Based on these results, we propose a hypothesis that a Ca?"-dependent
hyperpolarization pathway underlies the regulation of sleep duration in mammals.
We also recently developed a simplified mathematical model, Simplified Averaged
Neuron Model (SAN Model), which uncover the important role of K* leak channels
in NREM sleep. In this talk, I will also describe how we identify essential genes
(Chrm1 and Chrm&) in REM sleep regulation, and propose a plausible molecular
definition of a paradoxical state of REM sleep.
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ASYMPTOTIC STABILITY OF AGE-STRUCTURED
RESOURCE-CONSUMER MODEL OF POPULATION
DYNAMICS WITH SATURATED INTAKE RATE
AND TIME DELAY

Vitalii V. Akimenko
Taras Shevchenko National University of Kyiv, Ukraine

The nonlinear autonomous resource-consumer model in a heterogenous environment
consisting of several food patches with active resource and generalist consumer
is studied. Food resources do not disperse between patches, while consumers do
disperse. The model of consumer population is age-structured and is described by a
delayed transport equation [1]. The model of n food resources is unstructured and
is described by nonlinear ODE with saturated intake rate. The delay models the
handling time of generalist consumer, i.e. the time a consumer needs to handle and
digest a unit of resource. Digestion period is included in the calorie intake rate which
impacts on the consumer fertility and mortality. Saturated intake rate models the
inhibition effect from the behavioural change of the food resources when they react
on the consumer population growing or from the crowding effect of the consumer.
The model is studied both analytically and numerically. Conditions for existence of
trivial, semi-trivial and non-trivial equilibria and their local asymptotic stability are
obtained. Numerical experiments confirm and illustrate these theoretical results.
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OPTIMAL CONTROL PROBLEM FOR AN HIV MODEL
IN CASE OF PRE-EXPOSURE PROPHYLAXIS
AND SCREENING
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Optimal control problems offer ways to set up appropriate policies to reduce the
number of infected individuals within a population. Human immunodeficiency virus
(HIV), which is one of the life threatening viruses, infected about 36.9 million people
and almost 940.000 people died due to HIV related illnesses in 2017 [1]. Some treat-
ment and prevention strategies are applied such as antiretroviral therapy, HIV coun-
selling and testing, and the pre-exposure prophylaxis (PrEP) [2]. Indeed, spread of
an infectious disease among individuals is not an instantaneous process. On the con-
trary, it is influenced by memory. Therefore, we consider a Caputo time fractional
model to express the spread of the disease [3]. The main goal of this study is to in-
vestigate the contribution of screening rate and the rate of administration of PrEP,
so we apply optimal control theory to a population-based model in case of PrEP
and screening to reduce the number of infected individuals. Illustrative examples
show the contribution of optimal control over uncontrolled case and we determine
the optimal prevention strategies together with the impact of the fractional order.
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USING DIFFERENTIAL EQUATIONS

Jenny Paola Alfaro Garcia
Universidad Militar Nueva Granada, Cajicd, Colombia

Maria Isabel Romero Rodriguez
Universidad Militar Nueva Granada, Cajicd, Colombia

Osteosarcoma (OS) is an orphan and potentially fatal disease, affecting mainly the
metaphyseal region in the long bones of the body, highly aggressive and a percent-
age of patients will develop metastasis. Some factors that promote metastasis have
been identified, such as the S-phase kinase-associated protein 2 (SKP-2). Treat-
ment is surgical together with combined chemotherapy and it has a high survival
rate in absence of metastasis. When it exists, survival is precarious. Therefore, it
is necessary to research other possible treatments for such cases; and mathematical
modeling is both a powerful and useful tool to evaluate possible adequate candi-
dates for a primary approach without the laboratory costs. The main aim of this
study is to develop a mathematical model using differential equations that allows to
determine the inhibition effects of the SKP-2 protein in different stages of OS. For
this purpose, a mathematical model of the growth and development of the disease
will be established for the different stages through simulation based on mouse data
obtained from bibliography. The obtained model will be used to simulate and eval-
uate the change in the development of the diseases when SKP-2 protein is inhibited
in different stages. The tumor size and its effect on the metastasis will be analyzed,
as well as in which stage of disease the inhibition of SKP-2 will be more effective.
The results of this study will elucidate and strengthen the scientific bases about the
regulation or inhibition of SKP-2 as potential treatment for OS, especially in cases
of metastasis.
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TIME-FREQUENCY ANALYSIS OF EEG SIGNALS
PARTIAL COHERENCE AS A MEASURE OF THE DEPTH OF
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Epilepsy is one of the most commonplace neurological disorder among people around
the world. Electroencephalography EEG is a powerful technige used to record the
ecltrical activity of the brain and can play a crucial role in distinguishing epilepsy
from the other brain disorders as well as determine the location of the onset of an
epileptic seizure. This work aims to investigate the electrical activity of the brain,
which is produced by the interacting of large number of neurons, under epileptic
conditions. The spectral analysis of the underlying data is provided by using non-
parametric spectral estimations, namely the averaging periodograms across con-
tiguous sections of single records, smoothing the periodogram of the entire record,
and the multi-taper method. Moreover, a comparison between these methods will
be made in order to decide which of them is more accurate in estimating spectral
densities. Coherence and partial coherence are used to measure the strength of the
correlations between signals.
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In the last decades, the development of sustainable insect control methods has
become one of the most challenging issue to reduce the impact of human vector
borne diseases, like malaria, dengue, chikungunya or crop pests, like fruit flies.
The focus of this talk is the Sterile Insect Technology (SIT) method of control of
mosquito populations. This topic has received already significant attention as visible
from [1]-[3] and the references therein. For the temporal dynamics we consider
a compartmental model, which is minimalistic in the sense that it uses smallest
possible number of compartments allowing for adequate modelling of the mechanism
of SIT control. It is simpler than the models in [1], [2], [3], but it has the same
asymptotic properties under SIT control. Specifically, even small level of SIT control
induces bi-stable asymptotic dynamics. The spacio-temporal admits a travelling
wave solution. We presents efficient SI'T control strategies of changing the direction
of the wave from invasion to retreat.
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AN LP-APPROACH TO THE WELL-POSEDNESS
OF TRANSPORT EQUATIONS
ASSOCIATED TO A REGULAR FIELD

Luisa Arlotti
University of Udine, Udine, Italy

Well-posedness of transport equations with general external Lipschitz fields and
general measures associated to a large variety of boundary conditions is investigated
in LP-spaces, 1 < p < co. In particular a new explicit formula for the corresponding
transport semigroup is given. Some applications are also presented.
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TRAVELLING WAVES IN MODELLING CHEMOTHERAPY
FOR GLIOMAS
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Low grade gliomas are primary brain tumours which evolve very slowly in time,
however inevitably cause patient death. We are going to study the possibility of ex-
istence of travelling waves in the Fisher-Kolmogorov type model describing evolution
in time of low grade glioma cells proposed in [1]. Considered system describes the
evolution in time of functionally alive tumour cells and cells irreversibly damaged
by chemotherapy treatment.
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ADVERSE EVENTS, VACCINE SCARES, AND INDIVIDUAL
VACCINATION CHOICE — MODELLING USING
EVOLUTIONARY GAME APPROACH
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Rumours on adverse health outcomes either from infection or vaccination have strong
impact on vaccination uptake. Understanding human behavioral responses during a vac-
cine scare and its interactions with the population dynamics of disease play key role in
predicting the dynamics of disease, designing intervention strategies and policymaking in
public health program. Mathematical modelling is an important tool for investigating
and quantifying such effects in infectious disease and control.

In the first part of my talk, I will introduce evolutionary game models of vaccination
dynamics in homogeneous population to describe how human attitude changes towards
vaccination during a scare using empirical data of several vaccination coverage. In the
second part, I will introduce vaccination game on social network to discuss how rare but
severe events can impact the vaccination dynamics.
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ON DIFFUSION IN THIN LAYERS
SEPARATED BY SEMI-PERMEABLE MEMBRANES

Adam Bobrowski
Lublin University of Technology, Lublin, Poland

We discuss a theorem saying that diffusion in two thin 3D regions separated by
a semi-permeable membrane may be approximated by diffusion on two sides of
this membrane. Interestingly, permeability coefficients featuring in transmission
conditions become integral parts of the limit equation and play the role of intensities
of jumps from one side of the membrane to the other.
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Acquired drug resistance syndrome (ADR) is one of the most important features
associated with tumour treatment and is therefore a topic of intensive studies. We
present two simple mathematical models reflecting different mechanisms of ADR
with some Darwinian effects included. These effects allow resistant cells to become
sensitive again. One of our model is a modification of the model proposed by
Ollier et al. [1] and the other is based on the ideas of Pérez-Garcia et al. [2]. Basing
on this mathematical approach we conclude that for constant continuous treatment,
if no Darwinian effects are present, then once resistant cells appear, sensitive cells
are eliminated after a long time, independently of the mechanism of acquiring the
resistance. However, with Darwinian effects the situation is a little better as the
sensitive cells are not completely eliminated but they are still outcompeted by the
resistant ones. We discuss these mechanisms on the example of gliomas.
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We introduce a statistic inference method for the household dynamics of an endemic
zoonotic diarrheal disease based on the observational, cross-sectional data as often
available from household health surveys. We apply the dynamic SID (susceptible-
infected-diseased) model that describes the disease steady-state to such data. The
model adjusts the household age-structure and environment contamination. Using
the idea of the synthetic likelihood we estimate the SID transmission rate param-
eters using Bayesian approach via MCMC (Markov Chain Monte Carlo) methods.
Our approach appears capable of genuinely capturing the complex dynamics of dis-
ease transmission across various human, animal and environmental compartments
at the household level and can be possibly used in other epidemiological settings
where it is desirable to fit steady state dynamics using cross-sectional data. We
apply proposed method to the household survey data in Cameroon and provide the
SID analysis allows for a more detailed examination of how household occurrence
risk is associated with the water environment and how it is transferred across age
compartments.
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PREVENTION OF PRESSURE ULCERS USING A DEEP
LEARNING APPROACH AND WEARABLE TECHNOLOGY
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One of the scenarios that emerged from the socio-demographic and healthcare pro-
jections to 2030 and 2050 on the Italian population processed by National Institute
of Statistics (ISTAT) on aging and active longevity is that in 2050 the population
over 65 will amount to 20 million people, of which over 4 million will be over 85
years. These data suggest a special focus on chronic diseases. One of these is the
development of a disease that usually occurs in patients undergoing hospitalization,
the pressure ulcers (PUs). PUs represent a direct consequence of a prolonged com-
pression of the skin which causes a narrowing of the blood vessels, with consequent
tissue necrosis; for this reason it is also called a pressure injury. Although healthcare
has played an important role in the healing process of this disease for several years,
all the approaches addressed so far do not guarantee high accuracy and the proposed
solutions are very expensive and invasive. This study aims to present a non-invasive
system that helps hospitalized patients to prevent the development of PUs and, at
the same time, improves the sustainability and efficiency of health systems. The
design and implementation is carried out through the use of wearable sensors and a
deep learning approach that allows us to predict the major positions of bedridden
patients thus helping the medical staff to attend when a patient remains in the same
position for a prolonged time. We built a dataset by monitoring the positions of
hospitalized patients, and we trained the proposed algorithm obtaining good levels
of accuracy.
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TURING PATTERN FORMATION
IN VEGETATION MODELS FOR ARID ENVIRONMENTS
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Highly organized vegetation patterns are typical of arid and semi-arid environments
and manifest themselves as bounded vegetated regions separated by bare ground
areas. From the ecological viewpoint, they play a fundamental role as indicators of
climate changes and regime shifts. In particular, experimental observations reported
abrupt transitions between a patterned state and the desert state that are typically
associated to the occurrence of subcritical instabilities. At the same time, other
field data noticed inertial effects in the vegetation response (in particular for the
woody component) and in patterning dynamics.

Motivated by these observations, we investigate the formation of banded vege-
tation in arid environments in the framework of a hyperbolic generalization of the
Klausmeier model [1]. In particular, we aim at elucidating how the properties ex-
hibited by supercritical and subcritical patterns are affected by the inertial times, in
both transient and stationary regimes [2],[3]. To this aim, we carry out, first, linear
stability analysis to deduce the threshold condition for Turing pattern formation
and, then, weakly nonlinear analysis (based upon the multiple scale method) to de-
scribe the time evolution of the pattern amplitude close to the instability threshold.
In our analysis, we consider the case in which the emerging patterns do not have
any spatial structure, as it is typically assumed in small domains, as well as the
scenario in which patterns form sequentially and propagate over a large domain in
the form of a traveling wavefront. A comparison with numerical simulations and
experimental data is also addressed.
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In this talk, we propose a 3D deterministic cancer model, governing by effector cell,
tumor cell and healthy tissue cell(host cell). We perform local dynamics of equilibria as
well as Hopf-bifurcation. The commencement of preserved oscillation generates chaotic
phenomena which has been examined by 0-1 test. We also discuss the long-term behavior
of the system by inducing multiplicative noise. Global solution and persistence of proposed
model ensures the non-negativity and boundedness of deterministic system. The scenario
of tumor extinction is captured from noisy environment during the oscillations in co-
existence domain of deterministic system.
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The paper aims to investigate optimal budget allocation for vaccination campaign
when vaccination is voluntary for a pediatric infectious disease like Measles. We use
evolutionary game theory to build the model of individual vaccination decision and
use optimal control theory to determine the budget allocated that minimize the cost
of disease control. We assume public health program disburse fund over time that
works as incentive for individual vaccinations. We consider two different scenario-
Firstly, we assume public health program disburse fund over time that works as
incentive for individual vaccinations. In the second phase of problem, we may
assume that there two explicit populations (connected through migration) having
same disease and there is in addition a third-party budget to allocate to the two
populations so that it can minimize the disease. We formulate the above situation as
an optimal control problem and the solution using Pontryagin’s Maximum Principle.
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Coffee is the second most important commodity behind oil in the international
trade. However its production is affected by several diseases. The coffee leaf rust,
a cryptogamic disease caused by the fungus Hemileia vastatriz, is the most serious
leaf disease known to date. It causes damages that induce severe yield losses (up
to 50%). Its control mainly relies on cultural practices and fungicides, which have
limited efficiency and harmful ecological impact.

Our goal is to estimate the damages caused by H. vastatriz and to control the
disease. We formulate and study a spatio-temporal model for the propagation of
H. wastatriz on a coffee tree. The model takes into account the logistic growth
of young branches, the seasonal production of flowers or berries and the diffusion
of urediniospores. We then introduce an integrate chemical and physical controls.
Numerical simulations are performed using non-standard methods for partial differ-
ential equations to illustrate and validate theoretical results.
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Classical theory of composites amounts to the celebrated Maxwell formula, also
known as Clausius—Mossotti approximation. Actually all modern selfconsistent
methods (SCM) perform elaborated variations on the theme and are justified rigor-
ously only for a dilute composites when interactions among inclusions are neglected.
In the same time, exact and high-order formulas for special regular composites which
go beyond SCM were derived. Basing on the MMM principle by Hashin and the
theory of homogenization we follow the method of random constructive homogeniza-
tion developed in [1]. Consider 2D multi-phase random composites with different
radii circular inclusions located at the sites of hexagonal (triangular) lattice. The
inclusions are embedded into the matrix with different elastic properties. Plane
strain elastic problem is solved for such a composite. The effective shear and bulk
moduli are obtained in the form of power series in the inclusions concentration f.
The coefficients of this series are written in analytical form, with the coefficients
expressed through the elastic constants of components. New analytical formulae
for the effective constants are deduced up to arbitrary O(f") for macroscopically
isotropic composites. We derive general analytical formulae for the local fields and
for the effective constants in 2D random composites. We consider examples of sim-
ulated random media and application of the derived symbolic-numerical algorithms
to them.
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Human Immunodeficiency Virus (HIV) weakens a person’s immune system, which
may eventually lead to Acquired Immunodeficiency Syndrome (AIDS) — a condi-
tion that is characterized by severe illnesses. The number of HIV infections has more
than doubled in the Philippines within the last decade and no cure for the disease
has been discovered. The goal of this study is two-fold. First is to develop and ana-
lyze a deterministic compartmental model of the HIV epidemic fitted to Philippine
data. Secondly, the study aims to identify optimal implementation of precaution,
HIV screening, Anti-Retroviral Treatment (ART), and Pre-Exposure Prophylaxis
(PrEP) to minimize the number of infected individuals and implementation costs.
We used fitted parameter values to compute the basic reproduction number and en-
demic equilibrium, establishing that the HIV/AIDS is endemic to the Philippines.
Under the framework of optimal control theory, we find that full implementation
of precaution and ART, decreasing usage of HIV screening, and minimal usage of
PrEP are optimal against the epidemic. Cost effectiveness of scenarios wherein only
a subset of the controls are available are computed, showing that full implementa-
tion of precautionary measures is the most cost effective program. Alternatively, if
full implementation of precaution is impossible, we demonstrate that utilization of
HIV screening and PrEP should immediately be increased for optimal reduction of
infections.
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The purpose of this study are (1) to establish a mathematics model of Meningo-
coccal meningitis disease between Indonesia and Saudi Arabia, (2) analyzes stability
of equilibrium point, (3) and explains the model simulation of Meningococcal menin-
gitis with the effect of vaccination on populatios from Indonesia.

The stages for analyzing the (S—C —1—R);ya— (S —1)kgsa model on Meningo-
coccal meningitis are forming the (S—C'—I—R)ya—(S—1)ksa model, transforming
the model, determining equilibrium point, determining basic reproduction number,
analyzing stability of equilibrium point and do the simulations.

The results of this study obtained are (S — C — I — R)jya — (S — I)gsa with
six classes of population which are Susceptible populations class from Indonesia,
Carrier populations class from Indonesia, Infected populations class from Indone-
sia, Recovered populations class from Indonesia, Susceptible populations class from
Saudi Arabia and Infected populations class from Saudi Arabia. The model obtained
is a system of non linear differential equations. The model of the transmission of
the Meningococcal meningitis is simplified into (s — ¢ —14i —r);nva — (s — i) gsa by
administering the vaccine only to populations from Indonesia. The stability of the
disease-free equilibrium point will locally asymptotically stable when the reproduc-
tion number is less than one and unstable when the reproduction number is more
than one. In addition to the stability of the locally asymptotically stable endemic
equilibrium point when the reproduction number is more than one. Based on the
model simulation, the higher level of vaccination then the infected class on popu-
lations from Indonesia and Inffected class on populations from Saudi Arabia will
decrease to zero. So, the vaccination program can be used to control the transmis-
sion of Meningococcal meningitis disease.
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We present a model of interactions between two actors in the context of their internal
optimism and pessimism. Delays in inertial components and influence functions are
introduced and their influence on the system dynamics is investigated. The model
we study has been proposed by Rinaldi and Gragnani [1] in the context of romantic
relationships, while Liebovitch et al. [2] proposed the same mathematical structure
for the description of single meeting between two actors and this is the same context
we consider. In [3] we analysed the role of internal optimism and pessimism into the
relations between two actors. On the other hand, the idea of including time delays
into the model proposed by Rinaldi and Gragnani was described in our paper [4].
Now, we present the results concerning influence of time delays into the model
dynamics in the context of optimism and pessimism. We focus on the case that
has not been anaysed before, that is two different delays present in the description
of two actors interactions. Presented results come from the MsC thesis of Natalia
Jankowska and Katarzyna Cytlak [5].
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Coffee is an important cash crop for many developing countries. Coffee production
is affected by many pests. We are particularly interested in the coffee berry borer
(CBB) Hypothenemus Hampei, which is considered as the most important pest
economically. The CBB is a small insect that feeds and reproduces inside the
coffee berries, causing considerable damages resulting in a deterioration of the berry
quality and reduced yields. Mature females are responsible for the dispersal of the
population: they emerge from the berries to colonise and lay their eggs in new
berries, while males and juvenile stages remain inside the berries. The main control
methods to decrease CBB infestation are pesticides, but also cultural practices,
biological control and trapping. Our global aim is to design and assess the efficiency
of control strategies, with a focus on alternatives to pesticides.

To tackle this issue, we formulated a control problem, based on a dynamical
model that describes the CBB infestation of coffee berries and the berry availability
during a cropping season. We aim at maximising the yield at the end of the cropping
season, while minimising the control costs as well as the CBB population at the end
of the season. The first two terms aim at maximising the grower’s profit. The
last term is introduced to reduce the CBB infestation for the next season. We give
necessary optimality conditions and numerical simulations are provided to illustrate
our results.
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In this talk, we present both non-autonomous (temperature independent) and au-
tonomous (temperature dependent) models for the transmission dynamics of malaria
in a population. The models are used to assess the impact of temperature changes on
various control strategies. Threshold quantities (such as the basic offspring number
and the reproduction ratio) and their interpretations for the models are presented.
Conditions for local asymptotic stability of the disease-free solutions are computed
[1]. Sensitivity analysis using mean monthly temperature data from Kwazulu Natal
Province of South Africa [2] were used to assess the parameters that have the most
influence on malaria transmission. The effect of various control strategies (bed nets,
adulticides and vaccination) were assess via numerical simulations.
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This paper originated from the desire to develop elementary calculus based tools to
empower students, not necessarily with a strong mathematical background, to test
predator-prey related models for boundedness of solutions and for the existence of
limit cycles. There are several well-known methods available to prove, or disprove,
the existence of bounded solutions to systems of differential equations. These meth-
ods rely on Liénard’s theorem or using Dulac or Lyaponov functions. The level of
mathematics required in the study of differential equations is not addressed in the
courses presented on the first year level, and students in biology, ecology, economics
and other fields are often not suitably equipped to perform these advanced tech-
niques. The conditions under which a unique limit cycle exists in predator-prey
systems is considered a primary problem in mathematical ecology [1, 2]. A great
deal of mathematical effort has gone into trying to establish simple, yet general, the-
orems which will allow one to decide whether a given set of nonlinear equations has
a limit cycle or not [3]. We introduce a method to first determine the boundedness
of solution trajectories in such a way that the transformation to a Liénard system
or the use of a Dulac function can be avoided. Once boundedness of trajectories has
been established, the nature of the equilibrium points reduce to simple eigenvalue
analysis. The Elemental Limit Cycle method (ELC) provides elementary criteria to
evaluate the nature of the pivotal functions of a system which will indicate bound-
edness and may be applicable to more general models. Keyword: Elemental Limit
Cycle Method, Biomath education, predator-prey, boundedness, limit cycles.
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Antimicrobial peptides (AMPs) are essential components of innate immunity in
most multicellular organisms and represent an ancient nonspecific host defense
mechanism against infectious pathogens, that complements the highly specific cell-
mediated immune response. They are known to also exhibit anticancer, antiin-
flammatory and immunomodulatory role. In addition, despite the millions of years
co-evolution, no signs can be seen of a wide-spread or even limited bacterial resis-
tance against their action. All this makes natural AMPs a prime target for research
and an ideal template for the design of sustainable antibiotic biologicals.

There is experimental evidence for antiviral, antibacterial, fungicidal, and even
anti-tumor activity of multipeptide fractions from the mucus and the hemolymph
of molluscs and arthropods. However, for the design and development of mucus-
based biologicals, the identfication of the essentially active components in these
compounds is needed. Here we present the first results of a pilot in silico study
on newly identified peptides in two fractions from the mucus of the snail Cornu
aspersum. The researched sample substances have no homologies with any known
experimental structure in the Protein Data Bank. We employ molecular dynamics
(MD) simulations to develop 3D structural models of these newly discovered pep-
tides and commence a detailed investigation of their solvation behavior — individual
and in constellations, to probe our based on earlier observation hypothesis for the
self-organisation as a decisive initial stage in the AMPs’ biological activity.

Acknowledgements: This research was supported in part by the Bulgarian
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Keratoconus (K7'C') is an ectatic ocular disease characterized by a progressive thin-
ning in corneal structure, that may result in a severe visual impairment. The early
identification of K'T'C' might help to reduce the expensive treatment costs and avoid
corneal transplantation, however, the early identification of the condition remains
a challenging task in clinical practice. This work presents a patient specific math-
ematical model, combined with a novel hybrid artificial intelligence algorithm, per-
sonalized with retrospective biomechanical and tomography measurements collected
at Antwerp University Hospital (UZA, Belgium). The model describes the severity
of the disease and identify early Keratoconus with an accuracy of 94.00% in the
validation step. The results showed an important improvement compared with the
available approaches in the literature (90.46%).
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The average life expectancy of patients diagnosed with glioblastomas is 14 months
with treatment. Standard treatment includes the chemotherapeutic drug temozolo-
mide, that works by inducing DNA methylation. However, the BER and MGMT
repair pathways efficiently repair the damage caused by this drug, reducing the
efficacy of treatment. It has been hypothesized that inhibiting these repair path-
ways may lead to overcoming chemotherapy resistance. In this talk, I will present a
novel mathematical model that captures the effect of chemotherapy on brain cancer
cells, and includes detailed mechanisms of DNA damage and repair. The model is
extensively parametrized and carefully validated using a wide array of available ex-
perimental data. Issues of parameter identifiability are also investigated. A global
sensitivity analysis is performed to reveal those parameters most critical in the
emergence of chemotherapy resistance. The calibrated model is then applied to
predict treatment strategies that are optimized with respect to specific cancer cell
phenotypes. A virtual cohort of glioblastoma patients — each with a heterogeneous
tumor — is created, and a genetic algorithm employed to identify optimal treatment
strategies. Our results suggest that patients can be broadly classified into 4 types
in terms of these dosage schedules, based on the overall phenotypes of their tumors.
Thus, resistance to chemotherapy can be mitigated to a certain extent by using
novel dosage schedules, and combining standard treatment with cell-repair enzyme
inhibitors.
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The analysis based on the correlation functions are used to study the evolution of
the infinite continuum birth-and-death systems of point particles. In our case like
in [3] entities are characterised by two features, special trait x € R? and age a, > 0.
With age the survival probability and strength of reproduction are changing. Due to
this fact the birthrate at a given point of the space varies according to the distance
to the points where other particles exist and their age. The states of the system
are described in terms of probability measures on the corresponding configuration
space.

The systems of point particles are commonly used in mathematical physics,
especially in statistical mechanics. The set of indistinguishable points well describes
gases, dust grains and fluids in a microscopic way.

REFERENCE

[1] D. Jasinska, A spatial individual-based birth and death model in continuum
with age structure, Ann. Univ. Mariae Curie-Sktodowska Sect. A, 71, 41-54
(2017)

[2] Ch. Berns Y. Kondratiev Y. Kozitsky, O. Kutoviy, Kawasaki Dynamics in
Continuum: Micro- and Mesoscopic Descriptions, Journal of Dynamics and
Differential Equations, 25, 1027-1056 (2013)

[3] S. Méléard, V. Tran, Slow and fast scales for superprocess limits of age-
structured populations, Stochastic Processes and their Applications, 122,
250-276 (2012)

[4] Y. Kondratiev, T. Kuna, Harmonic analysis on configuration space. I. Gen-
eral theory, Infinite Dimensional Analysis, Quantumn Probability and Re-
lated Topics, 5, 201-233 (2002).

o4



BioMaTH 2019

MODELING THE EFFECTS OF INSECTICIDES
RESISTANCE ON MALARIA VECTOR CONTROL
IN ENDEMIC REGIONS OF KENYA

Josephine KAGUNDA
University of Nairobi, Nairobi, Kenya

Faraimunashe CHIROVE
University of Kwa Zulu Natal, Durban, South Africa

We present a model to investigate the effects of vector resistance to control strate-
gies. The model captures the development of resistance as well as loss of resistance in
mosquitoes and how these affect the progress in malaria control. Important thresh-
olds were calculated from mathematical analysis and numerical results presented.
Mathematical results reveal the existence of the disease free and endemic equilib-
rium whose existence and stability depends on the control reproduction number, R..
The disease persist when the R. > 1 and dies out when R, < 1. Control strategies
use and adherence needs to be highly efficacious to thwart the effects of insecticides
resistance. Moreover, it is not enough to just eradicate resistant mosquitoes.
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Kaposi sarcoma (KS) is a cancer most common in sub-Saharan Africa and in HIV
infected patients, even after the introduction of highly active antiretroviral therapy
(HAART). It is caused by human herpes virus type 8 (HHV-8) and transmitted
either sexually, via blood, organs or saliva. We study the tumor-immune interactions
in vivo in the presence of both HIV-1 and HHV-8 infection. Since treatment is now
recommended to be based on viral load, our model accounts for the effect of infected
cell populations in order to yield a better understanding of the interactions between
KS and immunodefficiecy. Numerical simulations and sensitivity analysis are carried
out.
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We study a stochastic compartmental susceptible-infected (SI) epidemic process on
a configuration model random graph with a given degree distribution over a fi-
nite time interval. We split the population of graph nodes into two compartments,
namely, S and [, denoting susceptible and infected nodes, respectively. In addition
to the sizes of these two compartments, we study counts of SI-edges (those con-
necting a susceptible and an infected node), and SS-edges (those connecting two
susceptible nodes). We describe the dynamical process in terms of these counts and
present a functional central limit theorem (FCLT) for them, when the number of
nodes in the random graph grows to infinity. To be precise, we show that these
counts, when appropriately scaled, converge weakly to a continuous Gaussian vec-
tor semimartingale process in the space of vector-valued cadlag functions endowed
with the Skorohod topology.
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The diffusion of an antibiotic in a biofilm is a specific process, because bacteria
in a biofilm can initiate various defense mechanisms against antibiotic molecules.
One of the defense mechanisms is the creation of a diffusion barrier. Bacteria at-
tacked by the antibiotic produce more and more mucus, which causes that the
antibiotic diffusion is slowed down. In a very dense biofilm, antibiotic molecules
can be stopped. Because the biofilm has a gel-like consistency, we assume that
the antibiotic diffusion process is described by the subdiffusion-absorption equation
with the Riemann-Liouville fractional time derivative. The boundary conditions
at the border between the biofilm and a diffusive medium, where the antibiotic is
initially located, have been derived using a particle random walk model in a system
with discrete space variable and time [1, 2]. These conditions take a non-standard
form because they contain a fractional order derivative. The solutions to equa-
tions describing the process will be shown. These solutions coincide with empirical
data. Based on the obtained results, we discuss the opportunity to experimentally
determine whether absorption occurs in the biofilm if measurement of particles con-
centration is possible in the diffusive medium only [3]. The absorption coefficient of
antibiotic molecules in the biofilm, which can be determinecd experimentally, will
be related to the defense intensity of bacteria against antibiotics.
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A model is proposed of an infinite population of entities immigrating to a noncom-
pact habitat, in which the newcomers are repelled by the already existing popula-
tion. Its evolution is described at micro- and mesoscopic levels. The microscopic
states are probability measures on the corresponding conguration space. States of
populations without interactions are Poisson measures, fully characterized by their
densities. The evolution of micro-states is Markovian and obtained from the Kol-
mogorov equation with the use of correlation functions. The mesoscopic description
is made by a kinetic equation for the densities. We show that the micro-states are
approximated by the Poissonian states characterized by the densities obtained from
the kinetic equation. Both micro- and mesoscopic descriptions are performed and
their interrelations are analyzed, that includes also discussing the problem of the
appearance of a spatial diversity in such populations.
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In this work we study some characteristics of sigmoidal growth functions that are
solutions of the dynamical systems, [2]. In addition, the studied dynamical systems
have realization in terms of reaction networks that are close to the Gompertzian and
logistics type growth models. The studied reaction networks involve an additional
species interpreted as an environmental resource. We are especially concerned with
the comparison and monotonicity order-preservation of the sigmoidal solutions us-
ing the maximum principle in the spirit of [1].
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We study diffusion and anti-diffusion equations as limits of kinetic equations [2]. It is
interesting that some numerical methods appear as very natural in this framework
[1, 3]. Kinetic equations with swarming properties have many applications, e.g.
biology, medicine, even in social sciences [1].
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The talk starts with an update and World Health Organization (WHO) external
situation reports of the Ebola Virus Disease (EVD) in Africa, particularly in the
Democratic Republic of Congo. This background reinforces the need to incorporate
three factors in effective modelling of the EVD. These are:

e The direct or fast transmission route, which involves contact with blood or
body fluid and objects that have been contaminated by body fluid;

e The indirect or slow transmission channel, whereby individuals are infected
through the environment (e.g. contact with infected animals, such as fruit
bats and primates);

e Self-protection measures (e.g. avoiding the manipulation of infected dead
individuals before their burial).

We consider a SIR-type model in which the three factors are incorporated, through
the addition of four compartments for dead, vaccinated and trained individuals as
well as for the environment. We prove that the disease-free equilibrium is globally
asymptotically stable whenever the basic reproduction number is less than or equal
to unity, and unstable when this threshold number is greater than 1. In the latter
case, the existence of at least one endemic equilibrium, which is locally asymptoti-
cally stable, is shown. At the endemic level, it is shown that the number of infectious
individuals is much smaller than that obtained in the absence of any intervention.
We revisit the nonstandard finite difference (NSFD) methodology by bringing into
play strategies such as sub-equations, productive - destructive decomposition, con-
servation laws, exact schemes and Mickens’ rules. This is then used to construct
NSFED schemes that are dynamically consistent with respect to the above features
of the continuous model.
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Tumour structure and geometry is highly intricate. It is therefore imperative to
extend existing tumour-immune models to account for a more realistic tumour ge-
ometry. In this article we pick up on the growing literature of spatio-temporal
mathematical models to investigate cancer dormancy.

A free boundary model for tumour-immune interactions is developed. Stability
analysis and numerical simulations of the temporal model replicate experimental
observations of immune-induced tumour dormancy. Travelling wave solutions are
determined using the hyperbolic tangent method and minimum wave speeds of inva-
sion are calculated. Travelling wave analysis depicts that cell invasion dynamics are
mainly driven by their motion and growth rates. Turing instability analysis shows
a possibility of dynamical stabilization of the tumour-free steady state. Simulation
results reveal that the tumour swells to a dormant level.
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Sigmoidal growth functions are an important tool for modelling measurement data
for the study of evolutionary processes in life sciences [3], [4]. For some particular
classes of sigmoidal functions it is possible to find a realization in terms of chemical
reaction networks [2], [5]. A reaction network formulation may suggest hints for
the interpretation of the intrinsic biological mechanism of the particular dynamical
process. In this work we study some characteristics of a class of sigmoidal growth
functions that are solutions to autonomous dynamical systems with reaction network
realizations [1], [6].
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We study McKendrick type equations
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with a renewal condition. One of the difficulties is that ¢ is not a constant function.
Our purpose is to convert equation to an equivalent problem where the characteris-
tics are straight lines. We use this transformation to prove existence and uniqueness.
We will construct a finite difference scheme and we will prove its stability.
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This work deals with free transport equations with partly diffuse stochastic bound-
ary operators in slab geometry. Such equations are governed by stochastic semi-

k
groups in L! spaces. We prove convergence to equilibrium at the rate O (t72<k+1>+1
(t = 400) for L' initial data g in a suitable subspace of the domain of the gen-

erator T" where k € N depends on the properties of the boundary operators near

the tangential velocities to the slab. This result is derived from a quantified version

of Ingham’s tauberian theorem by showing that Fy(s) := lim. .o, (is+¢—T) g

exists as a C* function on R\ {0} such that ‘ %Fg(s)H < Is\ﬂ% near s = 0 and
bounded as |s| o0 (0<j <k).
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We have investigated the first integrals and exact solutions of some models from
epidemiology by utilizing the Hamiltonian approaches [1, 2, 3]. First, we study the
optimal control problem of membrane filtration system. We employ the Noether
approach for Hamiltonian formulation [1] to construct Noether symmetries and first
integrals for the Hamiltonian system of first-order ordinary differential equations
(ODEs) associated with the membrane filtration system. Then we utilize these first
integrals to establish the exact solutions for the key variables of the model. Secondly,
we analyze the optimal harvesting model in exact solutions perspective. We utilize
the partial Noether approach for current value Hamiltonian [2] to construct partial
Hamiltonian operators, first integrals and exact solutions for the partial Hamiltonian
system of first-order ODEs associated with the harvesting model. Lastly, the two-
stream model for tuberculosis and dengue fever governed by a dynamical system
of first-order ODEs is investigated. We use the notion of artificial Hamiltonian
[3] to express this dynamical system of first-order ODEs as a partial Hamiltonian
system. We utilize the partial Noether approach [2] to construct partial Hamiltonian
operators, first integrals and exact solutions for the partial Hamiltonian system of
first-order ODEs associated with the two-stream model for tuberculosis and dengue
fever. The exact solutions are plotted in order to observe the progression of disease.
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In this talk, we consider an infinite network modeled by a directed graph. We show
that if flow of a substance along the edges is described by a system of transport
equations with Kirchoff-type boundary conditions, then the dynamics of the system
is dependent on the structure of the physical network. Specifically, we show that
if the adjacency matrix of the network is chaotic, then the dynamics of the system
will be chaotic as well, and that the adjacency matrix operator is hypercyclic if
and only if the flow problem is hypercyclic on the space of weighted summable
sequences. These results are also extended to birth-and-death processes without
proliferation where it is shown that chaos can still occur but only on a subspace
of £}. Furthermore, we show that if the underlying graph of the line-graph of the
network is cyclic with d > 1, where d is the greatest common divisor of all cycle
lengths, then the eigenfunctions of the adjacency matrix of the linegraph divide the
complex plane into d non-overlapping subspaces so that the flow cannot be chaotic
on the entire space ¢! but only on subspaces of the space.
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The paper proposes and investigates a prey-predator model considering age
structures of the interacting species that is typical for the arctic fox - rodents com-
munity. We suggest a four-component model of community dynamics composed of
two-component models of different types. Due to pronounced density-dependent
limitation in rodent species, we use exponential form for birth rate function in the
prey dynamics model. By contrast, predator species have less pronounced density
limitation, so a linear form of dependence is quite adequate. Predator consumption
results in changes of the prey population size. We use the Holling type II functional
response considering predator saturation.

An analytical and numerical study of the proposed model is made. Periodic,
quasi-periodic and chaotic oscillations can occur in the system, as well as a shift
in the dynamics mode due to changes in the current size of one of the community
populations. The dynamic modes of the proposed model, as well as the possibility
of dynamic mode shift, are investigated. The system proposed shows possibility
of transitions from stable dynamics to quasi-periodic oscillations and back to a
stationary state, while an increase in the values of half saturation constant reduces
possibility of occurrence of quasi-periodic oscillations. The long-period oscillations
with a delay like auto-oscillations of the classical Lotka-Volterra model occur.

The transition scenarios from stable dynamics to fluctuations for prey and preda-
tor numbers with different values of demographic and interaction parameters are
analyzed. It is shown that interacting species can demonstrate both the sustainable
existence of community and different complex fluctuations of predator and prey pop-
ulation dynamics. As a rule, the prey dynamics determines the predator dynamics:
fluctuations in the prey population size result the same type of fluctuations in the
predator dynamics, while the predator demographic parameters may correspond to
other dynamic modes both stable and irregular.

This work was performed in the framework of the State targets of the Institute
of Complex Analysis of Regional Problem FEB RAS and partially supported by the
Russian Foundation for Basic Research (No. 18-51-45004 IND a).
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A neuron is an electrically excitable cell that processes and transmits informa-
tion through electrical signals. Our aim is to describe and study the evolution of
probability density for membrane potential using the semigroup approach [3]. We
shortly recall Stein’s model and we present it as a piecewise deterministic Markov
process. Then we introduce a stochastic semigroup related to this model. We give a
new theoretical result on asymptotic stability of stochastic semigroups. This result
is based on a decomposition theorem of a stochastic semigroup into asymptotically
stable and sweeping components [1, 2]. We apply the general result concerning
asymptotic stability of stochastic semigroups to Stein’s model. Finally, we compare
asymptotic properties of models with and without the refractory period.
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An individual-based model of infinitely many entities in R is discussed. The indi-
viduals are jumping with repulsive influence of others and freely coalescing. During
the single action of coalescence, exactly two entities can merge. The dynamics of
the system can be described at the microscopic scale as evolution of sub-Poissonian
measures on configuration space I', as in [1]. Instead of microscopic dynamics, one
can study a Poisson approximation of the system and its evolution at the mesoscopic
scale. Such approximation can be obtained by means of the Vlasov scaling, see [2].
In order to study the dynamics of the system in more details, numeric simulations
of mesoscopic dynamics were performed. The main focus of the talk is to present
the results of these simulations, in particular the possibility of persisting spatial
heterogeneity emergence in the absence of coalescence and how the introduction of
merging affects this phenomenon, as well as some simple examples of non-trivial sta-
tionary states in the case of pure coalescence that are very sensitive to any addition
of jumps.
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Drug Eluting Stents contribute a major breakthrough through interventional car-
diology which is used for the prevention and cure of restenosis. We develop a
mathematical model for drug transport through diffusion process using drug-coated
stents. Drug release depends on many factors such as coating geometry and physical-
chemical properties and drug characteristics such as diffusivity and solubility. An
analytical treatment is made through the variable separable method to solve the
diffusion mass transport equation. The drug concentration has been computed for
different parameters like the diffusion equation and advection-diffusion equation and
related boundary initial conditions. A method of transformation and separation of
variables give an exact analytical solution for local concentration is obtained. Drug
concentration profiles at various time levels suggest that convective made of drug
transfer is more effective than diffusive transfer in a first order reaction rate.
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The study of communities such as predator-prey or host-parasite is one of the
most important environmental problems, which are devoted to the solution of the-
oretical, laboratory and field research for many decades. Most predators carry out
selective removal of individuals from the prey population that lead to various kinds
of prey’s structural changes depending on direction and force of predator impact
on prey. Consequently, when studying the interacting species dynamics, it is im-
portant to consider the population, primarily the age structure of the prey. The
paper investigates dynamic modes of the predator-prey model with age structure
for prey. We use a slight modification of the Nicholson-Bailey model to describe the
interaction between predator and prey. We assume the population size is regulated
by decreasing juvenile survival rate with growth of age class sizes. Conditions for
sustainable coexistence of interacting species are described. It is shown that the
coexistence of species becomes possible if there are a transcritical or saddle-node
(tangential) bifurcations. Due to the saddle-node bifurcation there is bistability in
the system of interacting species: predator either coexists with prey or dies depend-
ing on the initial conditions. It is shown that the range of demographic parameters,
for which the prey and predator coexist, can significantly increase with growth of
survival of adult prey or the proportion of predators born or the prey consumption
rate of the predator. We studied the oscillation scenarios of interacting population,
influences of reproduction, survival and self-regulation rates of population prey and
age-dependent predation as well as variations in the current number on transitions
between different dynamic modes. It is shown that an increase in the birth rate of
the prey under intraspecific competition can lead to a dynamics destabilization and
to complex oscillations appearance in numbers. Age-dependent predation is shown
to be a stabilizing influence. It was found that in the model parametric space, both
bistability and multistability arises, which are not related to each other. Conse-
quently, even a small variation of the current population size leads to more complex
behavior of the interacting species, and can give a significant change in both the
observed dynamic mode and the coexistence scenario of the species.

This work was performed in the framework of the State targets of the Institute
of Complex Analysis of Regional Problem FEB RAS and partially supported by the
Russian Foundation for Basic Research (No. 18-51-45004 IND_a).

73



BioMaTH 2019

PHASE TRANSITION MODELS FOR VEHICULAR TRAFFIC

Massimiliano Rosini
Maria Curie-Sktodowska University, Lublin, Poland

In this talk I present an existence result obtained in [1] for a two-phase transition
(PT) model for vehicular traffic. Such PT model is obtained by coupling the first
order Lighthill, Whitham [2] and Richards [3] (LWR) model and the second order
Aw, Rascle [4] and Zhang [5] (ARZ) model. More precisely, the PT model describes
free and congested phases by means of respectively LWR and ARZ.

I present then an existence result proved in [6] for the constrained version of
the PT model. The application of such model is, for instance, the modelling of ve-
hicular traffic along a road with point-like inhomogeneities characterized by limited
capacity, such as speed bumps, construction sites, tollbooths, etc.
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A new realistic delay differential equation-cholera models using saturated incidence
function and controls with two sources of infections (human and aquatic environ-
ment) is formulated and fully analyzed. The effects of saturated incidence, control
functions and delay as they affect the dynamics of such models are determined and
compared to the existing literature. Sensitivity analyses are conducted to find the
most effective strategy and key parameters to control cholera epidemics. Moreover,
dynamically consistent discrete counterparts model is constructed to validate most
of the continuous model’s dynamics, as other standard methods failed.
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Dengue is one of the most widely spread mosquito-borne viral diseases which is
transmitted by mosquitoes of Aedes species. It is endemic in all states and union
territories (UTs) of India. Dengue virus is one of the major cause of illness and
death in the tropical and subtropical regions. There is no vaccine available which
can prevent infection with dengue virus. The best way to reduce the transmission of
this disease is to avoid mosquito bites. Treatment of dengue infected individuals is
an important factor which contributes significantly in the reduction of transmission
of this disease. But sometimes in the developing countries it is not always possible
to give treatment to each infected individuals. That is why we include treatment
function in our model. In the present paper, a mathematical model for dengue virus
transmission with treatment by considering logistic growth of mosquito is formulated
and analyzed. It is assumed that the treatment rate is proportional to the number
of infectives below the capacity and is constant when the number of infectives is
greater than the capacity. We find that the system exhibits backward bifurcation if
the capacity is small. When the basic reproduction number (Ry) is greater than one,
the endemic equilibrium point exists and is locally asymptotically stable under some
restriction on parameters. We estimate the parameter corresponding to transmission
of dengue using real data from different states of India by least square method. We
also perform sensitivity analysis to identify the key parameters which influence the
basic reproduction number and hence regulate the transmission dynamics of dengue.
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Intelligent micro-scale tissue scaffolds have been attracting significant interests in
the fields of bioengineering and regenerative medicine, due to their physiological
sensitivity and active responsivity with respect to external stimuli [1]. For explain-
ing such responsivity in terms of polymer gel thermodynamics, classical mean-field
Flory theory has been conventionally used with various analytical and numerical
modifications [2-3]. In this talk, we present a novel mathematical model on the
volume phase transition of biopolymeric gel spheres and films as a function of tem-
perature and pH. In order to mimic soft tissues in the human body, the biological
microgels are considered to be composed of elastic 3D network of protein chains such
as collagen and gelatin, which are covalently crosslinked and fully hydrated in aque-
ous media. Within the network, it is supposed that stimuli-responsive synthetic
polymer chains are doped and mixed together through physical entrapment [4].
Based on the Flory-Huggins-Rehner framework, our analytical model phenomeno-
logically predicts a well-defined volume phase behaviour of the viscoelastic tissue
mimics with response to the change in ambient physicochemical parameters.
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Swarm behavior consisting of a large number of individuals often surprises us. They
move coherently, matching their velocity without collision and maintaining a con-
stant scale of school, even though they have only moderate ability of information
processing and of execution of programming.

Several mathematical models for swarming have been presented on the basis of
experimental results concerning interactions between nearby mates which are rather
simple. In this talk, I will present our recent work on swarm behavior including

(i) Mathematical models of stochastic differential equations using local rules of
individuals in swarm (e.g., repulsion, attraction, alignment, and reaction to
the environment)

(ii) The effects of noise on swarm behavior

(iii) Numerical simulations
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The nematode Radopholus Similis is the most significant parasitic nematode of the
banana plant and the banana plantain plant in the world. R. Similis feeds on the
root tissues and causes damages going from simple root lesions, reducing the crop
yield, to the fall of seedlings. Because of these damages, R. similis is one of the
most regulated pests of plant but its control still implies toxic nematicides with
limited efficiency and harmful ecological impact.

Our global aim is to design more efficient and sustainable control strategies, in-
cluding alternative methods to nematicides such as crop rotation or fallow practice.
Our approach is based on a hybrid model describing the plant-nematode interac-
tions over several cropping seasons. During the fallow, in the absence of host, the
pest population undergoes a rapid decay.

We formulate an optimisation problem to determine the fallow periods that
maximise the multi-seasonal yield over a finite and fixed time horizon. Two cases
are considered: a constant or variable fallow periods. The existence of an optimal
solution is proven and its location is computed. Numerical simulations are provided
to illustrate our results.
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We consider a stochastic model of the cell cycle. We assume that the cell cycle
consists of two phases: the A phase corresponding to all or part of G phase of
the cell cycle and the B phase covering the rest of the cell cycle. The cell enters
the phase A after birth and waits for some random time 7’4 depending on the cell
age. Then the cell enters the phase B which lasts for a finite fixed time. At the
end of the B phase the cell splits into two daughter cells. Individual states of the
cell are characterized by age in each phase and by size, which can be volume, mass,
DNA content or any quantity conserved trough division. Our model is described as
a continuous-time Markov process [1]. We relate it to a discrete-time probabilistic
model of the cell cycle describing the mass distribution of consecutive descendants
of a single cell [2, 3]. Our analysis shows that there is a one to one correspondence
between stationary distributions in these models. This is a joint work with P.
Gwizdz.
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Polio eradication efforts have reduced the regions of endemic circulation down to
Pakistan, Afghanistan, and Nigeria. One of the challenges involved in eliminating
polio in these regions is that political conflict has the potential to form isolated sub-
populations, making vaccination and reporting of symptomatic cases (surveillance)
challenging. Additionally, polio can circulate without detection in a population be-
cause few infections are symptomatic and those that have already had a poliovirus
infection are asymptomatic during subsequent infections. Asymptomatic transmis-
sion coupled with poor surveillance can make it difficult to determine when the
virus has gone extinct in a population. We use a discrete-individual stochastic
counting process model of polio to access the impact that small and unvaccinated
subpopulations may have as countries move towards elimination. We consider their
effect in the context of a well-mixed population as well as within a metapopulation
framework.
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The optimal management of low grade gliomas remains an open problem. Although
complete surgical resection is recommended, given the diffuse infiltrative nature of these
tumors and the risk of major surgery in important areas of the brain, they often result in
tumors that are incompletely resected or simply biopsied. For this reason, the use of TMZ
combined with other options is increasingly used [1, 2]. We present a modification of the
system appeared in [2] to understand the late response to the chemotherapy observed in
LGG without using an excessive number of unknown parameters. In our approach we
consider separately the proliferation process and natural death process [3]. This allows us
to obtain a good agreement of model solutions with medical data which was impossible
in the approach presented in [2].
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Vasculogenesis is the early stage of blood vessel formation process - angiogenesis.
It occurs by a de novo production of endothelial cells in the embryo and is rather
complex and still not completely understood. We present some modifications and
improvements of previous microscopic models of vasculogenesis.

In the model the endothelial cells are divided into tho types: the tip cells that
lead the process and mural cells that build vessels. We construct a stochastic individ-
ual based hybrid model in which tip cells movement is described by Langevin-type
system of equations

dXi(t) = V,(t)dt
AVi(t) = [~k V,(t) + F(Vg(t,z), Vu(t, 2))]dt + cdWi(t),

coupled to the two fields of chemical factors u and ¢ (nutrient and vascular endothe-
lial growth factor) that evolve according to PDEs. Cells undergo proliferation and
changes.

The aim of this talk is to discuss simpler and more complex version of the model
and their behaviour in the limit of large number of cells. Some numerical simulations
will be presented.

83



BioMaTH 2019
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We first show how the method of characteristics may be generalized to analyze
Radon-measure-valued solutions to the size-structured population model of the
McKendrick-von Foerster-type under general assumptions on individuals’ growth,
birth and mortality rates. Then in this frame we construct a model to describe
changes in the size-structure of prey population (zooplankton) when prey-size de-
pendent mortality rate results from the foraging of predator - a planktivorous fish.
We propose a new model of foraging which is based on the optimization of the rate
of net energy intake by predator as a function of predator’s speed. The mortality
rate is defined as an operator on a metric space of non-negative Radon measures
equipped with the bounded Lipschitz distance. The solutions to the size-structured
model of zooplankton population are studied analytically and numerically (using
the EBT-like schema). In particular, the numerical solutions starting from Dirac
deltas corresponding to distinct cohorts, exhibit regularization in time and conver-
gence to the same stationary state. The talk is based on paper [1] which has been
recently accepted for publication.
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We consider the differential-algebraic system

9 O (&€, Adp _ 8mug
ot o0xr \ A pox  p A
dqg 0A
LS =0
p:f(A07A)7

(1)

where A = A(t,z) is the area of the cross section with a prescribed initial value
Ap = Ap(x), interpreted as a cross-sectional area of the vessel for the pressure po;
p = p(t, ) - the internal pressure over the cross section, p - the blood density and
w - the blood viscosity. By the operator splitting method we transform (1) into
the system of four equations, introduce the bicharacteristics and perform the time-
space non-uniform discretization, obtaining the new leap-frog scheme. Our results

are illustrated with numerical experiments.
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Many systems in Life Sciences have been modeled by Reaction Diffusion Equa-
tions (RDE). However, under some circumstances, these biological systems may
experience instantaneous and periodic perturbations (e.g. harvest, birth, release)
such that an appropriate formalism is necessary, using, for instance, Impulsive Reac-
tion Diffusion Equations (IRDE). While the study of traveling waves for monotone
RDE has been done in several works, like [2], very little has been done in the case
of (monotone) IRDE. Based on recursion equations theory [1], we aim to present
in this talk a generic framework that handles two main issues of IRDE. First, it
allows the characterization of spreading speeds in monotone systems of IRDE. Sec-
ond, it deals with the existence of traveling waves for (nonlinear) monotone systems
of IRDE. We apply our methodology to a system of IRDE that models tree-grass
interactions in fire-prone savanna [4], extending the result obtained in [3].
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This paper considers a complex approach for modeling the natural evolution of a
population in terms of population number and dynamics of the genetic structure. A
set of dynamic models that considers various types of natural selection was applied to
describe possible mechanisms underlying the formation of existing genetic variations
in litter sizes in coastal, inland, and farmed arctic fox populations (Alopez lagopus,
family Canidae, order Carnivora).

Natural populations of arctic fox inhabit coastal and inland areas considerably
differ in their reproductive strategy. Coastal foxes produce litters of moderate size
yearly. In years with low food supply, inland fox population demonstrates a very low
rate of reproduction. By contrast, in years when prey species are abundant, female
inland foxes can produce up to 164“18 offsprings. The average mean litter size and
coefficient of variation are 1.5-fold higher in inland populations.

The most interesting results are obtained by using the model of population with
two development stages. This model allows getting a monomorphism in considered
gene for coastal populations of arctic fox, where food resources are nearly constant.
Also the model produces a polymorphism with cyclic fluctuations in the number
and gene frequency for the continental populations due to regular fluctuating rodent
number, the major component of its food. In farmed populations this gene becomes
a pleiotropic one (i.e., determining the survival rate of individuals during both early
and late stages of their life cycle) due to selective selection carried out by farmers to
increase the reproductive success. So an application of appropriate model (with the
selection on pleiotropic gene) allows to get an adequate elimination rate of small
litters allele.

Acknowledgements: This work was performed in the framework of the State
targets of the Institute for Automation and Control Processes FEB RAS and the
Institute of Complex Analysis of Regional Problem FEB RAS, as well as partially
supported by the Russian Foundation for Basic Researches (No. 18-04-00073, 18-51-
45004 IND a).
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Infectious disease outbreaks sometimes overwhelm healthcare facilities. A recent
case occurred in West Africa in 2014 when an Ebola virus outbreak overwhelmed
facilities in Sierra Leone, Guinea and Liberia. In such scenarios, how many patients
can hospitals admit to minimize disease burden? This study considers what type of
hospital admission policy during a hypothetical Ebola outbreak can better serve the
community, if overcrowding degrades the hospital setting. Our result shows that
which policy minimizes loss to the community depends on the initial estimation
of the control reproduction number, Ry. When the outbreak grows extremely fast
(Ro >> 1) it is better (in terms of total disease burden) to stop admitting patients
after reaching the carrying capacity because overcrowding in the hospital makes the
hospital setting ineffective at containing infection, but when the outbreak grows
only a little faster than the system’s ability to contain it (R, > 1), it is better
to admit patients beyond the carrying capacity because limited overcrowding still
reduces infection more in the community. However, when R, is no more than a
little greater than 1 (for our parameter values, 1.012), both policies result the same
because the number of patients never exceeds the maximum capacity.
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In the presentation I present a microscopic model describing the process of DNA
thermal denaturation which we proposed in [1]. The model is a linear integro-
differential non-autonomous equation describing the dynamics of probability density
which characterizes the distances between the bases within individual base pairs. I
will briefly show analytical results and numerical simulations where one can observe
occurrence of DNA bubbles.
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Following many years of managed harvest, the population size of Northern fur
seal on Tyuleniy Island as well as that in other North Pacific islands have decreased,
particularly the number of newborn pups, which dropped by half and then almost
stabilized at this low level. Although the harvest was significantly limited and then
banned eventually, the birth rates have never recovered.

To estimate intrapopulation parameters and model the population dynamics
we use mathematical modeling, numerical simulations and multivariate statistical
technique.

Then we analyzed the harem structure and birth rate dynamics of the population.
A connection between the birth rate and harvest intensity has identified, which allows
the classification of all observation data on several intervals of different population
dynamics according to the changes in harvest intensity. Using a matrix population
model for both part of the population, we analyzed the population growth rate
associated with changes in both birth and survival rates considering the stochastic
effects. Sufficient convincing evidence of the hypothesis that the harvest was selective
one was obtained. The most productive bulls were taken from the population, which
resulted in essential changes of the population age structure and vast decrease of
growth rate, even against the background of a slight increase in survival rates of
almost all age groups. Further increase in the population of the northern fur seal, if
it happens, will not be quick. To accelerate the population growth, the number of
bulls with high reproductive success should be increased.

Acknowledgements: This work was performed in the framework of the State
targets of the Institute for Automation and Control Processes FEB RAS and the
Institute of Complex Analysis of Regional Problem FEB RAS, as well as partially
supported by the Russian Foundation for Basic Researches (No. 18-04-00073).
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The Tweedie distribution, which has high flexibility in representation of data,
for which their variance has a power-law dependence on their mean, is argued as an
important tool for analysing ecological data since it prowides a solid mathematical
background for so-called empiric Taylor’s power power law for species abundance
data [1]. In addition, it has been demonstrated recently [2] that taking into account
specific features of this distribution can provide valuable corrections to accuracy of
population dynamics modelling in the case of a strong data stochasticity.

In this work, we apply a newly developed algorithm based on the scaling of
coefficients of the discrete wavelet transform with the Haar basis to fish abundance
data [3] covering the time period from 1982 to 2017 for five spatial regions of the
Pacific located from Alaska coast/Bering sea to Californian coastal area.

Is it shown for 20 most-frequently encountered species that these data with an
excessive number of zeros, can be subdivided into groups, which include those that
belong to the case of strong Taylor/Tweedy statistics (the power index is sufficiently
less that 2), the Tweedie distributions close to Gamma distribution, and the case
of Gamma-distributed data filled by zeros.

Acknowledgement: This work is supported by the Ministry of Science and Higher
Education of the Russian Federation, the research project No. 3.9499.2017/8.9.
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Enzyme Kinetics Model is one of the major methods of studying chemical reac-
tions by enzymes, mainly used in pharmaceutical research and food biotechnology.
The method(Michaelis et al. 1913), which Michaelis-Menten suggested, of Enzyme
Kinetics Model has been using world wide, and specifically, various approximation
models are used depending on specific constraints. In this research, The Standard
Quasi Steady State(sQ) model and Total Quasi Steady State(tQ) model are used
to estimate the kinetic model of the enzyme reaction kinetics. Based on this, we
tried to estimate the parameters through the Bayesian approach by extending the
Stochastic Simulation Approximation (SSA) of R-package, EKMCMC(Choi et al,
2017) using the existing probabilistic approach to the parameter estimation for the
enzyme kinetics model with three methods including Diffusion Approximation(DA)
and Gaussian Process(GP). In addition, we developed an R package containing the
above estimation process, so that analysts who have basic knowledge of R can ob-
tain the results by setting the argument for the function embedded in the package
to the researcher’s objective without knowledge of the statistical procedure.
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Osteosarcoma (OS) is an orphan and potentially fatal disease, affecting mainly the
metaphyseal region in the long bones of the body, highly aggressive and a percentage
of patients will develop metastasis. Some factors that promote metastasis have been
identified, such as the S-phase kinase-associated protein 2 (SKP-2).

We use scientific visualization techniques, specifically 3D animation to help un-
derstand the behavior of the evolution of an osteosarcoma in distal femur. The
animation is based on data obtained bibliographically. We use simple techniques
of Matricial Algebra and Ordinary Differential Equations to write the code of this
animation.
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The population harvesting control is one of the important problems in mathe-
matical biology. Due to harvesting the population density decreases, which leads
to intensive reproduction of the population of game animals. At the same time,
the individuals of unexploited populations with high density are often under stress,
their birth rate decreases and mortality increases due to epizootics and other intra-
population factors. As a result harvesting strategies should be developed with taking
into account of population structure, in particular, age and sex structures.

The paper investigates influence of sex- and age-specific harvest on the dynamics
of structured populations based on the mathematical model with discrete time. We
assume birth rate depends on the population sex ratio and is described by the mod-
ified harmonic mating function with switching. The population size is regulated
by decreasing juvenile survival rate with growth of sex-age class sizes. The aim
is to study the mechanisms of formation and evolution of dynamic modes for the
exploited structured population models due to harvesting intensity. Conditions for
sustainable development of the exploited population are obtained. Dynamic modes
of the population models are studied. Influence of birth, survival, and self-regulation
rates, the formation process of the mating pairs, and sex- and age-specific harvest on
transitions between different dynamic modes are investigated. Sex-specific harvest
of mature females or males will change the pair formation if the sex class, whose
number of individuals is more, is exploited. Depending on values of the population
parameters, the sex- and age-specific harvest (juveniles, mature females or males)
can result in both damping of the oscillations, which stabilizes population dynam-
ics, and the oscillation appearance, including two-year or quasiperiodic population
fluctuations. The model of exploited population reveals the phenomenon of multi-
stability, which is typical for a population without harvesting. The multistability
is the result of complex bifurcations occurring due to both the system nonlinearity
and the changing pair formation principle.

This work was performed in the framework of the State targets of the Institute
of Complex Analysis of Regional Problem FEB RAS and partially supported by the
Russian Foundation for Basic Research (No. 18-04-00073 a).
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Molecular docking algorithms predict the binding of a macromolecule (receptor) and
a small molecule (ligand). Molecular binding is an optimization problem where the
most appropriate location is determined by a well defined evaluation function. The
docking problem includes a method of generating and evaluating of structures of the
obtained ligand-receptor (LR) complexes. These methods consists of interconnected
parts - a formation of conformational space and calculation of LR complexes. The
main purpose is to determine the correct way of ligand binding to the receptor
in order to find a complex with a minimal energy. In this paper we examine some
various optimization functions which can be used in the docking algorithms in order
to determine the binding strength of a given ligand to a receptor in the formation
of a LR complex. Predicting the protein-ligand binding models we can contribute
a study of a structure-activity relationship which can be useful in drug discovery.
Acknowledgements
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